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ABSTRACT. ¢6 is an enveloped dsRNA bacteriophag®séudomonas syringa€he viral envelope encloses

a nucleocapsid, consisting of an RNA-dependent RNA polymerase complex within an icosahedral shell
assembled from approximately 800 copies of a 16 kDa subunit (protein P8, encoded by viral gene 8).
During infection, the nucleocapsid penetrates the host plasma membrane and enters the cytosol, whereupon
the P8 shell disassembles and the polymerase complex is activated. To understand the molecular mechanisms
of shell assembly and disassembiyrocesses that have counterparts in most viral infectioves have
investigated the structure, stability, and dynamics of P8 in different assembly states using time-resolved
Raman spectroscopy and hydrogen-isotope exchange. In the presencg ofvliah promotes shell
assembly, the highlg-helical conformation of the P8 subunit is stabilized by rapid assembly into shell-

like structures. However, in the absence of Gahe P8 subunit is thermolabile and unstable, manifested

by a slowa-helix — p-strand conformational change and the accumulation of aberrant aggregates. In
both properly assembled shells and aberrant aggregates, the P8 subunit retainsliaal core that is
protected against deuterium exchange of amide NH groups. Surprisingly, no additional protection against
amide exchange is conferred by the shell lattice. Time-resolved assembly and disassembly experiments
in deuterated buffers indicate that the regions of P8 involved in subunit/subunit interactions in the intact
shell undergo rapid exchanges, presumably due to local unfolding events that are characterized by low
activation barriers. Such localized dynamics of P8 within the shell lattice may mediate the nucleocapsid/
host membrane interactions that are required in the cytosol for particle assembly during maturation and
disassembly during infection.

Many cellular functions, including replication, transcrip- ¢6, an enveloped double-stranded {d&NA virus that
tion, translation, energy transduction, and membrane trans-infects the phytopathogenic bacterildlseudomonas syrin-
location, depend on complex recognition events and con- gae is structurally and functionally similar to viruses of the
formational changes of macromolecules. Viruses can servereoviridae family (1, 2). The viral envelope encloses a
as useful models for studying the molecular mechanisms nucleocapsid (NC) consisting of an inner core of three
underlying such cellular functions. For example, the life cycle genomic dsRNA segments in combination with four protein
of a virus typically requires the assembly of a capsid from species (P1, P2, P4, and P7) plus an outer shell constructed
protein subunits, the packaging within of a genome, and the from multiple copies of a 16 kDa protein (P8, encoded by
execution of receptor-mediated cell entry. Thus, the capsid viral gene 8). The P8 shell is assembled in vivo around the
protein must undergo a variety of structural transformations NC at the cytoplasmic side of the plasma membrane.
on the basis of information encoded within its sequence. Recognition between the membrane and the NC is presum-
Studies of capsid association and dissociation propertiesably mediated by the P8 shell.
therefore have the potential to provide insights into structural The RNA-dependent RNA polymerase activity @8 is
principles governing similar phenomena of more complex associated with protein P2 of the inner core particle. The
cellular assemblies. A particularly appropriate viral model NC enters the host cell by penetrating the plasma membrane
is the nucleocapsid of the dsRNA bacteriophag@e which in an endocytotic event that is dependent upon membrane
functions as an RNA-dependent RNA polymerase machine. potential @). After cell entry, the shell disassembles,

releasing its core and activating the polymerase. Conversely,
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Table 1: Raman Band Frequencies and Assignments for the P8
Subunit in HO and DO Solutions

Tuma et al.

methods have been applied successfullyp® assembly
intermediates, including the mature virion and membrane-
associated structural proteins of the vird®,(12). Most

-1 —1
(,C_|To)a (BTo)a assignmerit recently, the RNA-packaging NTPase¢f (protein P4) has

622 622 Phe been probed by Raman difference methods to identify

643 642 Tyr conformational changes attendant with nucleoside triphos-

825 827 Tyr phate binding and hydrolysid 9).

ggi 851 ;?’ar The relatively low solubility of the P8 protein in the
910 amide I1f (turns/coil); various side chains absence of C?é has been a major obstac_le in previous efforts
927 amide Il (turnsp-strand) to probe details of shell assembly and disassembly by Raman

936 C-C stretching spectroscopy. On the other hand, it has been shown that a
ggg gm:gg ”: Egc')n;“x)C time-resolved approach in conjunction with hydrogen-isotope
084 amide I1f (turnsp-strand) (H — D) exchange can extend the capabilities of Raman

1004 1003 Phe spectroscopy to otherwise refractory sampls; 19). In the

1032 1032 Phe present study, we apply the time-resolved Raman ard H

1063 Lys, Arg; C-N stretching D exchange methods to investigate self-assembly of the P8

1104 peptide &N stretching P .

1126 peptide €N stretching subunit in vitro. The methods are apph_ed to resolvg the

1174 1174 Tyr sequence of conformational changes taking place during P8

1208 1208 Tyr assembly and disassembly processes. The results suggest a

Egi 1260 aTmide I (turngd-strand) model for penetration of thg6 NC particle through the host

1575 aride Il (chelix) cytoplasmic membrane.

1300 amide IlI {-helix)

1318 1318 various side chains:-&l deformation MATERIALS AND METHODS

1342 1342 various side chains:-€l deformation . . . .

1342 1298 a-helix mainchain; (8=C)-C*-H groups Protein Purification. The P8 protein was obtained by

1416 1404 Asp, Glu; C@stretching sequential disassembly of purifigé as described previously

L5t 11420501—1500 ?/2;%% ISI (S%Zeclmins céeformation (20). In .short., the viral membrane was removed by treatment

1617 1614 Tyr ' of ¢6 with Triton X-114, and the resulting NC particles were

1645-1654 1633-1640
1665-1672 1655

amide I/l (o-helix)
amide l/l(nonhelical)

2 Frequencies are accuratedd cnv . ® Assignments are from refs
13, 17, 26, 30, 34, and 38, except as indicated otherwiseFrom refs

39, 50, and51. @ From ref39 and unpublished results of R. Tuma and

G. J. Thomas, JEFrom ref33.

procapsid (PC)4, 8). The PC contains the same four proteins
as the core patrticle, viz., P1, P2, P4, and P7, but is free of
RNA. As in the case of the core particle, a shell of P8
subunits can assemble around the PC. Image reconstruction
based upon electron cryomicroscopy reveal that the P8 shell

of the PC conforms td@ = 13 icosahedral symmetr\g)

treated with EGTA to release P8, which was applied to a
Mono Q (Pharmacia) ion-exchange column in 10 mM Tris-
HCI, pH 8, and 0.1 mM EGTA buffer. The bound protein
was eluted by a NaCl gradient, with P8 eluting at about 300
mM NaCl. A yield of 4 mg of P8 was obtained from 100
mg of purified virus. P8 shells were assembled from purified
P8 by addition of C& (CaCl). The P8 shells were separated
from unassembled protein by rate zonal sucrose gradient
centrifugation as describe@)( Protein concentrations were
g1easured by the Bradford assa®l) using BSA as a
Standard. The purity of the protein was assessed by-SDS
PAGE 2.

The sequence of P8 is rich in acidic residues and has a high Circular Dichroism.Circular dichroism (CD) spectra were
propensity for a-helix, as confirmed experimentally by recorded from solutions of the P8 subunit (8% protein in
Raman analysisl(). Assembly of the P8 shell around the 10 MM Tris and 150 mM NaCl, pH 7.4, at 2C) on a Jasco
core can be triggered in vitro by addition of 8:1.0 mM J—120.|nstrument,_ which was calibrated wmhcamphor.
Ca*, and the resulting NC particles are infectious to host sulfonic acid. Multiple scans were averaged and normalized
cell spheroplastsi@). Conversely, disassembly of the NC )
shell is driven by millimolar quantities of the €achelator, Raman Spectroscopyseveral fresh preparations of P8
EGTA. Interestingly, the generation of a shell-like state from Subunits were concentrated for Raman spectroscopy using a
purified P8 can be achieved even in the absence of the core Céntricon-10 microconcentrator (Amicon). The final protein
Although such particles exhibit the expected size, shape, andconcentration was 50 mg/mL in 10 mM Tris-HCI buffer,
local symmetry of the native shell lattice, most are not closed 150 mM NaCl, pH 7.4, and 0.1 mM EGTA. P8 shells were
shells. Nevertheless, these shell-like assemblies can be use@ssembled from P8 subunit preparations by addition of 1 mM
to model intersubunit contacts of the native P8 shell. CaCb and were separated from unpolymerized protein and
Similarly, the purified P8 subunit can be used as a model @ggregates by rate zonal centrifugation.
for both the shell precursor state and the disassembled shell Temperature-resolved spectra were collected on a Spex
subunit. 1877 triple spectrograph equipped with a charge-coupled-
Raman spectroscopy has been demonstrated as an effectivdevice detector(7). Multiple spectra were collected and
probe of subunit structure and dynamics in viruses and viral averaged at each temperature.
precursor particlesl—16). Raman spectra are particularly Hydrogen exchange was monitored using a dialysis flow
sensitive to small changes in subunit secondary and tertiarycell device and time-resolved Raman spectroscopy as
structures that accompany transformations in capsid mor-described previouslyl§, 24). About 5uL of P8 solution
phology along the assembly pathwag6{18). Raman (50 mg/mL) was loaded into the flow cell and exchanged at



Dynamics of¢6 Nucleocapsid Shell Assembly

10

[6] x 10 * [deg.cm */dmol]

-20

-25

-30 T T T T T T T

210 220 230 240
A [nm]

T T
250

T

200 260

Ficure 1: Circular dichroism spectrum of P8 protein at @4 in
10 mM Tris and 0.15 M NaCl, pH 7.4, buffer at 2C.

10 °C against 10 mM Tris-DCI, 150 mM NaCl, and 1 mM
CaCb (D0), pH* = 7.4 (pH* represents the pH value in
D,O solution, without correction for deuterium effects).
Spectra were recorded in real time at 1 min intervals.
Disassembly of P8 shells was achieved by microdialysis
against 5 mM EGTA solution in 10 mM Tris and 150 mM
NaCl. Using the microdialysis flow cell device, the half-
time for EGTA exchange is-8 min. Thus, the 2 mM EGTA
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sharp amide | band at 1655 cfand amide Ill bands at
1275 and ca. 13001318 cnt! (Figure 2, left panel, bottom
traces). The observed amide bands are diagnostietaflix
(27—30). Additional Raman bands considered characteristic
of the a-helical conformation are evident at 932 and 1342
cm L. The former is associated with side-chaift—’
stretching in helical regions3(, 32) and the latter with
coupled CG—H bending plus €&C* stretching motions of
the protein mainchain3@, 34). The sharpness of amide | as
well as the paucity of Raman amide Il intensity in the
interval 1236-1240 cn1? is consistent with the absence of
appreciable 3-strand structure in the P8 subuni27j.
Decompositions of the Raman amide | band shape®°C10
spectrum) using both reference intensity profil&88)(and
Fourier deconvolution36) methods provide a consistent
estimate of secondary structure (5% a-helix, 38+ 5%
coil, and 12+ 3% turns ands strand), in accord with the
CD analysis. Thus, we conclude that the P8 subunit attains
a predominantlya-helical fold over a wide concentration
range. A similar analysis of the Raman spectrum of P8 in
the presence of Ca (Figure 2, right panel) suggests the
following secondary structure distribution for the P8 subunit
of the shell assembly: 5F 3% a-helix and 40+ 5% coil.
Calcium Binding and Subunit Assembly Stabilize. P8
Although shell assembly and disassembly do not lead to
dramatic changes in the P8 Raman signature (cf. left and

concentration that is necessary for disassembly is achievedight panels of Figure 2), the computed difference spectrum

in about 6 min. The kinetics of assembly (in the presence of
1 mM CaCh) and disassembly (2 mM EGTA) were
determined by light scattering, which was monitored by
turbidity at 450 nm 25).

Temperature-resolved spectra were normalized using t
1003 cm® band of phenylalanine as an internal intensity

standard. The same internal standard was also used for

computation of all difference spectra. Reliability of this
intensity standard has been demonstrated previoL&|yL ).

Time-resolved spectra for hydrogen-exchange experiments

were also normalized using the 1003 ¢nband of phenyl-
alanine. The rate of D efflux into the sample was measured
using the intensity of the 1206 crhband (DOD bending
vibration) @4). A time-dependent amide llenvelope was
extracted from each set of data using difference spectroscop
and linear least-squares band decomposition as describe
previously (5). Second-order kinetic analysis of the hydrogen-
exchange measurements was performed by use of the time
dependent intensity of the 950 ctband, an established
Raman marker (amide Ilimode) of peptide NH— ND
exchange 44, 26).

RESULTS

P8 Subunit Fold Iso-Helical. Figure 1 shows the CD
spectrum of the P8 subunit. The well-defined CD minima at
208 and 222 nm are characteristic of a highiyhelical
protein. Linear least-squares analysi3)(of the data is
consistent with the following distribution of secondary
structure: 56+ 10% o-helix, 34 +£ 6% coil, 10 £ 4%
p-turns, and less than 5% strand.

Raman spectra of~3 mM solutions of P8 at various
experimental conditions are shown in Figure 2. In the
physiological temperature range (280 °C) and in the
absence of added &a the P8 Raman spectrum exhibits a

(Figure 3) demonstrates several significant Raman perturba-
tions indicative of a subunit structural transformation. Salient
features of the difference spectrum of Figure 3 include
troughs at 1238 cnt (amide 1Il) and 1672 cmt (amide 1)

heand a peak at 936 crh (C*—CF stretch), which indicate,

respectively, morg-strand and lesa-helix in disassembled
ubunits than in the assembled sh@l,(32). This is in
accord with the above curve-fitting analysis, which shows
that the assembled shell contains the more highhelical
secondary structure.

The Figure 3 difference spectrum also provides evidence
of a small redistribution of Raman intensity between the pair
of tyrosine bands (Fermi doublet) at 832 and 852 trithe
spectral change is interpreted as evidence that the average

)}yrosine phenoxyl group is a somewhat stronger hydrogen-

ond acceptor in the shell than in the disassembled subunit
37). The small magnitude of the effect is consistent with
only one of the six tyrosines per subunit being transformed
from a donor to an acceptor role. Additional spectral
differences in the 14001500 cn1! region are indicative of
assembly related changes in the environments of aliphatic
side chains38). Finally, the difference trough at 1416 cin
reflects a likely change in the average environment of
carboxyl groups of Asp and Glu upon addition of?Cé31,
39).

The qualitative pattern of features in the difference
spectrum of Figure 3 was conserved for all fresh preparations
of the assembled shells. However, in the case of unassembled
subunits, the inherent thermolability of P8, particularly above
30°C (see below), led to small variations in the magnitudes
of difference bands from one preparation to another (data
not shown). These variations suggested that spectral differ-
ences between the shell and subunit may be due to a
relatively slow conformational drift and/or aggregation of
the subunit in the disassembled state, inasmuch as similar
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Ficure 2: Thermostability of P8 assessed by Raman spectroscopy. (Left) Raman spectra of the P8 subunit at 50 mg/mL in 10 mM Tris,
0.15 M NaCl, and 1 mM EGTA, pH 7.4, buffer over the range-50 °C. (Right) Raman spectra of the P8 shell at 50 mg/mL in 10 mM
Tris, 0.15 M NaCl, and 1 mM CaglpH 7.4, buffer over the range 1®0 °C. Spectra are corrected for buffer contributions and normalized

as described in the text.
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FiGURe 3: Comparison of Raman spectra of the P8 shell and subunit -0.20 ' : ) : ' '
at 10 °C. Spectra (from Figure 2) are corrected for buffer 0 200 400 600 800 1000 1200 1400
contributions and normalized as described in the text. time (s)

variations were not observed for different preparations of Ficure 4: P8 assembly and disassembly monitored by turbidity at

the assembled shells. The spectral differences between shell450 nm, using P8 concentrations of 0.25 (squares) and 1 (circles)
mg/mL in 10 mM Tris and 0.15 M NaCl, pH 7.4, buffer.

and subunits were further investigated by time-resolved " . . "
. Disassembly of p8 at 0.25 mg/mL was triggered by rapid addition
Raman_spectroscqpy, as described below. of an aliquot of EGTA (0.2 M) to obtain a final concentration of
Despite the relatively small scale of spectral and structural 2 mm, as indicated by the arrow. The assembly at 1 mg/mL was
changes in the P8 subunit accompanying assembly/disasnot fully reversible and resulted in visible aggregation, represented
sembly, the thermostabilities of the two states differ ap- by the ripples in the plateau region of the curve.

preciably. Thus, between 30 and 3C, amide | of the _ ) )
subunit is shifted from 1655 to 1667 cin(Figure 2, left incubation at 50C. Thus, shell assembly confers substantial

panel), whereas amide | of the shell is virtually unshifted thermostabilization to the P8 subunit.

(Figure 2, right panel). Likewise, significant temperature-  Mechanisms of P8 Assembly and Disassemblgdtigated
induced changes in amide 1l and in the 932 &marker by Time-Resekd Raman Spectroscopyissembly and
occur for the subunit (Figure 2), but not for the shell (Figure disassembly of the P8 shell are controlled by'C&). To

3). All of the data are consistent with a temperature-induced establish the kinetics of shell assembly and disassembly, we
o-helix — g-strand transformation between 30 and D used a simple turbidity assay (Figure 4). At 1 mg/mL, P8
for the disassembled subunit, but not for the assembled shell.assembly is rapid and largely irreversible, resulting in visible
Further, at the protein concentrations employed in these precipitation. On the other hand, at 0.25 mg/mL, the
experiments (i.e.;~50 mg/mL or~3 mM in subunits) the  assembly/disassembly reaction is fully reversible. At the
disassembled subunits aggregate irreversibly abov&C50  lower concentration, a significant lag phase is discernible,
whereas the assembled shells remain intact during prolongedvhich is likely due to nucleation-limited polymerizatioP5).
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Ficure 5: Time-resolved Raman spectra of P8 shells disassembled

ToamRMan-Fﬁg rg_'fgo,?/:a,\llfg ffrm iegs%'gasgslgﬁnif%lﬁf%/:n V\|7()3r|2 chains. Many of the difference features attendant with shell

dialyzed against 10 mM Tris, 0.15 M NaCl and 2 mM EGTA, pH depolymerization (Figure 5, bottom trace) resemble those
7.4, buffer. The buffer exchange was completed in less than 15 observed in the difference spectrum between shell and

min (24). Raman spectra were collected at 1 min intervals. The sypunits (Figure 3, bottom trace), indicating that P8 subunits
times indicated for different slots and their corresponding difference undergo similar structural transitions in the two cases

spectra (bottom of figure) were measured from the start of the oS ’
dialysis procedure. Difference spectra were obtained using methods It is important to note, however, that the spectral changes
described in the text. revealed in Figure 5 are not due to disassembly per se.

Rather, they reflecboth the local destabilization of the
EGTA-triggered depolymerization is complete in less than subunit structure following disruption of subun#ubunit
2 min, characterized by an apparent first-order rate constantcontacts of the assembled shaiid the stabilization of an
of ~2.8 min?, alternative-strand secondary structure. The onset of these
To investigate shell depolymerization (disassembly), we spectral changes lags behind disassembly and resembles a
employed a Raman microdialysis device that permits col- nucleation-limited polymerization. Therefore, the structural
lection of Raman spectra in real time while the?Ga changes are likely due to off-pathway aggregation. The
containing buffer is exchanged by 2 mM EGTA-containing spectral signature suggests that the destabilized native
buffer. This buffer exchange is governed by a rate-6f07 secondary structure is-helical and that altered tertiary
min~t (24), which is sufficient to decrease [€3 below the structural contacts of tyrosine and aliphatic residues also take
threshold for assembly (0.5 mM) within 10 min. Below this place.
threshold, the P8 shells disintegrate into subunits in less than Hydrogen-Isotope ExchangBacteriophage6 morpho-
1 min (Figure 4). Thus, any subunit structural transformations genesis requires that P8 subunits assemble into a shell around
concomitant with shell disassembly should be detectable the NC core during maturation and subsequently disassemble
within the 10 min window. upon entry of the NC into the host cell. Such metastability
Time-resolved Raman spectra as a function of EGTA of the NC shell must be engineered into the P8 subunit,
dialysis are shown in Figure 5. The data demonstrate thatpresumably through inherent conformational flexibility, not
even after depleting Gafor 30 min no significant spectral  unlike that observed in the procapsid shells of dsDNA viruses
change occurs. Incubation of the subunits in EGTA at 10 (16). A sensitive measure of conformational flexibility of
°C for an additional 30 min also produces no discernible the P8 subunit within the shell assembly can be obtained
effect. The first significant change in P8 secondary structure from the extent and kinetics of hydrogen-isotope exchange
appeas 3 h after C& depletion and becomes more (16,24, 26). We have examined the P8 shell for this purpose
pronounced after 4 h, as revealed by the trough at 1650 cm using the Raman microdialysis device described above.
and peaks near 1670 and 1232 ¢nm the difference spectra Figures 6 and 7 show that at 2Q a large population of
of Figure 5. The amide difference bands signify a conversion amide (NH) protons in subunits of the P8 shell exchanges
from a-helix to f-strand. The additional features at 830/850 rapidly, i.e., within 40 min of exposure to ;D. This
(doublet), 970, and 1440 crh indicate accompanying population includes about 50% of thehelical NH sites and
changes in the environments of tyrosine and aliphatic side the vast majority of NH groups in nonhelical conformations.
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Ficure 7: Time-resolved fast phase of exchange-30 min) . om . .
monitored by bands of the amide’ltegion. The amide lllbands ~ FIGURE 8. Hydrogen-deuterium exchange during P8 shell disas-

were extracted by subtraction of the P8 spectrum recorded@n H ~ sembly in O, as monitored by time-resolved Raman spectroscopy.
The top trace represents the spectrum of the P8 shell after 90 min

: . ; ; in D,O. The bottom trace represents the spectrum of the same P8
Virtually no additional amide exchange takes place in the shells after disassembly in,D. The middle trace is the difference

subsequent 50 min. The amide’lpirofile resulting from  peqween the top and bottom traces. Other conditions are as given
NH — ND exchange consists of a broad band centered nearin the legend of Figure 6.

950-953 cn1?, which is diagnostic of the exchange @f
helices in the native state. As expected, difference troughsthe shell lattice, as manifested by the greater thermostability
also occur in the amide | (1656 ci) and amide IIl (1279 of the shell. The increased global stability of the shell subunit

cm™) regions corresponding to exchange of thedeelices. is presumably due to the binding of €awhich is also
The additional amide llisatellites at 930 and 963 crlikely expected to affect processes coupled to it (e.g., global but
represent regions of exchanged coil (disordered) and turnnot local unfolding).

secondary structures. As noted above, approximately 50% of thehelical NH

Although the a-helix population exchanging from the  gjies of the native subunit are unprotected at@pand the
native state at _10’C is substantial _{vSO%), additional remaining 50% become largely unprotected atG0At the
exchange ofi-helices is detected at higher temperature (50 |atter temperature both the shell assembly and native subunit
°C, data not shown). The latter presumably represent subunitconformation are destabilized. Therefore, helix exchange at
domalns in t.he shell assembly that'become unfolded at 505( o may occur via both local and global unfolding
°C. This additional exchange at the higher temperature showsmechanisms. This is consistent with the expectation (based
that P8 does not exchange completely in the native’@0  ,pon Raman and CD signatures) that the folding core of the

assembled state. P8 subunit is substantialky-helical.
To further characterize the exchange-protected NH groups,

the natively exchanged shells (10) were disassembled into  p|SCUSSION

subunits in 2 mM EGTA-BO buffer at 10°C, and the

Raman spectrum was again recorded. The Raman signature P8 Is an a-Helical Capsid SubunitThe spectroscopic
(Figure 8) reveals no additional NH exchange up to 90 min results reported here and previoushO demonstrate that
after disassembly at 1%0C, indicating that assembled and the nucleocapsid shell subunit, P8, of bacteriophsyés a
disassembled states of P8 have approximately the samenighly a-helical protein. As such, it is a member of the
relative populations of exchangeable (unprotected) andgrowing family of structural proteins of icosahedral viruses
nonexchangeable (protected) NH groups at native conditions.exhibiting thea-helical fold. Included in this group are the
Within the time resolution of the method-( min), the core antigen of the hepatitis B viru4(), several retrovirus
exchange kinetics of shells and disassembled subunits arecapsid proteins41—43), and thea-helical domain of the
also rather similar. [A very small exchange retardation blue tongue virus (BTV) core protein VP24, 45). The last
observed for P8 shells visaas disassembled P8 subunits is a functional counterpart of P8, and interestingly, its
corresponds to a local stabilization of no more thal—2 o-helical domain exhibits similar size (16 kDa) though no
kcal/mol (15).] Thus, solvent-accessible helices of the P8 apparent sequence homology with P8. Additionally, hh
subunit remain largely accessible in the shell assembly. Theseand BTV share a similar viral architecture, including an
results are consistent with a model for the P8 shell in which encapsidated polymerase core. The rotavirus homolog, VP6,
local unfolding and NH exchange of helices are not greatly aids in transient envelopment of the viral particle utilizing
hindered by quaternary contacts. On the other hand, thedirect membrane interactions in a fashion similar to P8 of
folding core of the P8 subunit is apparently stabilized by ¢6.
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Ficure 9: (Top) Proposed pathway for calcium-dependent disassembly of the P8 shell in vitro. Upon depletion 8f tbenCantration,

a typical shell-like structure (left) disassembles rapidly into subunits, leading to exposure and local unfolding of aoshblicet domain.
Subsequentlyj-strand refolding and aggregation occur (right). (Bottom) Model of P8 subunit dynamics within the assembled shell and
implications for cell entry and uncoating of the nucleocapsid. Subunit dynamics of the native shell (left) lead to a transiently open shell
structure (grey-toned subunit) and an exposed helix domain that is capable of direct interaction with the membrane bilayer (right).

P8 Shell Assembly Is Mediated by?CaNo change of gp5 also exhibits diminished exchange protection in the
secondary structure occurs in P8 immediately following NC disassembled subunit state (R. Tuma, P. E. Prevelige, and
shell disassembly and sequestration from?'Calhus, G. J. Thomas, Jr., unpublished results).
subunit-subunit interactions in the native NC shell lattice Assembly of the P8 Icosahedral Shell Requires a Polym-
are likely stabilized by the binding of €a Although the erase Core TemplatBecause hydrogen-exchange protection
putative C&"-binding sites of the P8 shell are not yet known, of surface helices is not enhanced with P8 shell assembly, it
similar interactions have been demonstrated for other icosa-can be concluded that local intersubunit interactions are

hedral viral lattices, including both plant viruse$) and intrinsically weak. Presumably, they do not constitute the
the bacteriophageX174 (47). Acidic side chains Asp and  primary driving force for the polymerization reaction.
Glu are considered the probable targets of'Gzinding. Whereas C& binding evidently augments the local inter-

Unlike plant viruses, in which divalent cations serve subunit interactions that are necessary for assembly, shells
primarily to neutralize clusters of negatively charged residues, formed in the absence of the core do not achieve closure
C&" binding in the 96 NC shell may fulfill a broader  (6). Thus, the polymerase core probably serves as the
function. For example, Ca is essential for stabilizing not  template that ensures correct form determination during P8
only the P8 quaternary structure (NC shell) but also the shell assembly. A similar mode of assembly was recently
subunit secondary structure. Surprisingly, despite global proposed for the closely related BTV core partiel®)( The
stabilization, the surface-helices of the P8 subunit remain  present work further suggests that the observed dynamic
accessible to hydrogen-isotope exchange at native conditionsnature of intersubunit interactions ¢® may be required for
The surface lattice of the P8 shell thus largely retains the fidelity of alignment of subunits on the surface of the core
structural dynamics of the disassembled subunits, with local template.
stability increasing by less than 2 kcal/mol. A similarity in Subunit Aggregation Is Mediated by am-Helix —
dynamics has also been observed for the assembled she|B-Strand TransformationTime-resolved Raman spectros-
and dissociated subunit (P3) states of the major coat proteincopy of the shell disassembly reaction indicates aggregation
of the dsDNA bacteriophage PRDA48§). Both P3 of PRD1 of P8 subunits mediated by a metastailkelical secondary
and P8 of¢6 also exhibit in their disassembled states a structure. The destabilized-helices are slowly converted
substantial exchange-protected core<{58% of all pep- to B-strands during aggregation of disassembled subunits,
tides). In contrast, the icosahedral capsid subunit (gp5) of in accordance with a mechanism like that depicted in the
bacteriophage P22 manifests significant increases in hydrogentop panel of Figure 9. The P&-helices may also be
exchange protection upon initial assembly (procapsid shell) temporarily exposed within the context of the assembled
and maturation (capsid shel). In contrast to P3 and P8, shell, as depicted in the bottom part of Figure 9, but the
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subsequent aggregation is either sterically hindered or

requires further unfolding of part of the folding core, which
is stabilized by C& binding and assembly. This structure
transformation of P8 subunits may be similar to the conver-
sion of a-helical domains of amyloid-forming proteins into
the extended network @fstrand structure that characterizes

the

amyloid state.

P8 Dynamics and Host Cell Entrintersubunit interactions
of P8 within the NC shell are highly dynamic, in the sense
that they do not protect specific structural domains against

hydrogen exchange. This suggests transient opening and 24.

closing of channels between subunits of the shell lattice on
a time scale that is long with respect to proton diffusion. A
plausible biological role for this property is to facilitate

membrane recognition and disassembly, as depicted in the

lower panel of Figure 9. Here, we envisage the intact NC to
comprise a structurally “compact” subunit state in equilib-
rium with a transiently “open” state, thus facilitating

hydrogen exchange. The dynamic nature of such a subunit

could provide the recognition sites required for membrane

buried a-helix has been observed for the flock house virus
and was proposed to play a role in virion disassembg).(

A similar mechanism has also been proposed for poliovirus 31.

cell entry 63). The putative P8 membrane contacts would
serve to destabilize the P8 lattice and lead ultimately to shell
disassembly and release of the polymerase core.
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