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Abstract

This dissertation was written with the intention to provide future investiga-
tors with general information sufficient to start their own investigations in biological
atomic force microscopy. It is noted that background information from both physics
and biology has been included for overall clarity. A main emphasis of my thesis work
was on modifying traditional assays to measure biochemical activities of membrane
proteins adsorbed on surfaces prepared in an identical manner for atomic force mi-
croscopy (AFM) measurements. Additional projects included probing conformational
dynamics of enzymes and utilizing atomic force spectroscopy to probe peptide-lipid
interactions at enhanced temporal resolution via focused ion beam (FIB) modified
AFM cantilevers. The experimental procedures in the appendix were purposefully
written in a step by step format, with detailed notes of important or tricky aspects
and precautions. Thus, these sections could serve as practical templates to construct
future protocols and experiments. A chapter on future directions serves as sugges-
tions of possible avenues of research.

AFM measurements can shed light on membrane protein conformational dynam-
ics and folding at a single molecule level. However, the unavoidable close proximity
of the supporting surface to AFM specimens raises questions about the viability and
preservation of biochemical activities. We quantified activities of the translocase from
the general secretory (Sec) system of Escherichia coli, (E. coli), via two biochemical
assays in surface supported bilayers: ATP hydrolysis and translocation. The ATP
hydrolysis assays revealed distinct levels of activation ranging from low (basal), to
medium (translocase-activated), to high (translocation-associated) corresponding to
binding partners of SecA, the ATPase enzyme that hydrolyzes ATP. The measured on-
surface ATP hydrolysis activity levels were similar to traditional solution experiments.

Furthermore, the surface activity assays uncovered characteristics of conformational

x1



hysteresis of SecA. Translocation assays displayed turn over numbers that were com-
parable to solution but with a reduction in the apparent rate constant. Despite a
10-fold difference in kinetics, the chemomechanical coupling (ATP hydrolyzed per
residue translocated) only varied twofold on glass compared to solution. The activity
changed with the topography of the supporting surface underneath the lipid bilayer.
Glass cover slips have higher surface roughness than that of mica; this roughness can
provide extra submembrane space. In turn, this extra space could lower the frictional
coupling between the translocating polypeptide and the supporting surface. For these
reasons, glass surfaces were favored over mica. Neutron reflectometry corroborated
the results and provided characterization of the integral and peripheral components,
as well as the submembrane space between the surface and the lower bilayer leaflet.
Overall, surface activity assays had sufficient sensitivity to distinguish different levels
of ATP hydrolysis and translocation activities of surface adsorbed systems, albeit
with a slower rate-limiting step than observed in solution assays.

Equipped with biochemical activity information for the surface-adsorbed proteins,
we could then more strongly correlate conformational dynamics of the proteins ob-
served in AFM measurements to their biochemical activities. We conducted AFM
investigations on conformational dynamics of SecA on mica surfaces yielding fruitful
information to specify the domain responsible for conformational dynamics during the
ATP hydrolysis cycle. We also investigated the dynamics of translocase complexes
engaging in translocation of precursor proteins across the membrane surface. These
experiments brought to light previously underappreciated precursor species depen-

dent conformational dynamics of the translocase.
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1 Introduction

1.1 Atomic Force Microscopy

detector

laser

cantilever
]

X translation stage

Figure 1: AFM schematic. The schematic shows components of an atomic force
microscope

AFM is a member of a larger group of instruments categorized generally as Scan-
ning Probe Microscopes (SPMs). Their function is based primarily on the strong dis-
tance dependent interaction between a sharp probe or tip and a sample. Since AFM
can be operated in aqueous solution, it has opened an avenue for use in biology [1].
The data obtained by an AFM is essentially transduced through sensing with a probe.
The crucial part of AFM is therefore the apparatus that performs this sensing which
is the cantilever with a nanometer scale tip. A laser is then focused onto the back side
of the cantilever to keep track of the movement of the cantilever, where a quadrant
photodiode is used to detect the laser signal. A sample is placed on a translation
stage which can move in the three dimensions: x, y, and z(x,y). Figure 1 shows the

schematic of a typical AFM.



Piezoelectric devices are used to accurately control the position of both the tip
and the sample. Because typical bonding force constants in a crystalline lattice are
on the order of ~1 N/m, the spring constant of a cantilever should be about the same
value, which is equal to ~1000 pN/nm. To achieve this value, the cantilever must

Et3w
413

be of a micrometer scale because k ~ ; k is the spring constant, E is Young’s
modulus of the cantilever, ¢ is the thickness of the cantilever, w is the width of the
cantilever, and [ is the length of the cantilever. Since the behavior of the cantilever

can be explained using physical behavior of a spring, the limit in measuring distance

using a cantilever operated as a spring is governed by the energy of oscillation and

thermal energy. $k(Az?) = 1kgT. Therefore, thermal fluctuations lead to a devia-
tion in measuring distance of Ax = %, where kp is a Boltzmann constant and T

is a temperature in Kelvin. For a cantilever with & ~ 0.1 N/m or 100 pN/nm, the
thermal noise is ~0.2 nm or 2 A, which is approximately the atomic corrugation of
a surface. Therefore, AFM can be used as a tool to study atomic scale structures.
Although scale on the order of A is fundamentally difficult to achieve by an AFM,
atomic lattices and molecular resolution imaging is achievable and can provide useful
information about the dynamics of a system [2-9]. The stiffness of the cantilever, k,
is proportional to its resonance frequency which is very important when operating an
AFM in imaging using tapping mode, because this is a parameter that determines
the imaging speed. f = %\/% = ﬁz%\/gv f is the resonance frequency of the can-
tilever, m is the mass of the cantilever, and p is the density of the cantilever material.
In order to respond to surface corrugation that has characteristic wavelength on the
order of nm (the dimension of an average protein) and maintain reasonable imaging
speeds, the cantilever should have a resonance frequency >kHz. Therefore, a soft (low
k) cantilever operated at high resonance frequency is advantageous for fast imaging

of soft materials. State of the art high speed AFM cantilevers approach 1 MHz reso-



nance frequencies in fluid by minimizing the mass, m [10, 11].

Imaging in solution has a different set of challenges compared to more common
imaging mediums (air or vacuum). In solution, the charge of an object is typically
screened by the ions in the solution. This has impact on the interactions experienced
by the cantilever. Electrostatic interactions play a central role in tip-surface interac-
tions, and hence, the underlying image resolution. Fine tuning the concentration of
ions in the buffer is required for high resolution imaging in solution as well as a can-
tilever that is soft, yet with a high resonance frequency. Increasing the ionic strength
of the medium suppresses long range electrostatic interactions between the tip and
protein sample. The damping regime is another parameter to consider when analyz-
ing data from force spectroscopy. To minimize the perturbation imparted upon the
sample by the measurement, the cantilever used should be overdamped. The damp-
ing regime depends on both the geometry and the viscosity of the fluid environment.

The motion of the cantilever in a viscous fluid environment is governed by

2

d d
m@x(t) + /BEx(t) + kz(t) = F(t) (1)

B is the hydrodynamic drag or the damping coefficient of the motion. When the damp-
ing is large 32 > 4mk, the motion is overdamped, which is the regime preferable for op-
erating atomic force microscope in fluid environment. It is possible to solve equation
1, assuming the form of force is known. One can also solve equation 1 using Laplace
transform and obtain a solution that contains x(t) = Ziransient (t) + Tsteadystate(t). The
transient term is a function of initial conditions. Generally, initial conditions are x(0)
= 0 and Z—j = 0 at time t = 0. The steady state term depends on the force [12,13].

The applied force can be written in different forms depending on the situation relevant

in the measurement, for example, sinusoidal driving functions are common. Alterna-



tively, if the thermal agitation due to collisions with surrounding solvent molecules
is considered, such ”thermal force” is stochastic. Despite the random nature of the
thermal force, a description of the statistical properties of the resulting motion can
be described by the autocorrelation function, R, (7). The autocorrelation function is

the correlation of the position of the cantilever at time t and a later time 7. It is

defined by

T/2
R.(7) = (x(t) - z(t — 7)) = lim (%/ x(t)x(t —7)- dt)) (2)

One crucial property of the autocorrelation function is that it satisfies the equation

of motion
2

m%Rx(T) + ﬁ%Rx<7) +EkR,(T)=0, 7>0 (3)

Moreover, the autocorrelation also has a maximum value when 7 = 0, and is zero
when 7 = co. This means that the autocorrelation function has the same form as the
response of the cantilever to an impulsive external force. The solution to equation 3

is the sum of two exponential functions. One is fast with small amplitude, and time

8
=

m

5 Another one is slow with large amplitude, and time constant 7 =

constant 7; =
Under a highly damped regime, 7 >> 71 and 7 can be neglected. Therefore, the time
constant 7 refers to % Besides time constant 7, quality factor QQ is another parame-
ter characterizing damping regime. Q factor is defined as the number of oscillations
required for a freely oscillating system’s energy to fall off by a factor of 535 (515) The
factor originates from e*", or about 0.2 %, of its original energy [14]. @ = “47, where
wy is a natural frequency of oscillation measured prior to experiment in the absence of
damping. Note that the frequency of oscillation changes in the presence of damping
force. Operating in the overdamped regime is preferred since it helps increase the

precision of the AFM measurement [15] by minimizing inadvertent driving forces at



the cantilever resonance frequency. For the damping to be “overdamped”, Q must
be much less than 0.5 [10,16]. One more beauty of the autocorrelation function is
that it appears in the power spectral density. Indeed, the Fourier transform of the
autocorrelation function is called the power spectrum, G,(f). It is defined so that
G.(f)-Af is the mean square value of the signal R,(7) after passing through a notch
filter with a bandwidth of Af. The power spectrum or power spectral density curves
are used routinely to characterize AFM cantilevers by revealing the damping regime
and resonance frequency of the cantilever.

Ultimately, image resolution is limited by the geometry of the tip. The finite
dimension of the tip produces images of objects that appear wider than they really
are by convolution. This is especially relevant for imaging a biological sample where
dimensions are smaller than that of the AFM tip. Figure 2 depicts a cartoon expla-

nation on the effect of AFM tip convolution to the dimension of the sample imaged.

AFM ti

- ~. T \
\ ‘ \
LT —— LT

Substrate Substrate

=

Figure 2: AFM tip-sample convolution effect in imaging

The shape of the tip can also introduce artifacts in acquired images. For instance,
a common defect of tip fabrication results in two apexes which leads to images that
appear to be replicated, separated by a distance equal to the distance between the two
apexes. The feedback loop also plays a critical role in creating artifacts introduced
in images, for example by ringing. Thus, additional care must be implemented when
taking images in fluid.

Surface adsorbed biomolecules immersed in a buffer solution containing charged



particles develop a surface charge creating an electrical double layer (EDL). When
the surface and tip approach each other, the EDL’s of each overlap. The force of
the interaction between the sample and the AFM tip can be measured. Van der
Waals and electrostatic forces are the two major forces that play important roles in
the interaction between tip and sample. Electrostatic force arises from the acidic
and basic functional groups of the macromolecules in aqueous environment. The
Poisson-Boltzmann equation leads to the exponentially decay of the counterion con-
centration with the distance from a charged surface. The exponential decrease of
the electric field within the solution is given by the Debye length, A\p, which is also
known as EDL [17]. Forces exerted by the cantilever can be recorded and used to
interpret interactions between protein-protein, protein-lipid or protein folding and
unfolding [16,18,19]. This mode of AFM operation is called force spectroscopy, as
mentioned briefly above. In this mode of operation, instead of driving the cantilever
in a raster fashion, the cantilever is driven toward and away from the surface at a
rate that is much slower than the resonance frequency of the cantilever. The spring
constant of an individual cantilever is thus important and must be determined before-
hand with precision [20]. Single molecule force spectroscopy, SMFS, directly measures
the behavior of one molecule at a time. It serves as a platform to understand the
interaction of biomolecules by recognizing the heterogeneities inherent in each of the
biomolecules studied, which traditional bulk measurements cannot easily achieve.
Another advantage of SMFS is its ability to probe the biological process in real time
within a near native environment. Since the tip and cantilever used strongly influence
the outcome of the experiment, the choice of probe to be used must be carried out
with thorough consideration.

Enzymes represent one very interesting and large class of biomolecules. Enzymes

are macromolecules in biology that accelerate chemical reactions forming a product



molecule from a substrate molecule. Note, the word substrate here refers to a small
molecule that the enzyme converts into another small molecule (i.e. a product), and
not a specimen supporting surface. The enzyme accelerates the reaction by reducing
the activation energy or the energy barrier of the reaction [21,22]. Most chemical re-
actions that occur in living cells require enzymes to increase the rate of the reaction to
achieve sufficient amount of product for normal cell function. Enzymes true function
occurs when a substrate binds the enzyme at its active site. The binding is usually
noncovalent in nature, such as hydrogen bonding, ionic or hydrophobic interactions,
but it is usually specific, governed by the detailed local surface chemistry, topography,
and electrostatics. Only substrates that are specific to the enzyme’s binding site can
bind with the enzyme and accelerate the conversion of the substrate to the prod-
uct. There are many models proposed to explain the enzyme-substrate binding; lock
and key model, and induced fit, for example [23]. The lock and key model suggests
that the substrate fits precisely to the active site or binding site of the enzyme like
a key for a specific lock. Substrates of different shapes and sizes do not fit within
the enzyme’s binding site, and therefore the interaction is specific to that particular
substrate. Other models such as the induced fit model suggest that the substrate can
induce distortion in the local enzyme structure resulting in conformational changes
of the enzyme. The changes thus help the substrate to fit within the enzyme bind-
ing site, thus accelerating the interaction. The configuration changes induced by the
presence of a substrate to both substrate and enzyme is compatible with the flexible
nature of biological molecules such as the enzymes themselves. AFM is a well-suited

tool to perform investigations of such phenomena [9,24,25].



1.2 General Secretory System (Sec)

Many proteins in living cells need to be transported across membranes to prop-
erly localize and function. In fact, more than 30% of newly synthesized proteins in
Escherichia coli, ( E. coli) are exported across the cytoplasmic membrane to their
final destinations, where they acquire natively folded and functional state [26,27].
Different pathways have evolved to accomplish this complex task. Among protein ex-
port pathways, the general secretory system (Sec) is ubiquitous, having homologues
across all domains of life. In E. coli, the general secretory system comprises a translo-
case consisting of SecA, a peripheral membrane adenosine triphosphatase (ATPase),
in complex with a heterotrimeric, integral membrane translocon, SecYEG [26,27] as
shown in Figure 3. The translocon exhibits a protein conducting channel with dimen-
sions capable of passing polypeptides through the cytoplasmic membrane. Proteins
destined for the Sec pathway are produced at the ribosome as precursors with a signal
sequence. The Sec system cannot translocate precursor proteins with a stable tertiary
structure [27,28]. One role of the signal, an amino-terminal extension of the mature
protein sequence, is often to allow the chaperone SecB to capture the precursor before
it folds. In a highly dynamic ATP-dependent process that is only superficially under-
stood, the precursor is passed from SecB to SecA and then through the membrane

via SecYEG.
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Figure 3: Key components of the Sec system in E. coli are shown. The translocon
SecYEG, the ATPase SecA, and the chaperone SecB all work in concert to
orchestrate the translocation of precursor proteins, the newborn protein with signal
sequence still intact (as shown in the red cylinder at the amino terminal). Credit:
Mlustration drawn by Dr. Linda L. Randall

Peripheral membrane protein SecA plays a central role in orchestrating transloca-
tion. Structures of SecA and other Sec system components have been obtained at high
resolution and have significantly advanced the field. SecA is a large multidomain pro-
tein (901 aminoacyl residues) with numerous binding partners including the translo-
con SecYEG, chaperone SecB, precursor proteins, and lipids [7,29-31]. The multiple
and complex functions that this macromolecule performs in a cell have likely led to
the remarkable dynamics and flexibility that the domains of SecA exhibit [26, 32].
However, the inherent complexity and dynamic interplay among components of the
system have left central questions unanswered, including the nature of the translo-
cation step itself. For example, the precursor-binding domain (PBD) is thought to

move approximately 80° relative to other domains. Several models have been pro-

9



posed to explain protein translocation with different roles for SecA, and interdomain
allosteric regulation of ATPase activity is a common theme among them. SecA acts
as a processive motor in a “piston” model where extended precursor protein segments
move along its clamp [33,34]. The tip of the two-helix finger has been proposed to
latch onto the preprotein chain and push it through the SecYEG pore. The precursor
is then translocated through the channel via adenosine triphosphate (ATP) hydroly-
sis—driven. Evidence of power stroke, Brownian ratchet, and other mechanisms has
been reported [26,27,35,36]. Direct observation of conformations and conformational
dynamics of active translocases are made possible through single-molecule methodol-
ogy, which relaxes the requirement of ensemble averaging. Though technically chal-
lenging, single-molecule investigations of the Sec system have begun in earnest and
have provided insights inaccessible to traditional biochemical methods [6,24, 37-44].
Aspects of the translocation reaction have been observed to vary with the precursor
species undergoing transport [7,45,46]. However, precursor-dependent translocation

mechanisms have been largely overlooked in the literature [47].

1.3 Activities of surface adsorbed proteins

The atomic force microscope (AFM) is a powerful single molecule tool that is
capable of visualizing dynamic conformations of individual membrane proteins with
~1 A vertical (normal to the membrane surface) and ~1 nm lateral resolution [48].
AFM has been utilized to study Sec system components in isolation as well as in
supported lipid bilayers [6-8,24,41,44]. The advantages which AFM provides include
the ability to monitor conformational dynamics in solution without the need for ad-
ditional labeling. However, the technique requires that the specimens be adsorbed to
a supporting surface, though bilayer stacking, tethering, or other cushioning methods

that have been developed to modulate the submembrane space [49-52]. Regardless
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of the bilayer preparation method employed, there is a need for quantitative activity
benchmarks. Questions about the preservation of biochemical activity in surface-
supported systems, and hence biological relevance, often arise. For example, to make
progress in understanding the Sec system via AFM or other precision surface-coupled
single molecule assays [53], it is important to determine if the biochemical activity
of the system is altered by proximity to the underlying solid-state surface. Addition-
ally, once established, translocation activity can be used as a metric to quantitatively
compare and to optimize supported lipid bilayer systems. Through the years there
have been attempts to verify that surface-adsorbed proteins retain biochemical activ-
ity [9,54-62]. Early in the field of biological AFM investigation, transient deflections
of cantilevers positioned above surface adsorbed lysozymes were reported to result
from enzymatic turn over, though following this strategy is challenging due to low
frequency instrumental noise (i.e., tip-sample drift) [9]. More recently, evidence of
activity has come from direct imaging of motor proteins “walking” along cytoskeletal
tracks [59,60] though this approach can only be applied to a limited set of motile
proteins. Hence, several methods have been used to probe the activity of surface-
adsorbed proteins, but have exhibited varying degrees of success and generality.

In my thesis work, protein translocation activity was demonstrated in surface-
supported lipid bilayers and was used in concert with ATPase assays to deduce
chemomechanical coupling (ATP hydrolyzed per residue translocated) in a surface-
dependent manner. Hence, two biochemical assays (ATP hydrolysis and transloca-
tion) were used to verify activity of the surface-adsorbed Sec system prepared for
precision surface-coupled measurements such as AFM [24,41]. The methods were
adopted from highly sensitive techniques that monitor separate aspects of the chemo-
mechanical reaction underlying Sec system function [27,63].

To probe the ATP hydrolysis activity, we tracked dephosphorylation of radioactive
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[v-32P] ATP. Different levels of the hydrolysis activity were found to be distinguish-
able with the method. Interestingly, SecA that was released from membrane-bound
translocases remained in a highly activated state, rapidly hydrolyzing ATP for ex-
tended time periods, suggestive of conformational hysteresis.

To probe translocation activity, we followed the protection of radiolabeled pre-
cursor proteins from degradation by an added protease. Two surfaces were utilized:
freshly cleaved mica and cleaned borosilicate glass coverslips. Glass-supported Sec
translocases exhibited a substantial enhancement in translocation activity compared
to mica. This may be attributable to the topographic asperities of glass providing
more space for the precursor to occupy. Two translocating polypeptide species were
employed, the precursor of outer membrane protein A (pOmpA) and the precursor
of galactose-binding protein (pGBP). The data revealed that the hallmark of the Sec
system activity is preserved in mica or glass supported translocases: ATP dependent
precursor protection. The results of all surface-adsorbed assays were compared to
assays carried out in solution wherein the translocons can be taken to be in a native

environment.

1.4 Neutron Reflectometry

Neutron reflectometry (NR) is a powerful method to determine compositions of
biological systems such as lipid bilayers and biomolecules on supporting surfaces. Of
particular relevance to this work is NR’s ability to access the submembrane space
of a supported lipid bilayer. This capability of NR is unique as this region of space
is inaccessible to many other tools such as AFM, which only probes the surface-
distal membrane region. Because the lipid bilayer is largely transparent to neutrons
and neutrons are sensitive to hydrogen and deuterium, NR can complement AFM

investigations and vice versa. NR profiles can be used to distinguish the structure of
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adsorbed membrane and membrane proteins [64,65]. More specifically, the scattering
length density (SLD) depth profile can be deduced from reflectivity measurements.
D0, a form of water with a deuterium isotope, is used in NR measurement to enhance

contrast since it attenuates neutrons differently from normal water, H,O.
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Figure 4: Diagram of the specular reflection of a plane wave from a homogeneous
flat slab of thickness L. (and of infinite lateral extent in the z-y plane). [66]

Figure 4 portrays a diagram of the specular reflection (@incident = Oreficctea) Of a
plane wave from a homogeneous flat slab of thickness L (and of infinite lateral extent
in the 2-y plane). The wavevector transfer, @, is defined as k?f — k?z-, where k?f and I;Z
are wavevectors of reflected and initial wavefronts in the medium, respectively. Q is

4msind

related to the angle, 6, and the wavelength, A, by () = . SLD can be calculated

from the wavevector and the refractive index of the material as shown in equation 4.

k3 — 4mp
UT (4)
0

n =

ko is the neutron wavevector in vacuum, n is the index of refraction of the medium,
and p is the scattering length density. The reflectivity is defined as reflected intensity
over incident intensity denoted as |r|> and is measured as a function of wavevector

transfer, ().
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Figure 5: Reflectivity vs. Q for: a) a semi-infinite substrate of single crystalline Si;
and b) a uniform 500 A thick (nonmagnetic) film of Ni on a semi-infinte Si
substrate. Note the flat region of total or mirror reflection below a critical value of
Q. The oscillations of the reflectivity in b) are called Kiessig fringes and result from
the self-interference of the neutron waves it is simultaneously reflected from the
front and back of the Ni film. [66]

|? versus the wavevector transfer, Q, for the two

Figure 5 shows the reflectivity |r
SLD profiles: a) is a profile from a perfectly smooth surface boundary, and b) is
a profile from a semi-infinite substrate with a homogeneous layer deposited on its
surface. The oscillations of the reflectivity curve corresponding to the layer of finite
thickness shows signature fringes called Kiessig fringes, resulting from interference of
reflected waves from the film interfaces (front and back). Kiessig fringes depend on
the species, the thickness, the roughness of the film, etc. Therefore, such information
can be deduced from the reflectivity profiles.

Figure 6 illustrates the geometry of the reflectometer used in our experiments.
Incoming neutron particles from the neutron source pass through pre-sample collima-
tors, incident on the sample’s surface. The surface is mounted in a flow cell so fluid
can be exchanged. The reflected neutrons pass through post-sample slits and then

the detector. Care and caution must be taken to estimate and eliminate background

so that the sample’s profile is deduced correctly [67].
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Figure 6: Collimating slits are labeled 1 through 4 in order of their position along
the beam direction. Dashed lines show the maximum beam divergence. Pre-sample
slit openings are chosen as a function of incident angle «; to maintain a constant
footprint F;, on the sample (expanded inset), while post-sample slit openings are
chosen so as not to block any neutrons reflected from the sample when the reflection
angle oy is equal to a;, i.e. the specular reflection condition. A common method of
estimating the contribution of background scattering to the measured specular
reflection is linear interpolation of the background field measured at larger (+) and
smaller (-) detector rotations Aay. [67]
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2 ATP hydrolysis activities

ATP hydrolysis activities assisted by SecA show distinct levels depending on the
binding partner(s) present. The lowest level is called the basal level where SecA is the
only component in the solution. A medium level involves SecA and SecYEG, called
the translocase complex. This level is called “translocase activated” ATP hydrolysis.
The highest level of ATP hydrolysis occurs when all the central components of the
general secretory system: SecA, SecYEG, SecB, and precursor protein, are present.
This highest level is called “translocation associated” ATP hydrolysis. There are
several methods to quantify ATP hydrolysis activities. Due to the low number of
surface adsorbed proteins, the detection method must have sufficient sensitivity. The
most sensitive method available to us is to utilize radioactive phosphorous to trace
dephosphorylation. Figure 7 depicts substitution of radioactive phosphorous into the
gamma phosphate group (indicated as yellow circles in Figure 7) which is cleaved
during dephosphorylation and released as an inorganic phosphate product. This
inorganic phosphate product is radioactive. Thus, one can quantify ATP hydrolysis

activities using standard methods.

NH; Adenine NH,
N

Yy B a H N H

g P YN T g
0-P-0-P-0-P-0-CH, — '0-P-0-P-0-CH, + "0-P-oH

0 0 0 0 0 o

H Ribose H

N gl HO OH HO OH

Phosphate groups Adenosine

ATP ADP Inorganic phosphate product

Figure 7: 32P substitutes a phosphorous in the v phosphate group of the ATP
molecule which is cleaved off during the dephosphorylation reaction. The inorganic
phosphate product is radioactive, allowing the activity to be traced.
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2.1 Basal ATP hydrolysis

Basal ATP hydrolysis activity is the lowest ATP hydrolysis activity for the Sec
system. Only SecA is a catalyst in the reaction. The experimental set up is shown
in Figure 8. SecA was adsorbed on freshly cleaved mica. The surface was rinsed
heavily to remove any loosely bound particles. The radiolabeled ATP was added
to the surface. At determined times, the solution above the surface was sampled
and mixed with reaction stop mixture containing EDTA. Thin layer chromatography
was performed in phosphate based solution. The percent of ATP hydrolyzed was
quantified. Please note that the experiment requires the use of radioactive material
and all experiments must be handled with care. Everything that comes into contact
with the radioactive material must be disposed of properly (see Appendix A.1 for a

detailed experimental protocol).

. SecA

+ATP ooaoo
— >\ ATP
Mica Mica KH,PO,
a b C d

Figure 8: SecA was adsorbed on freshly cleaved mica (a). The surface was rinsed.
Radiolabeled ATP was added to the surface (b). At determined times, the solution
above the surface was pipetted and mixed with EDTA to terminate the hydrolysis
reaction (c). Thin layer chromatography was performed in phosphate based solution

(d). This plate was quantified in a phosphorimager to obtain % ATP hydrolyzed.
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Figure 9: Surface adsorbed basal ATP hydrolysis activity and comparison with
traditional solution assay. (a) A radiograph developed from a thin layer
chromatography plate showing the separation of inorganic phosphate products
obtained from systems with and without SecA. (b) The %ATP hydrolyzed as a
function of time was plotted. The systems with SecA hydrolyzed ATP at a higher
rate than those without, indicated by the steeper slope. (¢) Mol ATP hydrolyzed
was normalized with mol SecA available on the surface and plotted as a function of
time. (d) Mol ATP hydrolyzed was normalized with mol SecA available in the
solution and plotted as a function of time.

Figure 9a shows a radiograph developed from thin layer chromatography
(TLC). The bottom row represents the original locations where the surface solutions
were spotted. The top row represents the inorganic phosphate products which were
smaller thus could travel further up the plate during the thin layer chromatography.
After quantification, the percent ATP hydrolyzed was determined and plotted as a
function of time as shown in Figure 9b. The percent ATP hydrolyzed as a function

time was compared between the system with (black circles) and without (red squares)
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the presence of SecA. To make a meaningful comparison with the traditional solution
assay, percent ATP hydrolyzed was converted to mol ATP hydrolyzed and normalized
with mol SecA available on the surface under the assumption that the surface was
completely covered with SecA. Figure 9¢ and 9d show mol ATP hydrolyzed /mol SecA
available on the surface and in solution, respectively. Slopes of the two curves repre-
sent the rates of ATP hydrolysis. The data and analysis (discussed below) indicate
that SecA adsorbed on the surface hydrolyzed ATP at a comparable rate to those in

solution.

Figure 10: Evaluation of molecular density of SecA prepared for surface adsorbed
ATP hydrolysis activity assays. (A) AFM image of SecA prepared for surface based
ATP hydrolysis measurements. The image illustrated that the surface was
completely covered. (B) showed a detailed view of SecA on mica surface.
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Figure 11: SecA (PDB code 1IM6N) was enclosed in the rectangular grid to
highlight the dimension of the protein on the surface. The approximate areal
footprint dimension was 8 nm x 10 nm. [24]

Figure 10A illustrates that the mica surface was completely covered with SecA
using AFM. A magnified view of the same surface is shown in 10B. Figure 11 shows
the crystal structure of SecA using crystallographic data obtained from a protein data
bank with PBD code 1M6N. It indicates that SecA’s areal footprint dimension was
8 nm x 10 nm. The ratio of the surface area and SecA’s dimension were used to
calculate moles of SecA available on the surface. The estimated number of moles of

SecA on the surface was 3 pmol.

2.2 Translocase Activated ATP hydrolysis

The next level of ATP hydrolysis is translocase activated ATP hydrolysis. To
achieve this level of ATP hydrolysis, SecA must form a complex with SecYEG in E.
coli membrane called the translocase. The binding of SecA to the translocon SecYEG
is thought to create a conformation that allosterically accelerates the ATP hydrolysis
rate [27]. To show this, we employed the use of reconstituted proteoliposomes of Se-
cYEG co-assembled with SecA (Y-A). This reconstitution system showed a high level

of activity similar to that of inner membrane vesicles [7,41,46]. Figure 12 shows the
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experimental set up for the translocase activated ATP hydrolysis. Proteoliposomes
Y-A were adsorbed on freshly cleaved mica. Experimental conditions were identical
to those discussed in the basal ATP hydrolysis. Appendix A.2 lists detailed procedure

of the on-surface translocase activated ATP hydrolysis experiments.

2p_ATP

Clean surface Proteoliposome in Rinse Reaction mix
Adsorption Buffer

CeewE T
>
e
¢ o
— — _— =
[a
S
Reaction Stop Thin Layer Quantify %ATP
Chromatography hydrolyzed

Figure 12: Proteoliposomes Y-A were adsorbed on freshly cleaved mica. The surface
was rinsed. The reaction mix containing radioactive 3P was added to the surface.
At determined times, the surface solution was sampled and mixed with reaction
stop. Thin layer chromatography was performed and the %ATP hydrolyzed was
quantified. Normalization was also carried out for meaningful comparison [68]
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Figure 13: (a) Normalized ATP hydrolysis activity of the translocase complexes
adsorbed on mica surface. The inset is the AFM image of the area prepared with
identical conditions to the activity measurements. (b) Normalized ATP hydrolysis

activity of the system prepared in solution. Slopes of both curves represent rates of
hydrolysis activity, which were comparable.

Figure 13 compares surface translocase activated ATP hydrolysis assays to the
standard solution assay. Samples in the two assays were prepared under the identical
buffer conditions. The activities were normalized in order to make a direct compar-
ison between the two assays. The translocases on the surface hydrolyzed ATP at a
significantly higher rate than the control, which lacks the translocases, as shown in
the solid and dashed lines in Figure 13a, respectively. The complexes on the surface

hydrolyzed ATP at a comparable rate with those in solution shown in 13b [69].
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Figure 14: The red dashed line is the line profile shown at the bottom of the
representative AFM image of surface-adsorbed translocase complexes.

Figure 14 displays representative AFM image of the translocase complexes on the
surface. The image shows more or less complete coverage of the proteoliposomes on
the surface. Only those protrusions above the background whose heights fitted within
the translocase complex range (greater than or equal to 4 nm) were counted toward
quantification of available translocase complexes on the surface. We estimated the

amount of translocase complexes on the surface to be about 0.03 pmol.

2.3 Translocation Associated ATP hydrolysis

The highest level of ATP hydrolysis activity is expected when precursor pro-
teins and SecB are added to proteoliposomes Y-A [63,70]. This forms a full system
with activity levels comparable to SecYEG in a native environment, inner membrane
vesicles, after accounting for the fraction of accessible translocons, the orientations
of which are randomized during reconstitution [7,46,71]. To demonstrate enhanced

activity during translocation, we included precursor proteins and chaperone SecB

23



(which minimizes premature precursor folding) to the surface ATP hydrolysis assay
(Figure 15). Two precursor species were employed: precursor of outer membrane pro-
tein A, pOmpA and precursor of galactose binding protein, pGBP. TLC analysis was
carried out as described in the previous sections. Detailed translocation associated
ATP hydrolysis experimental procedure is listed in Appendix A.3

Two types of surfaces were used to compare the effect of the surface on the translo-
cation associated ATP hydrolysis activities. In particular, we tested mica surfaces as

well as treated glass surfaces. The glass surface treatment is listed in Appendix A.5.
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Figure 15: Proteoliposomes Y-A were adsorbed on mica and rinsed. A solution
containing SecB, precursor protein (pOmpA or pGBP), and radiolabeled ATP was
added. Immediately thereafter, 30uL of solution was transferred to a separate tube
(free solution). At subsequent times, solutions were sampled, mixed with EDTA to

stop the reaction, and analyzed via TLC.
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Figure 16: (a) Plot of ATP hydrolyzed as a function of time with pOmpA from the
membrane-exposed solution (dark green) and free solution (light green). (b)
Analogous plot with pGBP for the membrane-exposed solution (dark red) and free
solution (light red). Data normalized to mol SecA available, error bars were SD, N
= 3. The hydrolysis rates in the membrane-exposed solutions were 364 and 330
min~! for pPOmpA and pGBP, respectively.

Translocation-associated ATP hydrolysis data for translocation of pOmpA and
pGBP in mica-supported lipid bilayers are shown (Figure 16a, b, respectively). The
slopes of these curves represent the rates at which inorganic phosphate (Pi) was re-
leased from ATP, normalized to the estimated amount of SecA available to participate
in the reaction. As expected, the difference between ATPase rates with each precur-
sor was minimal [46]. The translocation-associated ATP hydrolysis rate with pOmpA
was (364 £ 17) min~! while the rate with pGBP was (330 & 11) min~'. For both
precursors, the translocation associated rate was more than an order of magnitude
higher than the translocase-activated rate and > 40-fold higher than the basal ATP
hydrolysis rate that was previously measured for SecA [24].

As a peripheral ATPase, SecA is known to dissociate from the membrane during

translocation [26,41, 72] and this population of SecA should continue to hydrolyze
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ATP, but at what level? To evaluate this, immediately after adding radiolabeled
ATP, a 30 uL. volume of solution above the mica surface (Figure 15, free solution)
was moved to a microcentrifuge tube for quantification in parallel with the membrane-
exposed volume. Surprisingly, the free solution data for both precursor species exhib-
ited highly activated hydrolysis levels for extended time periods [Figure 16a, b, light
green (pOmpA) and light red (pGBP)]. This population of SecA had been exposed
to the full Sec system for ~1 min before being separated from the membrane-bound
SecYEG; yet, the hydrolysis rates essentially matched the translocation-associated
rates for tens of minutes before decreasing. It is noted that surface-adsorbed sam-
ples were rinsed extensively prior to beginning the assay; thus, it was not likely that
SecYEG detached from the surface during the assay. Further, exposure of SecA to
precursor protein, which was likely in the free solution in the absence of SecYEG, did

not activate SecA ATP hydrolysis [71].

Table 1: Table comparing ATP hydrolysis activities on mica vs in solution, data
from refs [24]*, [69]** , [70,71]**, and [46, 63, 71]****.

Surface ATP hydrolysis rate Solution ATP hydrolysis rate
mol ATP hydrolyzed/molSecA/min mol ATP hydrolyzed/molSecA /min

Basal 7.8* 8.3*
Translocase 21** ~24F*
Translocation 330-360** ~460

It is informative to compare ATPase rates to those measured in traditional solu-
tion based assays [46,63,70,71]. As shown in Table 1, the hydrolysis rates under all
levels of activation were comparable to those observed in traditional assays. In partic-
ular, the translocase-activated and translocation-associated rates were >70% of the
solution rates. The overall agreement between these assays implies that the majority

of accessible YEG-A complexes remained competent for ATP hydrolysis and released
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Pi at a rate similar to that achieved in solution. Additionally, despite the small
number of translocase units participating, the surface-based assay had sufficient sen-
sitivity to distinguish different levels of ATP hydrolysis. Samples supported by glass
coverslips showed similar hydrolysis activities to mica supported samples in both the
free solution as well as in the membrane-exposed volumes shown in Figures 17a and
b. The choice of surfaces species did not appear to affect ATP hydrolysis activities
significantly. The percent ATP hydrolyzed on mica and glass surfaces are shown in
Figure 17a. The normalized ATP hydrolysis activities are shown in Figure 17b. The
free solution samples were also quantified on glass with pOmpA precursor protein in
an identical manner as those done on mica (Figure 18). The data recapitulate the
same hysteretic behavior as the system on mica.
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Figure 17: Proteoliposomes Y-A were deposited on either freshly cleaned
borosilicate glass or freshly cleaved mica. ATP hydrolysis activity was assessed in
the presence of pGBP and SecB
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Figure 18: Proteoliposomes Y-A were deposited on either freshly cleaned
borosilicate glass. ATP hydrolysis activity was assessed in the presence of pOmpA
and SecB for membrane-exposed volumes (dark brown squares) and free solution
(light brown squares). Error bars are SD, N = 3.

This SecA activation was independent of the substrate surface species. As demon-
strated here, surface-based activity assays allow straightforward separation between
membrane-exposed fractions and free solution fractions. This can be viewed as a
general advantage of such assays.

In order to properly discuss our on-surface ATP hydrolysis activity assays, we
compared the activity levels with the traditional in-solution assay. The in-solution
ATP hydrolysis assays were done in a systematically identical manner to our on-
surface ATP hydrolysis assays: basal, translocase activated, and translocation associ-
ated ATP hydrolysis activities. Detailed experimental protocols for in-solution ATP

hydrolysis assays are provided in Appendix B.1.
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3 Translocation activities

The coupling between chemical energy consumed (ATP hydrolysis) and work
done moving polypeptides across the membrane is not tight in the Sec system and
has been shown to vary with precursor species [46]. Hence, to complement ATP
hydrolysis measurements, we developed a surface-based translocation activity assay
that tracked the protection of precursor proteins in an ATP-dependent manner [41,
73]. Translocation is demonstrated on two distinct supporting surfaces. We compare
results using mica, which is atomically flat over large areas, to cleaned borosilicate
glass coverslips, which exhibit topographic asperities that may provide additional

submembrane space for the precursor to occupy [8].

3.1 Surface translocation activities assay
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Figure 19: Schematic of surface translocation activity assay used to quantify
amount of protected radiolabeled precursor protein (black) in the presence and
absence of ATP (£ATP).

Because proteinase K does not cross the lipid bilayer, translocation can be in-
ferred via protection of radiolabeled precursors from proteinase K addition above the
membrane surface (Figure 19 [73]). A brief overview of the assay follows. Prote-
oliposomes Y-A were adsorbed onto either freshly cleaned glass coverslips or freshly

cleaved mica surfaces, creating supported lipid bilayers over large areas [8]. After
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rinsing to remove the loosely adsorbed material, a reaction mixture containing SecA,
SecB, and radiolabeled precursor (pOmpA or pGBP) was added in the presence and
absence of ATP. At predetermined times, surfaces were treated with urea (a dena-
turing agent) to destabilize the proteins and render them sensitive to proteolysis by
added proteinase K. Finally, surfaces were rinsed, dried, and exposed to a phosphor
imaging plate for analysis. Step by step details of the experimental procedure are
provided in Appendix A.4

Results

Figure 20: Phosphor image of glass surfaces at indicated times. The location of the
glass is highlighted (dashed squares). The systems were compared in the presence
(+) and absence (-) of ATP
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Figure 21: Bar graphs indicate intensities of protected pOmpA in the presence and
absence of ATP as a function of time on glass surfaces. The observed increase in
intensity as a function of time is a hallmark of active translocation and indicates

that the system remains active when adsorbed to a supporting surface.
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Figure 22: Translocation activity assays were performed on mica in an identical
manner to those on glass. (a) Phosphor image data for pOmpA on mica. Dashed
circles highlight the area of each mica disk. (b) Bar graphs represent the integrated
intensity of pixels inside the dashed circles at corresponding time points (black =
+ATP, red = -ATP).
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Figure 23: Calibration curves were used to convert intensity of the phosphor image
to pmol precursor protected. (a) shows a standard curve for pOmpA, (b) for pGBP.
Intensity was fitted with a linear function of concentration. Surfaces prepared for
standard curves were placed in the same cassette as those obtained from the
translocation activity experiments. Therefore, all surfaces were subjected to the
same exposure time and environment (identical background).
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Figure 24: Turn over number (mol precursor protected per mol translocase
accessible) as a function of time for pGBP on glass coverslips. Raw data (gray solid
line) as well as data from which the —ATP background was subtracted (black solid

line) are shown (left). Background subtracted plots for pOmpA on glass (black
squares) or mica (blue triangles) (right). Error bars are SD (N = 3).

The amount of radioactivity exhibited by the protease treated membrane was

quantified. Figure 20 shows data obtained from the system with pOmpA on borosil-
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icate glass. The dashed squares highlight areas where the coverslips were placed on
the imaging plate. The integrated intensities are shown in bar graphs in Figure 21.
The data (Figure 20 and 21) show ATP-dependent precursor protection. This is the
hallmark of active translocation. Analogous data for pOmpA on mica are shown in
Figure 22. We created standard curves of pixel intensity as a function of mol ra-
dioactive precursor by spotting known quantities of precursor on surfaces (Figure 23.
The calibration surfaces were dried and exposed to the imaging plate under condi-
tions identical to those used to quantify translocation activity. The turn over number
versus time is plotted for pGBP and pOmpA on glass (Figure 24). The vertical
axis represents mol precursor protected per mol translocase accessible to precursors.
Amount of accessible translocase was estimated from AFM images. The amount of
translocase accessible was estimated to be 0.04 pmol which is slightly larger than the
value for mica due to surface area differences. For both precursors, the translocation
activity as a function of time exhibited similar exponential rise to maximum behavior,
reaching a plateau between 2 and 3 translocation cycles with apparent rate constants
of (0.052 4 0.004) and (0.042 £ 0.009) min~! for pGBP and pOmpA, respectively.
Values were calculated after subtracting the —ATP background, and errors are 68%
CI estimated from non-linear least squares fits, N = 3. Note that CI is confidence
interval. The 68% represents the errors obtained from one standard deviation of the
measurement. All error bars shown in every figure are standard deviation. Apparent
rate constants represent the rate constant of the slowest step in the cycle; more gen-
erally, they express the probability of a translocation event per unit time.

The translocation activity results varied significantly with the supporting surface
(Figure 24). With mica, the extent of translocation did not reach a plateau but was
linear over the time tested. At 120 min, it was only ~60% of the glass result. The

slope of the pOmpA turn over number versus time plot on mica was (0.013 £+ 0.002)
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min~!, N = 3, representing the mol pOmpA protected per minute normalized to the
estimated mol translocase accessible on mica. This slope was fivefold lower than the
initial slope on glass, which stayed approximately linear for 30 min before beginning

to plateau (Figure 24, compare black squares to dark blue triangles).

—

W LA
1]

Glass Mica

Figure 25: Cartoons (not to scale) showing how the rougher underling topography of
glass could create space that enhances translocation activity in comparison to mica.

These surface dependent results may be attributable to distinctions in underling
topography. The cleaned borosilicate glass coverslips we utilized are approximately
fivefold rougher than mica [8]. Additional roughness likely led to valleys in the sub-
membrane space that precursors could move into, promoting more turn over events
per unit time (Figure 25). Additionally, though both surfaces are highly hydrophilic,
differences in surface chemistry and charge could also play a role. We posit that
the lower effective rate constant observed on mica compared to glass is likely a re-
sult of a high level of confinement between the mica and the surface-proximal lower
bilayer leaflet. Increased confinement produces a larger effective drag force on the

translocating precursor, resisting motion.
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Figure 26: Both SecYEG and SecA were required for translocation activity. Assays
carried out on glass surfaces with all of the required components of the general Sec
system excepting SecYEG (a), SecA (b), or (c¢) both SecYEG and SecA. All
experiments showed minimal translocation as evidenced by the lack of
ATP-dependent protection of precursor pGBP. Best fit lines (dashed) were shown,
error bars were SD (N = 3).

Experiments were conducted to verify that the results observed reflect transloca-
tion activity through SecYEG. Both the translocon SecYEG and ATPase SecA were
required to achieve active translocation in surface-supported assays. To show this,
we probed the translocation activity of the full Sec system on glass, omitting either
SecYEG (Figure 26a), SecA (Figure 26b), or both SecYEG and SecA (Figure 26c¢).
As expected, in all three cases, no significant ATP-dependent protection of precursors
was observed. As an additional control, we used AFM to image defects (noncomplete
coverage) in the supported lipid bilayers, as changes in defect number or defect area
with the addition of ATP could give rise to erroneous deductions of translocation.
To generate defects for this experiment, surfaces were incubated for short periods
(20 min). The data show no gross differences in bilayer defects £ATP (Figure 27);
however, technical challenges associated with finding the same region of the surface

before and after ATP addition make this experiment challenging to perform.
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Before ATP 2 hours after ATP

Figure 27: Representative AFM images of proteoliposomes Y-A on glass surfaces (a)
before, (b )10 minutes after, and (c) two hours after adding 3 mM ATP into the
imaging buffer. The same location of the lipid bilayer surface (with an offset) was
shown in (a) and (b). (c) showed a different area of the bilayer. The line scans (red,
location in image: white dashed) below each image indicate the height of the lipid
bilayer (4 nm) remained unchanged. Overall, the data suggested that the addition
of ATP did not grossly alter the bilayer defects. [41]

Comparisons of the extent of translocation (the maximal amplitude of the reac-
tion) measured on glass coverslips to solution-based translocation assays using the
same Sec system components were in close agreement (within a factor of two, deter-
mined by fitting the data to a single exponential rise to maximum [46]). However,
the apparent rate constants were reduced approximately 10- fold [46]. This rate con-
stant reduction is likely due to an effective frictional drag force on the translocating
precursor from the nearby solid-state surface. Data with borosilicate glass were fit to
a single exponential rise to maximum with the equation y(t) = yo + A(1 — e~ *(tt0)),
where A was the maximal amplitude of the reaction, k is the apparent rate constant,
and to corrects for the initial time lag (~15 s). Data with mica were fit to a line. All
experiments were performed at least three times, and standard deviations are shown
as error bars. The on-surface translocation activity was compared with the traditional
translocation activity. Figure 28 shows an example of the in-solution translocation ac-

tivity curve. Appendix B.2 provides a detailed in-solution translocation experimental
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procedure.
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Figure 28: Data showing the translocation activity as a function of time for pOmpA
in solution. The graph was fitted with exponential rise to maximum

y(t) = yo + A(1 — e~ #(t=%)) k represented apparent rate constant of the

translocation activity. k was determined to be 0.5 min—!.

To summarize, glass-supported translocases maintained translocation activ-
ity, but with a slower rate-limiting step than solution-based assays. The same state-
ment is true for translocase on mica surfaces, except that the rate-limiting step was
even slower, presumably due to tighter submembrane confinement. It is not clear if
the rate-limiting step observed on a surface is the same as that observed in solution.
It is possible that a different step could become rate-limiting in surface coupled assays
compared to assays carried out in solution. The translocation activity persisted on

both mica and glass surfaces for extended time periods (~1 h).

3.2 Chemo-mechanical coupling

The energy provided by the hydrolysis of ATP is required for translocation of

precursor proteins across the bilayer. Following the convention in the field that pre-
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cursor protection comes about from transportation across the lipid bilayer [73], the
translocation-associated ATP hydrolysis and translocation activity assays were used
to deduce chemomechanical coupling. On glass surfaces, we obtained chemomechan-
ical coupling of approximately 13 and 15 ATP molecules hydrolyzed per amino acyl
residue translocated for pGBP (332 residues) and pOmpA (346 residues), respectively.
In solution assays with Y-A as well as with inner membrane vesicles, which are taken
to represent a native environment for SecYEG, these values are approximately 6 and
8 for pGBP and pOmpA, respectively [46]. Hence, the effect of adsorption onto
glass caused an approximate 50% change in chemomechanical coupling compared
to solution assays. However, when proteoliposomes Y-A was adsorbed onto mica,
a chemomechanical coupling value of approximately 80 was obtained for transloca-
tion of pOmpA. Therefore, fivefold more ATP was consumed per amino acyl residue
translocated on mica compared to glass which might be attributed to tighter sub-
membrane confinement on mica. In the standard Y+A reconstitution system used by
many research groups, proteoliposomes are constructed from purified SecYEG, and
then, SecA is added extraneously. Y4+A samples assayed in solution hydrolyze more
ATP per residue translocated than do coassembled proteoliposomes Y-A adsorbed to
glass surfaces. In particular, the values for Y+A in solution were 22 and 35 (ATP
molecules hydrolyzed per amino acyl residue translocated) for pGBP and pOmpA,

respectively [46].

Table 2: Chemo-mechanical coupling of translocation activity comparing between
on surface (mica and glass) and in solution assay (traditional assemble and
coassemble reconstitution).

mol ATP hydrolyzed per mol amino acid translocated
On surface In solution
mica glass YA Y+A
80 14 7 29
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Sensitive activity assays quantified the biochemical integrity of model mem-
brane protein complexes in surface-supported lipid bilayers. Both ATP hydrolysis
assays as well as translocation activity assays confirmed the activity of the reconsti-
tuted Sec system in lipid bilayers supported by either mica or glass. Furthermore,
surface-adsorbed translocases remained active for extended time periods (~1 h). This
amount of time is commensurate with the typical data acquisition period of AFM ex-
periments as well as with other precision single-molecule techniques such as optical
trapping microscopy.

ATP hydrolysis assays have revealed distinct levels of activity corresponding to
previously defined levels in solution assays: basal (low), translocase-activated (medium),
and translocation-associated (high). All of these levels were found to be similar to
traditional solution assays (within >70%). Interestingly, experiments identified a
population of SecA that maintained a high level of ATP hydrolysis for tens of min-
utes despite being released from the membrane surface. This observation is suggestive
of activation of SecA by a conformational change that slowly converts back to an un-
stimulated basal state.

Translocation assays on glass revealed the same exponential rise to maximum be-
havior observed in solution assays. Quantitatively, the extent of translocation on
glass was similar to solution; however, the kinetics was slower. An order of magni-
tude reduction in the apparent rate constant of translocation was observed on glass
compared to solution. This indicates that when the apparatus functions in close prox-
imity to glass, a change occurs in either the rate-limiting step or the features of the
step. Future work will be required to deconvolve these possibilities.

The chemomechanical coupling between energy consumed (ATP hydrolyzed) and
work done (precursor translocated) only differed twofold on glass when compared to

solution. By this metric, coassembled proteoliposomes Y-A in glass supported lipid
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bilayers performed more efficiently (consumed less ATP per residue translocated)
than traditional solution assays with the standard reconstituted Y+A samples that
have long been used in the field. The percentage of active translocons is signifi-
cantly lower in Y+A samples (10%) compared to Y-A (55%), and SecA can continue
to hydrolyze ATP nonproductively when engaged with translocation defective Se-
cYEG [46]. Hence, one may expect that the chemomechanical coupling of the Y-+A
system would be loose.

Glass was shown to be a more suitable surface than mica for translocation. On
average, each accessible translocon on glass underwent just under 3 cycles of pOmpA
translocation while those on mica underwent <2 cycles. This difference is likely due
to the inherent surface roughness of glass. Topographic asperities may lower the
effective drag force experienced by the translocating precursor by providing more
submembrane space for the polypeptide to occupy. In summary, precision surface-
coupled assays are poised to uncover mechanisms of biochemically active Sec translo-
cases. More generally, translocation activity assays yield valuable quantification of

surface-supported lipid bilayer environments.
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4 Submembrane characterization via Neutron Re-
flectometry

To complement single molecule atomic force microscopy investigations which
provide structural information on surface-distal regions of molecules, we performed
neutron reflectometry (NR). In particular, NR provided insights into the submem-
brane structure of proteoliposomes of SecYEG-SecA adsorbed to SiO,., a material
closely related to glass coverslips. Because of instrumentation limitations, we could
not utilize borosilicate glass coverslips nor mica in NR measurements. Here, proteoli-
posomes were incubated on a nominally 100 A thick film of dry thermal silicon oxide
(SiO,) grown on a single crystal silicon wafer. SiO, was chosen as a closely related
surface proxy for borosilicate glass. However, these surfaces exhibited topographical
and surface chemical differences that might alter behavior, for example, during pro-
teoliposome rupturing and spreading (Figure 29). All NR work reported here was
performed at the Center for Neutron Research at the National Institute of Standards
and Technology (NIST). We are grateful to Dr. David Hoogerheide at NIST for his

significant contributions to this work.

41



SiOy Borosilicate glass

Figure 29: Representative AFM images of SiO, and borosilicate glass coverslips are
shown in (a) and (b), respectively. Line scans (white, with 5 A vertical scale bar)
are also included. Prior to imaging, both surfaces were sonicated in KOH saturated
ethanol for 2 minutes. The borosilicate glass was further treated in oxygen plasma
for 10 minutes [8]. Immediately after cleaning, imaging buffer was added and AFM
images were taken. Areas of 150 x 150 nm? were used to characterized the
roughness of the surfaces identified by dashed white squares in (a) and (b). The
RMS roughness values were 2.5 A and 1.7 A for the SiO, and borosilicate glass,
respectively. The same tip was used to acquire all data. The SiO, surface was
imaged after the borosilicate glass surface. The same tip was then used to image
borosilicate glass again. The resulting RMS values were similar, indicating that the
overall dimensions of the tip (which were convolved into the RMS analysis) were
static during the analysis.

Results

The SiO, sample was prepared by chemical vapor deposition (see Appendix C
for details). The surface was treated with saturated ethanolic solution of potas-
sium hydroxide similar to the borosilicate glass surface. Proteoliposomes Y-A were
adsorbed on the freshly cleaned wafer. The sample wafer was mounted on a flow
cell to allow subsequent buffer exchange. NR reflectograms were collected in both
D>0O and H,O-based buffers which mimicked the translocation activity buffers. Data
from four conditions were used for analysis (Figure 30a). NR data of the surface-

adsorbed SecYEG-containing bilayer was analyzed using composition space model-
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ing [74]. The bilayer was assumed to consist of a single dioleoylphosphatidylcholine-
like lipid species with an acyl chain volume of 1024 A3, a headgroup volume of 330 A3,
an acyl chain scattering length of —2.67x10~* A, and a headgroup scattering length
of 6.00x10~* A. The bilayer was further assumed to contain SecYEG at the prepar-
ative molar fraction, which corresponds to about 7.6% in the hydrophobic region of
the bilayer. The crystallographic structure of SecYEG (PDB ID:3DIN) [33] was used
to generate the scattering length density (SLD) profile associated with the embedded
protein. The orientation of the SecYEG in the membrane was taken to be equally
distributed with the cytoplasmic protrusion exposed to the bulk solution (distal to the
Si0O, surface) in 50% of total occurrences [7]. For small bilayer-substrate separations,
the submembrane space was too small to accommodate the extension of the SecYEG
protein; in this region, the crystallographic SecYEG structure was truncated at the
headgroup surface and evenly reallocated in the submembrane space so as to preserve
the total protein volume. Peripheral SecA was modeled as a constant area fraction

of protein extending from the headgroup surface.
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Figure 30: (a) Neutron reflectivity in buffers based on D,O, HyO. Multiple different
mixtures of DoO/H,0 are shown. Reflectivity was normalized to the Fresnel
reflectivity expected from the interface between silicon and each buffer. Error bars
represented 68% confidence intervals arising from Poisson counting uncertainty. (b)
Residuals of volume occupancy modeled optimization to reflectivity curves. (c) SLD
profiles derived from the optimized volume occupancy model. Solid and dashed lines
showed the SLD profiles of two incoherently added models corresponding to surface
regions with and without adsorbed proteoliposomes, respectively.
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Because of incomplete coverage of the proteoliposomes on the SiO, surface, the
data were modeled as the incoherent sum of the bilayer model and a second model
in which significant areas (>10 pm) [75] of the substrate contain no liposomes. Non-
specifically adsorbed protein, which is likely to be SecA not bound to SecYEG, was
modeled as a constant area fraction and density extending into the solution from
the substrate surface. The fraction of the complete data set to be described by each
model was allowed to vary in the optimizations. The results of the model optimiza-
tion (Figure 30a, solid lines) achieved a reduced x? value of 1.41; the residuals are
shown (Figure 30b). The SLD profiles corresponding to the two model regions (with
and without the SecYEG-containing bilayer) are shown as solid and dashed (Figure
30c). Note that at distances from the substrate in which water is present, the SLD
profile changes with the deuteration level of the buffer.

The individual molecular components are shown in Figure 31. The top 43% of
the plot (Figure 31a, dashed lines) shows the structure of model region without pro-
teoliposomes; the only molecular component is the nonspecifically adsorbed surface
protein. The bottom 57% is the bilayer-containing region of the model (Figure 31b,
solid lines), showing the two bilayer leaflets, SecYEG, and SecA. Complete list of
fitting parameters and their optimized values is provided (Table 3). A detailed view
of components at the bilayer/ surface interface is shown (Figure 31c). A principal
quantity of relevance to this work is the average height of the submembrane space
separating the SiO, substrate from the headgroups of the substrate-proximal lipid
leaflet, 9.1705 A. More precisely this is defined as the distance from the center of the
oxide/water interface to the center of the choline/water interface. Though relatively
small, this amount of space is sufficient to accommodate precursor proteins. Unfolded
protein segments exhibit very low bending stiffness. In particular, the submembrane

space is more than double the 3.9 A persistence length of an unfolded polypeptide,
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which itself is about the same as the size of a single amino acid, ~4 A [76]. Addi-
tionally, 9.1 A is equivalent to the radius of gyration of an approximately 10 amino
acid long unfolded polypeptide (random coil) in free solution [77]. Other values of
interest from the NR analysis include the total thickness of the bilayer (including
headgroups), 48.579 A; the total separation of the top surface of the bilayer from
the substrate, 57.575% A; and the total bilayer coverage, 15.9737%. This last quantity
is smaller than the bilayer coverage observed in AFM measurements on borosilicate
glass. This could be due to topographical or surface chemical differences that alter

proteoliposome spreading [78].
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Figure 31: (a,b) Results of the optimized underlying volume-occupancy model.
Solid and dashed lines showed the two model regions with and without adsorbed
proteoliposomes, respectively. The solid line at 0.57 fractional occupancy reflected
the relative weight of the two models determined in the optimizations. (c) Detailed
view of the model in the vicinity of the SiO, surface showing the 9.1 A
submembrane space.
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Table 3: Neutron reflectometry fitting data. List of fit parameters with optimization
limits and optimized values with confidence intervals (CI) [69]

Lower | Upper| Mean Lower | Upper

Parameter (units) bound | bound | value 68% 68%
ClI CI
Beam parameters
Total reflectance 0.9 1.05 0.983 | 0.977 0.988
Sample broadening factor 0.1 4.0 0.16 0.12 0.25
Angle misalignment (°) -0.005 | 0.005 | 0.0014 | -0.0014 | 0.0040
Bulk parameters
SLD of first data set (1076A~?) 4.0 6.4 5.66 | 5.59 5.72
SLD of second data set (107°A=2) | -0.566 | 2.4 1.65 1.60 1.69
SLD of third data set (10-6A~2) 4.0 6.4 5.99 5.92 6.05
SLD of fourth data set (10-6A~2) -0.566 | 2.4 -0.33 | -041 [-0.26

Background of first data set (107°) | -10 100 0.30 0.23 0.37

Background of second data set (107°) | -10 100 1.98 1.89 2.08

Background of third data set (107°) | -10 100 0.18 0.11 0.24

Background of fourth data set (107°) | -10 100 2.34 2.18 2.50

Substrate parameters

Si/SiO, rms interfacial roughness

(A) 2 15 2.19 2.05 2.45
SiO, thickness (A) 70 110 102.62 | 102.38 | 102.85
SiO, SLD (107%A) 24 4.4 3.168 | 3.598 3.639
SiO, rms surface roughness (A) 2 25 4.53 3.99 5.00
Bilayer parameters
Substrate-headgroup separation (A) | -5 50 9.10 8.66 9.58
Acyl chain length per leaflet (A) 10 25 13.25 | 12.85 | 13.72
Volume fraction of bilayer 0 1 0.278 | 0.269 0.287
Volume fraction of peripheral protein | 0 0.4 0.06 0.01 0.22
Length of peripheral protein (A) 10 80 15.5 10.6 72.2
Volumg fI:aCtIOD of peripheral protein 0 0.4 0.03 0.01 0.08
after rinsing
Nonspecific adsorption parameters
Volume fraction of nonspecifically

. 0 0.4 0.056 | 0.045 0.067
adsorbed protein
Lengt.h of mnonspecifcally adsorbed 10 20 57 5 534 60.3
protein
Volume fractlc')n of nqnspemﬁcally 0 0.4 0.065 | 0.055 0.074
adsorbed protein after rinsing
Fraction of surface described only by 0 1 0.43 0.40 0.45

nonspecific adsorption
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5 Membrane surface characterization via Atomic

Force Microscopy

5.1 Single molecule observation of nucleotide induced con-

formational changes in basal SecA-ATP hydrolysis

We shed light on the conformational dynamics of SecA during ATP hydrolysis
by imaging single molecules in near-native conditions [24]. Following previous work
[6-8], proteins were adsorbed to freshly cleaved mica and imaged via tapping mode
AFM in aqueous solution. Salient topographic information, including the height and
area of individual macromolecules, was extracted algorithmically and collected for
statistical analyses [79]. We studied first wild-type SecA (SecA-WT). SecA-WT exists
in equilibrium between monomer and dimer in F. coli. We focused on conformational
dynamics of SecA monomer by choosing solution conditions that bias the system
away from dimer [80]. We determined the relationship between specific topographical
populations and the functionally important protein binding domain, PBD, of SecA.
The distribution of feature height for individual SecA-W'T molecules in the apo state
(i.e., not exposed to any nucleotide after purification) is presented (Figure 32a, black).
These data show that most of the conformations exhibit a maximum height of around
4 nm. A closer inspection reveals a minimum separating two subpopulations that
are spaced ~0.5 nm apart. Although small, this separation is above the ~0.1 nm
vertical resolution of the technique [17]. We observed an additional subpopulation in
the height distribution as a distinct shoulder at about 5.1 nm (Figure 32b, light blue
shade). This shoulder population was substantial, comprising 29% of the total. When
a variant of SecA with the PBD deleted (SecAAPBD) was analyzed, the population

at 5.1 nm was diminished significantly (Figure 32a, light blue shade). At the same
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time, the population at 4.3 nm was enhanced by roughly the same amount (compare
Figure 32a and b, green shades), and the other three populations were essentially
unchanged compared to the WT enzyme (Figure 32a and b; dark blue, orange, and
pink shades). We emphasize that the peak positions of the two major populations
match exactly; hence, SecA-WT and the mutant lacking the PBD are likely to be
in the same overall orientation on the mica. Hence, the conformational state at 5.1
nm appears to be directly related to the PBD. We note that cells require the PBD
of SecA; SecAAPBD was overproduced, and the purified sample contained <10%
residual SecA-W'T.

SecA-WT

4 p= = Data

W09% o =
= = Sum fit i

26%

2.0 3.0 4.0 5.0 6.0 70 20 3.0 4.0 5.0 6.0 7.0
Height (nm) Height (nm)

Figure 32: (a) Height distribution of SecA-WT (black solid line; number of different
complexes that were measured N = 3726) showing multiple subpopulations. Five
Gaussian fits with relative weights and the sum thereof (red dashed) are also shown.
(b) Analogous data and fitting for the mutant SecAAPBD (experiment: black, N =
4009; sum fit: red dashed. Note the population reduction of the population at 5.1
nm in the case of the mutant. We chose to fit to five Gaussians because this number
coincides with the number of prominent convex regions (populations) within the

WT distribution; this number led to coefficient of determination (R?) values of
>0.997 for both SecA-WT and SecAAPBD.

Before characterizing enzyme topography during ATP hydrolysis, we sought to
verify the ATP hydrolysis activity of SecA samples as discussed in chapter 2.1. After

confirming that ATPase activity was maintained, we studied the dynamic topography
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of SecA during ATP hydrolysis using our AFM. The SecA-WT and the SecAAPBD
mutant were subjected to ATP on the surface. The concentration of ATP chosen
for this study was significantly higher than the reported affinity for ATP (K4 ~ 300
nM) [81]. The height distributions indicated that SecA-WT was conformationally
more dynamic as compared to the SecAAPBD mutant. Figure 33 (a and b) shows
height distributions of SecA-WT and SecAAPBD, respectively. The full width at half
maximum (FWHM) of SecA-WT heights was larger than that of the mutant. The
FWHM in the presence of ATP was 2.3 nm for SecA-W'T compared to 1.5 nm for

the SecAAPBD mutant. This difference can be attributed to the PBD and motions

thereof.
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Figure 33: (a) Height distribution of SecA-WT (b) Height distribution of
SecAAPBD. FWHM of both distributions are shown on the curves. SecA-WT
examines a wider FWHM than that of the mutant indicating higher conformational
dynamics due to the presence of the protein binding domain.

We followed individual SecA-W'T molecules in real time and directly visualized
conformational dynamics during ATP hydrolysis. To better observe conformational
dynamics, we enhanced the temporal resolution to ~100 ms by repeatedly scanning
in one dimension to generate kymographs. First, a traditional two-dimensional image
was taken to identify a protein of interest (Figure 34A). Then, the slow scan axis
was disabled to repeatedly scan over the same protein to monitor conformational

dynamics under physiological conditions in the absence of ATP (Figure 34B). We then
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exploited the large difference in the protein area footprint distributions to monitor
real-time dynamics as the substrate ATP was consumed. Kymographs during ATP
hydrolysis revealed at least two distinct conformational states exhibiting different
width profiles that interconverted back and forth over time (Figure 34C; see also line
scans in Figure 34D, which are separated by ~100 ms). This apparent conformational
“flickering” was captured over extended periods, illustrating the reversible nature of
the dynamics. Figure 34E illustrates a kymograph of SecA-W'T in the presence of
ATP over more than 75 s. Here, the protein interconverted between a “compact” and
an “extended” state. The green trace in Figure 34F shows the full width distribution
profile of this molecule for the same period of time. The reversible switching of the
molecule between compact and extended states is reflected in the histogram as two
populations, which are separated by a minimum, positioned at ~29 nm. The data
exhibit at least two conformational states, despite differing scan trajectories with
respect to the adsorbed protein. Note that all width measurements are overestimates
of true molecular dimensions due to tip convolution (nominal tip radius, ~8 nm).
During ATP hydrolysis (i.e., with ATP present), the protein favored the extended
state over the compact state. Specifically, it remained in the extended state for 84%
of the time and 14% in the compact state. We note that the rate-limiting step of the
SecA ATP hydrolysis cycle is ADP release [81]. Hence, the prominent extended state

is likely to represent the ADP-bound post hydrolysis state of SecA.
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Figure 34: (A) AFM image of SecA-WT in the absence of ATP, white dashed
rectangle shows area for detailed study, and asterisk identifies molecule of interest.
(B) Upon rescanning and identifying the same molecule, a kymograph is initiated:
the time axis begins at the top of the area (red dashed line). (C) Detailed view of
kymograph in the presence of ATP. (D) Sequential height profiles separated by 95
ms (temporal sequence: pink, black, and purple) corresponding to arrows in (C).
(E) Kymograph of SecA with ATP over 75 s and (F) histogram of AFM-measured

SecA full width (number of scan lines, N = 406) showing two subpopulations:

compact and extended.

The height distribution for individual SecA-W'T molecules in the apo state ex-

hibited a maximum at around 4 nm, in overall agreement with previously reported

distributions for SecA when bound to SecYEG in membrane using the same tech-

nique [7,8]. AFM imaging indicated that the PBD explored a wide conformational
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space when SecA was exposed to ATP and provided evidence of PBD motion when
compared SecA-WT to SecAAPBD. We followed individual SecA molecules in real
time in an attempt to directly visualize conformational dynamics associated with
ATP hydrolysis. To more readily observe these dynamics, we enhanced the temporal
resolution by raster scanning in one spatial dimension rather than two. The resulting
kymographs revealed two distinct conformational states of SecA: extended and com-
pact. The conformational change from the compact state to extended state observed
in the kymographs can be associated with ATP binding and hydrolysis. A confor-
mational change is required for ADP release, and ADP release is the rate-limiting
step [81]. Hence, the conformational change from the dominant extended state to the
compact state is likely associated with ADP release. Previous studies have shown
that only hydrolysable ATP can drive processive preprotein translocation but not
ADP or other nonhydrolyzable ATP analogs [82,83]. Further, the PBD is known to
be in direct contact with precursor proteins [26,35,36]. Therefore, the two dominant

states observed in the kymographs are likely associated with translocation.

5.2 Direct visualization of the E. coli Sec translocase engag-

ing precursor proteins in lipid bilayers

Here, we shed light on active translocase complexes [41]. Using a combination of
biochemical experiments and AFM imaging, we studied the dynamic topography of
the Sec translocase engaging two distinct precursors: one destined for the outer mem-
brane [outer membrane protein A (pOmpA, alternatively known as proOmpA)] and
the other destined for the periplasm [galactose-binding protein (pGBP)]. Our results
suggested that active translocases exhibit conformations on the time scale of AFM

imaging that vary with precursor species. We attribute the conformational differences
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to SecA-driven structural rearrangements within the translocase. Overall, the data
suggest that the Sec translocation process works differently for different precursors.
Translocase topography as a function of translocation stage and precursor
species

To define an initial state of the system, we allowed translocation of either pOmpA
or pGBP to proceed for only 30 s, at which point ADP-AIF; (ADPAIF) was added to
halt further hydrolysis. The nonhydrolyzable ATP analog ADPAIF is thought to trap
SecA in the transition state [84]. Immediately after ADPAIF addition, we deposited
the reaction mix onto freshly cleaved mica. Samples were incubated, rinsed, and then
imaged. All data were collected in imaging buffer using tapping mode at ~32 °C.
Representative AFM images of the Sec translocase engaging precursors at different
stages of translocation are displayed (Figure 35). The presence of lipid bilayers was
confirmed by the observation of occasional defects (voids) that were ~40 A deep from
the surface of the upper leaflet of the bilayer [85]; one such void is indicated (Figure
35A, i, arrow). The images contained many punctate protrusions corresponding to
translocases and translocons above the E. coli lipid bilayer. Representative individ-
ual protrusions are shown as insets at the right corner of each image in Figure 35A.
To facilitate statistical analyses, salient topographic parameters were extracted and
pooled together to construct kernel density estimates (smoothed histograms). On the
basis of our previous work imaging SecYEG in lipid bilayers and SecYEG in complex
with SecA in lipid bilayers [6,8], many of the protrusions exhibited topography com-
mensurate with the translocase [i.e., an approximate height range between 32 and
80 A with a major population at about 37 A [7]]. In the absence of SecYEG, SecA
does not appear to bind the lipid bilayer in a preferred conformation [7]. Protrusions
corresponding to the periplasmic side of SecYEG, which extend <10 A above the

membrane and do not engage SecA, were not included in the analysis [6]. In addi-
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tion, features exhibiting large heights (>100 A), which were likely to be aggregates,
were rare (<15% of total) and not included in analysis. To evaluate protein crowding,
a potential artifact, proteoliposomes with a fourfold lower protein-to-lipid ratio were
prepared. Despite moderate variations expected from different sample preparations,
the data suggest that crowding effects are negligible at the protein-to-lipid ratio used
throughout this work (P:L = 1:1000).
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Figure 35: (A) AFM images of Sec translocases: (i) with pOmpA at the initial stage
(30 s) of translocation, the arrow identifies a void in an otherwise continuous lipid
bilayer; (ii) with pOmpA at the plateau stage of activity (3 min); (iii) with pGBP

at 30 s; and (iv) with pGBP at plateau (4.5 min). Lateral scale bars are 1000 A and
the false color vertical scale spans 160 A. Individual features are shown as insets
with scale bars: 100 A (lateral) and 60 A (vertical). (B) Height and (D) volume

distributions of active Sec translocases at 30 s with either pOmpA (red curve,
number of features included, N = 12,387) or pGBP (black curve, N = 10,063). Data
for translocases with no precursor (green dashed curve, N = 587) as well as SecYEG
alone (magenta dotted curve, N = 1875) are shown for reference. After reaching the
plateau stage of translocation activity, the (C) height and (E) volume distributions
of translocases engaged with pOmpA (red curve, N = 9565) or with pGBP (black
curve, N = 6592) are shown. In all cases, translocation was halted by adding
ADPAIF at the prescribed times. Note that the vertical scales for SecYEG alone
data were compressed two or fivefold in the height or volume plots, respectively. (F)
Arithmetic means of the height distributions. Error bars show SEM.
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Topography of SecA; in the translocase varies with precursor species

To provide insight, we focused on heights of translocases in which SecA was in
dimeric form, i.e., those exhibiting volumes within the range 0.9x10° to 2.0x10° A3,
The resulting analyses with pGBP show that in the presence of ATP, translocases
exhibited single-peaked height distributions (Figure 36a). In contrast, translocases
engaging pOmpA exhibited multimodal height distributions under the same condi-
tions (Figure 36b). To quantify these distinctions, we used Bayesian information
criterion to determine the optimal number of model distributions to fit each dataset
37. This analysis prescribed one gamma distribution for pGBP in ATP. In contrast,
three distributions were required for pOmpA subject to the same conditions. Gamma
distributions were used because they naturally accommodate skewness inherent in the
experimental data. In addition to the different number of modes, the peak locations

for pGBP were shifted higher (~5 A) compared to pOmpA.
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Figure 36: (a) Height distribution of translocase complexes on mica surface at
plateau stage of pGBP. (b) Height distribution of translocase complexes on mica
surface at plateau stage of pOmpA.
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Figure 37: Bayesian information criterion (BIC) versus number of model Gamma
distributions for each data set shown in Figure 36. The number of distributions
corresponding to the BIC minimum was used to optimally fit the data.

We imaged translocases at work under near-native conditions. AFM data com-
plement high-resolution structures by providing a direct view of the Sec translocase
engaging precursor proteins in a lipid bilayer and in aqueous buffer solution. Exper-
iments showed translocase complexes undergoing significant topographic changes in
a manner that depended on precursor species. AFM imaging requires the biological
material to be adsorbed onto a surface such as mica. This can prompt questions
about biological activity. We showed in chapter 2.1 that the basal ATPase activity of
surface-adsorbed SecA is similar to solution activity. We also found that Sec translo-
cases embedded in lipid bilayers supported on mica achieve ATP-driven translocation
with a turnover number >1 as discussed in chapter 3. This is similar in magnitude

to the turnover achieved in traditional translocation assays [46] and supports the no-
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tion that the visualization provided by AFM reflects active translocase conformations.
AFM measurements provide topographical corroboration for the significant precursor-
dependent differences recently observed in the translocation reaction, including in the
apparent rate constant and in the extent of precursor translocation [46]. One inter-
pretation of the AFM data is that pGBP and pOmpA are transported across the
cytoplasmic membrane by mechanisms that are distinct. However, there remains
the alternative possibility that all the mechanical steps required for translocation are
the same for both precursors, but differing kinetics gives rise to our observations.
For example, during hydrolysis, the system could spend substantially more time in
one conformation when engaging pGBP compared to pOmpA. Note that from the
in-solution measurement, k for pGBP is lower than for pOmpA, which means that
the pGBP dwell time is longer. Further work with higher time resolution will be
required to distinguish between these possibilities. In addition, it will be important
to determine what physical property (or properties) of the precursor species is (are)
responsible for the observed differences in the translocation process. Last, we point
out that our AFM experiments on stalled complexes at coarsely separated transloca-
tion stages were not designed to discriminate between translocation step models such
as the “push and slide” mechanism and the Brownian ratchet. Future studies using
continuous monitoring of individual translocases over time may provide insight into
this question. Overall, we report here the visualization of translocation machinery
at work in near-native lipid bilayers. Our comparison of translocases engaging two
different precursors side by side offers a direct view of this complex and dynamic
process. Looking toward the future, high spatial-temporal precision single-molecule
techniques are poised to shed further light on mechanisms underlying Sec system

function.
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6 Additional Projects

6.1 Force spectroscopy of SecA2-11 with Focused Ion Beam

(FIB) modified AFM cantilever

Force spectroscopy is a single molecule method suitable for measuring molecu-
lar interactions and structural energetics such as peptide-lipid interactions, protein
folding, unfolding [86, 87], etc. SecA, as discussed earlier, is a key component in
cellular protein export which transports precursor proteins through the cytoplasmic
membrane of F. coli using the energy released via hydrolysis of ATP. It exists both
associated with the translocon YEG and free in the cytosol. The N-terminal re-
gion of SecA penetrates the membrane and lies at the interface of the hydrophobic
and hydrophilic region of the membrane bilayer [33,88,89]. Specifically, the extreme
amino terminal residues are critical for the translocation of proteins in E. coli. Work
in the Randall group and others has shown that deletion of the first 10-20 amino
acids of SecA results in a drastic reduction in translocation. Interestingly, if these
residues are exchanged for a generic lipid tethering motif, the activity can be com-
pletely restored [36]. Motivated by these observations, we explored this peptide-lipid
interaction using single molecule techniques [7,36]. The energy landscape governing
the peptide-lipid interaction can be reconstructed and characterized once the force is
measured. In previous work, our group used AFM to measure the force associated
with the extreme N-terminal 10 amino acids of SecA (SecA2-11) interacting with a
model lipid bilayer via force spectroscopy measurement [31,90,91]. Here, we study the
same interaction but at higher temporal precision achieved through focused ion beam
(FIB) modifications of cantilevers [10,11,15,16]. The essence of the high bandwidth
strategy is to reduce the mechanical response time of the cantilever by lowering its

mass. Ideally, this modification should be achieved without sacrificing the force preci-
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sion of the measurement (i.e. keeping the spring constant of the cantilever, k, small).
Higher bandwidth cantilevers offer the possibility of measuring short lived interme-
diate states, such as those that have recently been discovered in bacteriorhodopsin, a
model membrane protein [18].
Results

Previous measurements with SecA2-11 showed that the interactions between this
short peptide and a lipid bilayer were rather complicated, even with a single com-
ponent zwitterionic (POPC) lipid species that was not native to the peptide. The
histogram of the rupture force illustrated asymmetry. This led to two dissociation
pathways, and two co-existing energy barriers were found. This discovery suggested
the emergence of two principal states available for the peptides to occupy during the
interaction with the lipid bilayer. In order to investigate this interaction in more
detail, it became apparent that an improved cantilever that had increased tempo-
ral resolution was required. This modification of the cantilever was done with care
and consideration of parameters such as the response time, the force stability, the
force sensitivity, the damping regime, and the durability of the cantilever after mod-
ification. The ideal cantilever should be soft, able to rapidly respond to changes in
force, precise, overdamped, and sustain the functionalization process. The secondary
electron microscope (SEM) images of the cantilever before and after modification are

shown in Figure 38.

Figure 38: SEM image of the cantilever before and after the FIB modification.
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The modified cantilever was characterized by measuring the force power spectral
density (PSD) and directly compared to the unmodified biolever mini and biolever
long. This metric is valuable because it shows how the force noise is distributed in
frequency space and can be used to read off the resonance frequency and evaluate
the damping regimes. The biolever long cantilever is also commercially available, but
due to its large size, is very sluggish (resonance frequency in fluid ~1 kHz). Figure
39 shows PSD curves of the modified cantilever (black), the biolever mini (red),
and the biolever long (blue) [15]. The PSD curve of the modified cantilever showed
the suppressed resonance peak. This was an indication that the modified cantilever
approached the desired overdamped regime. The overall reduction of force noise
apparent in the modified cantilever also indicated improvement of force precision, and
the removal of the metal coating layer was shown to improve a long term force stability
of the cantilever [92]. The modified biolever mini outperformed the unmodified version
and approached the performance of the biolever long cantilever, but with a significant
enhancement in bandwidth. Further, the integrated force noise curves shown in Figure
40 indicated that the modified cantilever had sub-pN force sensitivity whereas the
unmodified cantilever could not approach this sensitivity range.
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Figure 39: The force power spectral density graph of the modified biolever mini
(black), the unmodified biolever mini (red) and the unmodified biolever long (blue).
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Figure 40: the integrated noise of the modified biolever mini (black), the unmodified
biolever mini (red) and the unmodified biolever long (blue)

Not only did the modified cantilever show an increase in stability and sensitivity,
it also showed faster response time, consistent with previous work in the field [15].
In conclusion, the modified cantilever performed better than both unmodified com-
mercially available cantilevers. It had increased temporal resolution, fast response,
sub-pN force precision over a 100 Hz bandwidth, long term force stability, low de-
sired spring constant (k = 8 pN/nm), and was overdamped. The modified cantilever
was therefore an ideal candidate for force spectroscopy measurements to observe the

intermediate states of SecA2-11-lipid interactions.
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Figure 41: Force histogram obtained from biolever long cantilever

Figure 41 displays a histogram of rupture force during the retraction of SecA2-
11 away from a POPC lipid bilayer with the biolever long cantilever, where the
red solid line indicates the experimental results [31,90,91]. The black solid line
in the plot represents the summation of the modeled results, and the calculated
energy landscape comprised of two distinct energy barriers, indicated by the blue and
pink dashed lines. The modeling was performed in collaboration with Prof. Ioan
Kosztin’s group (MU Physics). [31,90,91]. One thing to note is that each barrier
is associated with a different weight. The calculated parameters correspond to the
height of the energy barriers (AGY), the distances to the transition states (Az}), and
the inverse of the off-rates in the absence of force (7;) which were determined for the
interaction between the SecA2-11 peptide and a POPC lipid bilayer [31,90,91]. Force
histograms obtained using the FIB modified biolever mini cantilever are shown in

Figure 42. The data displays two prominent peaks at similar values as compared to the
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histogram obtained from measurements using unmodified biolever long cantilevers.
The histogram’s most prominent feature illustrates the signature of the interaction
between SecA2-11 peptide and POPC lipid. One important conclusion is that the
modified cantilever was able to sustain the functionalization process. The separation
between the two peaks obtained from the modified cantilever also appeared to be
more pronounced. This may be due to the increase in temporal resolution resulting
from the modification described above. Additional interesting results came from the
plot of the force as a function of time during which the peptide was interacting with
the lipid bilayer. Figure 43 shows two examples of these results. Figure 43a shows the
transition from a lower to a higher force state, and Figure 43b shows quasi-equilibrium
‘flickering’ events between these low and high force states. The transition and the
flickering events suggest the emergence of intermediate states in the interaction of a
SecA2-11 peptide and POPC lipid bilayer. It should also be noted that the separation
of the low and high force states was approximately the separation of the two peaks
needed to fit the force histogram. More experiments with the modified cantilever

must be performed to further confirm the preliminary results discussed here.
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Figure 43: Zoomed-in views of the force as a function of time of SecA2-11 peptide
and POPC lipid suggests the emergence of a complex multi-state interaction.

6.2 Investigation of pyrophosphatase enzymes using AFM

AFM is an ideal tool to probe conformational changes of macromolecules such as
the pyrophosphatase enzyme in a near native environment (in fluid, at or near room
temperature). However, parallel to the AFM investigation, the activity of the enzymes
should also be verified, since the AFM measurement requires an underlying supporting
surface. The activity assays performed on SecA showed that the SecA continued

to hydrolyze ATP even when adsorbed to the mica support surface. Thus, AFM
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measurements could be analyzed with confidence that the biochemical activity was
maintained. In this project, which is a collaboration between our group and Carlos
Bustamante’s group at U.C. Berkeley, the enzyme of interest was extracted from
Streptococcus gordonii, and belongs to the family I inorganic pyrophosphatases, called
Streptococcus gordondi inorganic pyrophosphatase, sgPP [93,94]. sgPP is an enzyme
that assists with the conversion of one pyrophosphate into two inorganic phosphate
molecules, which can be detected. The Bustamante group was interested in the
diffusion behavior of enzymes such as sgPP. The core observation that triggered our
collaboration was that many enzymes diffuse faster in the presence of their substrate
[95]. Bustamante and co-workers developed a model based on chemo-acoustics to
explain their data and we sought to probe this enzyme and model via direct AFM
investigations.

Our group became interested in studying these enzymes from a mechanical AFM
perspective — if an acoustic wave was generated by an enzyme undergoing catalytic
turnover, perhaps we could measure the event using the AFM tip as a nanometer scale
microphone. As a result of our initial investigations using the catalase enzyme, we
developed an alternative hypothesis. In particular, we observed significant oligomeric
state changes upon addition of substrate [25]. One would expect that this quaternary
structure change would alter the diffusion behavior by lowering the drag force in a
manner consistent with the Bustamante observations. To follow up on this alternative
hypothesis, we studied a different enzyme that is a dimer in nature (as opposed
to catalase which is tetrameric) and amenable to genetic modifications. Hence, in
addition to the wild-type, sgPP was genetically modified in such a way that the
two protomers that comprise one working unit of the enzyme were linked together
in a single chain. The result of this enzyme engineering was the mutated species

called a tandem dimer, which we named tdsgPP. The modification was done to assist
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the analysis of the AFM measurements and as an important control experiment in
diffusion and other measurements carried out in the Bustamante laboratory. Since
the two dimers are effectively tied together, oligomeric stage changes from one dimer
to two monomers are forbidden.
Results
Surface based enzyme activity assay

The standard absorbance curve of sgPP enzyme activity is shown in Figure 44.
The standard curve shows the absorbance values of the solution at 660 nm as a
function of concentration of the product, which was the inorganic phosphate. The
graph was fitted to a straight line and the value of the slope was calculated. This
served as a platform for further calculations of the unknown product concentration
obtained from the enzyme activity assay. For each measured value of the absorbance
at 660 nm of the unknown, the concentration of the product can be calculated using

bsorb 1660
the slope of this curve. concentrationofproduct(uM) = aosorbancea " The

slope

slope of the standard line in this case was 0.00067 unit/uM.
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Figure 44: Standard curve of the activity of the sgPP enzyme
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The absorbance values at 660 nm of the sample from the no enzyme control,
the solution control, the surface adsorbed wildtype enzyme and the tandem dimer
enzymes were measured and converted to the product concentration according to
the procedures discussed earlier. The solution control was acquired by sampling
40 pli of the solution from mica surface right after the substrate was added. This
control served as verification that the activity of the enzyme did not arise from the
surface-adsorbed enzymes. The product concentration of each condition is plotted as
a function of time and shown in Figure 45. The enzyme products, both wildtype and
tandem dimers, were fitted with exponential rise functions, y = yo + Ae~** where yq
was the y intercept of the curve, A was the amplitude, and k was the apparent rate
constant of the enzyme reaction. The control plots were fitted with straight lines,
y = mx + c¢. The graph clearly shows that the wildtype enzymes were more active
than the tandem dimer enzymes, and the activity of the surface adsorbed enzyme for
both wildtype and tandem dimer were above background level for both solution and
no enzyme controls. For the wildtype enzyme, the fitted parameters were yq = 1263.2
+ 46.5 upM, A = -1070 £ 62 pM, and k = 0.034 + 0.005 min~!. The tandem dimer
fitted parameters were yo =1800 + 515 uM, A = -1700 4+ 50 M, and k = 0.005 +
0.002 min~!. The solution control parameters were m = 1.125 4 0.175 M /min, ¢ =
68.831 £ 14.1 uM. The no enzyme control parameters were m = 0.1 + 0.1 M /min,
¢ = 67 & 10 uM. The small values of slopes for both controls ensure that the amount
of product measured resulted from the surface adsorbed enzymes. Once the activities
of the surface adsorbed enzymes were confirmed, the AFM experiments could be

interpreted with confidence.
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Figure 45: Enzyme activity plot showing the concentration of the product produced
by surface adsorbed enzymes as a function of time for the wildtype (red, square),
tandem dimer (red, circle), solution control, which was the solution taken from mica
surface right after the substrate was added (black, triangle), and control without
enzyme (black, square)
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AFM measurements
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Figure 46: Comparison of simulated AFM image of the pyrophosphatase enzyme
and an experimental image. To generate this simulation, we used the
crystallographic coordinates of the enzyme (PDB code: 1K20) and a nominal tip
radius of 8 nm. We note that this simulated image comprises a dimer.

A simulated AFM image of the sgPP enzyme was carried out using the X-ray
crystal structure of the enzyme from the protein data bank, 1K20. The custom
Igor based program [79] generated an AFM image with assumed factory specified
geometries of the AFM tip used in the actual measurement. The simulated image
is shown in Figure 46 next to a cropped image of an actual individual enzyme for
a direct comparison. Height, area, and volume values of the simulated enzyme were
used as reference values for identification of individual enzymes and further analyses.
The simulated values were height ~4 nm, area ~300 nm?, and volume ~670 nm?.
The actual values of the height, area, and volume of the enzyme obtained from an
AFM measurement were ~3.8 nm, ~250 nm?, and ~530 nm?, respectively. The direct
comparison of the actual cropped particle, as shown in Figure 46, revealed the ability
to detect a sgPP enzyme on the surface with AFM with confidence. Additional AFM
images obtained are shown in Figure 47. The notations used were as described in
the methods section: WT E and TD E for enzymes only, WT E+S and TD E+S for

enzyme with substrate added after adsorption on mica surface.
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Figure 47: AFM images of the wild type enzymes (top) without substrate (left),
with substrate added (right), and the tandem dimer enzymes (bottom) without
substrate (left), with substrate added (right)

Histograms of volume, height, and area of the enzymes before and after expos-
ing the substrates were extracted using the Hessian Blob algorithm [79]. A volume
threshold of 250 nm? was used to discard particles that were too small to be consid-
ered as full length enzymes, and hence likely degradation products. This value was
set well below the expected value of an actual enzyme (from the crystal structure)
in order to ensure that no enzymes were left out of analysis. The same threshold
was used for both wild type and tandem dimer enzymes. The volume histograms

of the wildtype enzyme with (black solid line) and without (red solid line) substrate
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are shown in Figure 48a. The volume histograms of the tandem dimer enzyme with

(black dashed line) and without (red dashed line) substrate are shown in Figure 48b.
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Figure 48: Volume histograms of the wild type enzyme with (red solid line) and
without (black solid line) the presence of substrate (a) and the tandem dimer with
(red dashed line) and without (black dashed line) the presence of substrate (b).

Height and area histograms of the wild type enzyme with (red) and without (black)
substrate are shown in Figure 49a and 49b. The height and area histograms of the
tandem dimer enzymes are shown in Figure 50a and 50b. The height histograms of
the wildtype enzymes indicated that the enzymes exposed to the substrate showed
a systematic decrease in height. The downward shift in height was approximately
5 A. The area histograms of both wildtype and tandem dimer enzymes, with and
without the substrate added, exhibited three major populations at ~150 nm?, ~300
nm?, and ~500 nm?, respectively. The first area peak value was so small that this
may not belong to actual enzymes but rather to those that had been degraded. The
reduction of the populations in the first area peak and the increase in the population
in the second peak of the area histogram indicated reduction of the small material
(potentially degraded enzymes) after exposure to the substrate. In the case of the
wildtype enzymes, this is also shown in the AFM images by the fact that the mica

surface appears to be cleaner after the substrate was added. The area peak position
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shifted slightly upward when the substrate was added in the case of the wildtype

enzyme, but there was approximately no change in other area peak positions for the

tandem dimer enzymes.
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Figure 49: Height and area histograms of the wild type enzyme with (red) and
without (black) substrate.
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Figure 50: Height and area histograms of tandem dimer enzymes with (red) and
without (black) substrate.

Upon inspection of the obtained AFM images, the enzymes on the mica surface

appeared to consist of many small smudges (for example, Figure 47 top left panel).

After adding substrate, the surface conditions appeared to improve. This improve-

ment also extended to enzymes that were pre-incubated with substrate prior to being
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adsorbed onto mica surface. We evaluated the effects of this pre-incubation step for
15 minutes, 4 hours, and 24 hours to study the effect of substrate to the condition of
the AFM measurements. AFM images were acquired (Figure 51) and a comparison
was made to the previously collected AFM images. Histograms of height, area, and
volume were generated for each condition. Again, the notation used was WT E&
S and TD E& S for enzyme pre-incubated with substrate prior adsorption on mica

surface.

activate in solution

2 .

WT E&S TD E&S

nm

2

4

Figure 51: AFM images of the wildtype (left) and tandem dimer (right) enzymes
exposed to substrate in solution for 15 minutes prior to adsorbing onto mica surface.

The AFM images shown in Figure 51 illustrate the improvement of the surface con-
dition in both wildtype and tandem dimer enzymes that comes with pre-incubation
with substrate. The wildtype enzymes under this condition also appeared to be
smaller in height than those without pre-incubating with the substrate. The height
and area histograms for wildtype enzymes incubated with substrate prior to adsorp-
tion on the mica surface were generated and shown in Figure 52a and 52b, respectively.
The 15-minute incubation was plotted with the blue solid line, the four hour incu-

bation was plotted with the green solid line, and the 24 hour incubation was plotted
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with the pink solid line.
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Figure 52: Height and area distribution of the wild type enzyme with different
pre-incubation times.

Both height and area histograms indicated no significant difference between 4 and
24 hours of incubation with the substrate prior to adsorption on the mica surface.
Under all conditions, the height of the enzymes was reduced after the substrate was
introduced. The heights of the enzymes after 4 and 24 hours exposure to the substrate
were close to that of the enzyme with substrate added after mica adsorption. The
reduction in height for a 15-minute exposure was drastic. In contrast to the height,
the area of the enzyme increased after 15 minutes exposure. In order to directly
compare all conditions altogether, the histograms of height, area, and volume of each

condition are shown in Figure 53a, 53b, and 53c respectively.
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Figure 53: Height, area, and volume distributions of the wild type enzyme with
different pre-incubation times.
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7 Preliminary results and future directions

This thesis has demonstrated that even highly complicated system such as the
general secretory system of E. coli can be investigated using single molecule AFM
technology. We have used this tool to complement decades of study in the field
with bulk biochemical methods. Indeed, AFM illuminated many aspects of the Sec
system. Nucleotide dependent conformational changes of SecA were shown by direct
observation [24]. The next systematical study of such conformations was to investigate
the effect of nucleotides on translocase conformations during the hydrolysis cycle.
Proteoliposomes Y-A were exposed to nucleotides prior to adsorption on a freshly
cleaned glass surface. AFM images were taken in the Apo state, in the presence of
ATP, and in the presence of ADP-AIF3; (ADPAIF), an ATP analog that stabilizes
or traps SecA in its transition state [84,96]. Representative AFM images of the
apo, ATP exposed, ADPAIF exposed conditions are shown in Figure 54a, b, and c,
respectively. AFM images were subjected to Hessian blob analysis and histograms
were extracted for comparison [79]. Height histograms of translocases in its Apo state
(red), exposed to ATP (black), and exposed to ADPAIF (blue) are shown in Figure
55. Area histograms are shown in Figure 56. The number of particles included in the

analysis are NApo = 1975, NATP = 5627, NADPAIF = 1410.
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Figure 54: Representative AFM images of translocases on glass surfaces in apo state
(a), in the presence of ATP (b), and in the presence of ADPAIF (c). All images are
shown with the same color scale for direct comparison.
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Figure 55: Height histograms of translocases on glass surfaces in apo state (red),
exposed to ATP (black), and exposed to ADPAIF (blue). Ny,, = 1975, Narp =
5627, Nappair = 1410.
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Figure 56: Area histograms of translocases on glass surfaces in its apo state (red),
exposed to ATP (black), and exposed to ADPAIF (blue).

To enhance the temporal resolution of the investigation, kymographs were taken
in the presence of 3 mM ATP. Representative kymographs obtained from translo-
cases on glass surface are shown in Figure 57. Figure 57(a) shows a magnified view
of translocase on the surface, Figure 57(b) shows a kymograph obtained from the
particle in Figure 57(a). Figure 57(c) and (d) show another translocase and its repre-
sentative kymograph. The temporal resolution of these kymographs is 0.14s per line.

These kymographs have revealed distinct and interesting conformational dynam-
ics. For example, Figure 57 shows a translocase undergoing prominently vertical
conformational changes. In other words, the prominent structural change in this
series of line scans over the same macromolecule is normal to the bilayer surface,
indicative of a vertically-oriented piston-like motion. In contrast, Figure 57 shows

prominently lateral motion.
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Figure 57: Kymographs were taken in the presence of ATP on the surface. (a)
Shows a magnified view of translocase on glass surface. (b) Shows a kymograph
obtained from the particle in (a). (c¢) and (d) show another translocase and its
representative kymograph, respectively. The temporal resolution of these
kymographs is 0.14s per line. Note that the color scale in (a) and (b) is different to
that in (c¢) and (d). The color scale was chosen to highlight the dynamics.

Since the protein binding domain, PBD, of SecA is thought to be the domain that
moves the most, it may be responsible for the observed conformational changes. To
evaluate this hypothesis and to aid the interpretation of the wild-type data, proteoli-
posomes Y-AAPBD were adsorbed on glass surfaces. The kymographs of Y-AAPBD
were obtained under identical conditions to the wild type. A representative AFM
image of Y-AAPBD is shown in Figure 58(a). Kymographs of Y-AAPBD are shown

in Figure 58(b) and (c). Figure 58(b) was taken in the apo condition (without ATP).
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Figure 58(c) was taken in the presence of ATP.

Figure 58: (a) Shows a representative AFM image of Y-AAPBD on glass surface.
Kymographs of Y-AAPBD in an apo state are shown in (b). (¢) Shows kymographs
of Y-AAPBD obtained in the presence of ATP. The temporal resolution of the
kymographs is 0.13s per line.

Next, we attempted to understand the conformational dynamics of translocases on
glass surfaces undergoing translocation. We adsorbed proteoliposomes Y-A on freshly
cleaned glass, heavily rinsed and imaged the surface with AFM to verify coverage.

Then, the reaction mixture containing 1 uM SecB, precursor protein (1 uM pOmpA),
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and 3 mM ATP was added onto the surface. The addition of the reaction mixture
activated translocation activity. Several AFM images were taken for analysis. Figure
59 reveals translocases on glass surface after SecB, precursor proteins, and ATP were

added to the surface.

Figure 59: Proteoliposomes Y-A were adsorbed on the surface. Reaction mixture
containing SecB, pOmpA, and ATP was added to the surface. This AFM image was
taken in the presence of all key components of the active Sec system.

The conformational dynamics of the translocases undergoing translocation can be
studied at an enhanced resolution via kymographs. Once the AFM was used to verify
that the proper imaging conditions had been achieved, the slow scan axis was disabled
and kymographs of several individual translocases were collected. Figure 60 shows
representative kymographs obtained from translocases on glass surface undergoing

translocation of pOmpA.
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Figure 60: Kymographs of translocases undergoing pOmpA translocation. (a)
Shows kymographs of two translocases. (b) Shows kymographs of the same
translocase shown in (a) at later time, reflecting the stability of our AFM. The
temporal resolution of these two particular kymographs were 0.5s.

In order to analyze kymographs, we plotted height histograms of the backbone
(central location of each line), and both the left and right perimeters (4/- 3 pixels).
This was done to decompose two modes of potential movement of the translocase:
the vertical (membrane normal or perpendicular) mode, and the lateral (membrane
parallel) direction. We note the perpendicular direction appears as a change in the
height of the kymograph. The parallel direction is the motion in the image plane

which appears as a change in the width of the kymograph.
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Figure 61: (a) Shows a kymograph of translocase on glass surface in the presence of
ATP. (b) Shows kymograph overlaid with the outline of perimeter and the backbone
extracted from our kymograph analysis program.
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Figure 62: Height histograms extracted from a kymograph obtained from a
translocase in the presence of ATP. (a) Shows a height histogram obtained from the
left perimeter +/- 3 pixels. (b) Shows a height histogram obtained from the central
pixels. (c) Shows a height histogram obtained from the right perimeter + /- 3 pixels.

Note that all histograms exhibit multiple modes, indicative of distinct
conformational states that are transiently occupied.

Our investigation was not only limited to the use of kymographs to probe the
dynamics at enhanced temporal resolution, additionally, we also analyzed height dis-
tributions of active translocases translocating pOmpA as a function of time. Figure

63 shows height distributions of translocases undergoing pOmpA translocation on
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glass surface. In order to track the dynamics as a function of time with a sufficient
number of participants, we extracted height histograms from AFM images taken from
different locations and stacked them over one another so that we can visually observe
the dynamics. Moreover, we focused on a subset of translocases on the surface by
taking AFM images of these populations at one location over a period of time and

extracted height histograms. The histograms were shown in Figure 64.
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Figure 63: Height distributions of translocases undergoing pOmpA translocation on
glass surface from several locations were extracted and stacked over one another to
visually present conformational dynamics.
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Figure 64: Height distributions of translocases undergoing pOmpA translocation on
glass surface from the same location over a period of time were extracted and
stacked over one another to visually present conformational dynamics.
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Because translocase complexes can disassemble, we further attempted to decon-
volve the fraction of intact translocases (SecYEG-SecA) from translocons, SecYEG,
in the absence of SecA. We extracted the fraction of total features of SecYEG alone
and SecYEG-SecA using height. From our previous work we know that the cytoplas-
mic side height of SecYEG above the membrane is typically in the range of 1-3.2 nm,
whereas SecYEG-SecA is higher, typically 3.2-8 nm [24,41]. The fraction of SecYEG
alone and translocases SecYEG-SecA as a function of time extracted from data shown

in Figure 64 is plotted in Figure 65.
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Figure 65: Fraction of translocons alone (SecYEG, red) and intact translocases
(SecYEG-SecA, black) as a function of time extracted from data shown in Figure
64. Though the data exhibit significant scatter, there appears to be a trend towards
empty translocons (i.e., lacking SecA) over time during the translocation reaction.

Though perliminary, the data in this section suggest that AFM can continue to
shed light on fundamental processes involving the translocation of proteins across

membranes. In particular, here we show that AFM has the capability of following
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individual translocase complexes during the translocation reaction. With additional
control experiments and analyses, this type of data could shed direct light on the
mechanism of translocation. It may help resolve the long-standing debate in the field
whether the translocase acts as a molecular motor with an ATP dependent power
stroke, or more like a Brownian ratchet where ATP binding and hydrolysis plays
more of a regulatory role. Note that in vivo, protonmotive force also plays important

role in the translocation mechanism.
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8 Conclusions

We have used a radiolabeling method to verify ATP hydrolysis activities of SecA
on surfaces. The method had sufficient sensitivity to distinguish all known levels of
ATP hydrolysis activities associated with the Sec system: basal, translocase activated,
and translocation associated. SecA adsorbed on the surface continued to hydrolyze
ATP at a comparable rate to those in solution during a time period appropriate for
AFM measurements (2 hours). All levels of ATP hydrolysis activities had >70%
agreement to the traditional in-solution measurements. The free solution containing
soluble SecA dissociated from the translocase complexes exposed to the full system
maintained a high ATP hydrolysis activity level indicating conformational hysteresis
of SecA. ATP hydrolysis activity of surface adsorbed SecA was correlated to the con-
formations and conformational dynamics of SecA observed in AFM measurements.

Translocation activity of the translocases adsorbed on surfaces were confirmed.
Glass provided an environment that promoted more translocation activity than mica.
AFM measurements revealed the precursor protein species dependent conformations
of translocases engaging in translocation on the surface. Apparent rate constant of
translocation activity on glass surface was extracted and compared to that in solution.
The on-surface translocation rate was 10-fold lower than that measured in solution.
This was likely due to the frictional drag force introduced by the underlying surface.

Chemomechanical coupling was calculated. The number obtained from glass sur-
face was compared to that from mica surface, the in-solution measurement, and the
traditional reconstitution system where SecA was added to the proteoliposome Se-
cYEG after the reconstitution. Translocases on glass had 2-fold reduction in chemo-
mechanical coupling. When comparing the chemomechanical coupling calculated from

translocases on mica to that calculated from glass, the system on mica had a much
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higher value. This was likely due to the inherited surface roughness of glass which
could provide extra spaces for precursor to occupy after being translocated.

NR results provided additional information on the submembrane space which was
inaccessible to AFM. The submembrane space obtained from NR was 9 A. Although
small, this submembrane space was sufficient to accommodate translocated precursor
protein. Thus, NR can be used to complement AFM measurements.

In summation, high precision single molecule methods such as AFM are poised to

reveal the intricate mechanisms underlying the Sec system activity.
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Appendix:

A

Al

On-surface activity assays

On-surface basal ATP hydrolysis activity

Caution: All assays using **P must be done using appropriate shielding.

Additionally, when moving with *?P, it must also be shielded.

1.

Deposit 50 puL of 2 uM SecA in 10 mM HEPES, pH 7.6, 100 mM KAc, 5
mM MgAc, onto freshly cleaved mica surface on Teflon lined metal disc for 15

minutes at room temperature.
Rinse the surface 10 times with the same buffer.

Add 50 pL of 3 mM [y-32P] ATP (0.908 nCi/uL), 10 mM HEPES, pH 7.6, 100
mM KAc, 5 mM MgAc, to the surface.
Note: Make sure that all the radioactive wastes are properly disposed in a clearly

labeled waste container and separated from regular wastes.

At corresponding times, pipet 4 uL of the solution off the surface and mix with
4 pL of 50 mM EDTA to stop the ATP hydrolysis reaction. This mixture is
called the reaction stop mixture.

Note: EDTA is a chelating agent that effectively binds with Mg?* ion. SecA
requires Mg?* to function in hydrolyzing ATP. Thus, the removal of Mg**

inhibits SecA ATP hydrolysis activities.

Spot 2 uli of the reaction stop mixture onto the thin layer chromatography
(TLC) plate and let the spots dry.

Note: Measure and mark the 20 x 20 cm TLC plate before spotting the solution.
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10.

11.

12.

13.

14.

Leave a 1.5 cm space from the left and right edges of the plate, and 2.5 cm from

the bottom edge of the plate. One plate fits up to 15 spots.

Place the dried TLC plate in the 125 mM KH,PO, solution in the closed chro-
matography tank behind a shield for the radioactivity of 32P.

Note: The KHyPO,4 solution level should be just below the sample line.

Let the fluid rise to 2.5 cm below the top edge of the TLC plate, to ensure that

the chromatography is completed.

Dry the plate in an oven at 70 °C.

. Wrap the plate in plastic wrap to prevent potential contamination of the imaging

plate from radioactive particles.

Expose the wrapped plate to the PhosphorImager in a closed cassette for 15
minutes.

Note: The exposure time can be adjusted to accommodate the radioactivity of

321:).
Scan the Phosphorlmager with a scanner such as the Amersham Typhoon.
Quantify the radioimage using software such as ImageQuant.

During quantification, make sure that the background was subtracted prop-
erly and the entire areas were included. Thus, the percent ATP hydrolyzed is

appropriately quantified.

Convert % ATP hydrolyzed to mol ATP hydrolyzed and normalize with mol
SecA available on the surface assuming complete coverage of the surface.

Note: Multiply %ATP with the concentration and volume of the ATP used in
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the experiment to get mol ATP. Use the SecA crystallographic dimensions (4 nm
x 8 nm) and the mica dimensions (10 mm diameter circle) to estimate number

of mol of SecA on the surface. SecA was estimated to be 3 pmol on the surface.

A.2 On-surface translocase activated ATP hydrolysis activ-
ity
1. Deposit 50 uLi of 80 nM proteoliposomes SecYEG co-assembled with SecA (Y-

A) in buffer containing 10 mM HEPES, pH 7.6, 300 mM KAc, 5 mM MgAc

on to a freshly cleaved mica surface on a Teflon lined metal disc.
2. Place the surface in a closed, water saturated environment (petri dish) on ice.

3. Let the surface incubate on ice for 1 hour to ensure a complete coverage of the

lipid bilayer on the surface.
4. Rinse the surface with 50 ul. of the same buffer 10 times.

5. Add 50 pL of 3 mM [y-32P] ATP (0.908 nCi/uL), 10 mM HEPES, pH 7.6, 300
mM KAc, 5 mM MgAc, to the surface.

6. At corresponding times, pipet 4 uL of the solution off the surface and mix with

4 pL oof 50 mM EDTA to stop the ATP hydrolysis reaction.

7. Spot 2 uli of the reaction stop mixture onto the thin layer chromatography

(TLC) plate and let the spot dry.

8. Place the dried TLC plate in the 125 mM KH;PO, solution in the closed chro-

matography tank behind a shield for of 3?P.

9. Let the fluid rise to 2.5 cm below the top edge of the TLC plate, to ensure that

the chromatography is completed.
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10.

11.

12.

13.

14.

15.

16.

Dry the plate in the oven at 70 °C.

Wrap the plate in plastic wrap to prevent potential contamination from radioac-

tive particles.

Expose the wrapped plate to the Phosphorlmager in a closed cassette for 15

minutes.
Scan the Phosphorlmager with Amersham Typhoon
Quantify the radiograph using software such as ImageQuant

During quantification, make sure that the background was subtracted properly
and the whole spot sizes were included in the analysis lane. Thus, percent ATP

hydrolyzed is quantified correctly.

Convert percent ATP hydrolyzed to mol ATP hydrolyzed and normalize with
mol SecA available on the surface assuming complete coverage of the surface.

Note: Multiply %ATP with 2 puL x 3 mM to get mol ATP. Use AFM images
to estimate number of mol of SecA available on the surface. We estimated 0.03

pmol of translocase complexes available on mica surface.

A.3 On-surface translocation associated ATP hydrolysis ac-

tivity

. Deposit 50 uL of 80 nM of proteoliposomes containing SecYEG co-assembled

with SecA (Y-A) in buffer containing 10 mM HEPES, pH 7.6, 300 mM KAc, 5

mM MgAcs on to a freshly cleaved mica surface on a Teflon lined metal disc.

. Place the surface in a closed environment (petri dish) on ice.
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3. Let the surface incubate on ice for 1 hour to ensure a complete coverage of the

membrane on the surface.
4. Rinse the surface with 50 plL of the same buffer 10 times.

5. Add 50 pL of 3 mM [y-32P] ATP (0.908 nCi/uL), 1 uM SecB, 1 uM precursor
protein (pOmpA or pGBP), 10 mM HEPES, pH 7.6, 300 mM KAc, 5 mM
MgAcy, 2 mM DTT, 1 mM EGTA to the surface
Note: EGTA is also a chelating agent that has a higher affinity for Ca?* than its
affinity for Mg?*. Thus, it binds and gets rid of trace amounts of Ca?" in the
solution. The presence of Ca?* leads to precursor protein folding prematurely.
Note: Concentration of Mg?t must be higher than that of EGTA so that there

is sufficient Mg?* for the ATPase to function.

6. At corresponding times, pipet 4 uL of the solution off the surface and mix with
4 pL of 50 mM EDTA to stop the ATP hydrolysis reaction and follow the same
procedure described earlier in basal and translocase activated ATP hydrolysis

procedure.

A.4 On-surface translocation activity

1. Deposit 50 pL proteoliposomes of 80 nM SecYEG coassembled with SecA (Y-A)
in buffer containing 10 mM HEPES, pH 7.6, 300 mM KAc, 5 mM MgAcs; on to
a freshly cleaned glass surface (KOH followed by oxygen plasma. The treatment
procedure is discussed in A.5) or a freshly cleaved mica on a Teflon lined glass
slide.
Note: Prepare the same number of surfaces as the number of time points desired

to acquire the translocation activity graph.
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10.

11.

12.

13.

. Place the surface in a closed, water-saturated environment (petri dish).

Let the surface incubate on ice for 1 hour to ensure coverage of the membrane

over a large area.
Rinse the surface with 50 uL of the same buffer 10 times.

Add 50 pL of 3 mM ATP, 1 uM SecB, 1 uM radioactive precursor protein (1*C-
pOmpA or *C-pGBP), 10 mM HEPES, pH 7.6, 300 mM KAc, 5 mM MgAcs,
2 mM DTT, 1 mM EGTA to the surface.

Note: Always add SecB to the solution mix before precursor protein to prevent
the precursor protein from folding prematurely, which would ruin the experi-

ment. Use a pipette tip to thoroughly mix the solution on the surface.
Keep the surface in a water saturated environment at room temperature.

At predetermined times, add 150 uL of 6 M urea to the surface. Use a pipette
tip to thoroughly mix the urea solution with the surface solution.

Note: The urea solution must be freshly made on the day of experiment.

. Vigorously rinse the surface by depressing and releasing the pipette several

times. Be careful not to spill the fluid off the surface.

Rinse the surface with 50 uL of 10 mM HEPES, pH 7.6, 300 mM KAc, 5 mM
MgAcy, 2 mM DTT, 1 mM EGTA buffer 10 times.

Add 70 pL of proteinase K solution at 19 units/mL on the surface.
Place the surface on ice for 15 minutes.
Rinse the surface with the same buffer 10 more times.

Pipet 95% of the remaining surface solution off the surface.
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14.

15.

16.

17.

18.

19.

20.

Dry the surface in the oven at 70°C for 20 minutes.
Wrap the surface with clear plastic wrap.

Expose the surface and the standard made from spotting known quantities of
the radioactive protein on the surface to the imaging plate in a closed cassette

for 48 hours.

Develop a radiograph of the surface using a scanner such as GE healthcare

Amersham Typhoon.

Quantify the translocation activity using quantitative software such as Image-

Quant.

Create a standard curve from the standard samples and convert intensity of the

surface to mol precursor protected on the surface.

Perform control experiments in an identical manner described above.
Note: Control experiments contained all required components of the general Sec

system except SecYEG; SecA; or both SecYEG and SecA as shown in Figure 26

A.5 Preparation of KOH treated glass cover slips

1.

2.

3.

Cut a KOH cleaned cover glass slip into four equal pieces. The cleaning proce-

dure using KOH solution was discussed in reference [8].

Rinse with ethanol and DI water in an alternating manner three times to clean

the residue.

Blow dry with ultra-high purity nitrogen gas.
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4.

d.

B

Plasma clean right before use.

Glue the freshly plasma cleaned glass onto the Teflon lined metal disc using

5-min epoxy.

In-solution activity assays

B.1 In-Solution ATP hydrolysis

Basal ATP hydrolysis

1.

Prepare solution containing 1 uM SecA in 10 mM HEPES, pH 7.6, 300 mM
KAc, 5 mM MgAc,

. Add ATP to achieve final concentration of 3 mM [y-*2P] ATP (0.908 nCi/uL)

At determined times pipet 4 pl of the solution off the surface and mix with 4
pLoof 50 mM EDTA to stop the ATP hydrolysis reaction.

Spot 2 uli of the reaction stop mixture onto the thin layer chromatography
(TLC) plate.

Place the dried TLC plate in the 125 mM KH>PO, solution in the closed chro-
matography tank behind a shield for radioactivity of **P such that the solution

level is just below the spotted locations.

Let the fluid rise to 2.5 cm below the top edge of the TLC plate, to ensure that

the chromatography is completed.

Dry the plate in the oven at 70 °C.

. Wrap the plate in plastic wrap to prevent potential contamination from radioac-

tive particles.
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9. Expose the wrapped plate to the Phosphorlmager in a closed cassette for 15

minutes.
10. Scan the Phosphorlmager with Amersham Typhoon
11. Quantify the radiograph using software such as ImageQuant

12. During quantification, make sure that the background was subtracted properly
and the whole spot sizes were included in the analysis lane. Thus, percent ATP

hydrolyzed is quantified correctly.

13. Convert percent ATP hydrolyzed to mol ATP hydrolyzed and normalize with
mol SecA available in solution according to the know concentration of ATP and

SecA in the reaction solution.
Translocase activated ATP hydrolysis
1. Prepare solution containing proteoliposome Y-A with 1 uM SecYEG concentra-
tion in 10 mM HEPES, pH 7.6, 300 mM KAc, 5 mM MgAc,.

2. Add ATP to achieve final concentration of 3 mM [y-**P] ATP (0.908 nCi/uL).

3. Follow the steps described earlier in basal ATP hydrolysis assay.
Translocation associated ATP hydrolysis

1. Prepare solution containing proteoliposome Y-A with 1 uM SecYEG concen-
tration in10 mM HEPES, pH 7.6, 300 mM KAc, 5 mM MgAcy, 2 mM DTT, 1
mM EGTA.

2. Add 1 uM SecB, 1 uM precursor protein (pOmpA or pGBP), and 3 mM [y-32P]
ATP (0.908 nCi/uL).

3. Follow the steps described earlier in basal and translocase activated ATP hy-

drolysis assays.
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B.2 In-Solution translocation activity

1. Prepare solution containing final concentration of proteoliposome Y-A with 1
puM SecYEG, 1 uM SecB, 1 uM radioactive precursor protein (M*C-pOmpA or
UC-pGBP), 3.3 mM ATP in 10 mM HEPES, pH 7.6, 300 mM KAc, 5 mM
MgAcy, 2 mM DTT, 1 mM EGTA

2. At a predetermined time, sample the solution mixture in step 1 and mix with

reaction stop containing proteinase K at 19 units/mL.
3. The solution is subjected to electrophoresis.

4. The gel was stained, rinsed thoroughly, dried and exposed in phosphorimager

in a closed cassette for 48 hours.

5. The image was scanned using a scanner such as GE healthcare Amersham Ty-

phoon.

6. The radioactivity of the protected precursor protein was quantified using soft-

ware such as ImageQuant.

7. The control experiments were done under identical conditions except in the

absence of ATP.

C Neutron Reflectometry

1. The NR sample was prepared by chemical vapor deposition of a nominally 100
A thick dry thermal SiO, film on a 75 mm diameter, 5 mm thick 100 single
crystal silicon wafer N-doped with phosphorus to 1—100 2-cm. The deposition
was performed by exposing the wafer to 14 min of oxygen flow at 15 L per

min at 700 °C, using a SandVik model 1314 furnace at the NIST Center for
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Note: All samples were made and supplied from NCNR.

. The sample wafer surface was cleaned by sonicating for 2 minutes in a saturated
ethanolic solution of potassium hydroxide, followed by sonication-assisted rinses
with copious 18 M{2-cm reverse osmosis water.

Note: At the time of experiment, we did not have access to plasma cleaning at

NCNR. Thus, the plasma cleaning process was omitted.

. Y-A proteoliposomes were added at 1 uM concentration via a pipette to the

pristine SiO, surface, and droplet spreading was confirmed visually.

. While still wet, the wafer was mounted in a flow cell so that the SiO, interface

was in contact with a nominally 100 pm thick reservoir of buffer.

. For reflectivity measurements, a monochromatic beam of wavelength 5 A im-
pinged on the interface between the sample wafer surface and liquid in the 100

pm thick liquid reservoir.

. The presample collimating slits were chosen to maintain a constant 50 mm X

25 mm illuminated interfacial area for each measured angle 6.

. The postsample collimation was chosen to allow the entire reflected beam to
impinge on the detector, which was positioned at an angle 26 relative to the

incoming beam direction to measure specular reflection.

. Each reflectivity curve covered a range in scattering vector Q, = 47rA~! from
0.010 to 0.250 A~! with a step size of 0.0024 A~

I(Qz) B [B(Qz)
(IO(QZ)

sured count rate (normalized to a much larger monitor count rate to account for

. The reflectivity was calculated as R = , where I(Q.) is the mea-
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fluctuations in beam intensity). I5(Q.) is the background intensity, which arises
primarily from incoherent scattering from the liquid reservoir and is calculated
by linear interpretation of the intensities measured with the detector positioned
at 1.5 6 and 2.5 6. 15(Q,) is the incident beam intensity (also normalized to the
monitor count rate) and is directly measured through the silicon substrate at

6 = 0 with the detector positioned in line with the incident beam.

10. NR data were analyzed using the composition space modeling procedures de-
scribed previously [74]. Simultaneous optimization of the composition space
model for the four buffer conditions was performed on the Bridges [97,98] high-
performance computing system using the DREAM Markov Chain Monte Carlo
algorithm [99] implemented in the software package Refl1D [100]. CI on parame-
ters and model predictions were calculated from parameter distributions derived

from 4.1 million DREAM samples after the optimizer had reached steady state.

D Biochemical Methods

D.1 Purification of Sec Components

SecYEG was purified from a strain C43 (DE3) suitable for overexpression of
membrane protein [101] harboring a plasmid encoding SecE with a His-tag at the
N terminus, SecYC329S, C385S, and SecG [46,102]. Cells were broken by passage
through a French Pressure Cell (5.5x107 Pa), and the membranes were isolated by
centrifugation and solubilized in dodecyl-g-maltoside (DBM). SecYEG was purified
by chromatography using a HisTrap column (GE Healthcare) and stored at —80
°C in 20 mM Tris-Cl (where 1 M = 1 mol/L), pH 8, 0.3 M NaCl, 10% glycerol,
0.6% DBM, and 2 mM DTT. SecA: wild-type SecA was purified as described [103]
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with the following modifications. Intact washed cells were incubated on ice for 30
minutes with 8 mM EDTA to chelate Mg?* in the cell envelope. The cells were
pelleted and washed twice to remove the EDTA before being lysed by three cycles of
freezing and thawing in the presence of lysozyme. The removal of EDTA before lysis
is crucial to prevent the extraction of zinc from SecA. Following centrifugation, SecA
was purified from the relevant supernatants by chromatography. SecB was grown
as described [104]. The cells were disrupted using a French Pressure Cell (5.5x107
Pa) and centrifuged for 2 hours at 65k rpm (6800 rad/s) using a Type 90 Ti rotor
(Beckman, Coulter). The supernatant was loaded onto a QAE column (TosoHaas)
and SecB was purified with a gradient of 200—480 mM NaCl in 20 mM TrisCl, 2 mM
DTT, pH 7. SecB was eluted around 350 mM NaCl. Concentrations of the proteins
were determined spectrophotometrically at 280 nm using coefficients of extinction as
follows: SecB tetramer 47 600 M~!ecm™'; SecA monomer 78 900 M~'cm™!; SecYEG
45 590 M~tem™1.

D.2 Preparation of radiolabeled precursors

pOmpA and pGBP were produced in strain MM52 from plasmids pAL612 and
pALT25 carrying the ompA gene or the mglB gene, respectively. Cells were grown in

M9 minimal media supplemented with 19 amino acids (no Leu) and were radiolabeled

by addition of *C-Leu (PerkinElmer) [46].

D.3 Preparation of proteoliposomes

Lipids (E. coli polar lipid extract, Avanti) in chloroform were blown dry with
Ny and placed in a vacuum chamber overnight. A dry mechanical vacuum pump

(XDS5, Edwards) was used to prevent back streaming of oil, a potential contaminant.
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Dried lipids were suspended in 10 mM HEPES, pH 7.6, 30 mM KAc, 1 mM MgAc,.
Unilamellar liposomes were prepared by extrusion through membranes (~100 nm pore
diameter, LiposoFast, Avestin). To form proteoliposomes, the liposomes were swelled,
but not disrupted, using a ratio of detergent to lipids of 4.65 mM DBM to 5 mM lipids
[105]. After swelling for 3 hours at room temperature, the proteins to be incorporated
were added: SecYEG at 5 uM (the molar ratio of SecYEG to lipid was 1:1000) and
for coassembly of SecA (YEG- A), SecA at 5 uM dimer. Incubation was continued
for 1 hour at room temperature followed by addition of BioBeads SM-2 (BioRad) to
remove the detergent. The proteoliposomes were isolated by centrifugation at 436
000g, 20 minutes at 4 °C in a TL100.1 rotor (Beckman). The pellet was suspended
in the same buffer and centrifuged again as earlier. The final pellet was suspended to
give a concentration of ~10 mM lipid and 10 M SecY. The suspension was stored

at —80 °C.

D.4 Translocation assay in solution

A time course of translocation assay was performed before each AFM experi-
ment using the precursors containing disulfide-stabilized loops. Translocation of 1
uM oxidized pOmpA or pGBP, labeled with a 4C-L-amino acid mixture, into prote-
oliposomes was carried out at 30 °C under conditions of limiting SecY (1 M) with
SecA (1.2 uM dimer), SecB (1 uM tetramer), and EGTA (1 mM) to prevent pGBP
from folding, as described [73], with the following modifications: A volume of sam-
ple selected for translocation quantification was subjected to proteinase K digestion.
The radioactivity in the protein bands corresponding to protected precursors obtained
from electrophoresis was measured using a Fujifilm FLA 3000 phosphorimager in the
linear range of its response. Figure 66 depicts the precursor proteins protected from

digestion during the proteinase K treatment. From each time point, intensity of the
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protected precursor band (everything included in the right curly bracket) was nor-
malized with the intensity of the reference band (everything included in the left curly
bracket). Thus % translocation was carried out. With known volume and concentra-

tion of solution subjected to electrophoresis, mol precursor protected was calculated.

Reference band

*10sInd94d pa3d930id

T rsinedl
Timefmin) @ ¢ o0

Figure 66: Quantification of translocation in solution

v -N““HH

SecA

SecYEG

Figure 67: Quantification of proteins (SecY and SecA) in proteoliposome
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Each batch of proteoliposome was quantified after coassemble. The proteolipo-
some solution was prepared at several dilutions and subjected to electrophoresis. The
intensity of each band from different dilutions was quantified using ImageQuant soft-

ware.

D.5 Liposome preparation

Experimental procedure

1. Distribute E. coli polar lipid extract in chloroform to culture tubes such that

there is approximately 13 mg lipid in each tube.

2. Evaporate chloroform using Ar gas under the hood, forming a thin film of lipid
on the wall of the tube. Keep rotating the tube while drying to evenly form the
film.

3. Place tube in the dry vacuum chamber and pump overnight.
Note: A dry mechanical vacuum pump is used here to prevent back-streaming

of oil, a potential contaminant.
4. For storage, backfill tubes with Ar gas, seal with parafilm, and store at -20°C.
5. Take one tube of dry lipid prepared above (or out from the -20°C freezer).

6. Add 550 uL of buffer containing 10 mM HEPES, pH 7.6, 30 mM KAc, 1 mM

MgAcs to the tube.
7. Let sit at room temperature for 1 hour to swell the lipid.
8. Use pipet to rinse the wall of the tube and hydrate all lipids.

9. Wet a 200 nm membrane and filter supports with buffer.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Insert membrane into lipid extruder with filter supports on each side. The

extrusion parts are shown in Figure 68

Label one side of the extruder with “IN”.

Load a 1000 L Hamilton syringe with lipid suspension.

Insert syringe into the extruder side labeled “IN”.

Insert an empty 1000 uL Hamilton syringe to the other side of the extruder.

Pass the solution through the extruder 20-30 times (or until the solution be-

comes visually clear).
Remove solution from the side opposite “IN” into Eppendortf tubes.

Quantify lipid concentration using an appropriate assay as described in D.6.

Store at -80 °C

i T

OlRvanti Polar Lipids, Inc.
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Outer Membrane Polycarbonate Membrane Retainer
Casing Support Membrane Support Nut

Figure 68: Avanti polar lipids extruder and the parts

D.6 Quantification of lipid in liposome

To quantify the concentration of lipid in liposome, we use a colorimetry method
to measure the amount of phosphorous, the headgroup of liposomes, by stripping it
off the head group of the phosphor lipid bilayer in the liposome. A mixture of sulfuric
acid, ascorbic acid, hydrogen peroxide and ammonium molybdate was used to extract
the phosphorous and form a complex that turned blue. The intensity of the blue color
correlated to the amount of phosphorous in the solution.

Experimental procedure

1. Prepare 2.5 mL of 9 N HySOy, 5 mL of 10% ascorbic acid (1 g in 10 mL H,0),
5 mL of 2.5% ammonium molybdate tetrahydrate (0.63 g in 25 mL H,0), 1 mL
of 30% Hy02 (3 mL Hy05 and 7 mL H,0), and 600 uL of 0.65 mM standard

phosphorous solution.

2. In glass test tube, prepare standard phosphorous solution in 6 dilutions, lipid

sample in 3 dilutions, and 1 blank solution as shown in table 4.
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10.

11.

Table 4: Total phosphorous assay for liposome quantification

Tube # Sample Volume (pL) | A (820 nm)
1 Blank 0
2 Standard 1 25
3 Standard 2 50
4 Standard 3 75
5 Standard 4 100
6 Standard 5 125
7 Standard 6 150
8 Lipid Sample 1 50
9 Lipid Sample 2 100
10 Lipid Sample 3 150

. Add 2 boiling stones in each tube to prevent superheating.

Add 225 pL of 10 N HySOy4 to each tube.

Place the tubes in the heat block at 220 °C for 25 minutes.

Note: This step is to release the phosphorous of the phospholipid bilayer.
Take the tubes off heat block and let cool at room temperature for 5 minutes.
Add 75 pL of HyO4 to the bottom of each tube.

Place the tubes back to the heat block at 220 °C for another 30 minutes
During this step, preheat the water bath to 100 °C.

Take the tubes off the heat block and let cool to room temperature.

Add 1.95 mL H50O, 0.25 mL ammomium molybdate, and 0.25 mL ascorbic acid

to each tube.
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12. Mix well using vortex.

13. Place all tubes in the rack and incubate 10 minutes in the water bath at 100

°C with marble cap on every tube for 10 minutes.

14. Take the tubes from the water bath and let cool to room temperature before

taking absorption measurement.

15. Measure the absorptions at 820 nm.

16. The slopes of the standard curve and the sample curve are used to calculate the
phosphorous concentration of the liposome. The example of the standard and
the sample curves are shown in Figure 69a and 69b. Knowing that there is one
phosphorous in the phosphate head group of the lipid bilayer, the concentration

of phosphorous is thus the concentration of the lipid in the liposome solution.

T T T T T T T T T
030
y = 0.0030336x + 0.0004107 010 y=0.000688x - 0.0006 -
025 -
> 0.20 & >
2 015 . 8
£ £
010 - 0.05 =1
[]
0.05 & i
0.00 1 L 1 L 1 1 1 1 1
0 20 40 60 80 100 40 60 80 100 120 140 160
Mole Phosphorous (nmol) Volume (ul)

Figure 69: The standard curve is on the left and the sample is on the right. The
ratio of the slope of the sample and the slope of the standard curve allows
calculation of the concentration of the liposome sample.

D.7 Taussky-Shorr assay

Taussky-Shorr assay is another chemical assay used to measure the amount of

inorganic phosphate product similar to lipid quantification. This assay uses sulfuric
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acid, ammonium molybdate, and ferrous sulfate to extract phosphate and form com-
plex that gives color. This assay does not involve heat, and thus it is more suitable
for measuring inorganic phosphate product produced by protein in an enzymatic re-
action such as dephosphorization reaction and pyrophosphatase enzyme [106].

Experimental procedure

1. In an Eppendorf tube A, dissolve 5 mg of ammonium molybdate in 50 pL of 10
N I’IQSC)ZJL7 and 400 /LL HQO

2. In an Eppendorf tube B, dissolve 25 mg of Ferrous (II) sulfate in 450 pL HsO.

3. In 6 separate Eppendorf tubes, add 6 different dilutions of standard phosphate

solution (0.65 mM) as shown in table 5.

Table 5: Taussky-Shorr assay for phosphate product quantification

Tube # | Sample | Volume (uL) | A (660 nm)
1 Blank 0
2 Standard 1 10
3 Standard 2 15
4 Standard 3 20
D Standard 4 25
6 Standard 5 30
7 Standard 6 35
8 Sample 1 10
9 Sample 2 20
10 Sample 3 30

4. Mix solution in Eppendorf tube A and B then vortex to ensure mixing. This

solution is called color mix.

114



Note: The color mixture should be freshly made on the day of the experiment.
. Add 35 pL of the color mix to each tube. Use vortex to mix.
. Measure absorption of the solution at 660 nm

. Convert volume of the solution to concentration and plot absorbance as a func-
tion of solution concentration. Plot two separate curves: one for standards and

another one for samples.

. Take the ratio of the slope of the standard curve and the sample curve to

calculate the concentration of the samples.
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