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RNA-Protein Interactions and Secondary Structures of Cowpea Chlorotic

Mottle Virus for in Vitro Assembly'

B. J. M. Verduin, B. Prescott, and G. J. Thomas, Jr.*

ABSTRACT: Laser Raman spectroscopy of the cowpea chlorotic
mottle virus (CCMYV) in native (pH 5.0) and partially swollen
(pH 7.5) states reveals the presence of small percentages of
protonated adenine (<15%) and cytosine (<7%) bases in the
encapsidated RNA molecule of the native virion. The pro-
tonated bases are titrated with pH-induced swelling of the
virus, Titration of putative COOH groups of aspartic and
glutamic side chains of the virion subunit cannot be detected
over the same pH range, which suggests that carboxyl anions
(CO;y") and protonated bases are both available at pH 5 to
stabilize the ribonucleoprotein particles by electrostatic in-
teractions. The highly (95%) ordered secondary structure of
encapsidated RNA may undergo a small additional increase
(<3%) in ordered structure with release from the virion,
suggesting at most a marginal structure-distorting influence

Cowpea chlorotic mottle virus (CCMYV) is an icosahedral
RNA virus and a member of the bromovirus group (Bancroft,
1970; Lane, 1974). The bromoviruses are generally charac-
terized by a multicomponent RNA genome and have been
extensively studied for their ability to undergo structural
transitions in vitro as a function of solution pH and ionic
strength (Kaper, 1975). The virion of CCMY is a mixture
of three nonidentical ribonucleoprotein particles, distinguished
by slightly different buoyant densities in a CsCl gradient. The
heaviest particle contains the largest RNA molecule, desig-
nated RNA-1; the particle of intermediate density contains
the two smallest RN'A molecules, RNA-3 and RNA-4; and
the lightest particle contains RNA-2. So far as is known, all
particles contain the same symmetry, with 180 identical
subunits arranged in a T = 3 icosahedral lattice. Further
details of the morphology and RNA /protein composition of
CCMY are given elsewhere (Bancroft & Flack, 1972; Kaper,
1975).

Studies of the assembly and dissociation of CCMYV in vitro
(Jacrot, 1975; Verduin, 1974, 1978; Adolph & Butler, 1974)
indicate the following. Stable virus particles, sedimenting at
88 S, are obtained at pH 5. Increasing the pH to 7.5 increases
the hydrodynamic volume of the virion, thus lowering the
sedimentation value (78 S). In the presence of Mg?* (Ban-
croft, 1970), partially swollen virus of sedimentation value 85
S is obtained. The completely swollen virion is susceptible to
the action of both ribonuclease and protease (Bancroft et al.,
1968). It has been proposed (Jacrot, 1975) that swelling is
mediated by electrostatic repulsion between protein carboxyl
groups that titrate at abnormally high pH. Spectrophotometric
(Adolph, 1975) and NMR spectroscopic results (Vriend et al.,
1982a) confirm structure changes in the coat subunit but do
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from protein contacts in the native particle. The Raman
spectra of the virion are also compared by difference spec-
troscopy with spectra of capsids (empty shells devoid of RNA),
subunit dimers, and protein-free RNA. The results indicate
that the subunit structure is altered by the release of RNA
from the virion, as well as by the swelling of the virion. Amino
acid residues and protein secondary structures that are affected
in these in vitro assembly and disassembly processes are
identified from their characteristic Raman lines. Two classes
of cysteinyl SH groups, solvent exposed and solvent protected,
are revealed for the capsid and virion subunit. Shielding of
SH is reduced in the subunit dimer and eliminated in core-
protein dimer, the latter obtained by tryptic digestion of
subunit dimers. The subunit is richest in S-sheet secondary
structure for all assembly states examined.

not indicate any significant change in RNA conformation with
pH-induced swelling of the virion.

Increasing the solution ionic strength (7 > 1.0) at pH 7.5
dissociates the swollen virus into free RNA and subunit dimers.
At acidic pH, the subunit dimers reassociate into capsidlike
shells, previously designated “pseudo-top components” (Ban-
croft et al., 1968) and here referred to as “capsids™. These
reconstituted capsids do not contain RNA.

Tryptic digestion of the subunit dimer excises a 25-residue
segment from each N-terminus (Agrawal & Tremaine, 1972;
Chidlow & Tremaine, 1971). The resulting core-protein di-
mers are stable at pH 7 and retain the ability to reassemble
into “core capsids”. NMR studies of virus, capsid, and core
capsid (Vriend et al., 1981, 1982b) show that it is the N-
terminal segment that undergoes a change in mobility upon
interaction with RNA. The N-terminus may therefore play
a role in binding RNA within the virion. Conversion of the
N-terminus from a flexible coil to a more rigid a-helical
conformation has been considered consistent with the NMR
data (Vriend et al., 1982b).

In the present study, we employ laser Raman spectroscopy
to investigate structures of CCMYV and to detect conforma-
tional changes of CCMV RNA and coat protein as a function
of solution pH and ionic strength. The rationale for application
of the Raman effect to virus structure studies has been detailed
previously (Thomas, 1976). We also employ Raman difference
spectroscopy to detect subtle spectral changes indicative of
amino acid and nucleotide residue interactions in the nu-
cleoprotein particles (Thomas et al., 1983). To assist in the
interpretation of data from CCMYV, spectra have been obtained
on CCMYV components, including protein-free RNA and
subunit and core subunit molecules in the capsid and dimeric
states of assembly.

The present results permit us to draw conclusions about the
protein—protein and protein—-RNA interactions of the virion
at different stages of the in vitro assembly pathway. Secondary
structures of viral RNA and protein components are also
inferred from the Raman spectra. These features of CCMV
structure are compared with parallel results obtained previously
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on other RNA plant and bacterial viruses.

Experimental Procedures

CCMYV was grown and purified as described previously
(Verduin, 1978). Viral protein was isolated by the CaCl,
method (Verduin, 1974). Core protein lacking the N-terminal
region was prepared by trypsin digestion of subunit dimers at
pH 7.5 (Chidiow & Tremaine, 1971; Tremaine et al., 1972).
Viral protein in 300 mM NaCl plus 50 mM tris(hydroxy-
methyl)aminomethane hydrochloride (Tris-HCI) at pH 7.5
was mixed with ENZITE agarose-trypsin (E/S = 1/100) and
incubated for 12 h at 4 °C with continuous stirring. The
agarose—trypsin was removed by low-speed centrifugation, and
low molecular weight cleavage products were removed by
dialysis against 1.0 M NaCl plus 50 mM NaC,H,0,, buffered
at pH 5.0. Capsids and core capsids were obtained by dialysis
of the appropriate protein against 1.0 M NaCl at pH 5.0.
Protein-free RNA was obtained by phenol extraction of the
virus (Verduin, 1978).

CCMYV preparations were dialyzed for 24 h against 0.3 M
NaCl, 10 mM MgCl,, and 10 mM Tris-HCl at pH 5.0 or 7.6
+ 0.1, depending upon whether native or swollen particles,
respectively, were being prepared. The dialyzate was then
subjected to a low-speed spin (5000 rpm) for 0.25 h to remove
debris, followed by a high-speed spin (40000 rpm) for 4 h to
pellet the nucleoprotein. The pellets generally contained a
nucleoprotein concentration of 70 £ 10 mg/mL as determined
by the absorbance at 260 nm. All virus preparations were
maintained at 4 °C throughout isolation and purification
procedures. Electron micrographs of negatively stained par-
ticles confirmed no substantial loss of viral RNA.

Similar protocols were used to prepare capsids (pH 5.0
buffer) and dimers (pH 7.5 buffer) for Raman spectroscopy.
Capsids were pelleted at ca. 70 mg/mL, and dimers were
concentrated to the same density in an Amicon concentrator.
Identical procedures were employed for both the native and
core-protein subunits.

The phenol-extracted RNA solution, containing approxi-
mately 1 mg of RNA/mL of buffer (0.3 M NaCl + 10 mM
MgCl, + 10 mM Tris-HCI), was ethanol precipitated to yield
a pellet of RNA that was rinsed with 90% ethanol and lightly
dried. The RNA was redissolved to 35 mg/mL in the same
buffer at three different pH values: 3.6, 5.0, and 7.5.

Aliquots of 10 uL of each of the above virus, protein, and
RNA solutions were sealed in Raman capillary cells (Kimax
34507), and each was thermostated at 8 £ 0.5 °C in the
spectrometer (Thomas & Barylski, 1970). Spectra were ex-
cited with 300 mW of 514.5-nm radiation from an argon laser
{(Spectra Physics Model 171-18) and were recorded on a Spex
Ramalog VI spectrometer under the control of a North Star
Horizon II microcomputer (Li et al., 1981). The spectra
shown below were obtained with a spectral slit width of 8 cm™
and are the computer average of multiple scans as indicated
in the figure legends. Generally, five scans were averaged for
the region 300-1800 cm™ and 25 scans for the region
2500-2600 cm™!. Each component in the average was also
examined separately. Photon counts were taken at increments
of 1 cm™ with an integration time of 1 s. All averaged spectra
were corrected for solvent background by subtraction of the
spectrum of the appropriate buffer. Spectra of CCMV and
some protein samples also required correction for a slightly
sloping background, which resulted from sample fluorescence.

All Raman intensities are reproducible to £5%. In dif-
ference spectra, only those peaks that exceed the noise level
by a factor of 2 or greater are considered significant. For each
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FIGURE 1: Raman spectra in the region 300-1800 cm™ of native virus
(70 mg/mL), capsid (70 mg/mL), and RNA (30 mg/mL) of CCMV,
each at 8 °C and pH 5.0 in 0.3 M NaCl + 10 mM MgCl, + 10 mM
Tris-HCl. Each spectrum shown is the average of five scans, corrected
for solvent background. Other conditions are given in the text.

difference spectrum shown, the ordinate (number of photon
counts) is scaled equal to that of the topmost spectrum in the
same figure.

Results and Discussion

(1) Raman Assignments and Macromolecular Secondary
Structures. Raman spectra in the region 300-1800 cm™! of
the CCMY virion, capsid, and RNA, each at pH 5, are shown
in Figure 1. All prominent Raman lines in the spectra are
assigned to RNA or protein groups as indicated in Figure 1
and summarized in Table I. The rationale for assignments
is similar to that employed previously with other ribonucleo-
protein particles (Thomas, 1976; Hartman et al., 1978; Fish
et al.,, 1981; Thomas et al., 1980, 1976). The relative intensities
of Raman lines of protein and RNA in the virus spectrum are
consistent with their 76:24 weight percent ratio. A cursory
examination of the data of Figure 1 also indicates that the virus
spectrum is nearly, but not exactly, the sum of the spectra of
its capsid and RNA constituents. The subtle spectral changes
that do occur upon combining RNA and protein into virion
are revealed by Raman difference spectroscopy, and their
structural significance will be discussed (sections 2-8).

The characteristic Raman lines of the cysteinyl SH groups
of capsid and virion subunits occur in the 2500-2600-cm™
spectral range, displayed in Figure 2.

The Figure 1 spectrum of the capsid shows the amide I and
amide 111 bands centered at 1666 and 1246 cm™, respectively,
which indicates that the predominant secondary structure of
the subunit is B-sheet (Chen & Lord, 1974; Lippert et al.,
1976; Williams & Dunker, 1981). Weak shoulders to the main
amide 11l band indicate additional 8-conformation (1236
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Table I: Raman Frequencies, Relative Intensities® and Assignments® of CCMV, CCMV Capsids, and CCMV RNA
CCMV CCMV CCMV CCMV
CCMV capsids RNA assignments CCMV capsids RNA assignments
323 (1.1 br) 320 (1.9) Ade 1011 (6.1 sh) 1010 (6.2 sh) W
368 (0.5) 363 (1.7) Gua 1033 (2.1) 1029 (1.8) 1023 (0.7) F,G;r
409 (0.7 407 (1.0) 392 (1.0) skeletal; r 1046 (1.7) 1047 (1.1) 1044 (2.1) r
429 (0.9) 428 (0.6) 430 (1.9) skeletal; r 1059 (2.3) 1056 (1.7) 1063 (0.6) K,E;r
460 (0.5) skeletal 1086 (4.7) 1081 (2.6) T
497 (1.0) 493 (1.4) skeletal 1100 (6.7) 1100 (2.9) 1099 (10.0) A; PO, str
508 (2.2) Gua 1126 (4.2) 1125 (3.9) V (CC str)
525 (1.2) 522 (0.8) skeletal, A 1158 (1.1) 1157 (1.1) 1158 (1.1) V, L (CH, asym rock, ip); r
541 (0.4) 536 (3.0) skeletal; Ade 1171 (2.3) 1169 (1.9) 1179 (1.8) V, L (CHj; asym rock, op); r
556 (1.2) 559 (3.3) Ura 1209 (4.6) 1207 (3.5) F.Y
583 (1.1) 580 (3.6) r 1226 (5.7 sh) amide TII
603 (1.0) 602 (0.4) 599 (2.4) Gir 1239 (14.5) 1236 (7.9 sh) 1235 (15.4) amide IIL; Ura
624 (1.2 620 (1.2) F 1249 (14.5) 1246 (8.9) 1247 (13.2) amide III; Cyt
633 (2.1) r 1266 (6.0 sh) amide III, H, Y
645 (1.6) 641 (1.3) 648 (1.1) Y;r 1281 (4.4 sh) amide 111, H
657 (0.8) H 1296 (7.2 sh) 1300 (10.6) Ade, Cyt
670 (1.7) 670 (4.8) Gua 1317 (9.5) 1316 (4.9) 1319 (11.1) CH, twist/wag, C-H def; Gua
710 (1.2 sh) 704 (0.6 br) 710 (3.1) M;r 1339 (12.1) 1340 (6.8) 1338 (15.1) CH, twist/wag; Ade
727 (2.9) 724 (1.7) Ade 1371 (3.5) 1368 (1.2) 1377 (8.7) W; Ade, Gua
737 (1.1'sh) 736 (1.2) ? 1394 (3.0) 1393 (1.5) 1391 (6.6) CH, sym def;
758 (3.8) 756 (4.5) 759 (2.0) W;r 1417 (0.6) 1415 (1.2) 1416 (1.8) CHj, scissor (G), E; r
766 (2.2 sh) 763 (2.9 sh) W 1448 (10.0 sh) 1448 (10.0) CH, scissor
785 (6.9) 782 (21.8) Cyt, Ura 1458 (11.0) 1458 (9.4 sh) 1460 (4.7) CHj; asym def, CH, scissor; r
813 (4.1) 812 (15.7) O-P-O str 1481 (7.5) 1482 (18.2) Gua, Ade
831 (1.8) 830 (2.7) Y 1508 (2.7) Ade
859 (2.6) 853 (3.8) 852 (1.5) Y;r 1529 (1.0) Cyt
878 (2.6) 874 (3.4) 870 (24) W;r 1549 (4.3) 1548 (4.0) W
890 (1.7) 892 (2.3) G 1575 (8.0) 1582 (1.7) 1573 (15.1) W; Gua, Ade
908 (1.0) 903 (1.8'sh) 916 (3.6) A;r 1608 (6.2) 1606 (4.1) F, Y
936 (2.0) 936 (2.9) V,L (CH, sym rock, 1618 (6.4) 1617 (4.4) 1621 (34) Y
ip) 1667 (19.1) 1666 (13.4) amide I
962 (2.1) 960 (3.0) V, L (CH, sym rock, 1683 (7.2) Ura (C=0 str)
op) 1715 (3.0) Gua (C=0 str)
972 (2.5) r 2551 (br) 2552 (br) S-H str
989 (3.0) 986 (2.9) H,1 2571 2571 S—H str
1004 (11.4) 1003 (10.2) 996 (34) Fr

“Intensities are relative to an arbitrary value of 10.0 for the 1448-cm™ line of the capsid subunit or the 1099-cm™" line of the RNA phosphate
group, as appropriate. br = broad band; sh = shoulder. * When both protein and RNA residues contribute to the Raman line, their assignments are
given to the left and right, respectively, of the semicolon. One- and three-letter symbols are employed, respectively, for amino acid and RNA-base
residues. Standard chemical notation is used for phosphate, sulfhydryl, and hydrocarbon groups. Specific modes of CH, and CH, groups are
designated as asymmetric (asym) or symmetric (sym) and as in-phase (ip) or out-of-phase (op), according to standard notation. Other abbreviations:
str = stretching; def = deformation; r = ribose phosphate. See also Thomas et al. (1983).

cm™), as well as irregular (1266 cm™) and «-helix (1284 cm™)
domains. Comparison of these data with results obtained on
proteins of known secondary structure (Williams & Dunker,
1981; Pezolet et al., 1976) suggests 40-60% B-sheet and
roughly 20-30% each of a-helix and irregular domains.

The well-characterized tyrosine doublet (Siamwiza et al.,
1975) occurs in the capsid at 853 and 830 cm™! with a peak
intensity ratio of Igs3/Ig3p = 1.38 & 0.10, which does not vary
significantly for different states of the virion or capsid. Because
there are five tyrosyl residues per subunit contributing to the
observed doublet, no firm conclusions regarding individual
tyrosine residues (Y-49, Y-137, Y-156, Y-158, and Y-189)
are possible. However, if it is assumed that all tyrosines
contribute equally to the doublet intensity, then the present
results would be consistent with moderate hydrogen bonding
of each p-hydroxyl group as both donor and acceptor of H
bonds. This is the situation expected for tyrosyl side chains
in contact with aqueous solvent (Siamwiza et al., 1975). The
observed doublet could also arise from equal numbers of strong
donor and strong acceptor OH groups. We find this unlikely,
however, in view of the relative invariance of the intensity ratio
to changes in pH and ionic strength and to proteolytic digestion
of the N-terminal fragment (see below).

The three tryptophan residues per subunit (W-46, W-54,
and W-93) are also presumed to exist in hydrophilic envi-
ronments by virtue of their characteristic Raman lines near

760, 874, 1368, and 1548 cm™ (Yu, 1974; Kitagawa et al.,
1979; Thomas et al.,, 1983). This is consistent with the
fluorescence data obtained by Kriise and co-workers (Kriise
et al,, 1979).

The hydrogen-bonding environment of cysteinyl SH groups
in proteins has been studied previously by Alben and co-
workers with Fourier-transform infrared spectroscopy (Alben
et al., 1974). The appearance of two distinct SH stretching
frequencies in the Raman spectra of Figure 2 confirms two
different types of cysteinyl side chain environment in the
subunits. The weak and broad band of lower frequency (2551
& 2 cm™) indicates one class of SH group involved in hydrogen
bonding with strong acceptors, e.g., H,O, C==0, etc.; the sharp
and higher frequency band (2571 ¢cm™) indicates non-hy-
drogen-bonded or very weakly hydrogen-bonded SH groups,
evidently shielded from solvent and other potential H-bond
acceptors (Bare et al., 1975). The present results do not permit
us to distinguish between C-58 or C-107 as the shielded
cysteine residue.

The Figure 1 spectrum of CCMV RNA is characteristic
of a highly ordered secondary structure, like that observed for
other aqueous single-stranded RNA molecules. The Raman
intensity ratio Ig;5/1 090 has the value 1.57 £ 0.03, which
indicates that between 94 and 97% of nucleotide residues exist
in paired or stacked configurations (Thomas & Hartman,
1973). Also evident from Figure 1 is the fact that no sig-
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S-H stretching region
CCMV Native/Swollen  Capsid/Subunit Dimer  Core Capsid /Core Dimer
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FIGURE 2: Raman spectra in the region 2500-2600 cm™ of (a) native
virus (pH 5.0) and swollen virus (pH 7.7) and their computed dif-
ference spectrum, (b) capsid (pH 5.0) and subunit dimer (pH 7.7)
and their computed difference spectrum, and (c) core capsid (pH 5.0)
and core dimer (pH 7.6) and their computed difference spectrum.
Each spectrum shown is the average of 25 scans. Other conditions
are as given in Figure 1.

nificant protonation of cytosine or adenine rings occurs at pH
5 in the protein-free CCMV RNA molecule (Hartman et al.,
1978).

(2) Subunit Structures in the Virion and Capsid Are Dif-
ferent. Figure 3 shows the observed Raman spectrum of the
capsid (top), a computed capsid spectrum (middle) generated
by subtraction of the spectrum of CCMV RNA from that of
virus, and a difference spectrum (bottom) obtained by sub-
traction of the computed capsid spectrum from the observed
capsid spectrum. Thus, the observed and computed capsid
spectra are not identical, and the computed differences (i.e.,
positive and negative bands in the difference spectrum of
Figure 3) are diagnostic of the molecular subgroups that differ
in the virion and capsid states. We find positive protein bands
(assignments in parentheses) at 757 (W), 1004 (F), 1129 (CC
stretching of aliphatic side chains), and 1344 cm™! (CH,
wagging), due to their higher Raman intensity in the capsid.
Negative protein bands occur at 1228 (amide IIT), 1331 (CH,
wagging) and 1662 cm™ (amide I), due to higher Raman
intensity in the virion. Negative RNA bands are also observed
at 782 (Cyt + Ura), 1481 (Ade + Gua), and 1573 cm™ (Ade
+ Gua). These shall be discussed in section 3.

Our interpretation of these results is the following. The
environment of aromatic rings of tryptophan and phenylalanine
residues is different in the virion and capsid states. The lower
intensities at 757 and 1004 cm™ in the virus, as compared with
the capsid, suggest greater Raman hypochromism (Small &
Peticolas, 1971} in the virion, possibly due to mutual stacking
interactions of F and W residues of the subunits or to stacking
with bases of the encapsidated RNA molecule. The 1228- and
1662-cm™ lines indicate a change of subunit secondary
structure with release of RNA from the virion. The positions
of the amide bands are consistent with a loss of 8-structure
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FIGURE 3: (Top) Observed spectrum of capsid. (Middle) Computed
spectrum of capsid (observed spectrum of virus minus observed
spectrum of RNA). (Bottom) Computed difference spectrum (top
minus middle). Other conditions are as given in Figure 1.
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accompanying the release of RNA. The magnitude of the
amide III intensity change corresponds to about 5-10% more
§-structure per subunit of the virion (Pezolet et al., 1976).
Accordingly, the relative maximum near 1273 ¢cm™ in the
difference spectrum of Figure 3 suggests conversion to a-helix.
We note, however, that the difference spectrum of Figure 3
is not sufficiently noise-free to indicate conclusively whether
the loss of §-structure in the capsid is accompanied by a
concomitant gain of a-helix or other chain configuration.
Finally, the intensity gain at 1129 cm™ and the apparent shift
of Raman intensity from 1331 to 1344 cm™ with release of
RNA are indications that aliphatic amino acid side chain
configurations and/or environments are also altered by the
change in state from virion to capsid. Similar Raman intensity
changes are observed with salt-induced structure transitions
in filamentous viruses and are attributable to disordering of
aliphatic side chains (Thomas et al., 1983).

(3) Encapsidated and Protein-Free RNA Molecules Are
Structurally Different. Figure 4 shows the spectrum observed
for aqueous CCMV RNA after extraction from the virion
(top), as well as a computed RNA spectrum (middle) gen-
erated by subtraction of the capsid spectrum from that of the
virus. Also shown in Figure 4 is a difference spectrum
(bottom), which is obtained by subtracting the computed RNA
spectrum from the observed RNA spectrum. As expected, the
difference spectrum of Figure 4 shows a close correspondence
to the difference spectrum of Figure 3: Each represents the
spectral differences between virion and the sum of its RNA
and protein constituents. The virtual identity of the difference
spectra of Figure 3 and 4 provides independent confirmation
of the reliability of the computer subtraction routines employed
for manipulation of Raman spectra of virus, capsid, and
protein.

We find that the purine lines at 1483 and 1572 cm™ are
more intense in the encapsidated RNA molecule than in the
protein-free RNA molecule. The intensity differences are
small (approximately 5%) but significant and suggest that the
purines are affected by the protein shell. The most reasonable
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FIGURE 4: (Top) Observed spectrum of RNA. (Middle) Computed
spectrum of RNA (observed spectrum of virus minus observed

spectrum of capsid). (Bottom) Computed difference spectrum (top
minus middle). Other conditions are as given in Figure 1.

interpretation of these data is that there occurs a reduction
in purine—purine base stacking upon encapsidation of the
RNA. The negative peak near 782 cm™ in Figure 3 is barely
evident in Figure 4, and its significance is somewhat in doubt.
However, the apparent small shift of Raman intensity from
just above to just below 800 cm™ with encapsidation of RNA,
as is indicated in Figure 3, is consistent with about 2% more
order of the backbone of extraviral RNA. Therefore, the
Raman data are consistent in indicating a slightly more or-
dered RNA secondary structure accompanying release from
the virion.

(4) Carboxyl Groups Do Not Titrate with Swelling of the
Virion. Figure 5 shows the Raman spectra of CCMYV in native
(pH 5.0) and swollen (pH 7.7) states and their difference
spectrum. The high noise level in the original difference
spectrum has been slightly attenuated by smoothing. The data
show that only a few Raman lines are significantly affected
by pH-induced swelling of the virion. It is also clear from the
difference spectrum of Figure 5 that no negative peak occurs
near 1400-1420 cm™ (—CO,™ groups) and no positive peak
occurs near 1700-1750 cm™ (-COOH groups) as would be
expected if carboxyl groups were titrated with increasing pH.
We may conclude that titration of “<COOH groups of aspartic
and glutamic acid side chains does not occur over this pH
range, a result that could be due in part to the presence of
Mg?* ions (Pfeiffer & Durham, 1977).

(5) Subunit Secondary Structure Is Altered by Virion
Swelling and RNA Bases May Be Deprotonated with the
Accompanying Increase in pH. Caution must be exercised in
interpreting the relatively intense negative bands that are
distinguished at 1255 and 1297 cm™ in the difference spectrum
of Figure 5. The trough at 1255 cm™! (amide III) indicates
a more disordered subunit secondary structure at pH 7.7 than
at pH 5.0. This is consistent with the contour in the amide
I region, which suggests that the disordering at pH 7.7 occurs
at the expense of a-helix. Since nonidentical base lines in the
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FIGURE 5: (Top) Observed spectrum of native virus, pH 5.0. (Middle)

Observed spectrum of swollen virus, pH 7.7. (Bottom) Computed

difference spectrum (top minus middle). Only bands of signal-to-noise

ratio greater than 2:1 are labeled, as discussed in the text. Other
conditions are as given in Figure 1.

constituent spectra and overlapping cytosine lines (below) may
also affect the intensity of the 1255-cm™! difference trough,
a quantitative estimate of the extent of secondary structure
change is not warranted by these data.

The negative peak at 1297 cm™ is assigned to RNA groups
and is consistent with the conversion of a small percentage of
RNA adenines from protonated to deprotonated states with
increasing pH (see section 8). We note also that deprotonation
of cytosines should cause a positive intensity change near 1263
cm™! (Chou & Thomas, 1977; Hartman et al., 1978). How-
ever, such a feature in the difference spectrum is apparently
more than compensated by the observed amide III change at
nearly the same frequency.

From Figure 2, we note that the pattern of SH stretching
frequencies is unchanged by swelling of the virion. Therefore,
the environments of the two classes of cysteinyl side chains
do not change significantly with swelling.

(6) Dissociation of Capsids Does Not Alter Subunit Sec-
ondary Structure but Affects the Environment of Amino Acid
Side Chains. Figure 6 shows spectra of the CCMV capsid
at pH 5.0 and 7.7 and its corresponding difference spectrum.
No significant change in subunit secondary structure is evident
from the difference spectrum. The peaks at 896 and 1098 cm™
and the troughs at 816, 1061, and 1121 cm™! are all due to
aliphatic amino acid side chains (Thomas et al.,, 1983).
Therefore, although the environment of these side chains is
altered with capsid disassembly, there is no accompanying net
change in the overall secondary structure of the subunits.

Figure 2 confirms also a change in the environment of
cysteinyl SH groups with capsid disassembly. We detect a
50% reduction in the peak intensity of the 2571-cm™ line,
indicating that half of the solvent-shielded class of SH groups
is affected. The signal-to-noise ratio does not permit us to
conclude whether such groups are converted to the hydro-
gen-bonded class, i.e., whether a concomitant Raman intensity
increase occurs in the broad band near 2551 cm™, or whether
the SH groups are chemically modified, e.g., converted to
disulfides. If cystine bridges were formed between subunits
in the dimeric state, we would expect a detectable Raman line
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FIGURE 6: (Top) Observed spectrum of capsid in 0.3 M NaCl + 10
mM MgCl, + 10 mM Tris-HC], pH 5.0. (Middle) Observed spectrum
of subunit dimer in 0.3 M NaCl + 10 mM MgCl, + 10 mM Tris-HC],
pH 7.7. (Bottom) Computed difference spectrum (top minus middle).
Other conditions are as given in Figure 1.

near 490-525 ¢m™! from the characteristic SS stretching
frequency (Lord & Yu, 1970). As seen in Figure 6, the
background of solvent interference is rather severe in the
300~550-cm™! interval, making difficult the detection of a
putative SS Raman line. Further study of this question must
await the availability and investigation of more concentrated
preparations of the capsid and subunit dimers.

(7) Core Capsid Disassembly Yields Complex Protein
Structure Changes. Figures 2 and 7 show that the effects of
pH-induced disassembly of core capsids are more pronounced
and more complex than those observed for capsids. In the
absence of better characterization of the core-protein assembly
states, detailed discussion of these results is not warranted.
However, the data do confirm here, as above, the sensitivity
of aliphatic amino acid side chains to the pH-induced disas-
sembly. Particularly striking is the effect upon the SH
stretching region (Figure 2), where both the sharp 2571-cm™!
line and the broad 2549-cm™ line are greatly attenuated at
neutral pH. The resulting very weak and broad profile of
Raman scattering, barely detectable over the background noise,
is evidently due to the presence of a broad spectrum of hy-
drogen-bonded SH groups in core dimer preparations. Since
an intense Raman line may be present in the SS region, it is
also possible that substantial oxidation of SH groups has oc-
curred.

(8) Protonated Bases Do Occur in Encapsidated RNA of
the Virion at pH 5. Figure 8 shows Raman spectra of purified
(protein-free) CCMYV RNA at three different pH values: 7.5,
5.0, and 3.6. Also shown are difference spectra between pH
values 5.0 and 7.5 and between 3.6 and 7.5. All of the Raman
peaks and troughs in the difference spectrum (pH 3.6 minus
pH 7.5) can be attributed respectively to increased concen-
trations of protonated bases (mainly Ade* and Cyt*, but also
Guat*) and decreased concentrations of nonprotonated bases
at the lower pH (Lord & Thomas, 1967a), except for the peak
at 795 cm™! and the trough at 812 cm™, which are both due
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FIGURE 7: (Top) Observed spectrum of core capsid in 0.3 M NaCl
+ 10 mM MgCl, + 10 mM Tris-HCI, pH 5.0. (Middle) Observed
spectrum of core dimer in 0.3 M NaCl + 10 mM MgCl, + 10 mM
Tris-HCI, pH 7.6. (Bottom) Computed difference spectrum (top minus
middle). Other conditions are as given in Figure 1.
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FIGURE 8: Raman spectra of protein-free CCMV RNA in 0.3 M NaCl
+ 10 mM MgCl, + 10 mM Tris-HCl: (from top to bottom) observed,
pH 7.5; observed, pH 5.0; observed, pH 3.6; computed difference,
pH 5.0 minus 7.5; computed difference, pH 3.6 minus 7.5. Other
conditions are as given in Figure 1.
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to the greater secondary structure of RNA near neutral pH
(Thomas & Hartman, 1973). As shown previously, the extent
of both base protonations (Lord & Thomas, 1967b) and
secondary structure (Thomas & Hartman, 1973) can be
quantified by measurement of the appropriate Raman line
intensities. The difference spectra of Figure 8 thus show that
less than 5% of Ade and less than 3% of Cyt residues are
protonated and that less than 3% of the ordered secondary
structure of RNA is lost with reduction of the pH from 7.5
to 5.0, whereas 7% of Cyt and 15% of Ade residues are pro-
tonated and 10% of the ordered RNA structure is lost with
reduction of the pH to 3.6.

Comparison of the difference spectra of Figure 8 with the
difference spectrum of Figure 5 indicates that Ade and Cyt
residues of encapsidated CCMV RNA are more protonated
at pH 5 than are corresponding bases of naked RNA at the
same pH value. We find that all relative peaks and troughs
correspond closely in the two difference spectra, excepting
amide I and III features for reasons discussed above (section
5). We conclude from the observed peak intensities in the
difference spectrum of Figure 5, and from the data of Figure
8 employed for calibration, that the limits of protonation of
Cyt and Ade residues in encapsidated RNA are 3% < Cyt*
< 7% and 5% < Ade* < 15%, respectively. Further, we find
no protonation of Gua rings in encapsidated RNA, even
though significant Gua protonation occurs in protein-free RNA
at pH 3.6.

Summary

The major conclusions of this work are the following. (i)
Both RNA and protein subunits in the virion are highly or-
dered structures. The bases of the genome are predominantly
paired and stacked, presumably in hairpin helices, and the
backbone of encapsidated RNA contains the conventional
C3’-endo or “A-RNA” geometry. The predominant secondary
structure in the subunit of the virion is B-sheet. These features
of macromolecular conformation are similar to those observed
in MS2 and TYMYV (Thomas et al., 1976; Hartman et al.,
1978) and correlate well with the 8-barrel models proposed
for other RNA plant viruses (Harrison, 1983). (ii) Two
spectroscopically different classes of cysteinyl SH groups are
observed in the subunit of the native virion, swollen virion, and
capsid. One class is characterized by relatively strong hy-
drogen bonding and the other by shielding from hydrogen
bonding to negative acceptors. The latter (hydrophobic class)
is progressively eliminated by dissociation of the capsid into
dimers and by proteolytic digestion of the 25-residue segment
of the N-terminus. (iii) Tyrosine side chains exist on average
with the p-hydroxy groups in contact with hydrogen-bonding
donor and acceptor groups for all subunit states (virion, capsid,
and dimer) examined. (iv) Tryptophan and phenylalanine
residues exhibit different environments in virion and capsid
states, which suggests that these aromatics are directly involved
in interaction with RNA. (v) Configurations of aliphatic
amino acid side chains and secondary structure of the subunit
main chain are also altered by release of RNA from the virion.
Further, the secondary structure of encapsidated RNA is
characterized by different base stacking and by a slightly less
ordered backbone than occurs in protein-free RNA. (vi)
Swelling of the virion by increasing the pH from 5.0 to 7.5
does not titrate aspartate or glutamate COOH groups but does
titrate small numbers of Ade* and Cyt* residues of encap-
sidated RNA. (vii) The protonation of RNA bases in the
virion at pH 5 is limited to adenines and cytosines. The
following semiquantitative estimates of the percentages of
protonated bases are deduced from the Raman intensity
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measurements: 3% < Cyt* < 7% and 5% < Ade* < 15%. The
protonated bases thus require both a capsid envelope and pH
5 for their stabilization, since no protonated bases are evident
in the pH 7 (swollen) virion and fewer protonated bases are
evident in naked RNA at pH 5.

The present results reveal a CCMV subunit secondary
structure that is sensitive to swelling of the virion and to the
release of the encapsidated RNA. In addition, the microen-
vironments of aliphatic and aromatic amino acid side chains
are substantially altered by the same changes in assembly or
morphological state of the capsid, as well as by dissociation
of the capsid into dimers.

Models for CCMYV structure should account for the oc-
currence of protonated pyrimidines (Cyt*) and purines (Ade*)
in the native virion and the absence of protonated carboxyl
groups of aspartic and glutamic acid side chains. The latter,
as well as the C-terminus of the subunit main chain, can on
the other hand provide negatively charged groups for elec-
trostatic interaction with positively charged bases of the RNA
genome. Such interactions would be eliminated by increasing
the pH, which would also permit the RNA to assume a sec-
ondary structure more nearly like that of protein-free aqueous
RNA. Also implicated in RNA-protein interaction in the
virion are the tryptophan, phenylalanine, and aliphatic side
chains of the subunit. The present results do not allow us to
identify more specifically the interacting residues; however,
additional investigations are in progress to identify by selective
labeling the interacting tryptophan(s).

Attenuation of RNA-protein interactions by virion swelling,
as well as by release of RNA from the capsid, profoundly alters
the characteristic CC stretching and CH, deformation modes
of the subunit side chains, similar to that observed in the
conformational transitions of filamentous viruses (Thomas et
al., 1983). The present results are certainly consistent with
those of NMR studies of CCMV (Vriend et al., 1981, 1982a),
which have yielded evidence for the influence of RNA upon
the mobility of the basic N-terminus of the virion subunit.
Further, it is precisely the CC and CH, characteristic Raman
lines that would be most affected if lysyl and arginyl side
chains were configured differently in the presence and absence
of RNA binding by the basic N-terminus. Yet, it is important
to recognize that the NMR and Raman transitions occur on
greatly different time scales and do not necessarily indicate
structural changes in the same protein domains. The present
Raman results are just as likely to reflect altered protein—
protein interactions accompanying swelling and dissociation
of the capsids.

The model of CCMYV that emerges from these studies is one
in which RNA-protein interactions stabilize the ribonucleo-
protein particle. The data are not inconsistent with the pro-
posal of Rossmann and co-workers (Rossmann et al., 1983)
that 8-sheet domains of the subunits provide the sites for RNA
binding.

Dissociation of the virion into RNA and capsid clearly alters
the Raman intensities of characteristic vibrational modes of
aromatic and aliphatic side chains and RNA bases. Elec-
trostatic interactions between protonated base residues and
protein subgroups are also diminished with virion swelling and
result in the RNA molecule assuming a more aqueous-like
environment within the protein shell. The §-rich subunits are
versatile in their ability to undergo secondary structure changes
and altered side-chain configurations with swelling, RNA
release, disassembly, and N-terminal excission. Unexpectedly,
the cysteinyl SH groups are significantly altered by disas-
sembly of capsid and core-capsid aggregates into dimers but
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are unaffected by capsid expansion.
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