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ABSTRACT. P22 serves as a model for the assembly and maturation of icosahedral double-stranded DNA
viruses. The viral capsid precursor, mmocapsid is assembled from 420 copies of a 47 kDa coat protein
subunit (gp5) that is rich if-strand secondary structure. Maturation to ¢apsid which occurs in vivo

upon DNA packaging, is accompanied by shell expansion and a large increase in the level of protection
against deuterium exchange of amide NH groups. Accordingly, shell maturation resembles the final step
in protein folding, wherein domain packing and an exchange-protected core become more fully developed
[Tuma, R., Prevelige, P. E., Jr., and Thomas, G. J., Jr. (1P8&). Natl. Acad. Sci. U.S.A. 95885~

9890]. Here, we exploit recent advances in Raman spectroscopy to investigate the P22 coat protein subunit
under conditions which stabilize tlronomericstate, viz., in solution at very low concentrations. Under
these conditions, the monomer exhibits an elongated shape, as demonstrated by small-angle X-ray scattering.
Raman spectra allow the identification of conformation-sensitive marker bands of the monomer, as well
as the characterization of NH exchange dynamics for comparison with procapsid and capsid shell assemblies.
We show that procapsid assembly involves significant ordering of the predomigasiitgnd backbone.

We propose that such ordering may mediate formation of the distinct subunit conformations required for
assembly of & = 7 icosahedral lattice. However, the monomer, like the subunit within the procapsid
lattice, exhibits a moderate level of protection against low-temperature NH exchange, indicative of a
nascent folding core. The environments and exchange characteristics of key side chains are also similar
for the monomeric and procapsid subunits, and distinct from corresponding characteristics of the capsid
subunit. The monomer thus represents a compact but metastable folding intermediate along the pathway
to assembly of the procapsid and capsid.

Cellular functions are often performed by large macro- precursor, orprocapsid which subsequently matures ir-
molecular complexes, the assembly of which may involve a reversibly to the stable capsi&)( Such a two-step mecha-
complex series of protein recognition events and conforma- nism, characterized by weaker intersubunit interactions in
tional changes. Viruses serve as useful models for investigat-the procapsid state, may facilitate the correction of assembly
ing the molecular mechanisms underlying such assemblyerrors prior to capsid maturation, stabilization, and genome
processes. For example, the life cycle of a virus typically packaging. Conversely, the greater stability of the mature
requires the intracellular assembly of@psidfrom multiple capsid more effectively protects the viral genome from
copies of a few types of protein subunits. Constructing a environmental insult.
topologically closed capsid from chemically identical or Irreversible conformational changes in the capsid lattice
similar protein subunits requires switching between different are not limited to dsDNA bacteriophages. Recently, similar
conformations in a specific path-dependent mandgrlf conformational changes have been observed for an insect
the case of icosahedral double-stranded!(B$)A phages, RNA virus (3). Irreversible transitions also accompany
the process involves the initial formation of a metastable proteolytic maturations in other RNA virused) (Picorna-

viruses employ such conformational changes to initiate
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of the molecular structure and stability at various stages of e o Coat

the assembly and maturation pathway. e : eo
High-resolution structures of viruses reveal conformational T Scaffold

switching of chemically identical subunits to accommodate TTT

different quasi-equivalent contacts within the icosahedral O Portal

lattice 9). Although high-resolution structures unveil the ll .

different subunit conformations in great detail, in most cases a8 Minor

they do not address the conformation of the unassembled

subunit. Therefore, the mechanism by which subunits attain *

their final conformation remains elusive. In particular, there AS SEI\/JBLY

are two fundamentally different models of conformational
switching. In one case, the discrete conformations observed
in the viral shell also exist in solution, and their proportion
determines the outcome of the assembly process. This
mechanism has been proposed in the assembly of bacterio-
phage HK97 10), wherein the subunits equilibrate between
pentamers and hexamers, which then assemble ifite &
capsid. In the second case, unassembled subunits attain an PROCAPSID
average conformation that is distinct from any of the states
observed within the viral shell assembly. Here, the final MATURATION *
conformation is attained only upon assembly, in a manner
analogous to the conventional pathway of protein folding (CAPSID EXPANSION)
(11, 12). Such a mechanism most likely governs the
morphogenesis of the RNA phage MS3(14) and dsDNA
phage PRD1X1).
In this study, we employ a well-characterized icosahedral
dsDNA virus, theSalmonellabacteriophage P22, to study
structural changes in the coat protein subunit accompanying
procapsid assembly. The assembly pathway of P22 is an
established prototype for the morphogenesis of many dsDNA
viruses, including the herpesviruses and adenoviruses. In each MATURE CAPSID
case, assembly proceeds through the construction of afcure 1: Assembly pathway of bacteriophage P22. The co-
procapsid, which subsequently undergoes lattice maturationassembly (top) of 420 copies of coat, 26800 copies of scaffold,
and DNA packagingd, 15) (Figure 1). The P22 procapsid 12 copies of portal, and a few copies of minor proteins yields a
contains three essential components: 420 molecules of coaProcapsid (middle), which matures through DNA packaging,
. . . . scaffold ejection, and shell expansion to yield a mature capsid
protein (gp5, 47 kDa) arranged |r_1Ta= 7 |co§ahedral lattice, (bottom). Subsequent tail attachment is not shown.
200-300 molecules of scaffolding protein (gp8, 34 kDa)
contained in the interior, and a dodecameric ring of portal )
protein (gp1, 87 kDa) located at a singular vertex that forms the known domain structure of the P22 coat protef)(
the site of DNA entry and exit. Scaffolding protein is released We Propose a mechanism for conformational switching
at about the time of DNA packagind.§). DNA packaging during morphogenesis of the dsDNA viral capsid.
triggers maturation, W_hlch results in a 10% increase in the MATERIALS AND METHODS
shell diameter (expansion) and concurrent capsid stabilization
(17, 18). Maturation is mediated by domain interchange  Protein and Procapsid Shell PurificationBrocapsid-like
between coat protein subunits and leads to increased stabilityparticles composed exclusively of coat and scaffolding
of subunits and to a small increase in the amourit-sfrand proteins were expressed Bscherichia colifrom a pET-
secondary structurel§—21). based plasmid (pPM-B2) that encodes the coat and
The symmetry of the P22 procapsid requires that the coatscaffolding genes (gift from S. Casjens, University of Utah,
subunit attain multiple (up to seven) conformations. At least Salt Lake City, UT). Procapsid purification and scaffolding
four distinct conformations can be detected by electron protein extraction were accomplished using previously
cryomicroscopy at intermediate resolutidi8). In previous described procedure®7).
biophysical studies, including Raman spectroscopy, confor- Monomeric coat protein was obtained as follows. Purified
mational changes of the shell subunit during the expansion procapsids were converted to denatured subunits by treatment
maturation step were characterized{25). However, due  with 6 M GuHCI. The denatured subunits were subsequently
to technical limitations, it was not possible to obtain spectro- refolded at a protein concentration of 1 mg/mL by dialysis
scopic signatures of the coat protein monomer and identify against buffer B (50 mM Tris, 25 mM NaCl, and 1 mM
the structural changes required for assembly of the procapsidEDTA) at 4 °C. High-molecular mass aggregates were
shell. In the study presented here, we employ Raman spectemoved by centrifugation (40 000 rpm, Beckman 40.2 rotor,
troscopy together with hydrogen/deuterium (H/D) exchange 2 °C, 2 h). The remaining protein solution was loaded onto
and small-angle X-ray scattering (SAXS) to characterize a HiTrap-Q ion exchange column (Amersham-Pharmacia-
changes in subunit secondary and tertiary structures with Biotech, Inc., Piscataway, NJ) and elutedwét O to 0.3 M
procapsid shell formation. On the basis of these results andNaCl gradient. Aliquots of the peak fraction, which eluted
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T . — Individual scattering curves were normalized to the intensity
g g 2 g of the incident beam, background-subtracted, and averaged
3 o < M~ . . . . . .
E; R after confirmation of no potential radiation-induced aggrega-
1.00f 3 tion.
» >
2 RESULTS AND DISCUSSION
050 § Conformation and Folding of the Coat Protein Subunit
501 £
5 Monomer Shape and Oligomerizatiorhe refolded coat
° protein subunit eluted as a monomer from the anion exchange
column and remained monomeric even at a high concentra-
0.00 : . . . X tion (16 g/L) when stored in a buffer containirg0.2 M
0 2 50 75 100 125 150 NaCl (Figure 2). The monomer assembled into procapsids
elution volume (mi) when mixed with scaffolding protein in buffer B (data not

FIGURE 2: Size exclusion chromatography of the concentrated coat Shown). Compared with globular protein standards, the 47
protein. Two milliliters of a coat protein solution (16 mg/mL) were kDa monomer eluted from a size exclusion column with a
loaded onto a TSK 3000 column. The position of the void volume higher than expected apparent mass (60 kDa), indicative of

(blue dextran) and elution of molecular mass standards are indicated; asymmetrically shaped molecule or an expanded (partially
on the top axis. Monomeric coat eluted in 50 mM Tris and 25 mM unfolded) globular conformation (Figure 2).

NaCl (pH 7.6) as a single peak at 84 mL, indicating an apparent .
molecular mass of 60 kDa. To further characterize the compactness and shape of the

monomer, SAXS data were collected from dilute solutions

~ (Figure 3). An apparent mass of 49 kDa was obtained by
at 0.2 M NaCl, were subsequently loaded onto a preparativeextrapolation of the data of Figure 3A to an angle dfiing
TSK3000SW (22.5 mnx 300 mm) size exclusion column  the Guinier approximation3(). The SAXS data confirm a
(TosoHass, Montgomeryville, PA) and eluted with buffer B monomeric state for the coat protein subunit. The monomer
at a rate of 4 mL/min and 4C. In a typical preparation, the  exhibited a radius of gyration of 36 0.7 A, significantly
Q column-concentrated coat protein was monomeric (Figure |arger than the value of 18.7 A predicted for a sphere of
2) and remained monodisperse and assembly active for abougquivalent volume and mass. The SAXS results thus imply
24 h while stored on ice. that the monomer is not spherically shap8@)(

Raman Spectroscopy and Hydrogen/Deuterium Exchange. To gain information about the distribution of mass within
Samples for Raman spectroscopy were prepared from thethe molecule, the reciprocal space data of Figure 3A were
peak fraction of the Q column. Identical Raman spectra were transformed into a real space distance distribution function
also obtained on a diluted sample of the protein (1.7 mg/ using the regularization metho@3). The distance distribu-
mL) prepared from the monomer peak fraction of the tion function of Figure 3B provides information about the
TSK3000SW size exclusion column (Figure 2). Raman atom-weighted distribution of distances within the molecule.
spectra were obtained on a Spex 500M single-monochro- A maximum distance within the proteiDf,) of 1204 10
mator spectrograph equipped with a notch filter and charge- A was obtained, a value considerably larger than expected
coupled device detector (SpectrumOne, Instruments S. A.,for a spherical molecule (48 A). The shape of the monomer
Edison, NJ). Spectra were excited with 120 mW of the 532 was estimated using a simulated annealing procedure and a
nm line from a solid-state, diode-pumped, frequency-doubled dummy atom model34). The two best models, shown in
Nd:YVO, laser (model Verdi, Coherent, Santa Clara, CA). Figure 3C, indicate a slightly bent and elongated shape about
Samples were thermostated at@. Hydrogen/deuterium 100 A in length.
exchange was initiated by rapid buffer exchange [25 MM Secondary Structur&he solution secondary structure of
Tris and 0.2 M NaCl (pD 7.5)] using Biogel P-6 desalting the monomer was probed by Raman spectroscopy using
columns (Bio-Rad, Hercules, CA). The exchange was methods similar to those applied previously to the procapsid
monitored by time-resolved Raman spectroscopy 8€2  and capsid shell2(, 25, 29). The middle trace of Figure 4
using methods described previously in detas,(29). shows the Raman spectrum in the region of-60800 cnr?.

Small Angle X-ray ScatteringFor small-angle X-ray =~ The monomer exhibits a strong and broad amide | band
scattering, the coat protein monomer was purified using size centered near 1667 crh diagnostic of a relatively broad
exclusion chromatography as described above (the proteindistribution of secondary structures in whigbstrand
concentration of the peak fraction ranging from 0.6 to 1.2 nevertheless predominate3b(36). A quantitative estimate
g/L). SAXS data were collected at beam line 4-2 of the of the secondary structure distribution using the reference
Stanford Synchrotron Radiation LaboratoBg@), The sample intensity profile method of Berjot et al37) indicates 22+
was placed in a thin (5@L, 1.2 mm path) cell with mica 4% a-helix, 39+ 2% g-strand, and 38 5% undefined or
windows. The cell was thermostated at i6. Scattered irregular conformations (loops, turns, coils, and other ape-
X-rays were detected by use of a one-dimensional position riodic structures). The broad amide 11l band of the monomer
sensitive proportional counter (EMBL/BioLogic model 210). is centered at 1251 cmi which is consistent with the amide
The momentum transfer axiQ[= 4x sin(@)/A, where @ is | profile (35, 36). The Raman-based estimate of 2a%helix
the scattering angle arids the X-ray wavelength (1.38 A)]  in the monomer is also in agreement with the value-80%
of the detector was calibrated using the (100)-reflection of a-helix estimated by circular dichroism (CD39). It should
a cholesterol myristate powder sample. X-ray exposures 10be noted that the significant-helical content of the coat
min in duration were subdivided into £20 exposures.  protein precludes a reliable estimatefe$trand content by
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Ficure 3: Small-angle X-ray scattering of the coat protein
monomer. The monomer peak fraction (1.2 g/L) from the TSK 3000
column was used directly to obtain the data. (A) Scattering intensity
vs momentum transfeQQ. (B) The scattering intensity was
reproduced by the distance distribution function using an indirect
transform method 32, 33). The apparent mass of 49 kDa was

Tuma et al.

Procapsid Shell

Ficure 4: Raman spectra in the region of 660800 cnt?! (532

nm excitation) of the bacteriophage P22 procapsid shell at 18 mg/
mL and 10°C in buffer B (top) and unassembled coat protein
monomer at 16 mg/mL and 2C in buffer B (middle). The
difference spectrum (bottom) was computed by subtraction of the
middle spectrum from the top spectrum. Spectra were corrected
for Raman scattering of buffer B, and intensities were normalized
using the 1003 cm band of phenylalanine26).

p-strand structure (in the form of a jellyroll fold) is also
prevalent in the capsid subunits of many other icosahedral
viruses 89—44). Recently, the same fold has been demon-
strated by Raman spectroscopy for the bacteriophage PRD1
capsid subunit (protein P3, 43 kDd)1j. The PRD1 capsid
subunit provides a useful comparison for that of P22 because
it has been studied extensively by both Raman spectroscopy
(12) and X-ray crystallography39). On the basis of the
Raman amide | profilel(1), the estimated secondary structure
(37) for the P3 subunit of the PRD1 capsid is 184helix

and 44%g-strand. This is in reasonably good agreement with
the X-ray structure of P3, which gives 13% helix and 36%
strand 89). The modest differences between Raman- and
X-ray-determined values of helix and strand presumably
reflect overlapping amide | band contributions from other
types of structure (turns and irregular conformations) as well
as the more strict classification of peptide backbone con-
formations by X-ray crystallography. Nevertheless, the ratio
of 5-strand too-helix is about the same in both X-ray (2.75)
and Raman (2.6) analyses. In contrast, a substantially lower
Plocratio (1.8) is obtained for the monomeric subunit of P22,
as is apparent from inspection of the corresponding Raman
amide | and amide Ill contours (compare Figure 4 with
Figure 3 of refl1). The sharper amide | and amide Il bands
of the PRD1 shell resemble more closely those of the mature

obtained by comparison of the intensity extrapolated to zero angle P22 shell 23). Interestingly, PRD1 is one of the few dsDNA

with that of a scaffolding protein standard [covalent dimer (68 kDa)
containing the mutation R74@(Q)]. (C) The two best models for
the monomeric subunit are shown in orthogonal projections. The

viruses that assembles without an apparent shell maturation
(expansion) step; the PRD1 coat protein assembles directly

volume for each model is the same as that of the monomer. Theinto the mature capsid architectuby.

models were generated by fitting the data in panel A using the
DAMMIN procedure B4). A bead diameterfos A was used for
fitting and display.

Finally, we note that the Raman signature of the mature
capsid shell of the lambdoid phage HK97 (R. Hendrix, J.
M. Benevides, and G. J. Thomas, Jr., unpublished data)

CD spectroscopy. However, Raman spectroscopy clearly exhibits clearly discernible-helix markers, viz. an amide |

identifies f-strand as the prevalent conformation.
The finding of g-strand as the dominant secondary
structure in the monomeric state of the coat protein is in

shoulder at 1654 cmt and enhanced amide Il intensity
between 1250 and 1300 cf consistent with the recently
determined X-ray crystal structurd@). Thus, despite the

accord with Raman results on subunits of the P22 procapsidsimilar icosahedral capsid architectures of PRD1, P22, and

and capsid shells2@, 24, 25), and suggests that the

HK97, significantly different subunit folds are evident from

fundamental fold is preserved during assembly. Extensive the respective Raman amide band signatures. The protein
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folds of P22 and PRD1 subunits have more in common with Conformational Changes with Procapsid Assembly
one another than with that of HK972§). i ) )
Tertiary Structure In addition to the assessment of To characterize structural changes accompanying subunit

secondary structure, Raman spectroscopy permits evaluatior?SSembly, we compared Raman signatures of the monomeric
of tertiary structure through a variety of conformation- and Subunit and the procapsid shell. The icosahedral procapsid

environment-sensitive marker bands of selected side chainsShell (T = 7), which is composed solely of the coat protein

Several of these marker bands are discussed next. subunit (gp5), is generated by selective removal of scaffold-
Raman indicators of the average hydrogen-bonding envi- ing and minor protem; using low cpncentratlons of GUHCI.
ronment of the eight tyrosine phenolic groups of coat protein Despite subtle alterations in capsid morphology attendant

occur at 828 and 855 crh In the monomer spectrum (Figure with GuHCI treatment%8), previous studies have demon-
4, middle trace), these bands exhibit an intensity ratig/( strated that Raman spectra of GuHClI-treated and untreated

lg2¢) Of ~22. This is close to the maximum value of 2.5, which shells are identical, provided that the spectral contribution
is diagnostic of a phenoxyl group that acts exclusively as from the scaffolding protein is compensatezb)( These

the acceptor of a hydrogen bondi7). Accordingly, in the experiments demonstrate t_hat GuHCI treatment does not
monomeric state, the majority of the eight tyrosines per coat 2PPreciably alter the subunit conformation.

protein subunit have the phenolic oxygen engaged as a Secondary StructureAlthough Raman spectra of the
hydrogen-bond acceptor. [The low intensity of the 826 &m  Monomeric and procapsid shell states of coat protein share
band can also arise from a tyrosine phenoxyl that is not many similar features, it is clear from Flgure4th§t procapsid
hydrogen bonded, as occurs, for example, in the protein coatassembly perturbs the structure of the coat protein monomer.

of Ff filamentous virus or in the vapor phase piresol The computed difference spectrum shown in the bottom trace
(48—50). However, such a condition is not expected for ©Of Figure 4 highlights the spectral changes accompanying
tyrosines of globular proteins or their assemblies.] assembly.

The relatively intense 760 crh band of tryptophan Importantly, the center of the Raman amide | marker is
(normal modew18 suggests that the average environment shifted from 1667 cm' in the monomer to 1663 cm in
of the six tryptophans per subunit is relatively pol&ad) the procapsid shell. This shift gives rise to Raman difference

The W17 mode of Trp, which is sensitive to hydrogen peaks at 1655 cni (assigned tax-helix) and 1673 cm!
bonding of the indolyl N1H group, is observed at 880¢m (B-strand) and corresponding troughs at lower and higher
This is consistent with relatively weak hydrogen bonding wavenumber values. The difference band pattern of Figure
(52). The distinct shoulder at 1360 cfis part of a 4 reflects a narrower amide | profile in the procapsid shell
tryptophan Fermi doublet [1340/1360 c(53)] that is spectrum; i.e., the more ordered secondary structure of the
sensitive to the hydrophobicity of the indolyl ring environ- shell subunit occurs at the expense of disordered chain
ment. Its intensity in the P22 shell monomer is similar to segments (loops, coil, etc.) in the monomer. The more highly
that observed for the small globular protel, coli thio- ordered secondary structure of the subunit in the assembled
redoxin 64), which contains two partially exposed Trp shell is further demonstrated in the difference spectrum of
residues. Thus, the tryptophan residues of the coat proteinFigure 4 by the diminished intensity of the Raman amide
are considered to be at least partially exposed to solvent inlll band at 1255 cm?, assigned to disordered structu,(
the monomeric state. 36, 59) and enhanced intensity of the Raman amide llI
The tryptophan marker at 1551 ciis assigned to the ~ marker at 1230 cmt (B-strand). Despite overlapping con-
indolyl W3 mode, the wavenumber value of which is tributions expected from various side chains near-90000
diagnostic of the magnitude of the side chain torsion angle and 1306-1350 cn* (53, 60), we may interpret the negative
%> (55). The data presented here indicate that the averagedifference band at 965 crh(61) and positive difference band
C3—Cp bond has &y?Y| of ~95°. The position and sharpness at 1341 cm? (62) also as indications of a more highly
of this marker suggest further that all indolyl rings adopt o-helical secondary structure in subunits of the procapsid
the samey2 value. In previous work, a single-exponential shell.
decay of tryptophan fluorescence was reported for the coat Overall, it is clear from Figure 4 that the polypeptide
protein monomer, implying that the six Trp residues per backbone of the coat protein monomer undergoes refolding
subunit share a similar amphipathic local environmé&gj.( during procapsid assembly. An estimate of the number of
The results presented here are consistent with the fluorespeptide linkages involved can be obtained from the normal-
cence data and show further that all Trp side chain orienta-ized area of the amide | band differences. We obtait 4
tions are virtually identical with respect tg>?|. 1% of the backbone, or 17 of 428 peptide bonds. In a recent
The Raman band corresponding to the sulfhydryt kB study, Lanman and co-worker26) demonstrated that a
stretching vibration of cysteine is diagnostic of the hydrogen- flexible hinge encompassing residues +05 of the sub-
bonding environment of the-8H group 67). For the single unit becomes protease-resistant upon procapsid assembly.
cysteine (Cys 405) of the coat protein monomer, the RamanResidues within this hinge are likely candidates for refolding.
marker is observed at 2568 ci which indicates that the  Thus, assembly of the P22 procapsid leads to local ordering
S—H group is the donor of a moderately strong hydrogen of a small but significant percentage of the peptide residues.
bond. The sharpness of the band further indicates that theSimilar subunit folding has been reported for capsid assembly
S—H---X hydrogen bond adopts a single, well-defined of the P3 subunit of PRD11Q). In the case of PRD1,
configuration; e.g., there is no heterogeneity among different however, a smaller subset-2%) of peptide linkages is
monomer molecule2(, 57). Thus, the C-terminal domain  involved. Also, the PRD1 capsomeres (P3 trimers) do not
attains the same well-defined tertiary structure in all subunits exhibit the assembly-induced increase in global stability (
in solution. that characterizes subunits of the P22 shell lattR& §3).
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It is interesting to note, however, that in contrast to the
formation of the P22 procapsid shell from monomers, the
process of shell maturation (procapsid-to-capsid transforma-
tion) leads to large and extensive changes in both the
environments and hydrogen-bonding interactions of numer-
ous side chains2(l, 22). A striking example of this effect,
MONOMER which is illustrated in Figure 5, is the large wavenumber
shift (2568— 2574 cm?) that occurs in the Raman-$1
marker of Cys 405 with shell maturation. Clearly, the
moderate SH---X hydrogen bond of the Cys 405 sulfhydryl
in the monomer is replaced by a much weaker hydrogen bond
in the subunit of the mature capsidl( 57). [See also the
discussion of SH~ SD exchange dynamics of the monomer
and shells (below).] Because of the location of Cys 405 near
the C-terminus of the subunit sequence, it is concluded that
the C-terminal domain, and particularly the local environment
of the Cys 405 sulfhydryl group, plays a key role in monomer
folding and capsid maturation processes, but not in the
procapsid assembly step.

2568 SH stretch

2568

PROCAPSID

2574

MATURE CAPSID
Hydrogen/Deuterium Exchange Dynamics

Amide Exchangeln previous work, we compared the
‘ ‘ Raman signatures and the rates of deuterium exchange of
2550 2560 2570 2580 amide NH groups (H/D exchange) in subunits of the P22
em™? procapsid and capsi@). The data revealed that although
FIGURE 5: Raman spectra in the region of 2552580 cn? (532 the procgpsid-to-capsid maturation occurs with cgnservation
nm excitation) of the P22 coat protein monomer (top), procapsid Of subunit secondary structur?), it is accompanied by a
shell (middle), and mature capsid shell (bottom). Monomer and very large (2-fold) increase in the level of exchange
sheI_I concentrations and other conditions are as gi\_/en in the 'ege”dprotection of shell subunits, as well as the above-noted
<()2fll):.|gure 4. Mature shells were prepared as previously described extensiye _Changes in side chain enviro_nm_eﬁ@.(These -
results indicate that the shell transformation involves subunit
domain movement accompanied by a large increase in the
Tertiary Structure In addition to the changes in subunit level of effective exchange protection in the core of the
secondary structure noted above, P22 procapsid assemblgubunit, without appreciable refolding of subunit domains.
leads to changes in tertiary structure that are also revealecHere, we extend the previous approactss 28) and employ
by Raman spectroscopy. The shift of the tryptoph&h8 Raman amide bands to compare H/D exchange dynamics of
marker from 760 cm! in the monomer to 756 cm in the the monomer and procapsid shell subunit. H/D exchange was
procapsid shell with a concomitant large decrease in intensity previously probed both at low temperatures (exchange via
(Figure 4) signifies a substantial change in the amphipathic the native conformation) and at elevated temperatures
environment of the average Trp side chain. Broadening of (exchange via a locally unfolded conformation). However,
the 1360 cm* component of the Trp Fermi doublet indicates because the monomer is intrinsically less thermostable than
that this change is due to a more hydrophilic indolyl the shell assembly and subject to off-pathway aggregation
environment in the procapsid shell subunit. at elevated temperatures, this study has been limited to
The tryptophanW3 marker (1551 cmt) exhibits no exchange under strictly native conditions.
assembly-related shift in its band center, indicating a Figure 6A compares Raman markers in the amide | region
negligible change in the averagg-! torsion 65). Overall, of the monomer and procapsid shell subunit, following
Raman spectral features diagnostic of the Trp side chainsexposure of each sample to,® (pD 7.8) under native
exhibit only very small changes with the transition from the conditions (2°C for the monomer and 10C for the
monomer to procapsid shell. This contrasts dramatically with procapsid shell). As expected, the band centers are shifted
the large Trp side chain reorientations that accompany shellby deuteration to wavenumber values lower (amigi¢hian
expansion Z22). those that occur in the corresponding nondeuterated samples
Invariant to the assembly process are Raman indicators(cf. amide | markers of Figure 4). Deuterium exchange was
of hydrogen bonding by tyrosine phenoxyls (markers at 830 allowed to reach a plateau, about 30 min for the monomer
and 850 cm?, Figure 4) and by the cysteine sulfhydryl of and 120 min for the procapsid shell, after which further
Cys 405 (marker at 2568 crh Figure 5). Additionally, other ~ exchange was negligible. However, not all amide NH sites
assigned Raman markers of the aliphatic and aromatic sidebecome deuterated under these native conditions (see also
chains of coat proteir2@—24) are affected little by assembly  amide IIf markers in Figure 6C). The dominant Raman band
of the procapsid (Figure 4). Thus, despite measurable foldingin each spectrum of Figure 6A actually represents an overlap
of the coat protein backbone upon procapsid assembly, theof contributions from amide'l(due to exchanged ND
tertiary structure of the subunit is not significantly affected. peptides) and amide | (due to residual nonexchanged NH
In this regard, the P22 shell assembly is similar to that of peptides). The composite amide l/amideband of the
PRD1 (1. monomer is centered at 1658 ch while that of the
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procapsid shell is centered at 1661 émThe lower
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centered at 1664 and 1667 chrespectively, as seen in
Figure 4.)

The corresponding Raman amide Il profile (due to
nonexchanged NH groups) and amidé grofile (due to
exchanged ND groups), shown in Figure 6B, are entirely
consistent with the amide I/amidedata depicted in Figure
6A. Thus, the monomer exhibits a lower amide Il intensity
(~1250 cm?) and a greater amide ihtensity (~~1450 cn?)
than the procapsid shell subunits, owing to more extensive
native-state H/D exchange in the monomer.

Figure 6C compares Raman profiles in the amidé Il
region (906-1000 cn1?, due to exchanged ND groups) of
the monomer and procapsid shell subunit after native-state
exchange. Also shown in Figure 6C is the amidéptbfile
of a coat protein control in which all NH groups have been
exchanged with deuterium under denaturing conditions prior
to refolding of the protein in BD. Again, these data confirm
that H/D exchange is more extensive in the monomer than
in the procapsid shell subunits. In particular, greater amide
1" intensity is observed at 93M45 cn! which can be
assigned to deuteratedhelix (62, 64), at 960 cm* which
can be assigned to deuterated disordered peptiies35,

36), and at 986-990 cnt! which can be assigned to
deuterategh-strand 21, 35, 36, 64). The amide Il exchange
profile of the monomer indicates that the protein fold of the
monomer comprises unprotected and protected residues in
regions ofa-helical, 5-stranded, and disordered secondary
structure. Panels B and C of Figure 6 also show that neither
the procapsid shell subunit nor the monomer undergoes
complete exchange of all peptide residues locatedieli-

cal, 5-stranded, or disordered regions of secondary structure.
The data suggest that the most protected residues of the
monomer are those located in regiongedtrand structure.

The substantial exchange protection of the monomer,
estimated from Figure 6C as 30% of all NH sites, indicates
that the protein fold is sufficiently well defined to produce
a relatively compact tertiary structure. Accordingly, the less
compact and “molten-globule-like” segments of the protein
implied by binding of the hydrophobic probe bis-ANS8{
may be limited to small regions localized at the protein
surface and potentially involved in shell assembly. One locus
of the monomer that is likely to undergo a folding-like
conformational change upon assembly is the interdomain
hinge region (residues 18@05), which becomes more
protease-resistant and exchange-protected in the procapsid
shell (R. Tuma and P. E. Prevelige, manuscript submitted
for publication) @6).

Side Chain ExchangeH/D exchange of selected side
chains can be used to localize and monitor the folding core
of a protein (1, 21, 25, 28, 46). For example, the single
sulfhydryl of the coat protein (Cys 405) provides a selective
probe of exchange of the C-terminal region. Figure 6D shows
Raman spectra in the region of 1840890 cn?, where the
stretching vibration of the deuterated sulfhydryl group-(S
D) is expected to occur. The absence of anlCSband in
the spectrum of the monomer shows unequivocally that the
Cys 405 sulfhydryl is fully protected against H/D exchange.

wavenumber value for the composite band of the monomer Protection persists for samples incubated under native
reflects both a slightly different secondary structure and a conditions (pD 7.8 and 2C) for up to 6 days. The SH group

greater degree of amide H/D exchange \agisathe subunit

can be exchanged only under conditions that favor global

of the procapsid shell. (By comparison, the honexchangedunfolding (40°C). Thus, the Cys 405 sulfhydryl is buried
monomer and procapsid shell subunit yield amide | bands within the hydrophobic folding core of the monomer. A
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similar degree of sulfhydryl exchange protection is observed
for the procapsid shell subuni2X).

The hydrogen-bonding state of the Cys 405 sulfhydryl is
also similar in the monomer and procapsid shell subunit [cf.
Figure 5 and the data of Tuma at a21f]. However, both
the hydrogen-bonding environment and exchange protection
of the sulfhydryl are dramatically altered in the mature
capsid, where SH---X hydrogen bonding is considerably
weaker R1). Shell expansion and SH> SD exchange of
the procapsid subunit have been shown to be governed by
similar activation energie22(). This finding strongly sug-
gests that shell maturation is mediated by a structural
rearrangement at the locus of Cys 405 (exchange-protected
folding core), consistent with a mechanism involving an
interchange of subunit domain®1j. Therefore, it is reason-
able to conclude that-8H---X hydrogen bonding of the Cys
405 sulfhydryl provides an important source of stabilization
of the monomer in a coupled foldirgassembly process.

UNFOLDED

Coupled Folding/Assembly Coordinate

CONCLUSIONS FiGURE 7: Schematic energy landscape for folding and assembly

. . . . of P22 coat protein. The broader minima for the monomer and
A biological requirement of the unassembled coat protein yrcapsid subunit indicate greater conformational flexibility of these

monomer of P22 is a well-defined tertiary structure, which states. The height of the free energy barrier separating the monomer
can support the specific biomolecular recognition required and procapsid states is lowered in the presence of the scaffolding

for shell assembly without compromising the flexibility that ﬁg‘“gﬁg;{gf ggg;?n?gds?:;ﬁt?igig“r‘g\‘/;‘;rléze L“yatﬁ)’/% fg;é‘r?iti;g‘?ggg
IS essential for_ quasi-equivalent contacts |_nTa= _7 exchange. The energy landscape that the monomer experiences at
icosahedron. This study demonstrates that this requiremenfpfinjte dilution is shown by a dotted line. In this case, the procapsid

is met by an elongated molecule containing much of the state is separated from the monomeric state by an infinitely high
B-strand secondary structure also present in the subunit offree energy barrier.
the mature capsid assembly. Nevertheless, subtle structural
alterations are shown to take place between monomeric andn Figure 7. At high dilutions, the coat protein folds into a
assembled states of the subunit. soluble monomer and, apart from a flexible loop20

In particular, approximately 17 of the 430 amino acid residues) of the polypeptide chain, adopts secondary and
residues undergo a refolding event in which they become tertiary structures similar to those of the subunit incorporated
assimilated as regions af-helix and 5-strand secondary ~ Within the procapsid shell. At higher concentratiors (mg/
structure. These residues may correspond to the flexiblemL; R. Tuma, H. Tsuruta, and P. E. Prevelige, Jr., unpub-
linker region recently identified in studies of proteolytic lished data), the monomer gradually overcomes the high
susceptibility 6). A similar linker region has been identified ~ entropic barrier, generated in part by ordering of the loop
in the FG loop of bacteriophage MS2 coat protein, which region, and assemble$g, 66). The activation barrier is
also adopts multiple conformations along the assembly presumed to be lowered by the presence of the scaffolding
pathway (3, 14). Another example of such refolding is the ~protein, which acts as an entropy sink by utilizing the energy
selective formation of @-Strand annulus at the pseudo-g- of scaffolding protein dimerization to promote coat subunit
fold axis in the capsid of the single-stranded RNA plant virus association €7, 70). Thus, the disorderorder transition
CCMV (40). within the loop region is thermodynamically coupled to the

Previous H/D exchange studies revealed that the procapsiddinding of the scaffolding protein and in effect exerts control
shell subunit retains a considerable degree of conformationalover the assembly process.
flexibility, and that this degree of freedom is lost during the ~ Both the monomeric coat protein and the coat protein
subsequent expansiematuration step1). On the basis  subunits within the procapsid retain a considerable degree
of this finding, it was suggested that the subunit within the of conformational freedom, a phenomenon typical of (late)
procapsid resembles a late folding intermediate. Presentfolding intermediatesg8). It has been pointed out that viral
results show that assembly of the monomer into the procapsidcapsids are faced with the conflicting demands of achieving
shell has surprisingly little effect on the environments of fidelity during assembly and stability of the final structure,
subunit side chains. There is essentially no change in tyrosineand that these demands can be met through the use of many
and cysteine hydrogen-bonding environments and, at most,weak interactionsg9). Although providing sufficient energy
a very small change in the average indolyl hydrophobicity to form a stable precursor capsid, such weak interactions
of tryptophan. In addition, both H/D exchange and SAXS might be insufficient to form extremely stable viral capsids.
measurements indicate that the unassembled subunit adopt& general scheme for circumventing this problem is a two-
a relatively compact tertiary structure. Therefore, the coat step assembly process in which a metastable precursor form
protein monomer represents a compact, late-folding inter- is subsequently stabilized. In the case of phage HK97, such
mediate that is only slightly more locally disordered than stabilization is achieved through extensive covalent cross-
its procapsid shell counterpart. linking, whereas in certain other cases (e.g., adenovirus and

The interrelationship between folding and assembly can herpesvirus), it is achieved through the use of “glue” proteins.
be depicted in the context of an energy landscape, as showrHowever, in P22 and many other dsDNA viruses, a procapsid
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with weak subunitsubunit contacts is assembled initially,
and then is converted into a capsid with much stronger
intersubunit interactions. This maturation process, which is
encoded within the primary sequence of the coat protein, is
accomplished via a shift in the energy landscape of the
subunit within the procapsid lattice. On this landscape, a new
low-energy state, corresponding to the mature capsid,
becomes accessible. This state is populated after expansion
During expansion, the subunit secondary structure is per-
turbed only modestly (23% increase ifp-strand content),

but the tertiary structure is radically altered (domain rear-
rangements), and the exchange-protected folding core that
is common to both the procapsid-assembled subunit and the
monomer undergoes a major (2-fold) increase in its level of
protection. These findings, which for the first time include
studies of the coat protein monomer, extend and confirm
the previously proposed two-step folding model for the P22
coat protein 21).
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