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Abstract

X-ray Footprinting Mass Spectrometry (XFMS) is a structural biology method that uses broadband
X-rays for in situ hydroxyl radical labeling to map protein interactions and conformation in solution.
However, while XFMS alone provides important structural information on biomolecules, as we
move into the era of the interactome, hybrid methods are becoming increasingly necessary to
gain a comprehensive understanding of protein complexes and interactions. Toward this end, we
report the development of the first synergetic application of inline and real-time fluorescent
spectroscopy at the Advanced Light Source’s XFMS facility to study local protein interactions and
global conformational changes simultaneously. To facilitate general use, we designed a flexible
and optimum system for producing high-quality spectroscopy-XFMS hybrid data, with rapid
interchangeable liquid jet or capillary sample delivery for multimodal inline spectroscopy, and

several choices for optofluidic environments. To validate the hybrid system, we used the
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covalently interacting SpyCatcher-SpyTag split protein system. We show that our hybrid system
can be used to detect the interaction of SpyTag and SpyCatcher via FRET, while elucidating key
structural features throughout the complex at the residue level via XFMS. Our results highlight
the usefulness of hybrid method in providing binding and structural details to precisely engineer

protein interactions.

Introduction

Biomolecular spectroscopy, one of the most well-established methods, remains one of the most
rapid, sensitive, and widely used approaches for protein characterization in terms of analysis of
chemical bond types as well as overall three-dimensional structure’. In comparison, X-ray
footprinting mass spectrometry (XFMS) is a specialized approach that provides structural
information on biological molecules in the form of solvent accessibility maps at the residue level,
as well as location and dynamics of bound waters?. XFMS uses a dilute protein solution in a buffer,
and the method is not limited by specialized sample preparation requirements and the protein
molecular weight> 3. The method is often used in conjunction with other methods such as
crystallography*” and cryo-EM7-9, with the advantage of solution state, or with SAXS'%-12 and
HDX-MS'": 13. 14 to give complementary structural information. XFMS was developed in the late
nineties based on the well-established chemistry of water radiolysis and has evolved substantially
in the last few years at synchrotron X-ray facilities® 5 6. Other non-radiolytic *OH labeling
methods such as Fenton chemistry’”20 or UV-laser-induced *OH labeling (known as fast
photochemical oxidation of proteins, FPOP)?'-25 provide solvent accessibility information similar
to XFMS, and are excellent methods in the absence of a synchrotron facility. All these footprinting
methods are similar in that they rely on the production of hydroxyl radical, but they differ in
implementation. For instance, non-radiolytic methods require the addition of H,O, while for
XFMS, no additional reagents are required. Recently, XFMS has achieved a new level of routine

use through the implementation of an automated Alexa dosimetry? together with a high-dose
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containerless approach using liquid jet microfluidics® 27. Recently, integrated inline OH radical
dosimetry has also been introduced to a UV-laser-induced *OH labeling method?® 2°. However,
important concerns, such as characterizing and validating the state of a protein or protein
structural integrity at the time of the XFMS experiment, remain unaddressed, which can result in
uninterpretable data and loss of user time.
Further, researchers can face hurdles when carrying out XFMS due to the limited availability and
time for orthogonal spectroscopic characterization of their samples at the time of data collection
at X-ray facility. The synergetic use of spectroscopic tools such as UV-visible absorption, X-ray
absorption spectroscopy, fluorescence, and Raman spectroscopy has previously been
established at several synchrotron beamlines, mainly for simultaneous use with crystallography,
and has highlighted the importance of validation of the state of the protein in the crystal structure3>-
32, From the beamline-development perspective, the recent advances in optical engineering and
data acquisition technologies using microfluidics33-3%, combined with the containerless approach
using a liquid jet®, provide an excellent platform to implement simultaneous photoluminescence
spectroscopy with XFMS, and have several technical advantages. First, when using the
containerless approach, there is no glass or other material enclosing the sample. This results in
the increased sensitivity of probing the sample using a variety of light sources, high-resolution
optics, and an efficient data acquisition system. Second, the very high-speed flow velocity of the
jet enables microsecond mixing and simultaneous time-resolved spectroscopy and XFMS. Third,
for photoexcitable proteins such as the orange carotenoid protein* ', rhodopsin®¢, and
photosystem 1137, a pump and probe experiment is feasible to monitor photoactivated and
transient intermediates by both XFMS and spectroscopy at the same time.

From the spectroscopy perspective, fluorescence can provide information on changes in
size, shape, flexibility, and conformation, as well as knowledge about the proximity of binding
partners38-42, whereas Raman can fingerprint the changes associated with secondary structure

and protein-pigment interactions*3-48, These photoluminescence spectroscopy methods are non-
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invasive, highly sensitive, and adaptable to the microfluidic configuration of XFMS and, therefore,
most appropriate to complement solvent accessibility data. For these reasons, we constructed an
automated inline fluorescence data collection platform coupled with high-dose XFMS using
microfluidics as a first step toward the implementation of this hybrid data collection approach. The
fluorescence emission from the sample was collected inline immediately prior to sample
exposure, either inside the micro-capillary or from the liquid jet.

We chose to validate the new inline spectroscopy capabilities using the known split-protein
system SpyCatcher-SpyTag, which is a designed protein peptide pair that can covalently bind to
each other and form a stable complex by forming an isopeptide bond*® (Figure 1). This powerful
system in molecular biology and biotechnology is used primarily for protein labeling,
immobilization, and other bioengineering applications. The SpyCatcher-SpyTag system was
originally engineered by splitting the CnaB2 domain of fibronectin-binding protein from S.
pyogenes into a 13 residue SpyTag and a 116 residue SpyCatcher*. This system was termed
SpyCatcher001-SpyTag001, which is the only crystallographically characterized split protein
system among all other engineered variants®. A phage display platform and selective mutation
were used to develop a tighter affinity for intermolecular isopeptide bonds between these two
polypeptides, resulting in the SpyCatcher002-SpyTag002 and SpyCatcher003-SpyTag003
systems, with progressively increasing speed of isopeptide bond formation as shown by stopped-
flow kinetics*®. Although hydrogen-deuterium exchange mass spectrometry (HDX) compared the
key features of the backbone stability that could explain the rapid binding to SpyTag, the extent
of local solvent accessibility change that drives rapid bond formation was not studied. As such,
this covalently interacting split-protein system was ideal for testing our new instrument because
we were able to fluorescently label SpyCatcher and SpyTag and measure inline fluorescence
energy transfer (FRET?6) to verify complete complexation while also collecting standard XFMS
data. We produced the SpyCatcher003-SpyTag001 cross variant, which provided some new

structural information, while also serving as an excellent model system for verification of our
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hybrid XFMS structural data. The hybrid mode of data collection validated the complex formation
by its FRET response using inline fluorescence measurements, and simultaneously, XFMS
identified the site-specific solvent accessibility changes at the binding site, which provided residue
specific information in the high-affinity complex formation. The new instrumentation for hybrid data
collection described here to integrate local changes in solvent accessibility with global and local
information from spectroscopy is now available more generally for protein systems under study

at the XFMS facility.

Experimental Section

Sample preparation

SpyCatcher003 S49C was purified as described previously*® (Supporting methods), and labeled
with Alexa Fluor 555 C2 maleimide (ThermoFisher Scientific). SpyCatcher003 S49C in a solution
of 50 mM Tris pH 8.0, 300 mM NaCl, 5% (v/v) glycerol was reacted with 1.5-fold excess dye at
4°C for 4 hours. The reaction was then run over a BioGel P-6 column (Bio-Rad Laboratories)
equilibrated in 1X PBS. The labeling efficiency was determined by UV/Vis spectrometry using the
dye concentration calculated at maximum absorbance (&€s56nm = 158,000 M-1cm-1) and protein
concentration as calculated as described in the supporting method, taking into account the dye’s
correction factor at 280 nm is 0.08 for Alexa Fluor 555. The degree of labeling was determined
by dividing the dye concentration by the protein concentration and found to be 1.3.
SpyCatcher003 was buffer exchanged to 10 mM sodium phosphate for XFMS experiments. The
13 amino acid long SpyTag001 (AHIVMVDAYKPTK) with the N-term labeled with HiLyte T Fluor
488 was purchased from Anaspec Inc. SpyTag001 lyophilized powder was dissolved in water and
its concentration was determined from the molar extinction coefficient of HiLyte T Fluor 488
(73000 cm "M at 490 nm). Equimolar amounts of SpyCatcher003 and SpyTag001 in 10 mM
sodium phosphate buffer were mixed at room temperature for 30 min to form the SpyCatcher003-

Spytag001 complex.
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Sample exposure and fluorescence data collection
Radiolysis of samples was performed at the Advanced Light Source (ALS) beamline 3.3.1, which
delivers a 3 — 12 keV broadband X-ray beam from a bending magnet source with a high flux
density focused beam. Because the focused beam consists of a bright spot and a lower flux
density tail, we used an X-ray slit to define two regions®'. The first region defined a high flux
density beam spot size of 240 um (V, vertical) x 80 um (H, horizontal) for use with the liquid jet,
and the second region defined a spot size of 640 um (V) x 200 um (H) with ~ 40 times lower flux
density for use with capillary flow sample exposures. The dimensions of the slit-defined X-ray
beams were chosen to maintain sample velocity within the stable jetting regime, ensuring
adequate flux density and sufficient modification by hydroxyl radicals when employing a 75-100
um jet and a 200 uym ID capillary®. The beam current, which is a measure of flux density, varies
by a negligible amount (0.1%) during an experiment, and the focused X-ray beam used for sample
exposure had a fixed dose rate®'. The samples flow through the X-ray beam at different speeds
to achieve exposure ranging from 10 — 40 us and 250 — 1250 us for the jet and the capillary,
respectively (Table S1). The sample volume within the path of the beam at any given moment (1-
20 nl) is negligible compared to the total sample volume exposed (50-200 pl). Therefore, for a
given dose, each collected sample is effectively an average of many smaller samples. The
progressive increase in the exposure time under a fixed-dose rate (Gy s-1) provides a series of
samples which serve as replicates and are used to plot a dose response.

Inline fluorescence data collection and X-ray exposure of Alexa samples were carried out
with both the jet and capillary sample delivery systems for comparison. Inline fluorescence data
collection and X-ray exposure of protein samples, free SpyCatcher003 and the SpyCatcher003-

Spytag001 complex were carried out with capillary sample delivery systems. Jet and capillary
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positioning with respect to the X-ray beam and microscopes were achieved with motorized opto-
mechanical components from ThorLabs similar to those described previously?’.

The sample fluorescence probe or detection area was configured vertically immediately above
the point of X-ray exposure. The approximate detection area is around 0.5 mm? with 20 X objective
magnification (~ 10mm light gathering area divided by the objective magnification), which gives a
fluorescence detection volume ranging from approximately 5 to 50 nl for jet and capillary,
respectively. The fluorescence detection volume is small compared to the total sample volume in
the path of the beam at any given moment. Therefore, a 50-200 ms integration time of the CCD
spectrometer, which has a scan frequency of 200 Hz, is required to give enough signal averaging
for the flowing samples. Higher flow speeds are used for shorter exposures, but the spectroscopy
data was independent of the flow speed of the sample.

LabVIEW-based software controlled the flow speed, exposure time, sample collection
volumes, and spectroscopy data collection and storage. Pre-exposure fluorescence spectra
collected for each X-ray exposure can be combined manually for further signal averaging.
Fluorescence excitation and collection were carried out using inline cameras, lenses, and
beamsplitters as described previously?”. The Thorlabs compact CCD Spectrometer was
integrated into the main XFMS LabVIEW virtual instrument (Supporting methods).

Mass spectrometry and data analysis

Exposed samples were collected in tubes containing methionine amide to immediately scavenge
any secondary radical reactions®% %3, The SpyCatcher003 protein was digested with trypsin and
AspN to obtain maximum sequence coverage. The resulting peptide fragments were analyzed by
standard bottom-up LCMS data collection as previously described using Protein Metrics by
Dotmatics®*. Briefly, the fraction unmodified for each peptide was calculated as the ratio of the
integrated peak area of the unmodified peptide to the sum of integrated peak areas from the
modified and unmodified peptides. The dose response curves (fraction unmodified vs. X-ray

exposure) were fitted to single exponential functions in Origin® (OriginLabs). The rate constant,
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k (sec'), was used to measure the reactivity and solvent accessibility of sidechains towards
hydroxyl radical-induced modification. The reported errors of the rate data were determined by
the Origin program using 95% confidence limits of the fitting results. The R? of the fits were
between 0.98-0.99. The ratio of rate constants provided the relative change in the solvent
accessibility between the free protein and the complex'".

Results and discussion

Design and operation of hybrid spectroscopy-XFMS data collection

The basic idea of the design includes the simultaneous capability of collecting various
spectroscopy data from anywhere in the sample path (pre and post-exposure) and carrying out
automated post-exposure Alexa dosimetry during the sample’s X-ray exposure. The design to
collect spectroscopy data from a flowing sample both at a position above the X-ray impingement
point ("pre-exposure" position), and Alexa Fluor 488 fluorescence at a position below the X-ray
impingement point ("post-exposure" position), was achieved by installing two laser-induced
fluorescence (LIF) modules for microfluidics in the confined space around the sample jet or
capillary (Figure 2). The integrated instrument's layout with two fluorescence imaging modules
(FIMs) is shown in Figures 3A and 3B. Since the jet produces stable sample flow for more than
1 cm (Figure S1C)3, in the new design, accommodating two FIMs was not spatially challenging
compared to our previous instrument for automated Alexa dose response analysis?’. The pre-
exposure and post-exposure FIMs contained necessary and similar optical elements to collect
fluorescence emission spectra using a CCD spectrometer or PMT-based fluorescence intensity
analysis?’, respectively. The configurations, functions, and software control of other components,
such as the sample handling module (liquid jet or capillary), laser-assisted pre-alignment unit
(LAPU), and beam alignment module (BAM), are similar but more efficient than that of the
previous design as reported earlier (Figure S1). Signals and images from the three modules
(FIMS and BAM) are viewed in a LabVIEW-based GUI, which controls the individual components,

collects spectroscopy data, quantifies fluorescence emission, calculates the dose rates, and
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provides overall optomechanical automation of the XFMS sample exposure experiments (Figure
S2A). Overall, the design provides the flexibility for probing various types of spectral
characteristics, using different light sources and optical filter systems, inline with the sample flow
path both above and below the X-ray exposure position. The objective lens’s numerical aperture
and magnification can be selected to achieve high signal collection efficiency from various
photoluminescence probes, which is particularly beneficial when carrying out Raman
spectroscopy. The spectral sensitivity and resolution can be increased significantly using high-
end spectrometers and electron-multiplying CCD detectors. The instrument uses precision three-
axis motor-controlled stages to align the spectroscopic microprobe objective lens with the liquid
jet or capillary and uses wide-area camera components to observe and track the laser beam focus

and location of the X-ray beam onto the samples using the LAPU and BAM (Figure S1).

Capturing Alexa fluorescence emission spectra from the liquid jet and capillary
In the XFMS method, Alexa 488 is used as a dosimeter molecule to determine the presence of
hydroxyl radical scavenger and optimize hydroxyl radical dosage conditions for protein samples?6.
The assay, which is now fully automated?’, includes monitoring of a decrease in the Alexa
fluorescence intensity in protein samples as a function of increasing exposure time and
determining a rate constant of hydroxyl radical reactivity of Alexa 488, the value of which is a
measure of the goodness of exposure conditions to get adequate protein modification for
quantitative mass spectrometry analysis®®. We leveraged Alexa 488 fluorescence to optimize pre-
exposure spectral data collection in conjunction with actual sample exposure conditions regarding
sample volume, flow speed, and exposure time range for both capillary and liquid jet sample
configuration3.

The system configuration is such that the spectroscopic integration time is directly
dependent on the pump time of sample ejection into the X-ray path for radiolysis. The pump time

is controlled by the flow rate and the total volume of sample to be ejected. Since the flow rate is
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directly proportional to the exposure time, a short exposure time and a small total volume of
sample require a short pump time3. The current data acquisition capability limits the pump time
value to approximately ~ 400 ms (Figure S2B). However, for robust operation, we routinely use
a pump time ranging between 600 ms to 3 sec for variable dose-based XFMS experiments (Table
S1). The longer pump time provides enough signal averaging to collect high signal-to-noise
spectroscopic data in parallel with XFMS sample exposure. To test the system performance, we
collected Alexa emission data from glass and quartz capillaries and liquid jets before sample
exposure (Figure 4A). We used a concentration of Alexa at 2.5 uM, which is the standard for
Alexa assays for XFMS; however, we only collected 10% of the emitted light using a 90-10
beamsplitter (Figure 2). 90% of the light was used to capture images of the sample using the
camera. Reasonable quality Alexa emission spectra were achieved using both 50 and 200 ms
integration times (Figure 4B). We observed only a modest two-fold increase in the signal obtained
from the jet sample relative to a 75 um ID capillary sample in which the fluorescence was emitted
through a ~ 143 um glass wall (Figure 4A). The decrease in the emission intensities is due to the
transmission properties of light through ordinary glass at the observed wavelength of Alexa
emission. In contrast, there was no increase in the jet sample signal relative to a 100 um ID quartz
capillary in which the fluorescence was emitted through a ~ 130 um quartz wall (Figure 4A). A
slight decrease in the emission intensities at both integration times for the jet might be due to the
absence of backscattered excitation light from the cylindrical glass surface as with the capillary
flow but did not detract from the quality of the spectra. Therefore, we conclude that the pump
times for XFMS are sufficient to collect spectroscopy data using the ordinary CCD-based

spectrometer and both glass and quartz capillaries for visible wavelengths.

Validation of global conformation change in SpyCatcher-SpyTag interaction by FRET
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Spectroscopy data collected on the SpyCatcher003-Alexa Fluor 555, SpyTag003-HiLyte T Fluor
488 and the fluorescently tagged SpyCatcher003-SpyTag001 complex inline immediately before
microsecond X-ray exposure showed characteristic fluorescence emission spectra of the
respective fluorescently tagged constructs (Figure 1 and 5B). We observed >30% reduction of
N-terminal HiLyte T Fluor 488 labeled SpyTag001 upon binding and covalent bond formation with
Alexa 555 labeled SpyCatcher003 at position S49C. This data showed the proximity of the donor
HiLyte T Fluor 488 and acceptor Alexa 555 in the complex, resulting in fluorescence resonance
energy transfer (FRET) and confirming a strong association of the SpyCatcher003 and
SpyTag001 before sample exposure for XFMS studies (Figure 5B). FRET is a distance-
dependent, non-radiative energy transfer process from the excited state of a donor molecule to
the ground state of an acceptor molecule by a dipole-dipole coupling interaction within 10 nm
proximity#? %6, FRET is valuable for studying protein-protein interactions, protein conformation
changes in vitro, and information on cellular signaling pathways and molecular interactions in
vivo®”81, FRET and hydroxyl radical footprinting are complementary techniques that can provide
powerful insights into protein structure, dynamics, and interactions in protein complexes. The
hydroxyl radical footprinting maps solvent-accessible regions of a protein by identifying solvent-
exposed and protected areas based on reactivity with hydroxyl radicals, while FRET measures
proximity or distances between intrinsic or labeled donor and acceptor molecules, revealing the
spatial arrangement of protein domains or subunits together, they can enable detailed structural
and dynamic mapping, offering insights into conformational changes upon binding or allosteric
conformational shifts. A covalent modification using bulky extrinsic fluorescence molecules®? can
affect structural and functional changes, which can be further cross-validated by simultaneous
FRET and solvent accessibility measurements using this hybrid approach and unlabeled protein
as a control.

Our results corroborated earlier studies, which showed a 35% reduction in the intensity by

FRET between a larger donor fluorescence molecule mClover3 attached to the C-terminal end of
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SpyTag003 and the same SpyCatcher003 tagged with acceptor Alexa5554°. The higher emission
intensity at a lower integration time was possible by increasing the sample path length (200 um
vs. 75/ 100 um), replacing the beamsplitter with a mirror, and collecting most of the emitted light
intensity (Figure 5B). As this new spectroscopy system features rapid interchangeable light
sources and optical components, it can cover a broad range of excitation and emission
wavelengths most useful for biomolecular intrinsic and extrinsic fluorescence and can be
extended to Raman spectroscopy. The approach of integration of well-established biomolecular
spectroscopy methods into the XFMS data collection workflow provides options for sample
monitoring for quality control as well as comprehensive global structural information together with
the detailed structural insights into the amino acid side chains of a protein system and ensures
that two orthogonal structural data sets are obtained under identical conditions, both in time and

in the sample environment and with minimal sample usage.

Radiolytic labeling as a tool for the analysis of local protein-protein interactions

The development of flow-based high-dose microsecond radiolytic labeling® 27 63 gained many
advantages over conventional mechanical shutters-based millisecond exposure?. Apart from
generating high-quality data with low sample damage induced by secondary radical reactions, the
microsecond exposure is carried out using micro-capillaries or liquid jets, which enable probing
the sample by spectroscopy in close proximity or near simultaneous to that of the radiolytic
labeling. Spectroscopy data was collected for the SpyCatcher003 protein and the SpyCatcher003-
SpyTag001 complex inline immediately prior to microsecond X-ray exposure for XFMS analysis,
with a shortest estimated delay time between spectroscopy and X-ray exposure is 100 ps using
the 200 ID capillary. The exposed samples were rapidly quenched in the fraction collector and
processed by LCMS, as described in the methods section. Hydroxyl radicals are generated by

radiolysis isotropically wherever water is present; thus, when water is in contact with side chain
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residues, they become targets for labeling?. We obtained near > 90% sequence coverage, and
experiments in dose replicates exhibited consistent radiolytic labeling on identical residues as well
as the progressive extent of modification with an increase in the exposure time for both free
SpyCatcher003 protein and the SpyCatcher003-SpyTag001 complex. In a controlled dose
environment, the yield of side-chain modification generally aligns with pseudo-first-order reaction
kinetics. Deviations from the hydroxyl radical dose-response linearity suggest a secondary
reaction 2 %4 63, The quality of the dose response was linear in most cases, indicating that the
selected X-ray dose range was adequate for footprinting, and that no secondary radiation damage
caused sample perturbation (Figure 5C). The hydroxyl radical reactivity rate is governed by the
side chain’s intrinsic reactivity as well as solvent accessibility. The ratio of the site-specific rate of
modification for free and complexed protein provides the most useful information by reflecting
only solvent accessibility changes (Table S2 and Figure 6A). Using liquid chromatography
coupled mass spectrometry thus identifies the conformational hot spots and provides a ratiometric
measure of solvent accessibility with residue-level resolution. An advantage of this study is that
we have a high-resolution structure of the SpyCatcher001-SpyTag001 complex, which we used
to model the SpyCatcher003-SpyTag001 complex and interpret the radiolytic labeling by
comparing the relative solvent accessibility of modified residues in the free state to their rate of
modification in the bound or complexed state. The SpyCatcher-SpyTag system was originally
engineered from fibronectin-binding protein, FbaB, which contains a CnaB2 adhesin domain, and
therefore, we adopted the CnaB2 secondary structural nomenclatures (Figure $5)*% 4. Those
residues identified with changes in their modification rate in the bound vs. free state are
consequently likely to be involved in the dynamic conformational changes that mediate
SpyTag001 binding to SpyCatcher003 (Figure 6B). For informative comparisons, we discuss
different types of ratio of hydroxyl radical reactivities or changes in solvent accessibility in the

following section.
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Solvent accessibility (SA) changes directly support local interactions in SpyCatcher003-
SpyTag001 complex

Residues which showed a decrease in SA upon complex formation are Q11, P13, H26, K31, D33,
R37, A42, T43, M44, D82, Y84, E85, residue 90 to 94, V100, T101, and residue 103 to 108
(Figure 7A and B). Residues D33, A42, T43, M44, Y84, and E85 showed more than 3-fold
protection upon complex formation. Residue M44, on [ sheet B, is projected toward the
hydrophobic core and in close proximity to the isopeptide bond of the CnaB type fold. Adjacent
residues A42 and T43 also showed similar protection. The isopeptide bond formation by SpyTag
provides the B sheet G, thus completing the CnaB type fold and preventing the accessibility of
solvent water to the core domain. In theory, we expect complete protection of such a buried
methionine residue; however, any conformational fluctuation can result in access to solvent water,
which results in modification of the highly reactive buried methionine residue.

Residue D33 and residues 84-85 are situated on the loop joining 3 sheets A and B and 3
sheets E and F, respectively, and both regions interact with the C-terminal half of SpyTag001
(Figure 7A and B). The proximity of D33 to R37, which also showed 1.5 fold protection, and Y119
of SpyCatcher003 suggest a potential site of interaction through a H-bonding network to stabilize
this loop. The modifications of residues 84-85 were quantified from one of the modified extracted
ion chromatograms of peptide 82-96, which showed Y84 modification mixed with E85. The Y84
and the E85 residues are located in proximity to Y119 and K120, respectively, of SpyTag001 and
thus structurally stabilize the loop regions and therefore the complex formation by involving
hydrophobic and ionic interactions as shown by the presence in preserving these residues while
engineering SpyCatcher0026%. Residue D82 , which is also part of the loop joining B sheets E and
F, showed a small degree of protection upon complex formation. Overall, the decrease in the
solvent accessibilities of these residues is not surprising, as it directly supports an interaction

similar to that observed in the Spycatcher001-SpyTag001 crystal structure®°.
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The protection at residues 190 and V100, which are in proximity to 1113 and A111,
respectively, indicated stabilization by a hydrophobic interaction at the N-terminal half of
SpyTag001 and B sheet F of SpyCatcher003. Due to the lack of electron density in the crystal
structure of the SpyCatcher001-SpyTag001 complex®, the protection at Q11, P13, and residues
103-109 could not be directly explained in terms of binding. However, a previous report indicated
an increase in the stabilization at both the N and C-terminus of SpyCatcher002 compared to
SpyCatcher001, where mutation of several terminal residues showed increased binding affinity
towards SpyTag*°. This increased stability may persist in the SpyCatcher003 version, and would
indicate a slightly more ordered structure in these regions, leading to the observed protections.

Peptide 22-32 from the free SpyCatcher003 sample showed modification at H26 and K31.
The complex formation should generate crosslinked peptide with the SpyTag001 residues. We
could not identify the native crosslinked C-terminal peptide tagged with the HiLyte T Fluor 488
and its modification product. However, we detected peptide 22-32 and its modification with 100-
fold less abundance in the extracted ion chromatogram. Although the significant loss of native
peptide in the digested sample suggests isopeptide bond formation, the presence of the minor
peptide fraction might be due to radiation-induced isopeptide bond breakage or lack of isopeptide
bond formation in some fraction of the sample population. The reduction in the abundance of
native and modified peptide does not affect the quantification of the normalized fraction of
unmodification as long as both native and the modification extracted ion current is well above the
threshold level of the instrument’s background noise performance.

The residues that showed hydroxyl radical reactivity but no change in the solvent
accessibility upon complex formation are M1, L4, L7, M17, Y67, Y69, V86, A87, D97, and Q99.
Most of these residues are on the non-interacting interface and are oriented toward the bulk
solvent environment. Two residues, W57 and H62 located at B sheet C and loop joining sheet C

to D showed a slight increase in solvent accessibilities. Surprisingly, our results show that E38
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located in proximity H62 showed a strong increase in SA. These residues are located opposite to
the SpyTag001 binding site, suggesting that their increase in solvent accessibility might be due
to allosteric conformational changes. Most likely, E38 forms an electrostatic or H-bond interaction
with H62 in SpyCatcher003 to stabilize the loop region. Upon binding of SpyTag, the -a sheet
could move to accommodate and bind to the SpyTag via H-bonding along the backbone, causing
the E38 residue to become more surface accessible, but further studies would be needed to
determine if this is the case. It is noteworthy that many aromatic side chains in the core
hydrophobic fold remain unmodified in both the free and complexed protein. This indicated that
the protein’s core fold remained intact with and without the SpyTag001 peptide.

Understanding the driving force behind the formation of the SpyCatcher-SpyTag complex
is challenging because of the unusual isopeptide bond formation. Mostly, mutation at the charged
residues to increase electrostatic complementarity and increase the rigidity in the loop joining 3
sheets E and F increased the stability of the activated state structure, which might have lowered
the activation energy for covalent bond formation in the complex, leading to a near diffusion
controlled reaction rate. XFMS data rationalized the location of key interactions and corroborated
the crystal structure and HDX studies reported earlier*®. Several additional structural features can
be gathered from solvent accessibility measurements after careful comparison of CnaB folds®4.
Cell-surface proteins from gram-positive bacteria forming these types of isopeptide bonds share
low sequence similarity but broadly conserved structural motifs, in which two aromatics, Y73 and
Y84, situated at the opposite ends of the hydrophobic  sheet core, are highly conserved or
replaced by F (Figure S5, Figure 7C & D). The isopeptide bond is buried inside a hydrophobic
pocket covered by Y84 in the SpyCatcher crystal structure, and is conserved among various
structures. Residue Y84 is further stabilized by Y119 from B sheet G or the C-terminal half of
SpyTag001. Modification of Y84 for both free and bound states indicated this region is not fully

occluded from water accessibility or might have conformational flexibility that allows Y84 to
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become accessible to a lesser extent to hydroxyl modification in the free state. In contrast, the
hydrophobic core towards the N-terminal of SpyTag001 or B sheet, the moderately conserved
Y73, as well as F75 and F92, do not show a modification in either free or bound state and are
therefore completely occluded from water accessibility, indicating a rigid core formation. Previous
HDX studies showed no stability change in these regions in SpyCatcher003 compared to
SpyCatcher00238, indicating stability of this hydrophobic core is not influenced by mutation to
generate higher affinity binding partners. Any change in stability at the other end of the 3 sheet
core, which is opposite to Y84, might affect the activation energy of isopeptide bond formation
and is a potential site of interest for further studies. The aliphatic interactions pinpointed by XFMS
as described above open up the possibility of further improving binding efficiency by changing the
hydrophobic interactions that affect the protein's stability. While activation energy is not a direct
factor in protein-ligand efficiency and selectivity, it can indirectly impact protein-ligand interactions
by affecting the kinetics of the binding mechanism and the overall thermodynamics of the
interaction through structural changes or stability of the overall protein environment before and
after binding interactions. Therefore, the effect of protein stability on the activation energy of ligand
binding can vary widely and should be studied on a case-by-case basis. In many cases, reducing
protein stability can hinder ligand binding, but the extent of this effect depends on the details of
the interaction, particularly when it involves covalent bond formation. Additional time-resolved
experiments, which are beyond our current studies' scope and goals, could delineate mechanistic
details of isopeptide bond formation. In summary, comprehensive knowledge of global interaction
by spectroscopy and local interaction by XFMS can further improve protein engineering and

design.

Conclusion
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The new integrated instrument combines high-speed liquid jet delivery with a high flux density
micro-focused X-ray beam, and enables nondestructive fluorescence measurement nearly
simultaneously with radiolysis for hydroxyl radical labeling. Here, we demonstrated the instrument
using steady state FRET and XFMS on a SpyCatcher-SpyTag system to globally validate complex
formation and identify key interacting residues simultaneously. Overall, the system provides a
new integrated structural mapping platform that will be useful in design of new engineered protein
systems such as the SpyCatcher-SpyTag system, and for monitoring global structural changes in
protein conformation during or prior to irradiation. This instrument is the first prototype for a hybrid
spectroscopy-XFMS data collection platform.

For future development, this instrument has the ability to capture absorption, fluorescence,
and Raman spectrometry mono- or multimodally, at wavelengths from the UV to IR with single
digit microliter to larger sample volumes for both destructive and nondestructive spectroscopy
methods. The instrument can also be extended to accommodate pump-probe type
photoactivation, time resolved hybrid multimodal spectroscopy-XFMS or temperature jump
experiments with delays as short as double-digit microseconds to study transient intermediates.

Since a method for measuring dose rates and doses was also recently determined at this
beamline®!, the new inline capabilities will be useful for monitoring radiation-induced events under
controlled dose rates and doses, such as fluorescence monitoring of radiolysis products in various
environments. The instrumentation can also be extended to spectroscopically monitoring radical
chemistry during X-ray irradiation or post-X-ray irradiation on inorganic and organic materials that
can be used for drug development, screening, and assay for radiotherapy treatments®. This type
of analysis may be particularly informative for radiobiology and radiation therapy fields in which
radiation damage must be precisely measured. This instrument design can also serve as a
prototype for fluorescence imaging-based monitoring of intact cellular samples under controlled
doses and dose rates, with a potential to follow up with standard proteomics approaches to

monitor the effect of radiation damage on protein components and pathways®”: €8,
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FRET between donor Hylite T-488 (green) and Alexa555 (purple)

Page 20 of 31



Page 21 of 31 Analytical Methods

21

Syringe pump

Counts

PMT /
Spectrometer

nm

Excitation LED

oNOYTULT D WN =

Collimator Bandpass <« — Condenser

filters

©
Capillary /Jet

Objective
lens

% Tube lens Camera

e o

Emission

15 X-ray beam Sl Dichroic Beam
mirror splitter

13 Inline spectroscopy

17 X-ray radiolysis Bandpass
18 filter

19 ¢ Image of
20 i sample

Collection

26 Figure 2. Schematics of a fluorescence imaging module (FIM) for XFMS. FIM consists of a
27 light source and various optical components, including an objective lens, collimating lens,
28 condenser lens, filter cube containing a wavelength-specific dichroic mirror, band pass excitation
29 and emission filter, reflective mirror, and imaging camera. The position of the FIM is
30 interchangeable for pre and post-exposure CCD or PMT-based data collection. More than one
31 FIM can be accommodated on the sample pathway for multimodal inline spectroscopy XFMS.
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Figure 3. Integrated instrument design for hybrid spectroscopy-XFMS (A) Block diagram
showing simplified system architecture of integrated components operated by the LabView based
controller. Two fluorescence imaging modules (FIM) are colored grey and blue. Each FIM has
similar optical components, including a light source, objective and other lens, filter cube containing
wavelength-specific mirror and filter components, and imaging camera. The FIM2 and FIM1
designated for collecting emission spectrum and Alexa dose response, is focused on the sample
vertically above and below the X-ray exposure point, respectively. The focused synchrotron X-ray
is aligned with the sample using a laser assisted pre-alignment unit (LAPU). The data collected
by FIMs for spectroscopy and Alexa dose-response are coupled to a CCD spectrometer and
shutter-PMT-DAQ system, respectively. Data is stored in the G-drive for shared access through
the control interface. (B) The position of critical modules and components — beam alignment
module (BAM), LAPU, jet — capillary module, FIMs, , PMT shutter, and X-ray beampipe is shown
by the computer-aided design of the actual instrument assembly, which is under user operation
at beamline 3.3.1 at the Advanced Light Source.
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Figure 4. Comparison of Alexa fluorescence emission spectra from the liquid jet and
capillary (A) FIM generated inline microscopic view of Alexa fluorescence emitted from the 360
pm OD / 75 um ID glass capillary (top) and the 360 um OD/ 100 um ID quartz capillary (bottom)
and the ejected 75 ym and 100 um liquid jet from the respective jet nozzles, which are indicated
by arrows. (B) Alexa emission spectra from a 100 ym liquid jet (red) and through quartz of 360
pm OD / 100 ym ID quartz capillary (black) at two integration times as described in the methods
section.
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Figure 5. Simultaneous spectroscopy and XFMS data collection (A) Microscope image of the
location of spectroscopy probe illuminated by the ~ 490 nm excitation wavelength LED light
through the objective lens, and the location of X-ray exposure illuminated by Nd:YAG
fluorescence just in front of the 200 um ID capillary. (B) Fluorescence emission spectra showing
FRET in the SpyCatcher003-SpyTag001 complex for one flow speed (right) and different flow
speeds averaged (left). The spectra are obtained from SpyTag001 alone (black), SpyCatcher003-
SpyTag001 complex (red) and SpyCatcher003 alone (blue) at 5uM concentration with 40 ms
integration time.. The superimposed SpyCatcher001 is shown in cyan and SpyTag001 is shown
in dark grey. The location of Alexa 555 and Alexa 488 labeling is shown in purple and green space
fill cartoon, respectively. (C) Representative residue specific dose response of SpyCatcher003 in
the presence (red) and absence (black) of SpyTag001, collected using the capillary system.
Points are collected at a fixed dose rate for various exposure times, and fit to a single exponential
fit (solid lines) to determine the hydroxyl radical reactivity k (s7'), as described in the methods
section.
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Figure 6. XFMS derived residue specific solvent accessibility change (A) Bar plot showing
SA change of SpyCatcher003-SpyTag001interactions. The color profile indicated fold change in
the solvent accessibility from free SpyCatcher003 to SpyCatcher003-SpyTag001 complex. The
error bar shows the max and min values of the ratio shown in Table $1. (B) Residues highlighted
with the color profile indicated fold change in the solvent accessibility from free SpyCatcher003
25 to SpyCatcher003-SpyTag001 complex. The structural model of SpyCatcher003 in grey color was
26 generated by homology modeling using PDB 2X5P. The superimposed SpyTag001 is shown in
27 dark grey.
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Figure 7. Visualization of local interactions in the structural model of SpyCatcher003. (A
and B) Residues highlighted with the color profile indicated fold change in the solvent accessibility
from free SpyCatcher003 to SpyCatcher003-SpyTag001 complex. The structural model of
SpyCatcher003 in grey color was generated by homology modeling using PDB 2X5P. The
superimposed SpyTag001 is shown in dark grey. (C) Position of conserved aromatics at the
hydrophobic core. (D) Structural superposition of S. agalactia minor pilin Gbs52 (PDB 3PHS) and
SpyCatcher001 (PDB 4MLI), and the location of conserved tyrosine, including the Y84 of
SpyCatcher (red) in the hydrophobic pocket.
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