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Viral capsids are dynamic structures which undergo a series of structural
transformations to form infectious viruses. The dsDNA bacteriophage P22
is used as a model system to study the assembly and maturation of
icosahedral dsDNA viruses. The P22 procapsid, which is the viral capsid
precursor, is assembled from coat protein with the aid of scaffolding
protein. Upon DNA packaging, the capsid lattice expands and becomes a
stable virion. Limited proteolysis and biochemical experiments indicated
that the coat protein consists of two domains connected by a flexible loop.

To investigate the properties and roles of the sub-domains, we have
cloned them and initiated structure and function studies. The N-terminal
domain, which is made up of 190 amino acid residues, is largely
unstructured in solution, while the C-terminal domain, which consists
of 239 amino acid residues, forms a stable non-covalent dimer. The
N-terminal domain adopts additional structure in the context of the
C-terminal domain which might form a platform on which the N-terminal
domain can fold.

The local dynamics of the coat protein in both procapsids and mature
capsids was monitored by hydrogen/deuterium exchange combined with
mass spectrometry. The exchange rate for C-terminal domain peptides was
similar in both forms. However, the N-terminal domain was more flexible
in the empty procapsid shells than in the mature capsids. The flexibility of
the N-terminal domain observed in the solution persisted into the
procapsid form, but was lost upon maturation. The loop region connecting
the two domains exchanged rapidly in the empty procapsid shells, but
more slowly in the mature capsids. The global stabilization of the
N-terminal domain and the flexibility encoded in the loop region may be
a key component of the maturation process.

q 2005 Elsevier Ltd. All rights reserved.
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Introduction

Biological processes are often performed by large
macromolecular complexes.1 The assembly of these
complexes must be tightly regulated to avoid
premature assembly or aggregation. In order to
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control the assembly, the protein subunits are often
synthesized in an unassociable form and sub-
sequently switched to an associable form either
through the use of effector molecules or through
interactions with the growing structure itself.2

Viral capsids are one well-known example of
dynamic supramolecular structures that are self-
assembled and undergo a series of controlled
structural transformations to reach an infectious
form. The Salmonella typhimurium bacteriophage
P22 has been studied extensively as a model for
icosahedral capsid assembly and as a prototype for
a morphogenesis of mammalian viruses.3 The
multi-step assembly pathway of bacteriophage
P22 is well characterized biochemically and
d.



Figure 1. Assembly pathway of bacteriophage P22. The meta-stable procapsids are formed by co-assembly of 420
copies of coat protein monomer, 300 copies of scaffolding protein, 12 copies of portal protein and a few copies of several
minor proteins. As concatomeric phage DNA is packaged through the portal vertex, the procapsids are transformed into
the mature capsids which are 10% larger in diameter and more stable than procapsids. Subsequently, the portal ring is
closed and tail attachment occurs.
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genetically4 (Figure 1). In the first step, the
procapsid, a TZ7 meta-stable viral capsid pre-
cursor with a diameter of 580 Å, is assembled from
420 copies of the 47 kDa coat protein with the aid of
approximately 300 copies of the 33 kDa scaffolding
protein and minor proteins which are required for
infectivity. The scaffolding protein is not required
for coat protein folding, but plays a key role in
assembly fidelity and activity.5,6 The concatomeric
phage DNA is packaged into the procapsid in a
headful manner through the action of terminase
proteins fueled by ATP hydrolysis. Concomitant
with DNA packaging, the meta-stable procapsid is
transformed into the mature capsid and the
scaffolding protein is released. The structural
transformation results in a 10% increase in shell
diameter,7 a pronounced angular appearance and
an increase in capsid stability.8

Although the secondary structure of the P22 coat
protein subunit is only slightly changed during
assembly,9–11 the stability and compactness of the
coat protein subunits are substantially increased.11

Limited proteolysis studies have indicated that the
coat protein monomer consists of two protease
stable domains connected via a flexible loop
region.12 This loop region is susceptible to protease
in the monomeric coat protein and in procapsids,
but is protease-resistant in mature capsids. These
observations suggested that domain movement
involving hinge bending mediates assembly and
shell maturation.7,10,11 Cryo electron microscopy
(cryoEM)-based reconstructions of the procapsid
and mature capsid at w9 Å have revealed the
rearrangement and movement of structural
elements.13 The rearrangement of structural
elements was localized and tilting and bending of
large structural elements was observed.

Although X-ray crystallography and cryoEM
provide high-resolution structural information,
they cannot follow structural dynamics, nor can
they monitor continuous conformational changes of
macromolecules. Amide protons in proteins
undergo exchange with solvent protons and the
exchange rates depend on solvent accessibility and
protein stability.14 Solvent shielding and intra- or
intermolecular hydrogen bonding are directly
related to protein structure, protein integrity and
macromolecular structure formation.15 Therefore
the amide hydrogen exchange rate is a sensitive
probe of protein structure, dynamics and stability.
NMR spectroscopy has typically been used to
measure individual hydrogen/deuterium exchange
rates to obtain high resolution mapping of protein
dynamics.16–18 However, NMR spectroscopy is
limited to relatively small proteins due to the
spectral complexity of large proteins and com-
plexes. Mass spectrometry makes it possible to
apply this technique to large protein complexes
such as viruses.19–21 The incorporation of deuterons
into proteins results in a mass increase which can be
monitored by mass spectrometry. To obtain
localized structural information, the protein can
be proteolytically fragmented.22,23 Recently,
mass spectrometry-based hydrogen/deuterium
exchange has been used to investigate structural
features accompanying protein folding and unfold-
ing,24–27 functionally different forms of protein,28

and protein–protein interactions.20,24,29

In this study, we have cloned each individual
domain of the P22 coat protein and studied the
structural and functional properties of the isolated
domains. We have also investigated the local
stabilities of the procapsids and the mature capsids
with hydrogen/deuterium exchange combined
with mass spectrometry to address the confor-
mational changes accompanying maturation in
detail.
Results

Cloning and purification of the N and C-terminal
domains

Previous limited proteolysis studies of mono-
meric coat protein suggested it consisted of two
domains connected by a flexible loop region.12 In
order to characterize the individual domains, we
have cloned the N-terminal (residues 1–190) and the
C-terminal domain (residues 191–429) into a pET-
3a-based expression vector. When expressed in
Escherichia coli, both the N and C-terminal domains
formed inclusion bodies. To purify each domain the
inclusion bodies were denatured, diluted and



Figure 2. SEC and LS of N and C-terminal domains. (a) The refolded N-terminal domain (0.5 ml at 0.4 mg/ml) was
loaded onto a 10 mm!300 mm Superdex 75 (Amersham Bioscience) size exclusion column and eluted at a rate of
0.5 ml/minute and detected by refractive index. (b) The molecular mass distribution of the N-terminal domain was
determined by simultaneous measurement of refractive index and light scattering at 908. Molecular mass and mass
distributions were established using the software, which is provided by the manufacturer (Discovery32). (c) and (d) are
same as (a) and (b) but for the C-terminal domain. The molecular mass of the N-terminal domain was 21 kDa and the
C-terminal domain was 52 kDa. The values of Mw/Mn were 1.012 and 1.054 for the N and the C-terminal domains,
respectively.
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refolded by dialysis following a procedure similar
to that used to refold the intact coat protein
monomer from procapsids.6 As a control, the intact
coat protein was cloned into the same vector,
expressed, and purified and found to have the
same activity profile as coat monomer obtained
from dissociation of procapsids.
The C-terminal domain forms stable non-
covalent dimer in solution

The refolded N and C-terminal domains were
analyzed by size exclusion chromatography in
combination with light scattering. Both the N and
C-terminal domains eluted as single peaks (Figure
2(a) and (c)). Although they eluted with similar
retention times, the molecular mass of the N-termi-
nal domain determined by static light scattering
was 21 kDa, while the molecular mass of the
C-terminal domain was 52 kDa indicating that it
was eluting as a dimer (Figure 2(b) and (d)). The
ratio of Mw/Mn which represents polydispersity
was 1.012 and 1.054 for the N and C-terminal
domains, respectively, indicating the peaks were
largely homogeneous. The C-terminal domain
contains a single cysteine (residue 404). To deter-
mine whether the dimer was the result of cysteine
oxidation, both non-reducing and reducing
SDS-PAGE analysis was performed. The C-terminal
domain electrophoresed as a monomer in both gels
(data not shown). Taken together these data suggest
that the C-terminal domain formed stable non-
covalent dimers in solution.
The N-terminal domain is highly disordered in
solution

In order to study the integrity of the tertiary
structure of the domains, the fluorescence spectra of
the intact coat monomer and the individual N and
C-terminal domains were recorded under both
native and denaturing conditions. The coat protein
monomer contains six tryptophan residues which
are evenly distributed between the two domains.
Under native conditions, both the coat protein
monomer and the C-terminal domain dimer dis-
played fluorescence emission maxima at 338 nm,
and high fluorescence intensity (Figure 3(a)). Under
denaturing conditions the emission maxima of the
coat protein monomer and the C-terminal domain



Figure 3. Fluorescence spectra of the N-terminal
domain, the C-terminal domain and coat protein mono-
mer. (a) Fluorescence spectra of the N-terminal domain
(triangle), the C-terminal domain (square) and coat
protein monomer (diamond) were obtained in buffer B
at 25 8C using a ISS PC1 photon counting spectro-
fluometer (lexcZ280 nm) in 1 cm path length cells.
Protein concentrations were 5 mM each. (b) Fluorescence
spectra of denatured coat protein monomer and indi-
vidual domains were obtained in buffer B supplemented
with 6 M GuHCl. (c) The change in fluorescence intensity
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dimer shifted to 352 nm and the intensity of
emission peak was dramatically reduced (Figure
3(b)). These results indicate that the tryptophan
residues of the coat protein monomer and the
C-terminal domain dimer were buried and rela-
tively inaccessible under native conditions, but
became solvent exposed and therefore red-shifted
as these proteins underwent denaturation.

In contrast, the N-terminal domain displayed an
emission maximum at 349 nm and relatively low
fluorescence intensity under native conditions.
There was relatively little change in emission
maximum (from 349 nm to 352 nm) and fluor-
escence intensity under denaturing conditions
(Figure 3(a) and (b)). These results suggest that
the tryptophan residues of the N-terminal domain
are solvent exposed under both native and denatur-
ing conditions and suggest that the N-terminal
domain might be disordered in solution.

The stability of the coat protein monomer and the
individual domains was monitored by fluorescence
spectral intensity during GuHCl-induced denatura-
tion (Figure 3(c)). Both the intact coat protein and
the C-terminal domain dimer displayed GuHCl-
induced denaturation whereas the fluorescence
intensity of the N-terminal domain was essentially
unchanged from 0 M to 6 M GuHCl.

The CD spectrum of the N-terminal domain had
the characteristic shape of random coil structure; an
ellipticity increase at 210–230 nm and concomitant
decrease at 190–205 nm (Figure 4(a)). This result
agrees well with the results from fluorescence
spectroscopy, and suggests that the N-terminal
domain is highly disordered in solution. The
C-terminal domain dimer retained secondary
structure and its CD spectra were concentration-
independent consistent with the gel chromato-
graphy data indicating that the C-terminal domain
dimers were stable in solution (Figure 4(a)).

To determine whether the isolated domains
adopt structure in the context of the intact protein,
the CD spectra of the individual domains were
compared to that of intact coat protein (Figure 4(b)).
The combined CD spectrum of the two domains
did not correspond to the spectrum of intact coat
monomer, indicating conformational differences
between the free domains and the domains in the
context of the whole protein. The individual
domains, as well as an equimolar mixture of the
two, were unable to assemble into procapsids
in vitro (data not shown). The CD spectra and
in vitro assembly results imply that the N-terminal
and the C-terminal domain act cooperatively in
folding and assembly.
during GuHCl-induced denaturation as monitored by
fluorescence emission intensity. The final protein concen-
tration in all cases was 5 mM. Emission intensities of coat
protein monomer (diamond) and the C-terminal domain
(square) were recorded in buffer B at 338 nm, and the
N-terminal domain (triangle) was recorded at 349 nm.



Figure 4. Circular dichroism spectra of the N-terminal
domain, the C-terminal domain and coat protein mono-
mer. (a) CD spectra of the N-terminal domain and the
C-terminal domain were measured in 25 mM PO4 and
25 mM NaCl (pH 7.6) using 1 mm path length cells.
Protein concentrations of the N-terminal domain were
0.1 mg/ml (filled triangle) and 0.2 mg/ml (open triangle).
Protein concentrations of the C-terminal domain were
0.1 mg/ml (filled square), 0.2 mg/ml (open square) and
0.4 mg/ml (open circle). (b) CD spectra of the N-terminal
and the C-terminal domains were combined and weight-
averaged (circle), and the CD spectrum of the intact coat
protein was measured under same condition as the
isolated domains (diamond).
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Hydrogen/deuterium exchange and peptic
fragmentation

To determine if the flexibility shown in the
N-terminal domain in solution is evident in the
procapsids, we performed hydrogen/deuterium
exchange combined with mass spectrometry on
both the empty procapsid shells and the mature
capsids. To insure that any observed differences in
exchange rates between the two forms were due to
alteration in protein/protein interactions, rather
than protein/DNA interactions, the mature form of
the virion was produced using a mutant which
allows the DNA to leak out after packaging.
Previous studies have demonstrated that the
exchange rate of DNAwithin the capsid is identical
with that of free DNA, indicating that the capsid
lattice does not present a barrier to 2H2O.30 To
initiate exchange, the empty procapsid shells or the
mature capsids were tenfold diluted into 2H2O and
incubated at room temperature. At various times,
the exchange reactions were sampled and quenched
at low pH (pH 2.5) then flash frozen in liquid
nitrogen for subsequent analysis by electrospray
ionization-time of flight (ESI-TOF) mass spec-
trometry. To disrupt the capsids it was necessary
to include 8 M urea in the quench reactions. The
dissociated monomers were digested with pepsin,
the peptic fragments were identified by exact mass
matching with Fourier transform-ion cyclotron
resonance mass spectrometry (FT-ICR MS) and
MS/MS sequencing, and the extent of deuteration
quantified by ESI-TOF mass spectrometry. Peptic
fragments covered w85% of the coat protein
primary sequence (Figure 5(a)).
Typically ESI produces multiply charged ions

(in positive ionization mode), and any given
peptide displays multiple peaks due to the random
incorporation of naturally occurring isotopes (pri-
marily 13C). Replacement of the amide proton by
deuterium causes a 1 Da mass increase and shifts
the isotopic distribution to higher m/z (Figure 5(b)).
The spectra in Figure 5(b) demonstrate the time-
dependent incorporation of deuterium into the
peptide spanning residues 129–145 for both the
empty procapsid shells and the mature capsids. In
the empty procapsid shells this peptide exchanged
rapidly whereas in the mature capsid the same
peptide exchanged more gradually. This result
suggests that peptide 129–145 becomes less exposed
as the procapsid undergoes maturation to the
capsid.
The mass spectroscopy-based approach provides

exchange data for peptides distributed throughout
the entire protein. To obtain a model independent
estimate of exchange rate, we integrated the area
under the progress curves from zero time to 32
hours and calculated the ratio of the areas for the
empty procapsid shells and the mature capsids
profiles (Figure 6, inset). This index provides a
model independent estimate of the overall
exchange, for example zero exchange would lead
to an integrated area value of zero, whereas
immediate exchange would lead to the largest
integrated area value.
The peptides derived from the N-terminal

domain (residues 1–145) exchanged more rapidly
in the empty procapsid shells than in the mature
capsids, whereas the peptides of the C-terminal
domain (residues 207–274, 295–391 and 414–429)
exchanged at almost the same rate, and were quite
protected in both capsid forms (Figure 6). Thus, the
C-terminal domain seems to form the core of the



   
  

                
 

  

 

            
 

            
 

 

 

Figure 5 (legend opposite)
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structure and only slightly change conformation as
maturation occurs, whereas in the procapsid form
the N-terminal domain partially retains the flexi-
bility seen in solution and undergoes additional
stabilization upon maturation. The global increase
in protection in the N-terminal domain might arise
from the creation of extensive interactions between
neighboring subunits in the mature capsids as seen
in the cryoEM-based reconstructions. The loop
region (156–207) showed large differences between
the empty procapsid shells and the mature capsids
(Figure 6), suggesting the loop region undergoes a
dramatic rearrangement resulting in new contacts
and enhanced protection upon maturation.

To obtain a quantitative estimate of the rate of
exchange, the amount of deuterium incorporated at
each time point was determined by calculating
centroids of the isotopic distribution and plotted
against the exchange time (Figure 7). The repro-
ducibility in determining the centroid is typically
O0.1 Da. The progress curves for each individual
peptide were fit to a three component exponential
model by non-linear least squares method (Figure
7). The average back exchange was estimated as
30% based on calibration studies with fully deuter-
ated peptides. In this model, the total number of
exchangeable hydrogen atoms, N, is divided into
three groups, a (fast), b (intermediate) and c (slow),
with exchange rate constants k1(O1 minK1),
k2(0.01 minK1–1 minK1) and k3(!0.01 minK1),
respectively.
DZNKa expðKk1tÞKb expðKk2tÞKc expðKk3tÞ

The centroids of the peptide 129–145 isotopic
distribution peaks were plotted against exchange
time (Figure 7(a)).

Many of peptides, for example peptide 295–314,
showed quite similar exchange patterns in both the
empty procapsid shells and the mature capsids
(Figure 7(b)). However, peptides from the loop
region showed very different patterns of exchange
between the empty procapsid shells and the mature
capsids (Figure 7(c) and (d)). The loop region
peptide 168–207 exchanged very quickly in the
empty procapsid shells (w80% of exchangeable
amino acid residues exchanged within three
minutes), but was well protected from exchange
in the mature capsids (w70% of exchangeable
amino acid residues remained protected for several
days) (Figure 7(c)). This result suggests that the loop
region (peptide 168–207) in the empty procapsid
shells is solvent exposed, but becomes inaccessible
in the mature capsid. The adjacent peptide 156–167
also showed significantly different exchange pat-
terns between the empty procapsid shells and
mature capsids (Figure 7(d)). The peptide 156–167
in the empty procapsid shells exchanged gradually
whereas in the mature capsids it was also well
protected. The differences in the exchange patterns
in the loop region imply that the loop region is bent
or rearranged and makes new contacts during the
maturation procedure.

The cryoEM-based reconstructions suggested



Figure 5. Amino acid sequences of P22 capsid coat protein and H/2H exchange profile for peptide residues 126–145. (a) Amino acid sequence of P22 coat protein. The
observed peptic fragments of P22 capsid coat protein are underlined. The peptic fragments, which were identified by a combination of exact mass matching and MS/MS
sequencing, spanw85% of the protein primary sequence. (b) Mass spectra of the peptic fragment corresponding to residues 126–145 from the empty procapsid shells (left panel)
and the mature capsids (right panel) at various exchange times. In each panel, the bottom spectrum represents the un-exchanged control.



Figure 6. Relative exchange comparison between the empty procapsid shells and the mature capsids. The area under
the exchange progress curves between zero hours to 32 hours for each peptide was integrated (and shown in inset) and
the ratio of the areas for the empty procapsid shells to the mature capsids was calculated and plotted.
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that mature capsids have more extensive inter-
subunit interactions than the procapsids, but the
series of rearrangements in which new contacts are
created may cause a slight local exposure of the
other sites after maturation. There was only one
peptide, the peptide 376–391, which exchanged
more rapidly in the mature capsids than in the
procapsid (Figure 7(e)).
Discussion

The proteins that comprise viral capsids have to
truly be protean. They need sufficiently confor-
mational flexibility to meet the demands of quasi-
symmetry in the assembled capsid. They need to be
capable of assembling a stable capsid without error,
and in some cases the capsid need to be capable of
both assembly and disassembly. Many viral capsids
can undergo structural transformations in response
to changes in environment such as pH or ionic
strength.21,31 Frequently the infectious viral capsid
is assembled in a series of steps involving structural
transformations.32–35 In the case of the dsDNA
containing phage, the capsid undergoes a pro-
nounced conformational change accompanying
DNA packaging.3 This suggests that the subunits
have sufficient structure for self-assembly but retain
sufficient flexibility to afford concerted structural
transformations.

Three lines of evidence suggest the presence of
multiple domains in P22 coat protein. Two distinct
transitions have been observed by fluorescence
during the pressure-induced unfolding of the coat
protein,36 renaturation of the coat protein monomer
from GuHCl indicated the presence of two rela-
tively stable domains in the coat protein mono-
mer,37 and limited proteolysis studies have
indicated that the coat protein monomer consists
of two approximately equal domains connected by
a flexible loop region.12 We initiated biochemical
studies to investigate properties of the individual
domains and relate them to the stability of the coat
protein in the procapsid and capsid lattices. The
N-terminal domain is largely unstructured in
solution, while the C-terminal domain forms stable
non-covalent dimers. The N-terminal domain does
adopt additional structure in the context of the
C-terminal domain suggesting the C-terminal
domain forms a platform on which the N-terminal
domain can fold.

Hydrogen/deuterium exchange studies can pro-
vide information about protein structure and
stability. Previous time-resolved Raman spectro-
scopy monitoring of hydrogen/deuterium
exchange in procapsid and capsid lattices likened



Figure 7 (legend follows part (e) of this figure)
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the procapsid form to a late folding intermediate
and also demonstrated an increase in exchange
protection during capsid maturation.11 However,
these studies were unable to localize the changes to
a particular region within the sequence. The use of
enzymatic digestion and mass spectrometry to
analyze hydrogen/deuterium exchange experi-
ments allows region-specific information to be
obtained even on large supramolecular struc-
tures.19–23 Hydrogen/deuterium exchange studies
of P22 capsids have been performed in our
laboratory using MALDI-MS.19 However, the need
to use denaturant to disrupt capsids resulted in data
of limited signal to noise, and limited sequence
coverage. The use of ESI-TOF/MS and reverse
phase column-based desalting allowed us to
increase the coverage of the coat protein sequence
in the peptic fragments to w85% and extend
hydrogen/deuterium exchange experiments.
These studies revealed that the increase in

exchange protection first detected by Raman spec-
troscopy was localized primarily in the N-terminal



Figure 7 (legend opposite)
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domain of the coat protein and suggested that the
flexibility observed in solution persisted into the
procapsid state but was subsequently lost upon
maturation. In contrast there seems to be little
change in the structure or stability of the C-terminal
region upon maturation. CryoEM-based recon-
structions of procapsids and mature capsids at
w9 Å have revealed the existence of more extensive
interactions among subunits in the mature capsids
than in the procapsid, and have characterized the
rearrangement of structural elements via rigid body
type twists and movements.13 The exchange data
suggest that those types of rearrangements and
movements might mainly occur in the N-terminal
domain.

It is possible that the N-terminal domain plays an
important role in solution as well. To assemble
properly the coat protein needs to form stable inter-
subunit interactions but these interactions need to
occur in a controlled fashion, facilitated by the
presence of scaffolding protein. Kinetic studies of
assembly in vitro have shown that the assembly



Figure 7. Plots of deuterium incorporation at different time points. Plots (left panel) of the number of deuterium atoms
incorporated versus the exchange period for peptic fragments from the empty procapsid shells (square) and the mature
capsids (circle). The continuous line represents the fit obtained by multi-exponentially fitting the exchange data. The pie
charts (right panel) represent the relative contributions of the three components fast, intermediate and slow with
exchange rate constants k1 (O1 minK1), k2 (0.01 minK1–1 minK1) and k3 (!0.01 minK1), respectively. Peptic fragments
(a) 129–145, (b) 295–314, (c) 168–207, (d) 156–167, and (e) 376–391.
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active form of the coat protein is a monomer.5,38

However, all of the temperature-sensitive coat
protein mutants examined form small stable
oligomers, typically dimers or trimers that are
unable to assemble. It is possible that these
mutations arise from inappropriate interactions
between the C-terminal domains of partially folded
species. Of the 18 reported temperature-sensitive
(ts) mutations in the coat protein39 14 lie within the
C-terminal domain. Given that the N-terminal
domain remains unstructured in solution in the
absence of the C-terminal domain one possibility is
that the C-terminal domain acts as a template
surface to facilitate folding and a properly folded
N-terminal domain is required to mask C-terminal
domain interacting interfaces. Scaffolding protein
would enable the interactions and the confor-
mational changes in the N-terminal domain
accompanying expansion would “cement” the
lattice in place. This general model is consistent
with the observation that the bulk of the stability for
the folded form of the coat protein is derived from
inter-subunit contacts.

The hydrogen/deuterium exchange profiles of
the loop region changed dramatically (Figures 6
and 7(c) and (d)) in going from the empty capsid
shells to mature capsids. It exchanged rapidly in the
empty procapsid shells, but was well protected in
the mature capsids. This result implies that the loop
region is exposed to solvent in the empty procapsid
shells, but buried in the mature capsids. These data
are consistent with the proteolysis studies that the
loop region which is susceptible to protease in the
procapsids becomes completely resistant.12 It had
previously been observed that cleavage of the loop
region facilitated expansion. This suggests that
despite the increased protection observed in the
loop region upon maturation and the fact that the
expanded form is more thermodynamically stable
than the procapsid form restructuring the loop
region is an energetically unfavorable event. The
driving force required to surmount the high
activation energy barrier is provided in vivo by
ATP-driven DNA packaging3 and in vitro by heat or
chemical agents such as SDS and urea.11,40

A similar transformation has been observed for
the bacteriophage HK97. Although there is low
sequence similarity (!20%) between the coat
proteins of HK97 and P22, the general folding of
two coat proteins is quite similar.13 In the cryoEM
studies of HK97, the E-loop of HK97 which
protrudes outside of the capsid in the prohead II,
becomes bent and K169 in the E-loop knob cross-
links to N356 of a neighboring subunit in the
head II.41,42 In addition to rigid body twisting and
movement, the bending of E-loop is a major
difference in the transformation from prohead II to
head II. Interestingly, K166 which is in the E-loop is
susceptible to trypsin in the prohead II, but not in
head II.43 Limited proteolysis and hydrogen/
deuterium exchange experiments on the P22 cap-
sids suggest that residues 157–207, the loop region
participates in the maturation process similar to the
E-loop of HK97. Thus, the loop region of P22 may
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protrude outside of the procapsids like that of HK97
in the prohead II, and bend to create new inter-
subunit contacts in forming stable mature capsids.
Materials and Methods

Cloning and purification of the individual domains

The plasmids encoding N and C-terminal regions of the
P22 coat protein were constructed by polymerase chain
reaction subcloning from a pET-3a plasmid which
encoded the genes for coat, scaffolding and portal
proteins. The primer pairs used were CGGGTAGCAT
ATGGCTTTGAACGAAGGTCA and CGCGGATCCTTA
AATACGCCCGAAGATGTC for the 570 base-pair
N-terminal domain and GGAATCCATATGCCTGAAGA
AGCATACCGAG and CGCGGATCCTTACGCAGTCTG
ACCAGGC (NdeI and BamHI sites underlined) for the
717 base-pair C-terminal domain. These amplified
regions were digested with NdeI and BamHI, ligated
into the pET-3a vector, used to transform CaCl2-treated
competent E. coli strain BL21 and selected for ampicillin
resistance and screened for the appropriate insert size by
restriction digestion. Candidate colonies were tested for
expression and verified by DNA sequencing. The
individual domains were over-expressed in E. coli
grown in LB medium by induction with 2 mM IPTG.
Cells were lysed by repeated freeze–thaw cycles, treated
with lysozyme and DNase I, and the pellets were
collected by centrifugation at 12,000g for 45 minutes.
The pellets were resuspended with washing buffer
(100 mM Tris–HCl, 5 mM EDTA, 5 mM DTT, 2 M urea,
2% (v/v) Triton X-100, pH 7.0), and centrifuged at 26,000g
for 30 minutes. This procedure was repeated twice. To
remove detergent and denaturant, the pellets were
washed twice with washing buffer without Triton X-100
and urea. The individual domains were solubilized with
extracting buffer (50 mM Tris–HCl, 5 mM EDTA, 5 mM
DTT, 8 M GuHCl), and clarified by centrifugation at
100,000g for one hour and the supernatant was reserved.
The extracted N and C-terminal domains were refolded
by dialysis against buffer B (50 mM Tris–HCl, 25 mM
NaCl, 2 mM EDTA) at 4 8C.

Size exclusion chromatography and light scattering

The molecular mass determination of the refolded N
and C-terminal domains was performed by size exclusion
chromatography in combination with light scattering. The
refolded N and C-terminal domains (0.4 mg/ml each)
were loaded onto a 10 mm!300 mm Superdex 75
(Amersham Bioscience) size exclusion column and eluted
with buffer B at a rate of 0.5 ml/minute. A PDI2000DLS
light scattering detector (Precision Detectors Inc.)
equipped with Water molecules 2410 refractometer was
used to determine the molecular mass. Simultaneous
measurement of refractive index and light scattering
allowed for molecular mass determination of non-
covalent complexes. Molecular mass and mass distri-
butions were established using the software which is
provided by the manufacturer (Discovery32).

Fluorescence spectroscopy

Fluorescence spectra were obtained in buffer B at 25 8C
using an ISS PC1 photon counting spectrofluorometer
(lexcZ280 nm) in 1 cm path length cells. Equilibrium
denaturation experiment was performed by supplement-
ing the buffer B with increasing concentrations of GuHCl
while maintaining a final protein concentration of 5 mM.

Circular dichroism (CD) spectroscopy

CD spectra were recorded at 20 8C on AVIV 62DS
spectrometer in the spectral range 195–250 nm with 2 nm
bandwidth. All samples were measured in 25 mM PO4

and 25 mM NaCl (pH 7.6) using 0.1 cm path length cells.

Preparation of empty procapsid shells and mature
capsids

The procapsids and the mature capsids were prepared
using Salmonella typhimurium strain DB7000 infected with
P22 strain 2Kam/13Kam and 4Kam/13Kam, respectively,
as described6 and further purified by sucrose gradient
centrifugation. The empty procapsid shells were pre-
pared by repeated extraction of scaffolding protein with
0.5 M GuHCl at 4 8C. Purified empty procapsid shells and
mature capsids were stored in buffer B at 4 8C.

Hydrogen/deuterium exchange experiments

The empty procapsid shells or the mature capsids were
exchanged by tenfold dilution into 2H2O to reach 90%
final concentration at 21 8C, pH 7.6 and sampled at zero
time, 30 seconds, one, two, four, eight, 15 and 30 minutes,
one, two, four, eight, 16 and 32 hours. The exchange was
quenched by the addition of formic acid to 1% (v/v) and
8 M urea to dissociate empty procapsid shells and mature
capsids completely. The quenched samples were immedi-
ately flash frozen and stored atK80 8C until analysis. The
samples were thawed rapidly, mixed with an equal
volume of pepsin (w20 mM finally) and digested for two
minutes on the ice. Digested samples (w80 pmol) were
loaded directly onto a C4 trap (Michrom BioResources,
Inc.) which replaced the loading loop allowing for rapid
washing with water to avoid introducing urea into the ESI
source. Following washing, the injector was switched to
allow flow into the ESI source. The injection valve, C4 trap
and tubing were submerged completely in a 0 8C ice bath.
The peptides were rapidly eluted with a 5–95% (v/v)
acetonitrile gradient (36 ml/minute). Exchange mass
analyses were performed on an ESI-TOF mass spec-
trometer (Micromass LCT). The amount of deuterium
incorporated was determined by calculating the centroid
of the isotopic distributions. The eluted peptides were
identified by exact mass measurement with 9.4 FT-ICR
MS (IonSpec) equipped with dual spray system and
MS/MS sequencing with Q-TOFAPI-US (Micromass). All
mass-based assignments agreed with the theoretical mass
to within 10 ppm. Because pepsin cuts non-specifically,
MS/MS sequencing was performed on all peptides with
favorable signal to noise. No discrepancies betweenmass-
based and MS/MS assignments were found.
Progress curves for individual peptides were fitted to a

sum of three exponentials derived from the exchange rate
expression:14

DZNKa expðKk1tÞKb expðKk2tÞKc expðKk3tÞ

where D is the observed number of deuterium atoms
incorporated at time t and N is the total number of
exchangeable protons. a, b and c represent the number of
amino acid residues that exchange with rate constant
k1(fast, O1.0 minK1), k2(intermediate, 0.01–1.0 minK1)
and k3(slow, !0.01 minK1), respectively.
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