
Probing Antibody Binding to Canine Parvovirus with Charge
Detection Mass Spectrometry
Carmen A. Dunbar,† Heather M. Callaway,‡ Colin R. Parrish,*,‡ and Martin F. Jarrold*,†

†Department of Chemistry, Indiana University, 800 E. Kirkwood Ave., Bloomington, Indiana 47405, United States
‡Baker Institute for Animal Health, Department of Microbiology and Immunology, College of Veterinary Medicine, Cornell
University, Ithaca, New York 14850, United States

*S Supporting Information

ABSTRACT: There are many techniques for monitoring and
measuring the interactions between proteins and ligands. Most of
these techniques are ensemble methods that can provide
association constants and in some cases stoichiometry. Here we
use charge detection mass spectrometry (CDMS), a single particle
technique, to probe the interactions of antigen binding fragments
(Fabs) from a series of antibodies with the canine parvovirus
(CPV) capsid. In addition to providing the average number of
bound Fabs as a function of Fab concentration (i.e., the binding
curve), CDMS measurements provide information about the
distribution of bound Fabs. We show that the distribution of
bound ligands is much better at distinguishing between different
binding models than the binding curve. The binding of Fab E to CPV is a textbook example. A maximum of 60 Fabs bind and
the results are consistent with a model where all sites have the same binding affinity. However, for Fabs B, F, and 14, the
distributions can only be fit by a model where there are distinct virus subpopulations with different binding affinities. This
behavior can be distinguished from a situation where all CPV particles are identical, and each particle has the same distribution
of sites with different binding affinities. The different responses to viral heterogeneity can be traced to the Fab binding sites. A
comparison of Fab binding to new and aged CPV capsids reveals that a post-translational modification at the binding site for
Fab E (M569) probably reduces the binding affinity.

■ INTRODUCTION

The interaction of viral capsids with host antibodies, generated
after infection or vaccination, can result in neutralization of the
virus and protection against infection. The specific interactions
between viruses and host receptors or antibodies have been
highly refined by evolution of both the virus and the host,
leading to sophisticated interactions that balance the need for
efficient viral infection and control of viral host ranges, while
allowing viral success in the face of antibody challenge.1

Parvoviruses are small, single-stranded DNA viruses with
genomes of about 5100 bases that are packaged into T = 1
icosahedral capsids.2,3 Parvovirus capsids are very stable and
retain infectivity for days or weeks in the environment, but
must also be able to release their genomes to begin replication
after they bind to receptors and are endocytosed into the
cell.4,5 This indicates that they must undergo a variety of
controlled conformational changes during different stages of
their life cycles. Canine parvovirus (CPV) is a host range
variant of a virus related to feline panleukopenia virus (FPV) of
cats and emerged in 1978 to cause a pandemic in dogs. CPV
and FPV capsids bind to the transferrin receptor type-1 (TfR)
to enter and infect cells, and the emergence of CPV in dogs
resulted from changes in the CPV capsid that allowed it to
bind the canine TfR and use it for infection.6,7 Antibodies

provide the majority of the protective immunity against CPV
and FPV, in part because the virus circulates freely in the blood
during infection and is exposed to antibodies.8 Parvovirus
capsids are potent antigens and stimulate strong antibody
responses after infection or vaccination.9 A number of studies
have defined the antigenic structure of parvoviral capsids, or
the related adeno-associated viral capsids, complexed with
antibodies.10−12 Those studies show that antibodies bind to
many of the exposed structures on the viral capsid surface. In
studies of eight different mouse monoclonal antibody antigen
binding fragments (Fabs) complexed with CPV or FPV
capsids, it was seen that Fabs mostly saturated the available
binding sites and their footprints covered ∼70% of the particle
surface, but that they differed greatly in their efficiency of
neutralization.10,13,14

Despite the importance of antibodies in mediating host
immunity and in determining vaccine efficacy, it has proven
difficult to quantitatively define the interactions of antibodies
with individual capsids or to understand their dynamic
properties. We lack a clear understanding of the dynamics
and stoichiometry of antibody binding to individual viral
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particles, which may be the key to efficient neutralization. Most
techniques for monitoring and measuring the interactions
between proteins and ligands are ensemble techniques such as
isothermal titration calorimetry (ITC), surface plasmon
resonance (SPR), or enzyme-linked immunosorbent assays
(ELISA). While these methods provide measurements of
equilibrium constants and in some cases stoichiometry, they do
not reveal the interactions at the single particle level. Only a
few single particle techniques can probe these types of
interactions, but they require very specific sample preparation
and few give stoichiometric information.15−20

Methods that can give stoichiometric information, such as
Förster resonance energy transfer (FRET), require the
presence of a fluorophore and cannot determine the
distribution bound.20 In SPR based methods, a functionalized
surface is used to probe protein−ligand interactions,21,22

including those between antibodies and viruses. Either the
antibody or virion is bound to a functionalized surface, and
binding of the ligand changes the intensity of the resulting
beam reflected from the surface.23−25 SPR can determine the
average number of ligands bound to viruses in aggregate but
does not reveal the number of antibodies bound to individual
particles or variability in that binding. ELISA is commonly
used to measure the interaction of antibodies or antibody
fragments with viruses,13 but it also does not reveal the binding
levels to individual particles. ITC uses the heat loss or gain of
the chemical reaction between substrate and ligand to obtain
the binding constant, enthalpy of binding and number of
binding sites,26 and again provides no information on the
variability in the binding to individual particles.
Charge detection mass spectrometry (CDMS) has been

used to obtain masses of large particles such as viruses and
multicomponent complexes.27−40 Here, we use CDMS to
examine, for the first time, the details of the dynamics and
stoichiometry of the interactions between a viral capsid and
antigen binding fragments (Fabs) from a series of antibodies.
The T = 1 parvovirus capsid displays 60 nominally identical
copies of each epitope on its surface, and we test the Fabs of
four antiviral antibodies that recognize defined structures on
the capsid, as determined previously using cryo-EM.10 In this
way, we are able to define and compare binding equilibria and
reveal the occupancy of those antibodies on individual virus
particles. The results show that each antibody has a unique
profile of attachment to the viral capsid, despite showing
similarly high affinities of binding when examined using
ensemble methods.13

■ RESULTS AND DISCUSSION
Masses of Fabs and Empty CPV Capsid. The masses of

the Fabs and the CPV capsid are required to interpret CDMS
measurement of Fab binding to CPV. Sequence masses were
not previously determined for the Fabs used in this work (14,
B, E, and F), so the masses were measured by conventional
LC-MS (Synapt G2, Waters). The results are given in Table 1.
The CPV capsid is a T = 1 icosahedron containing 60 capsid

proteins. Full (i.e., with DNA) and empty CPV particles are
generated during infection, and those two capsid forms appear
structurally equivalent when examined by X-ray crystallog-
raphy.41 The studies reported here were performed with
noninfectious empty particles. Three capsid proteins (VP1,
VP2, and VP3) are present in the mature full particles. VP1
and VP2 are formed from different start codons and from
alternatively spliced mRNAs, and the full sequence of VP2 is

present in VP1. VP3 is derived from VP2 by proteolytic
cleavage during maturation of full capsid.42−44 Empty capsids
only contain VP1 and VP2 in a ratio of around 10:90.41,45 The
sequence masses of VP1 and VP2 are 80 342 and 64 705 Da
respectively,46 so the expected mass of an empty CPV particle
is 3.987 MDa.
The CMDS spectrum measured for empty CPV is shown in

Figure 1. The measured spectrum (black points and line) has a
peak centered on 4.063 MDa with a small high mass shoulder
that extends beyond 4.5 MDa. The peak center (4.063 MDa)
is 2% larger than the expected mass of a CPV capsid with a
10:90 ratio of VP1 and VP2. Counterions and adducts are
known to lead to a measured mass up to 1% larger than the
expected mass. The other 1% is attributed to the amount of
VP1 being slightly larger than in the expected 10:90 VP1:VP2
ratio. The thin red line in Figure 1 shows the peak calculated
for a binomial distribution with a 15:85 ratio of VP1:VP2. The
peak was obtained by combining the binomial distribution for
a 15:85 ratio (red histogram in Figure 1) with a Gaussian
function representing the experimental resolution.

Monitoring Fab Binding with CDMS: Binding Curves.
Empty CPV capsids were incubated with one of the four
fragment antibodies, and then the mass distributions of the
resulting complexes were measured using CDMS to determine
the number of bound Fabs. In these experiments, the
concentration of the CPV capsid was held constant and the
concentration of the Fab was increased until saturation was
achieved. CDMS mass histograms measured for unreacted

Table 1. Masses Measured by Conventional MS for the
Antigen Binding Fragments Used in This Study

antigen binding fragment measured mass (Da)

Fab E 49 253
Fab B 46 496
Fab 14 46 490
Fab F 47 782

Figure 1. CDMS spectrum measured for empty CPV particles. The
black line and points show the measured spectrum plotted using 25
kDa bins. The red histogram shows the binomial distribution of
masses expected for a capsid with a VP1/VP2 ratio of 15:85. The peak
shown by the thin red line was obtained by combining the binomial
distribution with a Gaussian function representing the experimental
resolution.
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CPV and CPV with five Fab E concentrations ranging from 0.2
to 9.1 μM are shown in Figure 2. The peak center shifts to
higher mass as the Fab E concentration increases. Addition of
the Fab also causes the peak to broaden and then narrow.
Peaks due to the additions of a specific number of Fabs are not
resolved in Figure 2. However, the width of the measured mass
distribution provides information about the distribution of Fab
numbers bound at each concentration.
To determine the number as well as the distribution of Fab

E bound at each concentration, the measured peaks were fit
with a series of Gaussians to account for the instrumental
resolution and heterogeneity of the CPV capsid (see above).
The width of the Gaussians was determined by fitting the
width of the peak measured for the unreacted CPV. The
Gaussians were stepped across the measured mass distributions
by a mass equivalent to two Fabs. (We used a step of two Fabs
because the peak for unreacted CPV has a full width at half-
maximum equivalent to around three Fabs.) The results of this
fitting procedure are shown in Figure 3 for the five Fab E
concentrations in Figure 2. The points in Figure 3 are the
relative abundances of each Gaussian used to fit the measured
peaks. These relative abundances were used to calculate the

mean number of Fabs and the root-mean-square deviation
(RMSD) of each mass distribution. The mean number bound
was then plotted against Fab concentration to yield the binding
curve for each Fab (Figures 4 and 5, A and B). The
distribution RMSDs were also plotted against Fab concen-
tration (Figures 4 and 5, C and D).
According to cryo-EM studies, Fab E binding sites are

roughly equidistant from the 2-, 3-, and 5-fold axes.14 Sixty Fab
E are expected to bind per capsid at saturation.10 The Fab E
binding curve is shown in Figure 4A. The points are the
measurements and the line is a fit discussed below. Saturation
occurs at around 60 Fabs. Fab B binds near the 3-fold axes of
the capsid. There are expected to be 60 Fab B bound per
capsid based on cryo-EM results.10 The Fab B binding curve is
shown in Figure 4B. Saturation occurs at around 60 Fabs. Fab
14 binds close to the same site as Fab B, near the 3-fold axis.
The Fab 14 binding curve is shown in Figure 5A. Saturation
occurs with close to 60 Fab 14 bound. The Fab F binding site
is roughly equidistant from the two, three and 5-fold axes. It is
similar to and overlaps with the binding site for Fab E, The Fab
F binding curve is shown in Figure 5B. In this case, saturation
appears to occur with less than the expected 60 Fabs.

Monitoring Fab Binding with CDMS: Distribution
RMSDs. The plots of the distribution RMSDs against
concentration for each Fab are shown in Figures 4 and 5, C
and D. For Fab E, the distribution RMSD peaks during the
portion of the binding curve where the number of Fabs bound
is increasing rapidly, then decreases as the average number of
Fabs bound approaches saturation. For Fabs B, 14, and F, the
distribution RMSD increases rapidly as the number of Fabs
bound increases, but the substantial narrowing of the
distributions (seen for Fab E) is not observed for those
Fabs. In those latter cases, the distribution RMSD remains
relatively large as the Fab concentration is increased and
saturation is approached. In the case of Fab 14 (Figure 5C),
the distribution RMSD increases sharply at high Fab
concentrations. This change is correlated with a small increase
in the average number bound (Figure 5A). These observations

Figure 2. CDMS mass histograms measured for the reaction between
CPV and Fab E. (A) Mass histogram of empty CPV with no Fab. The
center of the mass distribution of unreacted CPV is indicated by the
red dotted line at 4.06 MDa. B−F) are the CDMS histograms of CPV
reacted with increasing concentration of Fab E: (B) 0.2 μM, (C) 0.5
μM, (D) 1.2 μM, (E) 3.4 μM, and (F) 9.1 μM.

Figure 3. Results of the fitting procedure used to analyze the
measured mass distributions, accounting for instrumental resolution
and the heterogeneity of the CPV capsid (see text). Representative
results are shown for Fab E at the five concentrations shown in Figure
2. The points are the relative abundances of the Gaussians used to fit
the measured mass distribution. These relative abundances were used
to calculate the mean and distribution RMSDs that are plotted in
Figures 4 and 5. The lines are Gaussians calculated using these
quantities.
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Figure 4. Binding curves and plots of distribution RMSDs for Fab E and Fab B reacting with CPV capsids. The binding curves (plots of the average
number of Fabs bound versus initial Fab concentration) are shown in the upper panels. The lower panels show the distribution RMSDs plotted
against Fab concentration. The results for Fab E are on the left of the figure, and those for Fab B are on the right. The points are the experimental
measurements. The red lines show the prediction of the standard (Langmuir) model for ligand binding where all sites have the same intrinsic
affinity. The blue lines show the predictions of a model where there are CPV capsid subpopulations with different intrinsic affinities. For the
binding curve (upper plots) the blue line is beneath the red line.

Figure 5. Binding curves and plots of distribution RMSDs for Fab 14 and Fab F reacting with CPV capsids. The binding curves (plots of the
average number of Fabs bound versus initial Fab concentration) are shown in the upper panels. The lower panels show the distribution RMSDs
plotted against Fab concentration. The results for Fab 14 are on the left of the figure, and those for Fab F are on the right. The points are the
experimental measurements. The red lines show the prediction of the standard (Langmuir) model for ligand binding where all sites have the same
intrinsic affinity. The blue lines show the predictions of a model where there are CPV capsid subpopulations with different intrinsic affinities. For
the binding curve (upper plots), the blue line is beneath the red line.
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may indicate the onset of weaker, possibly nonspecific, binding
of the Fab to the saturated capsid.
Sources of Error. There are two main potential sources of

error with the CDMS measurements described here. First,
transfer of the virus−Fab complex through the electrospray
interface into high vacuum could lead to collisional activation
and when ligand binding is weak, the loss of some of the Fabs.
The observation that the maximum number of bound Fabs is
close to the expected number of epitopes on the T = 1
icosahedral capsid (60) for all Fabs suggests that loss of Fabs
through collisional activation is not a significant source of
error. Another potential source of error is the formation of
nonspecific aggregates during electrospray. The large ions
studied in this work are thought to be generated by the charge
residue mechanism where the solvent evaporates from the
electrospray droplet to leave behind a charged ion.47 If a
droplet contains free Fabs in addition to a CPV(Fab)m
complex, then the free Fabs and CPV(Fab)m complex could
form a nonspecific aggregate as the droplet evaporates and the
resulting CPV(Fab)m+x

y+ ion would contain extra Fabs. An
estimate of the average number of free Fabs present in a
droplet can be obtained from the concentration and droplet
size. The average size of the primary electrospray droplets can,
in turn, be estimated from the electrospray conditions.48,49 For
an estimated droplet size of 68 nm, the average number of free
Fabs is 1.0 per droplet for a Fab concentration of 10 μM. Thus,
nonspecific aggregation can only be responsible for the
addition of a few extra Fabs at most. For Fab 14 the binding
curve (Figure 5A) was measured for Fab concentrations well
above the point where the number bound has leveled-off. If
nonspecific aggregation was significant, the number bound
would not level off.
Potential errors in the CDMS mass measurements (which

are relatively small) are discussed in the Materials and
Methods Section below.
Comparison with Predictions of the Standard Model

for Ligand Binding. The absence of a lag phase in all the
binding curves indicates that binding is noncooperative. The
standard model for ligand binding to n identical and
independent sites (i.e., noncooperative binding) describes a
series of coupled equilibria:

VA A VAm m1 +− V (1)

where in this case V is the virus and A is the antibody. The
equilibrium constant for the mth step is

K m
VA

VA A
n m

m
K( )

1m

m
A

1
A′ =

[ ]
[ ][ ]

= − +
− (2)

where KA is the equilibrium constant for a single site and the
other term is a statistical factor that results because there are n
− m + 1 open sites for the forward reaction and any of the m
adsorbed ligands can dissociate for the reverse reaction. Under
the conditions used to perform the experiments, free A is not
much larger than bound A, and so calculation of the
equilibrium concentration [VAm] for given initial V and A
concentrations leads to a series of coupled equations that were
solved iteratively. The average number of A bound to V, ⟨m⟩, is
then given by

m
m VA

VA
m

m
⟨ ⟩ =

∑ [ ]
∑ [ ] (3)

⟨m⟩ was calculated for each initial A concentration, and the
results were fit to the measured binding curves using a least-
squares criterion. The fits are discussed below. This procedure
yields optimized values of KA and n, the number of equivalent
binding sites.
For each initial A concentration, the optimized values of

[VAm] provide the distributions of A that are bound to V. The
RMSD of this distribution, σm, is given by

m m VA
VA

( )
m

m

m

2

σ =
∑ − ⟨ ⟩ [ ]

∑ [ ] (4)

The calculated RMSDs for each initial A concentration will be
compared to the values deduced from the CDMS measure-
ments.
The best fits of the standard model to the measured binding

curves are shown by the red lines in Figures 4 and 5, A and B.
In all cases, the standard model provides an excellent fit to the
experimental results. Table 2 summarizes the parameters (n
and KA) derived from the model. According to cryo-EM
measurements and symmetry arguments, there are 60
equivalent sites for each Fab. For Fab E, the fit of the
standard model optimized with 60 equivalent sites and for Fab
14 the best fit was obtained with 59. However, the fit assuming
60 equivalent sites for Fab 14 was only slightly worse (the
RMSD was only 0.05% larger) and so the deviation from 60 is
not significant. For Fab B, the best fit was obtained with 65
equivalent sites. The fit assuming 60 equivalent sites had an
RMSD 50% larger than the fit with 65, so the deviation from
60 is significant here. For Fab F, the best fit was obtained with
56 equivalent sites and the deviation from 60 is significant
again. The reduced number of equivalent sites for Fab F could
be due to steric crowding reducing the affinity of the last few
sites.
While the binding curves are all well fit by the standard

model, this is not true for the distribution RMSDs. The
predictions of the standard model are shown by the red lines in
Figures 4 and 5, C and D. In the case of Fab E, the standard
model provides a good fit to the distribution RMSDs, except
for the lower concentrations where the average number bound
is increasing rapidly. On the other hand, for Fab B, 14, and F,
the measured distribution RMSDs are much larger than
predicted by the standard model.

Table 2. Parameters Determined from the Fit of the
Standard Model to the Measured Binding Curvesa

Fab n KA

ΔG°
(kJ/mol) KD binding site

Fab B 65 0.219 × 106 −30.5 45.7 × 10−7 3-fold axis
Fab F 56 1.29 × 106 −34.9 7.75 × 10−7 equidistant

from 2-, 3-,
and 5-fold
axes

Fab E 60 2.38 × 106 −36.4 4.20 × 10−7 equidistant
from 2-, 3-,
and 5-fold
axes

Fab 14 59 8.60 × 106 −39.6 1.16 × 10−7 3-fold axis

an is the number of equivalent sites, and KA is the association constant
for a single site. The association constant for the mth step
incorporates a statistical factor (see eq 2). The free energy change
for the association reaction is obtained from ΔG° = −RT ln KA. KD =
1/KA.
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Beyond the Standard Model: Capsids Are Identical
but Binding Sites Are Not. The poor agreement between
the predictions of the standard model and the distribution
RMSDs for Fabs B, 14, and F led us to seek a modified
approach that would provide a better match to the distribution
RMSDs while simultaneously providing a good fit to the
binding curves. In the standard model employed above, all
binding sites are identical. This model is equivalent to the
Langmuir adsorption isotherm used to model adsorption on
surfaces. A reasonable next step would be to use a model where
the sites are no longer equivalent. The Temkin adsorption
isotherm was designed to account for adsorbate−adsorbate
interactions.50,51 In this model, the heat of adsorption is
coverage dependent. The equilibrium constant K’A(M) in eq 2
above can be rewritten as follows.

K m
n m

m
K

n m
m

n m
m

( )
1 1

e

1
e e

G RT

S R H RT

A A
/

/ /

′ = − + = − +

= − +

−Δ

Δ −Δ
(5)

The Tempkin adsorption model was designed to account for
adsorbate−adsorbate interactions by making the heat of
adsorption depend on the coverage.

H H(1 )m αθΔ = Δ − (6)

where α is a constant and θ is the fractional coverage which is
given by (m − 1)/n. Substituting into eq 5,

K m
n m

m
n m

m
n m

m
K

( )
1

e e

1
e e e

1
e

S R H RT

S R H RT H RT

A
/ / (1 )

/ / /

A

′ = − +

= − +

= − +

αθ

αθ

βθ

Δ Δ −

Δ −Δ Δ

(7)

where β is given by

H
RT

β α= Δ
(8)

For β = 0, the Temkin model reduces to the Langmuir model.
For β > 0, the binding energies increase with increasing
coverage and for β < 0 the binding energies decrease with
increasing coverage.
Attempts to fit the Temkin model to the experimental data

for Fab B are shown in Figure 6. Figure 6A shows fits to the
binding curve. The inset table shows the standard deviations
for the best fits as a function of β. The lines in the plot are
color coded to the β values in the table (purple −3.0, red −2.0,
blue −1, green 0, and yellow +1). The best fit is obtained with
β = 0, and moving β away from zero in the positive or negative
directions leads to poorer agreement between the predictions
of the model and the experimental data. Figure 6B shows
comparison between the model predictions and the distribu-
tions RMSDs. The lines in the plot are color coded to the β
values in Figure 6A. The Temkin model does not significantly
improve the agreement with the distribution RMSDs. Based on
these results, we concluded that a model with heterogeneity in
the binding sites (with all virus particles identical) could not
simultaneously fit the binding curves and the distribution
RMSDs. This led us to consider a model where there are
particle subpopulations with different binding affinities.
Beyond the Standard Model: Particle Subpopula-

tions with Different Binding Affinities. The simplest

model where there are particle subpopulations with different
binding affinities is a model with two subpopulations (high
affinity and low affinity) with each subpopulation having n
identical binding sites. In this case, we optimized the
parameters of the model to simultaneously fit the binding
curve and the distribution RMSDs, using a least-squares
criterion. The best fits are shown as the blue lines in Figures 4
and 5. With this approach, it is possible to simultaneously
obtain good fits to the binding curves and to the distribution
RMSDs. In the case of the binding curves (Figures 4 and 5, A
and B), the blue lines are not visible in most of the plots
because they are completely under the red lines from the
standard model.
In the model described above, we assumed that there are

two virus subpopulations with different binding affinities, and
this approach provided a good fit to the experimental results.
However, this does not necessarily mean that there are only
two subpopulations, and more subpopulations may be revealed
by higher resolution measurements.
Table 2 shows a summary of the results from fitting the

standard model to the binding curves. KA and n are shown for
each Fab, along with the binding free energy determined from
KA and KD (the reciprocal of KA). As discussed above, the
number of available sites (n) is close to the expected value
(60) in all cases. The KD values range from 0.1 to 4.5 μM. It

Figure 6. Comparison of the predictions of the Temkin model to the
measured binding curve and distributions RMSDs. (A) Best fits of the
Tempkin model to the binding curve for Fab B for a range of β values.
The standard deviations of the fits for the different β values are given
in the inset table. The lines in the plot are color coded to the β values
in the table (purple −3.0, red −2.0, blue −1, green 0, and yellow +1).
(B) Comparison of the measured and calculated distribution RMSDs.
The lines are color coded as in (A).
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should be noted that these are the KD values for a single site,
and the equilibrium constant for the mth step is given by

K m
m

n m
K( )

1D D′ =
− + (9)

For n = 60, the statistical factor, m/(n − m + 1), ranges from
1/60 for the first step to 60 for the last.
Comparison with Other Measurements. Most antibod-

ies have KD values in the low micromolar (10−6 M) to
nanomolar (10−7−10−9 M) range. The KD values reported in
Table 2 fall into this range. The values found here indicate
interactions at the weak end of the expected range, but this
could be partly due to the fact antibodies have bivalent
interactions versus monovalent for the Fabs.52 Another
contributing factor may be that the CPV capsids are immature
empty particles rather than mature virions. On the other hand,
Nelson et al.13 have measured KD values for the binding of
Fabs E, F, B, and 14 to CPV capsids using direct calibration
ELISA.53 The measured KD values (1−6 nM) are much smaller
than found here. The direct calibration ELISA method is a
multistep measurement. The CPV capsids are immobilized in a
well and exposed to a Fab solution. After a predetermined time
the solution is removed and placed into another well with
immobilized CPV. This process is repeated several times until
all the Fab is adsorbed and then the absorbed Fabs are
detected by means of a horse radish peroxidase-conjugated
secondary antibody. Finally, the immobilized CPV concen-
tration is determined by a Fab saturation analysis.
Capsid Degradation and Effect on Fab Binding.

Because the results described above showed evidence for
capsid subpopulations with different binding affinities we were
curious to see if the affinities changed with capsid age. To
explore this question, we compared Fab binding to recently
prepared CPV capsids and to several capsid samples that were
purified more than 9 years ago, and that had been stored at 4
°C since that time. The mass distributions measured for the
aged capsids are slightly broader than the recently prepared
CPV capsids and shifted to slightly lower mass (by 18−51 kDa
depending on the preparation). Supporting Information Figure
S1 shows mass distributions measured for four aged CPV
capsid samples. Based on a proteomics study of the post-
translational modifications (see below) the peak for the aged
capsids should be shifted around 6 kDa higher in mass than the
peak for the new capsids (assuming all aged samples have the
same post translational modifications). Thus, the average
masses of the aged capsids are around 24−57 kDa lower in
mass than expected from the mass of the new capsids. This
difference could be due to proteolysis or it could be due to the
aged capsids containing slightly less VP1 and slightly more
VP2 than the new capsids. If the mass shift is entirely due to
changes in the VP1:VP2 ratio, then for the aged capsids this
ratio ranged from around 12:88 to 9:91. These values are
closer to the expected 10:90 ratio than the 15:85 ratio found
for the newly prepared capsids (see above).
The aged CPV capsid preparations were incubated with

Fabs 14 and E, at relatively high Fab concentrations so that the
capsids were expected to be close to saturation. After
incubation with 19.2 μM Fab 14, the peak measured for the
aged capsids was slightly lower in mass than the peak measured
for the new capsids. However, the peak widths were similar. A
representative example is shown in Figure 7A, where the red
line shows the peak for new capsids and the black line shows
the peak for aged capsids. The results for all four aged samples

are provided in Figure S2. The mass difference (which
corresponds on average to around half a Fab) is small. Aging
has little effect on the binding of Fab 14. On the other hand,
incubation with 5.7 μM Fab E reveals a significant difference
between aged and new capsids. A representative example is
shown in Figure 7B and the results for all four aged samples are
shown in Figure S3. In this case, the different aged samples
show significantly different levels of Fab E binding; ranging
from around 2 to 8 fewer Fabs than the new capsids. The peaks
for the aged samples are also broader than the peak measured
under identical conditions for the new capsids. The different
levels of Fab binding for the aged capsids may indicate
different levels of modification.
The results described above indicate the binding of Fab E is

influenced by capsid age while the binding of Fab 14 is not.
Fab 14 binds near the 3-fold axis while Fab E binds nearly
equidistant from the 2-, 3-, and 5-fold axes. To explore this
difference further we used mass spectrometry to identify post-
translational modifications in the aged and new capsids. The
capsids were digested using trypsin, desalted, and the masses of
the resulting peptides determined using an Orbitrap mass
spectrometer. We looked specifically for deamidated aspar-
agine and oxidized methionine since the Fabs bind at the
asparagine and methionine residues and modifications at these
residues are expected to affect binding. We only considered
post-translational modifications with relative abundances

Figure 7. Comparison of mass distributions measured after
incubation of new and aged CPV capsids with Fab 14 (19.2 μM)
and Fab E (5.7 μM). The black line shows the distributions measured
for aged capsids, and the red line shows the results for new capids.
Distributions for three additional aged samples are given in the
Supporting Information.
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greater than 20%. Post-translational modifications that met
these criteria are summarized in Table 3. There are more post-
translational modifications in the aged capsid than in the new.
In particular, there is a relatively large number of oxidized
methionine sites, which are often associated with protein
degradation. There is an oxidized methionine at the Fab 14
binding site (M87). However, this modification is present in
both the new and aged capsids. There are no significant
differences in the post-translational modifications at the Fab 14
binding site, which is consistent with the relatively small
difference in the binding affinities of the new and aged capsids.
On the other hand, at the Fab E binding site M569 is 94%
oxidized in the aged capsid, but not modified significantly in
the new capsid. The M569 is within the footprint of the Fab
E,14 so that the substantial difference in the binding affinities of
the new and aged capsids found for Fab E could be due to the
post-translational modification at that position.

■ CONCLUSIONS

CDMS was used to probe the interactions between the canine
parvovirus capsid and antigen binding fragments from a series
of antibodies. The measurements provided information on the
average number of Fabs bound to the CPV capsids and the
distribution. A plot of the average number bound against the
initial Fab concentration yields the binding curve. The binding
curves could be fit using the standard model of ligand binding
to obtain the association (or dissociation) constant and the
number of binding sites. In the standard model, all binding
sites are assumed to be identical. This model provided an
excellent fit to the binding curves for all four Fabs examined in
this work. However, the standard model could not account for
the distribution of bound Fabs for three of the four Fabs
examined. The measured distributions were much broader
than predicted. Models where the binding sites are not
identical (but all capsids are identical) could also not account
for the distributions. However, a model with capsid
subpopulations with different affinities could account for the
distributions while also fitting the binding curves. These results
demonstrate that the distribution of bound ligands is a much
more sensitive probe of ligand binding than the binding curve
alone.
The nonequivalent binding of different Fabs is a novel

finding, and difficult to explain from current structures, as
those all use icosahedral averaging, and do not show any

variation between capsid subclasses or within the icosahedral
structure. Our data suggest that the structural variation
revealed by the antibody Fabs was localized to certain
positions within the capsids, as the Fabs with different
footprints were differently sensitive to the variation. Fab B
and 14 both bind close to the 3-fold axes of the virus, while
Fab E and F bind at overlapping sites roughly equidistant from
the 2-, 3-, and 5-fold axes (see Table 2). Finally we note that
there is evidence that Fab binding induces an allosteric change
in the capsid that inhibits receptor binding.13,14 This raises the
possibility that the structural variation revealed here could be
induced in part by Fab binding.
The newly prepared CPV capsids behave like a single

homogeneous population when tested with Fab E, while the
older capsids showed a consistent reduction in Fab E saturated
binding suggesting that a portion of the aged capsids have sites
with a reduced affinity toward Fab E. It appears to be unlikely
that this is solely due to the post-translational modifications
present in the aged capsids, because those were found to
change in all positions in the capsids. This suggests that the
heterogeneity results from other small structural differences
within a portion of the Fab E footprint which is not present
within the Fab14 footprint. Further analysis is required to
identify the nature of the changes and how they affect antibody
binding.

■ MATERIALS AND METHODS
Preparation of CPV Capsids. Canine parvovirus (CPV) capsids

were grown in Norden Laboratory Feline Kidney (NLFK) cells in 1:1
McCoy-Lebovitz 15 media with 5% fetal calf serum (FCS).

The CPV stock was generated by transfecting NLFK cells with
CPV infectious plasmid and passaging cell supernatants 3−4 times.
The NLFK cells were seeded in 850 cm3 roller bottles (Corning) at 2
× 104 cells/cm3 and inoculated with 5 mL of CPV stock. After
incubating at 37 °C for 4 days, 7.25 mL of 0.69 M Tris pH 8.7, 3.4%
NP-40, and 0.19 mM EDTA was added to roller bottles. The cultures
were frozen at −20 °C, thawed, and centrifuged at 12 700g for 30 min
to remove cell debris. The resulting supernatant was incubated at 4 °C
overnight with 4.25 mM polyethylene glycol 8000 (Fisher Scientific)
and 0.5 M NaCl (Fisher Scientific), followed by centrifugation at
12 400g for 30 min in a Fiberlite F13 rotor (Thermo Scientific). The
pellet was resuspended in 20−40 mL of 0.1% sarkosyl and 0.01 M
Tris pH 7.5 and extracted with an equal volume of chloroform, prior
to centrifugation at 11 800g for 15 min in a Fiberlite F21 rotor
(Thermo Scientific). The aqueous fraction was layered over a 10 mL,
20% sucrose cushion and centrifuged at 30 000 rpm in a SW32Ti
rotor (Beckman-Coulter) for 4 h at 12 °C. The pellet was
resuspended in 1−2 mL 25 mM Tris, pH 7.4, layered over a 10−
40% sucrose gradient, and centrifuged at 30 000 rpm in a sw32Ti
rotor for 4.5 h at 12 °C. Heavy (infectious, DNA-containing) and
light (noninfectious, non-DNA containing) capsid bands were
removed from the gradient. Empty capsids from the light band
were used in these experiments. Some capsids were prepared as
described in Agbandje et al.54 and stored in PBS with 0.05% sodium
azide at 4 °C for over 9 years.

Preparation of Antigen Binding Fragments (Fabs). Antibod-
ies B, E, and F are rat IgG-2b, while antibody 14 is a mouse IgG-2a,
and all were prepared and produced from hybridoma cells as
described elsewhere55,56 Cells were cultured in DMEM (Dulbecco’s
Minimal Essential Medium) with 10% FCS and nonessential amino
acids in Lifecell gas permeable bags (Baxter Healthcare) at 37 °C,
then cell supernatants were run through a HiTrap Protein G HP
column (GE Healthcare) in 50 mM Tris and 150 mM NaCl pH 7.5,
eluted with 0.1 M Citrate buffer pH 3.0, and immediately neutralized
with 1 M Tris pH 9.0. Antibodies B and F were cleaved with papain
and Fabs and purified as described in Nelson et al.13 Antibodies E and
14 were cleaved into Fabs by overnight incubation with immobilized

Table 3. Post-Translational Modifications Found in New
and Aged CPV Capsidsa

% modified

position modification new capsid aged capsid

N25, N46, N47 1xDeamidated 100 100
N56, N64 1xDeamidated 94 97
M73 1xOxidation 99 90
M87 1xOxidation 100 92
M174, M183, M190 3xOxidation 0 80
M319, M331 2xOxidation 0 95
N466 1xDeamidated 74 0
M518 1xOxidation 0 95
M569 2xOxidation 0 94

aModifications at the Fab 14 binding site are highlighted in bold, and
modifications at the Fab E binding site are highlighted in italic (0 =
not detected).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b08050
J. Am. Chem. Soc. 2018, 140, 15701−15711

15708

http://dx.doi.org/10.1021/jacs.8b08050


papain (Fisher Scientific), according to the manufacturer’s protocol.
The constant region (Fc) was separated from antibody 14 Fabs by
incubating the cleaved protein with Protein A CL-4B Sepharose beads
(Pharmacia Biotech) in 50 mM Tris pH 7.0. Antibody E constant
regions were removed by running cleaved protein over a DEAE-
Sephadex A25 (Sigma-Aldrich) column in 0.01 M phosphate buffer
pH 7.8 and collecting column flow-through. (Fab)2 and other
incomplete cleavage products were removed via size exclusion
chromatography over a Sephadex G100 column (Pharmacia) in
PBS (phosphate buffered saline). Fabs were concentrated using an
Amicon 10 kDa centrifugal filter (Millipore).
Charge Detection Mass Spectrometry. Charge detection mass

spectrometry is a single particle technique where the mass to charge
ratio (m/z) and charge (z) are measured simultaneously and then
multiplied to yield the mass of each ion. This process is repeated for
thousands of ions, and the masses are binned to obtain a mass
spectrum. The CDMS instrument, methods,57−59 and data anal-
ysis60,61 have been described in detail elsewhere. Briefly, ions are
produced by a nanoelectrospray source (Advion Biosciences) and
introduced into the instrument through a heated metal capillary. Ions
pass through three differentially pumped regions containing an ion
funnel, a hexapole, and a quadrupole. The nominal ion energy of 100
eV/z is set by the static potential applied to the hexapole. The ions
are then focused into a dual hemispherical deflection energy analyzer
(HDA). The HDA transmits ions within a narrow band of kinetic
energies centered on 100 eV/z. The transmitted ions are focused into
an electrostatic linear ion trap with a cylindrical charge detector tube
at its center. The trap end-cap voltages are raised, and a trapping
event occurs. After a user determined time (100 ms for these
experiments), the end-caps are grounded and the trap is emptied.
During a trapping event the ion oscillates back and forth through
detector tube, inducing a periodic signal which is amplified, digitized
and transferred to a computer for analysis. The digitized signals were
analyzed by a Fortran program using fast Fourier transforms. Events
where ions were not trapped for the whole trapping time were
discarded.
The uncertainty in the mass measured for each ion depends on the

uncertainties in the m/z and charge determinations. Both are well
characterized.60−62 In the case of the charge, the uncertainty is limited
by electrical noise and depends on the square root of the trapping
time. For a trapping time of 100 ms the uncertainty in the charge
(RMSD) is around 1.3 e (elementary charges). The uncertainty in the
m/z is limited mainly by the energy distribution of the ions. For the
conditions employed here, the relative uncertainty (RMSD) in the m/
z is around 0.006. Combining the uncertainties in the charge and m/z
leads to a relative uncertainty (RMSD) in the mass of around 0.009.
Parvovirus Fab Reaction. Samples were received in PBS. Stock

solutions were diluted in PBS, and reaction volumes were mixed and
incubated at room temperature. The initial CPV capsid concen-
trations were 2.0 × 10−8 M for Fab E and Fab B, 4.0 × 10−8 M for Fab
14, and 7 × 10−9 M for Fab F. After a reaction time of 1 h, the
mixtures were buffer exchanged using biospin size exclusion
chromatography columns (Bio-Rad Laboratories) into 100 mM
ammonium acetate and electrosprayed. Some of the reaction mixtures
were monitored over a 24 h period and longer reaction times did not
cause a change in the mass distributions, indicating that equilibrium
had been established within 1 h. Measurements were performed with
freshly prepared CPV capsids from four different preparations and
with Fabs from two or three different preparations. The results
obtained with the different preparations showed no significant
systematic differences. The results from the different preparations
were combined in Figures 4 and 5 and analyzed together.
Post-Translational Modifications of Aged and New CPV

Capsids. The aged and new CPV capsids were denatured using 8 M
urea in 100 mM ammonium bicarbonate (Sigma-Aldrich). Denatured
proteins were reduced with 4 mM tris(2-carboxyethyl)phosphine
(Sigma-Aldrich) for 1 h at 56 °C, followed by alkylation using 8 mM
iodoacetamide (Sigma-Aldrich) for 1 h at room temperature. Proteins
were digested at 37 °C using trypsin (Promega) overnight. Peptides
were desalted using Omix C18 micro pipet tips (Agilent) and

lyophilized to dryness. Desalted peptides were analyzed directly on an
Orbitrap Fusion Lumos Mass Spectrometer (Thermo Scientific).
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