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ABSTRACT 

Time-resolved serial femtosecond crystallography is an emerging method that allows for 

structural discovery to be performed on biomacromolecules during their dynamic trajectory through 

a reaction pathway after activation.  This is performed by triggering a reaction on an ensemble of 

molecules in nano- or microcrystals and then using femtosecond X-ray laser pulses produced by 

an X-ray free electron laser to collect near-instantaneous data on the crystal.  A full data set can 

be collected by merging a sufficient number of these patterns together and multiple data sets can 

be collected at different points along the reaction pathway by manipulating the delay time between 

reaction initiation and the probing X-rays.  In this way, these ‘snapshot’ structures can be viewed 

in series to make a molecular movie, allowing for atomic visualization of a molecule in action and, 

thereby, a structural basis for the mechanism and function of a given biomacromolecule. 

This dissertation presents results towards this end, including the successful 

implementations of the first diffusive mixing chemoactivated reactions and ultrafast dynamics in the 

femtosecond regime.  The primary focus is on photosynthetic membrane proteins and enzymatic 

drug targets, in pursuit of strategies for sustainable energy and medical advancement by gaining 

understanding of the structure-function relationships evolved in nature.  In particular, photosystem 

I, photosystem II, the complex of photosystem I and ferredoxin, and 3-deoxy-D-manno-2-

octulosonate-8-phosphate synthase are reported on, from purification and isolation, to 

crystallogenesis, to experimental design and data collection and subsequent interpretation of 

results and novel insights gained.    
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1 INTRODUCTION 

Introduction to X-ray Crystallography 

Structural Biology and the Fundamentals of Crystallography 

Structural biology as a field concerns itself with understanding how nature works though 

exploration of the relationship between structure and function of the complex molecules that allow 

life itself to exist and propagate.  Probing these complex molecules through various techniques 

allows the inference of their shape and structure, down to the atomic details in a certain few.  The 

largest and most complex of these biomolecules are DNA and RNA, made up of nucleic acids, and 

proteins, based on amino acids variations of these.  These biomacromolecules and their larger 

assemblies are the most crucial elements to understanding life and the most difficult to probe and 

understand.  High resolution biomacromolecular structures have only been attainable by a few 

techniques so far, namely X-ray crystallography, nuclear magnetic resonance imaging (NMR) and 

electron microscopy.  Out of these techniques, X-ray crystallography has been the main 

“workhorse” and is responsible for over 89.5% of structures deposited at the Protein Data Bank 

(depository for macromolecular structures), highlighted in figure 1.1. 

Since the discovery of X-rays in 1895 by Wilhelm Röntgen, X-ray sources have been an 

invaluable tool in probing the world around us with applications in medicine, physics, chemistry and 

biology.  17 years later, the first use of X-rays in a diffraction experiment was achieved d after Max 

von Laue theorized that the wavelength of X-rays could be on the scale of interatomic distances 

and proceeded to apply them to a copper sulfate pentahydrate crystal  resulting in the first diffraction 

images (Friedrich, Knipping et al. 1913).  Extending upon this, the father and son team of Sirs 

William Henry Bragg and William Lawrence Bragg began to explore diffraction as a tool for structure 

determination in crystals and arrived at the first crystal structures ever reported (being that of 

diamond and a few ionic salts) (Bragg and Bragg 1913, WL Bragg 1913).  Thus, the field of 

crystallography was born. 

Over the years, more and more powerful X-ray sources began to extend X-ray 

crystallography towards biological molecules, starting when Dorothy Hodgkin first solved the 
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structures of cholesterol in 1937, insulin in 1945 and later vitamin B12 in 1955, leading to her Nobel 

Prize.  Soon following, the first protein structure was published after John Kendrew developed 

multiple isomorphous replacement in order to deconvolute the phase problem and solve the 

structure of myoglobin in 1957 at 6 Å (Kendrew, Bodo et al. 1958), followed shortly by a 2 Å near 

atomic resolution structure 1959 (Kendrew, Dickerson et al. 1960).  Kendrew would also go on to 

win the Nobel Prize due to this remarkable achievement. 

Crystallography as a technique is well understood and will not be covered in depth here.  

For a detailed treatment of the subject, the reader is referred to texts regarding the subject (e.g. 

Rupp (2009), Hammond and Hammond (2001), Giacovazzo (2002), Drenth (2007)). 

 

Figure 1.1  PDB Statistics by Method 

Shows number of depositions (by thousands) according to experimental method and molecular 
type.  This illustrates the domination by X-ray crystallography as a method for 
biomacromolecular structure determination.  Statistics retrieved on 22 February, 2018 from 
http://www.rcsb.org (Berman, Westbrook et al. 2006).  
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Crystallography allows the structure determination by manipulating the interactions between light 

and matter.  In particular, this is achieved through use of a translationally ordered solid in which a 

repeating element, the asymmetric unit, is organized in multiple copies that possess a conserved 

distance, angle, and orientation to the surrounding asymmetric units.  This repeated relationship 

between the asymmetric units forms a lattice composed of unit cells that are identical to each other 

and contain one or more copies of the asymmetric unit in a conserved structure.  When crystals 

are subjected to electromagnetic radiation, they are able to elastically scatter that radiation 

coherently, i.e. in waves with a defined phase relationship that is dependent upon the wavelength 

of the light, the geometry of the crystal with respect to the propagating photonic wave, and the 

electronic structural composition of the asymmetric unit.  As with any wave, the product of scattered 

radiation from these centers results in combining of their amplitudes, called interference.  There 

are two types of interference, destructive and constructive which describe when the waves cancel 

each other out or add together respectively.  In a crystal, the constructive interference will manifest 

as focused waves in specific geometric orientations governed by the orientation of the lattice planes 

within a crystal relative to the propagating X-rays.  The peaks created by this ordered wave 

interference can be described mathematically by the Bragg equation (named after the younger of 

the aforementioned Braggs): 

2𝑑 sin(𝜃) = 𝑛𝜆 

where d is the lattice spacing, θ is the angle between the scattering angle of a particular 

crystallographic plane and the incident radiation, n is an integer and λ is the wavelength of the X-

rays.  This manifests as ‘Bragg spots’ or reflections whose intensities are governed by the 

cumulative electronic structure of the molecules within the crystal (modulated by the symmetry of 

how the molecule packs in the crystal unit cell).  This also results in a huge boost of the signal to 

noise ratio (SNR), as the intensity scales quadratically with the number of unit cells in a particular 

direction.  The patterns these Bragg spots form are related to the unit cell with the intensity being 

related to the electron density, and subsequently the structure, of the molecule through a Fourier 

transform, allowing structure visualization to be inferred (though phase information is lost and must 

be elucidated, discussed later).  Diffraction from crystals con be observed with any wave such as 
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electrons or visible light but X-rays are used since they possess wavelengths in the angstrom and 

below regime in which atomic structure resides and can penetrate large crystal volumes, without 

significant secondary scattering events. 

Limitations in Traditional Crystallography 

The scattering power and resultant intensity is proportional to the electron density with high 

Z atoms possessing a stronger scattering cross section.  Macromolecules such as proteins, whose 

composition is predominantly made up of H, C, N and O atoms, are relatively weak scatterers.  This 

is further compounded by the high solvent content typical in crystals of biomacromolecules, often 

between 30% and 70% (Matthews 1968), resulting in a low number of crystal contacts and weak 

scattering intensity per unit cell.   

To understand the difficulty in obtaining macromolecular structures, it is important to 

consider the dependence of reflection intensities on the size of a crystal which can be described 

with the Darwin equation.  This equation relates the integrated intensity, I, to the inherent structure 

factor, F: 

𝐼 = 𝐼0𝑟𝑒
2

𝑉𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝑉𝑐𝑒𝑙𝑙

∗
𝜆3𝐿

𝜔𝑉𝑐𝑒𝑙𝑙

∗ 𝑃 ∗ 𝐴 ∗ |𝐹|2 

 The requirement for large crystals becomes apparent when one considers that the intensity of a 

reflection is proportional to the crystal volume and is inversely proportional to the square of the unit 

cell volume. This necessitates large, well-ordered crystals to obtain a usable signal to noise ratio 

(SNR) for high angle (high resolution) reflections and subsequent structural elucidation.   

Due in part to the fragility of macromolecular crystals, their sensitivity to X-ray induced 

structural damage (see below), and the need for large crystals, crystallogenesis remains a large 

bottleneck in protein structural discovery.  The process in creating suitable protein crystals for 

traditional crystallography can span decades, being particularly difficult for membrane proteins and 

large complexes.  This is exemplified in the case of photosystem I which spanned 13 years from 

the first reporting crystallization conditions in 1988 (Witt, Witt et al. 1988) till 2001 when a 2.5 Å  

resolution structure was reported (Jordan, Fromme et al. 2001).  During this time, it took dozens of 
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researchers’ dedicated efforts to develop large, well-ordered crystals and proper handling and 

preparation techniques. 

In addition to the formation of suitable crystals, another challenge facing macromolecular 

crystallographers is that of radiation damage caused by the ionizing X-rays necessary for achieving 

atomic resolution.  The high brilliances of modern X-ray sources are easily able to damage crystals 

to the point where artifacts from damage, such as in disulfide bridges (Helliwell 1988) will 

significantly affect the data and, after a certain dose, the crystals will stop exhibiting diffraction all 

together.  The damage comes in the from of stages where the primary damage is the ionization 

caused by photoelectric absorption or Compton scattering and secondary damage that follows from 

this once the ejected (primary) electron can lead to a cascade of lower energy electrons (Garman 

2010).  These electrons reduce further atoms within the crystal leading to further ionization events, 

the formation of radicals and generating excitation events, changing the electronic structure of the 

molecule that alter and break chemical bonds.  As this process proceeds, homogeneity and 

crystalline order become disrupted, leading to significantly decreasing signal and eventual 

termination.  In addition, as this occurs the structures can be altered in a way that experimentally 

induced artifacts are created that have no biological relevance. 

The first breakthrough in addressing this was the development of methods that allowed for 

cryocooling crystals to temperatures below 100 K, becoming widely used in the early 1990’s 

(Robinson 2015).  Cryo-cooling and data collection at cryogenic temperatures became generally 

accessible after the developments of the loop-mounting method, where the crystal is suspended in 

a film of cryo-protectant buffer held in a loop by surface tension (Teng 1990), where it can be fast 

frozen either directly in  the cryostream, or by plunge freezing in liquid nitrogen. The sample are 

kept at cryogenic temperatures during  data collection by use of a focused stream of 77 K gaseous 

nitrogen (Cosier and Glazer 1986).  Cryo-crystallography has been estimated to allow for a 70-fold 

increase in the dose tolerance compared to collection at room temperature (Nave and Garman 

2005).  However, it only slows down the secondary radiation damage by limiting the diffusion time 

of the radicals and cannot mitigate the primary damage caused by photoelectron ejection.   
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While cryocooling has allowed for significant advancement in reducing the damage caused 

by radiation, there remains a limit before damage overcomes the crystal.  The manifestation of 

radiation damage can be divided into global damage and local damage.  While global damage 

becomes strongly apparent in loss of total scattering intensity or increased unit cell parameters 

(Meents, Gutmann et al. 2010), local damage is more insidious since it occurs much faster in 

heterogeneously more susceptible localities (e.g. high-Z metallocenters, disulfide bridges) and is 

more often found only once an obtained electron density map is scrutinized (Holton 2009).  For 

 

Figure 1.2  Graph Summarizing Required Dose for Imaging and Maximum Tolerable Dose 
of Radiation 

The required dose for imaging is calculated for protein of empirical formula H50C30N9O10S1 and 
density 1.35 gm/cm3 against a background of water for x-ray energies of 1 keV (lower 
continuous line) and 10 keV (upper continuous line). The dashed continuations of these lines 
refer to the transition region from coherent (d–4scaling) to incoherent (d–3 scaling) behavior, both 
of which are shown down to 1 nm resolution. Some of our measurements of the required dose 
for imaging are plotted as crosses. The maximum tolerable dose is obtained from a variety of 
experiments reported in Howells, Beetz et al. (2009) and from literature.  The types of data from 
the literature are identified by the symbols as follows: filled circles: standard X-ray 
crystallography, filled triangles: electron crystallography, open circles: single-particle 
reconstruction, open triangles: electron tomography, diamonds: soft X-ray microscopy 
(including XDM), filled squares: ribosome experiment.  Figure and caption modified from 
Howells, Beetz et al. (2009) 
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cryocrystallography, global damage has been shown empirically to be dependent only upon 

accumulated dose rather than dose rate, possibly due to slower diffusion rates of secondary 

damage sources (Holton 2009).  The dose limit will vary depending on the exact composition of the 

sample but a conventional limit for resolution-dependent damage was reported as D1/2 = 10*d MGy 

(D1/2 is the point at which total diffraction intensity is halved, d is the resolution in Å) (Howells, Beetz 

et al. 2009).  It should be noted that this can vary significantly and macromolecules containing many 

high-Z centers (such as the photosystems) are susceptible to damage at a much lower dose. 

In order to obtain quality and reliable data from diffraction experiments, enough intensity 

must be gained to deconvolute signal from noise.  This is limited by the amount of radiation a crystal 

can experience before damage becomes a significant factor and a balance must be found see 

figure 1.2) which requires a certain size crystal (as Gy is a measurement of radiation per mass) in 

order to achieve a desired resolution (Holton and Frankel 2010).  This is compounded by the fact 

that from the incident beam, most of the X-rays don’t scatter elastically.  For example, a 100 µm 

thick crystal being subjected to a 12.4 keV (1 Å) beam will only elastically scatter 0.15% of those 

X-rays, with 1.85% leading to inelastic scattering and photoelectric ejection (the remaining 98% 

don’t interact at all) (Garman 2010).  While this can be mitigated in theory by larger crystals to 

spread out the dose more evenly (optimally, the crystal and beam size are matched (Zeldin, Gerstel 

et al. 2013)), there is a practical limitation to the size that macromolecular crystals can actually be 

grown to.   

X-ray Free Electron Lasers (XFELs) 

Progression of X-ray Sources 

The power of X-ray sources for use in structural biology has progressed exponentially since 

the early days of Laue and Bragg and has, along with the proliferation of available sources, allowed 

for an amazing progression in understanding how life works at a molecular level.  Perhaps the most 

stark jump in the timeline of available X-ray sources was the discovery that synchrotrons, originally 

devoted solely to high energy particle physics, produced X-ray radiation orders of magnitude more 

brilliant than that of the highest powered rotating anode (Dauter, Jaskolski et al. 2010).  While 
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crystallographers were 

essentially parasitic at the first-

generation synchrotrons in the 

1970’s, using what was 

essentially viewed as 

unfortunate energy loss, the 

potential for synchrotron 

radiation in diffractive techniques 

became soon apparent 

(Rosenbaum, Holmes et al. 

1971, Phillips, Wlodawer et al. 

1976).  The modest gains made 

in this time period lead to the 

development of a second 

generation of synchrotrons 

dedicated mainly  to producing radiation (Dauter, Jaskolski et al. 2010).  At this point, the time it 

took to collect a complete data set for a macromolecular crystal had been brought down from 

months to hours, allowing for crystallography to become a much more accessible field, attracting 

more and more researchers and leading to methodical improvements in the way that data were 

collected. 

During the prime of second generation sources, a couple developments stand out that 

ultimately paved the way for the modern third generation of synchrotrons.  The first was the increase 

of brilliance achieved with the design of a new lattice structure for storage rings, termed the double-

bend achromat or  Chasman-Green lattice being named after the designers (Chasman, Green et 

al. 1975).  The developers implemented this during the design of NSLS (see figure 1.3) in response 

to the desire for intense, focused, monochromatic beams and most of todays synchrotrons are 

based on variations of this system (Robinson 2015).   

 

Figure 1.3  Progression of X-ray Source Brilliance 

Shows the increase in brilliance increasing in orders of 
magnitude since the rotating anode.  XFELs represent a 
completely new regime by using the SASE process (inset) 
to achieve ultrashort, intense pulses.  Figure originally from 
Miao, Ishikawa et al. (2015). 
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Another significant advancement made in this era was the introduction of insertion devices, 

namely wigglers and undulators.  These both work on similar principles by which an alternating 

magnetic field is used to oscillate the electrons responsible for synchrotron radiation.  In doing so, 

a constructive interference arises between radiation emitted due to the changes in momentum 

experienced by the electrons.  This interference allows for higher energies to be obtained as 

opposed to a bend magnet and can be engineered to peak at specific frequencies, further 

increasing brilliance (Brown, Halbach et al. 1983).  

The incorporation of these developments led to a third generation of light sources to be 

developed with a higher degree of specialization for particular beamlines and a jump in the 

optimization of beam characteristics.  The resulting jump in brilliance and versatility has allowed for 

an explosive growth both the size of the community and the amount of knowledge gained, 

highlighted by the increasing number of structures deposited per year shown in figure 1.4 after 3rd 

generation sources began to come online in the early 1990’s.  Of note, this also marks when 

cryogenic cooling began to be implemented on a mass scale (Garman 2010). 

The most recent large jump in X-ray source development occurred in the form of X-ray free 

electron lasers (XFELs), sometimes dubbed the 4th generation of sources and marking the first time 

since the parasitic use of 1st generation synchrotrons that the method and characteristics of the 

 

Figure 1.4 Macromolecular Structures Deposited by Year 

Before 1990, most years saw two or three dozen structures with no year over 100.  After the 
introduction of more powerful third generation synchrotrons with dedicated beamlines and 
matured tools for data analysis, an explosive growth occurred and set the stage for the 
thousands of solved structures per year that we enjoy today. 
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source has fundamentally differed from that of its predecessors.  The first hard X-ray XFEL is the 

Linac Coherent Light Source (LCLS) which saw first light in 2009, housed at the U.S. DOE SLAC 

laboratory near Stanford (Pellegrini 2012).  Both the average and peak brilliance achieved are 

orders of magnitude higher than even the most powerful beamline at any synchrotron.  There are 

currently 5 hard XFELs around the world, namely LCLS (California, USA), Spring-8 (Hyōgo 

Prefecture, Japan), European XFEL (Hamburg, Germany), Pohang Accelerator Laboratory ((PAL) 

Pohang, South Korea), and SwissFEL (Würenlingen, Switzerland) in the operation or 

commissioning phase. 

In contrast to synchrotron light sources where electrons are accelerated over multiple 

passes to achieve the desired energy, XFELs are based on a linear accelerator and experience a 

high gain over a single pass like a railgun for electrons.  In contrast to their synchrotron 

counterparts, light produced at XFELs possess’ coherence in 2 dimensions and can achieve pulses 

in the tens of femtoseconds or below, setting the stage for exploring completely new areas and 

regimes within physics and chemistry.  This has particular implications for crystallography which 

will be explored in the next few sections.  

Principles of an XFEL 

To understand how an XFEL benefits structural biology (and the inherent limitations), it is 

i mportant to understand some of the principles behind how it works.  As was previously mentioned, 

an XFEL can produce highly brilliant pulses of X-rays, femtoseconds in duration that possess full 

coherence.  In contrast to a synchrotron, this is done using a single linear accelerator and the basis 

for these unique characteristics lies in the use of the self amplified spontaneous emission (SASE) 

principle.  Simply put, this is the interaction between light emitted from an oscillating electron beam 

with the electron beam itself, allowing an exponential gain in emission due to an increasingly strong 

coupling between the two.   

This happens by carefully matching oscillations experienced by electrons in an undulator 

with the wavelength of their emitted radiation.  The electromagnetic field caused by this radiation 

in turn interacts with the upstream electrons (as light travels faster than the relativistic electrons).  
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The undulator radiation 

acts as a series of 

resonant periodic 

potential wells which can 

exchange energy with 

the electrons, either 

absorbing (slowing of the 

electron) or transferring 

(speeding up the 

electron).  This is the 

cause behind the 

electrons starting to 

bunch towards a mean 

phase which is exactly 

that of the field caused 

by the radiation.  As this 

bunching occurs, the 

coupling increases and 

thereby so does the electric field which causes the bunching, creating a positive feedback loop that 

increases the amplitude of the emitted radiation due in part to the phase matching (i.e. coherence) 

experienced as the emitting electrons are bunched (see figure 1.5).  The outcome of this electron 

bunching and subsequent exponential gain is a beam that possesses full coherence, is temporally 

constricted in ultrashort pulses, and has extremely high brilliance. For a more in depth, readily 

accessible mathematical treatment, the reviews contained in McNeil and Thompson (2010) and 

Pellegrini (2012) are suggested. 

 

Figure 1.5  XFEL SASE in an Undulator 

When electrons enter the undulator, their initially random phases 
ensure that mostly incoherent radiation is emitted at the resonant 
radiation wavelength (left). Because the electrons interact 
collectively with the radiation they emit, small coherent fluctuations 
in the radiation field grow and simultaneously begin to bunch the 
electrons at the resonant wavelength. This collective process 
continues until the electrons are strongly bunched towards the end 
of the undulator (right), where the process saturates and the 
electrons begin to de-bunch.  Figure and caption from McNeil and 
Thompson (2010). 
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Diffract before Destroy: Serial Femtosecond Crystallography (SFX) 

With the advent of the XFEL, a new method of data collection has been developed for 

macromolecular crystallography called serial femtosecond crystallography (SFX).  The 

femtosecond pulse duration offered by XFELs is on the same timescale as the processes that 

initiate radiation damage.  Primary damage and excitation events occur on the scale of 100’s of 

attoseconds to tens of femtoseconds whereas secondary damage occurs in the tens of 

femtoseconds and longer.  The damage mechanisms in SFX are fundamentally different from 

 

Figure 1.6  Diffract Before Destroy 

The integrated X-ray intensity was 3 × 1012 (12 keV) photons per 100-nm diameter spot 
(3.8 × 106 photons per Å2) in all cases. a, A protein exposed to an X-ray pulse with an FWHM 
of 2 fs, and disintegration followed in time. Atomic positions in the first two structures (before 
and after the pulse) are practically identical at this pulse length because of an inertial delay in 
the explosion. Rnucl = 3%, Relec = 11% b, Lysozyme exposed to the same number of photons 
as in a, but the FWHM of the pulse was 10 fs. Images show the structure at the beginning, in 
the middle and near the end of the X-ray pulse. Rnucl = 7%, Relec = 12% c, Behavior of the 
protein during an X-ray pulse with an FWHM of 50 fs. Rnucl = 26%, Relec = 30%.  Figure and 
caption from Neutze, Wouts et al. (2000). 
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conventional X-ray crystallography as the molecule is completely destroyed before any secondary 

damage occurs.  The XFEL pulse leads to photoionization of the inner electrons of the atoms, 

creating “hollow atoms” (Hau-Riege, London et al. 2004). These atoms are now all positively 

charged and repel each other leading to a Coulomb explosion of the molecules in tens of fs.  The 

pulse duration at current XFEL coherent imaging beamlines is 20 to 50 fs, in the range to obtain 

structural diffraction data before the molecule is destroyed and in essence outrunning the radiation 

damage.  This has been termed the ‘diffract before destroy’ principle as the energy from the pulse 

results in a complete disintegration of the molecules and the crystal after diffraction is obtained.   

The phrase was coined in after a seminal paper published in 2000 (Neutze, Wouts et al. 

(2000)) modeling the effects of femtosecond pulses on lysozyme in the gas phase and how imaging 

information could be obtained before the ensuing Coulomb explosion (see figure 1.6).  At this time 

though, it was unclear whether this would work in practice and, additionally, whether pulses longer 

than 5-10 fs would cause any artifacts in the data or additional problems.  It would be a decade 

before LCLS was operational for the first users to explore this at a hard X-ray source.  In the 

meantime, FLASH, a soft X-ray FEL in Hamburg, Germany, became operational and marked the 

first XFEL of any kind (Ackermann, Asova et al. 2007).  One of the milestones at FLASH was an 

experiment that first showed imaging done of an object using femtosecond pulses, outrunning the 

destruction of the object.  This is highlighted in figure 1.7 and acted as a proof of principle for 

femtosecond FEL imaging. 

 A few years later in 2009, the first user experiments were conducted at LCLS, enabled by 

the development of Nanocrystallization and novel sample delivery techniques that allowed for 

delivery of crystals at room temperature to the XFEL beam.  In the first experiment at the AMO 

beamline operating at soft X-ray energy of 2 keV, photosystem I nanocrystals were delivered to the 

XFEL beam in a room temperature liquid jet whereby individual diffraction ‘snapshots’ were 

recorded serially on individual nanocrystals.  This proved to be a remarkable success and, as 

reported in  Chapman, Fromme et al. (2011), a damage free structure was determined based on 

tens of thousands of patterns.  The solution and, consequently, method were then validated with 



 

14 

 

comparison to the previously solved structure obtained from traditional crystallography (Jordan, 

Fromme et al. 2001).  Thus, the field of serial femtosecond crystallography (SFX) was born.  

 While there are constantly evolving methods and experimental setups regarding SFX 

experiments, many of which are covered more extensively in following chapters, the principle 

behind SFX remains the same.  A multitude of nano- or micro- crystals are sequentially subjected 

to an XFEL beam whereby snapshot diffraction patterns are accumulated.  This allows for room 

temperature collection on fully hydrated macromolecular crystals with a low as tens of unit cells in 

a given direction and without detrimental artifacts caused by secondary radiation damage.  This 

removes the restriction on the crystal size needed to solve a structure and also has significant 

implications for dynamics as explored in the following section.  Due to the partiality of the reflections, 

variations in the diffracted volume of the the crystals, shot-to-shot beam variations in profile and 

intensity and the uncorrelated orientations of the crystal lattices, a Monte Carlo method is applied 

to the data, requiring thousands to hundreds of thousands of individual snapshots to be individually 

indexed and finally merged to compile a complete data set.  The ability to image nanocrystals in a 

serial fashion with ultrashort femtosecond pulses allows for novel and interesting experimental 

design which is explored throughout the remainder of this dissertation.    

 

Figure 1.7  First Imaging Using an FEL (FLASH) 

Left: An SEM image of the sample prior to FEL beam exposure.  The sample is 20 nm thick and 
was held in a 20 µm wide square support window.  Center: Diffraction measured from the FEL 
pulse off of the image.  Subsequent diffraction and SEM imaging showed that the sample was 
completely destroyed with only a mostly empty window remaining (not pictured).  Right: The 
reconstructed image obtained after phase retrieval and a Fourier transform were performed, 
showing an impressive match between SEM and FEL diffractive imaging.  Figure modified and 
reprinted from Chapman, Barty et al. (2006). 
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Time-resolved Crystallography 

Many proteins possess conformational dynamics that allow them to perform their functions 

and so in the search to gain knowledge on their structure-function relationship, it becomes at some 

point necessary to visualize them in their different confirmations in order to progress our 

understanding of their function.  Time-resolved crystallography is the field concerning itself with 

elucidating structures along a reaction trajectory to enable the visualization of the dynamics of the 

reaction along it.  In practice, this is done by triggering a reaction, which synchronizes the 

conformational transitions in the crystals and collecting data sets at different time points in the 

pursuit of a ‘molecular movie’ where the frames are now structures and the movie shows a 

macromolecular machine in action.  One of the most promising avenues the advent of the XFEL 

has brought to structural biology is within time resolved studies, opening new temporal regimes 

and access to entirely new areas of investigating the dynamic macromolecules.  

Traditional Time-resolved Methods 

It is important to consider how time-resolved crystallography was (and is) done at 

conventional light sources to give context to the case at XFELs.  At synchrotrons, the use of 

cryogenic temperatures largely precludes reactions from proceeding at biologically relevant speeds 

if at all.  Due to this, a method called Laue diffraction is usually employed.  It is based on using a 

so-called ‘pink beam’ which has a polychromatic energy spread.  Referring back to the Bragg 

condition for constructive interference we can see that it is wavelength dependent.  In fact, the 

solution for this at a given angle and fixed wavelength can be represented as a sphere in the 

mathematical dual space to the crystal lattice (i.e. the reciprocal lattice) with the condition being 

met at the intersection of a point on the reciprocal lattice with this sphere, named the Ewald sphere.  

As the energy increases, so too does this radius and this construct can highlight the theoretical 

resolution limit for a particular wavelength.   

With a pink beam, this energy spread results in the ability to measure a solid angle caused 

by a continuous range of Ewald spheres rather than the thin shell that would be probed with 

monochromatic light.  This increases the ability for the Bragg condition to be met and can be thought 
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of as groups of crystal planes self-selecting the correct wavelength for diffraction at that particular 

angle, resulting in diffraction patterns that have many more spots arising from different energies.  

In other words, rather than rotating the crystal to vary θ, the Bragg condition is met through a range 

of λ.  An example of what this looks like as well as the cause of this ‘solid angle’ in reciprocal space 

are highlighted in figure 1.7.   

Synchrotrons are naturally suited to perform Laue diffraction due to their natural 

polychromaticity and pulsed structure (Helliwell 1997), with the use of insertion devices permitting 

sub-µs time points (Ren, Bourgeois et al. 1999).  However, there are many limitations to the power 

of this method as time points are constrained by the shortest pulse duration to the 100 ps and 

longer time regime (Bourgeois, Ursby et al. 1996).  On top of this, the intensity needed to collect a 

data set, even on large crystals, means that many pulses are needed to obtain a usable SNR, 

limiting this method to reversible reactions only (Moffat 1998, Moffat 1998).  Furthermore, 

 

Figure 1.8  Simulated Laue Diffraction and Ewald Representation of a Pink Beam 

Left is a simulated diffraction image of a Flock House virus crystal (Fisher, McKinney et al. 1992) 
using Laue diffraction with an energy spread of 0.4-1.4 Å.  The heat map coordinates reflections 
with the photon energy that stimulates them.  Top right is a zoomed in view showing the area 
highlighted on the left image and shows the local variation in spot-stimulating energies.  Bottom 
right depicts the Ewald slice that arises from a pink beam, showing higher energies (blue, 
purple) leading to a larger sphere in reciprocal space while lower energies (red, orange) result 
in a smaller swath.  Figure modified from Ren, Bourgeois et al. (1999). 
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chemoactivated reactions have in practiced been limited to either very long lived, stable 

intermediates or the use of engineered ‘caged’ substrates which utilize photoactivation to release 

substrate near the active site in order to overcome the need for diffusion through the crystal 

(Schlichting, Rapp et al. 1989, Duke, Wakatsuki et al. 1994, Stoddard, Cohen et al. 1998, 

Schlichting, Berendzen et al. 2000).  Even with photoactivation, the size of the crystal poses a 

limitation on reaction initiation yields due to the balance between sufficient laser power to overcome 

attenuation as it propagates through the crystal versus the amount of flux before photodamage or 

bleaching occurs.  This causes transient intermediate populations to remain low with reaction 

initiations typically between 10-15% (Schmidt, Srajer et al. 2013). 

Time-resolved SFX 

Time-resolved SFX (TR-SFX) is perhaps the biggest breakthrough in structural biology with 

the introduction of XFELs.  It has improved upon previous methods for visualizing time-resolved 

intermediates of macromolecules in almost every way, having the ability to probe shorter time 

points, access to irreversible reactions, and avoiding local radiation damage to high-Z atoms 

common in reaction centers all in a fully hydrated environment at biologically relevant temperatures.  

Because of the ultrashort pulses used in SFX, the temporal resolution along a reaction timeline is 

now orders of magnitude better than anything available at a synchrotron (100’s of fs at an XFEL 

(Pande, Hutchinson et al. 2015, Coquelle, Sliwa et al. 2018) vs 100 ps using Laue methods 

(Schotte, Lim et al. 2003, Schotte, Cho et al. 2012, Jung, Lee et al. 2013, Schotte, Cho et al. 2013)).  

Furthermore, the intense brilliance and subsequent ability to image nanocrystals lends itself to 

tighter reaction initiation homogeneity. 

TR-SFX can be split into two types of experiments, photoactivated, which uses a pump-

probe style setup as shown in figure 1.9a, and chemoactivated, which uses an on the fly diffusive 

mixing scheme as illustrated in figure 1.9b.  In both setups, the principle idea is to collect structural 

data sets at different points along a reaction timeline, all being ‘static’ in and of themselves but once 

they are combined in sequence, the visualization of the macromolecular machine in action can be 

achieved, similar to how a movie works (imagined in figure 1.9c).  Also of note, the serial nature of 
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SFX lends itself to irreversible reactions since the sample is constantly replenished as has already 

been successfully shown (Aquila, Hunter et al. 2012).  The reaction timepoints that are targeted for 

a particular data set can be controlled by manipulating the geometry of the setup as well as flow 

rates and, especially in the case of diffusive mixing, the crystal size.   

For pump probe experiments, the time regime has been extended to the fs second regime 

being limited at present only by the beam jitter (~150 fs) and improving upon the fastest available 

time resolution from Laue methods by three orders of magnitude.  The use of smaller crystals allows 

 

Figure 1.9  Making Molecular Movies: TR-SFX 

a. Setup for a pump probe TR-SFX experiment.  In this setup, photoactivatable protein crystals 
are illuminated or ‘pumped’ with an optical laser to initiate a reaction in the proteins.  Delay 
times can be calculated and adjusted by the placement of the laser (can be in the nozzle to 
extend range) and flow rate of the jet.  b. Depiction of a diffusive mixing TR-SFX setup.  Though 
there are multiple ways this can be achieved, the principle is that a chemically activated reaction 
is initiated by mixing substrate or chemical trigger with macromolecular crystals.  The delay in 
this case is highly dependent upon crystal size and composition of the mother liquor.  In addition, 
the delay times can be manipulated by crystal size, method and geometry of mixing, as well as 
jet speed.  c.  Illustration highlighting how serial data from different reaction time points (τ) are 
binned into separate structure profiles that can reveal how a macromolecules changes 
structurally throughout the reaction.  Images from a and b are modified from Aquila, Hunter et 
al. (2012) and Schmidt (2013) respectively. 
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for a less intense pump laser for activation due to the decreased attenuation as the light passes 

through the crystal with respect to molecules farthest downstream in the direction of pump 

propagation.  In addition to tighter reaction homogeneity (it takes over 150 fs for the laser to cross 

100 µm crystal), this allows for a minimization of potential photodamage or bleaching.   

In the context of chemoactivated experiments, perhaps the biggest boon is the use of 

nanometer sized crystals.  For any kind of diffusive mixing of a chemical trigger (e.g. substrate), 

both reaction initiation time and homogeneity are highly sensitive to crystal size.  For example, a 

200 µm crystal versus a 2 µm crystal with a typical small molecule ligand around the size of glucose 

have been calculated to have mixing times of 2.7 seconds and 600 microseconds respectively 

(Schmidt 2013).  This shows a thousands-fold increase in time resolution, opening up a completely 

new temporal regime in structural biology that contains many biologically and medically important 

receptors and enzymes.   

Motivation for this dissertation: Energy, Health and the Importance of the Structure-

Function Relationship in Dynamic Proteins 

Much of the content contained in this dissertation revolves around using serial 

crystallographic methods, especially TR-SFX, in the pursuit of structure-function relationships in 

dynamic proteins and method development in the continuing expansion to a broader range of 

systems.  The particular systems focused on herein involve photosynthetic membrane proteins and 

enzymatic targets implicated in disease that possess both medical relevance and kinetics that allow 

for expansion of TR-SFX methods. 

One of the most powerful and promising techniques that has arisen out of the advent of 

the XFEL is that of time-resolved methods.  The combination of access to the ultrafast temporal 

regime and the high fluence and energies needed for imaging at an atomic level have already 

allowed for significant advancements in visualizing macromolecules in motion.  The driving 

motivation behind visualizing these is to understand how they work so that we may be able to, in 

essence, reverse engineer the result of billions of years of nature’s evolution.  With the growing 

population and inherent challenges a global society presents, sustainability is of the utmost 
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importance and two of the largest issues currently facing us are that of sustainable energy and 

medical health. 

One of the biggest burdens modern medicine is faced with is the ability of disease causing 

organisms to constantly evolve and develop resistance to established therapeutics.  This is further 

complicated by the need to be organism specific so as to avoid detrimental complications in the 

afflicted patients.  Certainly, understanding the mechanisms behind not only pathogenesis but how 

the offending organisms sustain themselves and proliferate at a molecular level is key to addressing 

this issue.  Within this context, it is no surprise that proteins represent most of the drug targets 

today as they exhibit specificity at every level of the taxonomic classifications of life.  For rational 

drug design, the knowledge of the structure of a particular protein is essential.  But, in the common 

case of a dynamic protein, knowledge of its multiple intermediates allows for mechanistic insight in 

which a protein can be leveraged with a higher degree of control and specificity.  Ideally one would 

be able to obtain a molecular movie of the structural transitions that drive catalysis including the 

transition state where chemical bonds are formed or cleaved. Drugs that are specifically targeted 

to these transition state could bring a revolution in rational drug design. TR-SFX has allowed for an 

unprecedented opportunity to observe enzymes in motion in biologically relevant conditions and 

holds the promise to provide an advantage in the ever-present struggle against disease. 

With regards to alternative energy, we have already made large advancements from 

biofuels to solar panels to progress towards an artificial leaf.  All of this has been inspired by 

observing nature and how life is sustained, particularly with solar energy.  Photosynthesis is at the 

heart of this and there remain mysteries unsolved, from the ability of photosystem II to exergonically 

oxidize water to the high efficiency of photosystem I acting as nature’s battery in its reduction of 

ferredoxin.  By looking at the large protein complexes that are responsible for oxygenic 

photosynthesis at a molecular level as they proceed to convert light into energy, one cannot help 

to be not only in awe but motivated and inspired to unravel the ‘how it works’ of one of the oldest 

and most fundamental processes behind life itself.   

As the field of structural biology using XFELs has come out of it’s infancy, the opportunities 

and potential of what is now scientifically possible and where this field is heading are starting to 
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emerge.  At the heart of this endeavor are time-resolved studies and the quest for molecular movies 

to better understand and respond to the dynamic world around us.  The particular motivations for 

this dissertation are primarily the study of photosynthetic processes and antibiotic targets but this 

represents only a portion (albeit a significant portion) of what can be achieved going forward in 

terms of learning about the world around us. Through the use of TR-SFX in particular, the 

opportunity now exists to study these processes in greater detail than has been possible before 

and it is this that drives me to push forward and stand on the shoulders of giants in the pursuit of 

new knowledge and greater understanding of the world around us. 
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This chapter is a published review on serial femtosecond crystallography.  I wrote the 

abstract, introduction, most of the crystallization and characterization section, parts of the sample 

delivery methods section and all of the structural dynamics section with the exception of data 

acquisition and processing, of which I wrote parts.  I did the majority of editing and performed all 

tasks related to all three rounds of revisions and rebuttals to reviewer comments.  I obtained all 

permissions and performed all submissions as well. 

Abstract  

Macromolecular crystallography at synchrotron sources has proven to 
be the most influential method within structural biology, producing thousands 
of structures since its inception. While its utility has been instrumental in 
progressing our knowledge of structures of molecules, it suffers from limitations 
such as the need for large, well-diffracting crystals, and radiation damage that 
can hamper native structural determination. The recent advent of X-ray free 
electron lasers (XFELs) and their implementation in the emerging field of serial 
femtosecond crystallography (SFX) has given rise to a remarkable expansion 
upon existing crystallographic constraints, allowing structural biologists access 
to previously restricted scientific territory.  SFX relies on exceptionally brilliant, 
micro-focused X-ray pulses, which are femtoseconds in duration, to probe 
nano/micrometer sized crystals in a serial fashion. This results in data sets 
comprised of individual snapshots, each capturing Bragg diffraction of single 
crystals in random orientations prior to their subsequent destruction. Thus 
structural elucidation while avoiding radiation damage, even at room 
temperature, can now be achieved. This emerging field has cultivated new 
methods for nanocrystallogenesis, sample delivery, and data processing. 
Opportunities and challenges within SFX are reviewed herein. 

Introduction  

Since the invention of the first light bulb by Thomas Alva Edison in 1879, light sources have 

been the primary tools for the investigation of matter.  But it was the discovery of X-rays in 1895 by 

Wilhelm Conrad Röentgen which catalyzed a revolutionary change in our understanding of the 

physical world. The ability of X-rays to reveal the invisible has made them one of the most important 
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research and diagnostic tools in medicine, chemistry, and physics in the last century. One of the 

most powerful sources of X-rays in modern research are synchrotrons, in which electrons are 

accelerated by radiofrequency cavities to extremely high energies (typically ≥ 3 GeV) and 

transferred to a storage ring in which they can be maintained at high current in stable 'bunches' for 

hours. The electrons are then subsequently perturbed in an undulating electromagnetic field to 

induce X-ray emission. The first synchrotron facility was built in the early 1970’s and due to the 

increasing demand from both the scientific community and private research sector; the number of 

synchrotron facilities has grown quickly since. In the last three decades, synchrotrons have been 

built or are in the construction phase in 24 countries. APS at the Argonne National Laboratory 

(Chicago, USA), the ESRF (Grenoble, France), PETRA III (Hamburg, Germany), Spring-8 (Harima 

Science Park City, Japan), and DIAMOND (Oxfordshire, England) are currently the largest and 

most powerful synchrotron light sources. X-ray methods have also played an increasingly more 

important role in the life sciences as evidenced by medical X-ray imaging, X-ray scattering, and 

highlighted here, X-ray crystallography. The latter typically makes use of X-rays from 3.5 keV to 20 

keV (3.5 Å to 0.6 Å) to enable the determination of the atomic structure of matter. The most difficult 

and challenging biomolecules, such as large complexes and membrane proteins, are almost 

exclusively solved with synchrotron radiation. However, in spite of the usefulness and power of 

these facilities, there are two important areas in which synchrotron facilities are limited in 

addressing the full range of current scientific challenges. The main limitations are primary and 

secondary X-ray damage which cannot be outrun by pulse durations currently available at 

synchrotron sources (tens of ps).  Secondary damage can be minimized by freezing but primary 

damage is unavoidable. 

To overcome these limitations a new light source has emerged in the form of the X-ray free 

electron laser (XFEL) which has improved upon many of the properties of synchrotron radiation 

sources, in some cases by orders of magnitude. Free electron lasers (FELs) have been used over 

many years since their conception by John Madey in the early 70’s(Madey 1971), initially operating 

at infrared wavelengths. More recently, visible and near ultraviolet wavelengths were 

achieved(Pellegrini 2012). Since its discovery, the idea of extending FELs to shorter wavelengths, 
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in particular to the X-ray regime, have been considered and explored by many scientists (see 

(Pellegrini 2012) for a review on the development of FELs). After many years of theoretical and 

experimental work along with new technological advances, three XFELs are currently operational.  

Namely, they are the Deutsches Elektronen-Synchrotron’s (DESY) Free-electron LASer in 

Hamburg (FLASH), SLAC’s Linac Coherent Light Source (LCLS), and RIKEN’s Spring-8 Angstrom 

Compact free electron LAser (SACLA). At its core, an XFEL consists of an electron source, a linear 

accelerator, and undulator magnets spaced to produce X-ray wavelengths (typically ranging from 

0.01 to 10 nm) (Madey 1971, Dattoli and Renieri 1985, Saldin, Schneidmiller et al. 2013). Briefly, a 

relativistic electron beam is accelerated to almost the speed of light in a linear accelerator prior to 

interaction with the undulator. Upon interaction with the undulator, the electrons move in curved 

paths via the magnets. The long length of an XFEL undulator allows the relativistic electrons to 

interact with their emitted radiation which causes bunching of the electrons with spacing equal to 

the wavelength of the emitted X-rays.  As the electrons bunch, their emission becomes more 

coherent and allows for a stronger interaction between the two.  This results in beam with highly 

coherent pulses with femtosecond duration.  The coherence causes radiative emission proportional 

to the number of electrons squared in contrast to a synchrotron (incoherent) in which the radiative 

emission scales proportional to the number of electrons due to cancelation effects from the out of 

phase generated electromagnetic fields (Pellegrini and Stöhr 2003).  Because the number of 

electrons in a bunch is on the order of a billion, this causes a massive increase in flux compared to 

synchrotron sources.  Furthermore, the high longitudinal coherence (and thus, ultrashort duration) 

of the pulses pushes the peak brilliance orders of magnitude higher than that achievable at a 

modulating the electron energy and magnetic field strength. Figure 2.1 illustrates this principle.  

XFELs generate high gain, ultrashort pulsed X-rays with only a single undulator pass(Pellegrini and 

Reiche 2004), accomplished by the interaction between oscillating electrons, moving at relativistic 

speeds, with their emitted electromagnetic waves (for a more detailed synchrotron. The output  

wavelength can by tuned by overview of XFEL physics please refer to Ackermann, Asova et al. 

(2007) and McNeil, et al. (McNeil and Thompson 2010)). The interaction between the electrons and 
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their radiation causes spatial redistribution of the electrons into compact bunches perpendicular to  

their direction of motion.  This generates coherent X-ray pulses with durations of tens of 

femtoseconds. The first hard XFEL, LCLS, was built at the SLAC National Accelerator Laboratory 

in California and has been in operation since April 2009(Emma, Akre et al. 2010). It produces X-

ray pulses of approximately 3 mJ energy at 120 Hz. Each pulse has a duration that ranges from 

around 300 fs down to a few femtoseconds with up to 1013 coherent photons per pulse. Thus, the 

LCLS instrument has set a new standard, with a peak X-ray brilliance over ten orders of magnitude 

higher than that of the most powerful synchrotron radiation sources(Altarelli 2010). XFELs are 

unique light sources that can be used to explore matter at atomic length and femtosecond time 

scales. The increase in brightness along with ultra-short pulses has facilitated the appearance of a 

new application of XFEL technology in the field of structural biology via serial femtosecond 

crystallography (SFX) (Chapman, Fromme et al. 2011, Spence, Weierstall et al. 2012). A typical 

setup for SFX data collection is illustrated in Figure 2.2.  

The technique of macromolecular X-ray crystallography and its historical success in 

determining the structure of biological macromolecules has always suffered from a major 

bottleneck, namely the production of well diffracting crystals. This problem is especially prevalent 

in the structure determination of membrane proteins, which are notorious for their difficulty in 

 

Figure 2.1  Undulator Segment  

A relativistic electron beam (solid line) is brought to high energy in a linear accelerator (not 
pictured) prior to interaction with the undulator. The electrons then travel on a sinusoidal path, 
induced by a special arrangement of magnets called an undulator, a periodic array of magnetic 
dipoles shown as red and blue boxes. Because the electrons move in curved paths via the 
magnets, the change in momentum causes the emission of monochromatic radiation the same 
way a synchrotron does (depicted as a red cone).  
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forming high diffraction quality crystals. In some cases, years have been devoted to determining 

crystallization conditions for a membrane protein and it is not uncommon that only showers of 

nanocrystals (crystals between 200 nm to 10 µm) are observed while attempts to grow larger 

crystals remain unsuccessful. These nanocrystals were once seen as only a possible intermediate 

towards achieving useable crystals(Cusack, Belrhali et al. 1998). Modern microfocus beamlines 

have expanded the usefulness of these nanocrystals but even they experience constraints on what 

is achievable mainly due to severe X-ray damage by long exposure times, often requiring cryo-

cooling and necessitating crystals larger than 10 μm, which must  be even larger in the case of 

large unit cells (common in membrane proteins and large complexes)(Smith, Fischetti et al. 2012). 

With the advent of XFELs, crystals which would have previously been too small for use have been 

shown to be suitable for structure determination(Chapman, Fromme et al. 2011). Generally, these 

small crystals are easier to produce and possess significantly less long-range disorder. 

Furthermore, nanocrystals are ideal for time-resolved studies as a greater percentage of molecules 

in the crystal can be activated homogeneously by light or rapid mixing. For light activated reactions, 

time domains ranging from the femtosecond to microsecond regimes can be probed and temporal 

resolution of reactions induced by mixing can range from seconds down to microseconds (Schmidt, 

Srajer et al. 2013, Kupitz, Basu et al. 2014, Tenboer, Basu et al. 2014, Wang, Weierstall et al. 2014, 

Barends, Foucar et al. 2015).  

In addition to the challenges of sample preparation, the problem of X-ray induced radiation 

damage has hindered progress in structure determination even in well-diffracting crystals. 

Traditionally, cryogenic cooling of crystals has been the most successful way to minimize damage, 

increasing the radiation dose tolerance by a factor between 30 and 50(Owen, Rudiño-Piñera et al. 

2006, Holton 2009, Howells, Beetz et al. 2009). Cryo-cooling works by slowing the dispersion of 

radiation-induced reactive products that occur during the X-ray exposure. Upon exposure to X-rays, 

photoionization and processes related to Auger decay take place, leading to heat as well as the 

production of radicals and photo-ions. These diffuse within the crystal at rates dependent on 

available kinetic energy.  This can lead to subsequent chemical reactions that result in the breaking 
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of chemical bonds and thus a reduction in the diffraction quality of the crystal. While cryo-cooling   

does not influence the primary X-ray damage (i.e. photoionization and Auger decay), it slows down 

diffusion of the secondary processes of X-ray induced damage, radicals and heat progression. This 

method thus allows crystals to tolerate longer exposure times, improving the signal to noise ratio. 

Nonetheless, even at cryogenic temperatures site-specific radiation damage remains a problem, in 

which rapid photo-damage by the X-ray beam in areas with high X-ray cross-sections can occur, 

decreasing diffraction until it ultimately terminates. In such cases, partial data sets from many 

crystals must be merged in order to obtain a structural model. Furthermore, these models can 

exhibit significant artifacts from damage which can be substantially different from the native 

structure(Carugo and Carugo 2005). Examples of radiation damage include the breakage of 

disulfide bonds and salt bridges, tyrosine residues becoming hydrolyzed, decarboxylation of 

glutamate and aspartate residues, B-factor increase, and loss of diffraction progressing from high 

to low resolution(Burmeister 2000, Ravelli and McSweeney 2000, Garman and Owen 2006, Liu, 

Wacker et al. 2013). Radiation damage is particularly troublesome in limiting resolution of high-Z 

catalytic centers, causing metalloproteins to be the most prone to local radiation damage.  For 

example, spectroscopy has shown that X-ray radiation exposure to cryo-cooled, photosystem II 

 

Figure 2.2 Schematic of a Typical SFX Experiment at LCLS.  

Randomly oriented nanocrystals (green) in their mother liquor are delivered into the focus of X-
ray beam by a gas-focused liquid injector. The X-ray beam, which is transverse to the jet, hits 
the crystals in the interaction region. Diffraction snapshots of single crystals are recorded using 
a Cornell-SLAC pixel array detector (CSPAD) located in the forward-scattering region. 
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crystals leads to the metal center becoming photo-reduced below the native oxidation state. This 

effect was still seen at 4% of average doses used for crystallography(Yano, Kern et al. 2005).  

In 2000 Neutze et al.(Neutze, Wouts et al. 2000) conducted molecular dynamic simulations 

on the time course of the Coulomb explosion of T4 lysozyme at a total flux of 3.8 x 106 12 keV 

photons per Å2 over pulse durations of 2, 10, and 50 fs (the presumed theoretical flux achievable 

by an XFEL) in vacuum. At this time, XFELs were still in the planning phases.  They predicted that 

the onset of the Coulomb explosion would occur at 5-10 fs and predicted that if the pulses are short, 

diffraction of the molecule could be collected before it is destroyed referred to as “diffraction before 

destruction”. This principle relies on an XFELs ability to deliver a sufficient number of photons 

(~1013 photons/pulse, orders of magnitude greater than that required to form a plasma) for structure 

determination on time scales competing with primary radiation damage events. The first 

experimental demonstration of this principle was carried out using the soft XFEL, FLASH, located 

at DESY(Ayvazyan, Baboi et al. 2006). In this experiment an intense 25 fs, 4 x 103 W/cm2 pulse, 

containing 1012 photons, produced a coherent diffraction pattern from a non-periodic object before 

destruction occurred(Chapman, Barty et al. 2006). Thus, XFELs have the potential to minimize the 

effects of radiation damage and reduce the size restrictions on crystals suitable for X-ray structure 

determination. SFX requires new data processing and handling as the determination of 

crystallographic structures is based on thousands of snapshot diffraction patterns at room 

temperature by continuous delivery of orientationally unrelated nanocrystals in their mother 

liquor(Chapman, Fromme et al. 2011, Boutet, Lomb et al. 2012, Sierra, Laksmono et al. 2012, 

Weierstall, Spence et al. 2012, Weierstall 2014, Weierstall, James et al. 2014).  

In December 2009 the first SFX experiment was carried out at LCLS, using nanocrystals 

of photosystem I (PSI) as the first sample. PSI mediates the conversion of light energy from the 

sun to chemical energy in plants, green algae, and cyanobacteria, is one of the most complex 

membrane proteins crystalized so far, the entire complex consisting of 36 proteins and 381 

cofactors(Jordan, Fromme et al. 2001). Tens of thousands of diffraction patterns were collected, 

which allowed for the determination of the PSI structure, providing a proof of concept for 

SFX(Chapman, Fromme et al. 2011). Furthermore, this study resolved interference fringes between 



 

33 

 

the Bragg peaks which were originally suggested by Sayre in 1952(Sayre 1952). He proposed that 

diffraction from crystals with a countable number of unit cells, would show the Fourier transforms 

of the crystals in the diffraction pattern leading to fringes between the Bragg peaks directly related 

to the number of unit cells (n-1)(Sayre 1952). This theory came to fruition in the first SFX 

experiments when these fringes were detected in the diffraction patterns. In the future, with higher 

spatial resolution detectors, these shape transforms can be used for direct phasing(Spence, Kirian 

et al. 2011).  

Six years after the first SFX experiments were carried out (Chapman, Fromme et al. 2011), 

evidence has continued to mount that XFELs make overcoming radiation damage in protein 

crystallography an attainable realization(Lomb, Barends et al. 2011, Aquila, Hunter et al. 2012, 

Barty, Caleman et al. 2012, Boutet, Lomb et al. 2012, Johansson, Arnlund et al. 2012, Koopmann, 

Cupelli et al. 2012, Sierra, Laksmono et al. 2012, Johansson, Arnlund et al. 2013, Liu, Wacker et 

al. 2013, Redecke, Nass et al. 2013, Barends, Foucar et al. 2014, Hunter, Segelke et al. 2014, 

Sawaya, Cascio et al. 2014, Fenalti, Zatsepin et al. 2015, Kang, Zhou et al. 2015). In addition, SFX 

not only mitigates radiation damage but is suitable for crystals with as little as a few hundred unit 

cells.  Thereby, data can be collected from nanocrystals eliminating the need to grow large crystals. 

Experimental evidence is emerging that nanocrystals may show significantly less long-range 

disorder than their larger counterparts, making them ideal candidates for the structure 

determination of challenging proteins.  

Nanocrystallization and Characterization  

Because nanocrystals were previously seen as merely a stepping stone for the desired 

growth of large crystals, nanocrystal growth methods have remained largely unexplored. Due to 

the serial nature of SFX, a few unique characteristics must be considered for the development of 

nanocrystallization techniques.  First, a different crystal in a random orientation is used for each 

diffraction pattern, with patterns being captured in a serial fashion(Chapman, Fromme et al. 2011). 

Thus, to constantly replenish the sample between X-ray pulses, crystals are delivered to the X-ray 

interaction region by a liquid jet (in a typical SFX experiment) composed of crystals in their mother 
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liquor at room temperature(Chapman, Fromme et al. 2011). The delivery of the crystals to the X-

ray region is much more rapid than the X-ray repetition rate.  Consequently, most crystals do not 

interact with the X-rays(Weierstall, James et al. 2014). Additionally, since diffraction patterns 

represent “still frame” slices through the Ewald sphere, only partial reflections can be recorded (i.e. 

there is no goniometer and therefore no rotation to record full profiles of reflections). In order to 

measure accurate structure factors of the Miller indices (h, k, l), high redundancy of the data sets 

(> 50) are required via Monte Carlo data analysis methods(Kirian, Wang et al. 2010). Due to 

approximately one in every ten thousand crystals resulting in a diffraction pattern and the necessity 

for high multiplicity of the data, tens to hundreds of milligrams of sample may be needed for 

successful SFX data sets, where samples are delivered in a liquid jet.  The hit rate (percentage of 

pulses that result in crystal diffraction) is largely a function of crystal density and as such, must be 

considered in growth methods and characterization of the crystals.   

Since data from many crystals must be merged in analysis of SFX data, it is also important 

to consider crystal homogeneity.  For example, if there is a large size distribution in the sample, 

then the data set will be composed of diffraction patterns with varying relative Bragg peak intensities 

(directly related to the number of unit cells and hence, the size).  This can lead to scaling issues 

which become problematic in subsequent analysis.  Furthermore, the presence of some outlying 

(e.g. larger) crystals may necessitate attenuation of the beam to prevent damage to the detector. 

This in turn would limit resolution on images obtained from the more plentiful smaller crystals. Size 

inhomogeneity can also lead to instabilities or clogging in the liquid jet(Kupitz, Grotjohann et al. 

2014). Therefore, it is imperative to consider and monitor crystal size distribution while screening 

conditions for nanocrystallization. These considerations become even more pronounced in time-

resolved experiments where the crystal size is the primary parameter in reaction initiation 

homogeneity(Tenboer, Basu et al. 2014, Ibrahim, Chatterjee et al. 2015).  To meet the need for 

large sample volumes, optimized crystal density and crystal size homogeneity, in addition to the 

traditional optimization of crystal diffraction quality, nanocrystallization techniques are rapidly 

emerging to address the unique challenges present in SFX. 
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Nanocrystallogenesis  

As is the case in the growth of macroscopic crystals, knowledge of a proteins phase space 

is highly beneficial for the optimization of crystallization conditions.  Driven by thermodynamics, the 

formation of protein crystals requires a controlled decrease in solubility of the protein that ideally 

avoids the formation of non-ordered precipitation.  Traditionally, the supersaturated area of phase 

space is typically reached by gradually increasing the precipitant concentration, allowing for few 

nucleation sites to form that grow by addition of the free protein to the nuclei over time, resulting in 

a few large crystals(McPherson 1999). In contrast to this approach, nanocrystallization is best 

achieved by inducing a high number of nucleation sites, whereby the free protein concentration is 

rapidly decreased by the formation of a plethora of nuclei followed by their growth into a multitude 

of small crystals(Kupitz, Grotjohann et al. 2014, McPherson and Cudney 2014). Typically this is 

achieved by increase of the concentration of protein, precipitating agents, or both as compared to 

optimized conditions for large crystal growth for the same protein(Kupitz, Grotjohann et al. 2014). 

While the approaches for each size regime differ, they both rely fundamentally on the knowledge 

of the proteins phase space and may be even more important for growth of well-ordered 

nanocrystals as formation of amorphous precipitate is best avoided. 

Many of the existing methods for macro-crystallogenesis are also applicable for 

nanocrystallization with modification necessary to occupy a different area of phase space(Hunter, 

Segelke et al. 2014, Kupitz, Grotjohann et al. 2014, Bublitz, Nass et al. 2015, Sugahara, Mizohata 

et al. 2015, Wu, Nogly et al. 2015, Yamashita, Pan et al. 2015). Batch methods, in which the protein 

and precipitating conditions are mixed to homogeneity initially, provide a good example of well-

established methodology that needs little modification for suitability in SFX (outside of parameter 

values). This is illustrated in Figure 2.3 where a batch approach for macro- and nanocrystals differs 

only by starting point within the phase space(Schlichting 2015).  It has been reported in some cases 

that large crystals grown by traditional methods can also be mechanically crushed to obtain the 

smaller crystals needed for SFX(Redecke, Nass et al. 2013, Stevenson, Makhov et al. 2014). This 

is, however, not generally applicable and may lead to loss of quality or destruction of fragile crystals, 

such as those common amongst membrane proteins. Nanocrystalline showers with traditional 
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methods such as vapor diffusion 

have been obtained, using a brute 

force approach with many individual 

setups to  scale for SFX 

experiments(Lawrence, Conrad et 

al. 2015). While this poses no 

theoretical issue, the concern for 

this type of nanocrystal preparation 

is due to the tedious nature of 

sample preparation involved to 

obtain enough material for full data 

set collection.  While this can in part 

be alleviated with sample 

conserving delivery 

systems(Conrad, Basu et al. 2015, 

Fromme, Ishchenko et al. 2015, 

Sugahara, Mizohata et al. 2015) 

(assuming they are compatible), 

sample density and homogeneity 

remain challenging and necessitate 

specific consideration. 

  

The nanocrystalline free interface diffusion (FID) method is an example of a technique that 

has been developed from an existing method for SFX applications(Kupitz, Grotjohann et al. 2014).  

In this method, one solution (either the protein or precipitant solution) is added drop wise to the 

other. The less dense of the two (typically the protein/buffer solution) is first placed in a vessel, 

typically a microcentrifuge tube.  The denser solution (typically precipitants such as high 

concentration salts, polyethylene glycol, etc.) is then added drop wise, thereby allowing for a high 

 

Figure 2.3. Methods Phase Diagram and FID 

A) 2-dimensional slice of a typical free protein phase 
diagram with selected crystallogenesis methods 
exemplifying the general relationship between phase 
space occupation and resultant crystalline protein. B) 
Depiction of the microcrystalline FID method in the case 
of a denser precipitant being dropped through a protein 
solution and the subsequent interface resulting in 
microcrystal pelleting (B reproduced with permission 
from (Kupitz, Basu et al. 2014)). 
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nucleation rate at the protein/precipitant interface of the two solutions but still inducing some mixing 

immediately. Nanocrystals will form at the interface, owing to the access of areas of phase space 

that typically results in high nucleation rates (i.e. high concentrations of both protein and 

precipitants).  Additional benefits arise in the common scenario where the denser solution is the 

precipitant since this allows crystals that form at the interface to settle due to gravity into the 

precipitant rich layer.  This provides a way to effectively quench crystal growth as well as 

accumulate a high density of nanocrystals, allowing practical optimization of crystal density by 

resuspension to a desired concentration. Gentle centrifugation of the setup has also been shown 

to expedite crystal formation (e.g. photosystem II forming nanocrystals in as little as 30 minutes 

with centrifugation in contrast to 1 day without centrifugation(Kupitz, Grotjohann et al. 2014)) and 

has led to improvement of crystal size and homogeneity due to the tendency for crystals to spend 

less time in relatively high concentrations of free protein after nuclei formation, resulting in more 

uniform growth throughout the sample.  It is important to note that over time, full mixing of the two 

layers will occur (rate proportional to miscibility).  This could lead to the dissolution of the crystals 

if the mixture represents an undersaturated portion of phase space. Oswald ripening and 

decreased size homogeneity can also occur if there is high mobility or an appreciable amount of 

free protein left over after complete mixing has occurred. This can be avoided by harvesting the 

crystal pellet or removal of the free protein layer before considerable mixing occurs. 

In-vivo crystallization 

Crystallization in vivo using insect and mammalian cells is a highly innovative approach 

towards nanocrystallography that has been recently discovered(Koopmann, Cupelli et al. 2012, 

Redecke, Nass et al. 2013, Gallat, Matsugaki et al. 2014, Ginn, Messerschmidt et al. 2015). This 

technique was first applied in SFX in 2012 after nanocrystals were identified by electron microscopy 

inside insect cells when cathepsin B from Trypanosoma brucei was overexpressed using the 

recombinant baculovirus system(Koopmann, Cupelli et al. 2012). Redecke and co-workers 

observed needle shaped nanocrystals protruding out of the cell after 70 hours but were still 

surrounded by the cell membrane(Redecke, Nass et al. 2013). The crystals were 10-15 μm in 

length and about 0.5-1 μm in width. These crystals were isolated and used for SFX 
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analysis(Redecke, Nass et al. 2013). It has been proposed that this spontaneous crystallization 

may occur due to accumulation of the protein in a specific organelle such as the endoplasmic 

reticulum, peroxisomes, or secretory granules(Doye and Poon 2006, Koopmann, Cupelli et al. 

2012). In vivo crystallization is not limited to the Sf9 insect cells and has been demonstrated for 

multiple proteins in cockroaches, seeds, and bacterial cells(Doye and Poon 2006, Gallat, Matsugaki 

et al. 2014, Sawaya, Cascio et al. 2014). However, little is understood about the mechanism of in-

vivo crystallization as it was initially hypothesized to be a rare occurrence. Additionally, the crystals 

were not probed when they were first found as they were too small for macro-crystallography(Doye 

and Poon 2006, Koopmann, Cupelli et al. 2012). With the advent of XFELs, in vivo crystallization 

could potentially become a major method for crystallization, thus removing the bottleneck of 

determining crystallization conditions for applicable proteins. Before in vivo crystallization comes to 

fruition as a more general method, further research needs to be done towards understanding the 

necessary mechanistic components involved.  

Growing crystals using LCP 

Lipidic cubic phase (LCP), a bicontinuous mesophase that acts as a membrane-mimetic, 

has been used to crystallize a variety of membrane proteins, notably G coupled-protein receptors, 

ion channels, and transporters(Liao, Li et al. 2012, Caffrey 2015). Unlike membrane protein crystals 

grown in surfo (in partial or full detergent micelles), which usually exhibit type II micelle crystal 

packing and often have a high solvent content, crystals grown in LCP feature type I crystal 

packing(Katona, Andreasson et al. 2003). This packing allows for hydrophilic protein-protein and 

hydrophobic protein-lipid-protein interactions and thus, often leads to tighter and more rigid 

packing, in turn possibly leading to a lower solvent content and better diffraction(Liu, Ishchenko et 

al. 2014). To crystallize membrane proteins in LCP, purified protein at high concentration  (usually 

> 20 mg/mL) is mixed with molten monoolein in Hamilton gas-tight syringes using a syringe-

mixer(Cheng, Hummel et al. 1998). For standard crystallography, special robots (e.g. Flexus 

Crystal IMP, Gryphon LCP, NT8-LCP, Mosquito LCP, ProCrys Meso) can be used to dispense the 

LCP and precipitant and crystals are often grown in micro-batch assays of <1 nL to 100 nL. 

Cherezov and colleagues have had notable success in adapting the LCP crystallization method for 
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SFX(Liu, Wacker et al. 2013, Liu, Ishchenko et al. 2014, Liu, Wacker et al. 2014, Fenalti, Zatsepin 

et al. 2015, Zhang, Unal et al. 2015). In this method, protein laden LCP is injected in another syringe 

containing precipitate solution and incubated for 24 hours to two weeks to permit crystallization(Liu, 

Wacker et al. 2013, Liu, Wacker et al. 2014). Excess precipitate solution is removed and the crystals 

embedded in the LCP are delivered using a high-viscosity-injector(Weierstall, James et al. 2014).  

Crystal Detection and Characterization 

Some SFX experiments have been carried out with crystals that are > 5 µm and can 

therefore be identified by established methods such as polarized light microscopy in combination 

with UV-fluorescence microscopy. Nanocrystals are very difficult to identify and differentiate from 

amorphous precipitate, particularly if the crystal size is on the order or smaller than 1 µm, nearing 

the limit of resolution for optical microscopy methods. Techniques such as tryptophan fluorescence 

and birefringence may also be limited since the signal for each is proportional to crystal size. 

Alternative methods for detecting small crystals have proven to overcome the aforementioned 

difficulties. One of the most useful methods for rapid feedback during initial and optimization stages 

of crystallogenesis is the use of second-order harmonic generation (SHG) spectroscopy, in 

particular the SONICC (second order non-linear imaging of chiral crystals) instrument invented by 

G. Simpson(Wampler, Kissick et al. 2008).  SONICC can identify nanocrystals of chiral molecules 

as small as 100 nm(Wampler, Kissick et al. 2008). When a chiral crystal is exposed to two 1024 

nm photons in a strong field, frequency doubling occurs due to inherent polarization anisotropy, 

allowing a detector to measure the 512 nm photon output. Constructive interference arising from 

crystalline translational symmetry increases the probability of this occurring, allowing for practical 

measurements to be taken. It should be cautioned that the signal strength depends on the space 

group (with higher symmetry leading to decreased signal in general) and also the specific molecular 

polarization susceptibility (higher SHG is typical in molecules with a chromophore)(Newman, 

Scarborough et al. 2015). While truly centrosymmetric space groups are impossible in natural 

protein crystals, many of the high symmetry space groups can still lead to attenuation of signal 

below detection, resulting in false negatives.  Furthermore, some precipitants are chiral (e.g. 
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sugars, chiral salts) and can crystallize in space groups that can be active in SHG (i.e. false 

positives) so care must be taken when interpreting results.   

The most trustworthy method to verify the existence of diffracting crystals is X-ray powder 

diffraction, which can be carried out at either cryogenic or ambient temperatures. For room 

temperature powder diffraction measurements, a high density pellet of crystals is transferred to an 

X-ray transparent capillary(Steitz, Richmond et al. 1974, Balbirnie, Grothe et al. 2001, Von Dreele 

2007). In contrast with cryogenic powder diffraction, room temperature powder diffraction 

measurements are ideal for optimizing relative resolution for an XFEL since this ensures that there 

are not artifacts arising from the freezing process. It is also important to include buffer in the 

capillary to avoid drying out of the small crystals which can affect diffraction quality. While powder 

diffraction data can be collected from nanocrystals at low flux X-ray home sources, it requires 

several microliters of dense crystal sample which is more than is produced from commercial 

screens(Stevenson, Makhov et al. 2014). It also depends highly on the sample quality and density 

so establishing conditions for powder diffraction typically requires synchrotron radiation to produce 

measurable diffraction for un-optimized samples(Stevenson, DePonte et al. 2014).  

Transmission electron microscopy (TEM) is another reliable method to monitor nanocrystal 

quality and requires low sample volumes. Strong correlations exist between crystals that have 

highly ordered lattices visible through TEM and crystals that feature better X-ray diffraction 

quality(Stevenson, DePonte et al. 2014). While this technique can provide insightful 

characterization, it requires elaborate sample preparation and often involves negative staining 

which can affect electron diffraction and is only suitable for very thin nanocrystals (< 200 

nm)(Stevenson, DePonte et al. 2014, Wen 2014).  Large crystals can be mechanically crushed in 

order to achieve dimensions suitable for TEM(Stevenson, Makhov et al. 2014). 

In protein crystallography, dynamic light scattering (DLS) is commonly used to analyze 

protein homogeneity since a monodisperse (i.e. homogenous and non-aggregated) sample is ideal 

for crystallization(Proteau, Shi et al. 2010). In addition, DLS is also used in SFX experiments to 

determine nanocrystal size distribution and homogeneity across multiple conditions(Schubert, 

Meyer et al. 2015). DLS measures the light scattered by particles in solution. As molecules in 
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solution undergo Brownian motion, the change in intermolecular distance leads to constructive and 

destructive interference of the scattered light.  Fluctuations in intensity over time are indicative of 

the particle size and can be derived from the Stokes-Einstein relation. DLS only requires a few 

microliters of sample for analysis at broad range of concentrations (about 108–1012 

crystals/mL)(Filipe, Hawe et al. 2010).  However, large particles such as dust or aggregates can 

affect the accuracy of size determination(Berne and Pecora 1976).   Another important parameter 

to take into account in SFX experiments is the crystal density. Crystal density can be optimized by 

using nanoparticle tracking analysis (NTA), which, like DLS, infers the Brownian motion of particles 

in solution and relates this movement to an equivalent hydrodynamic radius. Unlike DLS, NTA uses 

video to track the Brownian motion and thus, captures the light scattering signal from individual 

particles(Carr and Malloy 2006). This not only allows for particle size to be determined on a particle-

by-particle basis but also allows for particle concentration to be estimated which is extremely helpful 

for optimizing crystal density for SFX experiments(Filipe, Hawe et al. 2010). However only particles 

< 1 μm can be detected and 1 mL of particle concentrations of 107 –109 crystals/mL(Filipe, Hawe 

et al. 2010) is required. Therefore, DLS and NTA provide a means to monitor nanocrystal size. 

Furthermore, microfluidic devices using dielectrophoresis have been invented that can sort 

nanocrystals according to size(Abdallah, Roy-Chowdhury et al. 2015). 

Sample delivery methods 

The majority of SFX data has been collected from a jet of small crystals (typically 200 nm 

- 10 μm) in their mother liquor. This scheme allows the sample to be constantly replenished for 

each XFEL pulse as the crystals are destroyed with each shot. While this has shown great success 

and breadth, limitations of this method have trigged multiple strategies to deliver crystals to the X-

ray interaction region to be born over the last 6 years. In this section the current crystal delivery 

methods used at XFELs are reviewed (summarized in Table 1).  

Gas-focused liquid injectors: 

In preparation for the first SFX experiments, the gas dynamic virtual nozzle (GDVN) was 

invented to continuously deliver crystals to the X-ray pulses(DePonte, Weierstall et al. 2008, 
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Weierstall, Spence et al. 2012).  Based on the 

principle that flowing gas encompassing a liquid 

can focus the liquid jet to a smaller diameter (1/10 

the original capillary size) the GDVN produces a 

liquid jet that is only a few microns in 

diameter(DePonte, Weierstall et al. 2008, 

Weierstall, Spence et al. 2012). This is achieved 

by mounting a smaller capillary inside a larger 

capillary. Crystals in their mother liquor are 

delivered through the smaller, inner capillary and 

high-pressured gas flows through the interstitial 

space between the larger, outer capillary and the 

inner capillary (see figure 2.4). The GDVN has 

been used successfully for many SFX 

experiments (see Table 1) including time-

resolved studies(Aquila, Hunter et al. 2012, 

Redecke, Nass et al. 2013, Kupitz, Basu et al. 

2014) and has thus far been the workhorse for the 

majority of SFX experiments. While the GDVN has experienced much success, several limitations 

exist. Namely, clogging of the smaller, inner capillary can occur due to blockage from aggregating 

crystals, the shear forces experienced during jetting have been suspected to damage some fragile 

crystals(Demirci, Sierra et al. 2013, Stevenson, DePonte et al. 2014), and ice can form on the 

nozzle by back-spraying of debris from the explosion at the X-ray interaction region (DePonte, 

Weierstall et al. 2008, Demirci, Sierra et al. 2013). Clogging events can be decreased by filtering 

the sample prior to sample loading and using in-line filters upstream from the nozzle. However, 

filtering could result in loss of sample and damage to crystals, thus highlighting the need for 

knowledge and control over the size distribution(Demirci, Sierra et al. 2013). One challenge when 

using the GDVN is that the X-ray pulse repetition rates currently available (≤120 Hz) are low 

 

Figure 2.4  Schematic of a GDVN.  

The GDVN is assembled by placing a 
smaller, hollow-core fused silica optical 
fiber (inner capillary) inside a larger, 
borosilicate glass capillary (outer capillary). 
Crystals are passed through the inner 
capillary while a focusing gas is passed 
through the outer capillary and thus 
occupies the space in between the two 
capillaries. A thin, micrometer jet is 
produced when the co-flowing gas meets 
the crystals as they exit the inner capillary.  
The scale bar is 0.1 mm. 
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compared to the minimal flow rate of the GDVN at 10 µL/min, thus the majority of crystals never 

interact with the X-ray beam since they flow through the interaction region between 

pulses(Weierstall 2014). Therefore, large sample volumes are needed to produce a complete SFX 

dataset using this method. Data sets using the GDVN can require 10 mL of crystal suspensions, 

typically containing on the order of 109-1011 crystals/mL(Chapman, Fromme et al. 2011, Schlichting 

and Miao 2012, Kupitz, Grotjohann et al. 2014, Galli, Son et al. 2015).  

Several strategies have been proposed to reduce the flow rate of the GDVN. First, the 

GDVN can be operated in a pulsed mode whereby the jet is switched on and off, using a high 

performance liquid chromatography (HPLC) valve, as to minimize sample loss between pulses. It 

has been reported that flow times of 300 μs separated by times of 2 ms without flow could reduce 

the GDVN sample consumption by a factor of four(Weierstall 2014). Similar to a pulsed method, 

droplets can be used to deliver crystals to the X-ray beam. In acoustic droplet ejection, droplets 

can be produced by a piezoelectric transducer(Chen and Basaran 2002). To optimally synchronize 

the crystal filled drops, the droplets would be trigged by the XFEL. However, droplet speeds 

produced tend to be unstable on the necessary timescales, making synchronization difficult. 

Additional challenges faced by this method include large droplet size and thus high 

background(Soares, Engel et al. 2011, Roessler, Kuczewski et al. 2013), crystal settling without 

the addition of a viscous solution(Weierstall 2014), and compatibility with high vacuum(Weierstall 

2014). To date, neither the pulsed liquid jet nor acoustic droplet ejection has been employed at an 

XFEL successfully. 

 Electrospinning injectors: 

 In one method of counteracting the fast consumption of sample by the GDVN, an 

electrospun liquid microjet, which uses high electric fields instead of gas to focus the liquid, has 

been implemented(Sierra, Laksmono et al. 2012). Electrospinning allows for a slower moving jet 

and thus, fewer sample flows between XFEL pulses and the amount of sample needed for a dataset 

can be reduced(Weierstall, James et al. 2014). The slow speed is also suitable for experiments 

with long pump-probe delay times as it allows for longer incubation times compared to those 
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achievable with the GDVN(Sierra, Laksmono et al. 2012). However, to form a continuous jet and 

prevent crystal settling, the crystals must be suspended in a suitable viscous media (e.g. glycerol, 

PEG, or sucrose); otherwise the electrospun jet breaks up into highly charged droplets once surface 

tension is overcome. The embedding media also serves as a cryo-protectant, necessary to prevent 

jet dehydration due to the length of time spent in vacuum, making this method not universally 

suitable. Caution of the impact of the electric field and the high charge of the jet and droplets on 

the sample must also be considered as they are unknown at present(Sierra, Laksmono et al. 2012). 

High-viscosity media injectors 

LCP has a viscosity similar to vacuum grease, which makes harvesting tens of thousands 

of small crystals from their sticky, viscous environment impractical. Thus, an alternative method 

was devised so that the crystal laden LCP could be delivered directly to an X-ray beam. To extrude 

such a viscous material, the high-viscosity injector (commonly referred to as the “LCP injector”) 

amplifies the pressure of an HPLC using a hydraulic stage to extrude the viscous media out of a 

capillary. A co-flowing gas stream ensures that the highly viscous fluid does not curl back onto the 

nozzle and forms a stable jet(Weierstall, James et al. 2014). Unlike the GDVN, the jet is not focused 

to a smaller size and maintains the inner diameter of the capillary it is extruded from (10-100 μm). 

In addition, the high viscosity injector has been shown to work both in vacuum and in air(Nogly, 

James et al. 2015). To decrease sample consumption for soluble nanocrystals, crystals have been 

successfully manually mixed post-crystallization with LCP and grease(Fromme, Ishchenko et al. 

2015, Sugahara, Mizohata et al. 2015). Recently, agarose-based gels have been shown to be 

compatible for the sample delivery of both soluble and membrane proteins which are embedded 

into pre-gelled agarose using a coupled syringe setup as described in Conrad et al(Conrad, Basu 

et al. 2015). The agarose jet also offers an improved background over grease(Sugahara, Mizohata 

et al. 2015) or LCP, leading to higher quality data(Conrad, Basu et al. 2015). 

Fixed Targets: 

For most experiments that use a flowing jet, either liquid, viscous, or electrospun, the 

optimal crystal hit rate is usually around 10-30%, as higher crystals densities tend to lead to 
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clogging. Flowing jets remain the ideal method for sample delivery for most SFX experiments as 

they do not require freezing and are the most practical technique for conducting time-resolved 

experiments. But for a small subset of experiments, fixed targets may be beneficial since this 

approach has the potential to decrease the sample quantities necessary for a data set to be 

collected. Fixed targets vary from traditional goniometers, to windowed sample support 

wafers/grids (analogous to electron microscopy holders), and to microfluidic chips45,104,106. The 

main advantage of sample support wafers is their compatibility with 2D nanocrystals, which require 

a scaffolding and thus, cannot be delivered in a flowing jet102. In order to prevent dehydration, 

crystals must be immersed in oil before being painted onto the support grid. Microfluidic devices 

have also been used for fixed target experiments at XFELs and have been designed to trap single 

crystals104,112. These traps can theoretically ensure that the X-ray beam interacts with only one 

crystal at a time but with current designs, crystal stacking will occur before all the traps are filled. 

Fixed targets can result in crystal orientation bias113.  Currently, fixed target approaches are 

severely limited by slow data acquisition. Data acquisition rates are primarily limited by the velocity 

of the fixed target stage and the time it takes to replace the sample grid or chip. For example, if the 

stage motor could operate at 120 Hz and automated scripts aligned the X-rays to each window/trap, 

a fixed target containing 800 window/traps, the sample holder would need to be replaced every 

6.67 minutes. In addition, some fixed targets produce high background due to the support 

material103-105.  

Recently, data has also been collected at XFELs with a conventional goniometer approach 

on very large crystals (up to millimeters in size) under cryogenic conditions. This method has been 

used to determine a dark structure of photosystem II with minimal X-ray damage at 1.95 Å 

resolution114. However, this approach is low throughput and tedious as it can require days or even 

weeks of very precious data collection time at FELs on hundreds of individually mounted 

crystals(Suga, Akita et al. 2015).  The experiment required freezing, attenuation, and translation of 

the beam focus by 50 µm at an X-ray spot size of 1 µm to avoid X-ray damage. Furthermore, 

freezing and the large crystal size prohibits time-resolved experiments from being feasible. Except 

for cases like photosystem II, where X-ray damage significantly alters the structure of the catalytic 
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metal complex, it is questionable if this is advantageous compared to standard macromolecular 

crystallography at synchrotron sources. 

Structural dynamics and molecular movies: challenges and opportunities  

In addition to broadening the array of macromolecules available to crystallography, SFX 

also expands upon the information that can be obtained regarding functional dynamics.  

Macromolecular crystals typically exhibit extremely high solvent content and weak electrostatic 

contacts in comparison to their smaller molecular counterparts.  While this has always presented a 

challenge to crystallogenesis of well-diffracting crystals, the porous nature of macromolecular 

crystals lend them to intact catalytic or functional activity in the crystalline phase(Hofbauer, Zouni 

et al. 2001, Moffat 2001, Fromme, Bottin et al. 2002, Li, Lyons et al. 2013). This is because large 

solvent channels that are present in the crystals can allow for conformational movement of the 

proteins or even the diffusion of a substrate to active sites in crystals. This property indicates an 

exciting opportunity to see intermediate structures over the course of a functional reaction.  By 

achieving time-resolved structure determination (i.e. multiple structures along a reaction pathway), 

one can begin to directly understand the relationship between structure and function of 

macromolecules. This has numerous applications such as rational drug design and renewable 

energy by unraveling the mechanism of biochemical processes.  However, some important 

considerations must be taken into account in order to realize reliable time-resolved structures. 

Time-resolved crystallography has historically been performed on large single crystals by Laue 

multi-wavelength crystallography (for a review see (Hajdu and Johnson 1990)) and has exhibited 

considerable gains over the past twenty years, moving from the millisecond(Genick, Borgstahl et 

al. 1997) to the picosecond(Schotte, Cho et al. 2012) temporal resolution regimes.  This has 

opened the door to viewing conformationally dynamic proteins in action on an atomic scale. While 

this technique continues to improve, both within its experimental parameters and subsequent data 

analysis, it faces some hard limitations due to the nature of large crystals and current synchrotron 

sources, namely: 1) temporal resolution is limited by pulse length achievable using a synchrotron, 

2) irreversible reactions cannot be studied as the induction of a reaction would cause a permanent  
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modification of the molecules in the crystal, 3) only light activated, pump-probe type experiments 

are generally feasible at present, with limited light penetration being one of the major obstacles, 

and 4) homogeneity of reaction initiation must be considered and presents a challenge.SFX 

presents an opportunity to complement the Laue method by providing access to experiments 

previously impossible by overcoming the above challenges via its unique experimental 

characteristics. XFELs have pulse durations on the order of tens of femtoseconds, which, within 

the framework of time-resolved crystallography, allow access to detect and resolve fast time points 

in catalytic reaction processes. Thereby, more temporally constrained intermediates can be 

detected along a reaction pathway. Recent work has pushed temporal resolution to the sub-

picosecond regime(Barends, Foucar et al. 2015, Pande, Hutchinson et al. 2015), which is utterly 

out of reach at existing synchrotron sources.  This allows insight into ultrafast intermediates and 

therefore, the promise of a much finer understanding of catalytic mechanisms.   

With irreversible reactions one must consider the way in which data is collected.  In 

traditional crystallography a crystal is rotated during data collection and each diffraction pattern 

corresponds to a rotational increment of the reciprocal space.  If an irreversible reaction is to be 

probed fully, data collection would require thousands of large crystals for each time point as the 

crystal would be permanently altered after the induction of the reaction. This would require an 

oppressively large number of crystals to collect a complete data set from individual crystals.  The 

serial “diffraction before destruction” nature of SFX experiments completely bypasses this 

constraint, as only one diffraction pattern is collected from each crystal. Since the sample is 

constantly replenished, there is no constraint on the reversibility of a reaction. The utilization of 

Monte Carlo merging of an immense number of individual crystals in random orientations leads to 

accurate structure factors for time-resolved experiments due to implications from the central limit 

theorem.  

Considerations of structural homogeneity and the constraint of Laue to predominantly 

pump-probe style experiments are highly intertwined due to one parameter: diffusion.  Thus far, 

Laue crystallography has been predominantly limited to photo-activated reactions since chemically 

activated reactions would necessitate diffusion of a substrate throughout the crystal, limiting 
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reaction timescales available. While the large solvent channels in crystalline macromolecules often 

allow for diffusion to take place via soaking with a diffusing substrate(Bolduc, Dyer et al. 1995, 

Stoddard and Farber 1995, Helliwell, Nieh et al. 2003) (assuming the active site is unobstructed 

and the substrate is sufficiently small relative to the solvent channels), the size of the crystal limits 

diffusion times, thereby constraining the time regime of reaction intermediates accessible in an 

experiment. There have been chemically activated time-resolved experiments performed 

successfully by incorporating photo-activated caged substrates into the crystal(Schlichting, Rapp 

et al. 1989, Stoddard, Cohen et al. 1998, Ursby, Weik et al. 2002), thus reducing diffusion times to 

that of the photo-penetration of the pump laser. However, the incorporation of caged substrates 

requires extensive knowledge about a given system and is not generally compatible(Schmidt 2013). 

The small size of the crystals used in SFX theoretically allow for diffusion times on microsecond 

time scales, allowing access to many reactions on the short millisecond and even microsecond 

regimes in the absence of caged substrates. For example, a crystal with dimensions of 0.5x0.5x0.5 

µm3 has been modeled to exhibit a diffusion time of 17 µs, while a 3x4x5 µm3 crystal is estimated 

to take 1 ms, and a large 300x400x500 µm3 crystal would take 9.5 s(Schmidt 2013). Many biological 

reactions occur with intermediates observed in the time range of ms and faster but significantly less 

occur in the longer regime of seconds. One must also consider reaction homogeneity since Bragg 

diffraction relies upon translational symmetry of the molecules in the crystal. This means that in 

order to observe an intermediate structure, a sufficient proportion of the molecules must be in a 

single conformation during probing in order for a structure to be elucidated.   

Photoactivated reactions have one major advantage over substrate or other diffusion 

based reactions as initiation is homogeneous and rapid.  However, the degree of reaction initiation 

by photoinduction is also limited by the size of the crystal since molecules absorb the light as it 

travels through the crystal causing a decrease in transmission with increasing path length. When 

considering faster time points, the reaction homogeneity of the molecules in the crystal is sensitive 

to the lifetime of the intermediate state as compared to the time difference of reaction initiation from 

the front and back surfaces of the crystal relative to the pump beam. The distance traveled with 

respect to the front and back of photo-activated crystals is not the main cause of this temporal offset 
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(though this is on the order of picoseconds for large crystals); instead, it is the attenuation of the 

pump intensity as it proceeds through the crystal, undergoing absorption and scattering. Depending 

on the particular robustness of the sample, one can attempt to address this by increasing the power 

of the laser but this approach is constrained by photo-damage and heating effects that can occur.  

Thus, the size of nanocrystals provides an advantage, allowing a much smaller difference of 

reaction initiation throughout the crystal and requiring decreased pump intensities for maximal 

reaction initiation.  Furthermore, the volume of the crystal itself is so small that in practice, the whole 

crystal can be illuminated by the pump, minimizing considerations of the intensity profile of the 

pump laser.  Because of these attributes, SFX provides the basis for a much higher reaction 

initiation yield, a point which as has already been shown in practice(Tenboer, Basu et al. 2014). 

Time-Resolved Serial Femtosecond Crystallography 

The structure-mechanistic relationship found in biological reactions is rarely explained 

through resolution of a single, static structure.  Instead, the dynamics between initial and final states 

embody the mechanism. TR-SFX permits access to transient intermediates that occur as a reaction 

is proceeding, providing still snapshots of these states. Snapshots of the initial, intermediate, and 

final state(s) can be viewed in a quick succession from start to finish to reveal motion of the enzyme 

and thus a “molecular movie” can be obtained to unravel how these biological molecules proceed 

in nature.   

The first time-resolved SFX (TR-SFX) experiment was carried out on PSI-ferredoxin co-

crystals which undergo electron transfer reactions that lead to the subsequent undocking of 

ferredoxin and dissolution of the crystals upon light excitation, leading to a rapid loss of diffracting 

quality upon pumping. Large differences have been obtained in the diffraction patterns between 

the excited and uninitiated reactions as revealed by the Wilson plot.  The timing of these differences 

agrees with the time range previously found by spectroscopic methods for electron transfer(Setif 

and Bottin 1995, Diaz-Quintana, Leibl et al. 1998). These experiments provided the proof of 

concept for TR-SFX, (though an electron density map was not obtained due to data 

limitations)(Aquila, Hunter et al. 2012).   
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The first successful TR-SFX experiment was performed using photosystem II, the 

membrane protein responsible for splitting water into its constituent protons, electrons and oxygen.  

This process provides the electrons for the photosynthetic electron transfer chain in oxygenic 

photosynthesis. The catalytic oxygen evolving cluster, structurally the most interesting domain in 

photosystem II, is particularly susceptible to radiation damage due to the presence of 5 Mn atoms. 

The X-ray photo-damage processes are virtually eliminated by the “diffraction before destruction” 

nature of SFX. A further concern of time-resolved studies with X-rays is that local photo-damage 

can be induced by repeated illumination of the crystal by the pump laser in Laue time-resolved 

experiments. Again, this problem is mitigated by TR-SFX since relatively low pump energy and flux 

can be applied per crystal due to smaller, more permeable crystals. Indeed, TR-SFX has 

succeeded in ‘shining the first light’ on the undamaged ground state of PSII using single and 

multiple laser excitations prior to diffraction, allowing multiple states to be studied along the 

multiple-excitation reaction pathway.  This revealed large conformational changes occurring in the 

photo-excited “double flash state” of PSII, which includes movement of the protein via its 

coordination of the oxygen evolving cluster(Kupitz, Basu et al. 2014). Though higher resolution is 

needed to provide a deeper understanding of the water splitting process, TR-SFX in general 

provides the most feasible path forward toward obtaining a series of initial, final and intermediate 

structures during a reaction, i.e. molecular movies of biomolecules at work. 

More recently, atomic resolution has been achieved for TR-SFX using PYP(Tenboer, Basu 

et al. 2014). This experiment also pushed the limits on the time-resolution available at an XFEL, 

capturing reaction time points down to the sub-picosecond regime(Pande, Hutchinson et al. 2015). 

These studies improve upon the temporal resolution that has been achieved in Laue 

crystallography(Schotte, Cho et al. 2012) by orders of magnitude and is only significantly limited by 

beam characteristics (i.e. time-jitter)(Pande, Hutchinson et al. 2015). As developments continue 

with future generation sources, temporal resolution will be pushed even further.  In addition to 

ultrafast time resolution, it is notable that the TR-SFX studies on PYP have also shown huge 

improvement on reaction initiation (40% at XFELs with  nanocrystals compared to 10-15% achieved 

at a synchrotron with larger crystals(Schmidt, Srajer et al. 2013, Tenboer, Basu et al. 2014)), 
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allowing for stronger signal from transient intermediates to be detected, leading to data that can be 

easily interpretable. Even more recently, research in this time domain has led to novel observations 

of global structural changes in myoglobin upon lysis of an Fe-CO bond that occur within a few 

picoseconds(Barends, Foucar et al. 2015). 

 Though no mixing TR-SFX work has been published to date, the stage is set for 

‘on the fly’ mixing experiments that take advantage of the nature of SFX. Many enzymes have 

biologically interesting intermediates that occur on time scales faster than those accessible to 

soaking experiments of large crystals. Although one could scale down the size of the crystals and 

thereby, narrow the reaction initiation temporal profile, the tradeoff with decreased diffraction 

severely limits the range of this method.  In theory, the sizes of crystals available for SFX alleviates 

this concern, decreasing necessary mixing times such that a new regime of reactions is accessible.  

Delivery methods based on the GDVN have already been developed for time-resolved mixing 

experiments e.g. a double focused mixing jet(Wang, Weierstall et al. 2014) where a jet containing 

crystals is mixed within a stream containing the desired substrate prior to discharging from the 

nozzle . For a more in depth look at substrate mixing techniques, the reader is referred to (2013). 

Indeed, the most promising areas for XFELs to push the boundaries within structural 

biology is the ability to study temporal dynamics with femtosecond pulses, allowing access to 

ultrafast timescales and thereby, short lived intermediates.  Without sacrificing resolution, TR-SFX 

paves the way for dynamic structural elucidation of biological processes that feature fast (<100 ps) 

conformational changes, irreversible reactions, non-photo-activated inductions, and to those which 

are limited by crystal size.  TR-SFX can also avoid the local radiation damage often experienced 

in the active sites of macromolecules and generate a higher fraction of intermediate 

states(Tenboer, Basu et al. 2014). This has far reaching implications for many fields, notably 

alternative energy and drug design, which both rely heavily on understanding the relationship 

between structure and mechanism. The reactions accessible to TR-SFX studies will continue to 

broaden as ‘mix and inject’ methods for chemo-activated reactions continue development. With 

TR-SFX and other time-resolved XFEL methods (such as time-resolved wide angle X-ray 

scattering, e.g.(Arnlund, Johansson et al. 2014)), it is evident that XFELs provide new ways to 
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explore a novel regime of time-resolved structural biology, leading towards true movies of dynamic 

macromolecules in action. 

Data acquisition and data processing in SFX 

The short duration pulses delivered by XFELs have necessitated the development of new 

detector technologies capable of integrating all of the photons that arrive within the time duration 

of a few femtoseconds, while sustaining full-frame readout at the XFEL pulse repetition rate. 

Although X-ray charge coupled device (CCD) detectors are very common at synchrotrons, few 

CCD detectors have readout speeds that match the LCLS repetition rate. Two CCD’s were used at 

LCLS for the first experiments (at 2 keV), the pnCCD and the fCCD(Strüder, Epp et al. 2010, 

Doering, Chuang et al. 2011). Due to their very low noise and high quantum efficiency over a large 

range of energies, they have been used for imaging and spectroscopy experiments. However, a 

larger dynamic range then the CCDs can currently cover (a few hundred thousands of photons) is 

necessary for SFX experiments at atomic resolution (energies >6 keV). The first detector 

specifically designed for higher energies presently used for SFX experiments at LCLS was the 

Cornell-SLAC pixel array detector (CSPAD)(Koerner, Philipp et al. 2009, Philipp, Koerner et al. 

2010, Philipp, Hromalik et al. 2011, Hart, Boutet et al. 2012). Today the CSPAD is the principal 

detector used for SFX experiments at LCLS. It consists of 64 separate modules (194x185 pixels 

each), allowing cost-effective replacement and experimental flexibility. The CSPAD is tiled to 

produce a 2.3 megapixel detector, with readout speeds matching the repetition rate of 120 Hz(Hart, 

Boutet et al. 2012). The panel distribution leaves an adjustable sized hole in the middle to allow for 

adjustable incident beam focuses, preventing the beam from damaging the detector (the beam is 

powerful enough to melt through a conventional beam stop)(White, Barty et al. 2013).  

The use of detectors composed of multiple modules introduces unique concerns, namely 

the exact location of each module must be known in order to correctly assess the data. While the 

experimental geometry may be known to low precision prior to an experiment, it can be 

subsequently refined using the collected data.  In this case, assembling a physically correct image 

during initial processing is futile and a known calibration sample is used to refine the experimental 
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geometry. The detector geometry is specified in a pixel location map containing the coordinates of 

each detector pixel in a suitably defined coordinate system. All constraints for an experimental 

geometry description are saved in a single text file which can be implemented within any of the 

available SFX software(White, Barty et al. 2013, Barty, Kirian et al. 2014, Hattne, Echols et al. 

2014). The success of indexing, predicting spot locations using a crystal orientation matrix and 

integrating reflection intensities depends upon the precise knowledge of the location of these 

sensors in three-dimensional space.  This means that an accurate calibration and refinement of the 

tile metrology is critical.  

Data analysis in SFX has unique challenges with respect to data sets collected at 

synchrotrons.  This is due to the serial nature from snapshot diffraction patterns of randomly 

oriented crystals with unknown partiality and shot to shot variation in the beam characteristics.  

Furthermore, the images collected during an experiment consist not only of single crystal hits (one 

crystal in the beam) but also blank patterns (no crystal in the beam) and multi-hits (multiple crystals 

in the beam). The XFELs at LCLS and SACLA operate up to 120 Hz and 60 Hz, respectively, 

resulting in hundreds of thousands of patterns collected per hour, thus creating terabytes of data. 

Due to these challenges, conventional crystallographic data processing methods cannot be 

efficiently used for SFX data collection. Thus, new data analysis tools for SFX have been 

developed.   In order to optimize efficiency during data collection it is important to have rapid 

feedback during data collection. First, data is reduced by eliminating blank and multi-hit patterns 

which is implemented within the programs Cheetah(Barty, Kirian et al. 2014) and CASS(Foucar, 

Barty et al. 2012). They perform the data pre-processing steps, evaluate the quality of each data 

frame, and reject all those frames that are not suitable for further analysis. Once the data size is 

reduced, detector artifacts are removed and background subtraction is performed. Each frame is 

then subjected to Bragg peak location analysis (so called ‘peak finding’) in which Bragg peaks are 

identified by searching for clusters of connected pixels based on a series of parameters including 

minimum numbers of pixels per peak, the number of peaks in a frame, intensity thresholds, and 

signal to noise ratio. A minimum number of Bragg peaks must be identified in the diffraction pattern 

as a further constraint, so that patterns with too few peaks (i.e. impossible to index) are rejected.  
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The background corrected and sorted diffraction patterns identified during the hit finding 

process are subjected to indexing and integration by programs such as CrysFEL(White, Barty et 

al. 2013), cctbx.xfel(Hattne, Echols et al. 2014), and nXDS(Kabsch 2010). The purpose of these 

programs is to identify Bragg peaks in the hits and then to perform indexing. Determining the unit 

cell parameters and the orientation of a crystal is carried out by the widely used algorithms such as 

MOSFLM(Powell 1999, Rossmann and van Beek 1999, Powell, Johnson et al. 2013), 

DIRAX(Duisenberg 1992), LABELIT(Sauter, Grosse-Kunstleve et al. 2004), and XDS(Kabsch 

2010), based on the Bragg peak locations in a diffraction pattern. Once each pattern has been 

successfully indexed, the intensities are merged and integrated using the Monte Carlo 

method(Kirian, Wang et al. 2010, Kirian, White et al. 2011). One of the largest problems in SFX 

data analysis is the indexing ambiguity which occurs when the Bravais symmetry is higher than the 

space group symmetry. An indexing ambiguity arises in some polar space groups (like P63) where 

each pattern has multiple ways it can be indexed. In standard crystallography this indexing 

ambiguity is solved by exploration of the data set with both indexing options, where only one option 

leads to a correct X-ray structure. However, since many individual patterns are merged in SFX, the 

ambiguity must be solved before any additional processing to avoid artificial twinning. In order to 

overcome the indexing ambiguity problem, CrystFEL has implemented an algorithm based on the 

expectation maximization approach(Liu and Spence 2014) which has been successfully applied 

and validated using both simulated and experimental diffraction(Liu and Spence 2014).   As with 

conventional crystallography, the “phase problem” has to be solved in order to reconstruct a real-

space electron density map from the measured SFX intensities. Indeed, this presents itself as a 

primary challenge in serial crystallography data analysis. Until recently, all crystallographic 

structures so far determined by XFEL have been phased by molecular replacement, using phases 

from known or related structures(Chapman, Fromme et al. 2011, Boutet, Lomb et al. 2012, 

Johansson, Arnlund et al. 2012, Sierra, Laksmono et al. 2012, Redecke, Nass et al. 2013). This 

method limits the target protein molecules to be investigated by SFX since the protein of interest 

must have a known homologous structure.  Even if it does, there is risk that phase bias can be 

introduced. However, some conventional phasing methods have also been suggested to be applied 
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to SFX data such as multiple isomorphous replacement or multi/single-wavelength anomalous 

dispersion (MIR, MAD, SAD)(Son, Chapman et al. 2011, Son, Chapman et al. 2013, Barends, 

 
Figure 2.5. Select Structures Solved Using XFELs by PDB Code.   

From top left: photosystem I (3PCQ(Chapman, Fromme et al. 2011)), FABP3 (3WXQ(Sugahara, 
Mizohata et al. 2015)), purple bacterial reaction center (4CAS(Johansson, Arnlund et al. 2013)), 
lysozyme (4ET8(Boutet, Lomb et al. 2012)), cathepsin B (4HWY(Redecke, Nass et al. 2013)), 
5-HT2B (4NC3(Liu, Wacker et al. 2013)), photosystem II(Kupitz, Basu et al. 2014)), δ-opiod 
receptor (4RWD(Fenalti, Zatsepin et al. 2015)), smoothened receptor ((Weierstall, James et al. 
2014)), Cry3A (4QX0(Sawaya, Cascio et al. 2014)), CPV17 polyhedron (4S1K(Ginn, 
Messerschmidt et al. 2015)), diacylglycerol kinase (4UYO(Li, Stansfeld et al. 2015)), xylose 
isomerase (4W4Q(Sugahara, Mizohata et al. 2015)), photoactive yellow protein (4WL9(Tenboer, 
Basu et al. 2014)), SR Ca2+-ATPase (4XOU(Bublitz, Nass et al. 2015)), angiotensin II receptor 
(4YAY(Zhang, Unal et al. 2015)), phycocyanin (4Z8K(Conrad, Basu et al. 2015)),  luciferin-
regenerating enzyme (5D9B(Yamashita, Pan et al. 2015)), C-phycocyanin (4ZIZ(Fromme, 
Ishchenko et al. 2015)), rhodopsin-arrestin complex (4ZWJ(Kang, Zhou et al. 2015)) 
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Foucar et al. 2014, Barends, Foucar et al. 2015). Barends(Barends, Foucar et al. 2014) and co- 

workers have demonstrated for the first time that the conventional phasing method of SAD can also 

be successfully used for SFX experiments(Barends, Foucar et al. 2014). In this experiment they 

collected and solved the structure to 2.1 Å resolution of a lysozyme heavy atom derivative that 

gives a strong anomalous signal from two gadolinium atoms per asymmetric unit. The MAD phasing 

method has also been recently adapted to SFX by using modified Karle-Hendrickson 

equations(Son, Chapman et al. 2011, Son, Chapman et al. 2013). This proposed generalized 

version of MAD phasing method offers another potential for experimental phasing for structural 

determination in SFX.  

In addition to the classical methods, new phasing techniques have been proposed for SFX 

data analysis. Methods such as ab initio phasing by the evaluation of the shape transforms (or the 

oversampling method)(Chapman, Fromme et al. 2011, Spence, Kirian et al. 2011, Liu, Poon et al. 

2013, Kirian, Bean et al. 2014) and the “high-intensity radiation induced phasing” (HI-RIP)(Galli, 

Son et al. 2015) have been proposed. The phase transform method exploits the intensity scattered 

between neighboring Bragg peaks (or fringes) from crystals that contain less than 20 unit cells in 

each crystal direction. This phenomenon has historically been obscured by noise in large crystals 

due to inverse scaling of inter-Bragg intensity with the number of unit cells. Each recorded Bragg 

peak represents a particular portion of the Ewald sphere and phasing is achieved by 

oversampling between the Bragg peaks. The HI-RIP method takes advantage of the ionization 

process of the atoms that occur within the femtosecond timescale of the pulse in SFX 

experiments(Hau-Riege, London et al. 2004). The change in the electronic configuration of atoms 

leads to the modification of the atomic scattering factors during diffraction(Son, Chapman et al. 

2011). In the case of SFX this would introduce the possibility of determining phases by varying the 

scattering factors of the heavy atoms. This new approach, which has been already tested with 

Trypanosoma brucei cathepsin B protein, would represent a powerful method of experimental 

phasing without the need to modify the protein crystals assuming sulfur atoms are present in the 

native structure(Galli, Son et al. 2015).     
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Challenges and outlook  

Nearly six years after the first SFX data were collected using an XFEL at LCLS and four 

years after the proof of principle of SFX was published(Chapman, Fromme et al. 2011), a new era 

in structural biology has emerged. Figure 2.5 shows a gallery illustrating the breadth of protein 

structures successfully solved with XFELs to date. The unique properties of XFELs (ultrashort, 

extremely intense pulses with high frequency and coherence) have attracted considerable attention 

of a wide community of scientists in fields ranging from material science, to chemistry, to structural 

biology, and to high energy physics. This has led to ground breaking discoveries but new science 

brings new challenges and access to experimental time at XFELs is presently one of the major 

limitations. Currently, there are only two high energy XFELs in operation in the world (i.e. only two 

experiments can take place in the world at the same time). It is exceedingly unfortunate that due to 

this, beamtime is so scarce, thus becoming a major limiting factor as the field progresses out of its 

initial stages. Fortunately, three new XFELs are currently under construction, in South Korea (PAL), 

in Switzerland (SwissFEL), and in Germany (European XFEL), which are expected to enter the 

commissioning phase in 2016 (PAL) and 2017 (European XFEL and SwissFEL). Furthermore, 

XFEL facilities are planned or are under initial stages of construction in Italy and China.   

Along with the unprecedented new scientific opportunities, the successes of LCLS and 

SACLA have opened the eyes of the community for the need for further novel instrumentation 

developments in the field of XFELs. One challenge is the production of coherent photons of higher 

energies (50 keV or more). Another is the production of single spike pulses that are shorter than 1 

fs. In addition, optics, diagnostics, detectors, sample delivery, and data acquisition must continue 

to be developed to keep up with the new development in data acquisition speed and X-ray pulse 

duration and intensity. Lower noise and higher dynamic range detectors are needed to take full 

advantage of these scientific opportunities. In this sense, a second generation of XFEL-capable 

detectors, the ePix family, is being developed at SLAC for this purpose. In parallel with the 

development of second generation XFELs, a new generation of detectors are being developed to 

meet the technical specifications required (such as the AGIPD(Allahgholi, Becker et al. 2015) at 

European XFEL or the Jungfrou at SwissFEL)(Denes and Schmitt 2014). 
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Research in the field of structural biology can now collect nearly damage-free X-ray data 

on biomacromolecular nanocrystals and continues to greatly impact the field by addressing many 

limitations faced by traditional crystallography. Going beyond SFX, computational simulations using 

rubisco have shown that a serial femtosecond imaging technique on individual molecules, in 

combination with the oversampling phasing method, could open a new horizon of structural 

elucidation of macromolecules without the need to first crystallize them (Miao, Chapman et al. 

2004). However, with the photon flux of current XFELs, the ultimate goal of collecting atomic 

resolution data on a solution of individual, non-crystallized molecules remains currently out of 

reach. As the technique progresses, single particle imaging to atomic resolution may become 

feasible with future development of XFELs and data processing. In order to obtain high resolution 

3D structural information of single large protein complexes, there are several challenges that need 

to be overcome. First, the pulse fluence of XFELs is not yet high enough to allow the measurement 

of high resolution diffraction signal from a single large protein complex. This can, in principle, be 

overcome by improving the XFEL peak intensity and using better focusing optics. Second, the 

dynamic range of the detectors presently used for single-particle imaging with XFELs is ~103. This 

has to be increased by at least 1 – 2 orders of magnitude. Finally, background free sample delivery 

is critical for single particle imaging with XFELs. New future XFEL facilities such as the European 

XFEL will increase the repetition rate from 120 Hz to 27 kHz due to its superconducting linear 

accelerator(Altarelli and Mancuso 2014). This will represent a significant increase of the pulse 

repetition rate available today.  However, the pulses will not be evenly distributed over the time of 

1 second but are delivered in form of ten 600 µs pulse trains(Allahgholi, Becker et al. 2015). This 

poses further challenges for sample injection as jets have to run very fast during the duration of the 

pulse train, whereas sample would run without interception with the X-rays in the time between the 

arrivals of the pulse trains. Sample delivery systems that could match these increased repetition 

rates are challenging. Neither current fixed target options nor viscous jets can match the increased 

data collection rates. At SLAC a new XFEL, LCLS II, is under development, which will operate in 

the low to medium energy regime (current planning includes a maximum energy of 5 keV), which 

will allow for data to be collected at repetition rates up to 1 M Hz. Faster sample delivery injectors 
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are presently under development to meet the needs of second-generation XFEL sources. 

Additionally, efficient diffraction-pattern screening algorithms and parallelized execution will be 

necessary to reduce the raw data stream into a more manageable set of data frames containing 

only diffraction patterns which have a high likelihood of being usable for indexing and intensity 

integration. This means that saving each and every frame for post analysis will no longer be 

practical and data reduction will have to be performed in real time. Developing programs further 

like Cheetah(Barty, Kirian et al. 2014) and CASS(Foucar, Barty et al. 2012) to do both faster on-

the-fly analysis would allow researchers to pass this information directly to indexing programs for 

auto-indexing on-the-fly without the need to save any intermediate data. Due to their effectiveness 

and high speed, Cheetah(Barty, Kirian et al. 2014) and CASS(Foucar, Barty et al. 2012), have been 

demonstrated to be essential in the first stages of SFX data treatment.  

To support next generation XFEL facilities, new features are continually under 

development to meet the constantly evolving needs of new experiments. In fact, while originally 

designed for implementation at LCLS, Cheetah has undergone several updates in the last year and 

a half and has now been implemented in serial millisecond crystallography experiments at 

synchrotron sources (https://github.com/antonbarty/cheetah(Nogly, James et al. 2015)) and for 

SFX data collected at SACLA (https://github.com/biochem-fan/cheetah/commits/online). In 

addition to Cheetah and CASS software, a new software system called Karabo is currently under 

development at the European XFEL. European users will have access to CrystFEL through Karabo 

to enable fast data analysis required by the immense data acquisition challenge. 

With proof of principle experiments already displaying the breadth of the technique, it is 

clear that the future is not just bright but brilliant.   As SFX emerges from its infancy, it is apparent 

that molecular movies will provide a bedrock for new advances and discoveries from structural 

biology, to medicine, to energy conversion. 

  

https://github.com/antonbarty/cheetah
https://github.com/biochem-fan/cheetah/commits/online
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Table 2.2  Details of the Structures Depicted in Figure 2.5. 
1 denotes experiments done at LCLS; 2 denotes experiments done at SACLA 
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3 LARGE SCALE SAMPLE PRODUCTION: ISOLATION AND PURIFICATION OF 

PROTEINS FOR SERIAL CRYSTALLOGRAPHY 

The Necessity for an Abundance of Sample in Serial Crystallography 

In contrast to traditional crystallography where 10’s of mg of a protein are usually sufficient 

for screening of conditions, optimization and structural determination, serial crystallography by 

nature often demands one or more orders of magnitude more sample with some single experiments 

necessitating over a gram of the biomacromolecule in question (though this has been about the 

limit in the authors experience).  With protein production, isolation and purification procedures often 

taking multiple days to complete, maximization of absolute yields is essential.   

One of the main perpetrators in the need for sample is the common form of sample 

introduction using a liquid jet.  In order to maintain a stable jet, flow rates are often in the of µL/min.  

While this may not seem obtrusive at first, it is important to remember that a typical experiment can 

take over a day to collect a full data set.  With concentrated slurries up to 10% v/v nanocrystals, 

this translates to 10’s to 100’s of mg’s of protein for a data set.  Most of this material is actually not 

even used for X-ray diffraction, passing through the interaction region between XFEL pulses, 

without interaction with the X-rays, but high flow rates are required in order to maintain a stable jet.  

In the following section, sample production for targets is discussed. It should be stated that each of 

these protein preparations were multiday events and that it took a team of people to sustain multiple 

protein preparations per week so as to obtain enough sample for a single experiment.  Thankfully, 

it should be noted that at the time of writing of this document, significant efforts have been made to 

limit the ‘wasted’ sample such as use of viscous jets and fixed target approaches mentioned 

previously or the generation of synchronized droplets that will be discussed in chapter 5.   

Photosynthesis Overview 

Oxygenic Photosynthesis 

Photosynthesis is arguably the most important biological process on the planet, fueling our 

planet with “bio” usable energy that has ultimately, in its oxygenic form, shaped our atmosphere 

and subsequently allowed for higher life as we know it to exist.  Photosynthesis is the process by 
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which solar energy is converted into chemical energy, used to provide energy for the life functions 

of the organism performing it.  This process is performed by plants, algae and cyanobacteria by 

converting energy from light into chemical energy through electron transfer pathways and ensuing 

chemical reactions.  Photosynthesis can be divided into two types, oxygenic and anoxygenic.  

Bacteria that perform anoxygenic photosynthesis are the oldest photosynthetic organisms on the 

planet.  They are sensitive to oxygen and possess simpler photosynthetic reaction centers, which 

perform the key step in Photosynthesis, the light induced charge separation. These anoxygenic 

reaction centers are  thought to be the evolutionary ancestors of photosystem I and II  found in 

oxygenic photosynthetic organisms (Blankenship and Hartman 1998).  The focus of this research 

is centered on oxygenic photosynthesis. 

Oxygenic photosynthesis first began about 2.5 billion years ago, driving the oxygenation of 

Earth’s atmosphere and paving the way for advanced eukaryotes to develop. The reactions 

involved in oxygenic photosynthesis begin with membrane proteins embedded in thylakoid 

membranes, compartments that exist within cyanobacteria and the chloroplasts of plants and algae.  

Figure 3.1 shows a depiction of the major protein complexes in a thylakoid membrane along with a 

scheme showing a general path for electron transfer in these so-called “light reactions”. The 

depictions of these protein complexes are derived from electron density maps which are 

determined using X-ray crystallography.  Many other proteins and cofactors are necessary for the 

complex photosynthetic pathway to function, many of which are discussed below. 

 

Figure 3.1  The Photosynthetic Membrane Pathway 

Image showing X-ray structures of the major proteins involved in the light reactions of oxygenic 
photosynthesis including the electron and proton transport.  Membrane is oriented with the 
lumen below and the stroma above.  Figure originally from Fromme and Grotjohann (2008). 
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Electron Transfer in Oxygenic Photosynthesis 

The pathway of electron transfer as a whole in photosynthesis is driven by light and 

essentially powered through a long redox pathway through various proteins and cofactors, gaining 

the potential energy from light absorption events in the photosystems.  This is illustrated in the so-

called ‘Z-scheme’ energetic representation of the pathway, shown in figure 3.2. Electron transport 

begins when PSII uses internal and external antenna system to capture light and induce a charge 

separation at the reaction center of the complex.  This charge separation fuels the water spitting 

reaction in a five-step reaction cycle that oxidizes two water molecules and nets four electrons, four 

protons and a molecule of molecular oxygen per cycle.  The oxidation of water occurs in the oxygen-

evolving complex (OEC) of PSII and will be discussed in detail below.  At the acceptor site the 

liberated electrons allow for a mobile plastoquinone (PQ) to be doubly reduced while taking up two 

protons to form plastoquinole (PQH2) which subsequently diffuses from PSII into the thylakoid 

membrane.  As PQH2 is produced and released from its binding pocket in PSII, it is constantly 

replenished with PQ for further cycles.   

PQH2 traverses the membrane until it binds to the cytochrome b6f complex whereby it 

transfers two electrons and two protons to the complex. The b6f complex then releases the protons 

into the interior (lumen) of the thylakoid which, and an additional proton is pumped across the 

membrane in the Q-cycle. Together with the four protons released in the oxidation of water, this 

results in an electrochemical proton gradient across the membrane that powers ATP synthase 

(ATPase) through proton motive force and synthesize ATP.  The electronic charge allows the b6f 

complex subsequently reduces two molecules of either copper-containing plastocyanin (PC) or iron 

containing cytochrome c6 (cyt c6).   Both PC and cytochrome c6 are soluble, single-electron carriers 

that, upon reduction, undock and diffuse through the lumenal space before binding to and reducing 

PSI.  The identity of the  carrier varies between organisms, with plants only using PC while some 

cyanobacteria are able to use both, producing cyt c6 upon only under conditions with high iron  

concentration in the growth media (Fromme, Melkozernov et al. 2003) conditions (Fromme, 

Melkozernov et al. 2003). PSI captures light by an external antenna and transfers the energy 

through its internal antenna system into the center of the complex, where charge separation takes 
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place. When P700 is excited it initiates light-driven charge separation transferring an electron 

across the membrane. PSI is thereby powered by a second solar energy absorption event.  The 

electron is transferred at the acceptor site from the terminal FeS clusters to the soluble protein 

ferredoxin (Fd) which proceeds to undock from PSI and diffuses into the cytoplasm.  Two Fd  

molecules in sequence then dock and transfer the electrons to the ferredoxin:NADP+ reductase 

(FNR), thereby providing the electrons for the  reduction of NADP+
 and H+ to NADPH through two 

charge separation events (Setif and Bottin 1995).   

NADPH along with ATP and CO2 power the Calvin-Basham-Benson cycle, creating stored 

energy in the form of carbohydrates, sugars and other macromolecules for the organism in these 

‘dark reactions’ (reactions not directly dependent upon light energy).  The work contained herein 

focuses on PSI, PSII, and ferredoxin in particular.  For more general reading on photosynthesis the 

reader is referred to reviews by Raines (2003) or Mikkelsen, Jørgensen et al. (2010).  

 

Figure 3.2  Z-Scheme of Photosynthesis 

Energetic representation of the light powered energy transfer through the thylakoid membrane 
in oxygenic photosynthesis.  From water oxidation through reduction of NADP+, the pathways 
is an energetically downhill pathway through a series of proteins and cofactors powered by 
photon absorption events at the reaction centers P680 (PSII) and P700 (PSI).  Figure 
reproduced with permission. 
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Structure of Photosystem I 

PSI is a large membrane protein complex that utilizes energy from sunlight to drive light 

induced charge separation across the photosynthetic membrane.  The excitation energy from the 

light absorption in the antenna is transferred to the primary donor P700 which upon excitation to 

P700* triggers a charge separation event leading to an effective transmembrane electron transfer 

from the lumenal to the stromal side of the membrane through a series of cofactors.  Electrons from 

this reaction go on to power the carbon fixing ‘dark’ reactions of the Calvin-Basham-Benson cycle.  

 

Figure 3.3  Atomic Structure of PSI (T. elongatus) 

Structure of PSI from T. elongatus cyanobacteria at 2.5 Å (Jordan, Fromme et al. 2001) viewed 
normal to the membrane from the stromal side.  This PSI trimer represents the largest 
membrane protein complex solved to high resolution.  Figure courtesy of Petra Fromme. 
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PSI appears in multiple oligomeric forms throughout nature.  In plants it occurs monomerically, 

bound to four antennae light harvesting proteins (LHCI-1 to 4).  In cyanobacteria, it largely exists  

in trimeric form, though monomers are found in low light conditions and in Chroococcidiopsis sp 

TS-821 PSI appears to form in tetrameric and dimeric species (Li, Semchonok et al. 2014).   

The cyanobacterial PSI trimer is the largest and most complex membrane protein complex 

that has  been crystallized (Fromme and Witt 1998) and for which a structure has been determined  

(Jordan, Fromme et al. 2001).  Shown in figure 3.3, the trimer has a molecular weight over 1 

megadalton and consists of 36 protein subunits and 381 cofactors.  Each monomer contains 96 

chlorophylls (making up a large intrinsic antenna system), 22 carotenoids, three 4Fe-4S iron-sulfur 

clusters, four  lipds, two phylloquinones and a Ca2+ ion (Jordan, Fromme et al. 2001).  Most of the 

chlorophylls are coordinated by the two largest subunits PsaA and PsaB, each comprising 11 

transmembrane helices each (Jordan, Fromme et al. 2001).  Most of the remainder of the 

chlorophylls are associated with the seven surrounding small membrane integral subunits (PsaF, 

PsaI, PsaJ, PsaK, PsaL, PsaM 

and PsaX).  These subunits are 

known to help coordinate many of 

the cofactors and PsaL and PsaI 

are also involved in the formation 

of the trimer.  They are also 

implicated in stabilization of a 

complex between PSI and IsiA, a 

protein that forms an extended 

peripheral antenna under iron 

stressed conditions (Nield, Morris 

et al. 2003). 

Within the core, PsaA 

and PsaB form a heterodimer that 

house 79 of the 96 chlorophylls.  

 

Figure 3.4  Electron Transport Cofactors in PSI 

Cofactors involved in electron transport in PSI starting with 
the four chlorophylls where charge separation occurs (P700 
and A), moving through another pair of chlorophylls (A0), 
two phylloquinones (A1) and finally the three 4Fe4S clusters 
(FX, FA, FB).  Figure modified from Krauß (2008). 
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These chlorophylls loosely follow the pseudo-C2 symmetry exhibited by PsaA/PsaB and have an 

average center to center distance of 9.9 Å within this network (Jordan, Fromme et al. 2001, Byrdin, 

Jordan et al. 2002).  This allows for strong excitonic coupling and efficient Förster energy transfer 

and helps explain the extremely high quantum efficiency for the excitation energy transfer and 

trapping (99%) found in PSI.  Upon absorption of light, the energy is funneled from this antenna 

system to the primary donor in PSI, P700.   

Upon solving the structure, P700 was found to be a heterodimer of chlorophyll a and 

chlorophyll a’ (Jordan, Fromme et al. 2001), the so-called special pair, arranged perpendicular to 

each other with a resulting π-stacked coupling.  Once the light energy reaches it, a strongly 

reducing excited state (P700
*) is formed which initiates charge separation become P700

+.  Illustrated 

in figure 3.4, the electron transfer pathway within PSI can proceed along two different paths, the 

so-called A- and B- branches corresponding to cofactors mainly bound by PsaA and PsaB 

respectively.  On both sides, these branches consist of two chlorophyll a molecules followed by a 

phylloquinone at which point the paths merge at Fx.  Fx is the first of the three iron-sulfur clusters in 

PSI and it lies along the membrane-normal pseudo-C2 axis between PsaA and PsaB.  It is the only 

membrane intrinsic iron-sulfur cluster as the two downstream clusters, FA and FB, both reside in the 

stromal hump, coordinated by PsaC. 

The chlorophylls most proximal to P700, termed A, partner with P700 to form the charge 

separated state P700
+/A-.  There is even evidence to support the charge separation initiating at A 

(Müller, Slavov et al. 2010).  Consecutive reduction then proceeds to A0, another chlorophyll, 

followed by A1, a phylloquinone.  Though both A- and B-branches are active, they have very 

different rates in electron transfer with the A-branch showing a much slower (~200 ns) electron 

transfer from A1 to Fx than in the B-branch (~10 ns) (Guergova-Kuras, Boudreaux et al. 2001).    Fx 

is coordinated by four cysteine residues (very common in natural iron-sulfur clusters) in PsaB that 

are strictly conserved (Krauß 2008).  

The three subunits, PsaC, PsaD and PsaE comprise a membrane extrinsic domain located 

on the stromal side and known as the ‘stromal hump’, pictured in figure 3.5.  PsaC is very similar 

in structure to bacterial ferredoxins, possessing two conserved motifs of CXXCXXCXXXCP by 
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which it binds the two terminal iron-sulfur clusters in the PSI electron transport chain, FA and FB 

(Oh-oka, Takahashi et al. 1988, Golbeck 1994, Jordan, Fromme et al. 2001, Krauß 2008).  The 

pseudo-C2 axis of symmetry in the core does not extend to FA and FB which exhibit a 62 ° angle 

leading to asymmetry in edge to edge distances between them and Fx of 14.9 Å for FA and 22.0 Å 

for FB  (Jordan, Fromme et al. 2001).  PsaD is the closest of the three stromal subunits to the C3 

axis of the trimer and has been shown to possess no defined structure in solution (Xia, Broadhurst 

et al. 1998), thought to fold upon PSI complex assembly (Krauß 2008).  PsaE has the weakest 

interaction with the core of the three subunits, thought to be the last to bind in the proposed 

sequential assembly of the stromal hump (Antonkine, Jordan et al. 2003).  Interestingly, the stromal 

hump can be removed and reconstituted without significant disruption to electron transfer kinetics 

(Golbeck 1992, Golbeck 1994).  All three stromal subunits are implicated in the binding and electron 

transfer efficiency between PSI and Fd.  

 

Interestingly, the redox potentials from FA and FB in spinach were reported at -540 mV and 

-590 mV respectively.  This would suggest that the transfer from FA to FB is energetically uphill, in 

contrast to  all other steps along the photosynthetic transport chain (Brettel 1997).  This means that 

 

Figure 3.5  Stromal Hump of PSI  

Membrane parallel (left) and top down (right) views of PSI highlighting the stromal 
subunits PsaC, PsaD, and PsaE.  PsaC (pink) coordinates the terminal electron 
acceptors in PSI, FA and FB as is shown.  Top down view also highlights the proposed 
binding spot for ferredoxin, supported by both the structure and mutagenic studies.  
Figure originally pubished in Jordan, Fromme et al. (2001). 
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in the absence of an acceptor, the electron is most favorable to localize at FA.  It is well established 

thought that the transport goes FX→FA→FB (Golbeck 1999) though so this hints that upon binding 

Fd, there is a change in the chemical environment surrounding the clusters.  Indeed, this iagrees 

with EPR studies performed on PSI-Fd cocrystals that purported evidence of a change to the 

physical and chemical properties of FB upon PSI binding Fd (Fromme, Bottin et al. 2002).  The 

practical purpose for this has been suggested to be a mechanism to reduce  creation of reactive 

superoxide by the Mehler reaction where PSI transfers electrons to oxygen in the absence of 

electron acceptors (for example when the dark reactions are slowed down and no oxidized Fd is 

available to accept the electrons). FB is closer to the solvent exposed surface whereas FA is buried 

deeper, towards the membrane, thereby is less prone to react with oxygen (Fromme and 

Grotjohann 2006).  Possibly this perturbation in the local environment could manifest as a 

conformational change susceptible to study through time-resolved structural studies. 

Interaction of Photosystem I and Ferredoxin 

Ferredoxin1, commonly just ferredoxin (Fd) is a small (~10 kDa) soluble protein that 

possess a 2Fe-2S iron sulfur cluster that acts as the electron acceptor to PSI and is thereby the 

terminal electron acceptor in the photosynthetic electron transport from the thylakoid membrane. It 

can be replaced in iron-stressed conditions by flavodoxin.  The interaction between PSI and Fd has 

been well characterized, though a bound structure of the PSI-Fd complex remains elusive.  It binds 

to the stromal hump of PSI with the suspected binding site highlighted in figure 3.5 (Jordan, Fromme 

et al. 2001).  Mutagenesis studies initially implicated that all three stromal subunits are involved in 

binding Fd with varying degrees of influence on the electron transfer efficiency (Rousseau, Setif et 

al. 1993, Xu, Jung et al. 1994, Fischer, Hippler et al. 1998).  Prior to the high resolution structure 

of PSI, the kinetics of Fd reduction by PSI were well studied using transient absorption 

spectroscopy (Setif and Bottin 1994, Setif and Bottin 1995).  The results of these studies indicated 

three separate first order phases in the reduction of Fd with t1/2’s of ~0.5 µs, ~10 µs and ~100 µs 

with variations in the actual half-life being dependent upon the sources used for PSI and Fd.  The 

slow phase is dependent upon concentrations suggesting that it may be due to probabilistic collision 

between the undocked species of Fd to PSI.  The two faster phases, however, have been 
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speculated to correspond to two different binding sites with differing proximities of the Fd iron sulfer 

cluster to FA or FB (Setif and Bottin 1995).  Without a structure of the two in complex though, 

confirmation of these theories remains unavailable.   

In this dissertation, crystals of the PSI-Fd co-complex have been grown and were 

investigated by  both traditional and serial crystallographic methods, some details of which will be 

expanded upon later.  Currently though, the resolution is limited, preventing a molecular structure 

to be determined at present.  Large crystals of this complex have shown diffraction up to 3.8 Å 

resolution (H.Q. Yu and R. Fromme, unpublished) however the occupancy of Fd appears to be too 

low for a confident electron density to be determined.  PSI-Fd nanocrystals were the subject of one 

of the first SFX experiment, again being resolution limited for a structure but changes in the unit 

cell at time points of 5 µs and 10 µs are in agreement with the previous spectroscopic studies 

(Aquila, Hunter et al. 2012). 

Structure of Photosystem II 

The function of PSII is to catalyze the light driven electron transfer from water, at the luminal 

side of the membrane to plastoquinone at the stromal side of the membrane. It supplies the 

electrons for the photosynthetic electron transfer chain and thereby significantly contributes to the 

conversion of solar energy into chemo-potential energy.  It does this by generating a 

transmembrane charge separation whereby water is used as a substrate that is completely 

oxidized.  This results in a net product of four protons, four electrons and a single molecular oxygen 

from four photons and 2 molecules of water.  PSII is the only system in nature that is able to catalyze 

light driven water splitting, utilizing one of the highest redox potentials in nature within its reaction 

center at ~1.25 V(Rappaport, Guergova-Kuras et al. 2002).  This process in particular is responsible 

for oxygenating the planet, allowing for and sustaining our broad and complex biosphere and 

supplying the energy needed for respiration in all aerobic organisms on the planet. 

PSII exists as a dimer of large monomeric functional units of PSII, each containing 20 

protein subunits and over 50 cofactors.  The structure of PSII was first solved in 2001 to a 3.8 Å 

resolution(Zouni, Witt et al. 2001) and many improvements have followed with a 1.9 Å high 

resolution structure being published in 2011(Umena, Kawakami et al. 2011), shown in figure 3.6.  
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The center of a PSII 

monomer consists of 

the D1 and D2 proteins 

which form the 

heterodimeric core and 

bind the cofactors of 

the electron transfer 

chain and the CP43 

and CP47 proteins 

which surround the 

core and house most of 

the antenna 

chlorophylls.  D1 and 

CP43 also coordinate the pentanuclear  

oxygen-evolving complex (OEC) where the water oxidation occurs.  Surrounding this core are 13 

smaller membrane-intrinsic protein subunits: PsbH, PsbI, PsbJ, PsbK, PsbL, PsbM, PsbO, PsbT, 

PsbU, PsbV, PsbY, PsbX and PsbZ.  The final three subunits, PsbO, PsbU and PsbV comprise a 

lumenal membrane-extrinsic domain together with loop regions from the four core proteins (Umena, 

Kawakami et al. 2011).  In addition to the OEC, there are over 70 other cofactors within the PSII 

complex that include 11 β-carotenes, 14 lipids, a non-heme iron, 35 chlorophylls, 2 mobile 

plastoquinones and 2 pheophytins (Loll, Kern et al. 2005).   

The initial energy used to power PSII is also collected by a light harvesting complex that, 

in cyanobacteria and red algae, is a phycobilisome consisting of phycocyanin, phycoerythrin and 

linker protiens (Grossman, Schaefer et al. 1993).  This energy is then eventually transferred to  

chlorophylls bound by CP43 and CP47 which is then subsequently funneled to the reaction center 

contained in the D!/D2 core of each monomer.  The CP43 and CP47 proteins also function to 

maintain structural stability which has been confirmed by mutagenic deletion studies (Eaton-Rye 

and Vermaas 1991, Roegner, Chisholm et al. 1991).The initial energy used to power PSII is first 

 

Figure 3.6  Structure of PSII 

Ground state structure of PSII at 1.9 Å resolution.  Some of the protein 
subunits are labeled and colored individually in the monomer on the 
right, of particular the CP47, CP43, D1 and D2 subunits that comprise 
the core.  The monomer on the left has the cofactors highlighted.  
Figure originally published in Umena, Kawakami et al. (2011). 
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collected by a light harvesting complex that, in cyanobacteria and red algae, is a phycobilisome 

consisting of phycocyanin, phycoerythrin and linker protiens (Grossman, Schaefer et al. 1993).  

This energy is then eventually transferred through chlorophylls bound by CP43 and CP47 which is 

then subsequently funneled to the reaction center contained in the core.  The CP43 and CP47 

proteins also function to maintain structural stability which has been confirmed by mutagenic 

deletion studies (Eaton-Rye and Vermaas 1991, Roegner, Chisholm et al. 1991). 

 

The Kok Cycle: Electron Transport and Oxygen Evolution in PSII 

Within the D1 and D2 subunits of PSII, an electron transport chain comprised of four 

chlorophyll a molecules, two pheophytins and two plastoquinones (PQs) are coordinated as shown 

amongst various electron transport cofactors in figure 3.7a.  The four chlorophylls are organized in 

a dimer of chlorophyll ‘special pairs’, believed to comprise an excitonically coupled tetramer 

referred to as P680, named so due to its maximum absorption at 680 nm. Charge separation occurs 

at the P680 and allows the ensuing electron transfer to the mobile plastoquinone, PQB.  Although 

there are two similar branches for of cofactors between P680 and the PQ’s, mediated by the D1 and 

D2 subunits respectively, only the branch primarily along D1 is active.   

P680 uses light energy to enter an excited state, P680
*, which allows charge separation to 

occur with the negative charge migrating through a downhill redox pathway, first to the D1 

pheophytin, on to PQA (coordinated by D2) and finally to PQB (coordinated by D1).  PQB is bound 

weaker than PQA and upon becoming doubly reduced, binds two protons from the stromal side of 

the membrane and dissociates from its binding pocket before being replaced by a free PQ.  The 

positive charge resides on P680
+, which is reduced through electron transfer from the manganese 

containing OEC via a tyrosine (D1-161, termed Tyrz) residue located in the D1 subunit between the 

OEC and P680. 

A closer look at the OEC (figure 3.7b) reveals a distorted cubane-like structure of four 

oxygens, three manganese and a calcium with an additional ‘dangler’ manganese.  The OEC 

catalyzes the water splitting reaction and subsequently the transmembrane electron transport by 

mitigating the electron hole in P680 via a series of oxidation state changes in the manganese-oxygen 
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-calcium cluster.  There are 5 such states, known as the S-states of the Kok cycle, and over the 

course of these states, the OEC progresses from from S0 to S4 state with each progression coupling 

to a light absorption/charge separation event in the PSII reaction center.  Upon reaching the 

transient  S4 state,  a transition occurs whereby a molecular oxygen is released and at least one of 

the two substrate water molecules bind the metal cluster, resetting the cluster to the S0 state and 

beginning a new cycle (Yano and Yachandra 2008).   

There is much debate and speculation as to the progression of oxidation states of Mn, the 

knowledge of which is crucial to understanding the mechanism behind water splitting in PSII.  

Evidence from spectroscopic studies have indicated that the dark  S1 state has oxidation states for 

Mn1-4 as (III, III, IV, IV) respectively (Britt, Campbell et al. 2004, Haumann, Müller et al. 2005, 

Pushkar, Yano et al. 2008, Yeagle, Gilchrist et al. 2008, Yano and Yachandra 2014) which is in 

agreement  with theoretical calculations (Isobe, Shoji et al. 2012, Cox, Retegan et al. 2014).  In this 

model, there is a predicted symmetry reducing Jahn-Teller distortion that should increase distances 

between the metals in the Mn3O4Ca cubane structure (Yamaguchi, Yamanaka et al. 2013).  As the 

OEC progresses from S1 to S3, it is then expected that the oxidation progresses to a (IV, IV, IV, IV) 

oxidation state whereby the cubane shrinks (Dau, Zaharieva et al. 2012).  This was supported by 

 

Figure 3.7  Electron Transport Chain and OEC of PSII 

a) Membrane planer look at the cofactors involved in the transmembrane electron transfer 
in PSII.  Pseudo-C2 axis (D1/D2) is indicated by the arrow.  b) Structure of the OEC as found 
in the 1.9 Å structure reported in Umena, Kawakami et al. (2011) showing interatomic 
distances in angstroms.  a) originally published in Loll, Kern et al. (2005), b) originally 
published in Umena, Kawakami et al. (2011). 
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structures solved using 2 flash time-resolved SFX experiments (Kupitz, Basu et al. 2014).   In this 

model, there is a predicted symmetry reducing Jahn-Teller distortion that should increase distances 

between the metals in the Mn3O4Ca cubane structure (Yamaguchi, Yamanaka et al. 2013).  As the 

OEC progresses from S1 to S3, it is then expected that the oxidation progresses to a (IV, IV, IV, IV) 

oxidation state whereby the cubane shrinks (Dau, Zaharieva et al. 2012).  This was supported by 

structures solved using 2 flash time-resolved SFX experiments (Kupitz, Basu et al. 2014).   

In addition to apparent bond compression in the cubane, this double flash experiment 

showed other structural changes in the ligand coordination sphere surrounding the OEC.  Figure 

3.8 shows a difference density map between measured ground state, S1 (left), and doubly flashed, 

S3 (right), states.  As can be seen in the figure, in the transition between states the ligand D170 in 

 

Figure 3.8  Comparison of Electron Density Maps from S1 and S3 States  

Results from a 2-flash TR-SFX experiment on PSII from T. elongatus reported in Kupitz, Basu 
et al. (2014). (a-c)  Electron density omit maps at 1.5 σ of the electron acceptor portion of PSII. 
(a) the ground state, S1, (b) the S3 state, after two flashes, (c) an overlay of the S1 and S3 
states, showing movement of the non-heme iron.  (d,e)  Electron density omit maps of the at 
1.5 σ of the OEC and surrounding coordination sphere. (d) The S1 and (e) S3 states show 
movement of the A/B and C/D loops in addition to an increase in the atomic distance between 
the dangler Mn and the cubane-like portion of the OEC.  Figures originally published in Kupitz, 
Basu et al. (2014). 
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the CD loop appears to move away from the cluster whereas the D61 residue from the AB loop 

appears to connect.  These movements are supported through previous mutagenic experiments 

that failed to connect D170 with  manganese coordination in higher S-states (Debus, Strickler et al. 

2005) as well as implicating that D61 might be involved in the S2→S3 transition (Kupitz, Basu et al. 

2014) 

Determining Chlorophyll Concentration  

Chlorophyll assays were used extensively during extraction, isolation, purification and 

crystallization of both PSI and PSII.  A chlorophyll assay is a spectrophotometric measurement to 

allow determination of chlorophyll concentration.  Chl concentration can then be used as a proxy 

for the concentration of the photosynthetic proteins in a given solution, specifically for purified PSI 

(96 chl/monomer) and PSII (35 chl/monomer).  An 80% v/v acetone solution is used to extract the 

chlorophyll from the proteins.  To do so, a predetermined mass ofacetone is weighed out (to avoid 

pipette error due to volatility and low surface tension of acetone) and its density (785 mg/mL) is 

used to calculate the volume needed for the other 20%.  For example, for a 1 mL assay, the mass 

of acetone needed is: 

𝑚𝑎𝑠𝑠𝑎𝑐𝑒𝑡𝑜𝑛𝑒 = 0.8 ∗ 1𝑚𝐿 ∗ 785
𝑚𝑔

𝑚𝐿
= 628 𝑚𝑔 

The remaining volume is comprised of a mixture of water and sample, the ratio of which 

depends on the concentration of the protein solution being measured (this usually ranges from a 

1:200 to a 1:2000 total dilution).  To continue with  the example above, a 1 mL total volume assay 

with a 1:1000 dilution would result in 1 µL protein solution, 199 µL water and 628 mg acetone.   

Acetone solutions absent the protein solution were always prepared ahead of time in 

microcentrifuge tubes and assays were always performed in at least triplicate for chl determination.  

For a given assay, the determined volume of solution was pipetted into solution and the tip ejected 

into solution to remove loss from material that could adhere to the inside of the pipette tip.  To 

ensure consistent and reliable results, small aliquots of the protein solution to be tested were first 

pipetted into a separate container to minimize unintended material adsorbed on the outside of 

pipette tips as well.  Upon addition of the solution, microcentrifuge tubes were sealed, vortexed for 
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30 seconds and centrifuged for 2 min at 14,000 rcf.  The resulting solution was then measured from 

660 nm – 710 nm using a spectrophotometer and the absorbances at 664 nm (A664, absorbance 

maximum) and 700 nm (A700, baseline correction) were used to determine the chlorophyll 

concentration (Cchl) using the formula: 

𝐶𝑐ℎ𝑙 =
𝐴664 − 𝐴700

𝑙 ∗ 76780 𝑀−1𝑐𝑚−1
∗

𝑉𝑡𝑜𝑡𝑎𝑙

𝑉𝑠𝑎𝑚𝑝𝑙𝑒

 

where 76,780 M-1 cm-1  is the molar extinction coefficient for Chla in 80% acetone,(Porra, Thompson 

et al. 1989), l  is the pathlength in cm, Vtotal is the total volume of the assay and Vsample is the volume 

of the protein solution added to the assay.  A solution of 80% v/v acetone was used to blank the 

spectrophotometer prior to sample measurement.  The mean value of at least three assays was 

always used and a new set of assays were performed if the standard deviation was more than 5% 

of the mean value.  For the sake of brevity, the term ‘chlorophyll assay’ will indicate a set of 3 or 

more assays going forward. 

Photosystem I 

Materials for PSI Isolation and Purification 

The following are abbreviations and compositions of buffers and solutions that were used 

during the extraction and purification process for photosystem I: 

MCM buffer: 20 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH=6.4, 10 mM CaCl2, 

10 mM MgCl2 

MMCM buffer:  20 mM (MES) pH=6.4, 10 mM CaCl2, 10 mM MgCl2, 500 mM D-mannitol 

PMSF solution:  500 mM phenylmethylsulfonyl fluoride (PMSF) in dimethylsulfoxide 

Tocopherol solution: 500 mM α-tocopherol in ethanol 

Ax buffer: 20 mM MES pH=6.4, 0.02% w/v n-dodecyl-β-maltopyranoside (β-DDM), x 

mM MgSO4 

Gx buffer: 5 mM MES pH=6.4, 0.02% w/v β-DDM, x mM MgSO4 

Lysis of Cells and Preparation of Thylakoid Membranes 

All steps of protein production are performed in the dark or dim green light to minimize 

photodamage.  PMSF solution and acetone solution were both made fresh before each prep.  
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Additionally, tocopherol solution was added to both MCM and MMCM prior to protein preparation.  

25-100 g of frozen T. elongatus cells were thawed in 250 mL centrifuge bottles containing MCM 

that had been warmed in a 56 °C water bath (200 mL for under 30 g, 400 mL else).  Cells were 

then vigorously shaken to dissolve pellets and resuspend them.  The cells were then centrifuged 

at 7,000 rcf in a fixed angle rotor at 24 °C for 10 min to effectively wash the cells.  The supernatant 

was then discarded and the pellet(s) was resuspended in ~20 mL cold (0-4 °C) MMCM that had 

been stored on ice.  This and all subsequent resuspensions were performed in centrifuge bottles 

submerged in loose ice with dedicated paintbrushes to ensure homogeneity and minimize protease 

degradation.  In addition, PMSF solution was added during this and each following resuspension 

to achieve a final concentration of 500 µM PMSF.   

Upon cells being homogeneously resuspended, suspension was then strained through a 

16-32 mesh wire sieve and the cells were disrupted by being passed through a microfluidizer 

(Microfluidics Model M-110L) twice.  Prior to introduction of the cell suspension, the microfluidizer 

lines were washed and primed with MMCM to avoid any contamination with storage solution.  Cells 

were sheared using nitrogen gas at a pressure of ~10 kpsi.  The lysate was then centrifuged at 

29,000 rcf at 4 °C for 10 min.  The supernatant was transferred to new centrifuge bottles and kept 

on ice will the pellets were resuspended in cold MCM.  Both resuspended pellets and supernatants 

were then centrifuged at 18,000 rcf at 4 °C for 10 min and all supernatant was either discarded or 

frozen at -20 °C for future phycobilisome purifications.  Small pellets were then resuspended in 

MCM and subsequently combined with and used to resuspend large pellets.  These resuspensions 

were then centrifuged at 18,000 rcf at 4 °C for 10 min followed by another identical resuspension 

and centrifugation to thoroughly remove soluble components and ‘wash’ thylakoid membranes.  

After the final wash, pellets were resuspended in a minimal volume (~30-50 mL total) of MCM and 

combined.  During later protein preparations, a Dounce homogenizer was used to increase 

accuracy in chlorophyll determination and minimize variances in homogeneity introduced through 

user technique. 
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Detergent Extraction of PSI from Thylakoid Membranes 

A chlorophyll assay was then performed on the combined thylakoid membrane suspension 

to determine the chlorophyll concentration.  The sample was then diluted with MCM to achieve a 

chl concentration of 1 mM. Prior to dilution, the final volume was calculated and used to further 

calculate the mass of β-DDM needed to achieve a final concentration of 0.6% w/v β-DDM.  This 

was then dissolved into the MCM prior to the ensuing dilution of the thylakoid membrane 

suspension with the now detergent containing MCM.  The β-DDM containing MCM was then slowly 

added to the gently stirring thylakoid membrane suspension to avoid high local concentrations of 

detergent which can be harsh for proteins.  This solution was then completely covered and allowed 

to continue stirring for 60 min during which time the β-DDM extracted membrane proteins from the 

thylakoid membranes, solubilizing them in detergent micelles. 

Following completion of solubilization, the solution was centrifuged in either a Ti-70 rotor 

at 50,000 rpm (184,000 rcf) for 90 min or a Ti-45 rotor at 45,000 rpm (158,000 rcf) for 2 hours.  

Selection of rotor was based upon total volume (Ti-70 can accommodate 200 mL, Ti-45 can 

accommodate 560 mL).  The supernatant had a decreasing concentration of PSI toward the top 

due to the large molecular weight of the PSI trimer in comparison to other proteins present (PSI 

trimer begins to pellet during this time).  Thus, the top portion of the supernatant was discarded 

(~70%).  The ‘lower’ portion was then combined and a chlorophyll assay was performed.  The 

remaining pellets were covered with 5-10 mL of A100 and set to shake at 4 °C for 90 min in order 

to loosen and resuspend the PSI contained in the top layer of the pellet.  This solution was then 

pooled as well and a chlorophyll assay was performed.   

Purification using Anion-exchange Chromatography 

Anion exchange chromatography was used to isolate PSI from other proteins in the 

detergent extract. This is performed using columns filled with a charged resin, in this case either 

the quaternary amine containing Q-Sepharose HP (GE Healthcare) or TOYOPEARL DEAE-650M 

(Tosoh Bioscience) for large columns.  Both resins are used to separate proteins by their binding 

affinity at different ionic conditions.  Columns used were either 20 cm in length and 5 cm inner 

diameter (XK 50/20, GE Heathcare) or 60 cm in length and 5 cm inner diameter (XK 50/60, GE 
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Healthcare).  Void volumes, defined as the effective liquid volume contained in the resin slurry, 

varied slightly with the bed height but were approximately 340 mL for the XK 50/20 (~15 cm bed 

height) and 1100 mL for the XK 50/60 (~50 cm bed height).  Prior to a given day of purification, 

columns were connected to FPLCs (AktaPure, GE Healthcare) and packed using A150 and double 

the running flow rates to ensure homogeneous column packing and lack of hardware issues that 

could arise during the purification.   

During ultracentrifugation, the column is equilibrated with A100 and a water bath is used to 

cool columns to 4 °C via a water jacket that surrounds the columns.  A superloop (150 mL, GE 

Healthcare) is also primed with A100 (A0 for DEAE).  Following the chlorophyll determinations, the 

solubilized membrane extract  was then aliquoted into a minimum number of 150 mL portions 

containing ≤ 25 millimoles chlorophyll for XK 50/20 columns or ≤ 80 millimoles chlorophyll for XK 

50/60 columns.  A 150 mL volume of sample was then manually loaded into the superloop using a 

60 mL Luer-Lok syringe coupled with a 0.22 µm syringe filter to remove any particles that could 

disrupt the column pumping procedure.  Upon application, a program with constant flow rate was 

initiated, the contents of which are described in table 3.1.  Fortunately, the PSI trimer has the 

highest binding affinity to the resin among the proteins left in the detergent extract  and this allows 

a straightforward procedure to isolate it.  The essential steps in the program include a wash step 

to flow through all non-PSI trimer proteins, followed by an elution step to collect the PSI trimers.  

After elution, the column is then flowed with a high ionic strength in order to remove anything that 

may still be bound followed by an equilibration step to prime the column for a subsequent run.  

% A150 

XK 50/20 XK 50/60 

Vol (mL) 
Flow Rate 
(mL/min) 

Vol (mL) 
Flow Rate 
(mL/min) 

0/30 300 10 300 25 

70/60 300 10 700 25 

100 350 10 1000 25 

0/30 350 10 700 25 

 

Table 3.1  Elution Gradient for PSI Using XK 50/20 (Q-Sepharose) and XK 50/60 (DEAE) 

Of note, for the XK 50/20, A100 was used as the equilibration buffer whereas A0 was used for the 
XK 50/60. 
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Crystallization as a Final Purification  

As FPLC runs completed elution, fractions containing PSI trimers (third peak in the elution profile, 

see figure 3.9) were collected and pooled together in ultrafiltration concentrators (Amicon Stirred 

Cell 400 mL, EMD Millipore).  Prior to use, concentrators were fitted with 100 kDa cutoff filters 

(Biomax 76 mm, EMD Millipore) which had been pre-wetted for at least 2 hours in a solution of G0, 

allowing the PSI trimer to be retained while all other contents of the HPLC elution buffer including 

the beta-DDM detergent micelles (72,000 kDa) flow through the membrane.  The concentrators 

were then sealed, placed in a 4 °C refrigerator and connected to a tank of ultrapure argon, used as 

a pressure inducing headspace gas.  The magnetic stir plates placed below the cells were then set 

to a gentle stir and the regulator for the argon was adjusted to maintain a headspace pressure of 

30-60 psi.  The sample was then concentrated to a minimal volume (typically 2-10 mL) with pooled 

fractions from additional FPLC runs being added upon completion.  During concentration, the filtrate 

was monitored visually to ensure a chlorophyll and, by proxy, PSI was not passing through the 

membrane).  In the occasion that leakage was detected, the flow through was recombined with the 

solution remaining in the cell and concentration was repeated following inspection of seals on the 

cell and, if necessary, a new filter membrane being fitted.   

Once all fractions had been concentrated to a minimal volume, an amount of G0 was added 

to dilute the PSI trimer solution to achieve a concentration of 2-6 mM MgSO4.  The selection of this 

was dependent upon final use of the sample, with lower values (i.e. 2 mM MgSO4) resulting in 

smaller crystals and larger concentrations resulting in larger.  For the sake of brevity, the usual 

target was 6 mM MgSO4 as this would require a lower dilution and thus a lower volume to 

subsequently concentrate.  Dilutions were calculated from the exact volume left with the knowledge 

that PSI trimer fractions were eluted at an ionic strength of 135 mM MgSO4.   

Following dilution, a subsequent round of protein concentration was performed to reduce 

the volume until a chlorophyll concentration between 5 and 12 mM was achieved.  The pressure 

used in this second round of concentration had influence on the time and, by proxy, mean size of 

the crystals formed.  The pressure used ranged from 5-40 psi with higher pressures being 

associated with a smaller final crystal size.  Upon arriving at the desired final volume, the valve for 
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the headspace gas was shut off and the pressure relieved in the concentrator.  The magnetic stir 

plate was also turned off to allow PSI to nucleate and deposit as crystals on the membrane over a 

period of 8-16 hours.   

The following day, crystals were harvested by adding a minimal amount of G0-3 (lower salt 

was used in the pursuit of nanometer sized crystals that had been concentrated with high 

headspace pressure and concentrations below 3 mM MgSO4) to the membrane (typically 3-10 mL, 

dependent upon the scale of the prep) and allowing the deposited crystals to “soak” for 1 hour in 

order to loosen the deposit.  The settled crystals and solution were then homogenized by “washing” 

the membrane.  This was achieved by gently pipetting the clear to light straw yellow color was 

achieved (indicating that minimal retentate over the membrane while holding the concentrator at 

shallow angle and rotating once the visible portion of the membrane (i.e. not concealed by the 

crystal layer) became visibly white.  Once all protein crystals were visibly suspended in solution i.e. 

the whole membrane appeared clean, the solution was then transferred to one or more centrifuge 

tubes, ranging from 1.5 mL microcentrifuge tubes to 50mLcentrifuge tubes (the choice of which 

was dependent upon volume and intended use).   

When necessary, the slurry containing PSI crystals was roughly separated by size by using 

diffusive settling.  This procedure entailed homogenizing the slurry, either through pipette mixing 

or gentle rocking, and aliquoting it into a series of 1.5 ml microcentrifuge tubes.  The crystals in the 

suspension were allowed to settle for 10 minutes whereby the topmost layer was removed to a 

fresh set of microcentrifuge tubes.  The cutoff for the top layer supernatant was selected by visual 

examination of transparency, the dark green opaque pellet being left in the tube while the slightly 

more transparent supernatant containing smaller crystals was removed.  This first pellet was then 

quenched with a volume of fresh G0, typically filling the microcentrifuge tube to voluminous capacity. 

This process was repeated as needed, typically resulting in 10, 20, 30 and 40 minute fractions with 

larger denominations representing longer settling times and subsequently smaller size regimes of 

crystals.. The temporal label indicates the time of the final settling step, e.g. the 30 minute pellet 

would have been in the top layer for 10 plus 20 minutes in two subsequent settling events before 

settling in a third set of tubes after an additional 30 minutes post top layer removal.  This is 
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necessary due to a pseudo-homogenization that occurs in the transfer process.  The supernatants 

from the final fraction (e.g. 40 minute samples) were then pooled together in a larger tube (usually 

a 15 or 50 mL centrifuge tube) and topped off with ~5 fold dilution with G0.  This frequently resulted 

in another pellet over extended periods of time.  The supernanants of non-crystallized PSI could 

be used for experiments not requiring crystal PSI, such as spectroscopy. 

Photosystem II 

Materials for PSII Isolation and Purification 

The following are abbreviations and compositions of buffers and solutions that were used 

during the extraction and purification process for photosystem II: (a note the name of the buffers is 

Prep so Prep 1 refers to a buffer and not protein “preparation 1” 

Prep 1:   20 mM MES pH=6.0, 10 mM CaCl2, 10 mM MgCl2 

Prep 2:   20 mM MES pH=6.0, 10 mM CaCl2, 10 mM MgCl2, 500 mM D-mannitol 

Prep 3: 20% v/v glycerol, 20 mM MES pH=6.0, 10 mM CaCl2, 10 mM MgCl2, 500 

mM D-mannitol 

PMSF solution:  500 mM PMSF in dimethylsulfoxide 

Tocopherol solution: 500 mM α-tocopherol in ethanol 

Acetone solution: 80% v/v acetone 

AxG buffer: 20% v/v glycerol, 10 mM MgCl2, 10 mM CaCl2, 20 mM MES pH=6.0, 

0.02% w/v n-dodecyl-β-maltopyranoside (β-DDM), x mM MgSO4 

Dx buffer:  X% w/v poly(ethylene glycol), avg. MW=2000 amu (PEG 2K, Sigma), 100 

mM piperazine-N, N′-bis (PIPES) pH=7, 5 mM CaCl2 

C buffer   100 mM PIPES pH=7, 5 mM CaCl2, 0.03% β-DDM 

Lysis of Cells and Preparation of Thylakoid Membranes 

Both PSI and PSII are membrane proteins located in the thylakoid membranes of TS. 

elongatus and, as such, share many similarities in the initial steps of purification.  Thus, for brevity, 

the lysis and thylakoid preparation for PSII was very similar identical to that of PSI (described 

above) with the following exceptions.   
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Prep 1 was used in place of MCM in all cases except for the step just prior to solubilization 

in which case prep 3 was used.  During cell lysis, prep 2 was used in place of MMCM.  The major 

difference between the PSI and PSII buffers is the pH. While PSI is isolated at pH 6.6, the buffers 

for PSII isolation feature a pH of 6.0.  The reason is that the oxygen evolving complex (OEC) of 

PSII is the most sensible part of PSII and it is more stable at a lower pH during isolation and 

purification.  This matters most during the solubilization step where PSII is exposed to high 

detergent concentration. The pH of the thylakoid lumen, where the OEC is located is close to pH 

5.5 under illumination conditions, however the stromal side of PSII is close to pH 8 under 

illumination conditions and is destabilized releasing the mobile plastoquinone QB at pH 5.5. The 

pH of 6.0 is ideal for stabilization of PSII during isolation from the membrane and chromatography. 

The reader may wonder why the pH is increased to 7.5 at the later steps which involve 

crystallization. At these steps the detergent concentration is low (0.03 % which corresponds to 3x 

CMC). Under these conditions PSII is stable at a much broader pH range from 5.5 to 8.0. The 

solubility of PSII increases with the pH, higher PSII concentrations can be reached at pH 7.5 for 

crystallization without the danger of aggregation.  The size of the prep was usually smaller for PSII 

than for PSI, rather than ranging from 25-100 g of frozen TS. elongatus cells used for PSI preps, 

PSII preps generally ranged between 20-45 g of cells.  As PSII is much more prone to photoinduced 

damage than PSI, the complete PSII prep from breaking of cells to the crystallization steps were 

performed under dim green light and extra care was taken to ensure no light entered the room and 

often work was done with even less light than in a PSI prep.  

Detergent Extraction and Separation of PSII from Membranes 

A chlorophyll assay was then performed on the combined thylakoid membrane suspension 

to determine chlorophyll concentration.  The sample was then diluted with Prep 3 to achieve a chl 

concentration of 0.75 mM. Prior to dilution, the final volume was calculated and used to further 

calculate the mass of β-DDM needed to be added to achieve a final concentration of between 0.5 

and 1 % w/v β-DDM.  After systematic studies to vary the detergent to Chl ration in the solubilization 

steps, we determined that the quality of PSII was better and better ordered crystals formed at lower 

detergent concentration, therefore the most recent preps since  summer 2016 were decidedly 
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performed using a detergent concentration of  0.5% as this lead to the largest protein yield with the 

highest resolution diffraction from crystals observed downstream.  The lyophilized detergentwas 

then dissolved into the Prep 3prior to the ensuing dilution of the thylakoid membrane suspension.  

This detergent containing Prep 3 was slowly added to the gently stirring thylakoid membrane 

suspension to avoid high local concentrations of detergent which can be harsh for proteins.  PSII 

is particularly susceptible to damage at this point as compared to PSI so extra care was taken by 

using a pipette at this step to control dropwise delivery of the detergent solution.  This stirred 

solution was then completely covered and allowed to continue stirring for 45 min during which time 

the β-DDM extracted membrane proteins from the thylakoid membranes, solubilizing them in 

detergent micelles. 

Following completion of solubilization, the solution was centrifuged in either a Ti-70 rotor 

at 50,000 rpm (184,000 rcf) for 2 hours or a Ti-45 rotor at 45,000 rpm (158,000 rcf) for 2.5 hours.  

Selection of rotor was based upon total volume (Ti-70 can accommodate 200 mL, Ti-45 can 

accommodate 560 mL).  The supernatant was then pooled together by gently pouring it off into a 

beaker and a chlorophyll assay was performed to determine concentration and total yield. 

Purification using Anion-exchange Chomatography 

Anion exchange chromatography was used to isolate PSII from the lysate pool.  Due to the 

more fragile nature of PSII, a weak tentacle anion exchange resin where there is a spacer between 

the resin and the charged groups was used to prevent disassembly of the complex.  Columns used 

were either 70 cm in length and 2.6 cm inner diameter (XK 26/70, GE Heathcare) or 60 cm in length 

and 5 cm inner diameter (XK 50/60, GE Healthcare) and were packed with TOYOPEARL DEAE-

650M (Tosoh Bioscience).  This resin uses diethylaminoethyl exchange groups which are weaker 

and, thus, much more gentle than the quaternary amines present in Q-Speharose resin used for 

PSI isolation.  This translated to void volumes of ~200 mL and ~900 mL for the XK 26/70 and XK 

50/60 column housings resp.  Prior to a given day of purification, columns were connected to FPLCs 

(AktaPure, GE Healthcare) and packed using A150G.  Flow rates used to pack were doubled from 

purification conditions to ensure homogeneous column packing and this was done at least a day 

prior to troubleshoot any hardware issues that could arise.   
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During ultracentrifugation, the column is equilibrated with  10% concentration of A150G.  The 

HPLC buffers contain 10% glycerol to stabilize PSII during purification. A water bath is used to cool 

columns to 4 °C via a water jacket that surrounds the columns.  A superloop (150 mL, GE 

Healthcare) is also primed with A0G.   

Once a chlorophyll determination was made, the number of FPLC runs was calculated with 

each run containing a chlorophyll mass of no more than 20 millimoles for the XK 26/70 columns or 

60 millimoles for the XK 50/60 columns.  The sample was immediately diluted with A0G to 150 

mL/FPLC run so as to decrease the concentration of β-DDM from the solubilization concentration.  

Further dilution may be required as the detergent concentration should not exceed 0.12 % w/v for 

any PSII solution that is not being loaded immediately to avoid damage caused by a high detergent 

environment.  The 150 mL aliquot was then manually loaded into the superloop using a 60 mL 

Luer-Lok syringe coupled with a 0.22 µm syringe filter to remove any particles that could disrupt 

the column pumping procedure (in the case of larger than 150 mL volume, remainder was then 

loaded after a sufficient volume had been applied to the column).  Upon application, a program with 

constant flow rate was initiated, the contents of which are described in table 3.2. The elution profile 

is shown in figure 3.10. The column is equilibrated with 15 mM MgSO4 so that most of the 

contaminant proteins do not bind and are eluted with the flow through, leaving PSII and PSI bound 

to the column.  The second peak containing the PSII dimer is then eluted and collected at an ionic 

strength of 42 mM MgSO4.  The PSI, which remains on the column, was traditionally discarded with 

a complete high-salt wash at 150 mM MgSO4, as it was thought to be unusable after experiencing 

the 20% v/v glycerol contained in the AxG buffers.  However, I have now established a protocol 

% 
A150G 

XK 26/70 XK 50/60 

Vol 
(mL) 

Flow 
Rate 

(mL/min) 

Vol 
(mL) 

Flow 
Rate 

(mL/min) 

10 465 10 1395 25 

13 385 10 1155 25 

28 250 10 750 25 

100 250 10 750 25 

10 350 10 1050 25 

Table 3.2  Schedule for PSII FPLC Runs 
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which allows for isolation of high quality PSI to be isolated and subsequently crystallized from the 

PSII column runs, which is discussed below.  

Concentration and Cryogenic Storage of Purified PSII 

The eluent fractions contained in the peak that elutes at 42 mM from all FPLC column runs 

were collected, pooled and concentrated using a 100 kDa cutoff centrifugal filter (Ultracel 100 kDa, 

Millipore).  These PSII dimer containing fractions were continually added to filters which were 

centrifuged at 3,800 rcf at 4 °C in a swinging bucket rotor.  The number of filters depended upon 

the number of FPLC runs, usually equating to 2 filters per 2 runs (in the case of an odd number of 

runs, the number of filters was kept at an even number for simplicity in rotor balancing).  As the 

centrifugal filters had 15 mL capacity each, lower than the volume collected in each run which are 

typically ~150 mL/run for the small columns and ~400 mL/run for the large columns, the filters were 

continually refilled to capacity as time passed.  The volume of pooled fractions that was unable to 

be contained at a given time was stored in a clean beaker, covered in parafilm and held at 4 °C.  

Prior to addition into the filtration units, the pooled fractions were homogenized and added in 

equivalent aliquots to each filter so as to ensure homogeneity of retained masses between all units.  

Once all dilute PSII fractions were sufficiently concentrated (~ 40 µL/g of initial cells, i.e. 1 mL for a 

25 g prep), retentate from the concentrators was pooled together and homogenized.  This was then 

either flash frozen or precipitated a form of further purification, depending on the timeline for the 

intended use of a particular prep.  In either case, a chlorophyll assay is performed to determine 

concentration and yield. 

In the case of the protein being frozen, protein was homogenized with glycerol as a 

cryoprotectant until a final concentration of 40% v/v glycerol was achieved.  Following this, the 

protein was inserted into cryogenic bull semen tubes in 200 µL aliquots and submerged into liquid 

nitrogen for flash freezing.  Tubes were then grouped into labeled cryogenic sheaths and stored 

long term in a dedicated dewar under liquid nitrogen. 

Crystallization of PSII as the final purification step 

The last purification step of PSII was done by crystallization.  In the case of immediate 

precipitation or upon unthawing of cryogenically stored sample, a series of fresh buffer Dx and fresh 
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buffer C were prepared. The fast thawing of PSII is important for the quality of the PSII crystal 

preparations. The straws were removed from the liquid nitrogen container and stored in a shallow 

dewar under liquid N2.  Then each straw was removed individually from the liquid nitrogen, the filter 

was cut off using scissors and the PSII solution in the straw was fast thawed by moving it fast 

between gloved  fingers above a 1.5 reaction vessels.  This is important as slow thawing could 

hamper the quality of PSII as larger ice crystals may form in a slow thawing process around 0° C.  

The volume of the PSII was inferred by calculating the mass difference of the 1.5 ml microcentrifuge 

tube before and after addition of the PSII solution (density was approximated with 1 g/mL, 

acceptable since the following dilution is made in two steps to accommodate for this).  This solution 

was diluted to a concentration of 1mM chl with buffer C and stirred.  Then the exact volume and 

chl concentration was determined and the solution diluted to  0.75 mM chlorophyll.  We have 

recently systematically varied the chl concentration in this step between 0.5 mM and 0.75 mM and 

it was determined that best diffraction crystals were observed when the first crystallization step was 

performed at the slightly lower chl concentration of 0.6 mM.  To this solution, a volume of buffer D15 

was added at 4° C dropwise for a final chlorophyll concentration of half of the previous 

concentration and a final PEG concentration of 7.5 %.  It is important that this step is performed 

using cool packs equilibrated to 4° C in the fridge.  The precipitation is much faster at 0° C and 

leads to amorphous precipitate instead of crystals.  This precipitation step takes at least 40 minutes 

but this first crystallization step can also be performed overnight.  Subsequently, crystals from the 

pellet are imaged and characterized before being pelleted by centrifugation at 3,500 rcf for 5 min 

at 4 °C using a swinging bucket centrifuge.  The supernatant was then used for a chlorophyll assay 

to determine the PSII concentration of the supernatant.  1 ml of the supernatant is frozen and later 

used for determination of the rate of O2 evolution and concentrated to a Chl concentration of 100 

µM for SDS gel electrophoresis.  The remaining volume of the supernatant is discarded.  The pellet 

was then dissolved into buffer C to gain a chl concentration of nominally 1 mM.  Then the chl 

concentration was determined and the solution further diluted to achieve a chlorophyll 

concentration of 0.75 mM.  100ul of this sample was frozen at -80 for subsequent O2 evolution 

measurements and SDS gel electrophoresis. The subsequent crystallization was performed as 
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described before  though this time D13 was used as a precipitant.  Again, the crystals were imaged 

and samples of the supernatant and the dissolved pellet were taken and frozen at -80C for 

subsequent SDS gel electrophoresis and determination of rate of oxygen evolution.  This process 

was then repeated with D11.  These crystals were further characterized with SONICC, DLS and 

microscopy and stored at 4 °C until use (typical precipitations shown in figure 5.11, chapter 5).   

PSI Retention and Viability Post-PSII Elution 

During more recent purifications, I explored the idea to isolate PSI and PSII from the same 

prep.  I developed a new protocol where PSI retained on the DEAE column post PSII elution could 

be recovered and tested for its viability to crystallize.  These preps were performed identical to a 

PSII prep until the 42 mM MgSO4 elution step, at which point the program was held to avoid 

introducing the high ionic wash step (150 mM MgSO4).  The run was then manually ended upon 

elution of PSII and a manual run begun.  The process consisted of first equilibrating the column to 

A42 buffer by flowing through a column volume through, gradually removing the glycerol and 

adjusting the pH to 6.4.  After this equilibration, A0 and A150 were used to elute the PSI off at an 

ionic strength of 75 mM MgSO4 which was collected upon elution. At this point the collected 

fractions were pooled and treated as described above for a typical PSI prep.  Advantageously, the 

PSI was eluted at a much lower ionic strength compared to those performed on the strong anion 

exchange resin (Q-sepharose) used in typical PSI preparations, allowing a generally faster 

desalting and initial crystallization.  Initial viability of PSI recovered in this way was characterized 

using characterization by SDS PAGE, DLS, SONICC, and microscopy.  This was validated after 

crystals grown using this protein were used as calibration sample at various beamtimes, showing 

high quality diffraction to better than 3 A resolution and no apparent loss in diffraction quality. 

3-deoxy-D-manno-2-octulosonate-8-phosphate synthase (KDO8PS) 

Structure and function of KDO8PS 

3-deoxy-D-manno-2-octulosonate-8-phosphate synthase (KDO8PS) is a protein that 

occurs in gram negative bacteria which performs an aldose condensation reaction between 

arabanose-5-phosphate (A5P) and phosphoenol pyruvate (PEP) to form 3-deoxy-D-manno-2- 
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octulosonate-8-phosphate (KDO8P) and inorganic phosphate (Pi).  After formation, KDO8P is 

eventually dephosphorylated to KDO which is essential in the formation of lipopolysaccharide,  

unique to Gram-negative bacteria and essential for growth and virulence (Raetz and Dowhan 

1990).  Because of the critical role KDO8PS possesses in this process, it is an interesting novel 

drug target for fighting the increasing antibiotic resistance experienced in Gram-negative bacteria.  

The family of KDO8PS enzymes can be divided into two branches, those using a divalent metal 

cation for catalysis and those which are metal-ion independent (Vainer, Belakhov et al. 2005).  The 

work contained herein was performed with KDO8PS from Escherichia coli, belonging to the metal 

independent family, and references to KDO8PS going forward will pertain to this variant of the 

enzyme. 

Shown in figure 

3.11, the catalytic site of 

KDO8PS resembles an 

irregular funnel, the bottom 

of which is comprised off a 

net positive electrostatic 

potential which serves as an 

attractive force for the 

negatively charged 

phosphate of PEP (Vainer, 

Belakhov et al. 2005).  

KDO8PS has been shown 

to actively produce KDO8P 

with either A5P or PEP as 

the initially bound substrate 

(Liang, Kohen et al. 1997).  

Natural structures have 

been solved with KDO8PS 

 

Figure 3.11  Asymmetric Funnel Active Site of KDO8PS 

Top down view of the irregular funnel binding site in KDO8PS.  
The binding site of PEP is towards the bottom of the funnel, while 
A5P binds in shallower position.  Both substrates are coordinated 
by positively charged His, Lys and Arg residues.  Though both 
substrates can bind independently, the binding of A5P hinders 
PEP from entering, leading to a sequential binding during 
enzymatic action.  Structural model from PDB entry 1X8F (Vainer, 
Belakhov et al. 2005). 
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in complex with both PEP and the product KDO8P in addition to its apo form (Vainer, Belakhov et 

al. 2005) (figure 3.12), though all structures are missing the catalytically necessary L7 loop which 

closes off the active site upon binding of both substrates (Duewel, Radaev et al. 2001).  The 

structures obtained were determined using soaking procedures with PEP and KDO8P respectively, 

lacking A5P for progression in the case of PEP and showing KDO8P in a conformation with its 

phosphate group bound to the PEP binding site rather than the expected A5P site.  This shows 

why the back-reaction with KDO8P and Pi to PEP and A5P does not occur (Vainer, Belakhov et al. 

2005) but also suggests that the product bound state visualized may not be the actual intermediate 

of the forward reaction.  

The enzymatic kinetics of KDO8PS have been investigated using time-resolved 

electrospray ionization mass spectrometry (TR-ESI-MS) and show the presence of an enzyme 

bound intermediate that exists on a millisecond time scale (Li, Sau et al. 2005) (see figure 3.13), 

the identity of which is currently under debate.  An acyclic intermediate was initially proposed 

(Baasov and Kohen 1995, D'Souza, Benenson et al. 1997) which was supported The enzymatic 

kinetics of KDO8PS have been proved using time-resolved electrospray ionization mass 

spectrometry (TR-ESI-MS) and show the presence of an enzyme bound intermediate that exists 

on a millisecond time scale (Li, Sau et al. 2005) (see figure 3.13), the identity of which is currently 

under debate.  An acyclic intermediate was initially proposed (Baasov and Kohen 1995, D'Souza, 

 

Figure 3.12  Known Structures of E. coli KDO8PS 

From left to right are the apo-, PEP bound, and KDO8P (product) bound states solved by Vainer, 
Belakhov et al. (2005).   
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Benenson et al. 1997) which was supported by the discovery of an acyclic intermediate in the metal 

dependent KDO8PS from Aquifex aeolicus (Kona, Xu et al. 2007).  However, this intermediate has 

yet to be visualized in a metal independent variant and the mechanism for the formation of an 

acyclic intermediate is also unknown.  The current leading theories are highlighted in figure 3.14 

and revolve around the question whether the water molecule performs a nucleophilic attack pre- or 

post- bond formation between C3PEP and C1A5P (Wang, Duewel et al. 2001).  The carbanion 

intermediate has been proposed for metallo-KDO8PS due to the likely occurrence of a 

deprotonated metal-bound water which would lead to a hydroxyl attack of PEP (Duewel, Radaev 

et al. 2001).  The oxocarbenium intermediate is proposed for metal free species due to the strong 

 
Figure 3.13  Time-Resolved Mass Spectra of KDO8PS 

Results from ESI-MS using 80 µM KDO8PS presoaked with PEP and mixed through a T 
junction with 60 µM A5P.  Different time points were measured by varying the flow rate.  E 
is the enzyme (KDO8PS) and E·Pi, E·PEP, E·A5P, E·KDO8P and E·I symbolize complexes 
between KDO8PS and phosphate, PEP, A5P, KDO8P and the unknown intermediate 
respectively.  The shorter time points show a much more significant contribution from the 
intermediate state which is almost wholly depleted after 160 ms while the product bound 
state conversely increases (red line highlights the intermediate).  Figure modified from Li, 
Sau et al. (2005). 
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unstabilized negative charge of the PEP carboxylate, causing an increased nucleophilicity in the 

surrounding double bond.  This would support the formation of an oxocarbenium intermediate via 

nucleophilic attack on A5P (Asojo, Friedman et al. 2001)  However, there is evidence to suggest a 

carbanion intermediate for the nonmetallo enzyme as well from the absence of one of the two water 

molecules in electron densities of PEP- and A5P-bound A aeolicus KDO8PS that was converted to 

a non-metallo state through a site mutation (Kona, Xu et al. 2007).  

Motivation for KDO8PS as a TR-SFX target 

With the advent of XFELs, phototriggered TR-SFX has allowed the temporal boundaries in 

structural discovery to truly be pushed into the ultrafast regime.  However, many conformationally 

active proteins are not phototriggered, including many enzymes important to medicine and health.  

Where there exist limitations such as reversibility and temporal constraints in photoactivated 

macromolecules, for a protein whose structural changes are triggered through chemical activation 

there has generally been even more strict limitations in traditional macrocrystallography with 

regards to the breadth of feasible targets.  While there are many clever ways to probe functional 

 

Figure 3.14  Proposed KDO8PS Intermediates 

The two most likely candidates for the mechanism behind the aldose-condensation between 
PEP and A5P.  The upper pathway displays a carbanion intermediate while the lower shows 
an oxocarbenium intermediate.  Both pathways converge to a linear phosphorylated KDO8P 
intermediate.   



 

111 

 

intermediates in enzymes using crystallography such as flash freezing or mutagenic manipulation, 

many interesting reactions occur on sub-second timescales that are generally unavailable in 

traditional crystallography.  Capturing wild type intermediates using freezing techniques remains 

challenging and is usually limited to reactions with slow turnover rates below 1 min-1-(Fiedler, 

Thorell et al. 2002, Karlsson, Parales et al. 2003, Leiros, McSweeney et al. 2004, Theisen, Misra 

et al. 2004).   

 

 

Figure 3.15  Substrate Diffusion as a Function of Crystal Size 

Shows the relationship between diffusion time delays for substrate into cubic crystals as a 
function of crystal size, measured by the crystal face dimension in microns.  Sufficiently small 
crystals can experience complete diffusion around a µs or less.  Calculations are based off the 
solution for Fick’s 2nd law with the constraints that mixing is instantaneous and the concentration 
of substrate is non-limiting.  The diffusion coefficient is on the low end for small sugars like PEP 
which usually range between 5* 10-6-10 * 10-6 cm2/s (Perry and Chilton 1973).  This is calculated 
from the rate limiting contribution of the slowest element in the Fourier sum, namely l=m=n=0. 
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The unique characteristics available in SFX mitigate many of the challenges experienced 

in attempted time-resolved structures for enzymatic intermediates.  The serial nature and ultrashort 

pulses certainly lend themselves toward capturing shorter lived states without introducing possible 

artifacts from mutagenic alterations of the enzyme or freezing techniques.  In addition, the small 

size of the nano and micro crystals in TR-SFX  lends itself to a much shorter diffusion time of 

substrate within the crystal, allowing as fast as µs diffusion compared to timescales in seconds to 

minutes (Schmidt 2013) (see figure 3.15).  The faster diffusion times also lead to a higher temporal 

reaction initiation homogeneity, leading to the ability for higher populations of short lived 

intermediates to be observed that could subsequently lead to more confidence and higher 

resolution of electron densities from time resolved SFX studies on crystals with an inevitable 

mixture of states.      

KDO8PS stands as a particularly good model system to attempt one of the first time-

resolved mixing experiments in SFX.  This is exemplified by 3 things in particular, namely: it has  

unknown intermediate states that are currently controversily discussed, the resolution of which has 

implications for medical advancement of new antibiotics; it has some known intermediates, allowing 

for validation of the method of ‘mix-and-inject’ TR-SFX; past work, both structurally and otherwise, 

has shown its kinetics to range within the projected millisecond time regime available to this field, 

including beyond the limit of anything so far achievable in traditional crystallography; it can be 

prepared in large enough quantities necessary for SFX with relatively low expense and time.   

Solutions used in Expression and Purification of KDO8PS 

LB broth:  1% w/v bacto-tryptone, 0.5% w/v yeast extract, 18 mM NaCl 

Lysis buffer: 20 mM Tris-HCl pH=7.3, 75 mM KCl, 5 mM ethylenediaminetetraacetic 

acid (EDTA), 2 mM β-mercaptoethanol,  

PSB: 2.2%  w/v protamine sulfate, 20 mM Tris pH=5, 300 mM KCl, 2 mM β-

mercaptoethanol, 1 tablet protease inhibitor cocktail (SIGMAFAST) 

Dialysis buffer:  20 mM Tris-HCl pH=7.3, 75 mM KCl, 2 mM β-mercaptoethanol 

Buffer A:  20 mM Tris-HCl pH=7.3, 2 mM β-mercaptoethanol 

Buffer B:  20 mM Tris-HCl pH=7.3, 500 mM KCl, 2 mM β-mercaptoethanol 
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Overexpression, Lysis and Purification of KDO8PS in E. Coli 

The wild-type KDO8PS gene (GenScript) was cloned into a pET-23d plasmid which was 

subsequently introduced into Lemo23(DE3) competent E. coli (New England Biolabs) during 

transformation as described in Conrad (2016).  The plated culture was introduced to LB media 

containing ampicillin and chloramphenicol.  This was then incubated at 37 °C and shaken at 250 

rpm until an O.D. of A600=0.6-0.8 was reached, at which point isopropyl-1-thio-β-D-

galactopyranoside (IPTG) was added to a final concentration of 0.2 mM.  After a further 4 hour 

incubation, the cells were harvested by centrifugation at 8,000 rcf for 10 min followed by storage at 

-80 °C in ~5 g aliquots in 50 mL centrifuge tubes. 

50 mg of lysozyme was added to 25 mL of lysis buffer which was then added to a 5 g 

aliquot of frozen KDO8PS overexpressed E. coli cells in centrifuge tubes to thaw the cells.  To 

enable homogenized solubilization of the E. coli pellet, a mixture of mechanical mixing with a stir 

bar and vortexing for 20 s increments were iteratively used until a visual homogenous cell 

suspension was achieved.  At all times with the exception of vortexing the centrifuge tubes 

containing solution were kept on ice and times between vortexing were no shorter than 1 min.  

Following homogenization, tubes were allowed to rock gently at room temperature for 30 minutes 

to allow lysozyme to weaken the cell walls.  After the lysozyme incubation, the tubes are cooled in 

an ice bath in preparation for lysis. 

Once cooled, tubes were placed in a secondary containment beaker and surrounded by 

packed ice.  This sample was then sonicated in at 50% power with 5-6 ten second pulses, each 

separated by a 30 second cooldown to avoid damage from heating.  Ice was replenished and 

repacked as needed to stabilize centrifuge tube.  Lysis was confirmed by characteristic changes in 

turbidity.  To separate still, intact cells from the suspension, the solution was transferred slowly to 

a fresh, sterile tube and any highly viscous (unlysed) material was separated, combined and cooled 

% buffer B / [KCl] mM 
Vol 
(mL) 

Flow Rate 
(mL/min) 

15 / 75 315 10 

25 / 125 135 10 

100 / 500 125 10 

15 / 75 165 10 

Table 3.3  FPLC Method Parameters for KDO8PS 
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prior to a second round of lysis.  Upon completion of lysis, the suspension was centrifuged at 12,000 

rcf, 4 °C for 15 min to pellet and separate any unlysed cells.   

The supernatant was then combined into a sterile beaker surrounded by an ice bath 

contained in a larger beaker.  This solution was set to a gentle stir and to this, PSB was added 

dropwise in a volumetric ratio of 0.134:1 of PSB:lysate.  This solution was allowed to stir for 15 min, 

during which time genetic material was precipitated out.  This solution was then centrifuged 12,000 

rcf, 4 °C for 30 min to separate solubilized lysate from precipitated genetic material.  The cell lysate 

was then inserted into pre-wetted 3 kDa cutoff dialysis tubing and placed into 4 L beakers containing 

dialysis buffer (1 L buffer/5 mL lysate) which were stirred at 4 °C for at least 12 hours.  Dialysis 

buffer was changed after 4 hours to ensure equilibration of lysate with 75 mM KCl.  This lysate was 

then centrifuged for 10 min at 7,000 rcf, 4 °C to remove precipitated proteins.  The supernatant was 

filtered through a 0.22 µm syringe filter and divided into aliquots reflecting 2.5 g of starting material 

(i.e. if 10 g of frozen pellet were lysed, de-salted lysate was divided into 4 aliquots).  Each aliquot 

was then injected on to an anion exchange column (900 mm x 16 mm, DEAE-

Sepharose(Toyopearl)) that had been equilibrated with buffers A & B to an ionic strength of of 75 

mM KCl.  The step gradient HPLC protocol is reflected in table 3.3 with a typical elution profile 

reflected in figure 3.16.  Absorption was measured at 215 nm due to KDO8PS lacking tryptophans 

and containing only four tyrosines (resulting in an extremely low absorbance at 280 nm).  

Confirmation of KDO8PS in the elution peak was verified using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and a thiobarbituric acid assay as described in 

Ray (1980).  Pooled fractions of KDO8PS were then concentrated with a 10 kDa cutoff centrifugal 

filter (Centricon, Millipore) until an absorbance value of A205=0.645 (20 mg/mL) was achieved.  This 

solution was then frozen in 1-2 mL aliquots at -80 °C in cryogenic tubes for storage until 

crystallization. 
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4 SMALL IS BEAUTIFUL: GROWTH AND DETECTION OF NANOCRYSTALS 

Jesse Coe and Alexandra Ros 

Forward 

This chapter is a book chapter on nanocrystallogenesis that is part of a text that will be 

published later this year (2018) by Springer.  I co-wrote this with Dr. Alexandra Ros and my 

contributions include writing of introduction, nanocrystallogenesis and conclusion sections.  I also 

wrote half of the characterization section, created figures 4.1-4.4, and lead the editing and revision 

process. 

Introduction 

With the advent of X-ray free electron lasers (FELs), the field of serial femtosecond 

crystallography (SFX) was borne, allowing a stream of nanocrystals to be measured individually 

and diffraction data to be collected and merged to form a complete crystallographic data set. This 

allows submicron to micron crystals to be utilized in an experiment when they were once, at best, 

only an intermediate result toward larger, usable crystals. SFX and its variants have opened new 

possibilities in structural biology, including studies with increased temporal resolution, extending to 

systems with irreversible reactions, and minimizing artifacts related to local radiation damage.  

Perhaps the most profound aspect of this newly established field is that ‘molecular movies’, in which 

the dynamics and kinetics of biomolecules are studied as a function of time, are now an attainable 

commodity for a broad variety of systems, as discussed in Chapters 12-13.  However, one of the 

historic challenges in crystallography has always been crystallogenesis and this is no exception 

when preparing samples for serial crystallography methods.  In the following chapter, we focus on 

some of the specific characteristics and considerations inherent in preparing a suitable sample for 

successful serial crystallographic approaches. 

While this chapter’s title directly refers to “nano-“crystals, the following is also applicable to 

small crystals that may not be strictly sub-micron.  Synchrotron serial crystallography at a micro-

focused beamline is also a highly effective technique that is very similar to nano-crystallography at 

X-ray FELs but requires larger crystals than the minimum needed for SFX.  Furthermore, depending 
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on specifics of a given experiment, larger crystals may also be preferable at an X-ray FEL, 

sometimes up to a few tens of microns in the largest dimension, which is common for membrane 

proteins as discussed in Chapter 5.  Other times, growth of crystals larger than a couple microns 

tends to be elusive at best, a challenge common with G-protein coupled receptors (covered in depth 

in Chapter 11).  In any case, it is common within the field for the terms “nanocrystal” and 

“microcrystal” to be somewhat synonymous, with “nanocrystal” appearing for a broad size regime 

in the literature.  For the sake of brevity, we will refer to all small crystals suitable for serial 

crystallography as “nanocrystals” hereto forth.    

Nanocrystallogenesis 

When approaching nanocrystallogenesis, the parameters governing growth remain largely 

the same from macrocrystallography, namely thermodynamics, kinetics, and solubility.  The notable 

difference is that the objective occupies a different region of the phase space.  To additionally 

optimize diffraction quality, one must also consider and control crystal size and size homogeneity.  

These parameters have an impact upon data collection in serial crystallography and failure to 

optimize can cause malfunction of sample introduction and/or an increase in time and sample 

needed to complete a data set.  It is also very important to consider and prioritize characteristics 

for a given experiment, especially in the case of a serial experiment aimed at something more 

complex than a single static structure.   

 In general, crystallogenesis can be thought about as a multidimensional phase 

space consisting of any and all conditions experienced by the protein in solution.  A simplified 

depiction of this can be seen in Figure 1 where a 2-D slice is shown between protein concentration 

and a generic precipitant.  However, in practice a comprehensive phase space is highly 

complicated and can be sensitive to multiple additives, temperature, protein homogeneity, time, 

pH, etc., essentially anything that comprises part of the crystallization environment.  While each 

protein will have its own unique phase space, there are generalities that can help guide optimization 

and avoid a brute force approach past initial screening (even this is not strictly brute force as most 

commercial screens rely on empirical successes).  It should also be noted that all the traditional 

pre-screening optimizations (e.g. purification, configurational and oligomeric homogeneity, 
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detergent screening, mutagenic engineering, etc.) will still play an immense role in the ability to 

obtain quality samples.  We will not go into detail about these here but would refer you to texts by 

Scopes(Scopes 2013) or Doublie(Doublié 2007) for additional reading on the topic. 

Thermodynamics of solubility and nucleation 

In its most fundamental sense, the formation of crystals is nothing more than a controlled 

precipitation of a molecule or molecular system such that translational symmetry is achieved 

through free energy minima.  The process is driven by thermodynamics through solubility and 

intermolecular forces.  This pertains to any size of crystal and just like macrocrystallogenesis of 

macromolecules, the first step is to find a foothold within the broad parameter phase space 

 

Figure 4.1:  Generalized Solubility Phase Diagram for Crystallization.   

Illustrates the typical qualitative relationship between solubility and concentrations of protein 
and precipitating conditions (e.g. salt concentration, pH, temperature).  As one or both of these 
concentrations are increased, the solubility tends to decrease until a supersaturated state is 
achieved where nucleation is able to occur.  The segmented regions in the supersaturated 
phase qualitatively increase in their propensity for nuclei to form as they move away from the 
solubility curve.  Once supersaturation becomes very large, disordered (non-crystalline) nuclei 
tend to be favored, illustrated by the amorphous precipitate region in the top right. 
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governing a particular sample of interest.  This typically involves trying many conditions in a broad 

screen to look for trends and patterns in solubility by sparsely sampling phase space(Jancarik and 

Kim 1991).  It is important to remember that in order to find precipitating conditions, one must 

consider a plethora of variables including not only the concentration and composition of protein and 

mother liquor but also the pH, temperature, time and method among others.  While Figure 1 is an 

example of a generic crystallization diagram, a useful tool in visualizing phase space, it should be 

stressed that this is simplified and, as mentioned above, many variables govern the actual phase 

space, making it n-dimensional.  The ‘precipitating condition’ represented on the x-axis can either 

be thought of as representing the entire suite of precipitating variables other than the concentration 

of the protein itself, or as a single variable, equating to simply a ‘slice’ of the n-dimensional phase 

space.   

 In contrast to macrocrystallogenesis, where a single or few large crystals are 

desired, the main goal for a serial crystallography sample is to obtain many crystals that are small 

in size.  That is to say, the objective is to reach a completely different area in phase space.  Highly 

oversaturating conditions are the crux of this, allowing the formation of many nuclei and rapid 

depletion of protein concentration.  In Figure 1 this equates to nearing the border between the 

nucleation and amorphous precipitate regions.  To achieve this and guide crystallogenic 

optimization, we must first consider how nucleation and crystallization are driven. 

For the favorability of spontaneous nucleation and crystal growth to occur, the free energy 

of the system must decrease from the process.  From a physiochemical perspective, the formation 

of nuclei is a stochastic function of concentration.  As the concentration increases, so too does the 

chance for the macromolecules to collide and, subsequently, collide with a favorable orientation 

that can lower the local energy (but collisions also lead to unfavorable orientations that eventually 

dissipate). This can be written in terms of the free energy of crystallization as  

∆𝐺𝑐𝑟𝑦𝑠𝑡𝑎𝑙 = ∆𝐻𝑐𝑟𝑦𝑠𝑡𝑎𝑙 − 𝑇(∆𝑆𝑐𝑟𝑦𝑠𝑡𝑎𝑙 + ∆𝑆𝑠𝑜𝑙𝑣𝑒𝑛𝑡)   eq. 1 

Since a crystal is inherently ordered, the entropy from the macromolecular crystal will 

always be negative (equating to a positive contribution to the free energy).  Thereby, the loss of 

degrees of freedom for the protein needs to be compensated with an entropic gain from disrupted 
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solvent shells (there may also be an enthalpic contribution but it has generally been shown to be 

minimal in comparison(Vekilov, Feeling-Taylor et al. 2002)).  Even upon such an event, the solution 

is still dynamic and subsequent collisions can cause the nuclei to increase in size or disperse.  

General phase transitions, e.g. nanocrystallization, intrinsically are a competition between the 

destabilizing interfacial (surface area) free energy components and the stabilizing bulk (volume) 

free energy components.  For simplicity, consider an ideal case where the surface energy doesn’t 

vary with orientation (i.e. a spherical nucleus).  This leads to a free energy for the nucleus being 

the Gibbs-Thomson equation for a condensed droplet as a function of radius, namely 

∆𝐺𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 =
4

3
𝜋𝑟3𝜈𝑘𝐵𝑇 ln (𝑆) + 4𝜋𝑟2𝛾    eq. 2 

where kB, T and S are the Boltzmann constant, temperature and entropy, respectively, the 

ν term represents a molar volume element for an additional molecule with respect to the packing, r 

is the radius of the droplet, and the γ term representing the specific energy of the surface (Garcıa-

Ruiz 2003).  Certainly, in the real nucleation case, the γ term will have an anisotropic dependence 

upon facet composition but the fundamental form of the equation remains a competition between 

a positive surface component (acting similar to an activation barrier) and a negative (stabilizing) 

volumetric component that dominates as r becomes larger.  This means that a critical radius occurs 

when we set the derivative of equation 2 to zero: 

𝑑∆𝐺𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛

𝑑𝑟
= 4𝜋𝑟2𝜈𝑘𝐵𝑇 ln(𝑆) + 8𝜋𝑟𝛾 = 0    eq. 3 

∴                 𝑟𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = −
2𝛾

𝜈𝑘𝐵𝑇 ln (𝑆)
      eq. 4 

In essence, a critical sized nucleus is formed when the contribution to the overall energy 

from the nucleus volume overcomes the surface energy increase as an additional molecule is 

added(Garcıa-Ruiz 2003).  However, in order to get to this point, growth of smaller, quasi-stable 

nuclei must continue to grow against an uphill energy barrier until a critical size is reached.   

For any amount of supersaturation, critical nuclei are possible given enough time but at low 

levels of supersaturation, deterioration of the sub-critical nuclei dominates.  This region is typically 

represented as the heterogeneous nucleation or growth zone (see Figure 1).  As can be 

qualitatively understood, higher degrees of supersaturation lead to more collision events and 
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shorter, more feasible time scales for critical nuclei to occur.  This is represented as the 

spontaneous nucleation zone.  In extremely elevated levels of supersaturation through increased 

protein concentration, collisions will be so frequent as to overcome the preference for energetically 

favorable orientations necessary for quasi-stable nuclei, as the unstable nuclei lifetimes are 

outcompeted by collisions.  Alternatively, increasingly precipitating conditions also lead to higher 

levels of supersaturation that change the potential energy surface of collisions, allowing slower 

relaxation times. Both of these can lead to critical radii being achieved without the molecules 

exhibiting translational symmetry, resulting in an amorphous precipitate.  It should be noted that 

other than the solubility line, the zone separations represented in crystallization phase diagrams 

are not well defined and are, without a conventional metric, somewhat arbitrary.  This does not 

exclude their usefulness, especially in conveying and differentiating phase space trajectories 

experienced in different methods. For any set of sample characteristics, fine screening solution 

content and physical parameters is crucial. One of the most impactful factors in attaining your goal 

lies in the chosen method, for which the following section is dedicated. 

Methods 

It has been almost 60 years since the first protein crystal structure was published(Perutz, 

Rossmann et al. 1960) and even longer since the first protein crystals were observed in 1840(Giegé 

2013).  In the time since, many ways to produce macromolecular crystals have been devised.  

Vapor diffusion, batch, free interface diffusion and dialysis methods are amongst the most 

historically popular ways to make macrocrystals, each having their own benefits and challenges 

(these and other methods have been covered extensively elsewhere(Rupp 2009, McPherson 

2017), the reader is referred to these publications for detailed review of these and other methods).  

Again, when aiming for nanocrystals, we are simply trying to access a different area of phase space 

and so, in most cases, we can just adapt these techniques to suit our purpose.  Another pervading 

theme in sample production for serial crystallography is the sheer mass needed for a successful 

data set, sometimes requiring hundreds of milligrams of protein!  This is certainly something to 

consider and, when possible, increasing crystallization setup volumes should be considered as it 
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can lead to consistency throughout data collection on top of reducing tediousness of sample 

preparation.   

It is important to remember that crystals are not grown statically and the method and 

implementation will largely affect experimental crystallogenesis results.  Once a foothold condition 

is found, fine screening around it should be done with multiple methods.  This is especially important 

for nanocrystals due to the multitude of parameters that need to be simultaneously optimized.  

While one method may give the best diffraction, this must sometimes be weighed against size or 

yield or even growth time.  It’s important to keep in mind the specifics of the experiment at hand.  If 

it is the case that the goal is simply to obtain a novel structure from a protein that resists the 

formation of large, well-ordered crystals then diffraction quality will of course take precedence.  

However, this is not always the case.  For example, in a kinetic study with substrate mixing there 

are multiple variables to simultaneously optimize.  In this type of experiment, as reaction time 

regimes become short, size and size homogeneity become increasingly important to maintain 

temporally homogeneous data sets along a reaction timeline.  Of course, enhancing resolution is 

still very important but so long as the resolution is sufficient to see conformational changes in a 

particular system, the other parameters may become more beneficial to focus ones efforts.     

Adaptation of existing conditions 

While obtaining structures on samples that only seem to form small crystals is certainly a 

benefit of SFX, this represents only a fraction of targets.  The ability to “outrun” radiation damage, 

the high temporal resolving power and the extreme brilliance found at an X-ray FEL lend it to 

completely new areas of study and the ability to overcome some of the shortcomings of other light 

sources.  For example, the structures of metalloproteins can be determined without site specific 

radiation damage(Cohen, Soltis et al. 2014, Hirata, Shinzawa-Itoh et al. 2014), irreversible 

reactions and conformational homogeneity in transient states can be probed(Aquila, Hunter et al. 

2012, Kupitz, Basu et al. 2014), and ultrafast time regimes (sub ps) are now accessible to study 

dynamics(Tenboer, Basu et al. 2014, Pande, Hutchinson et al. 2015). This opens many avenues 

for progression on proteins that already have a static crystal structure and, subsequently, already 

have well-established crystallization conditions.  With this in mind, a primary goal of this chapter is 
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to guide the translation of existing macrocrystallogenic conditions into those suitable for SFX and 

initial conditions are assumed.  

By far the most common and effective way to get a foothold on possible crystallization 

conditions is mass sparse-matrix screening and this remains true for nanocrystallization.  

Interpreting the results differs as one searches for conditions giving nanocrystals but most times 

the large crystal “hit” in a screen can be optimized into nanocrystal conditions in the same way that 

a shower of crystals can lead to macrocrystal conditions.  It should also be noted that most large-

scale screening is done with vapor diffusion and while this can still lead to nanocrystals, it is a 

method that moves through phase space because of evaporative concentration and can be a 

generally “slow” method with respect to inducing nucleation.  In its traditional form, it is also an 

extremely tedious method to obtain the milligrams of sample generally necessary for a serial 

crystallography experiment.  That is not to say that it could not be used and one can certainly 

imagine a volumetrically upscaled sitting drop setup, but it is rarely the most convenient or optimal 

technique.  It is important to keep in mind that, in general, increased concentration of precipitating 

condition leads to smaller crystals.  While this is certainly true for chemical precipitants (e.g. salt, 

polyethylene glycol (PEG)), it is worthwhile to think about the kinetics or time as well.  For example, 

in a vapor diffusion experiment, the volume and concentration of the well solution controls how fast 

the sample cocktail concentrates via evaporation.  Parameters such as temperature or viscosity 

can also have a large effect on the thermodynamic rate of nucleus formation.  For example, a highly 

viscous precipitant (e.g. PEG) can slow down the process by which the protein molecules collide 

in solution versus a lower viscosity precipitant, which will favor a much faster diffusion rate.  Or in 

the case of temperature, crystallogenesis at a higher temperature will increase the available energy 

in solution, giving faster diffusion and thus tending to favor more nuclei and smaller crystals (of 

course caution must be taken when varying the temperature too much to avoid possibly unwanted 

effects such as denaturation or expansive freezing of water).  The speed of a method will depend 

on its crystallization diagram; the time spent in each region of phase space will dictate the overall 

results of a given setup.   
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Free interface diffusion  

One method that has been adapted from a traditional method is that of nanocrystalline free 

interface diffusion (FID), originally described by Kupitz et al. 2014(Kupitz, Grotjohann et al. 2014) 

and shown in Figure 2.   The difference lies in the need for larger volumes and high nucleation 

rates.  Typically, the less dense of the two solutions—which is typically the protein solution--is first 

aliquoted into a vessel, often a microcentrifuge tube because the sloped sides have the potential 

to act as a parameter by influencing the mixing region volume and concentration profile.  A quick 

centrifugation can be helpful to remove any bubbles and create a flat interface before addition of 

 

Figure 4.2: Schematic of Nanocrystal Free Interface Diffusion (FID) Setup.   

As the denser solution (either protein or precipitant) is dropwise added to the center of the other 
and a layered setup with a mixing region between occurs.  The mixing region acts as an 
interface with high local concentrations of both protein and precipitating conditions, allowing 
diffusive mixing.  The concentrations and volume of this will depend upon the container 
geometry, droplet size and viscosities of the two solutions.  The sloped sides of a 
microcentrifuge tube (pictured here) can allow for easily varying the surface area to volume 
ratio, though this should be taken into account when attempting to upscale a setup. (adapted 
from Kupitz et al.(Kupitz, Grotjohann et al. 2014)) 
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the second solution. Once a flat interface is obtained, the denser solution is added through the 

center of the surface dropwise.  It will form a bottom layer and some perturbation at the interface, 

giving a small volume mixing zone.  This allows for very high concentrations of each solution at the 

interface, higher than can be achieved with thorough mixing (most other methods involve the need 

for mixing of a protein containing solution and a precipitant containing solution, leading to a 

necessary dilution of both upon mixing).  The perturbation from dropping one solution through the 

other tends to speed up the process, The access to high nucleation regions of phase space 

experienced at this interface can cause nanocrystals to form and, as they grow larger, tend to settle 

towards the bottom layer.  In the case that the precipitant is denser, as is common with many 

precipitants containing high salt or PEG, this serves as a sort of auto-quenching effect as the 

 

Figure 4.3:  Nanocrystal FID Phase Diagram.   

The red line shows a conceptual path experienced by proteins moving through the interface into 
the mixing region and finally depositing as part of a crystal.  The spacing of the arrows denote a 
likely temporal trajectory as diffusion slowly allows it to enter the mixing region and then more 
rapidly adsorb onto a nucleus before settling as crystal growth is achieved.   
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crystals settle away from the free protein layer and into the precipitant rich layer.  Different 

volumetric ratios, total volume and even droplet radius can have a profound effect on results from 

this method and volumetrically conserved upscaling tends to eventually break down reproducibility 

and quality. The limit of this is highly specific to a given protein/mother liquor and is likely a function 

of the mixing region profile which depends upon surface area and volume ratios, viscosities and 

perturbation.  Gentle centrifugation is a way to enhance gravitational settling and can also expedite 

crystal favoring nucleation formation and uniform growth.  As can be expected, over extended 

periods full mixing of the two layers can occur and to prevent any loss of quality or even dissolution, 

crystals should be harvested and/or quenched prior to complete diffusion (the time sensitivity of 

this will be a function of miscibility between the layers as well as volume-interfacial surface area 

ratio).  This method can be particularly useful when either or both precipitant and protein 

concentrations are constrained by solubility in other methods and a smaller crystal size is desired.  

This is due to the ability to have saturated concentrations at the interface.  It should by be noted, 

however, that reproducibility is sensitive to even minor differences in the setup of this method due 

to the many affecting variables involved such as volume, ratio, drop size, position of the 

perturbation in the interface and containerinducing a minimal but necessary mixing region.  

Batch nanocrystallization 

Batch crystallization is a “cocktail” approach where the protein and precipitating conditions 

are homogenized.  This is particularly useful in making the large volumes often necessary for SFX 

experiments due to its ease and simplicity.  This has the added benefits of decreasing sensitivity 

to user technique and volumetric scaling, though caution should be taken to ensure scaling does 

not interfere with homogeneity. It can be seen in Figure 4 that there is no movement through phase 

space prior to nucleation (or lack thereof).  Protein stock and precipitating mother liquor are typically 

added to a vial or microcentrifuge tube and either homogenized by pipette mixing or using a 

magnetic stir rod.  The stir rod allows homogeneity to be retained as protein begins to precipitate 

out and can allow either the protein or precipitant to be added slowly, avoiding high concentration 

interfaces with significant contact time.  Analogously, when pipette mixing, multiple aliquots can be 

serially pipette mixed to allow a more gradual introduction of precipitating conditions.  This is 
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perhaps the most convenient method as it is a short, simple setup that can usually be upscaled to 

complete experimental volumes suitable for consistent data collection. While this method can 

theoretically be done in any size vessel, experimental demand usually requires a few milliliters of 

sample for a full data set.  Fine screening with a dilution gradient using a crystallization robot can 

help explore specific batch conditions prior to upscaling.  It is also worth noting that recently, 

microfluidic approaches have also been successful at fine screening batch conditions with minimal 

volume constraints (Abdallah, Roy-Chowdhury et al. 2016).  

Other methods and sample delivery considerations 

There are many other methods that have been successfully used to grow macromolecular 

nanocrystals that are thus far a little less general.  Almost any method that has been used for 

 

Figure 4.4:  Batch Crystallization Phase Diagram.   

Illustration of the “cocktail” method where a protein and precipitant are homogenized, 
essentially picking a supersaturated point in phase space and letting it evolve with equilibration.  
As can be seen, the crystal size (among other parameters) is highly sensitive to these 
conditions and will tend to smaller crystals further away from the solubility curve.  The use of 
seeding is also highlighted here as it often allows milder conditions to result in a similar result.  
Seeding can also encourage homogeneity and accelerate crystallogenesis.  
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microcrystal growth can be adapted to nanocrystal generation, the key is using parameters to enter 

a different region of phase space.  In fact, even methods to create nanocrystals such as 

mechanically crushing macrocrystals have had success(Kupitz, Olmos Jr et al.), although caution 

should be taken with this as homogeneity and quality can be severely impacted, the degree of 

which is very dependent on the crystal contacts within the crystal.   

A particularly interesting method of crystallization that should be mentioned is that of in 

vivo over-expression.  Using baculovirus-Sf9 cells, multiple proteins have now been shown to 

crystallize in vivo(Redecke, Nass et al.) with successful injecting of the un-lysed cells in one 

case(Sawaya, Cascio et al.).  While the mechanism behind in vivo crystallization and its general 

applicability is currently unclear, it is certainly worth monitoring the progress behind this 

phenomenon.  

One method of crystallization that has been extremely successful with membrane proteins, 

particularly G-coupled protein receptors, is the use of the lipidic cubic phase (LCP) as both a 

crystallization and delivery media.  LCP is a bi-continuous mesophase that can allow type I crystal 

packing (i.e. stacked membrane embedded planar 2D crystals lacking detergent 

micelles(Ostermeier and Michel 1997)) due to its membrane mimetic properties, typically leading 

to tighter packing and often higher resolution than obtainable with crystals grown in detergents or 

other surfactants (in surfo).  Chapter 5 is dedicated to this method as it has been so successful 

when approaching some of the most challenging proteins.  

One of the clear advantages of an LCP capable system for serial crystallography is the 

ability to create a much slower moving viscous jet, which reduces sample consumption by orders 

of magnitude.  The reduction of sample requirements has driven the development of alternative 

viscous carriers in which pre-grown crystals can be embedded into a viscous media, allowing 1-2 

orders of magnitude less material(Weierstall, James et al. 2014, Fromme, Ishchenko et al. 2015, 

Martin-Garcia, Conrad et al. 2017). 

A useful tool that can be implemented with any method is seeding, the use of pre-grown 

crystals to ‘seed’ nucleation.  These seeds are of course obtained by some initial crystallization 

method but the addition to a subsequent crystallization attempt can have a profound effect.  
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Thinking back to the crystallization phase diagrams, different areas of phase space can now be 

approached.  Using seeds also tends to encourage homogeneity among crystal size(Ibrahim, 

Chatterjee et al.) and across different batches.  The most convenient side effect is that while 

pursuing nanocrystallogenic optimization, any sample made along the way can be used for 

subsequent trials and can be doped into any method easily.     

Stability and storage  

Since serial crystallography avoids radiation damage via constantly replenishing sample during 

data collection, freezing techniques and optimization therein are, in general, unnecessary.  Instead, 

one must consider how the sample is stored and handled prior to sample introduction to best 

preserve diffraction quality and physical characteristics that are optimized during crystallogenesis.  

Crystal size is one of the most sensitive characteristics to the storage method and technique.  

Ideally, crystals are kept in a solution of their mother liquor or a variant thereof.  This has the benefit 

of needing only to resuspend the sample prior to introduction and data collection (once an optimal 

crystal density has been determined and achieved).  It is not uncommon, however, that the 

precipitating conditions used in initial crystallogenesis allow further growth over time, since many 

crystallization experiments have a slow growth phase due to supersaturated conditions in the 

mother liquor.  This can occur from any free protein continuing to adsorb to crystal surfaces.  It is 

therefore highly advisable to either remove uncrystallized protein as soon as the desired crystals 

are obtained or to further decrease solubility, though the impact is highly dependent upon the 

amount of time the sample must be stored and specific conditions.  While in some cases an 

optimized method will have little remaining protein in solution, this can still be necessary.  

Fortunately, this can usually be achieved by allowing crystals to settle, carefully removing the 

supernatant and replacing with fresh mother liquor, effectively “washing” the crystals. It should be 

noted that this does have the effect of shifting the solution out of equilibrium and will cause the 

surface molecules to fall back into solution until equilibrium is obtained.  For a larger size crystal 

this can be negligible, but for a smaller crystal it may be significant and may be advisable to try to 

find a minimal concentration that keeps stability or to shift to higher precipitating conditions, 

effectively decreasing equilibrium concentration of free protein. 
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Ostwald ripening, the process by which larger crystals tend to grow while smaller ones tend to 

dissolve due to thermodynamic favorability, may also disturb the size, homogeneity and number of 

individual crystals.  This occurs because even though crystals have been formed, the solution is 

effectively in a dynamic equilibrium with solubility being low but not strictly absent.  Because of the 

lower number of interactions with the bulk crystal for the molecules on the surface of a crystal, they 

tend to detach and go into solution periodically before stochastically recombining with a crystal.  

Due to the difference in surface area, this process favors large crystals in the long run.  Certainly, 

the more size homogenous the sample, the slower this process will occur but absolute size 

homogeneity is impossible to achieve practically.  One way to avoid Ostwald ripening is to further 

decrease the solubility of the protein, effectively quenching the exchange.  Simply by “washing” the 

sample as described above with a higher precipitating condition can achieve this, although a 

dramatic change in solubility can sometimes damage the crystals and sometimes a stepwise 

approach is preferable.  Temperature can also be used to decrease solubility, though again care 

must be taken to monitor unwanted effects on crystal quality.  

As data are usually collected at or near biological temperatures, stability during transportation 

can also be a concern.  Fortunately, due to the high nucleating conditions needed for a plethora of 

small crystals, nanocrystallogenesis is typically a fast process and oftentimes samples can be 

grown on site within a matter of hours or days prior to an experiment.  However, if this is not the 

case, it is imperative to ensure the integrity of the sample is not compromised during transport by 

anticipating environmental perturbations such as handling or temperature variance.  As automation 

and remote data collection in serial experiments is almost certainly inevitable, this will likely become 

more and more general of a consideration.  Temperature secure containers, eliminating gas from 

sample head space, shock absorption or even embedding crystals into a viscous media (if viable) 

are among the approaches that can ameliorate shipping concerns.  As always, testing and 

characterizing to optimize results and protect precious sample is vital. 
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Considerations and characterization for SFX optimization 

Characteristics – what is optimal? 

There are some unique characteristics that apply in serial crystallography that must be 

controlled and optimized for a given sample.  Size homogeneity and sample density are always 

general concerns, affecting data collection efficiency and quality.  Of course, size itself plays a vital 

role and sometimes bigger is better.  But there are many circumstances where it is not and 

thoughtful selection is crucial to a successful experiment, e.g. for time-resolved studies.  In fact, for 

time resolved studies, it can be important for both size and size distribution to be minimized.  Size 

governs reaction homogeneity upon probing since the activation trigger (e.g. light, substrate) will 

have a different distribution to the different molecules in the crystal dependent upon volume.  In the 

case of a chemical trigger, molecules towards the center would on average experience a delayed 

reaction initiation due to reactant diffusion within the crystal.  For optically triggered reactions, 

molecules downstream in the direction of the pump laser propagation would experience increasing 

attenuation in pump power, leading to lower yields of reaction initiation.  There will also be a 

temporal range of reaction initiation similar to the chemical trigger case but  the range would be in 

the 10s-100s of femtoseconds for micrometer sized crystals.  This still must be taken into account 

when exploring dynamics on these timescales and, like the diffusive case, smaller crystals are 

preferable with respect to homogeneous initiation. Reaction timeline homogeneity itself is of course 

important as the serial snapshots are merged into a data set and large distributions will broaden 

conformational heterogeneity.  This will be covered in more detail in the later chapters 12-13. 

Sample density, i.e. the concentration of crystals in a suspension, is another key factor.  

Depending on X-ray source size, crystal size and jet size, the optimal sample density can be 

calculated by approximating a Poisson distribution for the hit rate versus concentration (usually 

falling in the 109-1011 crystals/mL range), though a Poisson approximation will become less 

accurate as the crystal size becomes much larger than the beam focal spot.  It is important to verify 

that the protein-rich phase is in fact crystalline and, especially in the sub-micron range, this is not 

always straightforward.  In fact, many times small crystals may be mistaken for amorphous 
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precipitate to even the trained eye. Techniques in microscopy and diffraction that can be used to 

verify crystallinity are covered in section 3.2. 

Data analysis considerations  

In serial crystallography, data are collected as a series of diffraction “snapshots” from 

different crystals that are merged together to form a complete data set. As opposed to a rotation 

series on a goniometer, only partial reflections are measured and thus structure factors must be 

elucidated using Monte Carlo methods.  The high multiplicities of measured reflections needed 

necessitate a large amount of sample even in an ideal case, where each crystal is the exact same 

size, morphology, quality, etc.  Changes in sample homogeneity signify that even more 

measurements, i.e. single snapshot diffraction patterns, are needed for the data to converge to 

reliable and comparable intensities.  

In early SFX studies, >105 diffraction patterns were thought to be necessary to determine 

structures(Kirian, Wang et al. 2010). This has considerably decreased in the past few years and 

full data sets have now been obtained with under 10,000 (in some cases, under 

1000!(Uervirojnangkoorn, Zeldin et al. 2015)) images needed(Fromme, Ishchenko et al. 2015, 

Ginn, Brewster et al. 2015, Ginn, Messerschmidt et al. 2015). A narrower size distribution of protein 

nanocrystals, however, might greatly reduce the number of diffraction patterns required for 

successful merging and integration. In addition, the peak intensity of Bragg reflections in the 

individual diffraction patterns scales with the crystal size quadratically, which may lead to significant 

variation in peak intensities.  This means that a high size inhomogeneity not only introduces another 

parameter that needs to be addressed using Monte Carlo methods, practical considerations may 

necessitate attenuation of the beam to avoid detector damage.  This can lead to a decreased signal-

to-noise ratio (SNR) for patterns representing the smaller sized crystals in a sample since the beam 

intensity used is often determined from the strongest scattering crystals.  

Another consideration for data analysis related to crystal size is experimental solutions to 

the phase problem, i.e. phasing. There is a huge interest to improve SFX data analysis for de novo 

structure determination. Crystal size homogeneity may play a crucial role in this approach. For 

example, Spence et al. have proposed that coherent diffraction intensities between Bragg 
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reflections of sufficiently small crystals may be used for novel phasing approaches(Spence, 

Weierstall et al. 2012).  These coherent shape-transformed Bragg reflections allow for two-

dimensional projection images of the entire nanocrystal, which could be used to solve the 

crystallographic phase problem in SFX without prior information, crystal modifications, or resolution 

restrictions.  It is expected that this novel approach works best for a specific crystal size range. 

When crystals become too small (containing too few unit cells), the inter-Bragg diffraction intensities 

reduce, thus an optimal intermediate size is desired(Brehms and Diederichs 2014).  The details of 

methods involving these properties will be discussed in Chapter 9.  Whether exploiting 

nanocrystals discreteness for novel phasing approaches or minimizing the time and amount of 

sample needed for a complete data set, there is a clear motivation to obtain control over 

crystallogenic parameters in order to improve data quality. 

Practicality: Sample and hardware  

There are some practical concerns that arise from the hardware used for SFX experiments, 

which must also be considered.  From the sample delivery point of view, most experiments have 

been performed using some type of gas focused jet (sample delivery is covered in detail in chapter 

5) and to minimize wasted sample, constrictions in the hardware are often very small (nozzles 

usually contain a capillary with 30 – 100 µm inner diameter).  Minimum flow rates for a stable jet 

(equating to minimal sample consumption) can vary depending on buffer composition, especially 

viscosity.  With polyalcohols, such as polyethylene glycol, being a common precipitating agent, this 

can be a frequent concern and it is worth experimenting to try minimizing viscosity during final 

sample preparation.  Setting up small aliquots of different concentrations and monitoring crystal 

integrity over time can save later frustration over hindrance of data collection due to a clogged 

nozzle or inconsistent jet.   

Another issue that arises due to the small nature of sample delivery hardware is clogging 

due to the crystals themselves or other particles.  Certainly, one must select a nozzle size 

appropriate for the employed crystals (a good rule of thumb is at least twice the size of the largest 

crystals in the batch) but many times even a sample with relatively good size homogeneity will have 

a few large outliers.  It should be kept in mind that optimal sample densities are on the order of 109-
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1011 crystals/mL and it only takes one crystal to clog the nozzle.  It is therefore in a user’s best 

interest to have filtering systems in place prior to the injection hardware to avoid time loss for 

fixing/replacing the hardware.  In-line filtering is almost always a necessity but it is oftentimes 

advisable to ‘pre-filter’ the sample prior to containment in a sample delivery reservoir.  Many 

commercially available plumbing and filter setups can be adapted to this purpose, for example 

standard liquid chromatography hardware.  It should be noted that not all filters are created equal 

and different types and quoted porosities can have detrimental effects on a crystalline sample such 

as shearing crystals apart.  It is advisable to test the effect of filtration on the sample prior to a 

beamtime in order to know which filter will work best for a given crystal suspension.  The density at 

which a crystal suspension is filitered can also have an effect and, in general, it is prudent to filter 

at low concentrations and allow a sample to settle before removing supernatant for concentration.  

Filtering can also serve to improve size homogeneity during sample preparation should you 

experience a bimodal or multimodal distribution.   

Even when a particular sample is not strongly constrained by quantity or another method 

of sample introduction is used that can sidestep the above-mentioned concerns, size heterogeneity 

can cause other concerns.  In addition to data quality and efficiency concerns addressed in the 

previous section, saturation or even destruction of the detector must be considered.  Especially 

with the extremely brilliant X-ray FELs, a well diffracting crystal can easily exceed the intensity at 

which a detector can be damaged.  Even when not damaged, saturation can occur, obscuring 

values for structure factors (i.e. intensities above the saturation threshold will be measured 

incorrectly as the threshold value).  To avoid this, the beam is usually attenuated to a level that 

certainly avoids damage and minimizes saturation.  Remembering that peak scattered intensity 

scales quadratically with respect to the number of unit cells illuminated by the beam, it becomes 

clear how attenuating to the largest crystals that are introduced to the beam can quickly limit the 

lower size limit for useful data collection. 
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Control of homogeneity through post growth methods: 

Once crystals are obtained in suitable concentrations, it is important to characterize crystal 

size homogeneity. This can be accomplished with the methods described in section 3.3. However, 

we emphasize that dynamic processes may play a significant role, requiring stringent analysis of 

crystals prior to crystallographic measurements. Crystals may grow, aggregate or dissolve after 

production and these processes need to carefully be accounted for. To reduce the amount of 

unwanted larger crystals, a straight forward approach of filtering may be employed. While this 

approach is suitable for sufficiently large amounts of crystals available, it might not be applicable 

when the concentration of smaller crystals is low or when the crystals are prone to decomposition 

through mechanical filtering approaches. In addition, as discussed above, novel phasing 

approaches may require specific size ranges and narrow size distributions, which require more 

sophisticated approaches for post growth crystal sizing. 

One approach to fractionate crystals by size has recently proposed by Abdallah et 

al.(Abdallah, Zatsepin et al. 2015) In this novel microfluidic method, crystals are deviated in their 

migration path while flowing through a micrometer-sized constriction and collected in various outlet 

reservoirs of a microfluidic device. The method relies on dielectrophoresis, where the applied 

dielectrophoretic force scales with the radius of the crystals to the power of three(Abdallah, 

Zatsepin et al. 2015). In the application demonstrated by Abdallah et al., crystals experienced 

negative dielectrophoresis, repulsing large objects into a center stream, while smaller particles 

deviate to side channels. Smaller crystals can thus be recovered in the side channels. The first 

realization of this dielectrophoretic crystal sorting was demonstrated with photosystem I (PSI 

crystals, as demonstrated in Figure 5). The sorted crystals were characterized with various 

techniques, demonstrating that they were not decomposed during the sorting process and that they 

retained excellent diffraction quality even after sorting(Abdallah, Chao et al. 2013). This continuous 

crystal sorting method was further developed for higher throughput to account for the mL volumes 

of crystal suspension needed in liquid jet based injection methods for SFX with X-ray 

FELs(Abdallah, Chao et al. 2013).  
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Characterization  

During the crystal screening and growth process, one needs to continually characterize the 

crystallogenic results to guide optimization.  Compared to macrocrystals, this can be a significantly 

more complex task due to the necessity for high density, homogeneous crystal suspensions typical 

in serial crystallography, which are also generally harder or sometimes impossible to visualize with 

routine microscopy.  This is not to say that the task is necessarily always difficult, just that it requires 

a thoughtful approach with a larger arsenal of tools than is traditionally necessary.   

Optical Detection – visualizing your crystals 

While it is still a good idea to first look at potential crystals under an optical microscope, it 

can be difficult to score results, especially as crystals approach one micron or smaller.  Using a 

polarized filter to look for birefringence can be particularly useful to look for crystals whose sizes 

are near this threshold.  In practice, the intensity from birefringence scales with the size of the 

crystals and so its usefulness does have a lower limit.  Nonetheless, it can certainly enhance the 

ability to differentiate crystals from amorphous precipitate and can often provide enough contrast 

to indicate crystals below a micron.  It should be noted that birefringence requires optical anisotropy 

and will therefore be absent or diminished in space groups with high symmetry (e.g. cubic).  

However, this does allow most salt crystals to be ruled out, which can be a concern with the high 

concentrations that can arise in nanocrystal creation. 

One of the most useful ways to identify crystallinity is that of second harmonic generation 

(SHG) microscopy.  There has been considerable effort developing this technique, specifically for 

identification of nanocrystals, and commercial instruments, such as Formulatrix’s SONICC (second 

order nonlinear imaging of chiral crystals), have enjoyed success within the community.  SHG 

works on the principle that under very intense illumination with light, two photon processes become 

significant and subsequent frequency doubling occurs over the fundamental wavelength.  In our 

case, this is dependent on the polarizability of both the molecule and the crystal as a whole, 

constructively interfering with additional unit cells.  In practice, this means that it is only observable 

from crystals (or other periodic objects) and will differentiate between them and amorphous 

material, often down to ~100 nm or smaller.  It is also very sensitive to anisotropy and complete 
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destructive interference will occur in any centrosymmetric space group.  Like birefringence, this 

also rules out cubic space groups but prevents false positives from most salts.  In addition, other 

space groups of high symmetry may suffer from diminished signal, albeit not strictly zero(Haupert 

and Simpson).  The signal also has an inherent dependence on the polarizability of the protein itself 

and this can lead to varying size limits or even feasibility.  Commercial dyes have been developed 

that can intercalate through the crystal and enhance signal, a noteworthy aid for one aiming for the 

smaller end of the size regime.  A good cross validation for potential nanocrystals observed in either 

SHG or polarized microscopy is UV-microscopy, which can easily highlight protein from salt by way 

of tryptophan fluorescence.  In fact, the SONICC instrument couples an ultraviolet two-photon 

excitation fluorescence (UV-TPEF) method with SHG imaging, allowing overlapping images of a 

 

Figure 4.5  Microfluidic Sorting:  

a) Image of the microfluidic sorter used for high throughput crystal sorting. b) Mechanism of 
crystal sorting in the microfluidic device near the constriction region. Electroosmotic flow (EOF) 
is used to deliver sample to the constriction region. The green arrows indicate the flow of large 
and small particles after the constriction regions, where sorting occurs. c) Dynamic light 
scattering (DLS) analysis of PSI crystal suspension prior to sorting. d) DLS analysis of PSI 
crystal suspension after sorting with the dielectrophoretic sorter indicating crystals <600nm). e) 
PSI crystal suspension prior to dielectrophoretic sorting and f) after sorting in the low throughput 
version (adapted from: Abdallah et al.(Abdallah, Zatsepin et al. 2015)) A homogeneous size 
fraction of about 100 nm was achieved. 



 

143 

 

drop for secondary characterization.  This is a great cross validation for proteins with any aromatic 

residues that either have a SONICC prohibitive space group (false negatives) or a precipitant that 

can form chiral (non-protein) crystals (false positives).  The use of a multiphoton process is 

inherently confocal in nature and allows a decreased background and narrower depth of field, 

particularly important with the smallest size regime or unoptimized conditions.  Excellent reviews 

on the principles of SHG and UV-TPEF imaging can be found in Kissick et al.(Kissick, Wanapun et 

al.) and Madden et al.(2011), respectively. 

Light Scattering Techniques for size determination 

Light scattering methods are traditionally used to characterize particle sizes in suspension. 

Among those, dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) have been 

primarily applied for the characterization of crystal suspensions. NTA has only become recently 

available commercially but has found immediate application in crystallography. DLS is a well-

established method used routinely in nano- and microparticle analysis.  

DLS takes advantage of the scattering characteristics of suspended particles in solution. It 

is thus not surprising that DLS has also been employed for the characterization of suspensions of 

small crystals required for crystallography and in particular the smaller crystals needed for SFX. In 

DLS, a laser is directed into the crystal suspension and the scattered light is measured at some 

fixed angle. Since the particles in the solution exhibit Brownian motion, the measured scattered 

light intensity will also vary randomly over time, typically in the microsecond time regime. If the 

particles are large, the time variations at the detector are slow, whereas for small particles the time 

variations are faster. The time fluctuations of this scattering are recorded in DLS and related to the 

particle size distribution in solution using suitable correlation analysis.  

We may write the autocorrelation function of the scattered light intensity as(Pecora 2000): 

𝐶(𝑡) =
〈𝐼(𝑡)𝐼(0)〉

〈𝐼(0)𝐼(0)〉
= 1 + 𝑔(𝑡)2     eq. 5 

where 𝑡 is the time and 𝑔(𝑡) is the normalized first order time autocorrelation function. For 

monodiperse particles, 𝑔(𝑡) constitutes an exponential function with a time decay governed by the 

particle diffusion coefficient, 𝐷, and the scattering vector, 𝑞: 
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𝑔(𝑡) = 𝑒𝑥𝑝(−𝑞2𝐷𝑡)      eq. 6 

The scattering vector is given by: 

𝑞 =
4𝜋

𝜆
sin

𝜃

2
       eq. 7 

with 𝜆 the wavelength and 𝜃 the scattering angle. From eq. 6 we notice the direct relation 

of 𝑔(𝑡) to the diffusion coefficient and thus the size of a particle. The latter is obtained through the 

Stokes-Einstein relation: 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
      eq. 8 

Here, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature, 𝜂 is the viscosity and 𝑟 is the 

radius of a sphere. In a DLS measurement, we thus determine the diffusion coefficient of a particle 

corresponding to a sphere. Therefore 𝑟 is replaced with the hydrodynamic diameter (𝑑ℎ = 2𝑟) for 

non-spherical particles. Suitable mathematical corrections need to be applied to obtain the size of 

non-spherical particles in DLS measurements.  

Most particle and specifically crystal suspensions are not monodisperse. To account for 

polydispersity in DLS measurements, one introduces the methods of ‘cumulants’. The decay 

function 𝑔(𝑡) is then assumed to consist of the sum of decay functions, where each summand 

accounts for a specific subset of particles. Analyzing polydispersity in DLS measurements requires 

suitable software, which is included in most commercial DLS instrumentation. It is also interesting 

to note that while DLS typically cannot distinguish between crystal and amorphous particles, a 

technique in which depolarized light from the scattered light is ascribed to birefringence has been 

developed, indicating crystallinity(Schubert, Meyer et al. 2015).  For a more detailed description of 

the DLS theoretical framework we refer the interested reader to the literature, for example a review 

by Pecora(Pecora 2000) or a book by Schmitz(Schmitz 1990).  

The size range suitable for a DLS analysis spans from as low as 1 nm well into the micron 

regime where optical characterization becomes available. However, a sample needs to be carefully 

characterized in order to avoid gravitational settling, which may compete with Brownian motion in 

µm-sized crystals. Moreover, the scattered intensity scales with the particle diameter to the 6th 

power, which signifies that a 10 times larger particle scatters a million times more intensely. This 
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relation needs to be critically viewed in DLS as the scattering of larger particles can easily overtake 

the much weaker scatting of smaller particles and bias the data analysis. Small crystals can thus 

be easily overlooked in suspension containing larger particles, such that the potentially more useful 

particle sizes for SFX may not be recognized.  

However, DLS has become a routine tool in size characterization and it is powerful when 

1) different crystallization batches are compared, 2) rapid analysis is necessary – such as at a 

beam time prior to injection, 3) the amount of crystal suspension is limited and not compatible with 

sample cell size for NTA (see below) or dilution of the sample cannot be performed for NTA and 4) 

if a broad size range from several tens of nanometers up to micrometers is to be characterized. 

DLS instruments offer a variety of cuvettes and thus variation in the sample volume to be 

analyzed. Standard measurements can be routinely carried out in volumes from 1 mL down to 

50 µL. For crystallization trials, performed in small volumes, such as the hanging droplet method 

or even miniaturized on microfluidic platforms(Pecora 2000), it becomes important to perform DLS 

analysis in volumes below 50 µL. This can be accomplished with instruments exhibiting specialized 

optics, such that the DLS laser can be directed into a hanging droplet or microfluidic channel.  

Alternative to DLS, particle tracking has been applied for the characterization of crystal size 

distributions. In particle tracking methods, the scattering or fluorescence of small objects below 

1 µm is recorded by video microscopy; hence, the method is often referred to as nanoparticle 

tracking analysis, or NTA. A laser of certain wavelength is directed in a sample chamber and the 

displacement of individual particles from frame to frame is recorded. The mean square 

displacement of a particle, �̅�, is related to the diffusion coefficient, 𝐷, in the 2-dimensional case via: 

�̅� = √4𝐷𝑡      eq. 9 

where 𝑡 is the time. Once 𝐷 is determined it can be related to the particle size, or more 

precisely its hydrodynamic radius, 𝑟𝐻, via the Stokes-Einstein relation shown in eq. 8.  Be aware 

that 𝐷 is a function of both temperature and viscosity in addition to the particle size so a new 

calibration must be performed whenever one or both of these variables are modified. 

Suitable algorithms can track the particle motions and displacement and determine their 

size. In NTA, since it is a direct visualization process, particles can be counted and thus particle 
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concentrations can be determined. This is an important additional data point for SFX experiments 

and the particle concentration can be adjusted to optimize hit rates. Since NTA tracks single 

particles, it also allows a more detailed analysis of multimodal distributions compared to DLS, an 

ensemble process, and is less prone to masking of smaller particles due to the augmented 

scattering properties of larger particles as apparent in DLS (Schmitz 1990).  

Particle tracking analysis per se is not a novel method and can be easily implemented via 

suitable imaging instrumentation and free software packages(Abdallah, Roy-Chowdhury et al. 

2016), such as available for ImageJ(Rasband 1997). NTA has recently become available 

commercially and thus facilitated greatly for crystallography applications.  The NanoSight 

instrument from Malvern (UK) has suitable measurement cells that allow size distribution analysis 

for proteins and protein crystals in the range from ~30 nm to 2 µm. Clearly, this size range shows 

that crystal suspensions with larger expected particle size distributions should be analyzed by DLS. 

Another consideration in particle tracking analysis is the size of the measurement chamber, 

requiring several hundred microliters to fill the entire chamber. If crystal suspensions are limited in 

amount, recovery needs to be attempted or in the worst case, this analysis cannot be performed.  

Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a useful tool in crystallography, and has 

provided valuable information on the quality of micro- and nanocrystals prior to serial 

crystallography. TEM represents a vacuum technique, where an electron beam is directed through 

a thin specimen. Micro- and nanocrystals are typically mounted on a thin grid for TEM imaging with 

use of a negative stain for increased contrast. The electron beam interacts with both the electron 

cloud and nuclei of the atoms in the crystals leading to electron scattering. Scattered electrons pass 

through an objective lens, which upon focusing creates the primary image. Additional optical 

components are used to form a highly magnified final image of the primary image. 

Obviously, as an imaging technique for nm-sized particles, a strength of TEM is to provide 

unequivocal information of the size of nano- and microcrystals. It is the most direct visualization 

method of assessing the size of crystals, but is not suited for fast analysis. Analyzing the size-
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distribution of protein crystals with TEM is a time-consuming process, and requires the 

sophisticated and expensive TEM instrument as well as specialized training for the experimenter. 

However, provided enough crystalline material is at hand, this analysis could be automated to 

provide size and heterogeneity information of a particular crystallization trial. But this analysis is 

typically not performed in favor of faster and less cumbersome techniques such as NTA and DLS 

related to size-based analysis. 

The major strength of TEM relates to revealing information about crystallinity. TEM can 

provide information about the existence of nanocrystals including variations in the crystal forms or 

the evaluation of diffraction quality. TEM allows direct visualization of the crystal lattices and the 

Fourier transform of TEM images from protein crystals reveals their electron diffraction patterns or 

‘Bragg’ spots. The higher the order of these spot, the better (in general) the diffraction quality of 

protein crystals.  

Stevenson et al. demonstrated, that Bragg spots obtained from TEM analysis of several 

analyzed protein crystals are indicative of crystal quality(Bai, Barnett et al. 2017). The information 

gained with TEM analysis of crystals includes information related to crystal lattice variations 

 
Figure 4.6  TEM Imaging of Nanocrystals  

a) TEM image of PSI crystals prior to microfluidic size fractionation and 
corresponding Bragg spots after Fourier transformation (inset); b) TEM image 
obtained using negative uranyl acetate staining image of PSI crystals after 
microfluidic size fractionation and corresponding Bragg spots after Fourier 
transformation (inset). TEM analysis confirms excellent crystallinity of PSI 
crystals after fractionation (adapted from Abdallah et al.(Stevenson, Lin et al. 
2016)) 
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between different crystallization methods as well as crystal pathology including lattice defects, 

anisotropic diffraction and nanocrystal nuclei contamination by heavy protein aggregates.  

TEM thus constitutes a useful tool to identify nanocrystals for challenging protein 

targets(Regtmeier, Eichhorn et al. 2007) and for the evaluation and optimization of crystal 

growth(Stevenson, Lin et al. 2016). TEM has also been used to characterize the crystal quality after 

the fractionation of protein crystals by size using microfluidic tools. Abdallah et al. used a negative 

stain TEM (following a procedure previously published by Stevenson et al.(Stevenson, Makhov et 

al. 2014)) to show that PSI crystals subjected to size-based sorting showed excellent lattice 

resolution and highly ordered Bragg spots, as demonstrated in Figure 6. Indeed, SFX at an X-ray 

FEL was successful with these sorted crystals (Stevenson, Makhov et al. 2014). 

Powder diffraction 

As anyone who has grown aesthetically beautiful crystals only to find that they have less 

than stellar diffraction can attest, you never know until you shoot them!  While the size of the 

samples generally prohibits any single crystal diffraction at home X-ray sources, nanocrystals are 

perfectly suited for powder diffraction at more accessible X-ray sources.  If possible, this should be 

attempted before a serial crystallography experiment.  While the low comparative flux can prevent 

knowledge of the actual diffraction limit that might be attainable at a more powerful source, powder 

diffraction is the best way to test for a diffracting sample and can differentiate between batches or 

conditions by comparative resolution limits.  It is also very easy to prepare for since typically 

nanocrystals solutions are already a ‘powder’.  However, at higher resolutions the powder rings 

become more frequent and faint, eventually causing them to be indiscernible from background, 

providing a limit on resolution.  The powder diffraction rings can be evaluated to get a rough 

estimate of the crystal size contributing to the powder rings, though resolution of a reliable size 

estimate is likely limited to a very small size regime (less than a few hundred nm).  One can also 

obtain other information such as using the spacing of the rings to obtain information about the lattice 

spacing in the crystal. 

 The easiest way to do this is to harvest an aliquot of the sample (about 10 µL of 

pelleted nanocrystals usually works well) and put them into an X-ray transparent mountable 

http://www.pnas.org/cgi/doi/10.1073/pnas.1400240111)
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capillary (e.g. MiTeGen MicroRT).  This should be centrifuged to create a dense powder pellet from 

which the liquid should be removed to ensure density.  In practice, some of the mother liquor should 

be implemented elsewhere in the tube to avoid drying of the pellet, which can affect resolution.  

Then the sealed capillary can be mounted and data collected on the dense nanocrystalline pellet.  

Be sure to mimic the conditions as close as possible to your actual experiment (e.g. lighting for light 

sensitive proteins, temperature, mother liquor composition). 

Conclustion 

Experimental beamtime at X-ray FELs are currently much more limited than at other light 

sources. The careful development and characterization of crystal samples for SFX experiments 

with X-ray FELs is thus extremely important. There are unique characteristics that must be 

considered for each specific experiment, having a profound effect upon the quality of data that can 

be obtained. Generally, as many characterization methods as possible should be performed and 

this chapter summarized the most important and currently applied methods.  The primary factor to 

consider for initial nanocrystallization trials are the higher concentrations generally key to 

converting macrocrystal conditions into nanocrystal conditions. Obtained nanocrystals need to be 

carefully characterized by size, size homogeneity, density, quantity and quality, which will all play 

a critical role in a successful experiment. It is always helpful to carry out cross validation whenever 

possible while characterizing results with nanocrystals. With the further development and 

improvement of facilities at the existing X-ray FEL instruments and the next generation of X-ray 

FELs either coming online or in the planning stages, the available characterization facilities are 

expected to be considerably more abundant and state of the art. This will certainly facilitate crystal 

characterization prior to SFX with X-ray FELs for any future experiment.  In addition, as Chapter 9 

will explore, the movement towards smaller size regimes accessible in crystallography has led to 

the ability to access interesting characteristics inherent to truly discrete crystals, resulting in  new 

modes of data collection and analysis. 
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5 RESULTS FROM SERIAL FEMTOSECOND CRYSTALLOGRAPHY 

Introduction 

The following chapter’s focus centers on the experimental design and results of over a 

dozen beamtimes using serial crystallography.  SFX experiments are in general highly 

interdisciplinary and multifaceted with many distinct aspects that are crucial to a successful result.  

Among these aspects are sample purity, crystallization and crystal quality, sample selection, 

sample handling, sample delivery, data acquisition, data reduction, analysis and interpretation for 

a general SFX experiment.  It is rarely even this simple with time resolved approaches adding not 

only complications to many of those elements but new elements as well such as a laser for pump-

probe experiments or microfluidic devices and diffusive modeling for on-the-fly mixing experiments.  

With this in mind, each beamtime often takes a massive team of people contributing countless 

hours before, during and subsequent to an experiment.  While many of the results discussed herein 

are published, the author is unable to list every person that contributed to the following experiments 

but wishes to acknowledge and express gratitude to everyone who made all of this possible.   

SFX of Photosynthetic Membrane Proteins 

 This section addresses experiments directed toward understanding the processes 

and mechanisms behind photosynthesis, particularly PSI and PSII as they are the protein 

complexes responsible for the first step of the conversion of solar energy into chemical energy.  As 

a reminder, PSI is the terminal complex involved in the photosynthetic membrane electron transfer 

pathway and essentially acts as natures battery, effectively transferring a negative charge across 

the thylakoid membrane to its ultimate acceptor, Fd.  PSII is the initial complex in the pathway and 

possesses one of the highest redox potentials ever seen in nature which enables it to oxidize water 

molecules into their constituent oxygen, protons and electrons, initiating the photosynthetic electron 

transport chain.  Understanding these processes is exceedingly valuable in the pursuit of alternative 

energy strategies, addressing a massive issue in modern society. 
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Nanocrystallogenesis of PSI 

As mentioned in chapter 3, the final step in purification and storage of PSI is crystallization 

using a pressure filtration concentrator.  One of the key steps in the crystallization of PSI is the 

desalting of the PSI solution after elution of the anion exchange column.  PSI is uncommon in that 

rather than increased salt concentration being the general method of precipitation (salting out), it 

has an increased solubility as the concentration of salt goes up (salting in).  This means that a 

phase diagram for PSI would look similar to that in figure 5.1.  Some control in crystal size can be 

established during this final purification step both by control of the concentration of MgSO4 and the 

rate of concentration of the solution by manipulating the headspace gas pressure. The 

concentration of MgSO4 can be determined by the dilution ratio with G0 against the remaining 

solution (salt concentration dependent upon elution method, usually 135 mM for Q-sepharose 

column, ~ 90 mM for DEAE).  Final concentrations range from 1-8 mM MgSO4 with the larger 

concentration resulting in larger crystals and lower concentrations resulting in smaller crystals (in 

general).  The head space pressure can range anywhere up to 75 psi (limited by the specification 

for the concentrator/filtration membrane).  Higher pressure results in a faster increase of protein 

concentration and subsequently a faster travel into the spontaneous nucleation region of phase 

space.  This exhibits large control over the crystal size as a rapid nuclei formation results in a high 

number of nuclei and subsequent rapid decrease in free protein, inhibiting further growth and 

resulting in the ability for homogeneous, sub-micron crystals to be formed.  The exact resultant size 

will be dependent upon the mass of PSI present as well as filtration efficiency which varies between 

filters and over time.  When made fresh, these crystals have the potential to be used immediately 

for SFX experiments or for seeding (if larger crystals are desired) with no further recrystallization 

necessary, however resolution has anecdotally decreased after a week or so with an estimated 

rate of ~ 1 Å / week (P. Fromme, personal communication). 

Recrystallization methods used for PSI nano- and micro- crystals are largely batch methods as 

this is generally simple to perform reproducibly for the large quantities necessary for SFX and 

allows in general for high size homogeneity.  For recrystallization, a suspension containing 

microcrystals is first centrifuged to pellet the crystals in a pre-weighed vessel.  The supernatant is 
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then removed (it is crucial for 

reproducibility to remove all 

supernatant, usually 

requiring multiple 

centrifugations) and a 

volume to mass equivalent of 

G100 (i.e. 50 µL of G100 would 

be added to a 50 mg pellet) is 

added and pipette mixed with 

the crystals to dissolve the 

crystals by salting them back 

into solution.  A chlorophyll 

assay is then performed and this solution is diluted with G50 to obtain a concentration of 25 mM 

chlorophyll (~ 260 µM PSI).  This solution is then rapidly mixed with a low salt solution to obtain a 

final chl concentration of 460 µM.  This can be, and has been, performed multiple ways including 

pipette mixing, through use of a stirred solution and, perhaps most interestingly, by putting the 

protein in the bottom of  a large beaker or pitcher in distinct droplets and then pouring in the 

precipitant while swirling the solution mechanically by hand (great for very large, >50 mL, batches).  

Batch variations usually require prep to prep testing using various salt concentration solutions 

(usually 1-4 mM MgSO4, i.e. G1-G4) in small batches to obtain optimal conditions for a particular 

size regime.  It should be noted that the inclusion of seeds was highly beneficial to size 

homogeneity.  Seeds are included in these tests by ‘doping’ the precipitating solution just prior to 

batch mixing.  Seeds were from consistent batches for both testing and final crystallogenesis and 

seed batches were also screened as seed quality and homogeneity has a significant effect upon 

crystal quality. 

Novel Effects from Discrete Unit Cells and Post Growth Size Homogeneity Sorting 

One of the largest challenges presented in structure determination with crystallography is 

the loss of phase information in diffraction (i.e. only intensities are collected).  New solutions to the 

 

Figure 5.1  Depiction of Salting In of PSI 

General form of PSI phase space compared to concentration of 
magnesium sulfate.  Note that the solubility of PSI increases with 
salt concentration so that PSI ‘salts in’ to solution.   
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crystallographic phase problem have historically had a huge impact on structural biology, including 

the widely used methods of anomalous diffraction (Hendrickson and Teeter 1981, Kahn, Fourme 

et al. 1985, Guss, Merritt et al. 1988), isomorphous replacement (Green, Ingram et al. 1954, Blow 

and Crick 1959), and molecular replacement (Rossmann and Blow 1962, Rossmann and Blow 

1963, Rossmann 1972).  This is partly due to limitations each method possesses such as the need 

for atomic resolution diffraction, a solved homologous model, or the ability to chemically modify the 

sample, meaning that the more tools are available to address the phase problem, the broader 

becomes the range of suitable macromolecular crystals available for crystallographic structure 

determination.  One idea that has long been appreciated but has yet to come to fruition is the use 

of diffraction between 

Bragg reflections, the 

inclusion of which would 

allow for the 

determination of the 

electron density 

autocorrelation function 

and subsequently 

experimental 

measurement of the 

phases, removing the 

restrictions on 

resolution needed for a 

unique structural 

solution (Sayre 1952).   

Part of the 

reason that this idea 

remained largely 

unexplored was due to 

 

Figure 5.2  Shape Transforms and Inter-Bragg Sampling 

Diffraction images obtained from sub-micron PSI crystals, showing 
coherent diffraction effects from discrete crystals.  Note the inter-Bragg 
fringes arising from discrete and coherently diffracting nanocrystals 
and non-uniform Bragg peak profiles due to the shape transform 
convolution.  The insets show reconstructed crystal shapes 
determined from the shape transform function of the circled peaks 
using the Shrinkwrap algorithm (Marchesini, He et al. 2003).  Image 
originally published in Chapman, Fromme et al. (2011). 
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the need for finite unit cells, in contrast to the need for large crystals needed in traditional 

crystallography.  This requirement comes from the convolution of the shape transform of the crystal 

with the sharp Bragg peaks which is further modulated by the molecular transform (Laue 1936).  

For large crystals, the Bragg condition dominates the convolution and resolving the shape 

transform, which provides the inter-Bragg sampling, is generally limited by the SNR.  The 

development of SFX and its use of finite nanocrystals has been shown to access the size regime 

needed to observe and measure these discrete effects, first reported using PSI nanocrystals as 

shown in figure 5.2 (Chapman, Fromme et al. 2011).  While this experiment, conducted in 2009, 

showed proof of principle for measuring inter-Bragg scattering, the focus was on Bragg peak 

 

Figure 5.3  Improvement of Size Distribution by Microfluidic Sorting 

Size homogeneity and minimization was achieved through microfluidic sorting as described in 
Abdallah, Zatsepin et al. (2015).  Left images show pre-sorted size determination as measured 
with nanoparticle tracking analysis (NTA, top) and dynamic light scattering (DLS, bottom, 
exhibiting indicated multimodal distribution) as compared with the right two images showing 
increased size homogeneity in the sorted fractions. 
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detection and the data that were collected were low in number, relatively weak due to probabilistic 

crystal-beam geometry within the comparatively large liquid jet focus (10um) and a high variability 

in crystal size that led to detector saturations and signal bleeding.   

Some challenges with using SFX lie in the serial nature of the method as well as some of 

the beam characteristics inherent in current XFEL sources.  The use of many crystal diffraction 

snapshots in building a data set means that the non-uniformity of the beam and shot-to-shot 

variation as well as partiality of reflections must be taken into consideration.  A solution to many of 

these issues is the use of averaging through Monte Carlo methods as shown at a recent experiment 

at a soft-XFEL (Kirian, Bean et al. 2015), though for size distribution and beam characteristics, 

higher homogeneity lowers the restriction for the minimum amount of data needed to provide a 

reliable data set.  For this purpose, the use of a microfluidic sorter based off of the model described 

in Abdallah, Zatsepin et al. (2015) was proposed to be coupled with the experiment, allowing 

improvement of PSI nanocrystal size distribution (see figure 5.3).  In addition to decreasing the 

need for Monte Carlo summing, the homogeneous crystal size decreases the probability of 

saturated pixels and signal bleed-through to pixels surrounding an oversaturated peak. 

In June 2016 at the AMO beamline at LCLS, PSI nanocrystals, SFX data sets on both 

sorted and unsorted PSI nanocrystals were collected in the pursuit to obtain enough high-quality 

data to resolve a de novo structure of PSI through use of the shape and molecular transform effects 

 
Figure 5.4  Typical Hit Rate of PSI Nanocrystals at AMO 

Graph of hit rate achieved with approximately 1010 nanocrystals/mL during discrete phasing 
beamtime at the AMO instrument at LCLS.  Hit rate is measured live as a decimal fraction (y 
axis) against fs pulse events (x axis) using ONDA (Mariani, Morgan et al. 2016), a live data 
monitoring suite for XFEL experiments. 
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inherent with discrete nanocrystals.  The experiment was performed with a liquid-liquid focused 

GDVN (Oberthuer, Knoška et al. 2017) at an energy of 1.8 keV with a FWHM of ~ 1 µm imaged on 

a pnCCD detector with a maximum resolution of 7 Å.  Pulse duration was 50 fs with an average 

pulse energy of 2.3 mJ.   

Crystals were prepared in two protein preparations as described above, each using ~70 g 

of dried, frozen T. elongatus cells, the XK 50/60 column with DEAE resin and two Amicon 

concentrators pressurized at 70 psi and desalting accomplished with the addition of G0 to obtain a 

final concentration of 1 mM MgSO4.  This resulted in ~ 20 mL of submicron crystals with densities 

ranging between 1 * 1010 and 5 * 1011 crystals/mL.  These crystals were then separated by size 

through diffusive settling.  The final sample used for the experiment consisted of over 50 mL of PSI 

nanocrystals with a size distribution of 395 +/- 31 nm at a density of 2 * 1010 crystals/mL as 

measured using DLS and NTA were prepared for 72 hours of data collection.  Over 10 mL of this 

solution was subjected to microfluidic sorting, increasing size homogeneity as shown in figure 5.3. 

 

Figure 5.5  Diffraction Patterns of PSI at AMO 

Raw diffraction patterns from the front (right) and back (left) detectors.  Both detectors exhibit 
shape transform convolution of the Bragg peaks and the back detector shows strong inter-Bragg 
coherent scattering.  Note that white bars are saturated portions of the panels and are artifacts 
unindicative of characteristics of the crystal that are masked out upon further processing. 
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During the experiment, over a million diffraction patterns were collected over the course of 

three 12-hour shifts.  Hit rates were initially approaching 80% leading to a dilution of the sample to 

optimize for single crystal diffraction (as opposed to multiple hits) and resulting in hit rates of 

approximately 20-40%, as can be seen in figure 5.4.  Sample selection was optimized on the fly by 

use of online data monitoring for real-time hit rates (ONDA, (Mariani, Morgan et al. 2016)) and by 

 

Figure 5.6  XY Slice of 3-D Merged Patterns from PSI Nanocrystals 

Top images show initial, on-the-fly merged data from ~28,000 patterns from a sorted batch of 
PSI nanocrystals from two slices of reciprocal space.  Inter-Bragg intensities are highly 
apparent, indicating coherent diffraction and suitably discrete nanocrystals.  On-the-fly analysis 
was crucial to optimizing sample selectionBottom images show final merged data from 
~300,000 merged indexed PSI diffraction patterns to the 14 Å resolution limit (left) and zoomed 
in on the lowest order reflections (right).  The presence of both inter-Bragg diffraction and shape 
transform modulated Bragg spots are highly apparent. 
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merging compiled data from sample grouped by protein batch and post crystallization method in 

order to ascertain which characteristics exhibited maximized inter-Bragg scattering.  Strong 

coherent inter-Bragg scattering and non-spherical Bragg peak profiles indicative of shape transform 

convolution were apparent in the raw data as shown in figure 5.5. 

In summary, over 300,000 indexed patterns were identified to be suitable for further data 

analysis and were used to obtain a merged 3-D profile in reciprocal space.  Both the final merged 

data and a grouped merge used for sample selection are highlighted in figure 5.6, showing strong 

features of coherent diffraction from discrete nanocrystals.  The resolution limit for the data is 14 

Å, constrained by the chosen metrology for the experiment and well within what is needed to find 

the experimental autocorrelation.  Further data processing is still ongoing including optimization of 

background subtraction, necessary for accurate measurement of inter-Bragg scattering, and 

pattern selection criteria, the optimal parameters of which is as-of-yet unresolved.  It is a boon that 

this particular PSI structure is already known to 2.5 Å resolution (Jordan, Fromme et al. 2001) as 

this will allow for validation for the de novo phasing being attempted.  Should this prove successful, 

this novel phasing method will be a breakthrough in structure elucidation, serving as an 

unrestrained direct phasing method for nanocrystallography.  

TR-SFX of PSI 

The specifics of electron transfer in photosynthesis is one of the most outstanding problems 

in nature, having strong implications for renewable energy.  Among the as yet elusive aspects of 

this are the details of electron transfer in PSI, specifically with its coupling to its soluble electron 

acceptor, Fd.  While crystals of the PSI-Fd co-complex have been achieved, the structure remains 

elusive due primarily to resolution limitations (Fromme, Bottin et al. 2002).  Though experiments 

are described in a later section toward this goal directly, one possible way to gain insight is to 

perform pump-probe time-resolved crystallography on PSI by itself in order to explore any inherent 

conformational changes that may occur in either the luminal donor or stromal acceptor sites upon 

charge separation.   

The time regime for initial probing of conformational change should be on the time scale 

that electron transfer to Fd has been shown to occur on or faster, namely ≤ 15 µs (Setif and Bottin 
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1994, Setif and Bottin 1995).  As this avenue has not been largely explored, the newly 

commissioned European XFEL (EU-XFEL) presents a uniquely advantageous beam structure for 

preliminary investigation.  This is due to the deliverable XFEL beam at EU-XFEL consisting of a 

pulse-train structure in which ‘trains’ of 30+ pulses are delivered at 10 Hz with equal temporal 

spacing existing between both the pulses in each train as well as between the trains.  The idea was 

to use the pulsed structure of the train to obtain multiple time points simultaneously in addition to 

the dark state for calibration, validation and control/comparison reasons. 

In November 2017, four 12-hour shifts were allotted to perform TR-SFX on PSI at the 

SPB/SFX beamline at EU-XFEL. These were the first time resolved pump-probe experiments at 

the EuXFEL which started user based commissioned operation in September 2017. The pump-

probe setup implemented is partially described in figure 5.7 and utilized the first 10 pulses for the 

 

Figure 5.7  Schematic of PSI TR-SFX Pulse Structure at EU-XFEL 

Depiction of the pulse train structure of the EU-XFEL beam and how it is 
utilized for pump-probe TR-SFX of PSI.  The trains operate at 10 Hz with 
each train being composed of thirty ~50 fs pulses spaced by 900 ns within 
the train.  The laser flash was matched with the pulse train to occur after 
the first 10 pulses, allowing for rapid dark state structure resolution at 10 
* 10 = 100 Hz.  The further 20 pulses in each train represent simultaneous 
collection of 20 equally spaced time points between 900 ns and  18 µs 
that can be utilized individually or binned in groups to increase usable 
diffraction patterns in a data set. 
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dark state structure followed by 20 pulses representing 20 individual time points ranging from 900 

ns to 18 µs, each spaced by 900 ns.  The spacing of the pulses within each pulse train were 

extremely fortunate in their temporal spacing as this matched the µs time regime anticipated for the 

structural changes during electron transfer reactions in PSI.  The temporal sampling spanned from 

the sub-microsecond time regime where the first spectroscopic changes occur in the PSI-Fd 

complex through the ~10 µs times associated with the second order electron transfer and 

subsequent undocking between PSI and Fd (Setif and Bottin 1994, Setif and Bottin 1995).  As 

conformational changes involved in this process may occur even in the absence of Fd, this 

presented us with an exciting and challenging opportunity.  This experiment also marked the first 

TR-SFX experiment performed at the EU-XFEL and the forth user experiment overall at the EU-

XFEL SPB/SFX beamline.   

Among the challenges that were faced were the 900 ns pulse spacing, the large beam 

diameter, uncertainties in energy and geometry characteristics, and an unmatured data acquisition 

pipeline that was still in the testing and commissioning phase.  The 900 ns spacing between the 

pulses is in stark contrast with the 8.3 ms used at the 120 Hz LCLS, leading to a need for a 

calculated liquid jet speed of ~44 m/s in order to pass 40 µm between shots.  This is actually less 

distance between shots than the 50 µm damage radius previously measured experimentally at 

LCLS (unpublished), though that was with a much smaller beam diameter (~ 1 µm at LCLS vs. ~20 

µm at EU-XFEL) and a presumably lower pulse energy (energy at interaction region unknown at 

EU-XFEL at time of experiment).  Thankfully, Stella Lisova was able to handcraft high quality 

nozzles that were able to maintain stable focused jets approximately 3.5 µm in diameter, leading 

to sustainable flow rates around 25 µL/min.   

As this experiment fell within the first cycle of user experiments, the EU-XFEL beam was 

still in the process of being optimized, a continual process which can take years before 

improvements begin to level out.  Consequently, the focus of the beam had not yet been fully 

optimized.  The somewhat wide beam (estimated to be 15 µm x 20 µm) led to a low energy density 

and necessitated larger crystals to match the beam size for sufficient diffraction.  While not 

insurmountable, this presents a challenge in multiple fronts.  As has been discussed, one of the 
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main advantages in TR-SFX is the ability to use small crystals to decrease reaction 

inhomogeneities, though for pump probe experiments with expected microsecond kinetics this 

should provide a minimal barrier.  The necessity for larger crystals, however, impacts collection hit 

rates indirectly as a crystal slurry of larger crystals is generally harder to jet at the same protein 

concentration.  In addition, the larger size of the crystals means that for the same protein 

concentration, there will be a 1000 fold decrease in crystals/mL, though this is offset to an extent 

by the fact that crystals approaching the beam size start to deviate from Poisson statistics and the 

hit rate should approach volumetric ratios. 

Another challenge of being early users during the user supported commissioning phase of 

the EU-XFEL is that new data acquisition and processing infrastructure is being explored and 

inherently troubleshot.  This means that data were collected in new and uncommon file formats 

which were still in the process of evolving. Data storage and need for user interfaces that have 

been developed over years at other facilities had to be developed and/or integrated into the 

particular infrastructure used at EU-XFEL.  Driving the need for novel infrastructure is the unique 

characteristics involved in data acquisition with the pulsed train beam structure which is expected 

in its full form to have thousands of pulses/train (Altarelli, Brinkmann et al. 2006, Geloni, Saldin et 

al. 2010).  Furthermore, a completely new detector called the Adaptive Gain Integrated Pixel 

Detector (AGIPD), was developed in a feat of modern engineering.  In the AGIPD, each pixel has 

three gain settings, all possessing a dark current offset value and measured value as well an 

indicator for the gain setting per pulse setting, of which each pixel possesses 500 sets (in essence 

each pixel has 500 ‘time’ dimensions to save values for up to 500 images per pulse train before 

subsequent inter-train readout).  This is in order to accommodate the large amounts of data 

anticipated for operation with higher number of pulses per train (up to 2,700(Allahgholi, Becker et 

al. 2015)), with the ability to on-the-fly reject or save data according to algorithmic hitfinding such 

that up to 500 patterns will be able to be stored over the course of a pulse train before being read 

out in the milliseconds interim.  This means that it basically acts as a completely new detector with 

individual gain settings for each pulse within a train.  This complexity has incredible promise for 

rapid data collection in the future but the complexity means that completely novel ways of dealing 
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with the output must be created and as some of the first users attempting to do so, troubleshooting 

is inevitably part of data acquisition, handling, and processing.   

Over 1 gram of PSI was produced for this beamtime due to the need for high flow rates, 

large crystals, and the plan to collect 20 + 1 (dark) timepoints, effectively limiting data collection to 

10 Hz for each time point and necessitating optimized hit rate.  PSI crystals were grown to ~ 20 µm 

in the largest dimension, being approximately the largest size that could still be prefiltered with 

commercial fritted stainless steel filters available so as to avoid clogging problems during injection.  

These were grown in batch using seeding and a G3 bulk precipitation as described in a previous 

section. Figure 5.8 shows an example of the crystals grown and their typical density. 

A crystal slurry containing an approximately 10% volumetric composition of 5 x 5 x 20 µm 

PSI microcrystals was delivered using a GDVN with a glass nozzle and 50 µm inner diameter 

capillary.  The nozzles were covered with a black polymer except for the last 500 µm to avoid any 

premature photoactivation upstream of the immediate sample.  The incoming X-ray pulse train 

signal was used to trigger a green picosecond laser 9.27 µs after the initial XFEL pulse so that the 

first ten pulses were prior to laser excitation followed by 20 snapshots of the PSI after laser 

triggering induced the electron transfer reactions.  The X-ray pulses were approximately at an 

energy of 9.15 keV and approximately 100 fs in duration (there is still some post-data collection 

debate about the exact energy and pulse width). 

 

Figure 5.8  20 µm PSI Crystals 

PSI microcrystals used in pump-probe TR-SFX experiment at EU-XFEL.  Images of a 1 µL drop 
(left), and zoomed in brightfield (center) and exhibiting birefringence under polarized light (right).  
Zoomed in pictures highlight relatively large 20 µm size in the longest dimension, necessary for 
the low (≥ 15µm x 20 µm) beam focus. 
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In spite of the challenges present, over 60,000 hits were obtained with comparable 

resolution to that found at LCLS for the dark PSI crystals, being near 3-3.5 Å visually as can be 

seen in a typical diffraction pattern shown in figure 5.9.  Of note, these were the first TR-SFX 

experiments ever 

conducted on PSI.  

Data were collected 

over four 12-hour 

shifts with 

approximately 25 

hours of data 

collection, a marked 

improvement over the 

previous couple 

experiments 

performed at the EU-

XFEL SPB/SFX 

beamline. 

At present, 

we have been able to 

index 31,142 patterns 

out of 60,690 total ‘hits’ resulting in an indexing rate of 51.31%, though there are likely still some 

false hits included within the total number.  Due to some of the challenges with incorporating masks, 

darks, and other calibrations, final hitfinding and merging are still being optimized.  In addition to 

the need for optimized data reduction, indexing is very challenging as it is influenced by 

discrepancies in metrology and exact photon energy, though this indicates that large improvements 

in the indexing rate will likely be achieved with further data evaluation.  Promisingly, analysis of hits 

as a function of their placement within the pulse train showed that there was no variance with 

respect to hit rates, diffraction resolution and indexability, indicating that the jet was replenished 

 

Figure 5.9  PSI Diffraction Pattern at SPB/SFX, EU-XFEL 

Shows a typical diffraction pattern observed during TR-SFX of PSI at the 
SPB/SFX beamline, EU-XFEL.  Well separated spots are visible by eye 
well into the solvent ring indicate suitable resolution.  Resolution is 
approximately 2.55 Å at the bottom and top edges and 3.1 Å on the 
sides. 
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sufficiently between pulses to outrun upstream damage (see figure 5.10).  Current efforts are on 

refining the geometry and incorporating CHEETAH software (Barty, Kirian et al. 2014) in order to 

optimize data correction and  hitfinding parameters.  There are likely not enough patterns to 

visualize all 20 time points (though post refinement methods will be explored) however binning 

them into groups may prove fruitful and allow enough patterns to complete a few binned data sets. 

Crystallization of PSII 

The PSII crystallization performed varied slightly by batch but was generally performed as 

previously reported in Chapter 3 and elsewhere (Kupitz, Basu et al. 2014).  During crystallization 

of PSII, there are multiple factors that have a significant effect on the final obtained crystal quality, 

including cell growth conditions, chemical environment during and after solubilization, column 

purification efficiency, and rate and method of crystallization.  One of the primary indicators for 

optimal PSII cell growth conditions is the maximum absorbance wavelength in the range of 670 – 

685.  The light intensity during growth is critical for the ability to isolate high quality PSI and PSII 

from the cells. A balance must be obtained with the amount of light provided to cyanobacteria, as 

light fuels photosynthesis and the subsequent growth but light can also cause photoinhibition by 

 

Figure 5.10  EU-XFEL PSI Data Acquisition by Pulse Number 

Graphs showing hit rates and resolution as a function of pulse number, averaged over all the 
trains in a run for resolution and summed over all trains in a run for the hits.  The invariance in hit 
rate for the jet indicates the flow rate is fast enough to reform a jet within the 900 ns spacing 
between shots, whereas the invariance in crystal and indexed hits by pulse shows that upstream 
damage is being avoided.  This is further supported by the approximately even distribution in 
highest resolution peaks found, displayed in reciprocal space units, nm-1. 
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which photodamage occurs to PSII. Photosystem II has a high turnover rate and is constantly 

replaced in a cell, even under moderate light conditions. However, when  cells are exposed to 

excess light radicals are formed as well as singlet oxygen which suppress the synthesis of repair 

proteins, leaving much of the PSII in a damaged state (Prasil 1992, Aro, Virgin et al. 1993, Murata, 

Takahashi et al. 2007).  Environmental stresses, such as limited CO2 or unmoderated temperature, 

can also contribute to the formation of radicals.  As such, optimization of lighting conditions has 

proven to be one of the more crucial elements to optimization of cell growth for crystallization-

suitable PSII, with increasing intensities of red and white light as the cell density increases (20-163 

µE and 10-50 µE respectively). 

Optimization of the PSII solubilization  

The detergent solubilization is another critical step in the PSII isolation procedure. 

Improvements within the isolation and purification were introduced by systematic studies where cell 

 

Figure 5.11  PSII Morphology and Size Control from Precipitations 

PSII is sensitive to protein quality and concentrations of precipitant during crystallogenesis.  Initial 
precipitations are performed at higher concentrations of 15% (top left) and 13% (bottom left) PEG 
2000, harsher conditions that generally result in smaller crystals with higher PEG concentrations.  
Decreased protein quality as well as too rapid or inhomogeneous addition of the precipitant can 
lead to visually mosaic macromorphologies such as ‘butterflies’ (top middle) or ‘bowties’ (bottom 
middle).  Fortunately, subsequent precipitations can be applied to further purify homogeneous 
PSII dimers or correct artifacts caused by suboptimal crystallization technique as seen in the 
sharp, homogeneous crystals pictured in brightfield (top right) and exhibiting birefringence under 
polarized light (bottom right). 
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batches of T elongatus cells were divided into identical fractions so as to minimize variables.  Tests 

were performed by varying the solubilization concentration of β-DDM between 0.5-1.0 % w/v, the 

thylakoid/protein concentration between 750 µM and 1 mM chlorophyll, and the incubation time 

under stirring between 45-60 min.  Macrocrystallography at the home X-ray source was then used 

to compare protein quality of different PSII preparations.  The results showed that a 0.75% w/v [β-

DDM], 750 µM [chlorophyll] and 1 hour were the optimal conditions during out screening.   

Finally, for crystallization the microcrystal FID technique (described in chapter 2) previously 

used (Kupitz, Basu et al. 2014) has been largely eschewed for a batch method by which the 

precipitating Dx (x=11-15 w/v % PEG 2000) solution was added to a stirred solution of PSII in buffer 

C.  This appears to have a positive effect on homogeneity of both crystal size and micromorphology, 

though both characteristics are still highly batch dependent and sensitive to even slight variations 

in buffer composition (e.g. different stocks, chemical source).  For onsite and most offsite 

crystallization, PSII frozen in high glycerol was first thawed as described in Chapter 3.  Initial 

precipitations were performed as described in Chapter 3 whereby serial precipitations with 

D15→D13→D11 were performed.  We have recently explored a broader range of precipitation 

conditions using Dx with x ranging from 11-17% w/v PEG 2000 in addition to avoiding the freezing 

step altogether (i.e. crystallizing immediately following column purification) to obtain optimal size 

and micromorphology of the PSII crystals.  Figure 5.11 shows some of the various 

macromorphologies common with PSII precipitations and crystals.  

Continuous Diffraction 

In the pursuit of unlocking the molecular mechanism behind water splitting in PSII, 

significant progress has been made including an impressive effort by which the S3 state was 

visualized using TR-SFX as reported in Kupitz, Basu et al. (2014).  This allowed novel insight into 

the structural changes associated with the transition of the oxygen evolving complex (OEC) through 

the Kok cycle, however more detailed insight was precluded by a resolution cutoff at 5.0 Å for the 

dark structure and 5.5 Å for the illuminated state.  During subsequent beamtimes at LCLS aimed 

at investigating this further, it became apparent that while Bragg diffraction was cutoff in this 
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medium to low resolution range, the diffraction patterns feature coherent diffusive scattering 

extending to higher angle scattering beyond the Bragg cutoff, as highlighted in figure 5.12.  While 

diffuse scattering was previously deemed unsuitable for structure determination, the idea was born 

that this diffuse scattering contained useful structural information that could allow resolution to be 

extended beyond the truncation experienced with Bragg peaks. 

As a structural unit, e.g. the asymmetric unit, is displaced from the ideal lattice the phase 

is shifted from the diffracted wave by 2π∆x/d at the scattering angle 2θ that corresponds to 

resolution d with Δx being the displacement.  Bragg intensities will begin to diminish by 𝑒−4𝜋2𝑞2𝜎2
 

(the Debye-Waller factor), q being the resolution 1/d, for a root-mean-square value of displacement, 

σ, for all contributing scattering units (Borie 1965).  While this disorder has long been used as an 

aid for scaling and inferring the temperature factor through a Wilson plot, it also leads to an 

 

Figure 5.12  PSII Diffraction Pattern Showing Diffuse Scattering 

SFX diffraction snapshot of PSII microcrystals exhibiting strong diffuse scattering both within 
and beyond the Bragg cutoff.  Bragg peaks are marked with red circles.  Note the visible 
incoherent scattering into and beyond the solvent ring.   
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increasing incoherent sum of molecular Fraunhofer diffraction of the individual subunits coinciding 

with the quadratically diminishing Bragg peaks as a function of q.  This effect is illustrated in figure 

5.13.  Incoherent scattering experiences a relative increase in scattering intensity after q=1/2πσ 

due to the loss of elastically scattered photons contributing to Bragg peaks. 

The observation of this phenomenon has profound implications as it gives access to the 

single molecule diffraction pattern modulated by the space group packing of the molecules in the 

unit cell.  The continuous diffraction of an object allows high sampling of reciprocal space, avoiding 

the phase problem experienced in Bragg diffraction when reconstructing an image.  In real space, 

the Bragg intensities represent a pair correlation, or Patterson, function of the crystal.  Ambiguities 

can arise when more than one asymmetric unit occupies a unit cell and the correlation could be 

between molecules in different unit cells or in the same unit cell (why there is no phase problem for 

P1 crystals).  This ambiguity arises from translational symmetry, therefore being removed in the 

highly sampled single molecular transform.  This would allow for an unambiguous solution to the 

Fourier transform using iterative phasing algorithms (Fienup 1987, Miao, Charalambous et al. 1999, 

Robinson, Vartanyants et al. 2001, Elser 2003, Chapman, Barty et al. 2006).  Other than the 

multiplicity inherent with the space group, this is highly reminiscent of diffraction from a single 

molecule.   

The combination of collecting diffuse scattering data simultaneously with Bragg diffraction 

provides incredible advantages over the single molecule case though, as some of the problems 

that have limited single particle diffraction are overcome.  First of these is the difficulty in matching 

orientation as indexed Bragg peaks provide an orientation basis for the snapshot images, a large 

challenge in imaging of single particles with XFELs (Aquila, Barty et al. 2015).  Though there are 

algorithms that have been developed for incoherent X-ray sources (e.g. Huldt, Szőke et al. (2003), 

Loh and Elser (2009)), the flux is more limited at these sources compared to an XFEL, significantly 

limiting the SNR needed for successful imaging.  The other outstanding advantage gained from 

collecting Bragg and continuous scattering together comes from the use of a crystal itself as the N 

molecules in a crystal that contribute to the measured Fraunhofer diffraction, resulting in a 

significant N-fold boost in signal.   
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If these principles are applied to the 5 Å resolution limited data from PSI TR-SFX 

experiments, an r.m.s. of 5 Å / 2π = 0.8 Å in each dimension (or √3 ∗ (0.8 Å)2 = 1.39 Å in 3-D) is 

the upper bound that would account for the Bragg cutoff at this point if this is ascribed purely to 

translational disorder.  This led to the investigation of previous data by applying mathematical 

treatment (a full description of which can be found in Ayyer, Yefanov et al. (2016)) to the non-Bragg 

scattering profile.  It should be noted that this technique only works if the lattice imperfections are 

 

Figure 5.13  Random Translational Disorder Gives Rise to the Molecular Transform 

Diffraction of an array of objects in a perfect lattice (a) results in constructive interference and 
therefore Bragg peaks, as depicted in (b).  Diffraction of an array of objects that deviates 
from the perfect lattice by a root-mean-square value of σ (c) results in increasing destructive 
interference resulting in loss of Bragg diffraction quadratically with past q=1/2πσ (d).  The 
elastically scattered photons begin to contribute to incoherent Fraunhofer diffraction as the 
decrease in Bragg diffraction begins to emerge.  Figure originally published in Ayyer, Yefanov 
et al. (2016). 
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translational as rotational disorder and other forms of disorder remove the orientational pseudo-

homogeneity by the discrete orientations contained in a given space group.  The XFEL data 

possesses an advantage in this circumstance as large time-integration prevents distinguishing 

between static and dynamic disorder which is avoided by the essentially static snapshot diffraction 

obtained in SFX experiments.   

It became apparent when looking at the data that some of the challenges with attempting 

this revolved around the challenge of background correction related to SNR.   The background 

subtraction needs to be highly accurate as the diffuse signal was often orders of magnitude weaker 

than average solvent background values.  This is compounded by shot to shot variation and 

variances with jet size over time.  However, the solvent background is generally featureless and 

both the beam and jet variations can be addressed simultaneously by inferring intensity from global 

and q-dependent intensity values.  Initially this was done by development of an algorithm that 

related these values directly for each individual image, though new algorithms have been 

developed that take non-linear and local variances into account (unpublished).  

It was also observed that diffuse scattering within the Bragg region was difficult to reliably 

measure with some ambiguity occurring near Bragg peaks as their profile is elusive due to, among 

 

Figure 5.14  Separate Treatment of Bragg and Diffuse Scattering Data 

Slices of collected merged data from PSII SFX diffraction patterns.  Diffuse scattering was 
merged (left) and kept separate from the merged Bragg peaks (middle).  The low-resolution 
structure gained from the Bragg data was then used to model the unit cell symmetry applied 
molecular transform to compliment the reciprocal space shell of experimentally collected diffuse 
scattering resulting in a completed spherical diffraction volume.  A slice of this volume is shown 
(right) with the white ring indicating the q = 4.5 Å value where the Bragg model and experimental 
diffuse scattering were merged.  Figure modified from Ayyer, Yefanov et al. (2016). 
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other things, partiality.  This was addressed by essentially splitting the data into two data sets, 

whereby a low resolution was separated and treated per the usual crystallographic pipeline to 

obtain a low-resolution.  The continuous diffraction data past the Bragg cutoff was merged 

separately such that it comprised a spherical shell in reciprocal space.  The inner sphere of 

 

Figure 5.15  Improvements to Electron Density from Continuous Diffraction 

Shows selections showing improvement between structures derived from Bragg data only 
(green, left), from the diffraction sphere including continuous diffraction and the Bragg derived 
scaffolding (blue, center) and post pseudo-crystallographic refinement (orange, right).  The top 
row pictures helices from the PsbY and PsbZ chains, the middle row shows a closeup of a 
section from PsbZ showing the emergence of electron density around Trp, Lys and Arg 
sidechains, and the bottom row highlights the coordination environment around the non-heme 
iron.  Top and bottom row densities are contoured at 1.5 σ, middle row densities at 1.25 σ.  All 
densities are contoured against the 1.9 Å resolution structure reported in Umena, Kawakami et 
al. (2011).  Figure modified from Ayyer, Yefanov et al. (2016). 
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continuous diffraction was then modeled by applying the orientational incoherent summing of the 

molecular transform of the four related PSII orientations imposed by the P212121 space group to 

obtain calculated values for the missing inner sphere within the continuous diffraction volume.  

Slices from the reciprocal space data in this process are highlighted in figure 5.14   

Using a previously determined model of PSII, a 4.5 Å smoothened molecular envelope 

support was generated to provide a real-space constraint for the continuous diffraction data.  

Iterative phasing of the continuous diffraction data shell ranging from 4.5 – 3.3 Å was then 

performed on the collected continuous diffraction data using the difference-map algorithm (Elser 

2003, Elser and Millane 2008) and constrained by the 4.5 Å support.  Once the phasing converged, 

the phases and amplitudes from the entire combined diffraction sphere were Fourier transformed 

to produce a 3.3 Å resolution structure.  Through averaging of multiple random starts, a self-

consistent electron density to 3.5 Å was achieved and validated by Fourier shell correlation and the 

phase retrieval transfer function (Shapiro, Thibault et al. 2005).  Refinement of this structure was 

performed using a pseudo-crystallographic method developed for single-particle cryo-EM (Fischer, 

Neumann et al. 2015). 

 The successful result of this work led to the improvement in resolution from 4.5 Å to the 

3.5 Å resolution model achieved after incorporation of the continuous diffraction data.  This allowed 

 

Figure 5.16  Schematic of the Roadrunner Fixed Target Setup 

Shows the setup of the initial version of the goniometer-based Roadrunner fixed target setup 
which utilizes a porous fabricated chip that crystals can be applied to prior to being 
mechanically rastered in sync with the XFEL beam at LCLS using an XFEL coupled trigger.  
The manufactured silicon chips are able to hold crystals with between 20,000 and 60,000 pores 
allowing for rapid data collection with extremely high hit rates.  Figure modified from Roedig, 
Ginn et al. (2017). 
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marked improvements in electron densities.  Visualization of side chains and cofactor coordination 

was markedly improved, examples of which are depicted in figure 5.15.   

Minimizing Sample Consumption through a Fixed Target Approach 

Over the course of multiple TR-SFX experiments, variations in crystal quality from different 

batches have been notably significant, with crystal quality being highly sensitive to a large number 

of variables ranging from starting cell quality to purification details through minute differences in 

crystallogenesis.  An issue with this is that a data set typically requires tens of thousands of patterns 

equivalent to many crystal batches and so the resolution of a data set is subject not to the most 

well diffracting batch but often the lowest of a large set of crystal batches needed to collect sufficient 

data for a complete data set.  This is further compounded when attempting to collect multiple data 

sets, inherently necessary for structural characterization of multiple time points along a reaction 

pathway (e.g. S-states of the Kok cycle).   

This is not to say that there aren’t tens of thousands of crystals per batch, indeed there are 

often billions or even trillions.  It has been estimated that one crystal in every 10,000-100,000 

actually interacts with the beam though, so the large majority of the crystals produced for a 

beamtime never interact with the X-ray pulses and instead flow past the interaction region in 

between pulses.  Most of the efforts to address this problem have stemmed from the way in which 

 

Figure 5.17  Larger PSII Crystals for Fixed Target Chip Loading 

Micrograph images of 10-30 µm crystals (left) and the result of a loading test using the blotting 
procedure (right). 
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sample delivery is conducted by looking for alternatives to a liquid jet, such as the viscous jets and 

fixed target approaches discussed in Chapter 2.  Fixed target approaches possess the additional 

benefits of reducing solvent background, the ability to use larger crystals (hence larger signal), and 

avoiding the need for mechanical shaking to prevent settling.  In an attempt to increase the hit rate 

and reduce sample consumption as well as address the issue presented with batch variance, three 

beamtimes have been conducted to perform TR-SFX on a chip by using the Roadrunner high-

speed goniometer based system developed by Alke Meents, initially described in Roedig, Ginn et 

al. (2017) and depicted in figure 5.16. 

The windows in the chips used in these experiments can be matched to the size of the 

crystals that are optimal for the TR-SFX experiments. This allows the use of larger sized 

microcrystals leading to a stronger signal since there is no concern of the clogging issues 

associated with injection using a GDVN.  However, the crystals must be still small enough to allow 

for full excitation of all PSII molecules in the crystal for time resolved experiments.  The PSII crystals 

are loaded using a blotting method by which a volume of crystal slurry is carefully applied to the 

face of the chip containing through-hole wells sized between 5 and 20 µm (this can be varied, and 

the crystal and well sizes should roughly match).  Excess solvent is then removed by blotting with 

a lint-free paper wipe from the other side, drawing crystals into the translationally symmetric pores.  

Particulars such as crystal size, density and volume applied must be tested for a particular batch 

of chips in order to achieve a maximum number of single crystals per hole.  In addition, great care 

must be taken while loading as the chips are composed of a thin membrane only microns thick (we 

have used 25 µm and 35 µm silicon chips) and can easily be damaged during the loading and 

blotting processes.  This is exacerbated by the need to do the loading in a humidified chamber with 

only dim green light to avoid photoexcitation of PSII.  Figure 5.17 shows an example of larger PSII 

crystals grown for chip loading and a test for sample loading density optimization.  

The initial experiments, where the roadrunner system was first tested at an XFEL were 

conducted in November 2016 at the MFX beamline at LCLS and at this point the goal was to show 

the proof of concept for on the chip XFEL data collection with 120Hz. The goal for PSII was to 

visualize the ground state and test viability of the method for PSII, among other samples for which 
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data were collected at this beamtime. We had planned to evaluate the PSII data based on Bragg 

peaks and continuous diffraction.  This LCLS end station (MFX) differs from the CXI end station 

and most other SFX beamlines in that it operates at atmospheric pressure.  This has the 

disadvantage of increased background due to scattering from the gas used to sustain pressure 

(typically air or helium) but allows for novel experimental design options to be implemented.  For 

data collection on a chip (which takes approximately 20min/chip) the sample environment, e.g. 

ability to humidify the crystals on the chip, is crucial since the solvent normally present in a liquid 

jet is absent.  Over the course of four 12-hour shifts, data on PSII crystals were collected on 33 

chips with an average hitrate of 25.12% resulting in 744,404 hits, remarkable feat considering the 

total collection time was under 8 hours.  Of these hits, the final indexing rate was 83 % leading to 

621,303 indexed diffraction patterns.   

After comparing the data, it was noticed that the unit cell distribution was broader than 

usual and upon closer inspection, it was apparent that there was a correlation with the raster 

scanning of the chip.  Oscillations were observed in both the unit cell parameters and the resolution 

of diffraction, shown in figure 5.18.  This was attributed to issues with humidity as the chamber was 

humidified with a wet gas stream that was coming in on one side of the chip, possibly affecting 

hydration of the crystals as a function of geometry.  Follow up experiments have been performed 

 

Figure 5.18 Apparent Oscillations in PSII Unit Cell and Resolution During Raster 
Scanning 

Data from a single run of PSII on a chip using the Roadrunner setup.  Shows the periodic shift 
in unit cell length in the a direction (left) and maximum resolution of Bragg spots on each image 
(right). 
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since, dedicated to TR-SFX of PSII on a chip with newer designs and improved humidity control, 

again at the MFX beamline (experiments performed in September 2017 and March 2018).  Current 

analysis from these beamtimes is still ongoing but Bragg resolution has seen a marked increase. 

The Bragg resolution was increased to 3.3 Å resolution and a preliminary structure determined 

based on the Bragg data only (unpublished).  The background correction (as discussed above) is 

the major challenge for the data evaluation of the continuous diffraction and is currently in progress.  

At the beamtime in September 2017 TR-SFX of PSII was attempted for the first time on a 

chip.  The aim was to probe the S4 state and this proved to be quite challenging as the crystals 

were excited by triple laser excitation on the moving chip before their structure was probed by the 

XFEL.  The most recent beamtime in March 2018 combined TR-SFX with XES spectroscopy on 

the chip. Data evaluation of these first TR-SFX fixed target beamtimes is still in progress and will 

likely take several months or longer.  The fact that time-resolved data sets can be collected  using 

the roadrunner system highlights the great potential of this fixed target method to allow molecular 

movies to be made with minimal sample consumption and optimal batch selection.  The humidity 

issue seems to have been largely addressed with the resolution being less strongly correlated with 

 

Figure 5.19  Resolution by Location on the Chip 

Profile of crystals imaged on a single chip by their max resolution in Å-1, indicated by the heat 
map.  Note the higher q scattering (yellow) favors the bottom of the chip suggesting larger, 
more intensely diffracting crystals may be mobile during the course of imaging. 
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the rastering periods.  However, it seems that over the course of raster scanning of a chip, the 

larger crystals tend to slide to the bottom, leading to an asymmetric profile of diffraction resolution 

weighted to the bottom of the chip (indicated in figure 5.19).  Regardless of challenges experienced 

during these investigations, the Roadrunner method holds high promise towards future elucidation 

of the mechanistic splitting of water by PSII. 

Co-crystallization of PSI-Fd 

Though initial conditions have been established for over a decade (Fromme, Bottin et al. 2002), 

the co-crystallization of PSI and Fd presents many challenges.  The first of which is the incredible 

efficiency by which PSI absorbs photons and transfers charge to a bound Fd which subsequently 

undocks.  As with any crystallogenesis, conformational homogeneity of the macromolecular 

complex is crucial to obtaining not only well-diffracting crystals, but precipitation with crystallinity at 

all.  This is further compounded by the need for sufficiently high occupancy of the ferredoxin in the 

crystal to allow for visualization of the complex.  Both advantageous and challenging, Fd is 

suspected of involvement crystal contacts, resulting in dissolution of crystals upon exposure to light 

though this is also indicative of functionality (e.g. no steric hinderance), necessary for impactful 

structure-function interpretation.  Figure 5.20 shows an example of the dissolution of microcrystals 

 

Figure 5.20  Dissolution of PSI-Fd Co-crystals in White Light 

PSI-Fd co-crystals seconds after exposure to the white light from a microscope (left) and 2 
minutes later (right).  Note the loss of sharp features in larger crystals (solid, circled) and 
complete dissolution of the smaller crystals (oval, dashed).  The areas surrounding some of the 
larger crystals show areas of darker green surrounding them, indicative of the high local 
concentrations of freshly dissolved PSI-Fd cocrystals.  In order to maintain crystal integrity, 
crystals must be maintained in complete darkness.  Crystals pictured were grown with FID 
method during initial trials and were dropped into a 5 uL drop of mother liquor to avoid effects 
from evaporation. 
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under white light.  Due to these concerns, from the initial incubation of PSI and Fd through the 

crystallization and experimentation, the co-complex must be kept in complete darkness.  

Microcrystals are particularly susceptible to the fast dissolution upon light excitation due to the 

comparable lack of attenuation (large PSI-Fd co-crystals are extremely opaque due to the large 

density of chromophores). Furthermore, the nature of SFX precludes the use of cryogenic 

temperatures for data collection. Under cryogenic temperatures the undocking of ferredoxin may 

be hindered or slowed down as the solvent is frozen and thereby not mobile. SFX data, however, 

are collected at RT, which allows for the undocking to take place in the crystals. 

Prior to crystallization, stored PSI crystals were centrifuged and dissolved as described in the 

previous section with the modification of being dissolved in F4 buffer (200 mM HEPES pH=7.5, 300 

mM CaCl2, 0.004% w/v β-DDM).  To this solution, both F5 buffer (100 mM HEPES pH=7.5,150 mM 

CaCl2, 0.012% w/v β-DDM) and Fd were added in complete darkness to final concentrations of 60-

120 µM PSI and 75-150 µM Fd with a PSI:Fd =1:1.25.  The PSI-Fd complex was then allowed to 

incubate at room temperature for no less than 1 hour and no longer than 6 hours prior to 

crystallization.  During initiation of incubation between PSI and Fd through crystallization and 

loading of sample for an experiment, the solutions and the formed crystals were necessarily kept 

in complete darkness and manipulated through use of IR-active night vision goggles (model PVS7-

HPT, American Technologies Network, San Francisco). 

Nanocrystallogenesis had previously been done using PEG 400 as a precipitant as reported in 

Aquila, Hunter et al. (2012). These crystals showed a size distribution between 500 nm and 2 µm. 

The TR_SFX experiments on the PSI-ferr complex were the first TR-SFX experiments on protein 

crystals ever preformed at an XFEL during the first runs of LCLS where only the soft X-ray beamline 

AMO was operational and the energy was limited to 2 keV. These experimental constraints limited 

the resolution to 10 Å (Aquila, Hunter et al. 2012).  
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 For this to be improved upon, in increase in both crystal quality and size were targeted for 

optimization.  In the course of this optimization, three different sources of Fd were used for 

crystallogenesis in anticipation that the different binding efficiencies from the varied Fd sources 

may show increased crystal quality and allow for maximization of occupancy and subsequently 

crystal quality.  Furthermore, the different kinetics between the Fd sources with PSI could be used 

as a parameter for reaction homogeneity during time-resolved studies.  Three ferredoxin sources 

were used, namely, Chlamydomonas reinhardtii (Cr-Fd), Synechocystis sp. PCC 6803 (Sy-Fd) and 

spinach (Sp-Fd).   T. elongatus Fd was not included due to its anecdotal inability to co-crystallize 

 

Figure 5.21  Improvement of PSI-Fd Crystals  

Shows serial improvement in PSI-Fd microcrystallogenesis starting from initial experiments 
using the FID method (top left), optimized FID methods (top right), batch experiments using 
three equal volumentric increments of precipitant with pipette mixing (bottom left), and batch 
experiments using five precipitant additions with incrementally decreasing volumes (bottom 
right).  Note the difference in PSI still in solution between FID (top) and batch (bottom) methods.  
Size homogeneity also showed marked improvement after increasing the number and varying 
the volume of aliquots that were applied to batch methods, likely due to a decrease in local 
concentration variances of chemical composition during pipette mixing. 
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with PSI (P. Fromme, personal communication), thought to be from an inhomologous flexible loop 

motif in the TS. elongatus ferredoxin that hinders the formation of crystal contacts  

 Initial trials for improved microcrystals of PSI-Fd were performed using the FID method 

with moderate success.  Ultimately, the procedure was optimized to allow for larger crystals, with 

a size of 5-15 µm to be grown.  This was achieved by using a 1:1 volumetric ratio of PSI:PEG 400 

(==30% w/v PEG and 80-100 mM PSI) with total volumes ranging from 50-1000 µL.  Though 

relatively successful, problems with size inhomogeneity were present, particularly most procedures 

leading to growth of larger crystals that would necessitate sample prefiltration, costly in practice to 

perform in complete darkness.  These initial results led to attempts to implement a batch method 

using rapid pipette mixing with final concentrations of 17-20% PEG 400 and 45-50 µM PSI.  Batch 

method crystallization showed a marked improvement in both yield and size homogeneity, with 

further improvement arising from the use of a higher number of aliquots (five as opposed to two 

previously) used during pipette mixing.  In addition to the higher number, the volumes used for each 

aliquot was adjusted to bring the solution to a point just under supersaturation before the final 

aliquot as was inferred by the opacity of the solution as viewed through the IR night vision goggles. 

The gradual improvement of crystal macromophology is depicted in figure 5.21. 

TR-SFX of PSI-Fd 

As previously mentioned, the co-crystal structure between PSI and Fd has yet to be 

determined in spite of both protein structures having been solved independently and many 

biophysical characterization studies having been performed.  PSI-Fd has been shown through 

spectroscopic studies to likely possess biphasic kinetics in the electron transfer between them, with 

a fast kinetics  occurring at 500 ns and a slower kinetics where ostensibly the electron is transferred 

between 5 – 10 µs (Setif and Bottin 1994, Setif and Bottin 1995). Though the first TR-SFX 

experiment ever performed was on the PSI-Fd co-complex (reported in Aquila, Hunter et al. (2012)), 

the limited amount of data as well as the limited resolution prohibited any structure, dark or time- 

resolved, from being elucidated.  However, one interesting finding that was observed was that a 

strong difference signal was observed between the dark ground state and the single flash excited 
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state with time delays of 5 µs and 10 µs. This was indicative of a possible conformational change 

(5 µs) and undocking (10 µs) as can be seen in figure 5.22.  If this hypothesis is confirmed, this 

would indicate that the 5 µs time point would present a very interesting target for capturing an 

intermediate structure of the co-complex prior to undocking but after electron transfer had occurred. 

Successful efforts were made in improving control of crystal size during crystallogenesis of 

PSI-Fd as described in the previous section, allowing for larger micro-crystals to be grown than 

those explored in the previous study (~500 nm) in hopes of increasing observable resolution for 

structural studies.  For these studies, Fd from Chlamydomonas reinhardtii (Cr-Fd), Synechocystis 

sp. PCC 6803 (Sy-Fd) and spinach (Sp-Fd) were overexpressed in competent E. coli and purified 

with anion exchange chromatography in order to screen the different Fd’s for co-crystallization 

experiments, possibly leading to resolution improvements since Fd is known to be involved in 

crystal contacts (Fromme, Bottin et al. 2002).  The varied Fd sources also possesses the benefit of 

allowing for modulation of reaction kinetics as indicated by the aforementioned spectroscopic 

studies (Setif and Bottin 1994, Setif and Bottin 1995). 

In preparation for TR-SFX investigations of PSI-Fd, over 5 grams of PSI were isolated and 

purified in addition to over 200 mg each of the three Fd sources.  Screening of crystallization 

 

Figure 5.22  Difference Signal Observed in Previous PSI-Fd TR-SFX 

Shows difference signal between positive time-points and ground state measurements of 
photoactivated PSI-Fd nanocrystals as a function of reciprocal space resolution (1/d, nm -1).  
Depicted as quantitative relative signal (left) and as a percentage of ground state signal (right).  
Note the decreased intensities for the 10 µs time point, the magnitude of which appears to 
increase with higher q, possibly indicating an undocking of Fd from PSI.  Figure modified from 
Aquila, Hunter et al. (2012). 



 

186 

 

conditions was performed by systematically varying the three Fd sources, PSI and precipitant 

concentrations, method (FID, FIDC and variations on batch methods), and additives including the 

detergent additives Cymal-(2,3,4,6) and the Calixar additive kit (Molecular Dimensions).  Large 

crystals were also grown by the method of vapor diffusion based off the most promising candidates 

from these screening results and probed for X-ray diffraction at the Advance Light Source 

synchrotron in Berkeley, CA in an attempt to differentiate the effect of the individual parameters on 

crystal quality.  Unfortunately, the crystals showed very low resolution (< 12 Å), suspected of being 

caused by novice looping and freezing technique, and were unable to allow any new insights to be 

gained towards optimal conditions.  However, microcrystal screening allowed for improved 

micromorphology as described in the previous section (see figure 5.21) and no significant 

difference was observed with regards to additive composition or Fd source. 

In preparation for a TR-SFX pump probe experiment, calculations were made for optimal 

pump characteristics.  In general, a wavelength with sufficient energy to trigger the reaction but 

sufficiently far removed from the absorbance maximum is preferred for crystallographic 

experiments.  This is due to the need for homogenous reaction initiation throughout the crystal. A 

wavelength near the absorbance maximum suffers due to attenuated excitiation as the pump laser 

propagates through the crystal.  As such, a wavelength in the green light region is optimal for 

photosynthetic membrane proteins (which is at 10% of the absorption maximum of PSI at 680nm) 

and so a 527 nm laser was used in the calculations of optimal light excitation.  Extinction coefficient 

values for chlorophyll at this wavelength were experimentally probed using spectrophotometry and 

the value was found to be 3,800 L mol-1 cm-1.  Using this value, the fluence calculation was made 

to determine the laser power needed in order to have at least one photon per chlorophyll at the 

back of a crystal 5 µm in a given dimension (i.e. after the pump had propagated through 5 µm of 

crystalline PSI-Fd) and the ideal fluence was found to be 300 nJ. 

In March of 2015, a beamtime was allocated to investigate the structure and dynamics of 

PSI-Fd using pump-probe TR-SFX at the CXI beamline at LCLS, SLAC.  Over the course of five 
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12-hours shifts time points of 500 ns and 5 µs were probed, interleaved in an alternating 60/60 Hz 

scheme with non-illuminated dark patterns.  The pump laser used to illuminate the crystals was 

chosen to be a ns pulse laser at 527 nm with a fluence of 4.53 mJ/cm2 in a top hat focal spot of 

530 µm in diameter.  The pump laser was emitted with 100 ns pulses at 60 Hz, triggered upstream 

by the XFEL pulses. The XFEL beam was ~1 µm2
 with 8.7 keV Xrays and 30-35 fs pulses with total 

pulse energies averaging between 1.69-2.03 mJ.  Data was collected using a 50 µm inner diameter 

GDVN (DePonte, Weierstall et al. 2008) with an inline 20 µm stainless steel fritted filter (IDEX) at 

 

Figure 5.23  Improved Diffraction of PSI-Fd Microcrystals at LCLS 

Maximum resolution of PSI-Fd microcrystal diffraction reached 4.5 Å, a marked improvement 
over previously collected microcrystal diffraction.  Over 700,000 crystal diffraction patterns were 
measured during the course of the experiment. 
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flow rates of 16 +/- 5 µL/min. Over 40 mL of sample with various compositions as mentioned above 

were injected.  All sample preparation, handling, and loading was performed in complete darkness 

using night vision goggles as described previously followed by injection in a darkened hutch with 

all high vacuum windows of the interaction chamber being sealed from light to avoid premature 

electron transfer initiation within the crystals.  

In total over 700,000 crystal hits were recorded with ~250,000 being indexed leading to an 

average hit rate of approximately 4% and indexing rate of 35% over all conditions and time points.  

The resolution observed during the experiment marked an improvement upon previous 

measurements with microcrystals, showing spots up to 4.5 Å as highlighted in figure 5.23.  

However, the average resolution observed varied only slightly between the different Fd sources 

and additive conditions, falling around 8 Å as shown by the typical diffraction pattern and virtual 

powder pattern in figure 5.24.  The space group and unit cell were found to be within good 

agreement of that reported previously (Fromme, Bottin et al. 2002) and a very narrow distribution 

of parameters.  Preliminary data quality assessment showed that all three time points (dark, 500 

ns, and 5 µs) showed similar quality and intensity distribution, indicating that crystal quality was not 

 

Figure 5.24  PSI-Fd TR-SFX Data Diffraction Limited 

Images of a typical diffraction pattern (left) and a virtual powder pattern from a run (right).  
Virtual powder is constructed by summing peaks from all frames collected over the course of a 
run, effectively creating a powder pattern from the collective snapshots similar to that found by 
powder diffraction.  Both images indicate the observed Bragg cutoff in the 7-9 Å range found 
throughout the collected data. 
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compromised by laser pumping at this resolution.  The unit cell parameters, CC1/2 and resolution 

dependent spot intensity are displayed in figure 5.25.  Initially the phasing of the low-resolution data 

sets as well as the cumulative data set were attempted but unfortunately none of these attempts 

converged. 

With many developments in the data reduction and processing pipeline since this experiment, 

it may be possible that reanalyzing the data in the future could prove fruitful for structure 

determination.  In addition, many of the patterns exhibited strong continuous diffraction as shown 

in figure 5.26, showing continuous scattering up to 3.5 Å.  This has also been observed at 

microfocused synchrotron beamlines (discussed in a following section) and current work is focused 

on analyzing the data by a combination of evaluation of continuous diffraction and Bragg diffraction.  

 

Figure 5.25  Unit Cell Parameters and Resolution Statistics from PSI-Fd TR-SFX 

Unit cell parameters (top) for P212121 space group observed in 2015 PSI-Fd TR-SFX 
experiment are in good agreement with previously reported values (Fromme, Bottin et al. 2002).  
Logarithmic comparison of intensity as a function of q (bottom left) shows a strong cutoff at low 
resolution (~8-9 Å), though peaks are seen out to the 4.5 Å edge of the detector (values in 
pixels with 500 pixels being equivalent to 4.5 Å).  CC1/2 values (bottom right) show the same 
resolution cutoff with CC1/2=0.5 occurring at ~8.5 Å.  Notably all comparisons (light-light, light-
dark, dark-dark) show the same general trend and cutoff, indicating that illumination did not 
have a detrimental effect on data quality at the time points measured. 
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If this could be leveraged, this could provide a breakthrough in the understanding of photosynthetic 

electron transfer between PSI and Fd 

Improving Resolution with Additives 

A screening beamtime was awarded to test improvements in Bragg diffraction resolution 

anticipated upon improved micromorphology with the use of additives during the crystallization 

process.  Screening of detergents and further additions including amino acids were performed.  

Cymol’s 2-4 (detergents) additives were screened in an attempt to create mixed micelles that might 

allow tighter crystal packing.  Amino acid additives were tested based off anecdotal observations 

in the crystallization of other photosynthetic membrane proteins (Y. Mazor, personal 

communication, February 2016).  During screening, there was a notable visual improvement in the 

micromorphology of PSI-Fd crystals grown in the presence of some amino acids, particularly 

glycine as shown in figure 5.27.  However, results from detergent screening were inconclusive as 

batch variance hindered reliable comparison.  Typical of a screening beamtime, only 6 hours was 

awarded for data collection at LCLS leading to the need to focus on few conditions.  Because of 

this restriction, only data from the top three amino acid candidates (glycine, histidine and lysine, 

 

Figure 5.26  PSI-Fd Continuous Diffraction from Microcrystals 

A typical pattern showing strong diffuse scattering well into the solvent ring (left) and the XY 
slice from a merged data set from 2,974 selected patterns showing the strongest diffuse 
scattering (right). 
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based on visual screening of the crystals prior to data collection) were collected in addition to a 

combination of the three as well as a control sample prepared without any additives for comparison.   

During the 6-

hour shift, almost 4 

hours of data 

collection was 

achieved with an 

average hit rate of 

8.43% resulting in a 

total of 128,883 hits.  

Resolution was 

limited to above 7 Å 

for all samples, 

limiting indexing rate 

to 12.4% and 

resulting in just under 

16,000 indexed 

patterns.  While this low resolution again precluded a structural model, there was a statistically 

significant improvement in resolution between glycine doped co-crystals with respect to the additive 

free crystals.  The fact that the condition specific maximum resolution observed was significantly 

improved for all samples when compared with the previous experiment indicates that the protein 

quality may have differed or may have been due to the larger sized crystals used for screening. 

Continuous diffraction with PSI-Fd macrocrystals 

In an attempt to determine the first structure of PSI with Ferredoxin bound in the dark state 

of the PSI-Fd complex , large crystals were grown with the vapor diffusion technique similar to 

previously described (Fromme, Bottin et al. 2002) with final PEG 400 concentrations ranging 

between 6% and 8% w/v.  The crystals were then gradually transferred from the drop into a 40% 

 

Figure 5.27  Sharper PSI-Fd Crystals by Use of Amino Acid 
Additives 

Further improvement was made on the micromorphology of PSI-Fd co-
crystals by use of amino acid additives.  The most improvement found 
was with 5 µM glycine, pictured above.  Visible improvement was 
observed with histidine and lysine as well, with additives being 
homogenized into the precipitating solution. 
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PEG 400 w/v solution for cryoprotection by serial equilibrations into PEG solutions ranging between 

the % PEG content of the drop through 40% with no incremental increases being larger than 4%.  

For example, a crystal grown with 8% w/v PEG 400 final drop concentration would be transferred 

into a 12% solution, followed by a 16%, 20% etc. until a final incubation in 40% PEG concentration 

 

Figure 5.28  Intense Continuous Diffraction of PSI-Fd Measured at the P14 Beamline, 
PETRA-III 

100 ms capture with 12.4 keV X-Rays of a 400 µm PSI-Fd co-crystal, collected at cryogenic 
temperature during a helical raster scanning method.  Note the sharp Bragg peak kutoff around 
8 Å and intense diffuse scattering to the edge of the detector.  This is indicative that random 
translational disorder may be a primary constraint in resolution of Bragg diffraction.  
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was achieved.  Each incubation step was performed for no less than 5 minutes to avoid the 

detrimental effects possible from a stark and rapid change in local chemical environment.  Upon 

incubation in a 40% PEG solution, the crystals were then procured with a commercial crystallization 

loop and flash frozen in liquid nitrogen before being stored in a puck until beamtime.  Crystals 

ranged in size, with the average being 250 µm and the largest being 500 µm. 

Traditional cryo-crystallography was then performed with these crystals at the P-14 

microfocus beamline at the PETRA-III synchrotron in Hamburg, Germany.  Crystals were mounted 

and an ultra-cooled nitrogen cryostream was used to keep crystals at 100 K during data collection. 

X-ray diffraction data collection was performed using helical raster scanning with 100 ms pulse 

duration per image at a rotation angle of 0.1 degrees per image.  Similar to previous experiments 

at XFELs, the resolution seemed to cutoff right around 8 Å with strong diffraction prior to the abrupt 

cutoff.  Interestingly, there was evidence for incredibly strong diffuse scattering to high resolution, 

similar in resolution to what was observed at the LCLS TR-SFX experiment described above but 

much more pronounced as can be seen in figure 5.28.  Unfortunately, only one day of beamtime 

was committed to this experiment and so the focus was on Bragg diffraction.  This led to multiple 

adjustments in detector distance to optimize Bragg peak quality and rendered the data sets to be 

in too small of bins to allow for evaluation of the diffuse scattering data following the route developed 

for PSII experiments at LCLS (Ayyer, Yefanov et al. 2016).  This is highly encouraging though, as 

more data collection with dedication to continuous diffraction data under optimized conditions could 

pose the most likely way forward in the quest for a ground state structure for the PSI-Fd complex. 

Towards Structural Enzymology: KDO8PS 

Crystallization from Known Conditions and Yield Improvement 

Previous work on crystallization and purification of KDO8PS from E. coli has been 

performed using large crystals as described in Vainer, Belakhov et al. (2005) and it was from these 

conditions that initial trials for microcrystallization were performed.  Initial microcrystallization efforts 

were initiated by a previous Ph.D. student, Chelsie Conrad, whereby successful 

microcrystallogenesis was performed using the FID method.  These crystals, shown in figure 5.29, 
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were grown by dropping a 20% poly(ethylene glycol) methyl ether, MW=5,000 AMU (PEGME 5K) 

solution into an equivalent volume of 21 mg/mL KDO8PS with volumes not exceeding 50 µL each. 

In order to optimize reaction homogeneity for diffusive mixing imduced TR-SFX, both the 

size of the crystals and their size homogeneity are crucial for this type of experiments.  In pursuit 

of this goal with KDO8PS, batch methods using a slow addition of the precipitant to a stirring 

solution were tested in addition to the previously established FID methods, as this batch method 

has had large success in microcrystallization for other successful SFX experiments (e.g. lysozyme 

used as a calibration for multiple experiments, PSII, PYP (Tenboer, Basu et al. 2014, Pande, 

Hutchinson et al. 2015)).  Systematic screening was performed across 

protein and precipitant concentrations as well as volumetric ratios between them.  While 

improvements were made, it was noticed that a higher homogeneity was achieved with larger 

 

Figure 5.29  KDO8PS Microcrystals Grown with the FID Method 

Darkfield micrograph of KDO8PS microcrystals grown according to the microcrystal FID 
protocol as described in Kupitz, Grotjohann et al. (2014) and adapted for crystallization of 
KDO8.  While showing dominantly sharp cubic micromorphology, the size ranges between 1-
10 µm, showing size inhomogeneity that is detrimental to diffusive mixing experiments.  Image 
courtesy of Chelsie Conrad. 
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volumes with all other variables being held constant  It was hypothesized that the discrepancy 

between total batch size may be attributed to the volumetric ratio between the drop size and the 

total batch size, which would explain the difference in batch size as the drop size was held nearly 

invariant due to the similar drop size achieved when using 10 µL and 200 µL pipette tips.  The path 

through phase space for batch methods are usually depicted as a straight line with a constant 

velocity but this is not pedantically correct in the case of discrete dropwise addition.  This can be 

thought of as a series of steps, the size of which is directly related to the incremental increase of 

the precipitant concentration in each step vs the final precipitant concentration reached. Indeed, 

this was shown in the previous section when crystallization of PSI-Fd was largely improved by 

increasing the number of aliquoted additions during pipette mixing, e.g the use of smaller step sizes 

in the path through phase space.  Using the best conditions established during the aforementioned 

rounds of fine screening, the batch methods were performed again using a thin inner diameter 

needled syringe to deliver minimal volume drops.  In addition, the solution was stirred as rapidly as 

possible without creating turbulent flow so as to rapidly homogenize the solution after each 

precipitant addition.  The small drops and rapid mixing decrease both the magnitude and lifetime 

of local pockets of inhomogeneous concentration that are suspected to be the primary cause of 

inhomogeneity.  Indeed, this technique supported the initial hypothesis, providing both control of 

the mean size and decrease in the standard deviation from it as exemplified in figure 5.30.  

Interestingly, the protein concentration did not appear to have a strong effect on the morphological 

properties (though it of course has a strong effect on yield), which responded dominantly to the 

concentration of PEGME 5K to tenths of a w/v percentage.  Typical concentrations for the final 

solutions ranged between 8.75-12 mg/mL KDO8PS and 6-8% w/v PEG-ME 5K.  

Serial Millisecond Crystallography of KDO8PS 

Since KDO8PS structures have been determined using classical cryo-X-ray 

crystallograohy for the PEP bound and KDO8P bound states as well as the apo form, a mixture of 

states is less prohibitive for structural determination as they can be deconvoluted during data 

processing using the known states.  The lifetimes of the intermediates have been studied by time-

resolved mass spectrometry and it has been determined that the time range for the individual steps 
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ranges from tens to hundreds of milliseconds (Li, Sau et al. 2005). This makes KDO8PS a good 

candidate for serial millisecond crystallography (SMX), developed as a synchrotron analogue of 

SFX.  This makes use of high powered microfocus beamlines that allow for data collection with 

millisecond exposure times, where data can be collected in a serial fashion on sufficiently sized 

microcrystals (typically >10 µm) (Nogly, James et al. 2015, Martin-Garcia, Conrad et al. 2017, 

Weinert, Olieric et al. 2017).  This benefits from the ability to use ambient temperatures and a 

solvated environment established for SFX combined with the generally more available 

experimental time at synchrotrons and has proven to be a successful technique (Stellato, Oberthur 

et al. 2014, Nogly, James et al. 2015, Nogly, Panneels et al. 2016, Martin-Garcia, Conrad et al. 

2017, Weinert, Olieric et al. 2017).  In addition, the beam of synchrotrons has a larger bandwidth, 

 

Figure 5.30  Improved Homogeneity of KDO8PS Microcrystals from Batch Methods 

The decrease of droplet volume to total volume ratio had a significant effect on KDO8PS crystal 
growth using a stirred batch solution.  Micrographs show various sizes of crystals achievable 
with this method, all possessing high size homogeneity.   
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decreasing the partiality of measured reflections and subsequently requiring a lower multiplicity for 

accurate structure factor determination. 

To date, all published SMX work has been done by using a viscous jet using the lipidic 

cubic phase injector (Weierstall, James et al. 2014), including the first SMX experiments performed 

on KDO8PS crystals  reported in Martin-Garcia, Conrad et al. (2017).  In particular, a new method 

developed by Chelsie Conrad was promising, as it allows for embedding of crystals post-

crystallization in an extremely viscous solution of poly(ethylene oxide), MW=1 million (PEO) similar 

to the use of agarose (Conrad, Basu et al. 2015) but more suited for ambient temperature injection 

(in contrast to the vacuum friendly agarose).   

MFX was performed on PEO 

embedded KDO8PS crystals at the 

ID23 beamline at the Advance Photon 

Source, Argonne National Laboratory 

at 10 Hz with 10 ms exposure time to a 

12 keV, 10 µm beam.  Crystals were 

made using FID and ranged from 5-15 

µm and 11 µL of settled crystal pellet 

was embedded into PEO using the 

syringe mixing method described in 

Conrad, Basu et al. (2015).  Data was 

collected for 3 hours, resulting in a 1.7% 

hit rate giving 1,698 hits.  Unfortunately, 

only 382 of these could be indexed, 

possibly due to detrimental effects from 

the embedding of crystals in PEO in the form of mechanical damage or dehydration (PEO is highly 

hygroscopic).  I is currently hypothesized that the indexable patterns may have arisen from larger 

crystals that may be more resistant to these effects due to the higher volume to surface ratio.  The 

data collected matched the unit cell and space group parameters found in larger crystals. 

 

Table 5.1  Data Statistics for KDO8PS in PEO at 
APS 
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The next attempt 

at SMX with KDO8PS 

was by use of a tape drive 

whereby a capillary was 

used to deliver liquid 

sample to an X-ray 

transparent Kapton tape 

which was mechanically 

screened across the 

interaction region, as 

depicted in figure 5.31.  

This has the similar 

benefit that larger crystals 

can be utilized without the 

increased need for 

sample consumption a nozzle with a larger capillary would require.  Time points are determined by 

the speed of the Kapton tape, the internal mixing capabilities of the mixer, the length of the capillary, 

flow rate, and geometry of the capillary from the interaction region. 

Crystals were grown to an edge length of 25 µm and prepared for both the apo and PEP 

bound forms.  The PEP bound crystals were prepared by first removing the supernatant from settled 

crystals.  The volume removed was then replaced with a mother liquor containing 2.5 mM PEP and 

gently pipette mixed to allow the crystals to incubate with the PEP substrate.  The plan was to 

collect data first from the apo form, followed by data collection on the PEP bound form and then by 

mixing with a mother liquor solution containing 10 mM PEP and 10 mM A5P to image crystals in a 

steady state form.  Unfortunately, during this beamtime we were unable to measure even lysozyme 

due to what we later found out to be issues with the beam being inadvertently attenuated upstream 

but this type of experiment has potential going forward as well diffracting conditions have been 

identified for future experiments.  

 

Figure 5.31  Illustration of Tape Drive Setup at P11 beamline, 
Petra III 

Shows the tape drive setup for MFX at PETRA III for diffusive 
mixing TR-SFX of KDO8PS.  Presoaked KDO8PS with PEP is 
mixed through a microfluidic mixing device prior to being ‘painted’ 
on a conveyor style belt of X-ray transparent Kapton tape.  Surface 
tension then holds the mixed sample on the tape as it is translated 
across the 100 ms X-ray pulses, resulting in serial diffraction 
patterns.  The time delay can be adjusted by geometry of the setup 
and the speed of the tape drive. 
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SFX of KDO8PS: Towards Mix and Inject TR-SFX 

In the pursuit of capturing the unknown intermediate in the aldose condensation of PEP 

and A5P by KDO8PS, small crystals with rapid (sub 10 ms) time points are essential.  Current 

efforts are aimed at using microfluidic mixing within the nozzle to allow for the delay times to 

approach single and sub ms time delays, like the approach described in Calvey, Katz et al. (2016).  

For the proof of principle and validation, however, longer time points offer the opportunity to 

compare to the known structures.  For this purpose, an inline mixing device prior to the nozzle is 

sufficient as the steady state product formation has been measured to be 3.5 s-1 (Li, Sau et al. 

2005).  This mixing device was developed by the group of Dr. Alexandra Ros and has been 

successfully tested to achieve a stable jet using KDO8PS crystals through a GDVN coupled 

microfluidic device with flow rates as low as 3 µL/min.  The devices built are improved versions 

based off those described in Abdallah, Chao et al. (2013), Abdallah, Roy-Chowdhury et al. (2015), 

and Abdallah, Zatsepin et al. (2015) and a model of mixing times achievable, calculated by 

COMSOL (Multiphysics) is depicted in figure 5.32.   

In the fall of 2017, two beamtimes were awarded to investigate KDO8PS with TR-SFX.  

The first beamtime was performed at the MFX beamline at LCLS using 3.3 mJ, 45 fs pulses of 9.5 

 

Figure 5.32  Microfluidic Substrate Mixing for TR-SFX 

Shows a model for diffusive mixing of a KDO8PS crystal slurry hydrodynamically mixed with 
substrate in a microfluidic device.  The model shows that complete solution mixing should occur 
within 18 µs which, coupled with the diffusion times into the crystal, determines the reaction 
homogeneity. 
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keV X-rays at 10 Hz.  2-5 µm crystals were made using the stirred-batch method with a final 

concentration of 10.5 mg/mL KDO8PS and 7.2% PEGME 5K.  Diffraction of the apo KDO8PS form 

was observed with visible resolution out to the water ring, as highlighted in figure 5.33.  

Unfortunately, only 43 minutes of data collection were performed and this, combined with a 

decreased hit rate inherent in dilution from mixing, led to only tens of hits before the focus of the 

beamtime was shifted towards other goals. 

The following experiment again focused on work towards TR-SFX of KDO8PS and was 

performed at the European XFEL.  For this beamtime the mixing device was coupled with a droplet 

generator to mitigate the large amount of sample wasted in between pulses.  This is particularly an 

issue at the newly commissioned EU-XFEL.  With only 900 ns spacing between pulses within a 

pulse train (described previously), jet speeds must travel upwards of 44 m/s to replenish the sample 

between pulses due to jet disruption and upstream damage of the crystals due to energy released 

 

Figure 5.33  Diffraction from KDO8PS at MFX 

Shows measured diffraction at the MFX beamline from KDO8PS crystals to the solvent 
ring. 
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during the jet explosion.  In order to avoid the loss of sample between these pulses, in this case 

especially during the 99.7 ms separating pulse trains, oil was co-flowed with the sample. The final 

goal of these experiments was aimed at synchronizing droplets to the pulses spaced by oil sections 

to maintain a stable jet. 

The experiment was performed at the SPB/SFX beamline at EU-XFEL with photon 

energies of 9.15-9.3 keV and 32 pulses/pulse train with pulse trains at 10 Hz (total 320 Hz) for five 

12-hour shifts.  This marked the second user beamtime to ever be conducted at this beamline (even 

earlier than the PSI beamtime described earlier in this chapter).  Over the course of this beamtime, 

we obtained 4.1 million images including 37,000 crystal hits.  Due to time constraints and both 

hardware and software issues, only data on the apo state in stochastically mixed oil droplets was 

collected.   

Currently, 10,000 of the hits have been indexed leading to an indexing rate of 27% with 

well restrained unit cell parameters in the I32 space group, in agreement with previously measured 

data and literature values. The unit cell distribution is illustrated in figure 5.34.  The resolution for 

the data set is currently estimated to be ~2.2 Å, as is indicated by the typical diffraction pattern 

shown in figure 5.35. This is even higher than the highest resolution reported for data collection at 

synchrotrons in the PDB (2.4 A). The data processing is still ongoing. It is very complex as the new 

AGIPD detector with three gain settings has not been fully commissioned yet and data formats as 

 

Figure 5.34  Unit Cell Parameters of KDO8PS EU-XFEL Data 

KDO8PS data from 10,000 indexed patterns collected at the SPB/SFX beamline at EU-XFEL 
show an I32 with a=b=c=118.39, α=β=γ=90.0 °.  Note the tight distributions.  This is in 
agreement with data collected at APS and from macrocrystallographic structures previously 
published (Vainer, Belakhov et al. 2005). 
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well as detector calibration parameters are constantly being upgraded.  With the ongoing resolution 

of file compatibility and data processing issues, the hit rate, indexing rate and resolution are all 

expected to improve.  In addition, recent progress has been made towards integrating masks and 

dark calibrations that will allow for accurate structure factor measurement from the intensities, one 

of the primary issues currently hindering a structural model from being constructed.   

 

Figure 5.35  High Resolution Diffraction of KDO8PS at EU-XFEL 

Typical diffraction pattern of KDO8PS from the SPB/SFX beamline at EU-XFEL.  Outermost 
resolution ring indicates 2 Å with diffraction seen just short of it.  Identified peaks are circled by 
version of  CHEETAH software recently modified for EU-XFEL data (Barty, Kirian et al. 2014). 
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Abstract 

Serial femtosecond crystallography using ultrashort pulses from x-ray 
free electron lasers (XFELs) enables studies of the light-triggered dynamics of 
biomolecules. We used microcrystals of photoactive yellow protein (a bacterial 
blue light photoreceptor) as a model system and obtained high-resolution, time-
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resolved difference electron density maps of excellent quality with strong 
features; these allowed the determination of structures of reaction 
intermediates to a resolution of 1.6 angstroms. Our results open the way to the 
study of reversible and nonreversible biological reactions on time scales as 
short as femtoseconds under conditions that maximize the extent of reaction 
initiation throughout the crystal. 

In these experiments, pump-probe TR-SFX was performed on the photoactive yellow 

protein (PYP), marking the first high resolution TR-SFX structures reported with 1.6 Å resolution at 

time points of 10 ns and 1 µs in addition to the dark state.  This allowed for a proof of principle to 

be made for pump-probe TR-SFX as the IT, ICT, pR1 and pR2 states of the PYP photocycle 

represented within these time points have been previously elucidated using the Laue method at 32 

ns and 1 µs photoactivation time delays respectively (Ihee, Rajagopal et al. 2005, Jung, Lee et al. 

2013, Schmidt, Srajer et al. 2013).  Figure 6.1 shows a comparison of the structures obtained from 

 

Figure 6.1  Comparison of PYP Chromophore Electron Density from TR-SFX and Laue 
Data 

Comparison of electron densities obtained for dark state, ns, and µs delay times between TR-
SFX and Laue data sets.  (A-C) are modeled from SFX data sets while (D-F) are from Laue.  
(A) and (D) show dark state structures with the p-coumaric acid (PCA) chromophore and 
coordinating side chains labeled in (A).  Difference electron density maps are show for ns time 
points (B,E) and 1 µs time points (C,F) with contour levels of -3σ/-4σ/+3σ/+5σ indicated with 
red/white/blue/cyan respectively.  (B) shows arrows indicating the double bond about which 
isomerization occurs.  Figure originally published in Tenboer, Basu et al. (2014). 
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the dark, ns and µs time points from both XFEL and Laue data.  Not only did this successfully show 

comparable structures but confirmed the increase in reaction initiation yield percent expected from 

the smaller microcrystals suitable for TR-SFX with a calculated 40% reaction initiation in the TR-

SFX data sets vs the 10-15% typical in synchrotron studies (Schmidt, Srajer et al. 2013).  This is 

in part due to the relatively lower laser power needed for a high multiplicity of photons per reaction 

center, allowing for multiple excitations for a given reaction center to partially mitigate stochastic 

backreaction to the ground state.  In addition to method validation, new structural changes were 

found after refinement of the 1 µs TR-SFX time point as the higher populations allowed much 

stronger features in the difference electron density maps, lending to more readily interpretable data.  

My contributions toward this project were development of initial crystallization conditions, sample 

characterization and handling and logging during the experiments. 

Crystallization of Photosystem II for Time-Resolved Structural Studies Using an X-ray Free 

Electron Laser 

Methods in enzymology. Vol. 557. Academic Press, 2015. 459-482.(Coe, Kupitz et al. 2015) 
 
Jesse Coe, Christopher Kupitz, Shibom Basu, Chelsie E. Conrad, Shatabdi Roy-Chowdhury, 
Raimund Fromme, and Petra Fromme 
 
Department of Chemistry and Biochemistry, Arizona State University, Tempe, Arizona, USA 
 

Abstract 

Photosystem II (PSII) is a membrane protein supercomplex that 
executes the initial reaction of photosynthesis in higher plants, algae, and 
cyanobacteria. It captures the light from the sun to catalyze a transmembrane 
charge separation. In a series of four charge separation events, utilizing the 
energy from four photons, PSII oxidizes two water molecules to obtain 
dioxygen, four protons, and four electrons. The light reactions of photosystems 
I and II (PSI and PSII) result in the formation of an electrochemical 
transmembrane proton gradient that is used for the production of ATP. 
Electrons that are subsequently transferred from PSI via the soluble protein 
ferredoxin to ferredoxin-NADP+ reductase that reduces NADP+ to NADPH. The 
products of photosynthesis and the elemental oxygen evolved sustain all higher 
life on Earth. All oxygen in the atmosphere is produced by the oxygen-evolving 
complex in PSII, a process that changed our planet from an anoxygenic to an 
oxygenic atmosphere 2.5 billion years ago. In this chapter, we provide recent 
insight into the mechanisms of this process and methods used in probing this 
question. 
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In this book chapter, an in-depth review, progress was summarized towards the progress 

to date in understanding the mechanism behind water splitting in PSII based on time-resolved X-

ray diffraction studies using XFELS.  The primary focus was based off of recent work exploring the 

S3 state through TR-SFX performed in Kupitz, Basu et al. (2014).  This article reviewed and 

discussed every step from purification and crystallization to experimental design and interpretation 

of TR-SFX data collected on PSII crystals.   Highlights of this article were focused on the 

preparation of nanocrystals through new techniques and the use of a synthetic plastoquinone to 

validate quinone exchange and progression through the Kok cycle. The articles also summarizes 

the results with observed changes in the OEC coordination sphere electron density and conclusions 

drawn from it for the mechanism of water splitting in PSII. My contributions included writing the 

manuscript of this review book chapter, much of the literature research and leading multiple rounds 

of editing and submission tasks. 
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Abstract 

Bi-functional μ- and δ- opioid receptor (OR) ligands are potential 
therapeutic alternatives to alkaloid opiate analgesics with diminished side 
effects. We solved the structure of human δ-OR bound to the bi-functional δ-
OR antagonist and μ-OR agonist tetrapeptide H-Dmt(1)-Tic(2)-Phe(3)-Phe(4)-
NH2 (DIPP-NH2) by serial femtosecond crystallography, revealing a cis-peptide 
bond between H-Dmt(1) and Tic(2). The observed receptor-peptide interactions 
are critical to understand the pharmacological profiles of opioid peptides, and 
to develop improved analgesics.  The management of pain, mood states and 
other human neurophysiological processes is regulated by the release of 
classical endogenous opioid peptides, like endomorphins, enkephalins and 
dynorphins, that selectively bind to and activate their respective μ-, δ- and κ- 
opioid receptor (OR) subtypes(Pasternak 2014). Alkaloid opiates like morphine, 
targeting μ-OR, are the most widely used analgesics for the treatment of 
moderate to severe pain, but chronic administration produces side effects such 
as tolerance, dependence and addiction, therefore complicating their clinical 
use. Co-administration of the δ-OR antagonist naltrindole has been shown to 
prevent the development of morphine-induced tolerance and 
dependence(Abdelhamid, Sultana et al. 1991), thus prompting the design of 
compounds with a mixed δ-OR antagonist and μ-OR agonist function. This bi-
functional pharmacological profile has been achieved with both morphinan-
based small molecules and opioid peptide analogues, leading to compounds 
with reduced liability for tolerance and dependence in vivo, thus suggesting 
their high therapeutic potential(Schiller 2010, Healy, Bezawada et al. 2013). 

This paper describes structure elucidation of the δ-opioid receptor (OR) with the 

tetrapeptidic ligand H-Dmt(1)-Tic(2)-Phe(3)-Phe(4)-NH2 (DIPP-NH2) which has been shown to act 

as both a δ-OR antagonist and a µ-OR agonist.  Many alkaloid opiates, such as morphine, target 

the µ-OR in the treatment of pain but possess the detrimental side effects of tolerance and 

dependence which can lead to addiction.  These have been shown to be mitigated by co-

administration of a δ-OR antagonist (Abdelhamid, Sultana et al. 1991).  Thus, the bifunctionality of 

DIPP-NH2 is pharmacologically interesting since it supports DIPP-NH2 and similarly functional 

analogues as a non-addictive alternative to existing alkaloid opiates.  A construct was engineered 

and crystalized of the δ-OR and DIPP-NH2 fused with an N-terminal linked apocytochrome b562RIL 

(δ-OR-DIPP-NH2).  Crystal structures of the δ-OR-DIPP-NH2 construct obtained at both a 

synchrotron at cryogenic temperatures and an XFEL at room temperature showed important details 

regarding DIPP-NH2’s pharmacological bifunctionality.  A comparison with the inactive state 
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structure of the µ-OR (Manglik, Kruse et al. 2012) bound to an antagonist with the δ-OR-DIPP-NH2 

structure (shown in figure 6.2) showed a clash with two non-conserved residues in the side chain, 

implicating this site’s role in differentiation of agonist versus antagonist properties of opioid peptide 

ligands.  The solved SFX structure also elucidated 

characteristics of the peptide recognition site in the δ-OR beyond what was previously found with 

non-peptide antagonists (Granier, Manglik et al. 2012, Fenalti, Giguere et al. 2014).  The structure 

solved in this study was determined using nanocrystals embedded in lipidic cubic phase (LCP), a 

viscous membrane mimetic that has shown high success in allowing crystallization of many 

GPCR’s.  My contributions involved characterization of crystalline samples using both microscopy 

and SHG spectroscopy, sample delivery preparation, SFX data collection at beamline CXI at LCLS 

 

Figure 6.2 Structural Basis for the Recognition of DIPP-NH2 by δ-OR 

a) Superposition of the δ-OR structure (purple cartoon with red ECL2) bound to the bifunctional 
peptide DIPP-NH2 (orange sticks), and the μ-OR structure (beige cartoon) bound to β-FNA 
(yellow sticks). b) Superposition indicates that the Tic(2) group on DIPP-NH2 would clash with 
Trp318 (transparent beige sphere) on μ-OR. c) Superposition of BRILΔ36δ-OR–DIPP-NH2 
(purple) and naltrindole-bound δ-OR (light blue) showing helix movements (indicated by arrows) 
observed upon DIPPNH2binding. d) Close-up view of conformational changes occurring upon 
DIPP-NH2 binding compared to naltrindole bound receptor, including the shift of the Val2816.55 
side chain. The change in orientation of the Trp2746.58 side chain in the naltrindole bound δ-
OR structure is caused by the positioning of the cyclopentene group of naltrindole deeper into 
the receptor core. (originally published in Fenalti, Zatsepin et al. (2015)) 
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including logging each experimental step in the data collection electronic logbook of LCLS as well 

as our electronic logbook to record all data for each 5-10 min run of the experimental data collection 

conditions. This is a very elaborative task that is critical for the complex data collection at XFELs. 

For each run more than 35 parameters had to be recorded and entered, including all info on sample 

(including concentration, volume, crystallization conditions, pre-filtering conditions, crystal density 

), info on X-rays (including pulse length, X-ray energy, detector distance, flux, transmission) sample 

delivery (nozzles ID, sample flow rate, gas flow rate, pressure on sample) as well as careful 

recording of any problems observed (for example instability of the X-ray beam, clogging of nozzle, 

jittering of the jet, switch to water to remove debris on nozzle etc.). 

High throughput protein nanocrystal fractionation in a microfluidic sorter 

Analytical chemistry 87.8 (2015): 4159-4167.(Abdallah, Roy-Chowdhury et al. 2015) 
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Abstract 

Protein crystallography is transitioning into a new generation with the 
introduction of the X-ray free electron laser, which can be used to solve the 
structures of complex proteins via serial femtosecond crystallography. Sample 
characteristics play a critical role in successful implementation of this new 
technology, whereby a small, narrow protein crystal size distribution is desired 
to provide high quality diffraction data. To provide such a sample, we developed 
a microfluidic device that facilitates dielectrophoretic sorting of heterogeneous 
particle mixtures into various size fractions. The first-generation device 
demonstrated great potential and success toward this endeavor; thus, in this 
work, we present a comprehensive optimization study to improve throughput 
and control over sorting outcomes. First, device geometry was designed 
considering a variety of criteria, and applied potentials were modeled to 
determine the scheme achieving the largest sorting efficiency for isolating 
nanoparticles from microparticles. Further, to investigate sorting efficiency 
within the nanoparticle regime, critical geometrical dimensions and input 
parameters were optimized to achieve high sorting efficiencies. Experiments 
revealed fractionation of nanobeads from microbeads in the optimized device 
with high sorting efficiencies, and protein crystals were sorted into sub-
micrometer size fractions as desired for future serial femtosecond 
crystallography experiments. 
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This article reports on the development, characterization and testing of a novel microfluidic 

device designed to sort nanocrystals.  The importance of size homogeneity and interesting 

properties of discrete crystals were described in previous chapters. The device described has the 

aim of allowing optimization of the homogeneity of the nanocrystal size post-crystallogenesis 

through a fractionation technique.  The method used for crystal size segregation is based upon 

dielectrophoretic separation, utilizing inhomogeneities in an induced electric field within microfluidic  

channels that creates a flow profile that is particle size sensitive.  Initial design of the electronic and 

mechanical profile was performed by modeling with COMSOL (Multiphysics) and well-

characterized polystyrene beads, known to behave similar to PSI nanocrystals (Abdallah, Chao et 

al. 2013).  Upon fabrication of the device, the experimental proof of concept and optimization of the 

system were performed using both polystyrene beads and slurries of nano-micrometer sized PSI 

crystals (shown in figure 6.3).  The modelled separation of nanocrystals was then validated, 

showing sorting efficiencies of 91.6% and 93.8% for particle sizes of 500 nm and 2.5 µm 

respectively, characterized by DLS and NTA.  My contribution to this research was production of 

PSI nanocrystal sample as well as size characterization using DLS and NTA.  I also contributed to 

the experiments conducted together with B. Abdallah and edited the manuscript. 

Structure of the angiotensin receptor revealed by serial femtosecond crystallography 

 

 
Figure 6.3 PSI Crystal Sorting in the Optimized Design  

a) DLS signal heat map illustrating the broad size distribution (~200 nm to ~20 μm) of a bulk PSI 
crystal suspension. b) Fluorescence microscopy image of PSI crystals being sorted in the device 
where large crystals are focusing and small crystals deflect into “S”. c) DLS signal heat map of 
the “S” fraction showing a submicrometer size distribution is isolated from the bulk.  (originally 
published in Abdallah, Roy-Chowdhury et al. (2015)) 
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Abstract 

Angiotensin II type 1 receptor (AT1R) is a G protein coupled receptor 
that serves as a primary regulator for blood pressure maintenance. Although 
several anti-hypertensive drugs have been developed as AT1R blockers 
(ARBs), the structural basis for AT1R ligand-binding and regulation has 
remained elusive, mostly due to the difficulties of growing high-quality crystals 
for structure determination using synchrotron radiation. By applying the recently 
developed method of serial femtosecond crystallography at an X-ray free-
electron laser, we successfully determined the room-temperature crystal 
structure of the human AT1R in complex with its selective antagonist ZD7155 
at 2.9-A° resolution. The AT1R-ZD7155 complex structure revealed key 
structural features of AT1R and critical interactions for ZD7155 binding. Docking 
simulations of the clinically used ARBs into the AT1R structure further 
elucidated both the common and distinct binding modes for these 
antihypertensive drugs. Our results thereby provide fundamental insights into 
AT1R structure-function relationship and structure-based drug design. 

This article reported the first structure of the human angiotensin II type 1 receptor (AT1R), 

a GPCR that controls blood pressure, in complex with a selective antagonist ZD7155.  AT1R 

possesses high pharmacological relevance in diagnosis and therapeutics targeting cardiovascular 
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disease and as an important drug target for treatment of hypertension (high blood pressure).  This 

research provides the first structure of AT1R through use of nanocrystals embedded in LCP using 

the method of SFX for structure determination.  The structure of the AT1R-ZD7155 complex was 

solved to high resolution (shown in figure 6.4) and allowed insight into the pharmacophore 

composition and mechanism of AT1R that was thus far elusive. This structure, was the first structure 

of this important GPCR and it reveals for the first time the drug binding site with huge implications  

towards rational drug design.  The drug binding site of the angiotensin receptor significantly differs 

from other GPCRs as there were three residues found (Arg167, Tyr35 and Trp84) not previously 

seen in binding small molecule ligands involved in the inhibitor binding. This work provided 

 
Figure 6.4  Interactions of ZD7155 with AT1R 

a) Cross-section view of AT1R highlighting the shape of the ligand binding pocket. b) Zoomed-
in view of the ligand binding pocket showing all residues within 4 Å from the ligand ZD7155, 
along with the 2mFo-DFc electron density (blue mesh) contoured at 1 σ level. In (A) and (B) 
ZD7155 is shown as sticks with yellow carbons. c) Schematic representation of interactions 
between AT1R and ZD7155. Hydrogen bonds/salt bridges are shown as red dashed lines. The 
residues shown by mutagenesis to be critical for ligand binding are labeled red, those that are 
important for either peptide or non-peptide ligands binding are labeled in yellow, and the 
residues that discriminate between peptide and non-peptide ligands are labeled in purple. 
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important first insights into the structural basis of mechanistic modulation to be elucidated through 

multiple anti-hypertensive antagonists in combination with site-specific mutation experiments.  

Overall, the structural insight gained paves the way for future drug design.  My contributions 

involved characterization of crystalline samples using both microscopy and SHG spectroscopy, 

sample delivery preparation and logging of SFX experimental conditions and results. 
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Abstract 

The advent and application of the X-ray free-electron laser (XFEL) has 
uncovered the structures of proteins that could not previously be solved using 
traditional crystallography. While this new technology is powerful, optimization 
of the process is still needed to improve data quality and analysis efficiency. 
One area is sample heterogeneity, where variations in crystal size (among 
other factors) lead to the requirement of large data sets (and thus 10–100 mg 
of protein) for determining accurate structure factors. To decrease sample 
dispersity, we developed a high-throughput microfluidic sorter operating on the 
principle of dielectrophoresis, whereby polydisperse particles can be 
transported into various fluid streams for size fractionation. Using this 
microsorter, we isolated several milliliters of photosystem I nanocrystal 
fractions ranging from 200 to 600 nm in size as characterized by dynamic light 
scattering, nanoparticle tracking, and electron microscopy. Sorted nanocrystals 
were delivered in a liquid jet via the gas dynamic virtual nozzle into the path of 
the XFEL at the Linac Coherent Light Source. We obtained diffraction to ~4A° 
resolution, indicating that the small crystals were not damaged by the sorting 
process. We also observed the shape transforms of photosystem I 
nanocrystals, demonstrating that our device can optimize data collection for the 
shape transform-based phasing method. Using simulations, we show that 
narrow crystal size distributions can significantly improve merged data quality 
in serial crystallography. From this proof-of-concept work, we expect that the 
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automated size-sorting of protein crystals will become an important step for 
sample production by reducing the amount of protein needed for a high quality 
final structure and the development of novel phasing methods that exploit inter-
Bragg reflection intensities or use variations in beam intensity for radiation 
damage-induced phasing. This method will also permit an analysis of the 
dependence of crystal quality on crystal size. 

This article, reports on the further development and optimization of a microfluidic device 

for sorting nanocrystals for 

segregation by size using DEP with 

special focus on fast sorting speeds  

and high volume, to match the high 

sample consumption and flow rates 

required for SFX sample delivery. PSI 

crystals were homogenized and split 

before a fraction was passed through 

the device.  Once the crystals were 

sorted, they were delivered to the 

XFEL beam.  SFX data were collected 

at the CXI beamline at LCLS from the 

size homogeneous fractions  as well 

as from the original  unprocessed 

control group   The fraction that was 

separated with the device showed a 

marked improvement in size 

homogeneity as seen in the histogram 

in figure 6.5, showing a size 

distribution between of between 150 

and 550 nm reported with DLS and 

125 to 300 nm measured with NTS compared to the unsorted size distribution of 150 nm to 10 µm 

measured with DLS (NTA  cannot detect particles over 1 µm  as they diffuse too slowly and thereby 

the particle tracking system is unable to determine their diffusion constant and thereby particle size 

 
Figure 6.5 Size Distribution Before and After Sorting 

DLS heat map of (a) the PSI crystal suspension prior to 
fractionation, indicating a wide size distribution 
(∼200 nm to ∼20 μm), and (b) a PSI crystal fraction 
collected from the [S] channels indicating a narrowed 
submicron size distribution (∼200 nm to ∼600 nm). 
Signal increases from blue (lowest) to red (highest). (c) 
and (d) show DLS histograms corresponding to (a) and 
(b), respectively. (e) and (f) show DLS histograms of the 
PSI suspension prior to sorting (∼200 nm to ∼10 μm) 
and an [S] channel fraction (∼150 nm to ∼550 nm), 
respectively, measured using a cuvette-based 
instrument for comparison with (a)–(d), confirming the 
differences in the size distribution. (Originally published 
in Abdallah, Zatsepin et al. (2015)) 
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as well as mechanical constriction).  Data sets were collected on both sorted and non-sorted 

fractions and evaluated to ~4 Å, indicating no significant loss of resolution due to processing 

through the device.  My contribution to this included isolation, purification and crystallization of PSI, 

characterization of the crystals by DLS and NTA, data collection at LCLS as well as initial hitfinding 

of the data.  Furthermore, I have written the PSI and sample related part of the paper, discussed 

the results with the team and provided edits and comments for the finalization of the manuscript.  
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Abstract 

G protein-coupled receptors (GPCRs) signal primarily through G 
proteins or arrestins. Arrestin binding to GPCRs blocks G protein interaction 
and redirects signaling to numerous G protein-independent pathways. Here we 
report the crystal structure of a constitutively active form of human rhodopsin 
bound to a pre-activated form of the mouse visual arrestin, determined by serial 
femtosecond X-ray laser crystallography. Together with extensive biochemical 
and mutagenesis data, the structure reveals an overall architecture of the 
rhodopsin-arrestin assembly, in which rhodopsin uses distinct structural 
elements, including TM7 and Helix 8 to recruit arrestin. Correspondingly, 
arrestin adopts the pre-activated conformation, with a ~20° rotation between 
the N- and C- domains, which opens up a cleft in arrestin to accommodate a 
short helix formed by the second intracellular loop of rhodopsin. This structure 
provides a basis for understanding GPCR-mediated arrestin-biased signaling 
and demonstrates the power of X-ray lasers for advancing the frontiers of 
structural biology. 

This article reports a breakthrough in structural biology of GPCRs with the rhodopsin-

arrestin complex representing the first structure of any GPCR bound to arrestin (pictured in figure 

6.65).  This work provided the first detailed structural insights into the molecular basis behind 

signaling in the largest family of cell surface receptors. It has a huge impact and is also of significant 

pharmacological interest as currently one third of all clinical drugs are  targeted to GPCRs (Kim, 

Hofmann et al. 2013, Shukla, Manglik et al. 2013).  In addition to the first report of a structure of 

the GPCR-arrestin complex, the publication includes a multitude of biophysical techniques that 

were combined to provide proof that the structure represents the functionally active complex in a 
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conformation similar to the native complex in the living cell. The combination of the structure and 

the biophysical and functional studies provided a deep insight into intracellular signaling in arrestin 

pathways.  Both active and inactive structures were solved in the course of this research and 

 
Figure 6.6 The Structure of the Rhodopsin-Arrestin Complex 

a. The structure of the rhodopsin-arrestin complex in four orientations. The relative dimensions 
of rhodopsin and arrestin are shown in the intracellular view. TM1-TM7 indicates rhodopsin 
transmembrane helices 1–7; H8 is intracellular Helix 8. b. An overall view of the rhodopsin-
arrestin complex shown with transparent solid surface. T4 Lysozyme (T4L) is omitted from this 
view. c. Crystal packing diagram of the rhodopsin-arrestin complex with T4L as yellow ribbon 
model.  (Originally published in Kang, Zhou et al. (2015)) 
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coupled with the previously solved rhodopsin bound to GαCT, a high affinity peptide that stimulates 

the active site of rhodopsin. With these combined results, evidence for the mechanisms behind 

both arrestin recruitment and activation was revealed.  As rhodopsin serves as a model for many 

GPCRs, these findings represent a significant advance within the field with significant implications 

for the future of many pharmaceuticals.  My contributions towards this project consisted of 

characterization of nanocrystals, including on site analysis at LCLS, data collection, testing and 

preparing sample delivery injectors and log keeping of the experimental runs during data collection 

at LCLS.  
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Abstract 

Serial femtosecond crystallography (SFX) has opened a new era in 
crystallography by permitting nearly damage-free, room-temperature structure 
determination of challenging proteins such as membrane proteins. In SFX, 
femtosecond X-ray free-electron laser pulses produce diffraction snapshots 
from nanocrystals and microcrystals delivered in a liquid jet, which leads to high 
protein consumption. A slow-moving stream of agarose has been developed as 
a new crystal delivery medium for SFX. It has low background scattering, is 
compatible with both soluble and membrane proteins, and can deliver the 
protein crystals at a wide range of temperatures down to 4_C. Using this crystal-
laden agarose stream, the structure of a multi-subunit complex, phycocyanin, 
was solved to 2.5 A ° resolution using 300 mg of microcrystals embedded into 
the agarose medium post-crystallization. The agarose delivery method reduces 
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protein consumption by at least 100-fold and has the potential to be used for a 
diverse population of proteins, including membrane protein complexes. 

This article describes the development of a novel agarose-based sample delivery medium 

for SFX. It expands upon a method of sample conservation for serial crystallography experiments 

in which crystals grown in lipidic cubic phases were delivered using a viscous sample injection 

system. In SFX experiments where viscous media are used, the sample necessary for collection of 

a data set can be significantly decreased compared to liquid jets due to high viscosity allowing for 

a stable sample introduction with orders of magnitude lower flow rate (Weierstall, James et al. 

2014).  As LCP is a membrane mimetic, it is largely available to select membrane proteins and also 

generally necessitates in meso crystallogenesis. While soluble proteins grown conventionally in 

solution might be mixed with LCP for sample delivery, membrane proteins grown in detergent 

micelles are thought to denature when mixed with LCP due to detergent depletion, leading to the 

need for new crystallization conditions to be found. The use of agarose as reported extends the 

benefits of a slow flowing jet to both membrane and soluble proteins.  Furthermore, due to the 

process of mixing crystals with the medium post-crystallization (depicted in figure 6.7) allows pre-

existing crystallogenesis conditions to be used without requiring to find completely new 

crystallization conditions.  Multiple proteins were embedded into agarose and X-ray diffraction data 

collected using SFX in order to validate the agarose-based sample delivery method.  Results 

included a full data set for phycocyanin that showed no loss in diffracting resolution for the protein 

as well as test data sets collected on the membrane protein crystals PSI, PSI-ferredoxin as well as 

Photosystem II.  In addition, sample needed for the data sets was reduced by an order of magnitude 

as compared to a liquid jet and the medium showed minimal background, lower than that of LCP.  

My contributions to this project include isolation of protein and growth of the crystals (PSI, PSI-Fd), 

testing various compositions of the medium, experimental data collection at LCLS, including sample 

characterization on site, loading, collection of data as well as logging, participation in data 

processing and evaluation as well as edits of the manuscript.  Furthermore, after the publication I 

helped implement this technique at multiple beamtimes, growing its use within the community, and 
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developed a more consistent and convenient way to prepare the medium through use of a heating 

block and redesign of the coupling protocol.  

Serial femtosecond X-ray diffraction of enveloped virus microcrystals 

Structural Dynamics 2.4 (2015): 041720.(Lawrence, Conrad et al. 2015) 
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Haiguang Liu,5,8 Daniel James,1,3,5 Garrett Nelson,1,3,5 Ganesh Subramanian,1,3,5 Andrew Aquila,9 

 

Figure 6.7 Embedding Crystals in Agarose  

Diagram showing how the crystals are embedded into the agarose 
medium. (a) A dense pellet of crystals is drawn up into a syringe, (b) the 
agarose solution (contained in a 15 ml centrifuge tube) is submerged in 
boiling water until the agarose dissolves, the liquid agarose is drawn up 
into a warmed syringe and the agarose is allowed to gel and equilibrate 
to room temperature, (c) the protein crystals and agarose syringe are 
connected by a syringe coupler and (d) using the syringe coupler, the 
crystals are embedded throughout the agarose by moving the plungers 
back and forth.  (Originally published in Conrad, Basu et al. (2015)) 
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Abstract 

Serial femtosecond crystallography (SFX) using X-ray free-electron 
lasers has produced high-resolution, room temperature, time-resolved protein 
structures. We report preliminary SFX of Sindbis virus, an enveloped 
icosahedral RNA virus with ~700 A ° diameter. Microcrystals delivered in 
viscous agarose medium diffracted to ~40A ° resolution. Small-angle diffuse X-
ray scattering overlaid Bragg peaks and analysis suggests this results from 
molecular transforms of individual particles. Viral proteins undergo structural 
changes during entry and infection, which could, in principle, be studied with 
SFX. This is an important step toward determining room temperature structures 
from virus microcrystals that may enable time-resolved studies of enveloped 
viruses. 

In this article, microcrystals of Sindbis virus were delivered to the XFEL beam at LCLS in 

the medium agarose to obtain a structure of the capsid through SFX.  The Sindbis virus is a highly 

symmetric enveloped virus and represents a model system for structural insight into this family 

which includes dengue, West Nile, Yellow Fever and Chikungunya (King, Lefkowitz et al. 2011).  It 

is further useful as a model due to its exhibition of icosahedral symmetry in both its capsid and 

envelope (Zhang, Mukhopadhyay et al. 2002, Hernandez, Sinodis et al. 2005).  Results from this 

study led to a 40 Å resolution structure, an important step towards using SFX to uncover structural 

information on viruses that could lead to new therapeutic solutions.  My contributions to this 

research were sample preparation by embedding crystals into agarose (many test experiments at 

ASU as well as the final embedding at LCLS prior to sample delivery, characterization of the crystals 
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by DLS and SONICC as well as data collection at LCLS, which also include logging during the SFX 

experiment. I also gave comments and suggestions in the editing phase of the manuscript. 

Serial femtosecond crystallography opens new avenues for structural biology 

Protein and peptide letters 23.3 (2016): 255-272 (Coe and Fromme 2016) 
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Abstract 

Free electron lasers (FELs) provide X-ray pulses in the femtosecond 
time domain with up to 1012 higher photon flux than synchrotrons and open 
new avenues for the determination of difficult to crystallize proteins, like large 
complexes and human membrane proteins. While the X-ray pulses are so 
strong that they destroy any solid material, the crystals diffract before they are 
destroyed. The most successful application of FELs for biology has been the 
method of serial femtosecond crystallography (SFX) where nano or 
microcrystals are delivered to the FEL beam in a stream of their mother liquid 
at room temperature, which ensures the replenishment of the sample before 
the next X-ray pulse arrives. New injector technology allows also for the delivery 
of crystal in lipidic cubic phases or agarose, which reduces the sample amounts 
for an SFX data set by two orders of magnitude. Time-resolved SFX also allows 
for analysis of the dynamics of biomolecules, the proof of principle being 
recently shown for light-induced reactions in photosystem II and photoactive 
yellow protein. An SFX data sets consist of thousands of single crystal 
snapshots in random orientations, which can be analyzed now “on the fly” by 
data analysis programs specifically developed for SFX, but de-novo phasing is 
still a challenge, that might be overcome by two-color experiments or phasing 
by shape transforms. 

In this review progress, methods, advantages and challenges involved in the first 6 years 

of SFX are presented and discussed.  This includes comparisons with existing crystallographic 

methods, sample crystallogenesis and characterization, sample delivery, data collection and 

analysis, and experimental strategies.  My contributions to this review are writing the bulk of the 

material and handling the majority of the editing and submitting process.   

Femtosecond structural dynamics drives the trans/cis isomerization in photoactive yellow 
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Science 352.6286 (2016): 725-729 (Pande, Hutchinson et al. 2015) 
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Abstract 

A variety of organisms have evolved mechanisms to detect and 
respond to light, in which the response is mediated by protein structural 
changes after photon absorption. The initial step is often the photoisomerization 
of a conjugated chromophore. Isomerization occurs on ultrafast time scales and 
is substantially influenced by the chromophore environment. Here we identify 
structural changes associated with the earliest steps in the trans-to-cis 
isomerization of the chromophore in photoactive yellow protein. Femtosecond 
hard x-ray pulses emitted by the Linac Coherent Light Source were used to 
conduct time-resolved serial femtosecond crystallography on photoactive 
yellow protein microcrystals over a time range from 100 femtoseconds to 3 
picoseconds to determine the structural dynamics of the photoisomerization 
reaction. 

This article presents further research on PYP using TR-SFX, pushing temporal limits to 

visualize the trans/cis isomerization occurring on the femtosecond timescale.  Building off of results 

obtained and reported in Tenboer, Basu et al. (2014), TR-SFX was performed on PYP with time 

points including dark and 200 ns controls, 3 ps, and sub-ps time points spanning from 100-1000 fs.  

The sub-ps data sets represent the shortest and most highly resolved time points ever obtained 
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using crystallography.  A 140 fs pump laser was used to excite crystals prior to exposure to 40 fs 

XFEL pulses.  Due to a 280 fs jitter between the pump and probe lasers, a timing tool (Bionta, 

Lemke et al. 2011, Hartmann, Helml et al. 2014) was used to mark actual time delays in the fs 

regime.  All sub ps pulses were measured using estimated 300 fs and 600 fs time delays and data 

were binned post collection by their time stamps.  A 200 ns time delay was used as a positive 

control to compare with previously measured 1 µs data (Pande, Hutchinson et al. 2015) in order to 

quantify initiation yield from the pump laser.  This successfully showed a consistent ratio of pR1 

and pR2 states expected at this point along the reaction timeline, with a calculated reaction initiation 

of 12.6%.  This value is lower than the previous 40% reported in Tenboer, Basu et al. (2014) due 

to the need for a fs pump vs. a ns pump.  Whereas ns pulses allow for secondary initiations to occur 

to molecules that have backreacted to the ground state post initial excitation, fs pulses are faster 

 
Figure 6.8  Trans-to-Cis Isomerization in PYP 

Weighted DED maps in red (–3σ) and blue (3σ); front (upper) and side view (lower). Each map 
is prepared from about the same number of diffraction patterns, except the 3-ps map (table S1, 
B and C). The reference dark structure is shown in yellow throughout; structures before the 
transition and still in the electronic excited state PES are shown in pink; structures after the 
transition and in the electronic ground state PES are shown in light green. Important negative 
difference density features are denoted as α and positive features as β in (B) and (G). 
Pronounced structural changes are marked by arrows. (A to C) Time delays before the 
transition. (A) Twisted trans at 142 fs, ϕtail 154°. (B) Twisted trans at 269 fs, ϕtail 140°, some 
important residues are marked; dotted lines: hydrogen bond of the ring hydroxyl to Glu46 and 
Tyr42. (C) Twisted trans at 455 fs, ϕtail 144°; dotted line: direction of C2=C3 double bond. (D 
to G) Time delays and chromophore configuration after the+ transition. (D) Early cis at 799 fs, 
ϕtail 50°. (E) Early cis at 915 fs; dotted line: direction of C2 = C3 double bond. (F) Early cis at 
1023 fs; for (E) and (F), ϕtail ~ 65°. (G) 3-ps delay; dashed line: direction of C2=C3 double bond, 
feature β1; ϕtail is 35°.  Figure and caption originally published in Pande, Hutchinson et al. 
(2015). 
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than the time scale for an initially excited molecule to revert to the ground state, precluding the 

chance for a second excitation event.   

The 3 ps and binned, sub-ps time points observed comprise a conformational dynamic 

progression from the trans-p-coumaric acid chromophore to the cis state over this time range as 

inferred from difference electron density maps.  The remarkable visualization of this isomerization 

is highlighted in figure 6.8, showing difference electron density evolving over the course of these 

time delays.  Through a theoretical and spectroscopically supported conical intersection of excited 

state and ground state potential energy surfaces, the 550 fs observed timing of the isomerization 

of the chromophore is in good agreement with previous studies on the photoactivated dynamics of 

PYP.  My contributions to this project included crystallization and characterization prior to and 

during beamtime as well as log keeping and assistance with data reduction during the experiment. 

Second harmonic generation correlation spectroscopy for characterizing translationally 

diffusing protein nanocrystals 
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Abstract 

Second harmonic generation correlation spectroscopy (SHG-CS) is 
demonstrated as a new approach to protein nanocrystal characterization. A 
novel linescanning approach was performed to enable autocorrelation analysis 
without sample damage from the intense incident beam. An analytical model 
for autocorrelation was developed, which includes a correction for the optical 
scattering forces arising when focusing intense, infrared beams. SHG-CS was 
applied to the analysis of BaTiO3 nanoparticles ranging from 200 to _500 nm 
and of photosystem I nanocrystals. A size distribution was recovered for each 
sample and compared with the size histogram measured by scanning electron 
microscopy (SEM). Good agreement was observed between the two 
independent measurements. The intrinsic selectivity of the second-order 
nonlinear optical process provides SHG-CS with the ability to distinguish well-
ordered nanocrystals from conglomerates and amorphous aggregates. 
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Combining the recovered distribution of particle diameters with the histogram 
of measured SHG intensities provides the inherent hyperpolarizability per unit 
volume of the SHG-active nanoparticles. Simulations suggest that the SHG 
activity per unit volume is likely to exhibit relatively low sensitivity to the subtle 
distortions within the lattice that contribute to resolution loss in X-ray diffraction, 
but high sensitivity to the presence of multi-domain crystals.  

This article describes research done towards using SHG correlation spectroscopy to 

measure size and size distribution for nanocrystals by SONICC instrumental design and practical 

validation.  This work was conducted by  the group of G. Simpson who invented the SONICC 

method. While the original SONICC measurements were focused solely on the detection of 

nanocrystals this work now expands the SONICC method for the detection of size and quality of 

nanocrystals.  It could be developed into a new tool that could be incorporated as a feature into the 

SONICC instrumentation in the future, possibly replacing the need for DLS or NTA analysis that 

are usually coupled with SHG spectroscopy for nanocrystal characterization.  The autocorrelation 

function can be determined during SHG generation by use of light scattering fluctuations and 

evaluated with methods similar to the methods used for data evaluation using a DLS instrument or 

fluorescence correlation spectroscopy.  Here data are collected as particles flow through the focal 

volume of a laser sufficiently powerful enough to induce SHG. The intensity fluctuations of the SHG 

signal are then used to determine the size of the nanocrystals.  Figure 6.910 illustrates how this 

 
Figure 6.9  Illustration of Autocorrelation Analysis  

As the nanocrystal diffuses though the focal volume, the SHG intensity will fluctuate. Multiplying 
the signal by itself with a time delay and integrating yields an autocorrelogram. With sufficient 
particles sampled, the autocorrelation decay provides a measure of diffusion.  (Originally 
published in Dow, Dettmar et al. (2016)) 
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autocorrelation analysis works.  The pattern in these fluctuations is directly correlated to its 

Brownian movement through the region which is related to its size through the Stokes-Einstein 

equation.  The benefit of using SHG is that its intensity is quadratically proportional to the crystal 

size and, like Bragg diffraction, is dependent upon translational order, becoming generally 

negligible for aggregates and free molecules (Haupert and Simpson 2011).  This gives the system 

a huge advantage over DLS, which cannot discriminate between disordered particles (aggregates) 

and nanocrystals. With the new SHG-correlation based method, one can determine the size of 

nanocrystals even in the presence of amorphous aggregates which often co-exists with 

nanocrystals in crystallization experiments. As the beam must be sufficiently intense, it has an 

influence on the dynamics of the particles being measured.  In order to deconvolute this influence, 

BaTiO3 particles were initially used to validate and iteratively improve theoretical models of this 

influence.  This was then tested on PSI nanocrystals for practical validation as macromolecular 

crystals are the intended beneficiary of this technique.  With comparison of TEM and DLS data on 

the results, the size distribution from SHG-CS showed strong agreement and proof of concept for 

this technique proved successful.  My contributions to this work were the isolation of PSI and the 

growth of an array of different sized PSI nano- and microcrystals. I also provided the PSI sample 

section for the paper, discussed results and read and provided comments for the manuscript. 

Lipidic cubic phase injector is a viable crystal delivery system for time-resolved serial 
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Abstract 

Serial femtosecond crystallography (SFX) using X-ray free-electron 
laser sources is an emerging method with considerable potential for time-
resolved pump-probe experiments. Here we present a lipidic cubic phase SFX 
structure of the light-driven proton pump bacteriorhodopsin (bR) to 2.3Å 
resolution and a method to investigate protein dynamics with modest sample 
requirement. Time-resolved SFX (TR-SFX) with a pump-probe delay of 1ms 
yields difference Fourier maps compatible with the dark to M state transition of 
bR. Importantly, the method is very sample efficient and reduces sample 
consumption to about 1mg per collected time point. Accumulation of M 
intermediate within the crystal lattice is confirmed by time-resolved visible 
absorption spectroscopy. This study provides an important step towards 
characterizing the complete photocycle dynamics of retinal proteins and 
demonstrates the feasibility of a sample efficient viscous medium jet for TR-
SFX. 

This article shows the proof of principle for TR-SFX within a viscous media.  Crystals of 

active bacteriorhodopsin (bR) were grown in LCP and loaded in the LCP injector in the dark for 

delivery to the XFEL beam. The protein is the excited by short laser 75 fs pulses “on the fly in the 

LCP jet” during sample, which initiated the photoreaction cycle. Data were then collected with a 

time delay of 1 ms to progress the system into the M state.  Though TR-SFX was established for 

sample delivery in liquid jets at this point, the use of a viscous medium was seen by many groups 

as a severe challenge for TR-SFX.  The main concerns were the slow flow rates, the question how 

laser light would penetrate the 30um thick opaque LCP jet. This study provided the first 

experimental data on the feasibility of TR-SFX for crystals grown and delivered in viscous media. 

The conventional liquid sample delivery jets required tens to hundreds of mg of the valuable protein 

samples, which is not feasible for many difficult to crystallize proteins. 
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This work now extends TR-SFX to the study of proteins that can be produced only in very 

small amounts and are difficult and costly to provide in quantities needed for liquid jet SFX.  bR is 

acts as a light-driven proton pump and, like rhodopsin, binds the biological chromophore retinal. 

The reaction is phototriggered by a laser light pulse at 530 nm and 50 fs excitation.   Previous to 

this experiment, data had been collected on the dark state of bR using serial crystallography at a 

microfocus beamline (Nogly, James et al. 2015). The bR was crystallized in LCP.  Along with a 

structure solved with cryogenic traditional crystallography, a basis for validation of the SFX 

structure was obtained which showed high agreement between the three, a comparison of which 

is shown in figure 6.10.  After time resolved spectroscopy experiments on crystals diffracted at the 

 
Figure 6.10 Comparison of bR Structures from SFX, SMX and Cryo 

(a) Overall structures are highly similar with only minor deviations in loop regions and the 
termini. (b–d) Comparison of electron density maps in the retinal-binding pocket (SFX (b), SMX 
(c) and Cryo (d)). The electron density maps (blue, 2Fo−Fc, 1 σ) are well defined in all three 
cases and strong positive density is observed when retinal (yellow sticks; left panel) is omitted 
during refinement (green, Fo−Fc, 2.5 σ). Flexible regions of the retinal β-ionone ring (insets), 
which are not part of the retinal conjugated double bond system, can be clearly identified in the 
two room temperature structures.  Originally published in Nogly, Panneels et al. (2016). 
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synchrotron, a maximum of the M intermediate of bR was found to accumulate at 1 ms, therefore 

1 ms was used as the delay time in the TR-SFX experiment.  The electron density map and the 

structure determined confirmed that we have reached the M state intermediate, showing high 

agreement with the existing trapped M state from traditional crystallography (Sass, Büldt et al. 

2000).  These results pave the way for future photoactivated TR-SFX experiments in viscous 

media.  My contributions to this project include characterization of embedded crystals, sample 

loading, sample introduction and logging during the experiment. I also provided comments and 

edits to the manuscript.   
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Abstract 

Mix-and-inject serial crystallography (MISC) is a technique designed to 
image enzyme catalyzed reactions in which small protein crystals are mixed 
with a substrate just prior to being probed by an X-ray pulse. This approach 
offers several advantages over flow cell studies. It provides (i) room 
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temperature structures at near atomic resolution, (ii) time resolution ranging 
from microseconds to seconds, and (iii) convenient reaction initiation. It outruns 
radiation damage by using femtosecond X-ray pulses allowing damage and 
chemistry to be separated. Here, we demonstrate that MISC is feasible at an 
X-ray free electron laser by studying the reaction of M. tuberculosis ß-
lactamase microcrystals with ceftriaxone antibiotic solution. Electron density 
maps of the apo-ß-lactamase and of the ceftriaxone bound form were obtained 
at 2.8 Å and 2.4 Å resolution, respectively. These results pave the way to study 
cyclic and non-cyclic reactions and represent a new field of time-resolved 
structural dynamics for numerous substrate-triggered biological reactions. 

This publication describes results from mix-and-inject TR-SFX on β-lactamase (BlaC) from 

Mycobacterium tuberculosis in both its apo form and in complex with the antibiotic ceftriaxone.  This 

marks one of the first published diffusive mixing TR-SFX experiments.  Β-lactams are one of the 

largest classes of antibiotics and acts on both Gram-positive and Gram-negative pathogens.  The 

tuberculosis causing bacteria M. tuberculosis is resistant to treatment with these antibiotics due to 

the evolution of its BlaC protein which uses a serine residue to open the β-lactam ring via 

nucleophilic attack, rendering the antibiotic inactive.  In order to combat this medicinally, clarity on 

the mechanism of this inactivation is needed and so visualization of the structures along the 

reaction timeline are desired.  A T-junction was used to mix crystals with a 2-3 µm thickness with a 

solution of Ceftriaxone using a 15 µL/min flow rate of crystal slurry and a 60 µL/min with a time 

delay of ~2 sec, leading to steady state data collection (turnover rate has been measured to be 49 

+/- 17/min).  Structures of the apo (2.8 Å) and substrate bound (2.4 Å) enzyme were achieved from 

collection of 12,853 and 22,646 indexed diffraction patterns respectively.  As can be seen in figure 

6.11, difference electron density maps exhibit strong evidence of successful diffusion into the 

binding pocket by Ceftriaxone.  This allowed successful method validation by comparison to 

previous work with large BlaC crystals soaked with cefamandole, another β-lactam antibiotic 

(Tremblay, Xu et al. 2010).  In addition, this provides a path forward for uncovering unknown 

intermediates at higher temporal resolution in the push for mechanistic understanding.  My 

contributions to this work included initial microcrystallization trials, sample characterization and 

handling, logging during the experiment, and edits in the manuscript. 
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Figure 6.11  Electron Densities of Apo and Ceftriaxone Bound BlaC Catalytic Cleft 

(a) Refined model of the entire tetramer (σ = 1.1) in the asymmetric unit after mixing. The mixed 
electron density (2Fo-Fc) is shown in blue in the binding pockets. Subunits A and C contain 
phosphate while subunits B and D have a bound ceftriaxone, with the electron density of D 
being slightly stronger. (b) Enlarged section of subunit D showing the unmixed ED, which 
corresponds to a bound phosphate. (c) Enlarged section of subunit D showing the mixed ED 
(blue electron density) with ceftriaxone modelled in.  Figure and caption originally from Kupitz, 
Olmos Jr et al. (2017). 
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Abstract 

Crystal structure determination of biological macromolecules using the 
novel technique of serial femtosecond crystallography (SFX) is being severely 
limited by the scarcity of X-ray free electron laser (XFEL) sources. However, 
recent and future upgrades render synchrotron radiation sources at micro-
focused beamlines suitable for room temperature serial crystallography data 
collection as well. Due to the longer exposure times needed at synchrotrons, 
serial data collection is termed serial millisecond crystallography (SMX). As a 
result, the number of SMX experiments is rapidly growing, with a dozen 
experiments reported so far. Here, we present the first high-viscosity injector-
based SMX experiments carried out at a U.S. synchrotron source, the 
Advanced Photon Source (APS). Micro-crystals (5-20 µm) of a wide variety of 
proteins including lysozyme, thaumatin, phycocyanin, the human A2A 
adenosine receptor (A2AAR), the soluble fragment of the membrane lipoprotein 
Flpp3, 3-deoxy-D-manno-2-octulosunate-8-phosphate synthase (KDO8PS), 
and proteinase K were screened. Crystals suspended in lipidic cubic phase 
(LCP) or a high molecular weight poly (ethylene oxide) (PEO) (MW=8,000,000) 
were delivered to the beam using a high viscosity injector. In-house data 
reduction (hit-finding) software developed at APS as well as SFX data-
reduction and analysis software suites, Cheetah and CrystFEL, enabled 
efficient on-site SMX data monitoring, reduction and processing. The best 
diffracting crystals were from A2AAR, phycocyanin, Flpp3, KDO8PS, proteinase 
K, thaumatin and lysozyme, with hit rates of 3.0 %, 5.0 %, 11.6 %, 1.5 %, 4.2 
%, 6.0 % and 34.2 %, respectively. Complete data sets of A2AAR, phycocyanin, 
Flpp3, proteinase K, and lysozyme were collected and their structures were 
determined at 3.2 Å, 3.1 Å, 3.0 Å, 2.65 Å, and 2.05 Å resolution, respectively. 
Our data demonstrate the feasibility of serial millisecond crystallography from 

5–20 m crystals using a high viscosity injector at APS.  The resolution of the 
crystal structures obtained in this study was dictated by the current flux density 
and crystal size, but upcoming developments in beamline optics and the planned 
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APS-U upgrade will increase intensity by two orders of magnitude. These 
developments will enable structure determination from smaller and/or weakly 
diffracting micro-crystals.    

This article reports on a series of experiments carried out at microfocus beamlines at the 

Advance Photo Source (APS) acting as a proof of principle for serial millisecond crystallography at 

synchrotron sources. This technique uses millisecond X-ray exposures at a synchrotron analogous 

to SFX (illustrated in figure 6.12).  A suite14). Suites of proteins were used over the course of these 

experiments with five complete data sets being collected for A2A adenosine receptor (A2AAR, a 

membrane protein and GPCR), phycocyanin (a soluble phycobiliprotein complex), Flpp3 soluble 

domain, proteinase 

K (soluble) and 

lysozyme (soluble), 

all previously 

solved structures to 

allow for method 

validation.  All the 

crystals were 

delivered using 

viscous media with 

A2AAR being grown 

in LCP, lysozyme 

and Fllp3 being 

embedded in LCP 

with a similar 

protocol to that of 

agarose (described 

previously). In 

addition, Flpp3, phycocyanin and proteinase K were also embedded into viscous phase of 6 % 

poly(ethylene oxide) MW=1,000,000 (PEO).  This is the first report of PEO being used as a viscous 

 
Figure 6.12 Experimental Setup at the GM/CA 23-ID-D Beamline  

(a) Schematic diagram of the setup. (b) LCP injector (Weierstall, James 
et al. 2014) mounted on translation stages (not shown). The catcher is 
also shown. (c) View of the LCP stream extruding out of a 50 µm glass 
capillary nozzle. The intersection point of the two white dashed lines 
indicates the position of the X-ray beam.  Originally published in Martin-
Garcia, Conrad et al. (2017). 
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carrier.  While the embedding procedure is analogous to the protocol for agarose, PEO behaves 

much better in air than agarose in forming a stable jet (the converse has been observed in vacuum) 

and appears to have a similar compatibility range.  Data sets were collected and structures were 

determined to a resolution range of 2.05-3.2 Å for the various proteins. Thereby SMX achieved 

similar resolutions to data sets collected by cryo-crystallography and SFX in previous experiments, 

leading to a demonstration of feasibility for serial millisecond crystallography as a viable method 

and tool in structural discovery.  My contributions to this publication included isolation and 

purification of protein, growth of crystals, preparation of and embedding of crystals in the PEO, 

operation of the injector, and participation in data processing and evaluation. 
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Abstract 

Riboswitches are structural RNA elements that are generally located in 
the 5′untranslated region of messenger RNA. During regulation of gene 
expression, ligand binding to the aptamer domain of a riboswitch triggers a 
signal to the downstream expression platform(Nahvi, Sudarsan et al. 2002, 
Mandal, Boese et al. 2003, Breaker 2012). A complete understanding of the 
structural basis of this mechanism requires the ability to study structural 
changes over time(Hajdu, Neutze et al. 2000). Here we use femtosecond X-ray 
free electron laser (XFEL) pulses(Chapman, Fromme et al. 2011, Boutet, Lomb 
et al. 2012) to obtain structural measurements from crystals so small that 
diffusion of a ligand can be timed to initiate a reaction before diffraction. We 
demonstrate this approach by determining four structures of the adenine 
riboswitch aptamer domain during the course of a reaction, involving two 
unbound apo structures, one ligand-bound intermediate, and the final ligand-
bound conformation. These structures support a reaction mechanism model 
with at least four states and illustrate the structural basis of signal transmission. 
The three-way junction and the P1 switch helix of the two apo conformers are 
notably different from those in the ligand-bound conformation. Our time-
resolved crystallographic measurements with a 10-second delay captured the 
structure of an intermediate with changes in the binding pocket that 
accommodate the ligand. With at least a 10-minute delay, the RNA molecules 
were fully converted to the ligand-bound state, in which the substantial 
conformational changes resulted in conversion of the space group. Such 
notable changes in crystallo highlight the important opportunities that micro- 
and nanocrystals may offer in these and similar time-resolved diffraction 
studies. Together, these results demonstrate the potential of ‘mix-and-inject’ 
time-resolved serial crystallography to study biochemically important 
interactions between biomacromolecules and ligands, including those that 
involve large conformational changes. 

This research describes a milestone in TR-SFX research where four structures were 

obtained of the adenine riboswitch aptamer domain over the course of its reaction pathway after 

being chemically triggered.  The adenine riboswitch modulates gene expression through 

conformational ‘switching’ upon (and in the absence of) binding adenine as a ligand in its 71-

nucleotide RNA aptamer domain.  In determining the ground state structure, two distinct conformers 

were discovered within the asymmetric unit, only one of which being ligand-binding competent.  

The structure of the binding pocket revealed residues key to mechanistic activity, contrary to 

previous suspicion of lack of order in the absence of a bound ligand (Rieder, Lang et al. 2007).  
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The intermediate and ligand bound states were solved at time points of 10 second and 10 minutes 

respectively after introduction of adenine as a ligand using a T-junction mixer as depicted in figure 

6.13a.  Interestingly, the space 

group itself changed when 

comparing the apo structures with 

the final ligand bound structure 

from P21 → P212121. This 

transformation occurs in crystallo 

over the 10 minute incubation with 

the adenine ligand (illustrated in 

figure 6.13b).  This polymorphic 

transformation was  astonishing to 

occur in crystals, but the structure 

of final state reached is similar to 

the previously reported structure 

of the ligand bound state (Zhang 

and Ferré-D’Amaré 2014) as can 

be seen in figure 6.13c.  In 

contrast, the 10 second 

intermediate showed P21 packing 

like the apo forms, indicating no 

large conformational change had 

occurred in that time frame.  

However, there were interesting 

differences in the electron density 

of the binding pocket and a loss of 

electron density in the first helix of 

the aptamer domain, in 

 
Figure 6.13 Setup of Mix-and-Inject SFX and Conversion 
of the Structure and Crystal Lattice 

(a) Cartoon of the SFX ligand-mixing experiment.  (b) The 
unit cells of the crystals of apo (P21) and ligand-bound 
(P21212), the structure of which was generated in 
crystallo from the apo structures after at least 10 min of 
mixing with the adenine ligand.  (c) Superimposition (left) 
of the ligand-bound structures of the 10-min-mix (green) 
and PDB code 4TZX (magenta), and 2 Fo − Fc electron 
density maps contoured at 1σ for the whole structure of the 
10-min-mix (middle) and the binding pocket (right) showing 
the ligand (black).  Figure and caption originally published 
in Stagno, Liu et al. (2017). 
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agreement with an intermediate state predicted by the kinetics model to occur prior to the large 

conformational change.  The results of this experiment provide a structural basis for observed 

kinetics and the possible mechanism for ligand binding based signaling in riboswitches.  My 

contributions towards this project were characterization and advice on sample selection, 

preparation of sample for injection, sample delivery operation, participation in XFEL data collection 

at LCLS as well as log keeping and manuscript editing. 
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Abstract 

Cytochrome c oxidase (CcO), the terminal enzyme in the electron 
transfer chain, translocates protons across the inner mitochondrial membrane 
by harnessing the free energy generated by the reduction of oxygen to water. 
Several redox-coupled proton translocation mechanisms have been proposed, 
but they lack confirmation, in part from the absence of reliable structural 
information due to radiation damage artifacts caused by the intense 
synchrotron radiation. Here we report the room temperature, neutral pH (6.8), 
damage-free structure of bovine CcO (bCcO) in the carbon monoxide (CO)-
bound state at a resolution of 2.3 Å, obtained by serial femtosecond X-ray 
crystallography (SFX) with an X-ray free electron laser. As a comparison, an 
equivalent structure was obtained at a resolution of 1.95 Å, from data collected 
at a synchrotron light source. In the SFX structure, the CO is coordinated to the 
heme a3 iron atom, with a bent Fe–C–O angle of ∼142°. In contrast, in the 
synchrotron structure, the Fe–CO bond is cleaved; CO relocates to a new site 
near CuB, which, in turn, moves closer to the heme a3 iron by ∼0.38 Å. Structural 
comparison reveals that ligand binding to the heme a3 iron in the SFX structure 
is associated with an allosteric structural transition, involving partial unwinding 
of the helix-X between heme a and a3, thereby establishing a communication 
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linkage between the two heme groups, setting the stage for proton translocation 
during the ensuing redox chemistry. 

This article reports and discusses results from TR-SFX upon structural studies of 

cytochrome c oxidase (CcO) and reports for the first time a CO bound state solved from data 

collected at an XFEL.  CcO is a large membrane protein complex that is the terminal electron 

acceptor in the respiratory electron transfer pathway. It catalyzes the reduction of molecular oxygen 

to water and significantly contributes to the electrochemical gradient and membrane potential 

across the inner mitochondrial membrane by pumping protons across the membrane.   While many 

structural studies have been performed in search of the mechanistic coupling between oxygen 

reduction and proton translocation, the exact molecular mechanism remains elusive largely due to 

 
Figure 6.14 Allosteric Structural Transition in the Helix-X fragment Induced by Ligand 
Binding to Heme a3 

(a) Superimposed structures of helix-X in CcO-CO and CcO-CO* obtained by SFX (green) and 
by synchrotron radiation (coral), respectively. The arrows designate the [380–384] peptide 
backbone movements (in Å) induced by ligand binding to heme a3. In the comparison of the two 
structures, the Cα carbon atoms of S382 and M383 differ by 1.5 Å, and the backbone carbonyl 
groups differ by 2.8 Å. Comparison of the alpha-helix hydrogen bonding in (b) the CcO-CO 
structure obtained by SFX and (c) the CcO-CO* structure obtained by synchrotron radiation. In 
C, in which the CO ligand was dissociated from the heme a3 iron atom, the normal α-helical H-
bonding is established, whereas in B, the SFX structure, the α-helical H-bonding patterns of the 
carbonyl groups of Y379, S382, and M383 are disrupted.  Figure and caption originally published 
in Ishigami, Zatsepin et al. (2017). 
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the metallocatalytic center that experiences localized radiation damage due to the high cross 

section of metals with X-rays.  The use of an XFEL uniquely allows the X-ray damage to be 

bypassed due to the diffract and destroy serial nature of SFX.  Furthermore, the use of a hydrated 

microcrystal slurry for sample delivery allows room temperature data collection at physiological pH, 

possibly critical in the ability to visualize the structural mechanism.  These advantages were 

apparent when comparing the structure obtained from an XFEL and that from a synchrotron, in 

which the Fe-CO bond was cleaved.  The results from this research uncover an allosteric 

conformational transition that is triggered by ligand binding to a heme, illustrated in figure 6.14.  

Among other insights gained, the biologically relevant structure showed visualization of a bent Fe-

C-O moiety, agreeing with observed deviations in the correlation between frequencies of the Fe-

CO and C-O stretching modes (Egawa, Haber et al. 2015).  My contributions to this work were 

sample characterization, sample preparation, sample delivery, participation in SFX data collection 

at LCLS as well as data evaluation with special focus on hitfinding and online monitoring, and log 

keeping during the beamtime. 
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Abstract 

Ever since the first atomic structure of an enzyme was solved, the 
discovery of the mechanism and dynamics of reactions catalyzed by 
biomolecules has been the key goal for the understanding of the molecular 
processes that drive life on earth. Despite a large number of successful 
methods for trapping reaction intermediates, the direct observation of an 
ongoing reaction has been possible only in rare and exceptional cases. Here, 
we demonstrate a general method for capturing enzyme catalysis ‘in action’ by 
‘mix-andinject serial crystallography’. Specifically, we follow the catalytic 
reaction of the Mycobacterium tuberculosis β-lactamase with the 3rd 
generation antibiotic ceftriaxone by time-resolved serial femtosecond 
crystallography. The results reveal, in near atomic detail, antibiotic cleavage 
and inactivation on the millisecond to second time scales including the 
crossover from transition state kinetics to steady-state kinetics. 

This article reports mix-and-inject TR-SFX of BlaC and its substrate antibiotic Ceftriaxone 

in the ms to s regime, following up on previously summarized experiments reported in Kupitz, 

Olmos Jr et al. (2017).  Two different crystal morphologies were compared at time delays after 

initial reaction initiation of 30 ms, 100 ms, 500 ms and 2 s using in nozzle mixing as described in 

Calvey, Katz et al. (2016).  This marked the first sub-second diffusive mixing TR-SFX to be 

reported.  Analysis of the data showed the enzyme substrate complex (ES) occurring by the 30 ms 

time point and continuing to dominate through the 100 ms time point.  By the 500 ms time point, an 

increased occupancy of a state in which BlaC and a ligand presumed to be cleaved Ceftriaxone 

are covalently bound is observed (E-CFO*).  Interestingly, there were differences observed in the 

electron densities obtained from the two morphologies even though both showed highly similar 

overall structures and occupancy progressions.  This suggests that a critical role may be played by 

the packing beyond whether or not the active site is accessible to a chemical trigger, particularly 

with the intercrystal diffusion rates and subsequent reaction initiation homogeneity.  Figure 6.15 

shows the calculated profile of the different states over the reaction timeline as a function of 
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concentration over time, highlighting that visualization of the intermediates in this system are 

minimally effected by diffusion times.  My contribution to this research included sample loading, 

sample delivery, and logging of the experiment. 
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Figure 6.15  Concentration Profile of the Catalytic BlaC Reaction with Ceftriaxone 

Concentration profile of the catalytic BlaC reaction with CEF as simulated with realistic 
parameters and a kinetic mechanism. The solid lines are calculated with τD = 15 ms, the dashed 
lines with τD = 1.5 ms. Black lines: free enzyme (E). Green lines: enzyme substrate complex 
(ES). Blue lines: enzyme acyl-intermediate complex (E-CFO*). Red lines: product P (CFO, 
inactive CEF without leaving group, lactam ring open), released from the enzyme. Black dots: 
observed time-delays.  Figure and caption originally from Olmos, Pandey et al. (2017). 
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Abstract 

Time-resolved serial femtosecond crystallography with X-ray free 
electron laser (XFEL) holds the potential to view fast reactions occurring at 
near-physiological temperature. However, production and characterization of 
homogeneous micron-sized protein crystals at high density remain a 
bottleneck, due to the lack of the necessary equipments in ordinary 
laboratories. We describe here supersaturationcontrolled microcrystallization 
and visualization and analysis tools that can be easily used in any laboratory. 
The microcrystallization conditions of the influenza virus hemagglutinin were 
initially obtained with low reproducibility, which was improved by employing a 
rapid evaporation of hanging drops. Supersaturation-controlled 
microcrystallization was then developed in a vapor diffusion mode, where 
supersaturation was induced by evaporation in hanging drops sequentially for 
durations ranging from 30 sec to 3 min, depending on the protein. It was applied 
successfully to the microcrystal formation of lysozyme, ferritin and 
hemagglutinin with high density. Moreover, visualization and analysis tools 
were developed to characterize the microcrystals observed by light microscopy. 
The size and density distributions of microcrystals analyzed by the tools were 
found to be consistent with the results of manual analysis, further validated by 
high-resolution microscopic analyses. Our supersaturation controlled 
microcrystallization and visualization and analysis tools will provide universal 
access to successful XFEL studies. 

This article describes a new microcrystallization technique for creating crystals suitable for 

SFX studies using rapid evapo-concentration.  The new method was validated using three different 

proteins as model systems and produced showers of microcrystals that were formed duing the 

evapo-concentration using vapor diffusion.  The crystals were then characterized using 

microscopy, SONICC and DLS as well as a use of a hemocytometer for density measurement.  

SFX data were collected for all three proteins at an XFEL with a structural solution being obtained 

for lysozyme up to 1.9 Å.  The hemagglutinin showed diffraction up to 3.2 Å though a structure 

could not be obtained due to minimal sample volume and a loss of resolution upon mixing with 

agarose.  My contribution to this paper was crystallization of the lysozyme, preparation and 

embedding of the hemagglutinin with agarose, sample characterization, sample loading, sample 
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injection participation in SFX data collection at LCLS as well as participation in data evaluation 

including hitfinding, as well as comments and edits to the manuscript. 
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Abstract 

Cytochrome c oxidase catalyzes the reduction of dioxygen to water and 
harnesses the redox energy to pump protons across the inner mitochondrial 
membrane. How the oxygen reaction is coupled to proton translocation remains 
unproven. By time-resolved serial femtosecond crystallography, coupled with a 
mix-and-inject method, we identified the transient F-intermediate in the oxygen 
reaction, in which the heme a3 iron atom is in a ferryl (Fe4+=O2 ) configuration. 
The intermediate is characterized by (i) an allosteric transition which poises a 
helix-X segment to be in an open conformation, (ii) a 120° rotation of the 
farnesyl sidechain of heme a, and (iii) a large conformational change in loop-I-
II. In addition, a new water molecule is identified in the catalytic site, 2.6 Å from 
the oxygen atom of Y244. These data offer new insights into the mechanism by 
which the oxygen chemistry drives unidirectional proton translocation through 
the protein matrix. 

This manuscript reports the crystal structure of the F intermediate of bovine cytochrome c 

oxidase (bCcO) through a diffusive mixing TR-SFX experiment.  Previously reported spectroscopic 

results support a sequential mechanism for the reduction of O2 whereby a reduced heme-iron first 

binds an O2 and reduces it first to a superoxide (A).  This is followed by two distinct ferryl 

intermediates, first P by which the two electrons are acquired from a copper and a nearby tyrosine 

(which concurrently forms a radical) followed by F in which a second electron is gained from the 

heme and coupled with a proton to form a tyrosinate.  This state then proceeds to a hydroxide 
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bound state and proceeds through the 

cycle from there.  This proposed 

reaction cycle is shown in figure 6.16.  

Previous to this work, none of the 

hypothesized oxygen intermediates 

had been identified, hindering 

mechanistic understanding of this 

process.  However, spectroscopic 

assessment of the reaction cycle in the 

crystals showed that the F intermediate 

was sustained in crystallo for much 

longer than what had been observed in 

solution, stabilizing the F intermediate 

for up to 600 s. 

The experiments were carried 

out by using a microfluidic device to mix an anoxygenic suspension of bCcO crystals with an 

oxygenated buffer solution that allowed for diffusive mixing between the two solutions to occur 

within 10 ms.  With the mobility of O2 as a substrate, the 20 x 20 x 4 µm bCcO crystals allowed for 

diffusive mixing into the crystal to occur within another 2 ms, giving a reaction initiation homogeneity 

within 12 ms.  By manipulating flow rate and post-mixing path length, X-ray diffraction data were 

collected at multiple time points and a full TR-SFX data set was collected at 8 seconds that showed 

signature features of the anticipated F intermediate including a rotation of the farnesyl sidechain 

from a heme and movement of helix X, which coordinates the active site.  This allowed novel insight 

to be gained on the mechanism of proton translocation and the oxidative phase of oxygen reduction 

by bCcO.  My contributions to this project included sample characterization and preparation as well 

as injection, experimental setup and data collection at LCLS and real-time data monitoring and 

initial data evaluation. 

  

 

Figure 6.16  Proposed O2 Reduction Cycle of 
bCcO 

Highlighted putative intermediates of bCcO in the 
reduction of O2 and their oxidative and chemical 
composition with respect ot the copper-heme 
binuclear active site, ligands and the state of tyrosine 
Y244 which is implicated in the mechanism.  Figure 
from Ishigami et. al (in submission). 
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7 CONCLUDING REMARKS AND OUTLOOK 

Summary of Work and Accomplishments 

Both SFX and SMX are relatively young techniques and are extremely multidisciplinary, 

requiring large teams and collaborations with varying specialties to perform successful 

investigations.  Over the course of my time as a graduate student, I have been involved in over 70 

beamtimes, 52 of which were at LCLS alone.  Among this has been work on dozens of different 

targets ranging from photosynthetic membrane proteins to human GPCR drug targets to virus and 

RNA work.  I have been fortunate to have the opportunity to explore temporal boundaries of pump-

probe TR-SFX, the development and first implementations of diffusive mixing TR-SFX, structural 

discovery of impactful medical targets, advancing techniques for minimization of sample 

consumption, and successful implementation of serial crystallography at synchrotron sources.  

Over the course of exploring this variety of scientific problems and method development, I have 

gained expertise in protein production and purification, microcrystallogenesis, sample 

characterization and handling, sample delivery with both GDVNs and viscous injectors, data 

reduction and processing, time-resolved consideration for both pump-probe and diffusive mixing, 

and general experimental design.   

In particular to the aims of this dissertation, I have successfully purified and crystallized 

photosynthetic membrane proteins PSII and PSI, including co-crystallization with Fd, for structural 

and time-resolved investigation using SFX and KDO8PS in efforts to develop and perform structural 

enzymology using TR-SFX and SMX.  In the push towards elucidating the structural characteristics 

of PSII as it progresses through the Kok cycle, method development including TR-SFX on fixed 

targets and use of diffuse scattering for higher resolution structural elucidation have been attained.  

Towards understanding the electron transfer process between PSI and Fd, crystallization 

conditions have been improved and a control over size and homogeneity achieved that paves the 

way for successful TR-SFX of the co-complex.  In addition, ongoing research utilizing the method 

of resolution extension using continuous diffraction is underway towards the first structure of the 

co-complex in its ground state.   
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KDO8PS microcrystallization techniques have been improved and now size controlled, 

homogeneous microcrystals ranging from 2-25 µm can be achieved, critical for homogenizing 

reaction homogeneity in current and future diffusive mixing TR-SFX and SMX experiments with it.  

They have been shown to be well diffracting and practically achievable in the high quantities 

necessary for TR-SFX.  Chemical activity in crystallo has been confirmed and initial time points 

have been identified along with the experimental design necessary to achieve them.  In addition, a 

high-resolution structure of the apo form is likely to arise out of the recent beamtime that has the 

distinction of being the second SFX experiment performed at the EU-XFEL   

Outlook for Biology at XFELs 

With the recent commissioning’s of the EU-XFEL in Germany and the PAL XFEL in South 

Korea, first light at the SwissFEL in Switzerland, and ongoing construction of the upgraded LCLS-

II in addition to the existing LCLS in California and SACLA in Japan, it is clear that there is a 

commitment to using these fourth-generation light sources to further our scientific understanding of 

issues facing the world today.  This proliferation of XFEL sources is extremely valuable in particular 

to biology, with dedicated beamlines for structural biology occurring at each of these sources and 

a growing community of scientists dedicating their time to pushing the boundaries of this field.  From 

the efforts towards making molecular movies with ultrashort temporal resolution and enzymatic 

activation, to damage-free high-resolution structures of metalloproteins and nanocrystals 

containing just hundreds of molecules, structural biology has enjoyed a renaissance of sorts in its 

ability and breadth to understand life at its most fundamental level thanks to the advent of the XFEL.   

Over the past five years, the field of serial crystallography has matured through its infancy 

to a state where the power of the technique is being realized and continuously pushing forward to 

its full potential.  I believe the heart of this potential lies with TR-SFX, with the ability to make 

‘molecular movies’.  By visualizing macromolecules structurally along their reaction timeline, there 

lies an immense potential to revolutionize our ability to understand and reverse engineer the 

molecular machines that evolution has created to sustain and advance life through its existence 

here on earth. Truly, it has been an exciting time to be part of this burgeoning community, watching 
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it grow with innovative ideas and clever solutions that keep pushing forward the range of our 

scientific arsenal and expanding our knowledge of the world around us.  Even better, there is surely 

more breakthroughs just around the corner with XFEL sources proliferating and the efficiency of 

data collection and processing improving every day.  I feel humbly fortunate I was able to partake 

in this journey, it has been an experience I will carry with me for the rest of my life. 
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