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The Double-stranded DNA bacteriophage P22 has a ring-shaped dodeca-
meric complex composed of the 84 kDa portal protein subunit that forms the
central channel of the phage DNA packaging motor. The overall mor-
phology of the P22 portal complex is similar to that of the portal complexes of
Phi29, SPP1, T3, T7 phages and herpes simplex virus. Secondary structure
prediction of P22 portal protein and its threading onto the crystal structure of
the Phi29 portal complexes suggested that the P22 portal protein complex
shares conserved helical modules that were found in the dodecameric
interfaces of the Phi29 portal complex. To identify the amino acids involved
in intersubunit contacts in the P22 portal ring complexes and validate the
threading model, we performed comparative hydrogen/deuterium
exchange analysis of monomeric and in vitro assembled portal proteins of
P22 and the dodecameric Phi29 portal. Hydrogen/deuterium exchange ex-
periments provided evidence of intersubunit interactions in the P22 portal
complex similar to those in the Phi29 portal thatmap to the regions predicted
to be conserved helical modules.

© 2008 Elsevier Ltd. All rights reserved.
Keywords: hydrogen exchange; portal protein; bacteriophage P22; mass
spectrometry; virus
Edited by M. Moody
Introduction

Virus assembly is a multi-step process driven by
precise protein/protein or protein/nucleic acid inter-
actions. Formation of an infectious virus often
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proceeds through the assembly of sub-structures or
non-infectious precursor particles. For example, the
tailed double-stranded DNA (dsDNA) bacterio-
phages and herpesviruses first form a precursor to
the capsid termed either a procapsid or a prohead.
Duringprocapsid assembly, 12molecules of the portal
protein form a ring-like channel that occupies one of
the 12 pentameric vertices of the procapsid. Genomic
DNA is packaged into the procapsid through the
unique portal vertex using a two-subunit terminase
protein complex fueled by ATP hydrolysis. Shortly
after the encapsidation of DNA, the portal channel is
closed by binding head completion proteins and tail
attachment follows, resulting in infectious virions.1,2

On the basis of their morphological similarity and
the fact that they share common morphogenic fea-
tures, such as multi-step assembly and DNA packa-
ging into preformed procapsids, it has been proposed
that there are evolutionary relationships among the
d.
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tailed dsDNA bacteriophages and herpesviruses,1,2

In support of this it has been determined that the
structural proteins such as coat proteins and scaffold-
ing proteins share a common fold.3–11 For example, a
common fold, termed the HK97 or Johnson fold, was
found in the major coat proteins of bacteriophages
HK97,5 T4,6 P22,7 Phi29,8 T7,9 epsilon 15,11 and her-
pes simplex virus type 1 (HSV-1) despite a lack of
sequence conservation.10 Although they display no
detectable sequence similarity as well as large varia-
tions in subunit size (from 36 kDa in Phi29 to 84 kDa
in P22), the portal complexes of dsDNA bacteriopha-
ges and herpesviruses all share a dodecameric ring-
like structure.11–18 Bacteriophage Phi29 was the first
dsDNA phage whose portal complex structure was
solved at the atomic level.19 The Phi29 portal protein
is composed of three distinct domains: the wide-end
domain, the central domain, and the narrow-end do-
main.19 The wide-end and narrow-end domains are
composed predominantly of short β-sheets and ex-
tended coils, whereas the central domain that con-
nects the wide-end and narrow-end domains consists
of three long α-helices. These three long helices run
anti-parallel to one other and a central channel is
formed through the lateral interactions of 12 three α-
helix bundles.19 The inside of the central channel is
predominantly negatively charged, presumably facil-
itating passage of DNA during packaging and eject-
ion.19 In the prohead, the α-helical bundles of the
central domain penetrate the capsid at an angle of
approximately 40° with respect to the central 12-fold
axis.19 The wide-end domains are located inside of the
prohead and contacting the surrounding coat proteins,
whereas thenarrow-enddomains are exposedoutside,
presumably allowing interactions of packaging com-
ponents such as pRNA and terminase complexes.19

Recently, the crystal structure of the bacteriophage
SPP1 portal complex has been solved.20 Although
the in vitro form is composed of 13 subunits rather
than 12, its overall shape and protein fold is strik-
ingly similar to the Phi29 dodecameric ring.18,20,21

The stemdomain and clip (residues 250–350) of SPP1
form the central channel of the portal ring andmatch
well with the central and narrow-end domains of the
Phi29 portal complexes, respectively.18–20 Since the
SPP1 portal subunit has approximately 200 more re-
sidues than does Phi29, additional structural features
were observed in its crystal structure. The SPP1 por-
tal complexes present a crown domain not observed
in the Phi29 ring and a thickerwing domain than that
seen in Phi29.20 The crowndomain of the SPP1 portal
complex is composed of three short α-helices (resi-
dues 421–467) located near the C terminus of the
SPP1 portal protein. Mutations in the crown domain
altered formation and stability of the ring,20 suggest-
ing the crown domain is involved in intersubunit
interactions upon assembly.
There is no atomic structure of the bacteriophage

P22 portal protein available. Cryo-electron micro-
scope (cryo-EM) studies of the P22 portal complex
assembled in vitro and in situ have determined that
they have a ring-like morphology similar to that ob-
served for Phi29, SPP1, T3, T7 and herpes simplex
virus (Fig. 1a).11–19,22,23 Although these cryo-EM re-
constructions provided global structural information,
they did not reach atomic resolution. The predicted
secondary structure of the P22 portal protein pre-
sented a regular arrangement of long helical compo-
nents in the middle of the amino acid sequence (Fig.
1b) and threading the secondary structure prediction
onto the crystal structure of the Phi29 portal complex
suggested that the P22portal protein shares the helical
modules found at the dodecameric interface of the
Phi29 portal protein complex (Fig. 1).18,24

To identify the amino acids involved in subunit–
subunit contacts in the P22 portal ring and validate the
threading model we performed mass spectrometry
(MS)-based comparative hydrogen/deuterium ex-
change analyses of the Phi29 portal complex and the
P22 portal protein in both the monomeric and
oligomeric forms. Hydrogen exchange experiments
are sensitive to the dynamics and solvent accessibility
of the protein backbone.25–27 Ligand binding can
result in increased exchange protection by direct oc-
clusion of the binding site or through distant conform-
ational changes.28 However, it has been demonstrated
that increased protection in the rapidly exchanging
residues generally correlates with the occlusion me-
chanism rather than with alterations in global dyna-
mics.28 The results demonstrate that the helices that
modulate the intersubunit contacts in the Phi29 portal
complex are well protected, and that the regions that
were predicted to form similar helical interactions in
the P22 portal protein undergo a substantial increase
in exchange protection upon ring formation.
Results

Hydrogen/deuterium exchange of the Phi29
portal complex

To characterize the conserved helical modules in
the portal complexes of the related bacteriophage
Phi29 and P22, we performed an analysis of the hy-
drogen/deuterium exchange kinetics byMS. We ini-
tiated investigation with the Phi29 portal complex,
since its X-ray crystal structure is available and
therefore its hydrogen/deuterium exchange beha-
vior can be mapped directly onto the crystal struc-
ture.19 Phi29 portal protein subunits spontaneously
form dodecameric rings and dissociation of the rings
results in protein aggregation. Therefore, all the hy-
drogen/deuterium exchange experiments were per-
formed with the dodecameric ring.
To initiate exchange, the Phi29 portal rings were

diluted tenfold into deuterated buffer (50 mM Tris,
400 mM NaCl, pH 7.9) and incubated at room tem-
perature. The exchange reactions were sampled at
various times (30 s to 8 h), quenched at pH 2.5 and
then flash-frozen in liquid nitrogen for subsequent
analysis by liquid chromatography (LC) electro-
spray ionization (ESI) hybrid ion trap Fourier trans-
form ion cyclotron resonance (FT ICR) mass spectro-
metry (LTQ FT, Thermo Finnigan). The quenched



Fig. 1. Comparison between the Phi29 and the P22 portal complexes. (a) Overlay of the crystal structure of Phi29 (PDB
code 1IJG) onto the P22 virion's portal density. The Phi29 crystal structure fits well into the electron density of the distal
half of the P22 portal complex. (b) Putative conserved secondary structure modules in the portal proteins of P22 (residues
240–350) and Phi29 (residues 125–225). The secondary structure of the Phi29 portal complex was obtained from the crystal
structure of the Phi29 portal complex (PDB code 1IJG). The secondary structure of the P22 portal protein was predicted
using the program PredictProtein (www.predictprotein.org). The regions of α-helix (coil) and β-strand (arrow) are
indicated and the boundary residues are numbered.
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samples were digested with pepsin and the peptic
fragments were identified by a combination of exact
mass matching and MS/MS sequencing. Approxi-
mately 90% of the Phi29 portal protein primary se-
quence, including some overlapping fragments, was
identified and used in the analysis of the exchange
kinetics (Fig. 2a).
ESI generally produces multiply charged ions and

mass analyzers detect mass-to-charge ratio (m/z). In
any given peptide, the random incorporation of na-
turally occurring isotopes (primarily 13C) results in a
cluster of related peaks with a spacing of ∼1 Da/z,
termed the isotopic distribution. Replacement of an
amide proton with a deuteron results in a 1 Da mass
increase and a shift in the isotopic distribution
towards higher m/z (Figs. 2b and c, and 5b and c).
The raw mass spectra in Fig. 2b and c demonstrate
the time-dependent incorporation of deuterium into
peptides spanning residues 136–159 and 160–185 of
the Phi29 portal ring. Although similar in length (24
and 26 residues) and contiguous in the primary
sequence, they have very different exchange profiles.
While the peptide spanning residues 136–159 was
well protected from exchange, the amide protons of
the peptide 160–185 exchanged rapidly. These ex-
change patterns imply that residues 160–185 are fle-
xible and exposed to solvent without forming inter-
subunit interactions, whereas residues 136–159 are
buried either within the subunit or at the intersubu-
nit interface. In the crystal structure, residues 160–
185 lie in the narrow-end domain, which is com-
posed predominantly of extended coils, whereas
residues 136–159 are located in helix 3, which is one
of the three long helices in the central domain (Fig. 4).

Helical bundles in the central domain of the
Phi29 portal complex were well protected from
exchange

To quantify the rate of exchange of the peptic frag-
ments, we calculated the centroids of the isotopic
distribution at each time-point and plotted them
against the exchange times (Figs. 3 and 6). The prog-
ress curve for each individual peptide was fit to a
three-component exponential model (Figs. 3 and 6).
The average back exchange was estimated to be 20%
based on the extent of exchange averaged across
rapidly exchanging peptides after 8 h. On the basis of
the exponential fit, the amide protons in each peptide
were assigned to one of three groups, a (fast), b (in-
termediate) and c (slow), with exchange rate cons-
tants k1 (N1 min−1), k2 (0.01 min−1−1 min−1) and k3
(b0.01 min−1), respectively.25

The centroids of the isotopic distribution of repre-
sentative peptideswere plotted against exchange time
(Fig. 3). As was evident from the raw mass spectra,
residues 136–159 remained unexchanged even at late
times (less than 5% exchanged in 8 h), whereas the
peptide spanning residues 160–185 exchanged ra-
pidly (50% of exchangeable amide protons were ex-



Fig. 2. Amino acid sequences of the Phi29 portal protein and hydrogen/deuterium exchange profile for peptide
residues 136–159 and 160–185. (a) Amino acid sequence of the Phi29 portal protein. The observed peptic fragments of the
Phi29 portal protein are underlined (blue lines). The peptic fragments, which were identified by a combination of exact
mass matching and MS/MS sequencing, span ∼90% of the protein primary sequence. The secondary structure was
determined andmapped as in Fig. 1. (b) Mass spectra of the peptic fragment corresponding to residues 136–159 (left-hand
panel) and 160–185 (right-hand panel) from the Phi29 portal complexes at various exchange times. In each panel, the
bottom spectrum represents the unexchanged control.
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changed within 1 min) and reached completion with-
in 8 h (Fig. 3a and c).
The helices in the central domain of the Phi29 portal

complexes, fragments 136–159 and 197–220 corres-
ponding to helix 3 (α3) and helix 5 (α5), were well
protected from exchange over the full exchange time
(8 h) suggesting that the helical bundles form very
strong intersubunit contacts consistent with their role
in stabilizing the ring implied by the crystal structure
(Figs. 3a and b, and 4).19 The Phi29 portal complex
has an additional long helix (helix 1, α1) in the central
domain, which presumably has interactions similar
to those of the other helices (helices 3 and 5). Al-
though we could not follow the exchange kinetics of
this particular region, the putative homolog was de-
tected in the P22 portal complex, as discussed later.
In the crystal structure of the Phi29 portal complex,

the N and C termini (residues 1–10 and 285–308, res-
pectively) are unstructured.19 Peptides correspond-
ing to residues 1–13 and 288–308 were detected in the
digests and exchanged rapidly, consistent with the X-
ray crystallographic data (Fig. 3d and e).



Fig. 3. Plots of the number of deuterium atoms incorporated according to the exchange period for peptic fragments
from the Phi29 portal complexes (dots). The continuous line represents the fit obtained by three-component exponential
fitting the exchange data (seeMaterials andMethods). Peptic fragments (a) 136–159, (b) 197–220, (c) 160–185, (d) 1–13, and
(e) 288–308. The highest number on the y-axis represents the theoretical number of exchangeable amide protons.
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To map the exchange data onto the crystal struc-
ture we categorized each peptide as fast (red), inter-
mediate (yellow), or slow (blue) exchanging on the
basis of the exchange rate of the dominant compo-
nent (Fig. 4; Supplementary Data Fig. S1). For ex-
ample, the peptide spanning residues 136–159 was
categorized as a slow peptide because more than
90% of the exchangeable protons exchanged slowly.
The outer edge of the wide-end domain and the en-
tire narrow-end domain exchanged rapidly. In con-



Fig. 4. Hydrogen/deuterium exchange profile map of the Phi29 portal complex. Hydrogen/deuterium exchange rates
are categorized into three groups, fast (red), intermediate (yellow), and slow (blue), based on the curve fitting results from
a three-component exponential model. Top (left-hand panel) and side views (right-hand panel) of the Phi29 portal
complex crystal structure (PDB code 1IJG) are mapped according to exchange rates using PyMol. Regions that are not
covered by hydrogen/deuterium exchange are colored gray.
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trast, the helical bundles in the central domain and
the inner face of the wide-end domain were well
protected from exchange, suggesting the helical bun-
dles in the central domain interact strongly to form
the stable ring like structure (Fig. 4; Supplementary
Data Fig. S1).

Hydrogen/deuterium exchange of the P22 portal
monomers and ring complexes

There is no atomic structure of the P22 portal com-
plex available. However, monomeric P22 portal pro-
tein subunits can be purified and assembled into rings
in vitro.29 In vitro assembly was driven by adding
10 mM CaCl2 to 10 μM monomeric portal proteins.
Calcium-induced assembly produces mixed popula-
tions of 11 and 12 subunit rings at a ratio of ∼3:1.30

While electron microscopy studies demonstrated that
portal proteins exclusively form dodecameric ring-
like structures in situ,11–19,22,23 in vitro assembly stu-
dies of the portal proteins demonstrated that they can
form ring-like structures with different numbers of
subunits (for example, 11, 12, and 13 subunits) sug-
gesting plasticity of intersubunit interactions.30–35
However, crystal structures and cryo-EM data sug-
gest that there are only slight morphological and in-
tersubunit interfacial differences between the various
oligomers.17,20,21

We performed comparative hydrogen/deuterium
exchange analysis of purified monomers and in vitro
assembled ring complexes using the procedures em-
ployed for the Phi29 portal complex. The P22 portal
protein (84 kDa) is larger than the Phi29 portal
protein (36 kDa) and generated three times as many
peptic fragments. Digests of large proteins produce
fragments of similar mass resulting in overlapping
spectral peaks. Typically, peptic fragments are first
separated by reverse-phase liquid chromatography
before ESI-MS to reduce spectral complexity. How-
ever, in exchange experiments it is crucial to mini-
mize the analysis time to limit back exchange. The
high resolution and mass accuracy of the FT-ICRMS
allowed us to resolve most of the peptides we were
interested in without extensive chromatographic
separation. The 100,000 resolving power allows us
to distinguish peaks that lie within 0.05 m/z at
1000 m/z and the 2 ppm mass accuracy allows us to
determine the peak to peak spacing unambiguously
and therefore which peaks belong to which isotopic
distribution (Supplement Data Fig. S2).
Although FT-ICR is capable of determining the

mass of peptic fragments to within 2 ppm, non-
specific digestion (using pepsin) of large proteins like
P22 portal protein can, in principle, generate a large
number of isobaric fragments or fragments within
2 ppm of one another. In the case of the P22 portal
proteins, we used 43 peptides to follow the exchange
kinetics. Among these 43, there were seven isobaric
candidates found in the amino acid sequence and 13
peptides that have two or more candidates within
2 ppm of one another. Therefore, it was necessary to
identify the fragments unambiguously using a com-
bination of accurate mass measurement andMS/MS
sequencing (Supplement Data Fig. S3). By taking
advantage of the hybrid ion trap FT ICR MS we
could follow the exchange kinetics of peptic frag-
ments that covered approximately 90% of the 732
residue P22 portal primary sequence (Fig. 5a).

Predicted helical modules of the P22 portal
proteins were protected from exchange upon
ring assembly

The mass spectra of the peptic fragment spanning
residues 632–658 and 309–335 in both the monomers
and ring are overlaid in Fig. 5b and c, respectively.



Fig. 5. Amino acid sequences of the P22 portal protein and hydrogen/deuterium exchange profile for peptide residues
632–658 and 309–335. (a) Amino acid sequence of the P22 portal protein. The observed peptic fragments of the P22 portal
protein are underlined (blue lines). The peptic fragments, which were identified by a combination of exact mass matching
andMS/MS sequencing, span∼90% of the protein primary sequence. The predicted elements of secondary structure were
calculated and mapped onto the sequence as described for Fig. 1. (b and c) Overlaid mass spectra of the peptic fragment
corresponding to residues 632–658 and 309–335, respectively, from P22 portal protein monomer (black) and complex (red)
at various exchange times. In each panel, the bottom spectrum represents the unexchanged control.
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While the peptide derived from residues 632–658
exchanged rapidly and identically in both forms, the
peptide derived from residues 309–335 exchanged
rapidly in themonomers butwaswell protected in the
rings (Fig. 5b and c). To identify the peptides whose
protection changedupon assembly, the centroid of the
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isotopic distributionwas plotted against the exchange
time for each peptide found as a monomer/complex
pair, and fitted with a three-component exponential
model as described above (Figs. 6 and 7). Most of the
Fig. 6. Plots of the number of deuterium atoms incorporat
from the P22 portal monomers (open triangles) and comple
deviation for three independent measurements. The continu
exponential fitting the exchange data (see Materials and Metho
(d) 309–335, (e) 57–78, and (f) 567–591. The highest number on t
amide protons.
fragments showed very similar exchange patterns in
both forms (Fig. 7). For example, the progress curves
for peptides 164–184 and 632–658 were unchanged
upon assembly (Fig. 6a and b). Previous genetic and
ed according to the exchange period for peptic fragments
xes (open circles). The error bars represent the standard
ous line represents the fit obtained by three-component
ds). Peptic fragments (a) 164–186, (b) 632–658, (c) 246–262,
he y-axis represents the theoretical number of exchangeable



Fig. 7. Overall pairwise hydrogen/deuterium exchange comparison between the P22 portalmonomers and complexes.
Each bar represents the relative contributions of the three components fast (red), intermediate (yellow) and slow (blue)
with exchange rate constants k1 (N1 min−1), k2 (0.01 min−1−1 min−1) and k3 (b0.01 min−1), respectively.
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cryo-EM image reconstruction studies demonstrated
that deletion of the C-terminal 130 residues does not
affect ring formation.16 All the fragments belonging to
the C-terminal 140 residues (592–732) of the P22
portal protein showed exactly the same exchange
profiles in both monomers and the ring (Figs. 6b and
7), consistent with the suggestion that they do not
participate in intersubunit interactions in the ring. The
fact that so many peptides were unchanged between
the two forms suggests that there was no significant
global conformational change upon assembly.
Despite the overall similarity of the exchange pro-

file, several regions, including the predicted helical
modules, did show significant changes upon ring
assembly (Figs. 6c and d, and 7). Approximately 100
residues (240–340) of the P22 portal protein are
predicted to have a very similar secondary structure
arrangement (Figs. 1b and 8) to the helical bundles in
the central domain of the Phi29 portal complexes.18,24
Fig. 8. The crystal structure of the Phi29 connector was doc
Fig. 1. Using the alignment of predicted helical regions of P22 w
the extent of exchange protection observed upon P22 portal a
peptides showing protection upon assembly, yellow represents
regions that lie outside of the putative conserved domain.
The peptides, 246–262 and 309–335, which lie within
the predicted helical elements showed a pronounced
increase in protection upon ring formation. In the
monomer, 90% of the exchangeable amide protons in
peptide 246–262 exchanged within 1 min and ex-
change was completed in 4 min. In the ring, a smaller
fraction exchanged rapidly and the rest were well
protected, exchanging gradually and converging
only after for about 8 h (Fig. 6c). The peptide span-
ning residues 309–335 also showed protection in the
ring. In the monomer, this peptide reached nearly
complete exchange after 8 h while in the ring it was
exchanged only ∼30% after 8 h (Fig. 6d).
The central domain of the Phi29 portal complex

consists of three long helices (helices 1, 3, and 5).
Helix 1 is located at the very end of the N terminus of
the protein (residues 17–35) and this peptide was not
detected in our experiments. In the crystal structure,
it makes close contacts with helices 3 and 5, forming
ked into the cryoEM reconstruction of the P22 portal as in
ith the known helical regions of Phi29 (as shown in Fig. 1)
ssembly was mapped onto the structure. Blue represents
no appreciable change upon assembly, and gray represents
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a helical bundle in the central domain of the Phi29
portal complex. In the P22 portal hydrogen/deuter-
ium exchange experiments, a significantly different
exchange pattern was observed in the N-terminal
region (Figs. 6e and 7). The peptide 57–78, which is
also predicted to be a long helix, exchanged gra-
dually in the monomer and reached completion after
8 h. In contrast, it was well protected in the ring,
reaching only approximately 40% exchange after 8 h
(Figs. 6e and 7). This result suggests that residues 57–
78 in the P22 portal proteinmay correspond to helix 1
of Phi29.
The exchange data for peptides 57–78, 246–262,

and 309–335 in the monomers and the rings suggests
that the threading model is essentially correct, and
that the helices are stable in the monomer, but inter-
actions between these helices upon assembly further
increases their stability. This interpretation is con-
sistent with spectroscopic data that indicate that a
small increase in helicity accompanies assembly.24,29

Additional protected regions were observed in
the P22 portal complexes

When the crystal structure of the Phi29 portal ring
is positioned in the cryo-EM reconstruction of the P22
portal complex, the density corresponds well with
the bottom half of the P22 portal ring (Fig. 1a). In the
P22 ring, the wing domain (or wide-end domain) is
twice as thick as in Phi29 and presents an additional
density on the top termed the crown domain. The P22
portal protein has 424 more residues than does Phi29
(732 versus 308) (Fig. 1) and these additional residues
were proposed to comprise the additional wing and
crown domain density.16,17 As the 3-D alignment and
hydrogen/deuterium exchange data suggested that
the N terminus and the predicted conserved helical
modules (up to 400 residues) likely correspond to the
narrow-end domain and the lower half of the wing
domain, it is reasonable to consider that the C-
terminal 350 residues correspond to the top of the
wing and crown domains observed in the P22 cryo-
EM reconstructions.
While the C-terminal 140 residues (592–732) of the

P22 portal protein showed rapid and unchanged
exchange in both forms, the upstream 100 residues
(495–591) showed increased protection in the ring
(Fig. 7). For example, the peptide spanning residues
567–591 in the monomer was more than 90% ex-
changedwithin 2 min, whereas in the ring it was well
protected at early times and exchanged only gradu-
ally (Fig. 6f). This result suggests that residues 567–
591 make new contacts upon assembly and may
contribute to the electron density of either the crown
domain or the top half of the wing domain in the P22
portal complexes.
Discussion

Although comparisons of genome or protein se-
quences have been widely used to compare and
classify lineages of viruses, close relationships have
been detected among viruses even in the absence of
sequence homology based on structural similarity.3–18

While structural data from spectroscopic techniques
such as circular dichroism and Raman spectroscopy
are available, the structures of relatively few viral
proteins have been solved at the atomic level. For
example, the only portal structures solved at atomic
resolution are those of Phi2919 and SPP1.20 However,
cryo-EM structures of portal complexes are available
for several other family members, and their struc-
tures demonstrate that they share a similar ring-like
morphology.11–18 While cryo-EM reconstruction can
provide information on the global morphology and
topology of protein complexes, even in the most fa-
vorable cases the achievable resolution makes it dif-
ficult to identify directly the amino acids involved in
subunit–subunit contacts. Mass spectrometry-based
hydrogen/deuterium exchange represents a good
complement to cryo-EM because of its ability to pro-
vide region-specific dynamic information of supra-
molecular complexes such as viruses.36–40

In this study, the exchange profiles of Phi29 and
P22 portal complexesweremonitored bymass spect-
rometry and compared to identify the amino acids
involved in subunit–subunit contacts. For Phi29,
significant exchange protection was seen in helices 3
and 5 which form the stable central domain of the
Phi29 portal complex (Figs. 3a and b, and 4). A si-
milar degree of protection was observed in the
regions of the P22 portal protein predicted to form
helices and suggested to form the conserved helical
bundles (Fig. 8). The fact that the protection in this
region increased upon the association of the subunit
into rings further supports the hypothesis that these
regions lie at the site of intersubunit contacts (Fig. 6c
and d). The presumptive regions of intersubunit con-
tact implicated by hydrogen/deuterium exchange ex-
periments agree well with biochemical data obtained
by Raman spectroscopy, proteolytic digestion, and
mutational analysis. Replacement of cysteine 283
with serine results in a decreased ability of the portal
to oligomerize and decreased infectivity, whereas
similar mutations at cysteine 153 and cysteine 173
do not. Similarly, Raman spectroscopy studies sug-
gested that the central region of the P22 portal
sequence is involved in intersubunit interactions
upon assembly because the most significant changes
accompanying assembly were detected in the tyr-
osine markers arising from the central region (resi-
dues 223–571), rather than the C-terminal region (re-
sidues 572–732).24

The P22 portal protein, which has 424 more resi-
dues than Phi-29, also presents with a crown domain
and thickened wing domain similar to the SPP1
portal complex.16,17 The crown domain of SPP1 is
composed of three short α-helices located near the C
terminus of the subunit. Although the C-terminal
140 residues (592–732) in the P22 portal protein were
predicted to be α-helical, no increase in exchange
protection upon assembly was observed for these
residues, suggesting this region does not participate
in intersubunit contacts (Figs. 6b, and 7). This sug-
gestion is consistent with the results of deletion stu-
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dies16 that demonstrate that the C-terminal 140 resi-
dues are not critical for ring assembly. Two additional
clusters of four consecutive short α-helices (residues
390–470 and 520–590) were predicted to lie near the C
terminus. Residues 390–470 showed no increase in
protection upon assembly, while residues 520–590 did
(Figs. 6f, and 7). Therefore, we tentatively assign resi-
dues 520–590 as contributing to the crowndomain.As
shown in the SPP1 portal crystal structure, the rest of
the additional residues may contribute to the extra
electron density of the wing domain.16,17,20

Although understanding the protein–protein in-
teractions and conformational changes in large ma-
cromolecular complexes is crucial to understanding
their biological function in the cell, doing so represents
a substantial challenge for structural biology due to
the difficulties of obtaining high-resolution structures.
In this study, we used hydrogen/deuterium exchange
to obtain experimental evidence in support of a struc-
tural model for P22 portal derived from threading the
predicted secondary structure onto the crystal struc-
ture of a related protein complex. This is a logical
extension of the use of hydrogen/deuterium ex-
change to identify protein–protein interaction sites
and the use of hydrogen/deuterium exchange to con-
strain threading models as pioneered by the Komives
laboratory in the case of supramolecular structures
that display similar gross morphology and putative
common elements of secondary structure in the
absence of identifiable sequence similarity.
Materials and Methods

Preparation of Phi29 portal complexes

The Phi29 portal complexes were over-expressed in
Escherichia coli BL-21 from the plasmid pPLc28D induced
by heat shock. The proteins were purified essentially as
described but with several modifications.41 Briefly, the
cells were collected at 4 h post induction and resuspended
in cell lysis buffer (0.3 M NaCl, 50 mM Tris, pH 7.7). Re-
suspended cell pellets were treated with 200 ng/ml of ly-
sozyme and 50 ng/ml of DNase and RNase on ice. The cell
debriswas removed by centrifugation at 12,000g for 45min
and the supernatant was further purified by passage
through a HiTrap SP HP column (Amersham) with a NaCl
gradient of 0.3 M–1 M in 50 mM Tris, pH 7.7. The proteins
were eluted at 0.75 M NaCl and dialyzed against buffer
containing 0.3 M NaCl and 50 mM Tris (pH 7.7) to reduce
ionic strength. Dialyzed samples were applied to the
HiTrap Q HP column and eluted with a 0.3 M–1 M NaCl
gradient. The proteins were eluted at ∼0.43 M NaCl and
were equilibrated with reaction buffer (0.4MNaCl, 50mM
Tris, pH 7.7) through dialysis. The molecular mass of
purified Phi29 portal proteinwasmeasured by ESI time-of-
flight equipped with Z-spray (Micromass LCT, Waters). A
mass of 35,746.0 Dawas observed, in good agreement with
the theoretical mass of 35,747.2 Da.

Preparation of P22 portal proteins

The C-terminally His-tagged P22 full-length portal pro-
tein was over-expressed and purified essentially as des-
cribed but with several modifications.29 Briefly, the P22
portal protein was over-expressed in E. coli BL-21 and
purified by immobilized metal chelate affinity chromato-
graphy using a 5 ml HiTrap chelating Sepharose column
(Amersham) as described. Eluate from the HiTrap column
was dialyzed against 50 mM Tris, 50 mMNaCl, 2 mMDTT,
10 mM EDTA overnight at 4 °C. The monomeric P22 portal
proteins were separated from other oligomeric forms by
passage through a 1ml anion-exchangeHiTrapQ Sepharose
column (Amersham) by applying linear gradient of ten
column volumes of buffer containing 1 M NaCl and 1 mM
EDTA. Fractions containing monomers were collected,
concentrated by ultrafiltration, and stored frozen at –80 °C.
ESI time-of-flight analysis of the P22 portal protein provided
a protein mass of 83,664.0 Da, in good agreement with the
value of 83,666.6 Da predicted for the P22 portal protein.
Oligomerization of the P22 portal proteins into the ring

complexes was induced by addition of CaCl2 to a final
concentration of 10 mM.30 The reaction was left at room
temperature for 1 h and oligomeric forms were separated
and collected by using a 1 ml HiTrap Q Sepharose column
(Amersham) as described above, except 1 mM EDTAwas
replaced by 10 mM CaCl2. The purified P22 portal
complexes were concentrated by ultrafiltration and stored
frozen at –80 °C. The presence of portal rings in the final
preparation was confirmed by size-exclusion chromato-
graphy, electron microscopy, and native ESI MS.30

Hydrogen/deuterium exchange experiments

Hydrogen/deuterium exchange experiments were per-
formed essentially as described previously for various
viral capsids but with slight modifications.37 The Phi29
portal complexes and the P22 portal proteins were
exchanged by tenfold dilution into each deuterated buffer
(0.4 MNaCl, 50 mM Tris, pH 7.7 for Phi29 and 50 mMTris,
50 mMNaCl, 2mMDTT, with or without 10mMCaCl2 for
P22 portal proteins) to reach 90% final concentration at
21 °C and sampled at time zero, 30 s, 1 min, 2 min, 4 min,
8 min, 15 min, 30 min, 1 h, and 8 h. The exchange reactions
were quenched by the addition of formic acid to 1%,
immediately flash frozen in liquid nitrogen, and stored at –
80 °C. The samples were thawed rapidly, mixed with an
equal volume of pepsin (∼10 μM finally), injected into a
20 μl loop, and digested for 1 min on ice. Digested samples
(∼50 pmol) were desalted and separated with a C4 trap
(Michrom BioResources, Inc.) and introduced into the ESI
source. The injection valve, C4 trap and tubing were
submerged in an ice-bath. The peptides were eluted
rapidly with a 5%–95% acetonitrile gradient (50 μl/min
Agilent 1100 capillary pump). Exchangemass analysis was
performed on an ESI hybrid linear quadrupole ion trap
(LTQ)-FT ICR mass spectrometer (LTQ FT, Thermo
Finnigan, San Jose CA.), which was set to collect FT-ICR
MS scans only (300–2000m/z) with FT-ICR only mode. The
amount of deuterium incorporated was determined by
calculating the centroid of the isotopic distributions. The
eluted peptides were identified by combination of exact
mass measurement (b2 ppm) with 7 T FT-ICR MS scans
and collision-induced dissociation MS/MS sequencing
with the LTQ instrument.
Progress curves for individual peptides were fit to a

sum of three exponentials derived from the exchange rate
expression:25

D ¼ N � a expð�k1tÞ � b expð�k2tÞ � c expð�k3tÞ
where D is the observed number of deuterium atoms in-
corporated at time t and N is the corrected total number of
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exchangeable protons. N for each peptide is corrected by
multiplying theoretical number of exchangeable amide
protons by 0.8, which accounts for back exchange (20%
back exchange, see below). The theoretical number of ex-
changeable amide protons of each peptide was calculated
by multiplying the number of exchangeable amide pro-
tons (total number of amino acid of the peptide - 1 - num-
ber of prolines) by 0.9, because deuteration is achieved
by tenfold dilution of samples into deuterated buffer and
maximized deuteration reached 90% in the buffer. The
exchange extent of rapidly exchanging peptides at the
final time-point (8 h) was evaluated, compared with the
theoretical number of exchangeable amide protons, and
the average back exchange was estimated as 20%; a, b
and c represent the number of amino acids that ex-
change with rate constant k1 (fast, N1.0 min−1), k2 (inter-
mediate, 0.01−1.0 min−1) and k3 (slow, b0.01 min−1),
respectively.
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