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Characterizing heterogeneous mixtures of
assembled states of the tobacco mosaic virus using
charge detection mass spectrometry

Amanda J. Bischoff,> Conner C. Harper,* Evan R. Williams,! Matthew B. Francis'**

!College of Chemistry, University of California, Berkeley, California, 94720, United States

2Molecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National
Laboratories, Berkeley, California, 94720, United States

ABSTRACT: The tobacco mosaic viral capsid protein (TMV) is a frequent target for derivatization for
myriad applications including drug delivery, biosensing, and light harvesting. However, solutions of the
stacked disk assembly state of TMV are difficult to characterize quantitatively due to their large size and
multiple assembled states. Charge detection mass spectrometry (CDMS) addresses the need to
characterize heterogeneous populations of large protein complexes in solution quickly and accurately.
Using CDMS, previously unobserved assembly states of TMV, including 16-monomer disks and odd-
numbered disk stacks, have been characterized. We additionally employed a peptide-protein conjugation
reaction in conjunction with CDMS to demonstrate that modified TMV proteins do not redistribute
between disks. Finally, this technique was used to discriminate between protein complexes of near-
identical mass but different configurations. We have gained a greater understanding of the behavior of
TMV, a protein used across a broad variety of fields and applications, in the solution state.

INTRODUCTION

Particles derived from the tobacco mosaic
virus (TMV) have broad potential in drug and
vaccine development,’® sensory assays,*®
filtration,® and as mimics of photosynthetic light
harvesting complexes,”® among myriad other
uses.!®! This is partially due to TMV’'s unique
assembly state as a 300 nm helix in its native
form or as stacked disks under varied
environmental conditions.> TMV also has a
remarkable capacity for assembling into disk or
rod structures when subject to a vast array of
mutations to the protein surface, in the pore,
and within the cavity between the disks.331¢
The ability of a variety of mutants and
conjugates of TMV to maintain ordered
assemblies has enabled its functionalization
with therapeutics for drug delivery
applications,'”® or dyes or nanoparticles in
synthetic light harvesting systems.”#® TMV can
also be assembled into nanoscale materials with
morphologies that do not occur naturally, such
as nanosheets exhibiting filtration ability® and
spherical nanoparticles used for drug delivery.?”
21

In the absence of a nucleic acid template,
TMV can form multiple assembly states sensitive
to environmental conditions. At lower pH and
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ionic strength TMV monomers assemble into
helical rods with 16 %5 monomers per helical
turn, similar to the native structure, but
assemblies of stacked disks consisting of 17
monomers per disk are formed at neutral pH
and higher ionic strengths (PDB ID 1EI7, Figure
1A-C).*? Mutations made to the TMV capsid can
also bias the structure toward forming rods or
stacked disks. One example of this is a circular
permutant, cpTMV, which favors two-disk stacks
under a wider variety of pH and ionic strength
conditions than native TMV (Figure 1D-E).*? In its
stacked disk form, solutions of TMV often consist
of heterogeneous assembled states of even-
numbered disk stacks,’®'* which can make
detailed characterization challenging. Progress
has been made recently in low-resolution
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Figure 1. Structures of TMV used as light
harvesting complex mimics. (A) A gene map,
(B) face view, and (C) side view of a four-layer
stack of wtTMV disks displays C, symmetry
about the horizontal axis, with A disks being
identical to one another and B disks identical to
one another but with slight structural variation
from A disks (PDB ID: 1EI7). (D) A gene map and
(E) side view of a homology model of cpTMV
show the favored structure consisting of two
disks, containing 17 monomers each, with C;
symmetry (PDB ID: 3KML). (F) Engineered
residues used for attachment to chromophores
or surfaces in light harvesting mimics are shown
for three monomers on one cpTMV disk, with the
S23 site shown in red and S65 site in yellow. The
S23 and S65 sites are also shown for two
monomers on opposing disks from a cut-away
and edge-on view.

characterization of TMV particles of various size
in the solution state using small angle x-ray
scattering.?® However, probing how single
mutations may effect subtle structural changes
within a single disk or change the equilibrium of
multiple assembly populations present in
solution remains a challenge.

TMV  conjugates have been studied
extensively for therapeutic applications, and we
have previously made use of TMV conjugates as
a tunable platform for modeling energy transfer
processes in photosynthetic light harvesting
complexes. These models consist of TMV labeled
covalently with synthetic dyes in circular arrays
on the assembly surface or within the region
between individual disks.”® In measurements of
energy transfer in these systems, a detailed
understanding of the interchromophore
distances and relative orientations, as well as
protein environment, is crucial to interpreting
spectroscopic data.?* In addition, a concrete
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picture of the timescales of disassembly and
reassembly of the complexes in solution is
necessary for experiments involving energy
transfer between pairs of donor and acceptor
complexes. In the context of TMV conjugate
drug and vaccine candidates, a clear analysis of
all species present and their assembly kinetics is
also vital to understanding the behavior of these
conjugates in vivo.?*?” The use of high-resolution
structural characterization techniques, including
x-ray crystallography, cryo-electron microscopy,
and NMR spectroscopy, to characterize protein
samples at the unique intersection of large
(MDa+) size and sample heterogeneity
characteristic of TMV conjugates is typically
challenging and labor-intensive.?® This work
seeks to present a detailed and quantitative
analysis of heterogeneous TMV assembly states
in solution and their dynamics using native
electrospray ionization charge detection mass
spectrometry (ESI-CDMS).

Analysis of intact biomolecules by MS, often
termed ‘native MS’, has become an important
tool in the arsenal of analytical techniques in
structural biology. In contrast to many widely
used MS-based methods, such as proteomics,
where ions are formed from solutions where
higher order structure is typically lost and
cleavage of noncovalent bonds is used to obtain
structure,?® the goal of native MS is to retain
information about higher-order structure and
specific noncovalent interactions in solution.3°
However, the inherent heterogeneity of larger
biomolecules, such as TMV, due to residual salt
adduction and/or incomplete desolvation, can
pose significant challenges.?'*233 Conventional
MS methods work by measuring the mass-to-
charge ratio (m/z) of ensembles of analyte ions.
The charge and mass are then inferred from
either the spacing of isotope peaks of a single
charge state or by deconvolving the series of
peaks corresponding to the individual charge
states of a single analyte. High mass analytes,
heterogeneous samples, and adduction of non-
volatile solutes, such as Na*, can lead to
broadened peaks and overlapping peaks in
charge-state distributions that result in loss of
mass information.??> While methods to extract
useful information from overlapping spectra,
including Bayesian deconvolution®* and applying
the Fourier transform to the m/z domain,*® have
made analyses of increasingly complex samples
possible, they are also ultimately limited by
sample heterogeneity. Thus, native MS typically
requires increasingly pure samples of the
analyte of interest with increasing mass. High
concentrations of non-volatile salts used in
common biochemical buffers typically lead to
interfering salt cluster signals, and so much
adduction can occur that no mass information is
obtainable.®® To overcome this adduction



problem, most solutions are buffer exchanged
into a volatile buffer, such as ammonium
acetate, to maintain high ionic strength but
reduce peak broadening caused by the
adduction of non-volatile salts. Recently,
submicron electrospray emitter tips have been
demonstrated to reduce adduction in native MS
by forming initial droplets that are sufficiently
small that they contain a limited number of non-
volatile salt molecules.® However, the challenge
presented by sample heterogeneity grows with
molecular size such that even when samples are
highly purified with few non-volatile adducts,
most conventional native MS experiments are
still limited to molecules with masses below a
few MDa.*?

One solution to the analytical challenge
presented by sample heterogeneity and
interfering ion m/z signals is to remove all
possibility of interference by weighing molecules
individually using single ion charge detection
mass spectrometry (CDMS).?’=2° In CDMS,
molecular weight information is obtained from
simultaneous measurements of both the m/z
and charge of each individual ion. This
unconventional approach to molecular mass
analysis has several distinct advantages.
Because the mass of each molecule is
individually measured, there is no interference
from other analyte ions, essentially eliminating
“chemical noise”, i.e., interferences from other
ions. Many individual ion measurements are
accumulated to generate a true mass spectrum.
These measurements are ideal for highly
heterogeneous, high mass samples where
charge-state distributions are not resolved in the
m/z data due to spectral congestion. CDMS has
previously been used to analyze viruses,*-43
viral capsids,**** and other large, heterogeneous
macromolecules.*®*® In this work, we use unique
capabilities of CDMS to probe the assembly
state, stoichiometry, and stability of several
TMV mutants under conditions that preclude
high resolution analysis by other methods.

RESULTS AND DISCUSSION

Effects of point mutations on cpTMV
disk subunit stoichiometry. The circular
permutant of TMV, cpTMV, maintains its ability
to fold and assemble when subject to a variety
of mutations at sites on the protein surface and
within the central cavity.® This ability is crucial to
its use as a mimic of photosynthetic light
harvesting complexes, as it allows for the
attachment of chromophores in sites with
varying  protein, solvent, and adjacent
chromophore environments that can then be
compared. A primary location for TMV
functionalization to light harvesting materials in
addition to nanosheets is at residue S3 of
recombinant TMV (rTMV) and the analogous S65
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position of cpTMV. This site, on the disks’
periphery, has been mutated to cysteine for the
formation of nanosheet filters and to p-
aminophenylalanine (pAF) for attachment to
nanoparticles (Figure 1F).% Another widely
utilized location for TMV functionalization is
position S23 on the face of cpTMV and its
analogous position on rTMV, which is readily
mutable to cysteine and has been used for
attachment of synthetic dyes and small
molecule chemotherapeutics (Figure 1F).”#18
However, the effects of point mutations on the
assembly state of cpTMV have not previously
been studied in detail. Reliably and efficiently
measuring small differences in macromolecular
assemblies is a strength of CDMS that we
sought to apply to understand how point
mutations affect both stacking behavior and the
intradisk architecture of cpTMV.

A peripheral mutation from serine to the
non-canonical amino acid p-aminophenylalanine
(cpTMV-S65-pAF) of cpTMV was of interest due
to its position at the interface of adjacent
monomers within a single disk and its use as a
handle for nanoparticle attachment.’®* The
expected mass for disks consisting of 17
subunits is 302 kDa, resulting in a mass of 604
kDa for the anticipated two disk assembly state.
However, the CDMS mass histogram for this
mutant displayed a high proportion of 16-
monomer disks, with a mass of 570 kDa for a
two-disk stack, in addition to the 607 kDa
species observed for 17-monomer disks (Figure
2A). Although the helical turn found in wtTMV is
made up of 16 %5 monomers per turn, previously
determined crystal structures have shown that
disks in discrete stacks consist of 17 monomers
per disk.?? However, by electrospray ionization
from a 100 mM AA solution and CDMS, two
distinct populations of 16- and 17-monomer
disks could be measured in tandem, indicating
that both are present in solution. No peak
consisting of hybridized 16- and 17-mer disks at
~584 kDa was observed, indicating that if a
hybridized species of 16 and 17-mer disks
exists, its abundance is minimal. Instead, the
bias toward forming stacks of disks of like
number (e.g. two 16-mers or two 17-mers)
suggests that there is a strong pairwise
interaction between individual monomers on
opposing disks in these cpTMV assemblies.
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Figure 2. Mutants of TMV displaying disk
assemblies with different symmetries. (A) A
mass histogram of a circular permutant of TMV
with a peripheral p-aminophenylalanine (pAF)
mutation  (cpTMV-S65-pAF) in 100 mM
ammonium acetate solution clearly
differentiates between 16-fold symmetric and
17-fold symmetric stacks of two disks. (B) A
mutant of cpTMV with 3-nitrotyrosine (3NY) at
the same site, cpTMV-S65-3NY, in 100 mM
ammonium acetate solution contains a much
smaller ratio of 16:17-mers. Distinguishing
between 16- and 17-mers is challenging by
other common characterization methods, with
no differentiation observed using (C) dynamic
light scattering and (D) size exclusion
chromatography.

Several other cpTMV variants with mutations
in the S65 position were also assessed for
possible assembly into 16-monomer disks. A
mutant with 3-nitrotyrosine (3NY) at position
S65, but otherwise identical to cpTMV-S65-pAF,
is structurally similar but has a decreased
charge with respect to the pAF mutant. The
cpTMV-S65-3NY mutant still displayed a small
population of 16-monomer disks, but at a much
lower proportion of 16:17 monomers than for
the pAF mutant (Figure 2B). Mass spectra under
denaturing conditions of cpTMV-S65-pAF and
cpTMV-S65-3NY showed that the monomers of
each population have homogeneous masses,
indicating that the presence of multiple
assembled states is not due to monomer
heterogeneity (Figure S1). Other mutants,
including cpTMV-S65C and cpTMV without any
mutation at the S65 position, also displayed
small proportions of 16-monomer populations at
lower levels than for the pAF mutant (Figure S2).
This fraction of 16-monomer disks is barely
distinguishable from noise in several of the
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mutants; however, in all mass histograms of
cpTMV mutants, a small number of 16-monomer
disks were detected.

Detecting the subtle difference in size
between the 16-monomer and 17-monomer
assemblies is difficult using other methods
typically used for sizing biomolecules in the size
range of these TMV assemblies (>600 kDa). For
example, a measurement of cpTMV-S65-pAF
using dynamic light scattering (DLS) results in a
single, uniform peak with no obvious
asymmetries that might be attributable to
stacks of both 16-monomer and 17-monomer
disks (Figure 2C). A comparison of the cpTMV-
S65-pAF mutant to the cpTMV-S65-3NY mutant
using size exclusion chromatography-high
performance liquid chromatography (SEC-HPLC)
yielded essentially identical retention times and
only a single resolvable peak in the 600 kDa
range (Figure 2D). Assessing and understanding
the uniformity of the disk assemblies are crucial
to the materials-based applications for which
TMV is used, such as components of drug® and
vaccine candidates* and as models for light
harvesting systems.

Equilibration of monomeric cpTMV and
cpTMV disk assemblies. In TMV-based
artificial light harvesting systems, donor and
acceptor chromophores can be embedded
within protein complexes in defined locations for
the measurement of directional energy transfer.’
Inter-chromophore energy transfer is likely to be
affected by the sensitivity of non-covalent
interactions holding the assembled TMV
together, and on what scale monomers may be
exchanged from one complex to another (a
schematic is shown in Figure S3). We
investigated a potential equilibrium between
intact TMV disk complexes and monomers in
solution using CDMS. Often, a small proportion
of monomeric TMV is present in purified samples
as evidenced by size exclusion chromatography
(Figure 2D), but it is difficult to determine
whether the disk and monomer states are
interchanging or whether the two populations
remain unequilibrated. To probe this potential
equilibrium, we distinguished one cpTMV
population from another through irreversible
labeling of each monomer with a 1788 Da
peptide, N-acetyl-a-endorphin. We then mixed
the a-endorphin-labeled population  with
unlabeled cpTMV and monitored the mass
distributions within the mixture. Convergence to
a single mass over time would indicate the
exchange of monomers between the unlabeled
and labeled species.

Labeling of cpTMV-S23C-S65-pAF with a-
endorphin was performed using the enzyme
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tyrosinase, which activates exposed tyrosine incorporating 324+ monomers with between 1-3
residues toward nucleophilic addition.?°* The N- attached peptides per monomer. The sample
terminal tyrosine of a-endorphin was oxidized to was further complicated by a truncation that
an o-quinone with tyrosinase, to which either occurred during purification, leading to final
the engineered cysteine or aniline of pAF in complexes containing monomers with eight
cpTMV-S23C-S65-pAF could add (Figure 3A). This different  possible masses  (Figure  3B).
labeling resulted in a highly heterogeneous Additionally, both 32- and 34-monomer double
sample consisting of double disk complexes disk assemblies were formed, further in-

Figure 3. Monitoring protein assembly dynamics using charge detection mass spectrometry. (A) cpTMV-
S23C-S65-pAF was modified with a-endorphin, a 2 kDa peptide, using the enzyme tyrosinase from
Agaricus bisporus (abTyr). (B) One to two copies of a-endorphin were attached per cpTMV-S23C-565-pAF
monomer as assessed by ESI-TOF mass spectrometry. (C) A comparison of the mass histograms of
unmodified and a-endorphin-modified cpTMV-S23C-S65-pAF disks in 100 mM ammonium acetate
solution shows a clear difference in size of approximately 90 kDa. A mixture of the unmodified and a-
endorphin-modified disks in 100 mM ammonium acetate solution (D) immediately after mixing and (E)
incubated at rt 3 days after mixing displays two distinct populations that do not equilibrate over time.
For (D) and (E), both a window showing only the two-disk stack and a larger window showing higher
stacking stoichiometries are displayed. A statistical analysis of the intact disk distributions based on the
monomer % modification is shown in Figure S5.

creasing the heterogeneity of the sample. These Supporting Information (Figure S4) and shows
modifications and other molecular variables the broad occupancy of m/z space that results
result in a mixture of 6540 possible unique from such a heterogeneous sample. Statistical
assembly masses that does not include analysis based on the relative abundances of
contributions from stable isotopes and adducts each monomer type was used to calculate
which increases the number substantially. An m/ expected theoretical mass centroids of 590 kDa
z spectrum generated from the same data as for the unlabeled 34-mer and 680 kDa for the
Figure 3E, which contains a mixture of a- labeled 34-mer, resulting in an expected mean
endorphin-labeled and unlabeled cpTMV-S23C- difference of 89.9 kDa between a-endorphin-
S65-pAF assemblies, is included in the labeled and unlabeled samples. The calculated
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centroid values match relatively well with the
observed mass histograms shown in Figure 3C
of the unmodified and modified samples,
respectively (Figure S5), slightly
underestimating the mass of the modified
sample. Despite the expected increase in peak
width for these samples due to heterogeneity,
the two different populations are clearly
resolvable, making it possible to monitor any
monomer exchange. It is also unlikely that these
structures would be differentiated using
conventional high resolution mass spectrometry
owing to the high heterogeneity of these TMV
solutions due to the presence of multiple
assembled states, salt adduction, and
incomplete desolvation, which results in
congested m/z spectra (Figure S4).

A solution of the mixture of labeled and
unlabeled complexes was monitored for changes
in mass distribution over time. Directly after
mixing the two samples, two distinct
populations were seen for both double-layered
disks (with centroids for the 34-mer at 590 and
690 kDa, respectively) and for 4-layer disk
stacks composed of 68 monomers (Figure 3D).
The two cpTMV populations in the mixed sample
remained distinct after 3 h and 72 h (Figure 3E,
Figure S6). This indicates that, on the timescales
used for typical excited state energy transfer
experiments, with samples being measured at
room temperature for several hours (or kept at 4
°C or frozen for longer periods), there is no
significant exchange of monomers between
disks. A secondary result of this experiment
monitoring the assembly state of cpTMV over
time indicates that TMV may have a propensity
to stack into larger complexes the longer it is in
solution, as evidenced by the appearance of
higher MW species after 3 h and 72 h than after
initial mixing. While it is possible that variation
in the electrospray ionization process may
account for some of the observed increase of
higher MW species, the label-specific stacking
preference is visible even for larger stacks,
suggesting that the formation of these
structures is favored under the conditions and
timescales used in this study. The larger stacks
that are formed in solution after 72 h also show
a label-specific preference, indicating that their
formation in solution is favored over structures
consisting of both Ilabeled and unlabeled
subunits on this timescale. This intrinsic stability
may also contribute to the observation of no
exchange for the smaller assemblies even over
several days.

Distinguishing between cpTMV
conformational states of similar mass. One
goal of the TMV-based light harvesting model is
to measure energy transfer between laterally
joined cpTMV disks (Figure 4A), imitating
adjacent light harvesting complexes within the
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membranes of photosynthetic organisms. We
sought to distinguish between this peripherally
joined configuration and four disk stacks of
cpTMV protein complexes of nearly identical
molecular weight using CDMS. To create an
assembly with peripherally connected cpTMV
disks, we engineered a cysteine residue onto a
surface-exposed position on the periphery of the
cpTMV double disk (red residues in Figure 4A-B).
When exposed to air, these thiols can form
disulfide bonds with  neighboring  disk
assemblies, as has been observed for a cysteine
mutation in an analogous position on rTMV.®
While we have depicted these conjugated
assemblies as parallel to one another in Figures
4A, E, and F to distinguish them from the
stacked assembly state, it is likely that there is
some flexibility in the disulfide linkage joining
the two protein assemblies such that the two
bonded complexes are not necessarily parallel
to one another. When two double-disk cpTMV
assemblies are linked via these peripheral
disulfide linkages, they would be expected to
form an assembly of ~1.2 MDa with a difference
of only a few Da between disulfide-bonded
complexes and stacks of four disks as shown in
Figure 4B. This small difference relative to the
large complex mass makes the two species
impossible to differentiate on the basis of mass
alone. Because CDMS measures both the mj/z
and charge of each individual analyte ion
independently, species with the same mass can
be differentiated based on their charge state.
While the two conformations of four disks are
nearly identical in molecular weight, their
charge states are expected to differ significantly
because the apposed assembly of two disulfide-
bonded disks (with approximate dimensions of 5
nm x 18 x 36 nm) has a significantly larger
surface area available for charging than vertical
stacks of four disks (with approximate
dimensions of 10 nm x 18 nm x 18 nm). A CDMS
histogram for the cpTMV-S65C mutant exhibits a
greater proportion of larger disk stoichiometries
per assembly than other cpTMV mutants,
indicating that the mutation either promotes
disk stacking and/or peripheral disulfide bonding
(Figure 4C). To support that the species with
higher charge in the cpTMV-S65C sample was
the expected disulfide-bonded complex, we
treated the sample with a reducing agent, TCEP,
and monitored the charge vs. mass ratio of the
sample over time. After 1.5 h, nearly all of the
assemblies containing greater than four disks
had disappeared (Figure 4D). Additionally, a
sample identical but without the peripheral
cysteine mutation, cpTMV-5S65, did not have as
high a proportion of higher mass species as
cpTMV-S65C and did not have an appreciable
depletion of higher mass species upon
treatment with TCEP (Figure S7A-B).
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Figure 4. Distinguishing between assembly
states of nearly identical mass using CDMS. (A)
The cpTMV-S65C mutant can both form disulfide
bonds at the disk’s periphery and (B) assemble
into stacks of four disks, resulting in two
structures with a nearly equal mass at 1.2 MDa.
The location of the S65C mutation is shown in
red. (C) A mass histogram of cpTMV-S65C in 100
mM ammonium acetate solution oxidized in air
displays assemblies with even-numbered disk
stoichiometries varying from two to twelve disks
per assembly. (D) After reduction with 1 mM
tris(2-carboxyethyl)phosphine (TCEP) for 1 h,
there is a decrease in the proportion of larger-
sized assemblies of cpTMV-S65C. (E) A two-
dimensional mass vs. charge histogram of air-
oxidized cpTMV-S65C in 100 mM ammonium
acetate  solution  displays two  distinct
populations at 1.2 MDa above and below the
Rayleigh limit (red line). It also shows broad
charge distributions for species with greater
than four disks which indicate a mixture of
different stacked and edge-on conformers. (F)
After treatment with TCEP for 1 h, populations
larger than four disks were no longer visible,
and only a small population of the higher
charged species at 1.2 MDa remained, indicating
that this is the peripherally disulfide bonded
species.
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While the two populations of peripherally
bonded versus stacked complexes cannot be
distinguished by mass alone, a two-dimensional
mass vs. charge histogram of a cpTMV-S65C
sample in Figure 4E shows two distinct
populations at ~1.2 MDa that are differentiated
by ~13 charges (expanded view provided in
Figure S8). The stacked disk structure likely
corresponds to the population with charge
states below the Rayleigh charging limit (red
line in Figure 4E), and the peripherally bonded
disk structure to the population with charge
states above the Rayleigh limit, a characteristic
that typically indicates an assembly that
deviates from a globular (spherical) structure.
The higher-charged species at 1.2 MDa was also
depleted after treatment with TCEP, though
some of this species was still visible (Figure 4F).
In contrast, cpTMV-S65 did not exhibit multiple
charge states at 1.2 MDa and higher masses,
either before or after treatment with TCEP
(Figure S7C-D). This provides evidence for the
identity of the higher charged species as two
double-layered disks bonded via disulfides at
their periphery and shows how multiple
assembly configurations can be distinguished
using CDMS. There is also a bimodal charge-
state distribution for the ~600 kDa complex.
The distribution centered at ~40 charges is too
far below the Rayleigh limit for a globular
structure formed directly from solution. This
indicates that this population is likely formed by
gas-phase dissociation of a higher-order
structure of the peripherally bonded complexes,
consistent with the absence of this population in
the cpTMV-S65 data (Figure S7C-D). The
observation of some dissociation products
despite very soft instrument conditions indicates
that the interactions between the two double
disks are weak, consistent with a limited contact
patch between the assemblies. The dissociation
occurs with symmetric charge partitioning
between products, consistent with prior results
where symmetric dissociation occurs for weakly
bound complexes under low energy excitation
conditions.>?

TMV  stacking stoichiometries in
different buffer solutions. Due to the
sensitivity of TMV’s assembly state distribution
to buffer conditions, we additionally sought to
understand whether the assembly state
distribution of TMV particles was affected by
buffer identity. The 10 mM NaPhos, pH 7.2 buffer
is typically used for the chemical modification of
proteins and for the purification and storage of
TMV particles due to its buffering capacity and
biological compatibility.®*®* Recombinant TMV
particles (rTMV) consisting of monomers with a
sequence identical to wtTMV, but lacking N-
terminal acylation, were expressed and
assembled in E. coli. rTMV particles in 10 mM



sodium phosphate (NaPhos) were then
compared to rTMV exchanged into a volatile
buffer of the equivalent ionic strength preferred
for mass spectrometry, 18.2 mM ammonium
acetate (AA). The versatility of CDMS with
respect to sample heterogeneity combined with
the use of submicron ESI emitters that reduce
the extent of non-volatile adducts®*® made it
possible to acquire CDMS mass histograms from
each of these solutions (Figure 5A-B). In each of
these solutions, rTMV forms even-numbered
stacks as expected based on previously
determined structures. However, significant
populations of stacks of 3 or 5 disks at ~900
and ~1500 kDa were also present, a stacking
stoichiometry that has not been observed
previously for rTMV. Differences in relative ion
count between numbers of disks per stack were
observed between the protein solutions in AA
and NaPhos, with the solutions in NaPhos
appearing to have a greater proportion of
higher-order stacks, particularly for the 5-disk
stack.

These differences illustrate the utility and
importance of CDMS and submicron emitters in
analyses from non-volatile buffers and indicate
that buffer identity can influence TMV stacking
stoichiometries. These data were collected on
the same day under identical instrumental
conditions to preclude differences in mass
distribution due to mass and instrumental
biases; however, some variation between the
two spectra may be due to environmental
factors. Salt adduction and baseline noise are
also more pronounced in NaPhos buffer than AA
solution, indicating that AA can be preferable for
resolving finer differences in mass distributions,
such as those shown in Figures 2 and 3. Under
denaturing conditions, a mass spectrum of the
rTMV  monomer showed that the mass is
homogeneous (Figure S1), indicating that the
different populations observed using CDMS were
due to differing assembly states of identical
monomers rather than monomer heterogeneity.

| ammonium acetate buffer

B 0 500 1000 1500 2000 2500 3000 3500 4000
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sodium phosphate buffer
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Figure 5. Odd-numbered stacks of disks in
recombinant tobacco mosaic viral capsids
(rTMV). Mass histograms of rTMV capsid ions
formed by electrospray from (A) 18.2 mM
ammonium acetate pH 7 and (B) 10 mM sodium
phosphate pH 7.2 solutions display different
ratios of number of disks per stack, with a single
disk having a molecular weight of 300 kDa. (C) A
representative TEM image of rTMV in 18.2 mM
ammonium acetate pH 7 shows many disks on
their faces with a few larger stacks. (D) A
representative TEM image of rTMV in 10 mM
sodium phosphate pH 7.2 shows several
examples of odd-numbered stacks of rTMV
disks. Inlays show stacks with odd numbers of
layers (3 and 5 disks per stack). A collection of
images can be found in Sl Figure S9.

In order to determine whether the odd-
numbered stacking behavior occurred as a
result of non-specific aggregation during the
electrospray ionization (ESI) process or in
solution before ESI, we evaluated rTMV in each
buffer solution using negative staining and
transmission electron microscopy (TEM). TEM
images of rTMV were consistent with CDMS
observations, with even- and odd-numbered
stacks of disks of varying stoichiometry
observed in side views of rTMV assemblies
(Figure 5C-D; a collection of images can be
found in Figure S9). Multiple clear examples of
odd-numbered disk stacks were observed in
NaPhos buffer (Figure 5D, inlays), illustrating
that these structures were present in solution
and did not form as a result of non-specific
aggregation in the ESI process. A crystal



structure of the fourlayered aggregate of
wtTMV indicates that the four-disk stacks are C.
symmetric about their center,?? and solved
stacked disk structures of additional TMV
mutants also exhibit C, symmetry.}*>* While
neither CDMS nor TEM was able to resolve the
facial directionality of the individual disks
comprising the odd-numbered stacks, they
cannot be in fully C; symmetric arrangements.

CONCLUSIONS

This work has used CDMS to identify
previously unrecognized assembly states of
particles derived from TMV, including stacks of
disks containing 16 monomers and odd-
numbered stacks of disks that necessarily
cannot exhibit C; symmetry. It has also further
emphasized the importance of developing
techniques for studying large protein complexes
in their native buffers, as buffer exchange can
influence the ratio of assembly states present in
heterogeneous protein complex solutions. In
addition to providing precise mass
measurements and proportional estimates of
multiple assemblies present in heterogeneous
solutions, measuring charge and m/z in tandem
allowed for differentiation between species of
near identical mass but with different
configurations. CDMS also allowed us to probe
the possibility of an exchange of monomers
between assembly structures in solution and
was used to determine that dissociation of
assembled TMV complexes into monomers is
minimal under the conditions and time periods
studied.

The precise morphology, stoichiometry, and
arrangement of monomers within quaternary
protein structures have broad implications for
their function. In the context of TMV, its
morphology has been demonstrated to affect its
drug delivery capability!® and has implications
for the development of biosensing or light
harvesting materials utilizing TMV monomers.
Measuring multiple assembled states of TMV
present in solution can be accomplished quickly
and with minimal protein preparation using
CDMS, allowing for the rapid testing of multiple
conditions and even time-course experiments.
These observations will inform the continued
development of light-harvesting models based
on mutants of TMV. In addition, the techniques
described herein using CDMS are expected to
have broad utility for the  detailed
characterization of heterogeneous populations
of large protein complexes.

EXPERIMENTAL SECTION

Synthesis of rTMV and cpTMV mutants.
Synthesis of rTMV and cpTMV mutants was
performed as described elsewhere 819435355
Briefly, for rTMV and cpTMV mutants not
containing non-canonical amino acids, BL21-

9

Codonplus (DE3)-RIL cells were transformed with
the appropriate pET vector, and colonies were
selected for inoculation of Terrific Broth cultures.
Cultures were induced with 30 pM isopropyl- -D-
thiogalactopyranoside (IPTG) at an ODegoo of 0.6-
0.8 and allowed to grow 14-18 h at 20 °C before
harvesting cell pellets and storing them at -20
°C. For cpTMV mutants containing non-canonical
amino acids, DH10B cells were co-transformed
with the appropriate pBAD-cpTMV and pDule-
pAF or pDule-3NY vectors, and colonies were
selected for inoculation in autoinduction media.
At an ODgyw of 0.6-0.8, 1 mM p-amino-L-
phenylalanine (pAF or 3NY) was added and the
culture was allowed to grow 18 h at 37 °C. For
both rTMV and cpTMV, cell pellets were
collected at 8000 rpm for 30 min and stored at -
20 °C until purification. For purification, cell
pellets were resuspended in 10 mL lysis buffer,
20 mM triethanolamine (TEA) pH 7.2 and lysed
by sonication with a 2 s on, 4 s off cycle for a
total of 10 min using a standard disruptor horn
at 65% amplitude. The resulting lysate was
cleared at 14,000 rpm for 30 min. The
supernatant was treated with 30-40% volume of
saturated ammonium sulfate and allowed to
rotate for 10 min at 4 °C. The precipitated
protein was collected at 11,000 rpm for 30 min
and resuspended in 10 mL lysis buffer, then
dialyzed in 1 L lysis buffer overnight with at
least one buffer exchange. The resulting protein
solution was treated with 5 mL benzonase and 4
mg MgCl, at room temperature for 30 minutes
and purified using a DEAE column with a 0 - 180
mM NaCl gradient elution in 20 mM TEA buffer,
pH 7. Further purification was performed using a
Sephacryl S-500 column in 10 mM NaPhos pH
7.2 elution buffer. Purity and general assembly
state were confirmed by SDS-PAGE, ESI-TOF LC-
MS, and HPLC-SEC.

Preparation of rTMV and cpTMV
samples for CDMS analysis. Preparation of
rTMV and cpTMV samples was conducted as
described previously.®* TMV assemblies were
thawed and then exchanged into the
appropriate buffer for subsequent analysis via
repeated buffer exchange and concentration
using 100 kDa MWCO centrifugal filters.
Samples were adjusted to a protein
concentration of 0.5 mg/mL protein and filtered
through a 0.22 um filter prior to analysis.

TMV mixing experiments. For
experiments mixing populations of a-endorphin-
labeled and unlabeled cpTMV, samples were
mixed to a final concentration of 0.5 mg/mL
protein (0.25 mg/mL of each individual sample)
in 100 mM ammonium acetate. The sample was
then incubated at room temperature
undisturbed indefinitely. CDMS measurements
were recorded directly after mixing and at



subsequent time intervals of 3 hours and 3
days.

Procedure for labeling of cpTMV-S23C-
S65-pAF with a-endorphin. Enzyme-
catalyzed modification of cpTMV-S23C-S65-pAF
with a-endorphin was conducted according to
literature procedure for with slight
modifications.’®*!  The protein was first
exchanged into the reaction buffer (10 mM
sodium phosphate, pH 7.2). To 100 pL of a-
endorphin (250 pM) was added 400 nM
tyrosinase from Agaricus bisporus (abTyr),
followed by 50 uM protein. The reaction mixture
was briefly agitated and then incubated in 1.5
mL Eppendorf tubes at room temperature. After
2 h, the reaction was quenched with 1 mM
tropolone and incubated for 5 min. Excess
peptide and abTyr were removed via repeated
centrifugation through 100 kDa molecular
weight cutoff filters. The protein conjugates
were analyzed with MS to measure modification
levels of monomers.

Reduction of disulfide bonds of cpTMV-
S65C. To a 0.5 mg/mL (22 pM) cpTMV-S65C
solution in 100 mM ammonium acetate was
added 1 mM tris(2-carboxyethyl)phosphine
(TCEP). The reaction was allowed to incubate at
least 1 h at room temperature, and no
subsequent buffer exchange was performed
before CDMS analysis.

Charge detection mass spectrometry.
Individual ion mass measurements are obtained
using a home-built charge detection mass
spectrometer that is described in detail
elsewhere. 4647 lons are formed by
nanoelectrospray ionization from borosilicate
capillaries (1.0 mm outer diameter, 0.78 mm
inner diameter) with tips pulled to an inner
diameter of 0.5-2.0 um using a Flaming/Brown
P-87 micropipette puller (Sutter Instruments,
Novato, CA) with smaller diameter tips (0.5-0.6
pm) used to reduce non-volatile salt adducts
from solutions  other than ammonium
acetate.®®*® lons are introduced into the
instrument through a modified Waters Z-Spray
source (Waters Corporation, Milford, MA) and
enter a region containing two rf-only quadrupole
ion guides where they are accumulated for up to
1 s. lons are then pulsed into an electrostatic ion
trap containing a charge detection electrode at
a pressure of ~3 x 10° Torr where they are
analyzed for 1 s. Typically, several ions are
simultaneously trapped and analyzed to reduce
the time required to acquire a statistically
significant number of individual ions. All
experiments in this work required <1 h of data
acquisition, with most experiments requiring
~15-20 min to accumulate ion counts. Trapped
ions repeatedly induce charge on the detector
and the individual oscillation frequencies and
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amplitudes are used to determine the mj/z,
charge, and mass of each individual ion. lon
signals are amplified by a CoolFET charge-
sensitive preamplifier (Amptek, Bedford, MA)
and pass through a custom-built filter stage that
removes noise and further amplifies signals.
Signals are analyzed using short-time Fourier
transform (STFT) methods,”” with 50 ms
segment lengths stepped across the transients
in 5 ms increments. Only ions trapped for the
entire 1 s trapping period (>75% of all ions)
were included in the analysis. The resolution
expected for a 1 s data acquisition depends on
the inherent sample heterogeneity and
instrument performance; a detailed analysis of
these factors for the same instrument used in
this work is given elsewhere.*?

Procedure for generating cpTMV
homology model. For visualization purposes, a
homology model of cpTMV containing all amino
acid residues was generated based on the
crystal structure of cpTMV (PDB code 3KML)®3
and the crystal structure of wtTMV (PDB code
1EI7),%2 both obtained from the Protein Data
Bank. Initial structural preparation was
conducted using Pymol, Version 2.4.2.%® First, a
monomer of wtTMV was superimposed on a
monomer of cpTMV, and the residues resolved
in the crystal structure of wtTMV but not cpTMV
(residues 92-110 of wtTMV and 1-12, 154-161
of cpTMV) were fused to the unresolved N- and
C-termini of cpTMV. The bond between residues
99 and 100 of wtTMV was then cleaved in silico
and an N-terminal glycine was added to produce
the N- and C-termini of cpTMV. Following this,
cpTMV was symmetry expanded to create the
double disk assembled structure consisting of
two C,-symmetric disks, each containing 17
monomers. The Schrddinger Maestro package
(version 2022-1)*° was used for subsequent
structural preparation and molecular dynamics-
based side chain minimizations. The Desmond
system builder was used to solvate the double
disk structure in an orthorhombic box with
periodic boundaries at 10 A from the protein of
water molecules described using the TIP3P
model,®%®! neutralized with sodium ions, with the
addition of 150 mM NaCl in an OPLS4 force
field.®2 A molecular dynamics
simulation/minimization was performed with an
NPT ensemble of T = 300 K, P = 1 bar, a
Coulombic cutoff radius of 9.0 A, and a 100 ps
simulation time with sampling time of 5 ps. This
short simulation time was chosen to relax
sidechain and solvent interactions for the
protein representations shown herein, but not
alter the overall quaternary structure of the
assembly. The pressure control was applied
using the Martyna-Tobias-Klein barostat
method® with a 2.0 ps relaxation time, and the
temperature control was applied using the Nosé-



Hoover thermostat method® with a 1.0 ps
relaxation time. The trajectory was analyzed,
and the lowest energy frame was used as the
homology model.

Theoretical Mass Distribution
Calculations. To calculate expected mass
centroids and distribution for the a-endorphin
modified and/or partially truncated TMV double-
disks, the percentage of the TMV subunit
proteins bearing modifications and/or
truncations were measured from conventional
mass spectra of the unassembled subunits
(Figure 3B). The unmodified, untruncated
subunit has a mass of 17,783 Da. Additions of
up to three a-endorphin (net mass added =
1800 Da) were observed, with 7% unmodified,
34% with one addition, 44% with two additions,
and 15% with three additions (Figure 3B). Only
one truncated subunit mass was observed
(16,384 Da, a loss of 1,399 Da) at 26% of the
population, with 74% remaining untruncated
(Figure 3B). A simple Python script (included in
the Supporting Information) was used to
simulate the expected net mass added based on
these measured values. The generation of
10,000 34-mer double disks were simulated. For
each subunit in each 34-mer double disk, the
mass added by a-endorphin and/or subtracted
by truncation was randomly chosen via
weighted probability distributions based on the
observed population abundances. The resulting
distribution was then fit using a Gaussian
function to find the mean net mass added or lost
(Figure S5A). Finally, these values were added to
the expected mass of an unmodified,
untruncated 34-mer double disk (604,622 Da)
and the resultant distributions were Gaussian fit
to find the expected mass centroids.
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