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ABSTRACT Folding mechanisms of proteins incorpo-
rated within supramolecular assemblies, including viruses,
are little understood and may differ fundamentally from
folding mechanisms of small globular proteins. We describe a
novel Raman dynamic probe of hydrogen-isotope exchange to
investigate directly these protein folding/assembly pathways.
The method is applied to subunit folding in assembly inter-
mediates of the double-stranded DNA bacteriophage P22. The
icosahedral procapsid-to-capsid maturation (shell expansion)
of P22 is shown to be accompanied by a large increase in
exchange protection of peptide PB-strands. The molecular
mechanism of shell expansion involves unfolding of metasta-
ble tertiary structure to form more stable quaternary contacts
and is governed by a surprisingly high activation energy. The
results demonstrate that coat subunit folding and capsid
expansion are strongly coupled processes. Subunit structure
in the procapsid represents a late intermediate along the
folding/assembly pathway to the mature capsid. Coupling of
folding and assembly is proposed as a general pathway for the
construction of supramolecular complexes.

The assembly of a macromolecular complex from multiple
copies of protein subunits requires intersubunit interactions
that are highly specific. The strength of protein interactions,
which determines the stability of the assembly, is roughly
proportional to the sequestered surface area (1). Accordingly,
the driving force for assembly is the sequestration of hydro-
phobic residues at subunit interfaces (2). Conversely, exposure
of hydrophobic surfaces may compete with productive folding
of subunits and lead to off-pathway aggregation rather than the
native supramolecular architecture. A plausible mechanism for
avoiding unproductive aggregation is assembly in several dis-
crete steps with significant changes in subunit structure at each
stage of the process and attainment of the native fold only
within the mature assembly. In effect, some assembly inter-
mediates may consist of subunits in incompletely folded states.
These states are likely to possess compact shapes with well-
defined secondary and tertiary structures, resembling the
late-folding intermediates observed for small globular proteins
(2). Such folding intermediates can be distinguished by the
extent of protection of their peptide NH groups against
deuterium exchange (3).

Until recently, the measurement of protium/deuterium
(H/D) exchanges in proteins has been limited to relatively
small globular structures that are amenable to study by high-
field NMR spectroscopy. Current developments in time-
resolved Raman spectroscopy offer a new approach for mon-
itoring H/D exchanges in larger protein molecules and their
complexes (4-8), thus facilitating the detection and charac-
terization of protein-folding intermediates in supramolecular
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assemblies. Changes in secondary structure involving as few as
2% of residues can be measured accurately and interpreted
structurally by use of Raman amide I and amide III bands, as
exemplified recently for purified P22 coat (9) and scaffolding
(10) molecules. In the present study, we have used the Raman
dynamic probe to reveal differences in the fractions of deu-
terated peptide groups in assembly intermediates of the Sal-
monella bacteriophage P22, an icosahedral double-stranded
DNA virus (11). Corresponding changes in subunit secondary
structure along the pathway of P22 assembly are also charac-
terized.

The assembly of phage P22 constitutes a model, multistep
pathway for icosahedral viral morphogenesis (11, 12). In the
initial step, 420 copies of the major coat protein (gp5, 429
residues, 47 kDa) assemble into a precursor procapsid in the
presence of scaffolding protein subunits (gp8, 303 residues, 33
kDa). The metastable procapsid (diameter 58 nm) is subse-
quently transformed into the mature capsid (diameter 63 nm)
concurrent with scaffolding release and DNA packaging, a
process common to many other double-stranded DNA viruses,
including the herpes viruses (13, 14). The P22 capsid trans-
formation involves extensive rearrangements in the surface
lattice and a 10% increase in radius (shell expansion) (15).
However, this shell maturation is accompanied by only a small
change in subunit secondary structure, despite large changes in
side chain environments (9). These observations suggest that
domain movement involving hinge bending mediates shell
expansion (9, 15). Mild denaturants may also be used to extract
scaffolding protein from procapsids without altering the coat
protein lattice (15-17). Subsequent expansion of the empty
procapsid shell can be induced in vitro either by heating to 65°C
or by mild detergent treatment (17, 18).

The experiments reported here extend previous spectro-
scopic, calorimetric, and electron cryomicroscopic investiga-
tions of the P22 shell transformation and provide new insights
into the molecular mechanisms of coat subunit folding and
capsid maturation.

MATERIALS AND METHODS

Procapsids were prepared using Salmonella typhimurium strain
DB7136 infected with P22 strain 27am H200/13:am HI101 as
described (16) and further purified by Sephacryl S-1000 chro-
matography. Empty procapsid shells were prepared by re-
peated scaffolding (gp8) extraction with 0.5 M GuHCI at 4°C
and sucrose gradient centrifugation.

Expanded shells were prepared from procapsid shells by
heat treatment at 65°C (17). The progress of expansion was
monitored by migration of particles on 1.2% agarose gels. The
same protocol was used for shells assembled in D,O. The
composition and integrity of particles were examined by
SDS/PAGE and 1.2% Sea-Kem agarose gels.
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Exchange experiments at 35°C were performed on samples
twice pelleted and resuspended in isotopically pure D,O
buffer. Samples were sealed in glass capillaries and allowed to
complete fast exchange at 10°C. During subsequent incubation
at 35°C, samples were periodically examined by Raman spec-
troscopy. At the end of each experiment (average duration, 3
wk), samples were examined for structural integrity (agarose
gels) and composition (SDS/PAGE). Reversibility of local
unfolding was confirmed by Raman spectroscopy on control
samples that were incubated in H>O.

Subunits were refolded in D,O buffer as described by
Teschke and King (19). Refolded deuterated subunits were
assembled in the presence of scaffolding protein and purified
by sucrose gradient centrifugation (16). Empty procapsid
shells were prepared as described above.

Spectral measurements were performed on a Spex 1877
triple spectrograph equipped with a charge-coupled device
array detector. The spectra were excited at 514.5 nm. Time-
resolved spectra were collected at 1-min intervals. Time-
resolved Raman spectra were normalized using the 1003 cm™!
band of phenylalanine as internal standard. Amide III" bands
were extracted by subtraction of the spectra of protiated
particles. The resulting amide III' difference bands were
normalized with respect to the fully deuterated particles. The
percentages of exchanged sites were calculated from these
normalized amide III’ band areas. The protocol is fully
described in previous papers (4-7).

The initial rates of procapsid shell expansion were obtained
from separation of heat-treated products on 1.2% agarose gel
(separation buffer: 40 mM Tris, 10 mM CH3COONa, 2 mM
EDTA, pH 8.0) followed by Coomassie staining and densi-
tometry.

RESULTS

Three Regimes for Exchange of Subunit Peptide (NH)
Groups. The effects of H/D exchange of peptide NH groups on
Raman spectra of procapsid shells and expanded shells are
illustrated in the Upper and Lower panels, respectively, of Fig.
1. For each type of shell, the Raman amide I band is centered
near 1660-1665 cm™! and the companion amide III band is
centered near 1243 cm™~! (trace A in each panel of Fig. 1). The
corresponding Raman amide bands for deuterated shells,
designated amide I' and amide III', occur at approximately
1652 and 984 cm~!, respectively (trace B in each panel of Fig.
1). The positions of the amide I, amide I', amide III, and amide
IIT' bands all indicate that B-strand is the dominant secondary
structure of the coat protein subunit in both the procapsid shell
and expanded shell assemblies, in accord with previous studies
(9, 10).

We have identified three classes of exchangeable (NH —
ND) peptide groups in shell subunits by varying the temper-
ature or solvent environment at which Raman measurements
are made. First, unprotected sites of shells maintained in native
buffer at 10°C exchange relatively rapidly (19). These generate
the Raman difference profile indicated as trace C in each panel
of Fig. 1. A second class of sites, which is resistant to exchange
at 10°C, can be exchanged in native buffer at 35°C via local
unfolding (3). Heating to 35°C promotes partial unfolding of
shell subunits without compromising the integrity of the shell
assembly itself (17). This type of peptide exchange generates
the Raman difference profile indicated as trace D in each
panel of Fig. 1. Finally, a third class of peptide sites is resistant
to exchange, even in shells containing partially unfolded (35°C)
subunits. These are peptides of the exchange-protected core of
the shell subunit. Amide protons of these peptides can be
deuterated only by inducing shell disassembly and coat subunit
unfolding in 6 M GuDCl buffer. Subsequent subunit refolding
and shell reassembly in native D,O buffer permit structural
characterization of the exchange-protected core by Raman
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Fi6. 1. Raman monitoring of deuteration of peptide NH groups of
procapsid (Upper) and expanded shells (Lower). In each panel: (4) H.O
solution spectrum. (B) D,O solution spectrum of fully deuterated particle,
obtained by refolding and reassembly in native D,O buffer of a sample
previously treated with 6 M GuDCI. (C) Difference spectrum between A
and particles exposed to D>O solution for 3 h at 10°C (signature of
peptides exchanging from the native state). (D) Difference spectrum
between particles exposed to DO for 600 h at 35°C and particles exposed
to DO for 3 h at 10°C (signature of peptides exchanging via local
unfolding). (E) Difference spectrum between B and particles exposed to
D0 for 600 h at 35°C (signature of peptides in the exchange-protected
core). Spectra were obtained from samples at 70 mg/ml concentration in
10 mM Tris buffer (pH 7.4) and 10°C.

difference spectroscopy, as shown in trace E of each panel of
Fig. 1. We next discuss these three classes of peptide NH — ND
exchange in turn.
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Facile Exchange of Native Structure. Relatively rapid ex-
change of peptide NH groups at 10°C is limited to domains of
the shell subunits that are readily accessible to solvent and
probably located on the surface of the assembly. With ex-
change of these residues, broad Raman bands appear at 930,
964, and 1009 cm ™!, which are assignable to amide I1I" markers
of exposed peptide groups in loops, turns, and other irregular
conformations (21). This conclusion is supported by the de-
crease of amide I intensity at 1683 cm~! and concomitant
increase of amide I’ intensity at 1640-1650 cm™~!. Facile NH
— ND exchange also occurs in a-helices and is manifested by
Raman amide II' intensity appearing near 1455 cm™! in
difference trace C. The amide II" intensity adds to the prom-
inent bands of the 1440-1460 cm~! interval that are due to
C-H bending modes of aliphatic side chains. All exchanges
from the native state are complete within 3 h of exposure to
D,O0, both for procapsid shells and expanded shells. Facile NH
— ND exchanges, including solvent-accessible peptides in
loop, turn, and irregular conformations as well as rapidly
exchanging peptides in native a-helical conformations, encom-
pass 47 = 3% of peptide sites in the expanded shell and 54 =
3% of peptide sites of the procapsid shell (Fig. 2). The lower
percentage of facile exchange in the expanded shell represents
a small but significant increase in exchange protection upon
shell expansion.

Exchange of Labile Structure by Local Unfolding. The
Raman amide III" signature of peptides exchanging via local
unfolding at 35°C consists of two bands which are centered at
930 and 986 cm ™! in the procapsid shell (trace D, Fig. 1 Upper)
and at 928 and 984 cm~! in the expanded shell (trace D, Fig.
1 Lower). Intensities of these markers correlate with the
intensity decreases of amide II1 in the interval 1230-1240 cm !
and amide I at 1665-1675 cm !, both of which are character-
istic of B-strand (9, 10, 22). Similar correlation has been
observed for the all B-strand coat protein P3 of bacteriophage
PRDI. Thus, we assign amide ITI" at 929/985 = 1 cm™! to
peptides in the B-strand conformation. An additional amide
I feature at 962 cm™! in the procapsid shell spectrum
indicates exchange from peptides with irregular secondary
structure. The 962 cm™! contribution is diminished in the
expanded shell spectrum, indicating that the irregular struc-
ture is either protected or already exchanged at 10°C in this
assembly. The latter interpretation is consistent with the
exchange-protected core comprising exclusively B-strand (see
next section). In both procapsid shells and expanded shells, the

EXCHANGE PROTECTION
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local unfolding prote ©

F1G. 2. Percentages of peptide NH groups exchanging in native,
locally unfolded, and globally unfolded states of procapsid shells (54%,
32%, and 14%, respectively) and expanded shells (47%, 27%, and
25%, respectively). Exchange fractions were calculated from amide
III' band areas in the spectral interval 900-1020 cm~!. Exchange by
local unfolding is defined as exchange that occurs at 35°C but not at
10°C. Exchange by global unfolding, which requires shell disassembly
and subunit denaturation in 6 M GuDCI, defines peptides of the
exchange-protected core.
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exchange of peptides via local unfolding is complete within
250 h of exposure to D,O. In the procapsid shell, 32 = 3% of
peptides exchange via local unfolding, whereas in the ex-
panded shell only 27 = 2% of sites are exchanged by this
mechanism (Fig. 2).

Exchange of the Protected Core by Global Unfolding. The
Raman profile of the exchange-protected core is indicated for
subunits of the procapsid shell and expanded shell in trace E
of the appropriate panel of Fig. 2. In both types of shell, the
Raman signature of the protected core consists of amide III
bands near 919 and 982-984 c¢cm™!, demonstrating that the
exchange-protected core consists exclusively of B-strand. How-
ever, the amide III" intensities are markedly different in the
two types of shell, revealing a striking increase in the percent-
age of protected B-strand NH groups accompanying expan-
sion. This interpretation is supported by the intensities ob-
served for other deuteration-shifted amide bands. Thus, the
shifted amide I — amide I" and amide III — amide III" bands
are considerably more intense for the expanded shell than for
the procapsid shell. On the basis of the measured amide
intensities in traces E of Fig. 1, we have determined that the
effective exchange-protected core of the procapsid shell sub-
unit comprises 14 * 2% of peptide groups, whereas that of the
expanded shell subunit comprises 25 * 3% of peptide groups
(Fig. 2). Thus, the apparent exchange-protected core of the
shell subunit nearly doubles with expansion.

Exchanges of Subunit Side Chains. Tryptophans. Expansion
of the P22 shell is accompanied by significant changes in
environments and orientations of subunit side chains (9). The
Raman spectrum is particularly sensitive to changes involving
tryptophan, including differences in lability of the indole N1-H
bond in procapsid shells and expanded shells. Indole N1H —
N1D exchange, which serves as a gauge of tryptophan acces-
sibility to solvent and local unfolding dynamics, is conveniently
monitored by the intensity increase in the 1375-1385 cm™!
region of the Raman spectrum (23, 24). As seen in Fig. 1, the
six tryptophans of the procapsid shell are more susceptible to
native state exchange of N1H than are those of the expanded
shell. We estimate that four to five Trp residues per subunit
undergo facile (10°C) exchange, and another one to two
exchange via local unfolding (35°C) in the procapsid shell.
None of the six tryptophans of the procapsid shell is completely
protected from exchange, i.e., there is no difference band near
1375-1385 cm™! in trace E of the Upper panel of Fig. 1.
Conversely, at least one and possibly two Trp residues resist
exchange in the expanded shell, evidenced by the 1375 cm™!
difference band in trace E of the Lower panel of Fig. 1. Thus,
one or two Trp side chains become part of the exchange-
protected core upon shell expansion. This is consistent with
previous data indicating a change from hydrophilic to hydro-
phobic local environment for the average Trp side chain
following shell expansion (9).

Cysteine-405. The single cysteine residue (Cys 405) of the
P22 capsid subunit resists chemical modification of its sulfhy-
dryl group in all assemblies investigated, including the coat
protein monomer, procapsid shell, and expanded shell (P.E.P.,
unpublished results). Further information about the Cys 405
sulfhydryl environment can be obtained from the well-resolved
and relatively sharp Raman band near 2570 cm !, which is due
to the S-H bond stretching vibration and is diagnostic of SH
hydrogen bonding (25). The SH Raman band serves as a
unique probe of local structure and dynamics (26). Fig. 3 shows
that the band center differs significantly between procapsid
and expanded shell forms, undergoing a shift from 2569 to
2573 cm~! with expansion. The higher frequency and broader
band shape associated with the expanded shell are indicative
of weaker hydrogen bonding and a less hydrophobic sulfhydryl
environment in the expanded shell than in the procapsid shell
(25). In accord with this finding, we also observe more rapid
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Fic. 3. Raman markers of the sulfthydryl group of Cys 405 in
subunits of the procapsid shell (PS) and expanded shell (ES). (Right)
The Raman S-H marker bands observed for H,O solutions of shells.
(Left) The corresponding S-D markers observed for DO solutions
following complete SH — SD exchange.

SH — SD exchange of Cys 405 in the expanded shell than in
the procapsid shell.

Although SH groups are well protected against exchange in
the native procapsid (t < 20°C), SH — SD exchange is
observed at a slightly elevated temperature, via local unfold-
ing. For example, in the procapsid at 30°C, the sulfhydryl
exchange rate constant (ksy) is measured as 0.035 h™! (Fig. 4
Upper). The activation energy of local unfolding (E“') cal-
culated from the temperature dependence of procapsid SH

4]

Keyy=0.035h™!

In{lgp)
N
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time (h)

In(kSH)

320 325 330 335 3.40

1mx 103 (K1

FiG. 4. (Upper) Rates (ksu) of Cys 405 sulfhydryl exchange in
subunits of procapsid shells at 30°C (®) and expanded shells at 2°C (w).
Data were obtained by measuring the intensity decay of the Raman
S-H band of the shell as a function of time of exposure to D>O. (Lower)
Arrhenius plot showing temperature dependence of the sulfhydryl
exchange rate (ksy) in subunits of the procapsid shell. The slope of the
plot corresponds to an activation energy for local unfolding (EX°“') of
44 kcal'mol 1.
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exchange over the range 20-40°C is 44 kcal'mol™! (1
kcal'mol™! = 4.184 kJ-mol~!) (Fig. 4 Lower).

Conversely, for the expanded shell, SH — SD exchange is
relatively facile at all temperatures. Thus, even at 2°C, we find
for the expanded shell that ks = 0.3 h™! (Fig. 4 Upper) and
Ee!is negligible in comparison to that of the procapsid.
Interestingly, the Cys 405 sulthydryl is less protected against
exchange than is the average Trp indolyl group of the expanded
shell.

Activation Energy of Shell Expansion. To estimate the
energy barrier opposing heat-induced shell expansion (Ej;”*"),
we measured the temperature dependence of the expansion
rate constant, kegan (Fig. 5 Upper). The Arrhenius plot of the
measured rate constants (Fig. 5 Lower) exhibits considerable
curvature, indicating significant temperature dependence of
the apparent E;7*". We find E{?*" = 40 = 10 kcal'mol ! in the
range 40-55°C and E;P*" = 90 = 20 kcal'mol™! in the range
55-70°C. Thus, the apparent activation energy of shell expan-
sion at physiological temperature (37°C) is estimated as
roughly equal to that of local unfolding, the latter determined
from SH exchange dynamics (above). It should be noted that
the expansion activation energy, E; 7", is expressed per mole
of shells §420 subunits), while the local unfolding activation

energy, E““ is expressed per mole of subunits.

DISCUSSION

The striking increase in exchange protection that is observed
with shell expansion (14% vs. 25%, Fig. 2) implies a corre-
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F1G. 5. (Upper) Kinetics of heat-induced procapsid expansion.
Procapsid shells were heated at the indicated temperatures and
aliquots of the reaction mixtures were withdrawn and separated on a
1.2% (wt/vol) agarose gel. Initial expansion rates (kexpan) Were esti-
mated from gel band intensities. (Lower) Arrhenius plot showing
temperature dependence of the expansion rate.
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sponding increase in compactness of the icosahedrally ar-
ranged coat protein subunits. Similarly large increases in
exchange protection are conferred by close packing of hydro-
phobic side chains during folding of the cores of typical
globular proteins (27). Subunits of the mature (expanded) P22
shell may be viewed as representing the final native state of the
coat protein, while those of the precursor shell are analogous
to a late-folding intermediate. The native coat protein con-
formation, i.e., the state of lowest free energy, is thus attained
only within the context of the expanded shell. An energy level
diagram depicting coupling of coat protein folding with shell
maturation is given in Fig. 6.

The present results could be explained by a simple protec-
tion mechanism in which hydrophobic residues that are ex-
posed in the procapsid shell become sequestered in the
expanded shell. However, such sequestration seems unlikely
because the procapsid shell lacks exposed hydrophobic sur-
faces, as judged by its resistance to the reagents ANS and
bisANS (28). A scheme that involves movement of coat protein
domains, as illustrated in the upper panel of Fig. 6, is deemed
more likely. Here, hydrophobic residues that form an intrasu-
bunit interface between two coat protein domains in the
procapsid shell become immobilized in the expanded shell.
Evidence for domain structure of the coat protein has been
obtained from unfolding studies (29). Immobilization is a
consequence of domain interchange between neighboring
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monormeric
folding
intermediates

multimeric
assembly/folding
intermediates

Free Energy

transition
state

procapsid shell
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Coupled Folding/Assembly Coordinate

FIG. 6. (Upper) A mechanism accounting for increased exchange
protection in the expanded shell (right) vis-a-vis the procapsid shell
(left). The effective increase in the subunit exchange-protected core
with expansion is due to domain interchange between neighboring
subunits. The shell lattice (upper diagram) is represented as a cluster
of six subunits (hexon) in which the protected core is indicated by dark
shading and the two coat protein domains are shown as unshaded and
lightly shaded. The enlargement (lower diagram) depicts rearrange-
ment of contacts and domains, including Cys 405 sulfhydryls, between
two neighboring subunits. (Lower) Energy landscape representation of
coupling between subunit folding and capsid assembly in P22. A
transition state containing partially exposed hydrophobic surfaces
(dark gray) is proposed for the heat-induced expansion.
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subunits, wherein metastable tertiary contacts of procapsid
subunits are replaced by more stable quaternary contacts of
the expanded shell subunits. Such a model is supported by the
Raman difference spectrum between procapsid and expanded
shells, which reveals many changes in side chain environments
despite a small change in subunit secondary structure (9). On
the basis of the Raman signature observed for the protected
core in the expanded shell subunit and in view of the relatively
small change in secondary structure accompanying shell ex-
pansion, we conclude that the interchanged domain is mainly
B-stranded. The domain interchange model proposed here is
also supported by results of electron cryomicroscopy (15). The
proposed mechanism of domain interchange during capsid
expansion avoids excessive exposure of hydrophobic surfaces
on isolated subunits, thus averting unproductive aggregation of
subunits. At the same time, the stability of the mature assembly
is not compromised.

The distinctive environments and different exchange dy-
namics observed for the Cys 405 sulfhydryl in procapsid and
expanded shells suggest that Cys 405 is located at or near the
interface between interchanging domains. If the activation
energy of local unfolding (E“ = 44 kcal'mol !, as measured
by SH exchange) represents the free energy of domain
opening, then simultaneous opening of the equivalent of one
such interface would be required to account for the activa-
tion energy that triggers shell expansion at physiological
temperature (E¢? ~ 35-40 kcal-mol~! at 37°C). This expla-
nation is based on the assumption that shell expansion is
initiated at a single (but not necessarily unique) site in each
shell and is propagated rapidly through the lattice. Such a
mechanism is supported by the absence of partially expanded
shells or other intermediates in both in vivo and in vitro
preparations.

The apparent temperature dependence of the expansion
activation energy (Fig. 5 Lower) may stem from temperature-
dependent disruption of hydrophobic interactions. This would
require transient exposure of hydrophobic residues to initiate
expansion (Fig. 6), which is consistent with the previously
reported acceleration of shell expansion by SDS (18). Alter-
natively, the expansion mechanism may involve a different
transition state at higher temperatures.

The present results show conclusively that subunits in the
procapsid shell of P22 are less protected against amide ex-
change than are those of the expanded shell. The subunit main
chain in the procapsid shell presumably represents a more
flexible conformation, which is appropriate to achieving the
transition state. The driving force required to surmount the
high activation energy barrier is evidently provided in vivo by
ATP-driven DNA packaging. The in vitro effects of chemical
agents such as SDS and urea may facilitate particular steps in
the expansion, although at the present time the exact mech-
anism of their action is not known.

Finally, we note that formation of a metastable intermediate
and subsequent transition to a stable final state has been
observed for influenza virus hemagglutinin (30), in which the
most stable state is attained only upon interaction with mem-
brane at low pH. Interestingly, an irreversible, heat-induced,
capsid expansion has been detected for poliovirus and other
picornaviruses (31). This expansion is thought to correspond
to capsid transformation during virus entry into the host cell
(31). Since the most stable fold of subunits is attained only
within the context of the mature assembly or during the
membrane fusion, we propose that manipulation of the subunit
folding pathway could provide a means for programming
morphological transformations in such supramolecular ensem-
bles.
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