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ABSTRACT: We propose a novel approach for detecting the binding between proteins Sou°
making use of the anomalous diffraction of natively present heavy elements, e.g., sulfurs, inside
molecular three-dimensional structures. In particular, we analytically and numerically show
that the diffraction patterns produced by the anomalous scattering of the sulfur atoms in a Detector
given direction depend additively on the relative distances between all couples of sulfur atoms.

Thus, the differences in the patterns produced by bound proteins with respect to their
nonbonded states can be exploited to rapidly assess protein complex formation. On the basis BT
of our results, we suggest a possible experimental procedure for detecting protein—protein
binding. Overall, the completely label-free and rapid method we propose may be readily
extended to probe interactions on a large scale, thus paving the way for the development of a RSB
novel field of research based on a synchrotron light source.

Signal

Unbound Bound
rotein—protein interactions play a crucial role in various especially in the era of artificial intelligence aimed at predicting
biological processes, including signal transduction, enzy- the three-dimensional conformations of protein structures

matic regulation, and molecular recognition." Understanding (see, for instance, the recently developed methods of
the mechanisms and dynamics of these interactions is essential AlphaFold2"® and RoseTTA fold'®). Experiments will be
for elucidating cellular processes and developing therapeutic required to test huge amounts of computationally predicted
interventions. Given the importance of the knowledge of interactions as well as to increase the level of training and,
protein—protein interactions (PPIs), several experimental therefore, the performance of all those emerging predictive
techniques have been developed in the past several decades methods based on machine learning data."”

on the basis of biochemical and/or biophysical methods. The In this Letter, we suggest using anomalous scattering from
former include co-immunoprecipitation, bimolecular fluores- native sulfur atoms to rapidly assess whether a couple of
cence complementation (BiFC),” phage display,® tandem proteins form stable complexes. Moreover, depending on the
affinity purification (TAP),"® and a proximity ligation assay number of native sulfur atoms, we expect that combining the

information coming from interference patterns with the

(PLA).”® Techniques based on biophysical processes comprise
knowledge of the two unbounded protein structures could

surface plasmon resonance (SPR), dual polarization inter- viedse ' 'bot )
ferometry (DPI), flow-induced dispersion analysis (FIDA), provide insights into the binding region.

fluorescence resonance energy transfer (FRET), and biolayer In this respect, sulfur anomalous scattering has already been
interferometry (BLI).”' applied in the context of protein structure determination. It

Each of them offers different insights into the nature and beca@e a valuable tool in X_—ray cry stallog'rap.hy for Study%ng
characteristics of the interactions.'' However, to date, a label- protein structure and addressing phase ambiguity or dephasing

free technique that can rapidly assess whether and where two problems duFing structure determ.ination.w In X—r4ay crysFallog—
proteins bind has not been available. To obtain detailed raphy, knowing the phases of diffracted X-rays is crucial for

; . . . determining the electron density of a protein crystal, which
information about the protein—protein complex structure, we & ity P Tyt

. subsequently reveals the protein’s atomic structure. However,
rely on X-ray, nuclear magnetic resonance, and cryo-electron

microscopy experiments to provide the spatial configuration of

the complex up to a certain resolution.'” Unfortunately, these Received: December 29, 2023
experimental methodologies are time-consuming and strongly Revised:  February 16, 2024
depend on the kinds of protein complexes and the Accepted:  February 22, 2024

experimental conditions.'”"* For this reason, the development Published: March 21, 2024

of new, fast, structure-driven experimental techniques for
assessing protein—protein binding is of paramount importance,
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Figure 1. Scheme of the scattering process and case-of-study results. (a;) Sketch of the scattering process. (a,) Close-up of the sample with a
schematic representation of the key geometrical quantities. (b) Cartoon representation of the simulated complex (Protein Data Bank entry 1EMS)
with the position of the sulfur atoms highlighted in yellow. In particular, proteins A and B comprise three and four sulfur atoms, respectively. (c)
Radial intensity of the signal registered on the detector as a function of the observation angle.

dephasing problems can arise due to the phase ambiguity
inherent in the X-ray diffraction pattern, especially when the
resolution of the data is limited or when the crystal lacks heavy
atoms. Sulfur atoms in proteins exhibit anomalous scattering,
which arises from X-ray interactions with sulfur’s electron
configuration. This phenomenon leads to differences in X-ray
scattering between wavelengths, providing additional exper-
imental data for solving phase ambiguity and improving
electron density maps. In particular, multiwavelength anom-
alous dispersion (MAD) is a technique used in X-ray
crystallography to overcome the problem of phase ambiguity.'®
By collecting X-ray diffraction data at multiple wavelengths
around the absorption edge of sulfur, the anomalous
differences between the wavelengths provide additional phase
information, allowing for more accurate structure determi-
nation. Similarly, the single-wavelength anomalous dispersion
(SAD) approach involves the collection of X-ray diffraction
data at a single wavelength near the absorption edge of either
native atoms, used in the crystallographic process, or atoms
inserted ad hoc into the structure.'””® Although SAD requires
fewer experimental data compared to MAD, it still offers
enough anomalous signal from sulfur to deduce phase
information and resolve the protein structure.'’

Here, we propose using anomalous scattering to detect
protein—protein interactions without the need for a crystallo-
graphic structure. Our intuition is to compare the sum of the
signals of the photons scattered by the native sulfur atoms for
ultradiluted solutions of each protein independently with that
of the solution containing both proteins. Proteins that do not
interact will produce an intensity made by the superposition of
the patterns produced by the two proteins found alone in
solution, which will differ from the pattern produced by the
proteins forming a complex.

To gain analytical insights into this crucial aspect, we
consider the model setup described in Figure 1a, depicting the
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diffusion of a coherent excitation source on a sample. The
coherent excitation source can be considered as a plane wave
¢s = Ae™™7 with k] = 277/4 and A is in the range around the
sulfur K edge (~0.5 nm). Interaction between the source and
the proteins sulfur atoms around their K-edge threshold
produces a scattering process, which can be approximated by
spherical waves originating from _each sulfur atom. The
electromagnetic field at position Ry = (xp, y, z) on the
detector is given by the scattered light of the N protein’s sulfur
atoms:

N
v=2

(1)
where the field produced by the ith atom has the form
) Aie—ilkfIIRd—r,le_ﬂzs.(ﬁs_z)
IR, -7 ©)

i.e. y; is the product of a spherical wave of amplitude A; and

7h_ 2. .
wave vector lk;| = 7” with a phase term depending on the

distance between the source and the ith sulfur atom. Assuming
one can measure one protein/complex at a time, the intensity
at the detector will depend on the number and disposition of
the sulfur atoms in the system:
N —i o . o
I(R’d> — |'//|2 -8 o (ke IRg=1—Tke | Ry=Fl) ,—ik (F~7)
RF 2

i)j

(3)
where we assumed that spherical waves possess the same
amplitude and the distance between the sample and the
detector is such that IRyl > [7| for i = 1, .., N. In the latter
approximation regime, we can consider the directions of
propagation of the spherical waves as paralle], ie., kf ~ K, so

https://doi.org/10.1021/acs.jpclett.3c03632
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Figure 2. Abundance of sulfur atoms in protein structures. (a) Frequency of occurrence of the 20 natural amino acids in the proteome of four
representative organisms, i.e., Caenorhabditis elegans, Drosophila melanogaster, Escherichia coli, and Homo sapiens. Gray bars refer to all protein
residues, while green ones correspond to residues predicted to be in structured, highly stable regions, according to the AlphaFold2 score. (b)
Distribution of the number of sulfur atoms per protein found in the human proteome. An orange vertical line marks the mode of distribution. (c)
Box plot representation of the distributions of the number of sulfur atoms per protein found in the proteome of the four representative organisms.
Gray bars refer to all protein residues, while green ones correspond to residues predicted to be in structured, highly stable regions according to the
AlphaFold2 score.

I AL ld,
that (1K IRy = 71 = /1Ry = 7)) ~ 2k (7, = 7), where the N sin[M% cos(n /2)]

- e
versor ky has the same direction of Ry. In this regime, eq 3 {I) = 4N + 2 Z ]
reduces to R4l i<j 4m—= cos(n/2)
g (6)
. 2 N p A2
I(Ry) = RE Z e 1 = RP The final expression depends on the relative distances
& iy d between sulfur atoms and the observational angle (note that

relative distances are assumed to be fixed; however, it could be

N
X IN +2 Z cos[4—” cos(n/2)ld.| cos(¢p.) possible to partially account for protein motion, e.g., assuming
J v normal motion of the sulfur atoms around the structure

i<j
! ® positions). In particular, looking at eq 6, one can see that for an
hered. =7 — 71 5= T + B 18] = 2% % 2 2) nis th interacting complex made by proteins A and B, the equation
where d; = [, =7, § = kg + ks, 151 = =~ X cos(n7/2), n is the i ns A a
A ~ i can be decomposed into three contributions: (I) = (I), + (I)s
convex angle between versors ky and kg = X, aEd d)_,-!- is the + Sup where Sy = szl_ sin(x)/x, and x; = 4nd)\/2 cos(1/2).

convex angle between versor § and vector d; = (7; — 7).

Notably, the intensity depends on the distances between all
couples of sulfur atoms in the system and on the orientation of
the protein/complex. As measurements will be performed on
proteins in suspension, the orientation of the protein and/or
complex will be random. To remove the effect of the
orientation, one can compute an average over different
acquisitions, each being associated with an orientation
uniformly distributed in the unit sphere. The outcome of the
measure will be given by

The signal of a complex is given by the sum of the signals of
the two proteins when found alone in solution, plus a term
given by the sum over all intermolecular sulfur—sulfur
distances. The amplitude of the summation term rapidly
decays toward zero for distances higher than the wavelength
(see Figure S3). At distances comparable with the wavelength,
the summation provides a sizable contribution to the mean
intensity. As one can see from Figure S3, the probability
distribution of sulfur—sulfur distances in the selected protein
data set has a mean at ~25 A and a minimum distance of ~1.8

2 P sin(¢) A, indicating that a small fraction of couples form a sulfur—
I = f do / de1(0, ¢) 4 (s) sulfur bridge. Such couples of sulfur at small distances perturb
0 0 g the mean intensity in a significant manner. This is interesting

where [sin(¢)]/(47) is the uniform distribution of sampling as for proteins with exposed sulfurs, depending on the quality
an orientation described by angles (6, ¢) around the of the observed signal, it could be possible to determine
observation axis, §. whether exposed sulfurs interact on the basis of the registered
After some straightforward calculations, one obtains signal. Large deviations of the measured intensity from the sum
3480 https://doi.org/10.1021/acs jpclett.3c03632
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Table 1. Features of the Distributions of the Number of Sulfur Atoms per Protein for the Proteomes of the Considered

Organisms”
organism (AR) Oar (HSR) Opisr
C. elegans 16.9 13.0 15.4 12.3
D. melanogaster 18.7 15.1 16.6 13.5
E. coli 12.0 8.3 11.7 8.2
H. sapiens 23.0 18.4 20.2 17.2

mode AR mode HSR median AR median HST
14 3 14 13
10 9 15 13
7 6 10 10
8 8 18 15

“For each organism, the mean, standard deviation, mode, and median of the distributions are reported considering all protein residues (AR) or just
highly stable ones (HSR) according to the AlphaFold confidence score.

0 - T T T 00 a T T 1 8 0 L T T T 0 h T T T
0 25 50 0 25 50 0 25 50 0 25 50
c) time [ns] time [ns] time [ns] time [ns]
4 4 -
3 3 41 ‘
2 Ll il daabnlly] + Sl
1 — /
: " 1 i | IS W N
0 200 0 200 0 200 0 250 500
Residue id Residue id Residue id Residue id

Figure 3. Analysis of molecular dynamics simulations. (a) Cartoon representation of four proteins from the selected data set containing different
numbers of sulfur atoms (yellow). (b) Root-mean-square deviation (RMSD) as a function of simulation time. The red horizontal line marks the
equilibrium value. (c) Root-mean-square fluctuation (RMSF) of each residue of the four chosen proteins. Yellow vertical lines mark the RMSF

values of the residues containing the sulfur atoms.

of the intensity of the two proteins alone would indicate an
interaction pair of sulfur atoms at a short distance, ie., in the
binding site of the complex (see Figure S4). This kind of
information may be exploited to obtain information about the
residues involved in the interaction.

To check the model, we ran a numerical simulation of an
ideal, simplistic experimental outcome to test whether the
disposition of the sulfur atoms in two interacting proteins
produces a diffraction pattern distinct from the pattern
produced by the two proteins alone in solution. In panels b
and ¢ of Figure 1, we consider a system of sulfur atoms
mimicking that of the y and y subunit heterodimers from DNA
polymerase III (Protein Data Bank entry 1EMS8). The two
proteins contain three and four sulfur atoms, respectively
(Figure 1b). Evaluating the outcome of a scattering process
from a system composed of (i) just protein ¥, (ii) just protein
w, (iii) the two proteins not bound, and (iv) the complex, we
obtained the signal in Figure lc. One can see that the
outcomes in the presence or absence of binding are
distinguishable.

To verify the range of applicability of the proposed
technique, we performed a set of analyses, evaluating at first
the abundance and distribution of amino acids containing
sulfur atoms (i.e,, methionine and cysteine) in the proteomes
of different organisms that are usually used in protein—protein
interaction investigations to determine the average number of
sulfur atoms; next, we analyzed the motion of sulfur atoms
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with respect to the motion of the whole protein structures,
focusing on the relative distances between couples of sulfur
atoms found in the structures of a representative set of 20
proteins. Finally, we propose an experimental apparatus and
protocol for actually measuring protein—protein interactions.

To begin, we performed a statistical analysis of the number
of sulfur atoms in protein structures across different organisms.
In particular, we select all sequences of the proteome of C.
elegans, D. melanogaster, E. coli, and H. sapiens.

Figure 2a reports the frequency of occurrence of the 20
natural amino acids. Gray bars refer to all protein residues,
while green ones correspond to residues predicted to be in
structured, highly stable regions, according to the AlphaFold2
score. AlphaFold2 produces a per-residue estimate of its
confidence, which is called pLDDT, on a scale from 0 to 100.
This confidence measure assigns to each residue a reliability
value of the corresponding position prediction. The higher the
pLDDT score, the greater the reliability of the prediction. The
authors of the AlphaFold2 algorithm demonstrated that a
pLDDT of <50 is a reasonably strong predictor of disorder,
thus suggesting that this region is unstructured under
physiological conditions."> Figure 2b displays the distribution
of the number of sulfur atoms found in the human proteome.
As one can see, most of the proteins have fewer than 20 sulfur
atoms in their structures, while out of the entire human
proteome, the most likely value is eight sulfur atoms for each
protein. In Figure 2c, we reported, as box plots, the

https://doi.org/10.1021/acs.jpclett.3c03632
J. Phys. Chem. Lett. 2024, 15, 3478—3485
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distributions of the number of sulfur atoms per protein found
in the proteome of the four representative organisms we
considered. Gray bars refer to all protein residues, while green
ones correspond to residues predicted to be in structured,
highly stable regions, according to the AlphaFold2 score (see
Table 1 for additional details). Sulfur atoms belonging to the
disordered regions will be characterized by larger movements.
For instance, upon their removal from the statistical analysis
conducted on the whole C. elegans proteome, the distribution
is characterized by a mode of 3 (compared to 14 in the
previous case in which all residues have been considered).

This preliminary analysis demonstrates that from a biological
point of view, the technique may be applied to perform large
screenings, as most of the proteins have sulfur atoms in their
low-motility regions. Concurrently, most of the analyzed
proteins have fewer than 10—20 sulfur atoms, which would
allow one to obtain a reliable signal, as from a resolution point
of view, the smaller the number of sulfur atoms for each
protein considered, the higher the resolution of the signal
obtained from the scattering.

Our protocol does not rely on crystallized protein structures
and requires the performance of two measurements of the
sample with beams having energies lower and higher than that
of the sulfur K edge to exploit the anomalous dispersion. As
the latter depends on the relative distances between the sulfur
atoms inside the two proteins when measured alone and in
complex, we must consider the relative motion between sulfur
atoms, which, ideally, should be fixed both between the two
measurements and in different samples. To determine the
regimes in which this assumption holds, we performed
molecular dynamics simulations of a set of 20 proteins
extracted from a larger data set spanning different protein
structures, families, and types. As one can see from Figure 3,
the number of sulfur atoms ranges from one to ~20 across the
considered proteins, and their spatial disposition ranges along
the whole protein structure. Note that proteins tend to form
sulfur bridges; therefore, couples of sulfur atoms are frequently
found at distances <3 A. Such bridges have a local stabilizing
effect, so that cysteines and methionines belonging to ordered
regions tend to have smaller fluctuations than other parts of
the structure. In particular, evaluating the root-mean-square
fluctuation (RMSF) of all protein residues (see Figure 3)
confirms this trend (see the Supporting Information for more
details). Finally, to obtain an estimate of the time scales of
sulfur atom relative motion, we computed the average
difference in the distances of the sulfur atoms of the considered
data set in time. At the picosecond time scale, the average
variation of relative distances is 0.5 A, 10-fold smaller than the
needed wavelength.

Notably, other sources of significant motions are the
conformational changes between the bound and unbound
states of molecular partners that may occur during protein—
protein interactions. Traditionally, these interactions have been
categorized into three main classes. The “lock-and-key” model,
characterized by minimal changes upon binding, emphasizes
shape complementarity, often exhibiting RMSD values of less
than 1-2 A. However, proteins are inherently dynamic,
undergoing conformational changes due to thermal noise and
interactions with partners.”’ The “induced fit” model suggests
a significant conformational change upon binding, while the
“conformational selection” model proposes that binding
stabilizes a conformation explored in the unbound state.”'
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Recent studies extensively analyzed these models across
various protein—protein interactions, revealing that a sub-
stantial portion of proteins conform well to the lock-and-key
model. Approximately one-third explores the bound con-
formation in their unbound state, aligning with the conforma-
tional selection model, while only a small percentage follows
the induced fit model.”” In scenarios involving substantial
conformational changes upon binding, our proposed method-
ology might experience a resolution loss due to modified
intraprotein sulfur distances. However, we anticipate that the
method can still detect binding events in such cases by
observing changes in the mean intensity resulting from the
additional signals emanating from interprotein sulfur couples
formed during binding.

Based on the found results, we finally propose a possible
experimental setup for performing the measurements. Recent
advances in X-ray sources have made available the possibility of
realizing emissions of multiple colors, in the approximately
millijoule range. Depending on the spectral range, few
techniques have been implemented that germit two colors
well separated in energy, time, or both.”>** Of particular
interest for this work, the latter option is also available around
the sulfur K edge where two pulses separated by <2 ps can be
emitted with a temporal duration of a few femtoseconds. Using
the experimental setup sketch represented in Figure 4, the two
colors can be separated and recombined at the sample position.
Hypothesizing to use a Silll set of crystals, C1 can be
oriented to reflect only the 2.5 keV beam at an angle 6, of

Q

Q
%)
&
15
()]

Figure 4. Sketch of the experimental setup. A two-color FEL emission
(red—blue arrow) is sent to crystal C1, which is set at the Bragg angle
(6,,) only for the 2.5 keV photons. The reflected beam (blue arrow)
is then intercepted by the C2 crystal, which operates at the same
Bragg angle, steering it toward the sample. The C3 crystal operated at
the Bragg angle for the 2.4 keV 0, emission reflects toward the
sample only that color. Two X-ray cameras are placed after the sample
to measure the scattering from the proteins. Color cross talk is
avoided by using a metal foil.

https://doi.org/10.1021/acs.jpclett.3c03632
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4.53°. A second crystal (C2) can subsequently be used to steer
such a beam toward the sample position. A third crystal (C3)
placed to intercept the beam transmitted by C1 can be set to
reflect 2.4 keV at a 6, equal to 4.72°. The setup can be
designed so that the optical paths of the beams after the point
of impact on Cl can compensate for the delay difference
between the two X-ray pulses. However, this is not a critical
parameter because delays of a few picoseconds can be
tolerated. Indeed, the reorientational dynamics of proteins
are in the range of nanoseconds.”> Two CCD cameras,
centered on the transmitted beams, will record the scattered
photons from the two used pulses. By subtracting the two
recorded signals, we obtain the scattering contribution of sulfur
atoms. Because scattering is expected to extend for >15° a
beam stop between the two CCDs will be installed to ensure
that each CCD will detect mainly one color. The presence of a
residual overlap of the other signal in each camera, i.e., errors
in the beam stop component, is expected to slightly reduce the
contrast between the two signals. However, we expect this
effect not to impact the overall capability of discriminating
between bound and unbound proteins.

Finally, we suggest using a microfluidic system both to allow
for a fast acquisition of several independent signals and to
minimize radiation-induced damage of the sample. In fact, it is
known that proteins within a solution context are more
susceptible to radiation damage than are their crystalline
counterparts.”® However, the relevance of the damage depends
on the absorbed dose, which, in turn, is dictated by the chosen
experimental conditions. One of the major effects of radiation
damage in our setup would be modifications that induce
aggregation of the proteins in solution, which would alter the
outcome of the method.”” To address these challenges
effectively, a rigorous optimization of experimental parameters,
including radiation exposure time and intensity, will be
essential for striking a balance between obtaining quality data
and minimizing radiation-induced damage. In this respect, the
use of a flow apparatus that guarantees a single exposure of the
sample to radiation will help prevent aggregation and
contribute to the automatization of the procedure, allowing
for large screenings.

Overall, the determination of the three-dimensional protein
structure and protein—protein interactions is ranked among
the 125 open problems of the century.”® After >50 years, the
recent development of artificial intelligence (AI)-based plat-
forms is allowing for the rapid computational prediction of
protein structures starting from their amino acid sequence.15
Al-based software, like the novel AlphaFold2 neural network,"®
can now predict protein structures with atomic accuracy
starting from their amino acid sequences even in cases in which
no similar structures are known, thus overcoming the need to
use homology modeling templates, and presents an accuracy
competitive with experimental data in most of the cases as
assessed in the last CASP competition.” Indeed, recently, the
entire human proteome was predicted and made available to
the scientific community. This achievement paves the way to
the persistent problem, ie., determining protein—protein
interactomes. Com?utational advances in this contest are
also being made.”*™"" The abundance of predicted interactions
vouches for rapid and efficient experimental techniques that
can both validate and guide these predictions.

Here, we suggested using sulfur atom anomalous scattering
as a way to rapidly detect binding between couples of proteins.
In particular, analyzing the composition of the proteomes of
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four organisms widely used in protein—protein interaction
studies, we found that proteins contain on average seven sulfur
atoms preferentially located on low-motility regions of the
protein structure, whose relative distances remain stable on the
picosecond time scales. A minimal model for the photon
scattering of a set of sulfur atoms predicts a difference between
the signal of unbound and bound proteins that depends on the
relative distances between all of the couples of sulfur atoms.
Thus, the signal coming from intermolecular sulfur couples
permits the rapid detection of the binding.

Building upon the performed calculations, we finally
proposed an experimental setup for actually measuring the
interactions. We expect that the time scale for a single measure
will be in the range of second(s), which would allow for high-
throughput scanning of molecule interactions, where robotics
manipulate single protein solutions and mixtures and software
analyzes fast automatics data.

If it is confirmed, we envisage that our proposed technique
will be a determinant in addressing the future challenge of
protein interactome determination as it will permit us to tackle
the scanning of the tens of millions of possible couples of
dimeric complexes that form the interactomes of complex
organisms like humans.

B METHODS

Protein Data Set. We consider the data set proposed by Hensen
et al,*” in which a collection of 112 representative proteins for
each family was reported. From this initial set, we selected the
20 proteins having (i) longer sequences and (ii) no missing or
incomplete residues (see ref 40 for further details). For each
protein, a molecular dynamics simulation with an explicit
solvent was performed.

Molecular Dynamics Simulation. The following protocol was
used for each of the 20 simulations. We used Gromacs 2020"
and built the system topology using the CHARMM-27 force
field.*” The protein was placed in a dodecahedron simulative
box, with periodic boundary conditions, filled with TIP3P
water molecules.”> We checked that each atom of the protein
was at least 1.1 nm from the box borders. The system was then
minimized with the steepest descent algorithm. Next, a
relaxation of water molecules and thermalization of the system
were run in NVT and NPT environments each for 0.1 ns with a
time step of 2 fs. The temperature was kept constant at 300 K
with the v-rescale algorithm;** the final pressure was fixed at 1
bar with the Parrinello—Rahman algorithm.*> The LINCS
algorithm*® was used to constrain H-bonds. A cutoff of 12 A
was imposed for the evaluation of short-range nonbonded
interactions and the particle mesh Ewald method®” for the
long-range electrostatic interactions. Finally, we performed 60
ns of molecular dynamics with a time step of 2 fs, saving
configurations every 2 ps. We considered the last 20 ns (10 000
frames) for the analysis.
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