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ABSTRACT: Structure-based drug design, which relies on precise |nativems SAM SAH

understanding of the target protein and its interaction with the @»‘. s @ﬁk * Cap-0 RNA

drug candidate, is dramatically expedited by advances in computa- @ R

tional methods for candidate prediction. Yet, the accuracy needs to nep16 i/\( 4pindine

be improved with more structural data from high throughput . Dimerization %

experiments, which are challenging to generate, especially for _ -

dynamic and weak associations. Herein, we applied native mass nsp10 44"”71//.91‘,0 Cap-1 RNA
spectrometry (native MS) to rapidly characterize ligand binding of ‘ SAM N

an allosteric heterodimeric complex of SARS-CoV-2 nonstructural * cap-ornA +
proteins (nsp) nspl0 and nspl6 (nspl0/16), a complex essential DA

for virus survival in the host and thus a desirable drug target.

Native MS showed that the dimer is in equilibrium with monomeric states in solution. Consistent with the literature, well
characterized small cosubstrate, RNA substrate, and product bind with high specificity and affinity to the dimer but not the free
monomers. Unsuccessfully designed ligands bind indiscriminately to all forms. Using neutral gas collision, the nsp16 monomer with
bound cosubstrate can be released from the holo dimer complex, confirming the binding to nspl6 as revealed by the crystal
structure. However, we observed an unusual migration of the endogenous zinc ions bound to nspl0 to nspl6 after collisional
dissociation. The metal migration can be suppressed by using surface collision with reduced precursor charge states, which
presumably resulted in minimal gas-phase structural rearrangement and highlighted the importance of complementary techniques.
With minimal sample input (~ug), native MS can rapidly detect ligand binding affinities and locations in dynamic multisubunit
protein complexes, demonstrating the potential of an “all-in-one” native MS assay for rapid structural profiling of protein-to-Al-based
compound systems to expedite drug discovery.

H INTRODUCTION later stage of the screening on a limited number of protein—
ligand complexes.

Native mass spectrometry (native MS) characterizes non-
covalent complexes under nondenaturing conditions and can
provide fast assessment (typically in minutes) of protein—
protein and protein—ligand interactions using small quantities

Structure-based drug design (SBDD) is one approach for
accelerated discovery of new compounds' with therapeutic
potential that focuses on finding small molecule inhibitors that
bind to target proteins’ active sites. The recent progress in

artificial intelligence (AI) and machine learning (ML) has (~ug) of often precious samples.*™ Although native MS
greatly elevated the efficiency of in silico screening for potential requires specialized methods distinct from common MS
compounds, offering considerable savings in time and applications, recent advances in commercial instrumentation
resources compared to traditional experimental screening and automated systems have significantly increased the
methods. However, this approach can be prone to errors if accessibility of the technology.'”™"" The methodologies for
not executed thoughtfully.” While AI/ML both benefit from studying protein—ligand interactions have been reviewed in
training with large data sets, current high-throughput detail recenﬂy.15 However, most applications focus on the
experimental screening methods only provide activity and

phenotypical data.’~> Structural details that can be quantita- Received: December 27, 2023

tively interfaced with first-principle calculations such as Revised: ~ February 2, 2024

docking and molecular dynamics (MD) simulations are often Accepted: February 7, 2024

lacking. Therefore, classical structural biology methods remain Published: March 27, 2024

the primary source of high-quality structural data, but they are
resource- and labor-intensive and are usually applied only at a
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intact mass measurement at the MS1 level. Tandem MS with a
variety of fragmentation techniques can reveal more
information from the primary sequence to higher order
structure.'® For multimeric protein complexes in particular,
ligand binding locations can be assessed by gas-phase
dissection of the protein—ligand complex."”> Collision-based
activation methods are often effective in breaking noncovalent
interactions to probe which subunit holds the ligand binding
site. Electron- and photon-based activation methods can yield
protein backbone fragments and inform the binding site at the
amino acid level, although most reported cases so far are on
monomeric proteins. A few reports have thoroughly inves-
tigated the dissociation of ligands from protein complexes
using collision-induced dissociation (CID, gas collision) or
surface-induced dissociation (SID)."”~** While the gas-phase
experiments generally reflect known structural biology data and
can inform structural details, the extent to which ligands are
retained on released subunits after activating the complex differ
for each case. Parameters in the ion source and tandem MS
methods determine the internal energy deposition and
undoubtedly affect the ligand retention.”” In addition,
structures and charge states of the protein—ligand complexes
appear to also play a role.'”"” For example, Klassen et al.'’
observed a minor CID pathway of ligand migration for cholera
toxin B subunit homopentamer and streptavidin homote-
tramer, which was attributed to a structural change unique to
the gas phase. The conflicting data in the literature indicates
gas-phase activation may induce structural alterations that are
protein or ligand specific and may not be “linearly” correlated
with solution-phase structures. Therefore, further studies and
more data are needed to improve our understanding about the
underlying mechanisms of different protein—ligand systems for
better interpretation of native MS data. This can be extremely
useful for characterizing unknown and dynamic structures that
are not well-defined by conventional structural biology
techniques, where no easy reference data sets are available
for validation.

Herein, we studied the native MS behavior of an allosteric
complex of the two nonstructural proteins (nsp) nspl0 and
nspl6é heterodimer from SARS-CoV-2. The nspl0/16
heterodimer is part of the SARS-CoV-2 RNA replication and
transcription complex.”® Nsp10/16 heterodimer is an enzyme-
2'-O methyltransferase with nsp16 serving as a catalytic unit
and nspl0 functioning as an allosteric activator essential for
enzyme activity. The complex methylates the ribose 2'-O of
the first adenosine ribonucleotide of the nascent mRNA Cap-
0-RNA to form Cap-1-RNA (m7GpppAm2’-O-RNA) using
SAM (S-adenosyl-L-methionine) as the methyl donor and
helps evade the host'’s immune response.”*™** Nspl0 is
essential to activate the methyltransferase (MTase) of
nspl6™® via an allosteric effect.”” " Inhibition of the
methyltransferase activity may reduce viral proliferation,
making the complex an attractive pan-coronavirus drug target
considering its essential function and conservation in
Unfortunately, limited success has been
reported so far due to promiscuity and/or high cell toxicity,
which are common failures also seen for other nsp
targets.””** Although the accumulated data inform future
developments, the dynamic nature of such protein structures
may have been underappreciated in SBDD. A recent
computational study reported a cryptic pocket in nspl0/16
as a new target,”” which was recently validated by experiments
and led to alternative design strategies.”* These advances

s
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coronaviruses.
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highlight the need for more versatile tools to characterize
dynamic protein assemblies for SBDD.

Our native MS measurements showed generally similar
binding strength as published values but provided more details
on the heterogeneity of the system, including a dynamic
monomer—dimer equilibrium in solution that was implied in
previous reports but may have been overlooked in solved
crystal structures. Native MS also detected the specific binding
of substrates to the allosteric heterodimer complex and allowed
differentiation of nonspecific binding of designed compounds.
Dissecting the heterodimer in the gas phase further revealed
the binding location of the substrates. We also observed an
unusual metal migration behavior in CID and SID, which can
be minimized in SID at reduced charge state. This was likely a
gas-phase effect but also relevant to the dynamics of the
protein structure worth further investigation. The unique
information and the fast speed of native MS has great potential
to rapidly supply molecular mechanisms for applications such
as Al-based drug design.

B EXPERIMENTAL SECTION

Protein Expression and Purification. The nspl0 and
nspl6 genes were synthesized (Twist Bioscience) and cloned
into the pMCSGS3 vector. Proteins were expressed and
purified as reported previously’® with small differences in
buffer compositions described below. Additionally, the His tag
was successfully cleaved from the proteins with TEV protease
following a previously described protocol.*® Protein amino acid
sequences are listed in Table S1.

Harvested cells were resuspended in S volumes of buffer (50
mM HEPES pH 8.0, 500 mM NaCl, 20 mM imidazole, 5% v/v
glycerol, 1 uM MgCl,, 1 uM ZnCl,, and 10 mM 2-
mercaptoethanol, Sigma) and then sonicated and centrifuged
to obtain the soluble fraction for protein purification.

Proteins were purified using Ni**-immobilized metal affinity
chromatography (IMAC) with 3 mL of Ni** Sepharose (GE
Healthcare Life Sciences) equilibrated with lysis buffer
(HEPES pH 8.0, 500 mM NaCl, 30 mM imidazole, 5% v/v
glycerol, 1 mM MgCl,, and 1 mM TCEP (tris(2carboxyethyl)-
phosphine, Amresco, Inc.)) in a Flex-Column (420400-2510)
connected to a Vac-Man vacuum manifold (Promega). Nsp10
and Nsplé proteins were eluted with lysis buffer that was
supplemented with 500 mM imidazole. The proteins were
exchanged into imidazole-free buffer (S0 mM HEPES pH 8.0,
500 mM NaCl, 5% v/v glycerol, 1 mM MgCl2, and 1 mM
TCEP) and TEV was added for overnight cleavage with a
1:250 ratio of protease to protein for Nsp10 and a 1:150 ratio
of protease to Nspl6 protein.

Cleaved proteins were purified using a second step of IMAC
(IMAC-II) with a HiTrap Chelating HP column charged with
Ni** on an AKTA Express System (GE Healthcare) followed
by size-exclusion chromatography with a Superdex 200
Increase 10/300 GL column equilibrated with storage buffer
(10 mM HEPES pH 7.5, 150 mM NaCl, 5% glycerol and 1
mM TCEP). The purest fractions of Nspl0 and Nspl6
proteins were mixed in a 1:1 ratio in HEPES buffer pH 7.4 to a
final concentration of the complex at 2.4 mg/mL.

Native Mass Spectrometry (Native MS). Before native
MS, the proteins were buffer exchanged into 100 mM
ammonium acetate solutions, protein concentrations remeas-
ured using nanodrop, and then supplemented with expected
ligands (SAM, SAH, Cap-0 RNA, SFG). SAM, SAH (S-
adenosyl-L-homocysteine), and SFG (sinefungin) were all
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Figure 1. (A) Native MS spectrum showing 10 #M of a mixture of nsp10, nsp16, and the heterodimer. The inset shows the magnified display of the
dimer peaks. (B) Dimer formation can be directly tracked by the changing intensities as a function of protein concentration. (C) A different
construct of nsp10” (blue trace) has 6.9 Da lower mass and extra terminal clipping peaks from the original nsp10 (black trace). (D) Mixing ~33 uM
of the nspl0” with 10 yM of the original nsp10/16 resulted in subunit exchange in the dimer, as manifested by the mass shift in the dimer peak

(black to blue trace).

purchased from Sigma with catalog numbers A7007, A9384,
and $8559, respectively. Cap-0 RNA (m’GpppAUUAAA) was
purchased from Bio-Synthesis, Inc. (Lewisville, TX, USA).
Native MS experiments were performed to observe the
formation of the nspl10/16 heterodimer and to track ligand
binding on a Synapt G2si quadrupole ion mobility time-of-
flight mass spectrometer (Waters, Manchester, UK). Static
nanoelectrospray was used to infuse the protein solution at
~0.7 kV voltage and 30 °C, using in-house pulled borosilicate
glass capillaries (ID 0.78 mm, item no. BF100-78-10, Sutter
Instruments, Novato, CA, USA) using a Sutter Instrument
pipet puller P-1000 (Novato, CA, USA). Cone voltage was 100
V. Ion mobility was enabled, with traveling wave in the
mobility cell set to 400 m/s and 20 V. For MS/MS
experiments, the individual charge state was isolated by the
quadrupole. Direct dissociation of isolated protein complexes
was either by CID using trap collision energy (Trap CE) or
SID via custom modification.”” The SID collision energy was
controlled also via the trap collision energy and the collector/
stopper voltage in the System voltage tab as described in the
recent publication.’”

Native MS Data Analysis. Data analysis was performed
using UniDec deconvolution software.”® For nspl0/16
dimerization and ligand binding, the m/z spectra were
deconvolved and nspl0, nspl6, nspl0/16, and ligand-bound
peaks for all species were identified. Deconvolved peak areas
were used for all binding analyses. To estimate the binding
affinity for nsp10/16 dimerization, the fraction of nsp16 bound
to nsp10 was calculated by dividing the dimer peak area by the
sum of the peak areas of nspl6 monomer and dimer and
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plotted against free concentrations of nsp10. The data were fit
to the Hill equation (eq 1)

B, .« -nspth

Fractionnsplé bound = y = ————
K! + nsp10"

(1)

where B, is the maximum specific binding, nsp10 is the free
concentration of nspl0, h is the hill coefficient, and Kj is the
dissociation constant for nsp10/16 dimerization.

For ligand-binding studies, the ratio of ligand bound was
calculated from the deconvolved peak areas as the quotient of
the holo peak (ligand bound) area divided by the sum of the
apo (ligand lost) and holo peak areas. Ligand binding data
were fit to the single-site binding model, which is a simplified
version of the Hill equation when h = 1, as shown in eq 2

B X

fraction ligand bound = y =

()

where x is the free concentration of SAM, SAH, or SFG.

All K, estimates were completed by fitting the data to the
specified binding model using the cftool function in Matlab.
For the characterization of collision-induced dissociation of
ligands from the nsp monomers and heterodimer, MetaUni-
Dec® was used to extract the areas of the holo and apo peaks
as a function of collision voltage. Raw, Unidec configuration
files, and ligand K, calculation files are available at MassIVE
(https:/ /massive.ucsd.edu/ Accession: MSV000092776).

Molecular Dynamics. For initial structures, we used the
nspl0/16 complex predicted from docking simulations and
performed all-atom molecular dynamics (MD) simulations

https://doi.org/10.1021/jasms.3c00453
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using GROMACS v2018.6.* We adopted the Amber FF14SB
force field*' for the complex and the TIP3P water model*
with Joung and Cheatham ion parameters*’ were used for
water and neutralizing monovalent ions in the system. The
initial system was minimized by the conjugated gradient
algorithms up to a maximum residual force of 10.0 kJ/mol.
Then, the system was equilibrated at 300 K for 500 ps under
the NVT ensemble using the Berendsen velocity rescaling
method followed by 1 ns with the NPT ensemble using the
Berendsen pressure coupling method by constraining both the
protein and ligand.44 As a next step, we performed 50 ns
production MD simulations with a 2 fs time step at 300 K and
1 atm using the Parrinello—Rahman pressure coupling
method" without any restraints. The particle mesh Ewald
algorithm®® was used to evaluate long-range electrostatic
interactions. Then, we analyzed and compared the root-mean-
square deviation (RMSD) and root-mean-square fluctuation
(RMSF) for the nspl6 and nsp10/16 dimer to determine the
conformational changes and contribution of each amino acid
to the motion of proteins, using the GROMACS rms and rmsf
modules. We computed the hydrogen bonds and salt bridges
formed between the interface residues using hbond and saltbr
modules and their residue—residue correlation using covar and
anaeig modules.

In Silico Compound Design. We generated a library of
candidate molecules based on molecular scaffolds obtained
from a literature search of validated nspl0/16 inhibitors.
Candidate compounds were screened based on molecular
descriptors, physicochemical properties, toxicity estimates, and
molecular docking simulations to filter out undesirable
compounds as discussed in our previous work.”” The details
of our in silico compound generation and down-selection
process will be discussed in a separate manuscript currently in
preparation. The top candidate resulting from in silico ligand-
and structure-based assessments was used for further
experimental validation.

B RESULTS AND DISCUSSION

Native MS and Subunit Exchange Suggest nsp10/16
Is a Dynamic Dimer in Equilibrium. We separately
expressed and purified nspl0 and nspl6 from SARS-CoV-2
in E. coli cells and mixed them at equimolar ratios in HEPES
buffer to form the heterodimer nspl0/16 as previously
described.”* The proteins were then buffer exchanged into
100 mM ammonium acetate (AA) solution for native MS. The
native MS spectrum (Figure 1A) showed a mixed population
of nspl0 monomer, nspl6 monomer, and nspl0/16
heterodimer. The mass of nspl0 was 127.9 Da larger than
the mass measured under the denaturing state (Figure S1) due
to presence of two zinc ions (Zn**) that are known to be
essential for nsp10 function.””*”** The relative abundance of
the dimer increased with higher protein concentration (Figure
1B), allowing us to plot a binding curve based on the native
MS data and estimate a Ky of 1.4 uM (Figure S2A). Despite
the different signal response (e.g., ionization efficiency)
between nsp10 and nspl6 that could complicate the analysis
(Figure S2B),* our estimation is similar to the apparent Ky of
MERS nsp10/16 (2 uM) reported by activity assay.”” Methods
to account for differences in signal response during binding
affinity studies®® by native MS, such as slow mixing mode
(SLOMO),* could be implemented in future studies.

The free monomers detected in native MS prompted further
investigation into the dynamic nature of the dimer assembly.
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Figure 2. Deconvolved mass spectra for 6 uM SAM binding to (A)
nspl0, (B) nspl6, and (C) nspl0/16 complex. The heat maps (D)
show the percentage of the total peak area that is ligand-bound for
each species as the ligand concentration was increased from 0—20 uM
for SAM and SAH and from 0—60 uM for SFG. Estimated Ky curves
(E) are shown for each ligand when fit to a single-site binding model.

First, our molecular dynamics (MD) simulations of the
heterodimer crystal structure in water solvent corroborated
the reported allosteric effect of nsp10 binding to nsp16 (Figure
S3) and also revealed many transient interfacial hydrogen
bonds and salt bridges (Figure S4). Second, we mixed the
heterodimer with another nspl0 construct with a —6.9 Da
mass shift from different purification tag sequences (Figure 1C,
sequence difference in Table S1). The mixing in solution prior
to MS resulted in the appearance of a —6.8 & 0.3 Da mass shift
on nspl0/16 in the native MS spectrum (Figure 1D). The
nspl0’ was added in about 3-fold molar excess, therefore
making the nspl0’ the dominant species in the spectra. The
transient interfacial interactions in MD and the exchange of
subunits in solution suggested a dynamic equilibrium between
the monomeric and dimeric states. Interestingly, the crystal
structure of nspl6 monomer has not been reported. Isolated
nspl0 was recently resolved structurally, which showed
minimal rearrangement compared to its form in the
heterodimer structure, complementing our MD results.
Equilibrium between monomer and homodimer states of
nsp10 was also noted.”’ Taken together, these results highlight
that besides the known active form of nsp10/16, nsp10, and
nspl6 are likely relevant and should not be ignored in SBDD.

Known Substrates Specifically Bind to the Dimeric
State of nsp10/16 in Native MS. We then probed the
binding specificity of several known ligands to nsp10, nsp16,
and nspl0/16 by native MS. The S-adenosyl-L-methionine
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Figure 3. Deconvolved mass spectra of nspl0, nspl6, and nspl0/16 at 20 uM added ligand. (A) Binding of the designed compound was
nonspecific, indiscriminately binding to the dimer and monomers. (B) In contrast, SAM displayed negligible binding to monomers but specific and
significant binding to the dimer, with a lower but distinct second SAM binding event clearly visible. Like SAM, SAH (C) and SFG (D) also
predominantly bind to the dimer and display a second peak corresponding to two bound ligands. However, unlike SAM, the small ligand peaks in
the monomer spectra indicate that some degree of nonspecific binding occurs.

(SAM) cosubstrate binds to nspl6, stabilizes nsp10/16, and
serves as the methyl donor for MTase activity during viral
RNA capping. Cap-0 RNA substrate binds to the active site
and is converted to the mature Cap-1 RNA by methyl transfer
from the SAM, and generation of S-adenosyl-L-homocysteine
(SAH) product.”**”?"*® A pan-MTase inhibitor sinefungin
(SFG) occupies the SAM and SAH binding site in cocrystals
with nspl0/16 and has been used as a model to inform

26,27

inhibitor design. We performed native MS with increasing
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concentrations of cosubstrate SAM, product SAH, and
inhibitor SFG to S uM protein.

The relative abundances of the apo vs holo populations for
nspl0, nspl6, and nspl0/16 were plotted in Figure 2. All
compounds bound primarily to nsp10/16, consistent with the
isothermal titration calorimetry (ITC) binding assays using
individual proteins.”® The proteins’ ionization efficiencies did
not change significantly within these ligand concentrations
(Figure SS). Therefore, we used a single-site binding model to
calculate the apparent binding affinities of the ligands for
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nsp10/16. Binding affinities to SAM and SAH were similar to
K4 of ~2 uM, while SFG showed much weaker binding at ~25
uM (Figure 2E and Figure S6), similar to the values reported
previously using ITC.>> At high ligand concentrations, we
observed more than one compound binding per nspl10/16
heterodimer for all compounds, with calculated Ky values at
least an order of magnitude higher than the first binding event
and were not discussed here due to the likelihood of
nonspecific binding,

Next, we tested a potential inhibitor designed computation-
ally through our high throughput virtual screening (HTVS)™**
and ordered it from a drug library MCULE database (Mcule-
ID: MCULE-8583086513-0). The specificity of binding was
quickly assessed from native MS data with weak binding of the
compound to not only nspl0/16 but also the monomers
observed (Figure 3A). In contrast, binding of SAM/SAH/SFG
displayed significant binding to nsp10/16 and only negligible
binding to the monomers (Figure 3B—D). The relatively low
affinity and promiscuity of this compound prevented us from
pursuing detailed structural biology experiments in this study.
Future developments utilizing native top-down methods could
help reveal ligand binding regions for such weak interactions.
The recent MD study proposed that the SAM binding pocket
was in a more open state in the heterodimer than in the nsp16
monomer, and thus, any compound that binds indiscriminately
to monomer and dimer forms is unlikely to follow the same
binding mode as SAM,” possibly outside the predicted pocket.
Echoing this prediction, an experimental study discovered a
covalent inhibitor acting on the cysteine residues 1n 2 cryptic
pocket near the active site preventing SAM binding.’* Even in
the crystal structures, multiple binding poses were proposed
presumably due to the heterogeneity of the interactions. This
may be at least partly attributed to the dynamics of proteins,
which is not often considered in high throughput biochemical

assays. Native MS can thus serve as a complementary approach
to quickly assess such properties.

Bound Ligands in nsp10/16 Are Retained in the
Released Monomers after Low Energy Collisions.
“Complex-down”” can inform binding location of ligands in
multimeric protein complexes, via the release of ligand bound
subunits after gas-phase “heating” of the intact complex.” We
m/z-isolated the SAM-bound holo dimer away from the
monomeric states and dissociated the dimer in the mass
spectrometer via gas collision (collision induced dissociation,
CID). SAM was readily released in the low m/z region (Figure
4). The released nspl6 partially retained SAM, and high
collision energy led to complete loss of substrates from the
protein. Similar behavior was seen for SFG inhibitor (Figure
S7). Interestingly, the nsp10/16-SFG complex appears to be
more stable than the nsp10/16-SAM complex in CID, despite
the lower Ky for SAM in solution. The CID collision voltage
for 50% dissociation of ligand was ~48 V for SFG (Figure
S7C) and ~30 V for SAM (Figure 4B). This gas-phase stability
may originate from a different interaction with proteins for
SAM and SFG. Alternatively, SAM binding may be destabilized
more significantly upon CID due to altered structure or
interaction with the allosteric regulator nspl0. Further
investigation into the mechanism could help better correlate
the gas-phase measurements with solution structures, especially
in such dynamic systems that are challenging to study.

In contrast, cap-0 RNA bound strongly to nspl0/16 and
nspl6 (Figure S8). The RNA bound to heterodimer also
showed complete preservation of bound RNA in the released
nspl6, regardless of collision energy (Figure S9), likely due to
the enhanced electrostatic interactions between RNA and
nspl6 in the gas phase. The detection of SAM and cap-0 RNA
in the released nsp16 was consistent with the binding pockets
within nsp16 observed in the crystal structures, suggesting that
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Figure S. Deconvolved intact mass spectra of nsp10 (left column) and
nspl6 (right column) monomers either as (A—B) free monomers in
solution or (C—D) released from the heterodimer after dissociation.
Data from CID are in red traces, and SID are in blue traces. Zn-bound
stoichiometry is annotated above the peaks. Charge reduced
condition with TEAA addition are in (E—H) following the same
format. For the nsp10/16 dimer at 13+, both SID and CID resulted in
similar levels of Zn transfer. TEAA did not affect the bound Zn on
free nspl6 in solution prior to dissociation, but the Zn transfer was
largely eliminated in SID after charge reduction while CID tends to
induce a higher degree of Zn transfer.

such dissociation experiments can be used to probe which
subunit the ligand binds to under optimized conditions. This
crucial information can serve as feedback for affirming that the
Al-designed compounds are targeting the appropriate
component of a heterocomplex without having to solve the
high-resolution structure. Additionally, we monitored enzyme
activity, and inhibition in the presence of SFG inhibitor, by
directly measuring formation of cap-1 RNA over time (Figure
S10). Complementary SAM-to-SAH conversion was also
measured in the same native MS experiment, highlighting
the potential of native MS to simultaneously quantify multiple
species relating to reaction kinetics within a single experiment
using low sample quantities.

Unusual Metal Transfer Behavior between nsp10/16
Subunits Is Charge-State Dependent. Although cosub-
strate binding was successfully probed by CID, we noticed an
unusual transfer of Zn** on dissociated nsp10 and nsp16. The
free monomers in native MS only showed two Zn*" binding on
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nspl0 (Figure SA,B), consistent with the crystal structure
where Zn** binds in two discrete cysteine-rich motifs in nsp10.
In contrast, each monomer released from the heterodimer in
CID showed several new species corresponding to 0—2 Zn**
binding (Figure SC,D, red traces). One of the zinc ions is at
the interface with nspl6, raising the possibility that some
structural dynamics could result in metal transfer. The
alternative explanation is that the metal transfer was primarily
a gas-phase structural rearrangement. The metal transfer is
reminiscent of the ligand migration previously observed in CID
of ligated cholera toxin B homopentamer and streptavidin
homotetramer'® and is possibly related to the gas-phase
structure and charge configuration unique to nsp10/nsp16. To
further investigate this phenomenon, we also used an
alternative activation method, surface-induced dissociation
(SID), which is believed to induce faster heating of complexes
with less unfolding and structural rearrangement than CID.>***
SID showed similar spectra as CID with significant zinc
transfer (Figure SC,D, blue traces) for the 13+ dimer.

We then resorted to charge reduction, which previously was
shown to suppress gas-phase unfolding of protein com-
plexes.””” Using the solution additive triethylammonium
acetate (TEAA) at 20 mM, the charge-state envelope of
nsp10/16 shifted from 13+ down to 10+. TEAA itself did not
affect the bound Zn*" on the free nsp16 monomers in solution
prior to dissociation (Figure SE,F), but the zinc transfer was
largely eliminated in SID (Figure SG,H, blue traces). In
contrast, CID required higher voltage to dissociate the
heterodimer (>100 V) and instead near complete transfer of
two zinc from nsp10 to nspl6 (Figure SG,H, red traces). The
reduced charge state presumably resulted in fewer charge
configurations, reshaping the activation barriers for structural
rearrangement and dissociation. Similar to previous reports,
reducing charge state generally suppresses unfolding for SID,
yielding more native-like dissociation products for structural
elucidation.** > While further experiments and computational
modeling are needed to understand this charge-state-depend-
ent zinc transfer, the results demonstrated that the dissociation
experiment must be optimized to minimize structural
rearrangements for obtaining the most relevant ligand-binding
information to native-like states. Nonetheless, we hypothesize
that this metal transfer behavior is correlated to the dynamic
structure of nspl0/16 dimer and may be informative for
characterization of similar but unknown structures.

B CONCLUSION

In summary, we demonstrated that native MS could measure
many structural aspects of the allosteric heterodimeric enzyme
nspl0/16. Coexisting populations of inactive monomeric states
and the active dimeric state can be resolved, and their ligand-
binding properties separately examined. Monitoring time-
resolved changes in enzymatic reactions is also feasible because
of nondenaturing measurement. The “all-in-one” native MS
assay offers molecular structure details that can serve as rapid
tfeedback to computer-aided drug design. The additional
capability of isolating and dissecting selected species can
yield more structural information. However, our data suggest
that migration of bound metal ions can occur but can be
minimized with SID at reduced charge states. While we think
gas-phase factors—especially charge—were the primary
contributors to the observed metal transfer of the desolvated
protein complex, the inherent structural dynamics may have
also played a role. Further fundamental studies of the role of
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charge in the dissociation are necessary to better correlate

the gas-phase measurements with structure features in solution.
Nonetheless, with many ongoing technical developments in
dissociation methods,’ native MS is anticipated to generate
even more intricate structural information at amino acid
residue resolution (e.g, ligand binding site). Such data will
augment existing high-throughput screening methods and
foster the creation of a mechanistic knowledge database for
AI/ML models that will lead to improved success rates and
throughput for drug discovery.
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