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ABSTRACT: Understanding capsid assembly is important because of its role
in virus lifecycles and in applications to drug discovery and nanomaterial
development. Many virus capsids are icosahedral, and assembly is thought to
occur by the sequential addition of capsid protein subunits to a nucleus, with
the final step completing the icosahedron. Almost nothing is known about the
final (completion) step because the techniques usually used to study capsid
assembly lack the resolution. In this work, charge detection mass spectrometry
(CDMS) has been used to track the assembly of the T = 4 hepatitis B virus
(HBV) capsid in real time. The initial assembly reaction occurs rapidly, on the
time scale expected from low resolution measurements. However, CDMS
shows that many of the particles generated in this process are defective and overgrown, containing more than the 120 capsid
protein dimers needed to form a perfect T = 4 icosahedron. The defective and overgrown capsids self-correct over time to the
mass expected for a perfect T = 4 capsid. Thus, completion is a distinct phase in the assembly reaction. Capsid completion does
not necessarily occur by inserting the last building block into an incomplete, but otherwise perfect icosahedron. The initial
assembly reaction can be predominently imperfect, and completion involves the slow correction of the accumulated errors.

■ INTRODUCTION

A capsid, the protein shell that surrounds the genetic material of a
virus, is usually assembled from many, often hundreds, of
identical proteins. Understanding capsid assembly may yield
targets for drug development and provide a way to manipulate
assembly to control the capsid size and stability. Such control
would be valuable for potential applications of capsids as
containers and templates.1

About half of known virus families have icosahedral capsids.
For hepatitis B virus (HBV), the 183-residue core protein
(Cp183) forms icosahedral capsids both in vivo and in vitro. A
truncated form of the core protein (Cp149) also spontaneously
assembles.2 Icosahedral capsids are defined by a triangulation
number (T), where 60T is the number of capsid proteins
present.3 For the HBV capsid, the building block is the core
protein dimer and the T = 4 capsid consists of 120 dimers. In
vitro, dimer−dimer interactions can be strengthened by
increasing the ionic strength. The increased interaction energy
promotes assembly. However, higher salt concentrations can
lead to kinetically trapped reactions.
The first step in the assembly reaction is thought to be

formation of a nucleus.4−8 The capsid is then thought to grow
mainly by sequential addition of subunits to the nucleus,9 and
finally insertion of the last subunit completes the icosahedron.
However, no experimental information is available on the final
step. On the theoretical side, there have been a number of model
studies of capsid assembly performed with rigid building blocks.
It is generally accepted that the rate of subunit addition should
decrease as the capsid approaches completion due to steric

effects.8 In the model of Nguyen et al. the incomplete capsid is
flexible, and inserting the final subunit makes it stiffer.6 Thus, the
free energy change for the final step is unfavorable under some
conditions and an incomplete capsid is the thermodynamically
preferred product.
Virus assembly is usually monitored by bulk techniques such as

size exclusion chromatography and light scattering.9−13 These
techniques provide an ensemble average of the species present.
Time resolved small-angle X-ray scattering can provide size and
temporal information about assembly intermediates as can
fluorescence correlation spectroscopy.14−17 Electron microscopy
(EM) and cryo-EM provide information on single particles, but
lack time resolution.18 Resistive pulse sensing has been used to
monitor HBV assembly though analysis of single particles in
solution.19 However, all of these techniques lack the resolution
needed to determine whether the capsids are complete or
missing a single subunit.
Mass spectrometry (MS) has the necessary resolution and it

has recently emerged as a useful tool to investigate virus
assembly.20−23 However, the loss of charge state resolution in the
m/z (mass to charge ratio) spectrum measured in conventional
MS has often frustrated these efforts. Although early (relatively
small) intermediates in HBV capsid assembly, as well as intact
capsids, have been characterized using high-resolution MS and
ion mobility MS,21−23 large intermediates could not be identified
due to their size and heterogeneity.
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In this work we use charge detection mass spectrometry
(CDMS) to monitor HBV assembly in real time. CDMS is a
single particle technique where the m/z and charge are
simultaneously measured for each ion, circumventing the need
to resolve charge states in them/z spectrum.24−32 Electrospray is
the preferred ionization method because the solution is sampled
directly. However, volatile buffers such as ammonium acetate
must be used to avoid adduct formation and signal suppression.
Using electrospray CDMS, we have previously identified high-

mass intermediates in HBV Cp149 assembly.33 In that study, the
assembly reactions were performed in a concentrated sodium
chloride solution where intermediates were kinetically trapped. A
high salt concentration led to the formation of a large number of
nuclei at the beginning of the assembly reaction, leaving too few
dimers to complete them. The products and trapped
intermediates were then dialyzed into ammonium acetate for
analysis. The trapped intermediates identified in that work were
incomplete capsids. Here, we perform HBV Cp149 assembly
reactions in ammonium acetate under milder assembly
conditions, so that kinetic trapping and the dialysis step are
avoided and the reactions can be tracked in real time.
The protein−protein interactions between Cp149 dimers are

identical to those between dimers of the full length protein
(Cp183). Cp149 lacks the C-terminal RNA-binding domain so it
only assembles empty capsids. Understanding the assembly of
empty capsids is a necessary first step to understanding assembly
with RNA. In addition, assembly of empty HBV particles is
directly relevant to the virus lifecycle because around 90% of the
virus particles generated in vivo are empty.34 The role of the
empty particles, beyond the neutralization of antibodies, remains
unclear.35 Empty particles are also abundant for some other
viruses such as herpes viruses and picornaviruses (e.g., polio).

■ RESULTS
A series of light scattering and SEC experiments were performed
to characterize HBV assembly thermodynamics and kinetics in
ammonium acetate. Figure 1A shows a plot of the scattered light
intensity against time for the assembly of 5 μM dimer in
ammonium acetate with concentrations ranging from 200mM to
1 M. The assembly reactions are faster at a higher salt
concentration. The results are similar to those obtained
previously for HBV assembly in sodium chloride where it was
concluded that higher salt concentration increases the strength of
dimer−dimer interactions. This contributes to making assembly
reactions faster by decreasing intermediate dissociation.36 For a
given salt concentration, assembly in ammonium acetate is faster
than in sodium chloride.
Figure 1B shows the results of SEC measurements performed

24 h after initiation of the assembly reactions (i.e., ostensibly after
equilibrium had been established). There are two peaks in the
chromatograms which are attributed to dimer and capsid. The
amount of dimer in the free dimer-form (red points) and capsid-
form (blue points) are plotted against the total dimer
concentration for assembly of 5 to 25 μM dimer in 210 mM
ammonium acetate. The plot shows the expected pseudocritical
behavior which is represented by the red and blue lines. Below
the pseudocritical concentration (3.55 μM as determined from
these results) the capsid concentration is vanishingly small.
Above the pseudocritical concentration the free dimer
concentration is almost constant and the capsid concentration
increases almost linearly.
To slow the onset of capsid formation so that it could be

tracked in real time by CDMS, we used a total dimer

concentration of 5 μM (which is slightly larger than the
pseudocritical concentration), along with an ammonium acetate
concentration of 210 mM (which is close to the lowest
concentration used in Figure 1A). In addition to slowing the
assembly reaction, the combination of low salt concentration and
low protein concentration also minimizes kinetic trapping.
Figure 1C shows a typical CDMS spectrum measured 24 h after

Figure 1. Ensemble and CDMS measurements provide a consistent
view of capsid assembly. (A) Plot of the intensity of the light scattered by
the capsid against time for the assembly of 5 μM dimer in ammonium
acetate concentrations ranging from 200 mM to 1M. (B) Size exclusion
chromatography (SEC) measurements for the assembly of 5 to 25 μM
dimer in 210 mM ammonium acetate. The SEC measurements were
performed 24 h after initiation of the assembly reaction. Dimer assigned
to the free dimer pool (red squares) and dimer in capsid (blue circles)
are plotted against the total dimer concentration. The lines show an
equilibrium-based fit used to determine the pseudocritical concen-
tration. (C) CDMS spectrum measured 24 h after initiating assembly
with a dimer concentration of 5 μM in 210mM ammonium acetate. The
spectrum was generated by sorting the masses into 20 kDa bins. The
inset shows an expanded view of the low mass region generated with 5
kDa bins.
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initiation of the assembly reaction. There is a broad distribution
of ions below 0.3 MDa. The inset shows an expanded view of the
low mass region sampled to show resolution of the dimer and
small oligomers. The oligomers are denoted by dn where n is the
number of dimers. Above d5 the intensities become relatively
small. Moving to higher mass, there is a small low intensity
distribution between 3.0 and 3.5 MDa and a peak at around 4.0
MDa which is attributed to the T = 4 capsid.
HBV is dimorphic in vivo, forming both T = 3 and T = 4

capsids.37 In vivo, < 10% of the capsids are T = 3. In vitro the
protein oxidation state, mutations and assembly conditions can
modulate the relative abundances of T = 3 and T = 4.38−40 For
ammonium acetate-induced assembly there is no peak at the
mass expected for the T = 3 capsid (3.02 MDa based on the
sequence mass) (see Figure 1C). Thus, in ammonium acetate at
pH 7.5, the T = 3 capsid is not formed to any significant extent.
This was confirmed by sucrose gradient centrifugation (see
Supporting Information) and electron microscopy.
The intensities in the high mass region of Figure 1C are

magnified 100× because the capsid is much less abundant than
the dimer, a consequence of the dimer concentration being close
to the pseudocritical value. To compare the relative intensities in
the CDMS spectrum with the SEC results (Figure 1B), all ions in
Figure 1C with masses greater than or equal to 2.5 MDa are
associated with capsid peak in the size exclusion chromatogram,
and all ions with masses less than 2.5MDa are associated with the
dimer peak. Given the fragility of dimer−dimer interactions, it is
unlikely that the small oligomers present in the CDMS spectrum
will stay intact during SEC. The ratio of the amount of dimer in
“dimer”-form (i.e., dimer plus dimer oligomers) to the amount of
dimer in capsid-form in the CDMS spectrum is 2.1:1. The
corresponding ratio deduced from SEC results for identical
dimer and salt concentrations is 2.45:1. The good agreement
gives us confidence that the CDMS measurements provide an
authentic representation of the relative concentrations of the
species present in solution. However, very weakly bound
intermediates may be disrupted during their transition into the
gas phase and hence be underrepresented in the CDMS spectra.
For time-resolved CDMS measurements, samples of 10 μM

Cp149 dimer in 20 mM ammonium acetate were mixed with
equal volumes of 400 mM ammonium acetate. The reaction
mixture was immediately loaded into a chip-based nano-
electrospray source, where the assembly reaction continues
while the solution is electrosprayed. Each ion detected by CDMS
is time-stamped, and so knowing when the assembly reaction was
initiated it is possible to relate each ion to a particular time in the
assembly reaction. The frequency of single ion trapping events is
relatively low, 3−4 ions per second at best, with the 100 ms
trapping period used here, so too few ions are detected in a single
reaction to generate time-resolved spectra. However, the results
of multiple reactions can be combined and sorted into time
windows.
A series of time-resolved CDMS spectra (Figure 2) show the

progression of capsid growth over the first 120 min of assembly.
The results in Figure 2 were compiled from 28 individual
experiments measured on five different days where each
assembly experiment was recorded continuously for 120 min
after initiation. The x-axis shows the mass binned in units of 20
kDa, the y-axis represents the intensity normalized by peak area,
and the z-axis represents the reaction time binned into 10 min
intervals. The earliest time interval (0−10 min) is at the front.
The prominent peaks below 0.5 MDa correspond to the dimer
and oligomers of up to five dimers. The oligomers are not well-

resolved in these spectra in part because of the 20 kDa bins
employed. The intensity of single dimer increases over 120 min
while the intensity of the oligomers decreases. At early time
points in these assembly reactions (<30 min) there is a broad,
low abundance peak at around 1.1 MDa. In addition, a broad,
low-abundance peak at around 3.2 MDa grows in over time and
shifts to slightly higher masses as time progresses. The prominent
peak at around 4.1 MDa is close to the mass expected for the
empty T = 4 capsid. The assembly reaction appears to be
complete around half way through the 120 min reaction time
shown in Figure 2.
For a single species, the CDMS peak shape is expected to be

Gaussian with a width determined by the uncertainties in them/z
and charge measurements, both of which are well characterized
(see below).41 For the T = 4 capsid, the peak width at half height
for a homogeneous sample is expected to be around 100 kDa.
The expected peak width is larger than the mass of a Cp149
dimer (33 540 Da) so we are not able to resolve individual peaks
corresponding to species with different numbers of dimers for
the capsid. Two hours into the assembly reaction, the capsid peak
in Figure 2 is significantly broader than the expected peak width,
suggesting that the capsid peak is heterogeneous. An expanded
view of the capsid peak 2 h into the assembly reaction is shown in
Figure 3. In addition to having a high mass tail, the peak is
centered at around 4.11 MDa which is 2.2% higher than the
sequence mass of 4.02MDa for the T = 4 capsid with 120 dimers.
The black line in Figure 3 is the capsid peak measured for the

same sample 72 h into the assembly reaction. The center of the
capsid peak has receded to 4.04 MDa, which is only 0.6% higher
than the sequence mass. We expect that the measured mass may
be slightly (up to around 1%) larger than the sequence mass
because of incomplete removal of solvent (water and ammonium
acetate) and nonspecific aggregation during electrospray (see
Supporting Information). Therefore, the peak center at 72 h is in
line with expectations for the T = 4 capsid. The width of the
capsid peak has also diminished with time. The shaded region in
Figure 3 shows the expected peak width for a homogeneous
sample. 72 h after initiation of the assembly reaction the
measured peak is only slightly broader than expected, though it
still has a small highmass tail. Thus, long after the initiation of the
assembly reaction, both the peak center and peak width are
consistent with the capsid containing predominantly 120 dimers.

Figure 2.Time-resolved CDMS spectra showing capsid growth over the
first 120min for assembly of 5 μMdimer in 210mM ammonium acetate.
The earliest time interval (0 to 10 min) is at the front. Under the
conditions employed, the capsid concentration is much less than the free
dimer concentration, and so the intensities of ions with masses >2.5
MDa (in red) have been scaled up by a factor of 100×. The spectra were
generated using 20 kDa bins.
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Conversely, the results at shorter times indicate that many of the
capsids are overgrown (i.e., they contain more than the expected
120 dimers).
Figure 4A shows a scatter plot of charge versus mass for all ions

recorded in the capsid region of the spectrum for first 120 min of

the assembly reaction. Each point represents a single ion. There
are two clusters of ions with average charges centered around 140
and 155 e (elementary charges). Both clusters have masses
around 4.1 MDa, though the lower charge cluster has a slightly
broader distribution of masses and a slightly larger average mass.
The higher charge cluster has around twice as many ions as the
lower. Figure 4B shows the scatterplot for ions measured 24 h
after initiation of the assembly reaction. At this time point, the
low charge cluster has largely disappeared. Thus, the more highly
charged cluster of ions that persists after 24 h is attributed to the
T = 4 capsid.
The peak in the mass distribution at 2 h (Figure 3) is broader

and shifted to higher mass than expected mainly because it
includes the low charge cluster, which has a broader mass
distribution and a higher average mass than the high charge
cluster. Figure 5A shows a plot of the center masses of each

charge component against time. Results are shown at 10 min
intervals up to 120 min and at typically 4 h intervals for longer
times. The center masses were determined by isolating the low
and high charge clusters, binning the masses into a histogram,
and then fitting the histogram with a Gaussian. The results of
three different experiments are plotted, and the different
experiments show some systematic variability in the amount of
overgrowth. For the low charge cluster (blue circles) the average
center mass is at around 4.17 MDa (around 0.15 MDa above the

Figure 3. Expanded view of the CDMS spectrum showing the capsid
peak at different times. The red trace shows the high mass range of the
CDMS spectrum for a sample collected within the first 2 h of initiating
assembly of 5 μMdimer in 210 mM ammonium acetate. The black trace
is for the same sample 72 h after assembly was initiated. The gray shaded
area shows the Gaussian peak shape expected for T = 4 capsid based on
instrumental resolution (see text).

Figure 4. Charge versus mass scatter plots for capsid ions at different
times. (A) 2 h after initiating assembly of 5 μM dimer in 210 mM
ammonium acetate a bimodal charge distribution of charge is observed.
The charge is expected to reflect that size of the ion, thus the lower
charge cluster has more compact particles (i.e., particles with a smaller
average external radius). (B) 24 h after initiating assembly the T = 4-
sized ions show almost a single distribution of charge and mass. Each
point in the plot represents a single ion measured by CDMS.

Figure 5. Relaxation of high charge and low charge populations as a
function of time. (A) Plot showing the center mass of each charge
population (see text) plotted against reaction time for three
independent experiments. The higher charge population (around 155
e) is the red hexagons and the lower charge population (around 140 e) is
the blue circles. The gray dashed line shows the sequence mass of the T
= 4 capsid. The three experiments have slightly different amounts of
overgrowth but show the same trend. (B) A similar plot recorded for
assembly in 510 mM ammonium acetate. In the higher salt solution the
overgrown capsids remain trapped on the time scale shown in the plot.
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sequence mass). Results are only shown for times up to 20 h for
the low charge cluster, after which the number of low charge ions
is too small to reliably define a center mass. The average center
mass for the high charge cluster (red hexagons) starts at around
4.08 MDa, drops to around 4.05 MDa, and remains there out to
72 h. Again, 4.05 MDa is in line with the sequence mass of 4.02
MDa plus <1% for residual solvent.
Figure 5B shows a plot of the center masses of both charge

components against time for assembly in 510 mM ammonium
acetate. With the higher salt concentration the assembly reaction
occurs much more quickly and appears to be complete within a
few minutes. At the higher salt concentration the lower charge
cluster initially contains a larger proportion of the capsid ions
(60% versus 30% at lower salt). However, in high salt the
distinction in charge state is much shorter lived, essentially
disappearing just before or slightly after the 2 h time point.
Another difference is that at the higher salt concentration the
masses do not drift down to approach the sequence mass within
the 72 h time scale shown in Figure 5. They do eventually start to
relax back, but clearly the capsids remain overgrown for longer at
the higher salt concentration.
Because lower ionic strength results in weaker protein−

protein interactions with Cp149, we examined whether the self-
correction of overgrown particles could be accelerated by
lowering the ammonium acetate concentration after the initial
assembly reaction had occurred. The solid line in Figure 6A
shows the mass spectrum measured in the 1−2 h time window
after initiating assembly with 10 μM dimer in 210 mM

ammonium acetate. The shaded area shows the expected
position and peak width for a T = 4 capsid with 120 dimers
(taking into account the expected ∼0.6% shift due to the
solvent). The measured peak is broader, shifted to higher mass,
and has a high mass tail. Two hours after initiating the assembly
reaction (i.e., after the initial assembly reaction was complete and
after the spectrum in Figure 6A was recorded) the solution was
diluted by a factor of 8 to give an ammonium acetate
concentration of 26 mM. Figure 6B shows the spectrum
measured in the 0−1 h time window after dilution. The capsid
peak has shifted back to the expected position for a T = 4 capsid,
though some of the high mass tail remains. A higher dimer
concentration (10 μM) was used for the initial assembly reaction
in these experiments to partly compensate for the subsequent
dilution. With the higher dimer concentration the initial
assembly reaction occurs faster but otherwise the results are
similar to those obtained with a dimer concentration of 5 μM.

■ DISCUSSION
By examining mass as well as the charge we have obtained
important information about capsid assembly that is obscured in
low resolution and ensemble measurements. The apparent
“errors” in assembly, overgrowth and changes in charge, suggest a
much richer variation in assembly path than previously suspected
from experimental and computational studies.
Changes in charge state suggest conformational changes.

Near-spherical, MDa-sized ions generated by electrospray are
believed to be formed by the charge residue mechanism42 where
larger objects should carry more charge. The higher charge
cluster of ions that persist in the charge versus mass scatter plot
(Figure 4) are presumably icosahedral T = 4 (or almost
icosahedral T = 4) capsids. The high charge is consistent with a
hollow spherical cage geometry.43

The low charge clusters in Figure 5 presumably result from a
geometry that is slightly more compact (i.e., a smaller average
external radius) than the icosahedral T = 4 capsid. A similar low
charge cluster was observed in the charge versus mass scatter
plots for woodchuck hepatitis virus (WHV).44 It was attributed
to capsids that had collapsed slightly as they transition into the
gas phase. However, this explanation is inconsistent with the low
charge cluster disappearing over time. For HBV at least, we
hypothesize that the low charge cluster consists of defective
capsids; one way to realize this more compact geometry would be
to have the capsid adopt a cowry shell geometry, where some
dimers are internalized at a seam. Indeed, a small fraction of
slightly oblong particles have been observed in cryomicrographs
of woodchuck hepatitis virus.44 In an analogous reaction, seams
have been observed in HIV-1 capsids in some experiments.45

The lower charge cluster (see Figure 4) initially contains
around 60% of the ions for the higher salt concentration but only
30% for the lower. In both cases, the average masses of the lower
charge clusters are larger than expected for a perfect T = 4 capsid
by around 3−5 dimers. The higher charged cluster is overgrown
by 1−2 dimers on average with the lower salt concentration.
With the higher salt concentration the higher charged cluster is
more overgrown and relaxes back on a longer time scale. The
larger overgrowth and slower relaxation at the higher salt
concentration is consistent with the stronger dimer−dimer
interactions found at higher ionic strength. These results also
suggest differences in the geometry of the intersubunit
interaction. While the majority of the particles are initially
overgrown, they have a relatively narrow size distribution and the
overgrowth is strictly limited.

Figure 6. Relaxation of high mass populations as a function of ionic
strength. (A) The solid line shows the mass spectrum measured 1−2 h
after initiation of assembly of 10 μM dimer in 210 mM ammonium
acetate. The shaded area shows the expected peak position and width for
a T = 4 capsid with 120 dimers (taking into account the ∼0.6% shift due
to solvent). (B) The solid line shows the spectrummeasured 0−1 h after
dilution of the sample in (A) by a factor of 8 to give a final ammonium
acetate concentration of 26 μM. The dilution was performed 2 h after
initiation of the assembly reaction. In (A) the capsid peak is broader and
at a higher mass than expected for the T = 4 capsid. In (B) the peak is at
the expected position for the T = 4 capsid though some of the high mass
tail persists.
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In contrast, substantial overgrowth has been observed in the
assembly of woodchuck hepatitis virus (WHV) capsids where a
prominent feature with 150 dimers was attributed to T = 4
capsids elongated along their 5-fold axis by the addition of an
extra ring of hexamers.44 However, in this case the overgrown
capsids were not found to evolve with time, though we did not
investigate the consequences of lowering the salt concentration
after the initial assembly reaction.
The assembly of icosahedral virus capsids has previously been

described by a three step process: initiation by formation of a
critical nucleus; elongation by addition of capsid building blocks
to the growing nucleus; and completion where the last building
block is incorporated to complete the icosahedral shell. Little was
known about the last step because of the lack of appropriate tools
to examine it. Incorporation of the last dimer was thought to be a
slow process due to steric effects (i.e., the difficulty of locating the
open site).8 Thus, intermediates with less than the expected
number of dimers were anticipated.
For HBV capsids, we find the reverse. At what appears to be

the end of the assembly reaction according to low resolution
techniques such as light scattering and SEC, many of the particles
are in fact defective and overgrown. The lower charge cluster,
attributed to particles with a seam, anneals away first, and then
the overgrown capsids relax back to the expected mass of a
perfect T = 4 capsid. These results indicate that the completion
step is annealing and relaxation, and it occurs on a time scale that
is much longer than the time scale of the initial assembly reaction.
The spontaneous self-assembly of molecular components is

usually thought to occur through free energy minimization.
However, a stable ordered structure can only result (on a
reasonable time scale) for a narrow range of component binding
energies. If the binding energies are too strong, assembly errors
are locked-in and a disordered structure is formed. If the binding
energies are too weak, the assembly is unstable. For component
binding energies in the optimum range, proof-reading (error
correction) can occur. Misplaced components are less strongly
bound, and during the assembly reaction they may rearrange in
situ or dissociate. The results presented here indicate that not all
errors are corrected during the initial assembly reaction for HBV.
A small number of defects are locked-in, and may propagate to
form a seam. However, the trapped defects anneal away over a
longer time scale. This secondary proof-reading process is
presumably driven by the decrease in free energy associated with
correctly locating all components with icosahedral symmetry.
If assembly in vivo follows the same pathway as in vitro

assembly, HBV must have evolved methods for mitigating the
barriers to completion. While a space filling cargo, such as nucleic
acid, may help to scaffold capsid formation, most of the HBV
capsids formed in vivo are empty. Note that our measurements
do not conflict with other studies that indicate that HBV forms
perfect icosahedral capsids,21 as the defective and overgrown
capsids we observe self-correct over time.
In model studies with rigid building blocks, the rate of subunit

addition decreases as the capsid approaches completion because
it becomes more difficult to locate an empty site. However,
beside this steric issue, inserting the last rigid building block into
a rigid structure is not expected to bemore difficult than inserting
any other. The soft and deformable nature of real capsid building
blocks may contribute to the accumulation of defects during
capsid growth. The addition of oligomers of dimers to the
growing capsid rather than single dimers may also contribute to
the defects and overgrowth. The relatively weak intersubunit

association energy of Cp149 dimers must facilitate the relaxation
of the overgrown particles.2

■ CONCLUSIONS

CDMS measurements show that capsid completion is the slow
step in capsid assembly. The initial assembly reaction is not
completely error free, yielding defective and overgrown particles
with a fewmore subunits than expected for a perfect icosahedron.
The defective particles anneal and then the overgrown particles
relax back to the mass expected for a perfect T = 4 capsid. As a
capsid with imperfections is expected to be more labile than a
perfect capsid,46,47 accumulation of imperfections may be a
proof-reading mechanism. While the results presented here are
for HBV, a well-studied model for capsid assembly, we anticipate
that the assembly errors will be observed in other viruses when
probed with higher resolution techniques; indeed, defects have
been observed in Ross River virus capsids and seams and gaps in
HIV.45,47,48

■ MATERIALS AND METHODS
Preparation and Characterization of Core Protein Cp149. The

truncated form of the core protein containing only the assembly domain
(Cp149) was expressed in E. coli and purified as previously described.49

A reassembly and dissociation step was included to remove inactive
protein. The assembly competent protein was dialyzed into 20 mM
ammonium acetate at pH 7.5. Assembly was initiated by raising the
ammonium acetate concentration to increase the ionic strength. A series
of light scattering and size exclusion chromatography (SEC) measure-
ments were performed to characterize HBV assembly in ammonium
acetate.

Light scattering measurements were performed using a stopped-flow
spectrometer (KinTek SF-300X). Scattered 320 nm light was detected
at 90° from incident. SECmeasurements were performed with a 10/300
Superose 6 column (GE Healthcare) on an HPLC system (Shimadzu)
using UV absorbance at 280 nm. Equal volumes of dimer in 20 mM
ammonium acetate and ammonium acetate were mixed, and the
reactions were incubated at room temperature for 24 h, at which point
the reaction mixture was analyzed by SEC. The chromatograms showed
two peaks attributed to dimer and capsid.

Charge Detection Mass Spectrometry. In ion trap CDMS, single
ions are trapped in a linear electrostatic ion trap where they oscillate
back and forth through a conducting cylinder. When the ion is in the
cylinder it induces a charge which is detected by a charge sensitive
preamplifier. The time domain signal from the oscillating ion is analyzed
to provide them/z and charge, which are combined to provide the mass
of the ion.

A detailed description of the charge detection mass spectrometer is
given elsewhere.28−32 The ions are generated by electrospray, enter the
instrument through a heated capillary and separated from the ambient
gas flow. A narrow band of ion energies is selected by a dual
hemispherical deflection energy analyzer (HDA) and focused into a
modified cone trap that contains the charge detection cylinder.
Potentials are applied to the end-cap electrodes to trap ions. A trapping
period of 100 ms was employed, after which both end-caps were set to
ground and the trapping cycle repeated. The signal is optimized to
maximize the number of single ion trapping events. Empty, partial, and
multiple ion trapping events are discarded during data analysis.

The ion oscillating back and forth through the detection cylinder
induces a periodic signal which is amplified, digitized, and then analyzed
by a Fortran program using fast Fourier transforms. The m/z is derived
from the fundamental frequency and the charge is derived from the
magnitudes of the fundamental and first harmonic. The methods used to
calibrate the charge and m/z measurements have been described
elsewhere.32 The probability an ion is trapped is inversely proportional
to its velocity. To correct for this variation, the ion intensities are
weighted by m/z−1/2, and then binned into a histogram to generate a
mass spectrum. The uncertainty in the m/z is around 1%, and the
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uncertainty in the charge (which depends mainly on the trapping time)
is around 1.2 e.41
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