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ABSTRACT Icosahedral viral capsids are made of a large number of symmetrically organized protein subunits whose local
movements can be essential for infection. In the capsid of the minute virus of mice, events required for infection that involve
translocation of peptides through capsid pores are associated with a subtle conformational change. In vitro, this change can
be reversibly induced by overcoming the energy barrier through mild heating of the capsid, but little is known about the capsid
regions involved in the process. Here, we use hydrogen-deuterium exchange coupled to mass spectrometry to analyze the dy-
namics of the minute virus of mice capsid at increasing temperatures. Our results indicate that the transition associated with
peptide translocation involves the structural rearrangement of regions distant from the capsid pores. These alterations are re-
flected in an increased dynamics of some secondary-structure elements in the capsid shell from which spikes protrude, and a
decreased dynamics in the long intertwined loops that form the large capsid spikes. Thus, the translocation events through
capsid pores involve a global conformational rearrangement of the capsid and a complex alteration of its equilibrium dynamics.
This study additionally demonstrates the potential of hydrogen-deuterium exchange coupled to mass spectrometry to explore in
detail temperature-dependent structural dynamics in large macromolecular protein assemblies. Most importantly, it paves the
way for undertaking novel studies of the relationship between structure, dynamics, and biological function in virus particles
and other large protein cages.
INTRODUCTION
Non-enveloped virus particles include multiple copies of
one or a small set of proteins organized in a highly symmet-
rical capsid that encloses the viral genome. The structures of
these large macromolecular assemblies at the atomic level,
obtained mainly by x-ray crystallography or cryo-electron
microscopy, have contributed enormously to the under-
standing of these complex biological systems (1–3). How-
ever, the structures depicted by these techniques may be
somewhat deceptive. Viruses are not a static ensemble of
atoms with a fixed position over time, but highly dynamic
structures that constantly fluctuate around an average
conformation as a result of thermal energy. These fluctua-
tions are commonly termed ‘‘breathing’’ and represent an
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important feature in virus dynamics, playing a role in the
infection process (1). In addition to these fluctuations,
changes in physicochemical conditions or the action of spe-
cific biomolecules in vivo can lead to structural transitions
between different states separated by an energy barrier
(1,4–6). Characterization of these and other biologically
relevant structural transitions requires specific physico-
chemical conditions, such as a particular range of tempera-
tures, that frequently fall beyond the technical limits of
current high-resolution structural methods.

The minute virus of mice (MVM) represents an excellent
model system for studying functionally relevant motions
and rearrangements in large protein complexes. MVM is a
non-enveloped single-stranded DNA (ssDNA) parvovirus
with a T ¼ 1 icosahedral capsid made of 60 equivalent sub-
units (VP1, VP2, and VP3) that share the same sequence and
fold (Fig. 1 A). The only difference between the subunits is
the length of their structurally disordered N-terminal seg-
ments (Nts) (7). VP2 is the most abundant capsid protein.
VP1 is an extended form of VP2 and has a longer Nt,
whereas in VP3, the Nt of VP2 has been shortened by
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FIGURE 1 MVM capsid and HDX-MS experimental setup. (A) The MVM capsid structure (PDB: 1Z14 (17)) exhibits an icosahedral T¼ 1 symmetry. The

black lines delimit the 60 VP2 subunits. The icosahedral symmetry axes (fivefold, threefold, and twofold) are labeled. (B) Five VP2 subunits (shown as ribbon

models) surround a fivefold axis pore (center) through which translocation of peptide segments and viral DNA occurs during viral infection. The capsid

contains 12 such pores. (C) Native mass spectrum of the intact MVM VLPs. Awell-resolved series of charge states reveals a mass of 3883 kDa, confirming

that the capsid consists of 60 copies of the 64 kDa VP2 capsid protein. (D) Schematic representation of the HDX approach used. The uptake of deuterium by

the capsid protein backbone is monitored as a function of time at varying incubation temperatures around the transition temperature. To see this figure in

color, go online.
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proteolytic cleavage during virus entry into a host cell. The
Nts of VP2 and VP1, initially buried in the capsid, contain
molecular signals that are required during various stages
of the infection cycle. They are externalized through capsid
pores located at the fivefold symmetry axes (Fig. 1 B)
(8–14). These pores are also involved in packaging and ejec-
tion of the viral ssDNA (15,16).

Recombinantly expressed VP2 capsid proteins are able to
assemble into DNA-free virus-like particles (VLPs) that are
structurally indistinguishable from natural empty MVM
capsids, except for the absence of the disordered VP1 Nts
(17). These VLPs represent an excellent model system to
explore the structural determinants of MVM capsid assem-
bly and its physical properties and function (16–26). By
excluding the VP1 Nts, these VLPs facilitate specific struc-
tural investigation of the biologically required externaliza-
tion of VP2 Nts. This event is triggered in vivo by DNA
encapsidation (14), but can also be mimicked in vitro by
mild heating of the VLPs to >~46�C (18,19). The transition
causes a reversible cooperative conformational rearrange-
ment that involves slight changes in the degree of solvent
exposure of some tryptophan residues that can be measured
1158 Biophysical Journal 112, 1157–1165, March 28, 2017
by spectrofluorometry (19). Previous attempts to charac-
terize this conformational rearrangement by conventional
methods, however, have been hampered by the required
heating conditions.

Hydrogen deuterium exchange coupled to mass spec-
trometry (HDX-MS) (27–32) has been previously used
to probe the dynamics of virus capsids at equilibrium
(33–39). However, to our knowledge, HDX-MS had not
been used to probe and structurally characterize conforma-
tional transitions in virus particles or other large protein-
based complexes. In this work, we apply HDX-MS to
study the conformational rearrangement in the MVM
capsid and probe temperature-dependent variations in
capsid dynamics.

First, we study capsid dynamics at 0�C and show that
structural elements important for virus infectivity, such as
the pore region or the Nts, present the fastest exchange. Sec-
ond, we monitor the deuterium uptake at increasing temper-
atures to determine region-specific temperature-dependent
changes in capsid dynamics. Our results show that the coop-
erative transition required for viral infection and associ-
ated translocation events through the capsid pores is not
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constrained to the vicinity of the pores but involves a global
cooperative rearrangement of the capsid.
MATERIALS AND METHODS

Expression and purification of VLPs of MVM

Bacmid BM-VP2 (19) was used for the production of VLPs of MVM in H-5

insect cells. VLPs were purified as previously described (18), with minor

modifications. VLP preparations were extensively dialyzed against phos-

phate-buffered saline. Capsid purity and integrity were assessed by electro-

phoresis and electron microscopy.
Spectrofluorometry of VLPs

The heat-induced conformational transition of the VLP associated to Nt

externalization was initially probed by following the variation in intrinsic

Trp fluorescence in thermal gradients, as previously described (19). Revers-

ibility of the conformational rearrangement was ascertained by repeated

fluorescence analysis after heating to a controlled maximum temperature

(60�C) and cooling. Capsid dissociation was observed only at high

(75�C) temperatures (19).
Native MS

Native MS samples were prepared by exchanging the buffer in which puri-

fied VLPs were obtained for aqueous ammonium acetate using multiple

concentration and dilution steps with a centrifuge filter (Millipore, Biller-

ica, MA). For the experiments shown in Fig. 1, samples were prepared in

100 mM ammonium acetate (pH 7.4) and kept on ice. For control experi-

ments under HDX conditions, samples were heated at 60�C in water and

spectra were acquired at multiple time points. Before injection into the

mass spectrometer, low amounts (<25 mM) of triethylammonium acetate

were added. MS experiments were performed on a modified QToF II

(MS Vision, Waters, Elstree, United Kingdom) (40), operating at 10 mbar

source pressure, 1300–1500 V capillary voltage, 100 V cone voltage, and

300 V collision energy with 2 � 10�2 mbar pressure in the collision cell

using xenon as the collision gas (41). Tandem MS experiments were ac-

quired by full envelope selection and fragmentation using a 400 V potential

over the collision cell. Aliquots of the samples (at ~2 mMmonomer concen-

tration) were introduced in the mass spectrometer through nano-electro-

spray ionization using gold-coated boro-silicate capillaries produced in

house. All data were analyzed using Masslynx 4.1 software (Waters).
Hydrogen-deuterium exchange MS

Fluorometry studies showed that the structural transition is complete for

most of the particles within 5 min at >50�C (19). Aliquots of MVM VLPs

of 3 mg/mL and D2O (99.99% deuterium content) were heated separately

at different temperatures (25, 37, 45, 50, 55, and 60�C) for 5 min before

the start of the exchange reaction. The exchange reaction was initiated by

addition of the D2O (50-fold dilution, 98% of deuteration) and heating was

maintained during the reaction. Reactions were quenched at set time points

(10, 30, 60, 600, 1800, 3600, and 14,400 s) by rapid addition of ice-cold

quench solution (mixing to a final concentration of 100 mM TCEP and

2 M guanidine HCl (pH 2.5)). Immediately after quenching, the samples

were injected into a Waters HDX/nanoAcquity system for digestion on an

online pepsin column operating at 100 mL/min and 25�C, followed by sepa-
ration on a 10 min reverse-phase ultra-performance liquid chromatography

gradient at 0.5�C and MS on a Waters Xevo QToF G2. For the chromatog-

raphy, the aqueous component used was 0.1% (v/v) formic acid in water

set to pH 2.5 and the organic componentwas 0.1% (v/v) formic acid in aceto-

nitrile. Acquisition of HDX of MVMwithout heating was performed identi-
cally, but samples were incubated on ice (at 0�C). All experiments at all

temperatureswere performed in triplicate. Identification of peptideswas per-

formed by dilution inH2O and usingMSE data acquisition. Eighty-three pep-

tides covering 80% of the sequence were identified for the experiments

performed at 0�C (see the complete VP2 sequence in Fig. S1 in the Support-

ingMaterial). ForVP2 regions covered bymore than one peptide, the criteria

were that the shortest peptides would be selected for the analysis, always

ensuring that redundant information was consistent. This led to a subset of

51 peptides representing the same 80% sequence coverage. For the experi-

ments performed at increasing temperature, 69 different peptides could be

identified (over the entire temperature range), with a sequence coverage of

70%.Using the same selection criteria as stated above, a subset of 35peptides

was used for the analysis (peptides marked with solid circles in Fig. 2 A).

Data for peptide identification were processed with ProteinLynx Global

Server 2.5 software. Deuterium uptake was calculated compared with the

control samples in H2O using Waters DynamX 3.0 software.
MS under denaturing conditions

To acquire spectra of denatured VP2, samples were introduced in the Wa-

ters HDX/nanoAcquity system without pepsin digestion. Spectra were de-

convoluted using the MaxEnt algorithm in Masslynx 4.1 software (Waters).
Uptake plots

The total number of exchangeable backbone amide hydrogens was calcu-

lated by subtracting the Nt and the number of prolines from the peptide

length and multiplying it by 0.98 (percentage of deuterium in the solvent).

Profiles were fitted without considering back exchange or artifactual in-ex-

change (burst phase), as previously done by Monroe et al. (39). Back-

exchange levels appeared to be grossly independent of the incubation

temperature of the samples, as we verified using standard peptide mixtures

(see Fig. S2).

Fitting of the uptake curves to the two-exponential equation (D ¼ N �
A1exp(�k1t) � A2exp(�k2t)) was not successful, since for some of the pep-

tides, the values from the fitting (k1, k2, A1, and A2) did not converge and

significant data could not be obtained. Therefore, we decided to base our

analysis on the different deuteration levels that were reached over time at

increasing temperatures. The number of exchanged amide hydrogens at

4 h was normalized to the total exchangeable amides (N4h/NTOTAL) and

plotted against temperature. We limited our analysis to 4 h because data

at 18 h time points (data not shown) showed great variation among the tech-

nical replicates. Nonetheless, native MS at 60�C for>5 h confirmed the sta-

bility of the particles under HDX-MS conditions. Capsid dissociation

occurs only at a temperature of 70–80�C (18,19). All uptake plots can be

found in the Supporting Material (Figs. S6–S8).
Data fitting to a two-state transition

The transition temperature was determined by fitting the data to a two-state

transition (19). Thermodynamic parameters (TM and DHǂ
Tm) were obtained

by nonlinear fitting of the experimental number of deuterons or fluores-

cence intensity, as previously done by Carreira et al. (19) (see Note S1 in

the Supporting Material). For HDX-MS experiments, all peptides showing

a linear increase in uptake were fitted, and the ones showing r2 values of

0.99 or higher (11 peptides) were used for calculation of the average Tm.

The values of the transition enthalpy (DHTm) were subjected to large errors

that hampered an accurate estimation.
Circular dichroism (CD) spectroscopy

CD measurements were carried out using a Jasco-600 spectropolarimeter

equipped with a Neslab RTE-100 computer-operated temperature control
Biophysical Journal 112, 1157–1165, March 28, 2017 1159
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FIGURE 2 Deuterium uptake by theMVM capsid at 0�C. (A) Uptake of deuterium for a selection of peptides at different time points expressed as a fraction

of the maximal uptake. Circles indicate the peptides used for the analysis at increasing temperature. The circle color indicates the level of uptake after 1 h: red

(high uptake), green (medium uptake), and blue (low uptake). (B) Mapping of the peptide uptake levels after 1 h on the capsid structure. For simplicity, only

five subunits surrounding a capsid pore (center) are represented. The levels of exposure from the highest to the lowest percentage are colored red, white, and

blue, respectively. Capsid regions that could not be probed are shown in yellow. Squares indicate some of the most dynamic regions of the capsid, with pep-

tide 153–164 located around the pore (central square) and peptide 422–429 at the threefold axis spikes (peripheral squares). To see this figure in color, go

online.
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unit. Purified MVM VLP preparations at a protein (monomer) concentra-

tion of 2.6 mM in phosphate-buffered saline were used. Thermal experi-

ments were carried out using the temperature scan mode and measuring

the ellipticity in the far-ultraviolet range at 215 nm. A temperature scan

rate of 20�C/h, a response time of 2 s, and a band width of 1 nm were

used. Temperature was monitored by a thermocouple in the cuvette holder

block.
RESULTS AND DISCUSSION

The general workflow of the temperature-dependent HDX
experiments described in this article is shown in Fig. 1 D.
Overall, the approach is similar to most other HDX experi-
ments but includes additional sample preparation and data
analysis steps. Before HDX analysis, we verified both the
composition and stoichiometry of the purified VLPs using
native MS (Fig. 1 C). In these spectra, a well-resolved series
of charge states was detected around 30,000 m/z, which was
assigned to a mass of 3883.05 0.8 kDa, corresponding well
with the expected mass of 60 copies of the monomeric VP2
protein, 3877.9 kDa. The mass of the VP2 monomer was
determined by liquid chromatography MS under denaturing
conditions (Fig. S3 B). The oligomeric state was addition-
ally confirmed using tandem MS experiments (Fig. S3 A).
Having verified the integrity and purity of the VLPs, we per-
formed HDX analysis (Fig. 1 D). Samples stored in proti-
ated buffer were heated in parallel with a volume of D2O
for 5 min. The solutions were subsequently mixed at a
ratio that reached 98% deuterium content and continuously
1160 Biophysical Journal 112, 1157–1165, March 28, 2017
heated over different periods of time during which backbone
amide hydrogens could exchange with deuterium from the
buffer. After stopping the reaction with a quench solution,
proteins were denatured, reduced, and digested and this
mixture was loaded onto a high-performance liquid chroma-
tography system. The peptides that resulted from the diges-
tion were separated and analyzed by the coupled mass
spectrometer, after which the deuterium uptake time courses
were measured.
Breathing of the MVM capsid

In previous structure-function studies, mutant MVM
particles were compared with wild-type particles using
spectrofluorometry, atomic force microscopy (AFM), and
infectivity assays (20,25). Mutation of residues located
around the base of the fivefold axis pores abolished viral
infectivity, impaired the transition observed by fluorometry,
and showed a highly increased mechanical stiffness at the
pore regions (20,25). Other studies showed that viral ssDNA
segments bound to the capsid inner wall in the native MVM
virion confer a higher resistance to thermal inactivation of
its infectivity by increasing the mechanical stiffness of the
capsid around the twofold and threefold axes (relative to
mutant virions in which some of the capsid-DNA interac-
tions had been removed) (21–23,26). This biologically ad-
vantageous stabilization of the virion was achieved while
preserving the limited mechanical stiffness of the capsid
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around the fivefold axis pores, which is essential for virus
survival. These results indicated that the distribution of me-
chanical stiffness and variations in capsid conformational
dynamics are essential for virus survival. However, the
structural elements involved in functionally relevant confor-
mational transitions had not been investigated.

To directly investigate the equilibrium dynamics (‘‘breath-
ing’’) of different regions of the MVM capsid in a basal
state (before the conformational transition), we per-
formed HDX-MS experiments at 0�C without prior heating
(Fig. 2). The results provided a high-resolution map of the
level of exposure to solvent of different capsid regions over
time, revealing different kinetics in the regions represented
by different peptides (Fig. 2 A). We classified the capsid pep-
tides into three different groups according to their level of
deuterium uptake after 1 h: 0–15% (blue circles), 16–34%
(green circles), and 35–100% (red circles). Fig. 2 B shows
the deuterium uptake level after 1 h, color-coded on the crys-
tal structure of theVLP (PDB: 1Z14) (17). Themost dynamic
capsid regions correspond to the Nts of the capsid protein
subunits (located at the capsid interior and not visible in the
crystal structure), some highly exposed loops at the tips of the
threefold spikes and, interestingly, the structural elements
forming the capsid pores at the fivefold axis. These results
provide direct proof for conformational fluctuations at equi-
librium (breathing) in the capsid pore regions that are
involved in translocation events during MVM infection.
Changes in MVM capsid dynamics during
biologically relevant translocation events

Unlike techniques such as fluorescence spectroscopy, which
do not provide any detailed information about the structural
elements and residues involved in the transition, HDX-MS
offers peptide resolution that should permit the identifica-
tion of structural elements involved in structural transitions
in very large protein complexes, even viral particles. To
prove this, we compared the equilibrium dynamics of
different regions of the MVM capsid at different tempera-
tures below and above the transition temperature, TM, of
the conformational rearrangement. Purified VLP aliquots
were incubated for between 10 s and 4 h at six different tem-
peratures (25, 37, 45, 50, 55, and 60�C). An initial examina-
tion of the HDX time-course plots at different temperatures
revealed differences between peptides that suggest region-
dependent variations in dynamics. A representative set of
these distinct behaviors is shown in Fig. 3 A. In the left col-
umn, the time courses of four different peptides are plotted
at each different temperature. In the right column, the rela-
tive uptake after 4 h of incubation (N4h/NTOTAL) is plotted as
a function of temperature. We found that some peptides
were characterized by a rapid exchange rate that was not
dependent on temperature (e.g., 153–164), whereas others
presented increasing deuteration levels at increasing tem-
peratures (e.g., 196–215, 178–195, and 248–255). It should
be noted that for some peptides (e.g., 178–195 and 248–
255), the deuteration level changed at temperatures close
to the reported TM of the capsid conformational change de-
tected by fluorescence and associated with Nt externaliza-
tion through the pores. To test whether those changes in
dynamics could be associated to this transition, we fitted
our HDX data to a unimolecular two-state transition in the
same way that it had been done in the fluorescence spectros-
copy experiments (Fig. 3 C and Note S1 in the Supporting
Material) (19). We found that the TM values obtained by
fluorescence spectroscopy (47.2 5 0.3�C, Fig. 3 B) and
HDX-MS experiments (TM ¼ 48 5 1�C, Fig. 3 C) were
indistinguishable, suggesting that changes in dynamics
around the TM can be used as markers to identify capsid re-
gions that are structurally altered during the transition.

To systematically analyze the different behaviors caused
by the conformational change, we calculated the slope
of the relative uptake plots before (m25–45�C) and after
(m50–60�C) the transition temperature, TM. In this way, we
could classify the peptides in three different groups: 1) pep-
tides presenting the same slope before and after the transi-
tion temperature, corresponding to peptides that expose
most of their amide sites at low temperature or do not
undergo a change in dynamics (e.g., 153–164 and 196–
215); 2) peptides that decrease the slope after the transition,
corresponding to peptides that abruptly reach their fully
deuterated level or decrease their dynamics (e.g., 178–
195); and 3) peptides that increase the slope after the transi-
tion, corresponding to peptides whose amide hydrogens
become exposed at higher temperatures (e.g., 248–255). In
principle, the observed increase in amide exposure of this
last group could be a fingerprint of higher dynamics, but
it could also arise because of a loss of capsid integrity at
higher temperatures. To verify that the capsids would not
fall apart during heating in the HDX buffer, we acquired
native MS spectra of MVM capsids under identical condi-
tions. Even over an extended period of time (>5 h) at
60�C, the spectrum does not appear different from the spec-
trum acquired at 0�C. This corroborated that the integrity of
the particles was not compromised (Fig. S3 C). It was also
important to ascertain that the conformational transition
probed was reversible. Fluorescence assays showed that af-
ter heating and cooling the sample from 27�C to 61�C (wait-
ing 30 min at the highest temperature), particles not only
maintained their integrity but also kept their ability to un-
dergo the temperature-induced conformational change (re-
sults not shown), which corroborates the reversibility of
the process.

To identify which regions undergo the most abrupt
changes in deuterium incorporation after the cooperative
transition, we plotted for each peptide the slope before the
transition (m25–45�C) versus the slope after the transition
(m50–60�C) (Figs. 4 A and S4). With this approach, peptides
showing a similar uptake before and after the transition
would fall close to the region represented by slope m ¼ 1
Biophysical Journal 112, 1157–1165, March 28, 2017 1161
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FIGURE 3 Probing the heat-induced transition of the MVM capsid by fluorescence and HDX-MS. (A) HDX time-course plots of four representative pep-

tides (left) and plots of N4h/NTOTAL as a function of temperature (right). (B) Tryptophan-specific fluorescence of the MVMVLPs as a function of temperature.

Data (circles) were fitted to a two-state transition (solid line). (C) HDX uptake plots of the number of deuterons exchanged at t ¼ 4 h as a function of the

temperature. Data (circles) were fitted to a two-state transition (solid lines). To see this figure in color, go online.
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(Fig. 4 A, solid line); peptides that show an increase in
dynamics after the transition fall above this region, and pep-
tides that show reduced dynamics or reach a fully deuterated
state after the transition fall below it. Peptides presenting
rapid exchange at 0�C (Fig. 3 A, red circles) had slope
values close to 0. Any transition-associated increase in the
equilibrium dynamics of these peptides, which include the
disordered Nts within the capsid and the five long b-hairpins
that delimit each capsid pore, was beyond the range of our
experiments, because exchange was nearly complete even
at the shortest times that could be reliably tested. Peptides
414–429 and 422–429 also belong to this fast-exchange
group but present an abrupt change in slope. They corre-
spond to an exposed loop situated close to the tip of each
threefold, spike and their slope decreases 10-fold after the
transition. However, two-state fittings for these two peptides
suggest that the HDX does not occur at the transition tem-
perature, indicating that a structural change in this loop is
not associated with the global transition. Blue circles corre-
spond to peptides with low uptake at 0�C and green circles
to peptides with moderate uptake at 0�C. Not surprisingly,
peptides presenting an increased dynamics after the transi-
tion fall above the line with slope m ¼ 1 and are blue, and
1162 Biophysical Journal 112, 1157–1165, March 28, 2017
peptides with a decreased dynamics fall below m ¼ 1
and are green. For example, peptides 248–255 (green) and
178–195 (blue) are the ones falling the furthest away from
the line m ¼ 1, and they represent the most notorious cases
of each change in dynamics. To identify the peptides pre-
senting the most significant changes in dynamics, we
selected a region around m ¼ 1 (accounting for 25% of
the area covered by all the peptides) and only included the
peptides that fell beyond that region in our classification
(Table S1). Mapping of these selected peptides in the capsid
structure revealed local conformational changes in multiple
capsid regions that can be collectively described as follows
(Fig. 4, B and C):

1) Capsid regions with transition-associated conforma-
tional rearrangements leading to reduced dynamics or
abrupt fully deuterated states after the transition. These
include substantial portions of several long, convoluted
loops of each capsid subunit that generally define parts
of the thick walls of the spikes centered at the capsid
threefold axes, away from the pores at the capsid fivefold
axes. Peptides defining these structural elements involve
as many as one-fourth of the capsid amino acid residues.
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FIGURE 4 Peptides that present an abrupt change in dynamics around the heat-induced conformational transition of the MVM capsid. (A) Plot showing the

slope change of each peptide before (m25–45�C) and after (m50–60�C) the transition (defined by the transition temperature, TM). The colors indicate the dy-

namics of the peptides at 0�C. (B) Peptides presenting an abrupt change in deuterium uptake are mapped in the MVM capsid structure. For simplicity,

only five capsid subunits surrounding a pore are represented. In green are shown peptides that expose more residues after the transition, and in purple

are peptides that present a plateau after the transition. The inset square delimits a region of a capsid subunit close to the threefold axes where there is a sub-

stantial reduction in dynamics after the TM. Peptides 178–195 and 347–385, which present the most significant reduction, are located in the inner core of this

cavity. (C) Detailed views of a 3- and a fivefold symmetry axis. From left to right are a threefold axis inside view, a threefold axis outside view, a fivefold axis

inside view, and a fivefold axis outside view. The peptides that become more exposed after the TM (green) are located in the inner part of the capsid. To see this

figure in color, go online.

HDX Analysis of a Virus Transition
2) Capsid regions with transition-associated conformational
rearrangements leading to an abrupt increase in local
dynamics correspond to a b-strand that belongs to the
b-sandwich fold of each capsid protein subunit from
which long peptides protrude to form the capsid spikes.

To ensure that these changes in dynamics were due to a
global conformational change and not to a loss of secondary
structure, we performed far-ultraviolet CD experiments at
increasing temperatures to see whether heating causes
changes in the b-sheet content of the MVM capsid protein
(Fig. S5). We could not detect any effect of heating, which
excludes the possibility that a loss of secondary structure be-
comes convoluted with the conformational changes around
the transition temperature. Overall, our results provide a
detailed description based on HDX-MS analysis of struc-
tural elements involved in a functionally relevant conforma-
tional transition in a large macromolecular complex, and
they show that a global conformational rearrangement of a
viral capsid is involved in externalization of biological sig-
nals through capsid pores.
CONCLUSIONS

In this work, we have used HDX-MS at various incubation
temperatures to identify, with high spatial resolution, struc-
tural changes in the MVM capsid that are required for viral
infection. Transition-associated, abrupt changes in local dy-
namics of peptide segments in the capsid served as markers
to identify structural elements that modified their conforma-
tion during the transition. The results revealed that translo-
cation events through capsid pores that occur during the
infection cycle involve a global structural rearrangement
of the capsid. Many of the elements showing altered confor-
mations were located far from the pores and included loops
with abruptly decreased dynamics as well as regular second-
ary-structure elements that showed a marked increase in
dynamics. This study provides, to our knowledge, a novel
demonstration of the potential of HDX-MS to structurally
analyze temperature-dependent structural transitions, even
in mega-Dalton protein complexes. Particularly, it enables
further investigation of the links between the viral infection
process and the conformational landscape that is sampled by
Biophysical Journal 112, 1157–1165, March 28, 2017 1163
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a virus capsid. This paves the way for more comprehensive
studies where MVM and other viruses are functionally
investigated at the (bio)chemical, mechanical, and thermo-
dynamic levels. These studies can have important outcomes
in virology and nanotechnology, for instance for the design
of antiviral drugs and development of functional nanopar-
ticles or gene-therapy vehicles.
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Red 
(35 to 100% basal 

uptake) 

Flat region  
(m25 - 45°C = m50 - 60°C) 

2-18, 67-81, 71-81, 153-164, 153-172,  
225-247, 296-323, 499-516. 

Saturation  
(m25 - 45°C > m50 - 60°C) 414-429, 422-429 

Green 
(16 to 34% basal 

uptake) 

Linear increase  
(m25 - 45°C = m50 - 60°C) 

309-323, 430-446, 517-525, 534-550,  
559-572, 386-413, 386-398 

Decrease deuteration  
after TM (m25 - 45°C > m50 - 60°C) 

82-113*, 178-195, 216-224, 347-385, 473-
497,476-498, 482-498,  

573-587, 559-587 

Blue 
(0 to 15% basal 

uptake) 

Linear increase  
(m25 - 45°C = m50 - 60°C) 

106-113, 196-215, 447-455, 456-472, 99-
113*, 128-134, 526-533 

Increase deuteration  
After TM (m25 - 45°C < m50 - 60°C) 60-66, 248-255 

Table S1: Peptide classification according to deuterium uptake before and after the transition. 
*Because peptides 82-113 and 99-113 present overlapping sequence; we split their sequences in two 
(i.e., 82-100 and 101-113) to map them on the structure.  

 

 
1   - MSDGTSQPDSGNAVHSAARVERAADGPGGSGGGGSGGGGVGVSTGSYDNQ - 50 

51  - THYRFLGDGWVEITALATRLVHLNMPKSENYCRIRVHNTTDTSVKGNMAK - 100 

101 - DDAHEQIWTPWSLVDANAWGVWLQPSDWQYICNTMSQLNLVSLDQEIFNV - 150 

151 - VLKTVTEQDLGGQAIKIYNNDLTACMMVAVDSNNILPYTPAANSMETLGF - 200 

201 - YPWKPTIASPYRYYFCVDRDLSVTYENQEGTVEHNVMGTPKGMNSQFFTI - 250 

251 - ENTQQITLLRTGDEFATGTYYFDTNSVKLTHTWQTNRQLGQPPLLSTFPE - 300 

301 - ADTDAGTLTAQGSRHGTTQMGVNWVSEAIRTRPAQVGFCQPHNDFEASRA - 350 

351 - GPFAAPKVPADITQGVDKEANGSVRYSYGKQHGENWASHGPAPERYTWDE - 400 

401 - TSFGSGRDTKDGFIQSAPLVVPPPLNGILTNANPIGTKNDIHFSNVFNSY - 450 

451 - GPLTAFSHPSPVYPQGQIWDKELDLEHKPRLHITAPFVCKNNAPGQMLVR - 500 

501 - LGPNLTDQYDPNGATLSRIVTYGTFFWKGKLTMRAKLRANTTWNPVYQVS - 550 

551 - AEDNGNSYMSVTKWLPTATGNMQSVPLITRPVARNTY – 587 

 
Figure S1: Complete sequence of the VP2 capsid protein used in this study. 
 



 

Figure S2: Dependence of back exchange on sample temperature. Back-exchange levels of four 
different model peptides acquired after incubation of the samples at different temperatures. Back-
exchange levels did not substantially increase at higher temperatures. 

 
  



Figure S3: Mass spectrometry data on MVM VLPs used in this study. A) Tandem MS spectrum of 
intact VLPs (60x MVM, 3886.7 kDa) shows sequential loss of monomeric VP2 subunits (1x MVM, 
64.6 kDa) resulting in VLPs missing a single copy of VP2 (59x MVM, 3815.4 kDa) and two copies of 
VP2 (58x MVM, 3751.4 kDa). This confirms the VLPs consist of 60 copies of VP2. B). 
Deconvoluted mass spectrum of denatured VP2 subunits provides a weighted averages mass of the 
monomeric building block. C). Native mass spectra of MVM VLPs under HDX conditions (HDX 



buffer and heating at 60 ºC) shows that even for extended periods under harsh conditions the VLPs 
remain intact.  

Figure S4: Average enthalpy before and after the temperature-induced transition. A) Average 
enthalpy from 50ºC to 60ºC versus 25ºC to 45ºC for each peptide presenting a high basal uptake (35 
to 100%). Dashed line corresponds to a line with a slope equal to the unit, where peptides presenting 



the same level of uptake before and after the transition should fall. B, C) The same as before but for 
peptides presenting medium (16 to 34%, green) and low (0 to 15%) uptake at the basal state. 

 
Figure S5: Circular Dichroism (CD) Spectroscopy of MVM VLPs at increasing temperatures. Molar 
ellipticity at 215 nm is represented as a function of temperature. No detectable change in secondary 
structure was observed at the transition temperature or any other temperature.   



 



Figure S6: HDX time courses as a function of temperature are represented together with the 
corresponding Arrhenius plot. The peptide sequence is shown on top of each figure, with the color 
(red, green, and blue) indicating the level of uptake in the basal state.   



Figure S7: HDX time courses as a function of temperature are represented together with the 
corresponding Arrhenius plot. The peptide sequence is shown on top of each figure, with the color 
(red, green, and blue) indicating the level of uptake in the basal state.   



Figure S8: HDX time courses as a function of temperature are represented together with the 
corresponding Arrhenius plot. The peptide sequence is shown on top of each figure, with the color 
(red, green, and blue) indicating the level of uptake in the basal state.  

  



NOTE 1 

Data fitting to a two-state transition  - The transition temperature was determined by fitting the data 
to a unimolecular N (native) – A (activated) two-state transition (2). Thermodynamics parameters 
(TM, ∆HTm) for thermal ‘unfolding’ and baseline values were obtained by nonlinear fitting of the 
experimental number of deuterons or fluorescence intensity value D at any temperature T to the 
equation: 
 

𝐷 = (𝐷𝑛0+𝑚𝑛𝑇)+(𝐷𝑢0+𝑚𝑢𝑇)𝑒
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where TM is the transition temperature; ∆HTm, the enthalpy of the transition at the TM; Dn0 and Du0, 
the number of deuterons or fluorescence intensity corresponding, respectively, to the native (N) or 
activated (A) states extrapolated to 0ºC; and mn and mu the linear increase in number of deuterons or 
fluorescence intensity as a function of temperature for the native (n) or (a) activated states, 
respectively. The value of ∆Cp was fixed to 1.2 kcal/mol as previously done for similar studies, 
although variation of it did not affect the values of ∆HTm and TM. For most of the case the values of the 
transition enthalpy, ∆HTm

, were subjected to large errors thus making impossible an accurate 
estimation. For HDX-MS experiments, all peptides showing a linear increase in uptake were fitted, 
and the ones showing square r values of 0.99 or higher (11 peptides) were used for the calculation of 
the average Tm. This is a simplified model with only two states. The model assumes that before and 
after the transition the linear behavior is the same. For instance, increasing the tempreature will lead 
to the disassociation of the capsid but the model does not account for that. Initial Dn0, Du0, mn and mu 
values (obtained by a linear fit of the curves before and after were given for the fitting), ∆HTm and TM 
were always set free. Slightly different values of Dn0, Du0, mn and mu led to the same TM value. 
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