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Summary. — Wide-angle X-ray scattering (WAXS) is a powerful tool that can
be used to gain information on the structure and dynamics of proteins and other
biomolecules in solution. Improved methods for the calculation of WAXS patterns
from available or putative protein models allow to better exploit the structural
information contained in the experimental data. These methods, together with
recent applications of static and time-resolved WAXS, are briefly reviewed.

1. — Introduction

Proteins are large macromolecules typically made of several thousands atoms that,
in order to perform their specific biological function, have to undergo both large-scale
conformational changes and more localized structural fluctuations. Investigating the
dynamics of these protein motions is crucial to understand protein function [1-3]. In
view of the extremely wide range of different time-scales and spatial extent of such
motions, experimental techniques that combine high time-resolution with structural sen-
sitivity are required. X-ray scattering from a solution of macromolecules produces a
two-dimensional pattern characterized by diffuse rings of scattered intensity (fig. 1(A))
as a result of the random orientation of the ensemble of biomolecules in a liquid envi-
ronment [4]. The position and relative intensity of these rings reflect the conformation
of the macromolecules in solution and can be used to obtain low-resolution structural
information. Given their symmetry, two-dimensional scattering patterns are usually con-
verted to one-dimensional patterns through azimuthal averaging of detector images so
as to obtain the intensity scattered by the sample as a function of the magnitude of the
scattering vector (¢ = 4mwsin@/A, where 0 is half of the scattering angle and A is the
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Fig. 1. — (Color online) X-ray scattering from a protein solution. (A) Schematic representation
of the 2D pattern of scattered X-rays. The pattern is circularly symmetric due to the random
orientation of the molecules in liquid samples. Typically both the scattering pattern of the
sample (protein solution) and of the pure solvent (buffer solution) are measured. (B) Top
panel: azimuthally averaged scattered intensity, 74 (q), of the protein solution (red curve) and
of the buffer solution, I5(g) (blue curve). Bottom panel: excess scattering intensity obtained by
subtracting the buffer signal from that of the protein solution (the buffer signal was scaled to
take into account the effect of solvent excluded volume according to eq. (2)). Experimental data
are relative to a ~100 mg/ml human hemoglobin solution (buffer: 0.1 M phosphate pH 7.4).

X-rays wavelength) (fig. 1(B)). Small-angle X-ray scattering (SAXS) for proteins typi-
cally extends up to ¢ ~ 0.3 A~1 and can be used to extract structural information with a
maximum resolution of the order of 10 A. Wide-angle X-ray solution scattering (WAXS)
covers scattering angles comparable to those used in crystallographic experiments (up
to ¢ ~ 2.5A1) and is able to provide information on protein secondary, tertiary and
quaternary structures [5-8]. Even subtle changes in the packing of a protein typically
result in measurable differences in the corresponding WAXS patterns [5-8]. WAXS is
also sensitive to protein structural fluctuations and can be used to make an estimate of
their magnitude. Indeed, an increase in protein fluctuations results in the filling of the
troughs and in the reduction of the peaks of the WAXS signal [9,10].

The availability of high-brilliant X-ray sources has recently opened the possibility to
perform time-resolved WAXS (TR-WAXS) experiments [11]. In a time-resolved experi-
ment, a protein reaction is triggered (either by a laser pulse in the case of photosensitive
proteins or e.g. by rapid mixing of an enzyme with its substrate) and WAXS signal
changes are measured at different time-delays with respect to reaction triggering. This
enables to monitor in real-time even large-scale protein conformational changes that
could not take place in a crystalline environment. The time-resolution of this kind of
experiments can be extremely high since it is essentially determined by the duration of
the triggering event and by that of the X-ray probe pulses used to monitor the structural
changes taking place in the scattering volume. Modern synchrotrons and X-ray free-
electron lasers (XFELs) are able to generate intense X-ray pulses with duration of ~100 ps
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and ~10fs, respectively, thus potentially allowing to perform TR-WAXS experiments on
photoexcitable macromolecular systems with sub-ps time-resolution [12,13]. An impor-
tant milestone, relevant to both static and time-resolved X-ray solution scattering exper-
iments, has been the development of algorithms for the calculation of solution scattering
patterns using atomic coordinates determined from X-ray crystallography [14-16]. These
methods have been able to yield good agreement between calculations and experimental
data mainly in the SAXS region [17]. Estimating the contribution of the solvent (water in
most cases) in the WAXS region is a non-trivial task, but it is essential for increasing the
amount of structural and dynamic information that can be extracted from experimental
signals. In the following, both advances in the computation of WAXS patterns and recent
results from TR-WAXS experiments on protein solutions will be briefly reviewed.

2. — X-ray solution scattering

In standard X-ray solution scattering experiments, two sets of data are usually col-
lected, the scattering intensity, I4(q), from the protein solution and the scattering inten-
sity, I5(q), from pure solvent. In order to remove background scattering contributions,
the pure solvent scattering intensity is typically subtracted from that of the protein solu-
tion (provided that the data are corrected for the difference in the intensity of the X-ray
incident beam and for the difference in the transmission of the samples). The relevant
experimental signal is thus the net excess scattering intensity

(1) I(q) = 1(q) — In(q).

The number of solvent molecules contained in the scattering volume during the Ig(q)
measurement is higher than in the case of the I4(q) measurement. This is because the
solution volume is partially occupied by proteins (solvent excluded volume). While at
low protein concentrations (< 10mg/ml) the effect is small, at the typical concentrations
used for WAXS measurements eq. (1) leads to a sizable oversubtraction of the solvent
contribution (especially at ¢ > 1A~!) with the excess scattering intensity becoming
negative at the water scattering peak (¢ ~ 2A~1!). For this reason, an alternative
definition is the following:

(2) I'(q) = Ia(q) = (1 = f)Is(q),

where f is the excluded volume fraction [5,18]. In the following, for simplicity, we will
refer to the quantity defined by eq. (1) as the experimental signal, which is also the
definition assumed by many softwares for prediction of X-ray solution scattering [16,
19]. The effect of solvent excluded volume can be anyway easily taken into account in
calculations using eq. (2) and the method described below [20,21].

The X-ray scattering intensity from a given system is essentially determined by the
Fourier transform of the system electron density [22]. In particular, for system A (protein
solution) and system B (pure solvent), we have that (omitting proportionality constants)
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where (...) denotes the average over all solvent and protein degrees of freedom, while the
scattering amplitudes A(¢") and B(q') are the Fourier transforms of the electron densities
pa(7) of system A and pp(7) of system B, respectively,

(5) Aq) = / pa() e~ dF

(6) B(q) = /PB(F) e T T,

Structural interpretation of X-ray solution scattering data typically requires the com-
parison of experimental signals with those evaluated from available atomic resolution
structures or from tentative structural models [23]. In many cases, the excess scattering
intensity is calculated using the following expression:

(7) I(q) = N< ‘Ap((f) — po Aexcl(q) + §pAshell((7)‘2>Qv

where (...)o denotes the average over protein orientations, N is the number of protein
molecules in the scattering volume, A,(¢) is the scattering amplitude from a single
protein molecule in vacuo, pg is the average density of the bulk solvent, dp is the difference
between the average density of the solvation shell surrounding the protein and that of
the bulk, while Aexc1(¢) and Agnen(q) are the scattering amplitudes from the protein
excluded volume and the solvation shell (both with unitary density), respectively [16].

Equation (7) is valid under the assumption that the protein solution is sufficiently
diluted to neglect correlations between different protein molecules. It treats both the
protein and solvent molecules as rigid. Moreover, it is based on the further assumption
that both the bulk solvent and the solvation shells around protein molecules can be ap-
proximated as continuous media with uniform electron densities. While such description
of the solvent is reasonable at ¢ < 0.1 A~!, where the structural resolution is low enough
to neglect any solvent internal structure, the same approximation is questionable in the
WAXS region. Nevertheless, predictions based on eq. (7) have proved to result in rea-
sonably good approximations of the experimental signals of many protein solutions even
at ¢ ~ 0.5 A1 [16,5-7,24,25]. Equation (7) is at the basis of the algorithms of many
popular softwares such as CRYSOL [16], ORNL_SAS [26], SoftWAXS [24], FoXS [27],
AXES [25] and SASTBX [28]. These softwares mainly differ in how they carry out the
orientational average and evaluate the excluded volume contribution in eq. (7), which are
critical aspects that determine the accuracy of the calculation, the computational time
and its dependence on system size.

New approaches have been recently developed which employ atomistic descriptions
of water to calculate the excess scattering intensity without resorting to the use of
eq. (7) [17,20,21,29]. In the following section, we will briefly summarize the main
results of the derivation reported by Park et al. [17] in order to show how employing an
atomistic description of water allows to obtain more accurate predictions in the WAXS
region.
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3. — X-ray scattering predictions in explicit water

As a preliminary step, note that, by separating the average over protein orientational
degrees of freedom from that over all other protein and solvent degrees of freedom, the
excess scattering intensity defined by eq. (1) can be written as

(8) 1(g) = (|A@") = (|B@)") = ((A@)P), - (B@P), ). .

Q

where, as before, (...)q denotes the spherical average over different protein orientations,
while (...), the average over all the other protein and solvent degrees of freedom [21].
As nicely demonstrated by Park et al. [17], under essentially the only hypothesis that the
protein solution is sufficiently diluted to neglect correlations between different protein
molecules, eq. (8) is equivalent to

(9) I(q) = N<D11((f)>g’
1) D@ = [(A@), — (Bu@)| + [(4@P), - [(A@)l]
- [(Bu@), = [Br@)]]

where A;(q) is the scattering amplitude of a single protein plus its water shell, while
B1(q7) is the scattering amplitude of a water droplet with the same volume and shape as
that defined by the protein plus its water shell (see fig. 2).

It can be easily shown that in the continuum-water model egs. (9) and (10) reduce to
eq. (7). Indeed, in the framework of the continuum-water model, since both bulk water
and water solvation shells are treated as uniform media, the electron density pai(7) of
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Fig. 2. — (Color online) (A) Single protein (dark gray) surrounded by water molecules (red).
The continuous black line represents the envelope of the volume occupied by the protein plus
its water shell. A water molecule belongs to the water shell of a protein if and only if it is
within a distance A from any of the atoms of the protein. (B) Pure solvent. The same envelope
(continuous black line) as in panel (A) defines a water droplet.
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the system composed by a single protein plus its solvation shell can be written as

(11) par(T) = pp(7) + Pshell Whet (7),

where p,(7) is the protein electron density, pshen is the average density of the protein
solvation shell, while wgpe () = 1 if 7 is in the solvation shell and = 0 elsewhere. The
electron density pp1(7) of the corresponding water droplet (fig. 2) can be written as

(12) PB1 (F) = pPo [wprotein('F) + ws}lell(F)] 3

where Wprotein () = 1 if 7 is in the protein and = 0 elsewhere. As the solvent electron
density is uniform and does not fluctuate in time, the protein is implicitly approximated
as a rigid body. Thus all averages in eq. (10) are immaterial. Under these hypotheses,
the second and third terms in eq. (10) are vanishing and by combining egs. (11) and (12)
with eqgs. (9) and (10) the excess scattering intensity reduces to

(13) I(q) = N< ’ Ap(q) — po Aexal(q) + (Pshen — po)Ashcll(ﬁ)’2> ,
Q

where A,(q), Aexa(q) and Agnen(q) are the Fourier transforms (calculated over the
protein volume) of p,(7), wy,(7) and wgpen(7), respectively.

Park et al. [17] and, more recently, Hub and coworkers [21,30] have exploited all-
atom molecular dynamics (MD) simulations to calculate the excess scattering intensity
directly using egs. (9) and (10). In particular, snapshots from MD simulations of the
protein plus its hydration shell and of an equivalent droplet of pure solvent are used
to directly compute the scattering amplitudes A;(¢) and Bi(q) before averaging the
results over different simulations and molecular orientations. This approach and other
physically equivalent approaches like that developed by Kofinger and Hummer [20] en-
able to obtain more accurate estimations of the solvent contribution to protein solution
scattering [17,21]. Moreover, since MD simulations are able to account for biomolecular
motions, relevant information on protein dynamics can also be obtained [21].

Figure 3 reports a comparison between the experimental WAXS pattern of human
deoxygenated hemoglobin (deoxyHb) and calculations based either on eq. (7) using
the software CRYSOL (fig. 3(A)) [16] or egs. (9) and (10) using the software WAXSIS
(fig. 3(B)) [21,30]. As can be seen from the figure, the calculation made with WAXSiS
reproduces the experimental signal better than that made with CRYSOL in spite of the
fact that CRYSOL (as well as other softwares based on implicit-solvent models) uses ad-
ditional fitting parameters (associated with the solvation layer and the excluded solvent)
to improve the match between predicted and calculated curves. By default, WAXSiS
performs explicit-solvent MD simulations of the protein solution with restrained protein
backbone atoms [21,30] in order to sample protein conformations close to the initial crys-
tallographic model. Thus, while fluctuations in the protein side-chains and solvent atoms
are taken into account, differences between the crystallographic protein structure and the
average structure of the protein in solution may still lead to discrepancies between the
data and the calculation. It is also worth noting that at ¢ > 1 A=, the results are sen-
sitive to the specific explicit-water model used in the MD simulation [21]. Nevertheless,
fig. 3 illustrates that, employing an atomistic description of the solvent and taking into
account atomic fluctuations, good predictions of WAXS signals can be obtained without
the need of introducing ad hoc fitting parameters, thus reducing the risk of overfittings.
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Fig. 3. — (Color online) Comparison between experimental and predicted WAXS patterns.
(A) Experimental WAXS pattern of human deoxygenated hemoglobin (blue curve) and WAXS
pattern calculated using CRYSOL [16] (green curve), which is based on eq. (7). (B) The same
experimental pattern of panel A is compared with the prediction obtained with WAXSiS [21]
(red curve), which is based on egs. (9) and (10). In spite of the fact that no ad hoc fitting param-
eters for the solvation layer and the excluded solvent are introduced in the calculation performed
with WAXSIS, the agreement with the experimental signal is better than that obtained with
CRYSOL up to ¢ =2.5A~%

4. — Time-resolved X-ray solution scattering

Time-resolved X-ray scattering, especially in the WAXS region, can be used to monitor
as a function of time protein conformational changes occurring in solution [11]. The
technique has been applied to study allosteric transitions and tertiary structural changes
in both heme proteins [11,31-35] and membrane proteins [36-39]. Here we will briefly
mention the results of experiments on hemoglobin (Hb) and myoglobin (Mb), which are
two emblematic examples that demonstrate the potentiality of the technique to detect
even subtle protein structural changes. Hb and Mb are two heme proteins that have long
served as model systems for protein dynamics studies [40-45]. Hb is able to adopt two
different states characterized by different quaternary structures, the R or “relaxed” state
and the T or “tense” state [46-51]. In solution, breakage of the bonds between Hb and
its ligands triggers the transition from the R to the T state. The main structural change
associated to the R-T transition, i.e. the relative rotation of the two Hb dimers, is clearly
detected with TR-WAXS (fig. 4(A)) [11,52]. Moreover, the experimental data can be
accurately described in terms of a linear combination of the deoxyHb (T-state) and HbCO
(R-state) WAXS signals [11,52]. When, as in the Hb case, a clear structural attribution
of the observed signals is obtained, the time evolution of the data can be tested against
different alternative kinetic models and accurate estimation of the rate of conformational
changes are obtained [32]. Remarkably, in the case of Hb, it was possible to show that
the rate of the R-T transition is ~1 us, i.e. more than an order of magnitude faster than
previously assumed on the basis of time-resolved optical spectroscopic data [52-56], as
recently confirmed also by the transient grating technique [57].

Mb is a monomeric protein that undergoes a series of tertiary relaxation after lig-
and photolysis [59-62]. The high sensitivity of time-resolved X-ray scattering has been
recently demonstrated with an experiment on Mb (fig. 4(B)) performed at the Linear
Coherent Light Source (SLAC National Accelerator Laboratory) [35]. In this case, thanks
to the unprecedented time-resolution achievable at XFELs, it was possible to show that
Mb undergoes an ultrafast proteinquake [64] in ~1 ps followed by damped oscillations of
the entire protein globular structure in the ps time-scale [35]. The observation of coher-
ent oscillatory behavior at a specific vibrational frequency is remarkable from a physical
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Fig. 4. — (Color online) Time-resolved X-ray difference scattering curves of (A) carbonmonoxy
hemoglobin and (B) carbonmonoxy myoglobin, after photolysis of the bond(s) between the
protein and the ligand(s). At each time-delay the signal is the difference between the scattering
pattern of the sample and that at a reference time-delay before photoexcitation. In the case of
the Hb experiment, a ~200ns photolysis pulse was used and data were acquired at the ID09
beamline of the European Synchrotron Radiation Facility (ESRF) in Grenoble [52]. Mb data
were acquired at the XPP beamline of the Linear Coherent Light Source (LCLS, SLAC National
Accelerator Laboratory) and a ~250fs photolysis pulse was used [35]. The LCLS X-ray free-
electron laser is capable of producing extremely short (~30fs) and intense X-ray pulses [58].

point of view. Indeed, it is generally assumed that low frequency collective vibrations,
like the one observed in the XFEL experiment, would be overdamped in water. The
data reported in ref. [35] clearly ruled out this assumption. There are several possible
physical mechanisms that could explain this experimental observation (e.g. activation of
a specific single protein vibrational mode or anharmonic combination of several protein
vibrational modes) and further investigations are needed to discern between different
models.

It is worth stressing that there is a fundamental difference in the kind of physical
process underlying the time evolutions observed in the cases of Hb (fig. 4(A)) and in that
of Mb (fig. 4(B)). The signal changes in the Hb experiment are due to a kinetic process:
the system explores initially (at ~100ns from photolysis) an intermediate state (R-state
deoxyHb) before populating the equilibrium state (T-state deoxyHb) in the microsecond
time-scale. In the case of the Mb experiment, which probed a much shorter time-scale, the
time evolution of the data is due to a dynamical process: the ensemble of proteins in the
scattering volume undergoes a coherent oscillatory motion in the picosecond time-scale
after the (synchronizing) photolysis pulse. The tracked ultrafast motion of Mb molecules
is not an activated process in the sense that Mb molecules do not have to overcome
energy barriers to explore different states (free-energy minima). The observation of such
dynamical process was possible thanks to the structural sensitivity of TR-SAXS/WAXS
and to the unprecedented time-resolution achievable at the LCLS [65].

5. — Conclusions

X-ray solution scattering has enough structural sensitivity to probe macromolecu-
lar motions ranging from large-scale conformational changes to more localized tertiary
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relaxations. Time-resolved measurements allow to probe such structural rearrangements
in real time, thus yielding accurate measurements of the rates of conformational changes.
In order to increase the amount of structural and dynamic information that can be ex-
tracted from experimental signals, methods that better take into account the solvent
contribution and biomolecular dynamics are currently being developed. The advent of
XFELs offers nowadays the possibility of exploring the ultrafast structural dynamics of
proteins with sub-ps time resolution.

* ok ok
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