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A major question in mapping protein-
ligand or protein-protein interactions

in solution is to distinguish direct-binding
interactions from long-range conforma-
tional changes at allosteric sites. We
describe here the applicability of amide
hydrogen deuterium exchange mass spec-
trometry (HDXMS) in addressing this
important question using the bacterio-
phage HK97 capsid proteins’ interactions
with their processing protease. HK97 is a
lambda-like dsDNA bacteriophage that is
ideal for studies of particle assembly and
maturation. Its capsid precursor protein is
composed of two main regions, the scaf-
folding protein (d-domain, residues 2-
103), and the coat subunit (residues 104-
385), which spontaneously forms a mix-
ture of hexamers and pentamers upon
association. Activation of the viral prote-
ase, which occurs after particle assembly,
is initiated by the protease mediated diges-
tion of the scaffolding domains to yield
Prohead-2. This irreversible step is obliga-
tory for activation of the virus maturation
pathway. Here we provide an
“addendum” to our previous study of
Prohead I and Prohead ICpro (a transient
complex of Prohead I and the protease)
where we investigated the interactions
between the d domain and the packaged
protease using HDXMS. Our results
revealed two sites on the d domain: one
set of contiguous peptides that showed
decreased exchange at the protease binding
site at early time points of deuterium
labeling and another separate set of con-
tinuous peptides that showed decreased
exchange at later time points. Even

though this cannot reveal the time scales
of molecular processes governing binding
and allostery, we believe this differential
pattern of exchange across deuteration
times can allow spatial distinction between
binding sites and long range conforma-
tional changes with allosteric implications.
This partitioning can be discerned from
the lag between noncontiguous regions on
a protein showing maximal changes in
deuterium exchange and highlights a pow-
erful application of HDXMS in distin-
guishing direct binding in transient
protein-protein interactions from allosteric
changes.

A major question in mapping protein-
ligand or protein-protein interactions in
solution is to distinguish direct binding
and allosteric sites. We describe here the
applicability of HDXMS in addressing
this important question using the bacteri-
ophage HK97 capsid proteins’ interaction
with their processing protease. HK97 is a
lambda-like dsDNA bacteriophage that is
exceptionally amenable for studies of par-
ticle assembly and maturation.1 Prohead
I¡pro is the first assembly product when
the capsid protein gene (gp5) is expressed
in E. coli. It is formed by 420 copies of the
subunit arranged on a T D 7l quasi-equiv-
alent surface lattice. HK97 gp5 is a 384
amino acid protein with residues 2–103
(called the d domain) required for proper
assembly of the capsid. Expression of the
viral protease (gp4) with gp5 results in a
transient particle, Prohead ICpro, that
undergoes proteolysis of the d domain
when the particle is fully assembled,
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followed by gp4 auto-digestion resulting
in small polypeptides that diffuse out of
the particles.2 The resulting assembly
product is Prohead II and can be readily
purified from the expression system. Pro-
head ICpro is stable if gp4 is made inactive
by mutation.3 Here we provide an
“addendum” to our previous study of Pro-
head I¡pro and Prohead ICpro where we
investigated the structural relationship
between the d domain and the packaged
protease.4 We established that the d
domain in the absence or presence of pro-
tease was found to be largely disordered in
EM or crystallographic studies suggesting
that it adopted multiple conformations.
We therefore used amide hydrogen deute-
rium exchange mass spectrometry
(HDXMS) to provide additional insights
regarding the dynamic character of the d
domain and capsid protein in Prohead
I¡pro and Prohead ICpro particles. Here we
further discuss the implications of the data
reported in Veesler et al.4 and provide a
working model to explain the deuterium
exchange profiles measured for different
regions of the viral coat protein. This anal-
ysis has implications not discussed in the
original paper.

Deuterium exchange at backbone
amide hydrogens is highly dependent on
the environment and is directly affected
by the secondary, tertiary and quaternary
structure of a protein5. Amides are thus
powerful probes for monitoring both
solvent accessibility as well as intrinsic
H-bonding and neighborhood effects.
Consequently, it offers a powerful tool for
mapping protein-protein interactions in
solution. The observed rate of deuterium
exchange (kobs) is a function of the associ-
ation (ka) and dissociation (kd) rates as
well as of the concentrations of interacting
partners (protein or ligand). It is expressed
as follows:

kobsD kd£ kex

ka[ligand]C kex

(Mandell et al.6) kex represents the
intrinsic rate of deuterium exchange in
solution.

HDXMS is especially suited to map-
ping protein-protein interactions at pep-
tide resolution where every backbone

Figure 1. Difference in deuterium exchange between protease-free procapsids and protease
containing procapsids at peptide resolution highlight the direct and indirect effects of protease
binding. Specific pepsin-digest fragment peptides of procapsid protein generated are listed from
the N- to C-terminus (x-axis). The 2 plots represent the difference in deuterium exchange (y-axis) at
2 time points of deuterium on-labeling (t D 30 sec (orange) and t D 5 min (black)) with each point
representing a single pepsin-digest fragment peptide. Positive differences represent regions in the
procapsid showing reduced deuterium exchange in presence of protease. Peptides showing differ-
ences at early time points represent direct binding sites (blue dashed boxes) and those regions
showing larger differences in deuterium exchange (t D 5 min) represent long range stabilization/
allosteric sites (red dashed boxes). Deuterium exchange of 0.5 Da is considered significant and is
represented by a red dashed line in the plot.

Figure 2. Comparative HDXMS analysis across multiple protein loci enables a distinguishing of
direct protein/ligand binding from long range stabilization/allosteric sites on proteins. The sche-
matic shows the application of HDXMS in probing protein-protein/ligand interactions. The HK-97
procapsid protein (PDB ID:3QPR) (cartoon in teal) with the backbone amide nitrogen atoms as white
spheres. Deuterons (red) exchange preferentially at regions with greater solvent accessibility or that
are more dynamic. Deuterium exchange of the protein at 2 different times of deuterium exchange
(t2 > t1) in the absence (A) and presence of partner protein/ligand (purple) (B). In the presence of
partner protein/ligand, differential decreases in deuterium exchange are observed at both proximal
binding sites and distal sites. At early time points (represented by t1), reduced exchange (green)
highlights the ‘direct’ binding site. With increased deuteration time (represented by t2), the binding
site begins to show greater exchange arising from the reversible kinetics of association and dissoci-
ation of the partner protein/ligand, while a distal site shows reduced exchange (orange dashed
lines). No differences in rates of deuterium exchange are observable between these 2 sites in the
protein/ligand-free protein.
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amide within a protein is a potential
reporter for monitoring protein dynamics,
mapping protein-protein interactions and
allostery. In HDXMS experiments, deute-
rium exchange is localized to specific
regions of the protein by proteolysis of the
target protein with the enzyme, pepsin
and mass spectrometry is then applied to
measure the increase in mass upon deute-
rium exchange.7 The interactions between
the capsid protein (gp5) and the protease
(gp4) were examined using HDXMS. In
these mapping studies, use of a mutant
protease stably maintained the Prohead
ICpro intermediate and was used to map
capsid protein-protease interactions,
focusing on the capsid protein.4 A total of
140 molecules of protease per virus parti-
cle were used, resulting in a 3-fold molar
excess of viral capsid protein (420 capsid
proteins/virus particle) to protease.
HDXMS of the free viral capsid protein
provided a relative dynamic profile of the
protein at peptide resolution, wherein cer-
tain regions were observed to be more
dynamic overall as evidenced by their
faster deuterium exchange rates (Fig. 1).
These can be considered “adaptable
regions” with greater relative intrinsic flex-
ibility or disorder in the absence of prote-
ase and represented putative sites for
protease-capsid protein interactions. In
the presence of protease, our studies
revealed differential kinetics of exchange
at 2 clusters of peptides within these
‘adaptable regions’.

One set of peptides (residues 22–44)
in Prohead ICpro, spanning the N-termi-
nal d domain of the capsid protein,
showed decreased deuterium exchange
compared to Prohead I¡pro at early time
points (Deuterium exchange time, t D
0.5 min, summarized in Fig. 1). We
interpret this as the direct binding site
within the d domain of the capsid pro-
tein for the gp4 protease (schematic is in
Fig. 2). At early time points, direct
binding of the protease lowers deute-
rium exchange by sequestering H-bond
contacts or by limiting solvent accessibil-
ity. This deuterium exchange protection
disappears with increasing deuteration
time. This is likely attributed to the
rapid dissociation rates of the gp4 prote-
ase from the target capsid protein
together with the molar excess of

deuterium in the experiment. It must be
pointed out that these mapping studies
were carried out under sub-stoichiomet-
ric ratios of protease to capsid protein
(molar ratio of 1:3). The deuterium
exchange observed in the presence of
protease being an average of both the
protease-bound and free conformations,
we predict that the magnitude difference
in deuterium exchange would be greater
if increased protease to capsid protein
ratios are used under comparable experi-
mental conditions. A slow dissociation
rate relative to the deuterium exchange
time would have shown up as multi-
modal deuterium exchange profiles for
the binding site regions, reflecting the
relative populations of protease-bound
and free capsid protein. There was no
evidence for any multimodal profiles
under our experimental conditions.

A second set of peptides, residues 215–
237 of the spine helix, residues 264–270
and residues 288–306 of the A-loop,
require a more sophisticated interpretation
and correspond to capsid subunit regions
distal from the d domain. While there
were no observable differences in deute-
rium exchange in these peptides between
Prohead I¡pro and Prohead ICpro at early
time points (t D 0.5 min), the difference
became evident with increasing deuterium
exchange times (deuterium exchange
across the protein at t D 5 min is dis-
played in Fig. 1). We predict once again
that these magnitude differences across
different deuterium exchange times would
be greater if equimolar ratios of protease
to capsid protein were present. However,
the ratio (140 protease: 420 capsid pro-
teins) used in our HDXMS studies is
determined by assembly of Prohead ICpro

Figure 3. Distinguishing direct binding of processing protease from allosteric effects in the hex-
americ unit of bacteriophage HK97 Prohead I. The structure of the viral capsid (PDB ID: 3QPR)3 lacks
the N-terminal 118 residues and shows the viral capsid as it would encapsidate the virally encoded
protease. In order to map our predicted binding sites and distinguish it from allostery, we have rep-
resented our HDXMS results mapped onto a hexameric unit of the prohead I viral capsid. For illus-
trative purposes, we have represented the N-terminal 118 residues for which no structural
information is available in dashed lines. The terminii of the illustrative art are represented by N0 and
C0 and yellow spheres indicate the junction between the illustrative art and the structural coordi-
nates of the hexameric unit of the viral capsid (PDB ID: 3QPR). A subset of the N-terminal region in
green showed decreased deuterium exchange at early time points and reflects the protease bind-
ing site, while the regions in red at distal regions indicate the regions showing maximal decreases
in deuterium exchange at later points and these indicate the allosteric changes upon protease
binding. The binding and allosteric sites for one representative monomer are shown in blue and
orange dashed lines respectively.
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intermediate and cannot be altered. There
is a structure of the bacteriophage HK97
Prohead ICpro (PDB ID: 3QPR) but it
lacks the N-terminal 118 residues, which
we predict to span the protease binding
site. Since the viral capsid would encapsu-
late the protease and render it invisible,
for ease of visualization, we have mapped
our results onto the hexameric unit of Pro-
head ICpro (Fig. 3). In this figure, the N-
terminal 118 residues are in dashed lines
and as illustrative art. The green regions
highlight our predicted binding sites while
the red regions highlight the regions
reflecting the long range conformational
changes induced by protease binding.

We believe the lag in deuterium
exchange times when the greatest protec-
tion is seen across the above 2 sites on the
capsid protein offer important insights
into binding and allostery. Under the
optimum experimental conditions, bind-
ing sites would show deuterium exchange
protection at earlier times, whereas distal
non-contiguous regions, characteristic of
long range stabilizing effects would show
the greatest shifts in deuterium exchange
at later times. This identifies the capsid
protein d domain as the binding site of
the protease and identifies possible alloste-
ric implications across the entire capsid.
These observable long range effects can be
distinguished from direct binding from
their kinetic profiles as they occur over
longer time scales and involve structural
stabilization of the dynamic unbound
state. Stabilized regions include both fast
exchanging amides and slower exchanging
reporter amides. When remote interac-
tions occur, the faster exchanging amides
continue to exchange, but the slower
exchanging amides are further stabilized,
which translates into a gradual decrease in
their intrinsic exchange rate. Thus, at the
earlier time points the differences in pro-
tection between the unbound and prote-
ase-bound states are too low to be
observable, but as labeling time increases,

the decreased exchange rates are magnified
to be detectable as significant differences
in deuterium exchange (Schematic shown
in Fig. 2). This behavior is consistent with
a model proposed by Gertsman et al.8

when the Prohead II crystal structure was
determined and further elaborated by
Johnson.9 It was proposed that interac-
tions between the d domains allosterically
affect the tertiary structure of the rest of
the capsid protein creating distortions and
instability. This conformational stress is
trapped by the quaternary structure when
the d domains are removed by proteolysis,
making Prohead II metastable and poised
for exothermic expansion and further mat-
uration. The fact that interactions between
the d domains and inactive protease allo-
sterically affect the structure of the subunit
at a distance is consistent with this
hypothesis. Moreover, other studies have
shown that the Prohead ICpro is more sta-
ble than Prohead I¡pro, making the
decrease in HDX after 10 minutes consis-
tent with these observations.3

In conclusion, we report that careful
kinetic analysis of HDXMS across time
scales can allow for distinguishing direct
binding sites with partner proteins/ligands
from long range conformational changes.
Our results, with the capsid protein, allow
us to predict the direct binding site for the
protease to be localized entirely within the
d domain. Furthermore we propose that
the entire Prohead ICpro complex is highly
dynamic and perturbation of the d
domains by direct protease interaction
does affect the tertiary structure of the
capsid subunit at a distance, supporting
the previously proposed role of the d
domains in allosterically influencing the
capsid subunit tertiary structure.
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