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Structural Studies of Tobacco Mosaic Virus and Its Components by Laser 
Raman Spectroscopy? 

S. R. Fish, K. A. Hartman,* G. J. Stubbs, and G. J. Thomas, Jr.* 

ABSTRACT: Raman spectra have been recorded for oriented 
gels of tobacco mosaic virus, aqueuus solutions of TMV protein 
in the form of capsid and disk, and protein-free TMV RNA. 
The protein-free RNA molecule contains about 80% ordered 
type-A structure, which is similar to other RNA molecules 
in solution. RNA in the virus particle does not exhibit the 
base stacking and pairing normally found in protein-free RNA 
but instead shows at least two distinct structures characterized 
by different phosphodiester group frequencies in the Raman 
spectrum. Approximately one out of three such linkages re- 
tains the type-A geometry characteristic of aqueous RNA, 
while two out of thfee appear to have a different gbmetry not 

%e tobacco mosaic virus (TMV) particle, or virion, is a 
relatively simple system in which many copies of one kind of 
protein molecule ?re combined in a helical array with one 
strand of RNA to form a rod-shaped structure. TMV protein, 
which can be separated from the RNA, forms many different 
aggregates including a disk which is composed of 34 protein 
molecules and a rod-shaped capsid which has the same helical 
arrangement of protein subunits found in the virion. The disk 
and protein-free RNA interact to form the virion in vitro and 
also, it is believed, in vivo. The RNA, disk, capsid, and virion 
compose a system in which details of protein-protein and 
protein-RNA interactions may be investigated (Caspar, 1963; 
Holmes, 1980). 
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encountered previously for RNA. The secondary structure 
of the TMV Coat protein molecule is similar for the three 
aggregation states studied (virus, capsid, and disk) and consists 
of 40-50% CY helix, 4040% irregular structure, and 0-20% 

sheet. Two of the three tryptophan residues per protein 
molecule Teside in hydrophobic regions, and the third is in 
contact with water. The distribution of the four tyrosine 
residues per Ijrotein molecule among hydrogen-bonding states 
is the same fer capsid and virus but different for the disk. The 
latter could be a conidhence of the presence of C1- ibns which 
may form hydrogen bonds with one or more p-hydroxyl groups 
of tyrosine rehidues. 

The TMV system h y  received considerable study by nu- 
merous tkhniques of biochemistry and biophysics, and recent 
reviews Are available (Kdper, 1975; Holmes, 1980). In par- 
ticular, X-ray difftactictn studies have produced electron 
density maps at 4-A resolution for the virion (Stubbs et al., 
1977) and at 2.8-A resolution for the disk (Bloomer et al., 
1978). Molecular models derived from these maps show many 
details of the molecular structures and interactions. 

Raman spectroscopy measures the scattering of light as 
modulated by the normal modes of vibration in molecules of 
the sample. The intensities and frequencies of the Raman lines 
can be related to the interactions and structures of the mo- 
lecular subgroups invblved and in favorable cases have been 
used to measure protein and nucleic acid secondary structures. 
These results have permitted the use of Raman spectroscopy 
for the study of structure of both RNA and DNA viruses and 
nucleoproteins (Thomas, 1978). 

It was the goal of this work to obtain Raman spectra of 
TMV and its disk, capsid, and RNA and to interpret these 
in terms of protein ahd RNA structures and interactions. Two 
papers have recently appeared in which Raman spectra of 
TMV (Shie et al., 1978) and additionally some of its cam- 
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ponents (Fox et al., 1979) were presented. The previous 
Raman data on TMV will be discussed later in this paper, in 
connection with the present results. 

Materials and Methods 
Samples of TMV were kindly supplied as stock solutions 

of the Vulgare strain by Dr. C. A. Knight (University of 
California, Berkeley) and Dr. K. A. Holmes (Max-Planck- 
Institute, Heidelberg). 

TMV protein (A protein) was isolated from the virus by the 
method of Fraenkel-Conrat (1957). The capsid was prepared 
from solutions of A protein in distilled H 2 0  by increasing the 
ionic strength to 0.05 M with 2 M KCl and lowering the pH 
to 5 .5  with 0.1 M HCl. After incubation for 16 h at 4 OC, 
the capsid was harvested by centrifugation at 189000gfor 100 
min by using a Beckman SW50.1 rotor. The resulting pellet 
was dissolved in distilled water to a concentration of about 60 
mg/mL. 

Disks were prepared from solutions of A protein by in- 
creasing the ionic strength to 0.8 with KCl. After 16 h, the 
solution was centrifuged for 100 min at 189OOOg to remove 
large aggregates of protein, after which the disks remaining 
in the supernatant were pelleted by centrifugation at 189000g 
for 280 min. The pellet was dissolved in 0.8 M KCl, pH 8, 
to a concentration of about 50 mg/mL. 

TMV RNA was purified by the phenol extraction method 
of Knight (1975) which prescribes the use of 0.02 M phosphate 
buffer during the deproteination steps. However, when ethanol 
is subsequently added to precipitate the RNA, phosphate salts 
are also precipitated. For removal of the phosphate salts, 
which cause intense interfering lines in the Raman spectrum, 
the pellet was redissolved in H 2 0  and exhaustively dialyzed 
against distilled H20. The resulting RNA solution was made 
0.1 M with NaCl and precipitated with 2 volumes of ethanol. 
The resulting pellet was washed twice with cold 70% etha- 
nol-water, dried with a stream of air, and dissolved in 1 mM 
NaCl to approximately 30 mg/mL. (In an alternative pro- 
cedure, better suited to Raman spectroscopy, phosphate buffer 
may be replaced with 0.1 M NaCl or KCl which allows the 
precipitation of RNA without coprecipitation of interfering 
phosphate salts.) 

The total protein concentration in capsid, disk, or A protein 
was measured spectrophotometrically by using the extinction 
coefficient at 280 nm, = 1.27 mL mg-' cm-' (Fraenkel- 
Conrat, 1957). All protein saqples exhibited a UV absorption 
band maximum at 280 nm and minimum at 260 nm, as ex- 
pected (Durham, 1972). Concentrations of TMV and RNA 
were measured by using €260 values of 2.7 and 24 mL mg-' 
cm-I, respectively. 

The integrity of TMV samples and the success of the 
preparations of capsids and disks were evaluated by using UV 
spectroscopy and sedimentation. Samples of TMV were 
layered on 5-20% sucrose gradients and sedimented by using 
the Beckman SW50.1 rotor. A reasonably narrow band was 
obtained between 150 and 200 S as measured relative to a 70s 
marker band from Escherichia coli ribosomes. 

For the capsid, sucrose-gradient centrifugation showed a 
broad region of sedimentation above 50 S as measured from 
E.  coli ribosomal subunits. This is expected since capsids 
prepared as above have varying lengths (Durham, 1972; 
Durham & Finch, 1972). 

The capsid is clearly distinguished from the A protein by 
its characteristic light scattering which can be observed in the 
near-UV spectrum (Bakke, 1979). Our samples of capsid show 
this expected light scattering between 350 and 310 nm. 
Samples of A protein, on the other hand, show little or no such 

scattering in the 350-310-nm interval. 
Raman spectra were measured with a Spex Ramalog 

spectrometer using for excitation the line at either 488.0 or 
5 14.5 nm from an argon ion laser (Coherent Radiation Model 
CR2). The conditions for individual spectra are given in the 
captions. Further details of Raman instrumentation have been 
given elsewhere (Thomas, 1970). 

Results and Conclusions 
Spectra of Capsids and Disks. Secondary Structure of the 

Polypeptide Chain. Raman specfra of aqueous solutions of 
capsids and disks (Figure 1) show lines due to the normal 
modes of vibration of the amide groups which indicate the 
approximate molecular fractions of a-helical, P-sheet, and 
irregular structures present in protein molecules (Lord & 
Mendelsohn, 1972; Chen & Lord, 1974; Frushour & Koenig, 
1974; Painter & Koenig, 1975; Lippert et al., 1976). The 
strong and sharp line from the amide I mode at 1655 cm-l in 
the spectrum of the capsids or disks falls near the frequency 
characteristic of a helix and suggests that a significant fraction 
of the polypeptide chains in both the capsids and disks is in 
this configuration. A moderately intense line from the amide 
I11 mode is seen near 1248 cm-I for both the capsids and disks, 
which indicates that a significant fraction of irregular structure 
is present in the coat protein molecules of these aggregates. 
The weak line near 1278 cm-', also an amide I11 mode, in- 
dicates a helix and confirms the conclusion drawn from the 
amide I mode. The absence of significant Raman intensity 
near 1235 cm-' indicates that little if any 0-sheet structure 
exists for TMV coat protein molecules when in the form of 
capsids or disks. 

The line at 933 cm-' arises from a skeletal C-C-N mode 
of the amide group and is also indicative of a-helical structure 
(Yu & Jo, 1973; Frushour & Koenig, 1974). The intensity 
of the line at 933 cm-' appears to be significantly greater in 
the spectrum of disks than in the spectrum of capsids. For 
example, the intensity ratio Z933/Z1005 is 0.31 f 0.02 for the 
disks and 0.22 f 0.02 for the capsids. Here, the choice of ZlmS 
as the normalization basis is arbitrary. This may indicate 
substantially more a helix in disks than in capsids, but further 
experiments are needed to verify the validity of using the 
1005-cm-' line (due to phenylalanine residues) as a normal- 
ization basis. We note that in most (Frushour & Koenig, 
1975) but not all (Thomas & Day, 1981) protein aggregates, 
the 1005-cm-' line is relatively invariant to changes in state 
of aggregation. In addition, other amino acid residues may 
contribute to the Raman intensity observed at 933 cm-', so 
that the observed intensity difference between capsids and disks 
may have a more complex origin. 

Two empirical methods have been described to estimate the 
fraction of polypeptide chains in the a-helical, &sheet, and 
irregular structures by using amides I and I11 Raman inten- 
sities. The method of Lippert et al. (1976) requires spectra 
of deuterated protein, which are not available for TMV com- 
ponents. The recent method of Williams et al. (1980) is 
currently being evaluated for its applicability to TMV. Al- 
ternatively, we have compared the Raman spectra of the TMV 
capsids and disks with Raman spectra of capsids from turnip 
yellow mosaic virus (TYMV) (Hartman et al., 1978) and with 
the spectra of several proteins (Lippert et al., 1976) for which 
the secondary structures are known. By comparing the amide 
bands mentioned above, we arrive at the following estimate 
of secondary structure for protein subunits of TMV capsids 
and disks: 4040% a helix, 40-50% irregular structure, and 
0-20% fl  sheet. The imprecision in these estimates is the 
consequence of differences among the model proteins and 
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FIGURE 1: Raman spectra of TMV [7% (w/v) in 0.02 M Tris-N03, pH 7.01, capsid [6% (w/v) in distilled H20, pH 5.51, disk [4% (w/v) 
in 0.8 M KCl, pH 8.01, and TMV RNA [3% (w/v) in 1.0 mM NaCI, pH 7.01. The sample temperature is 32 "C for all spectra with the 
exception of TMV RNA which is thermostated at 0 OC. Conditions: wavelength = 514.5 nm, power = 300 mW, slit width = 10 cm-l, scan 
speed = 25 cm-' min-I, and rise time = 10 s. 

uncertainties in base lines of the spectra. 
Two other differences are observed between the spectra of 

capsids and disks which may be related to protein structure. 
First, the capsid has a Raman line at  975 cm-'. This line is 
much weaker in the spectrum of the disk. Second, the region 
from 1070 to 1150 cm-' shows clear differences when capsids 
and disks are compared. Again, the interpretation of these 
differences will require further work. 

Environment of the Tryptophan Residues. The indole rings 
of the three tryptophan (Trp) residues known to exist in each 
TMV coat protein molecule give rise to a number of lines in 
the spectra of capsids and disks. Those near 1555 and 761 
cm-' are prominent and may be used as intensity references 
while those at  1356 and 877 cm-' are sensitive to the envi- 
ronment of the indole rings (Frushour & Koenig, 1975; Ki- 
tagawa et al., 1979). 

When the indole groups are surrounded by other hydro- 
phobic groups, the line near 1356 cm-' is strong and sharp and 
manifests an intensity comparable to the intensities of other 
Trp lines at  1555 and 761 cm-' (Chen et al., 1974). For Trp 
residues exposed to solvent, the 1356-cm-' line has an intensity 

value similar to the 1555 and 761 cm-' lines and is partially 
resolved at moderate resolution (Figure 1). We conclude that 
at least two of the three Trp residues per coat protein molecule 
are in hydrophobic environments in both the capsid and disk 
structures. 

Recent work suggests that the 877-cm-' line may provide 
a quantitative estimate of the fraction of Trp groups in hy- 
drophobic environments (Kitagawa et al., 1979). The ratio 
of the intensity of this line (I877) to that of the line at 1455 
cm-' (I1455) is said to be near 0.3 when all indole groups are 
in hydrophobic environments and near 0.1 when they are 
exposed to solvent (water). Within experimental uncertainty, 
we find 1877/11455 is 0.23 for both capsid and disk, which in- 
dicates according to the correlation proposed by Kitagawa et 
al. (1979) that two of three indole groups per coat protein 
molecule exist in hydrophobic environments. 

Environmertt of the Tyrosine Residues. The four tyrosine 
(Tyr) residues in each TMV coat protein molecule give rise 
to Raman lines near 854 and 827 cm-' which are sensitive to 
the state of hydrogen bonding of the OH group of Tyr (Si- 
amwiza et al., 1975). (These and other lines assigned to Tyr 
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Table I: Possible Distributions of Tyrosines among Different 
Bonding States in Disk, Capsid, and Virusa 

no. of bonds 

states A B C 

cv- 1 0 4 0 
cv- 2 1 2 1 
07-3 2 0 2 
D- 1 1 0 3 
D- 2 0 2 2 
D- 3 0 3 1 

a Abbreviations: (sv denotes capsid or virion and D denotes 
disk. A, B, and C refer to  hydrogen-bonding configurations of 
tyrosines (Siamwiza et al., 1975) as defined in the text. 

are so labeled in Figure 1.) The ratio of intensities for these 
lines (RTyr = Z854/Z827) has been correlated with three kinds 
of hydrogen bonds. (A) For an OH group of Tyr which 
accepts a strong hydrogen bond from a positive group, e.g., 
from -NH3+ of lysine, RTyr is approximately 2.5. (B) For an 
OH group which forms moderate hydrogen bonds with water 
or with other similar OH groups, RTyr is near 1.25. (C) For 
an O H  group which donates a strong hydrogen bond to a 
negative acceptor, e.g., to the carboxylate group of glutamic 
acid, RTy, is near 0.3. 

Each of the four tyrosine residues in a protein subunit might 
participate in a type A, B, or C hydrogen bond, and each can 
contribute Raman intensity at 854 and 827 cm-'. Therefore 
the value observed for RTyr represents the average from four 
Tyr residues per subunit. In principle, there exist 15 com- 
binations of four indistinguishable groups distributed in three 
bonding situations with no restrictions as to the number with 
a given kind of bond. Restrictions may result, however, from 
tertiary structure which determines the groups available for 
hydrogen bonding with the Tyr residues (see Discussion). We 
have used the observed value of RTyr for capsid (1.3 1 f 0.15) 
to eliminate some of the 15 alternative distributions, assuming 
equivalency of each protein molecule in the disk or capsid and 
assuming no restrictions from tertiary structure. 

The data of Siamwiza et al. (1975) suggest the following 
empirical equation from the observed value of RTyr, to within 
10% accuracy: 

RTyr = 2.5XA + 1.25XB + 0.3Xc 

where X,, X,, and X, represent the fractions of Tyr residues 
participating in type A, B, and C bonds, respectively. On the 
basis of this equation, there are three possibilities consistent 
with the value of RTyr measured for capsids. These are shown 
in Table I. The twelve remaining combinations are excluded 
by the data. 

For protein molecules in the form of the disk, RTY was found 
to be 0.91 f 0.13. Application of the above equation suggests 
three possible distributions of hydrogen bonding as shown in 
Table I. Note that all of these distributions are different from 
those proposed for the capsid. 

Spectrum of TMV RNA. The Raman spectrum of RNA 
extracted from TMV (Figure 1) is quite similar to spectra of 
RNA from other viruses (Thomas et al., 1976; Turano et al., 
1976) and of rRNA and tRNA from E.  coli (Thomas, 1970; 
Thomas et al., 1980). Two of the lines in this spectrum which 
arise from the phosphodiester linkages have been used to es- 
timate the amount and kind of secondary structure present 
in RNA (Lafleur et al., 1972). In this method, the intensity 
of the line near 1096 cm-' (ZIog6) serves as an intensity 
standard. A line near 814 cm-l indicates the backbone 
structure charqcteristic of aqueous RNA qnd polyribo- 

nucleotides designated the "A RNA" structpre (Amott, 1970). 
Further, the intensity ratio RP = Z814/Z1096 i s  a measure of the 
amount of such type-A structure present (Thomas & Hart- 
man, 1973). 

We measured RP for TMV RNA solutions at 0 and 32 OC 
and found values of 1.47 f 0.06 and 1.29 f 0.02, respectively. 
These values indicate that approximately 90% of the RNA 
backbone has type-A structure at 0 OC, and this reduces to 
79% at 32 "C. This result is similar to those obtained for most 
other kinds of RNA (Hartman et al., 1973; Thomas et al., 
1976, 1980), but TMV RNA has more type-A structure than 
was found in TYMV RNA (Turano et al., 1976). The 
moderate decrease in type-A structure with increasing tem- 
perature over the range 0-32 OC has been observed for MS2 
RNA (Thomas et al., 1976) and rRNA (Thomas et al., 1980) 
as well as for tRNA and 5s RNA (Chen et al., 1975, 1978). 

The remaining strong lines in the RNA spectrum are as- 
signed to ring vibrational modes of the bases. Of these, the 
lines at 670 and 1482 cm-' are hyperchromic; Le., the intensity 
increases as the bases stack in a regular structure, while most 
of the other Raman lines are hypochromic, Le., the intensity 
decreases with base stacking (Small & Peticolas, 1971a,b; 
Lafleur et al., 1972; Morikawa et al., 1973; Prescott et al., 
1974). Since, in TMV RNA at 0 "C, 90% of the bases 
participate in type-A structure, extensive stacking and pairing 
of bases is possible, and appropriate hyperchromic and hy- 
pochromic effects should exist in the spectrum. Thus, the 
normally weak line from guanine residues at 670 cm-I is 
relatively strong in the spectrum of Figure 1 as expected for 
guanine in a stacked structure (hyperchromism), and the 
normally well-resolved line of cytosine near 1530 cm-' has been 
reduced to a nondetectable level by stacking of the cytosines 
(hypochromism). [The mole fractions of guanine and cytosine 
in TMV RNA are 0.24 and 0.20 (Knight, 1975), respectively, 
which should also be taken into account when the data of 
Figure 1 are compared with those of @her RNAs.] 

Spectrum of the Virus. Secondary Structure of the Poly- 
peptide Chain. The Raman spectrum of an oriented gel of 
TMV, prepared according to the method of Gregory & 
Holmes (1965), shows a strong line at 1656 cm-', due pre- 
dominantly to the amide I mode of coat protein molecules 
(Figure 1). The relatively weak scattering from RNA near 
1650-1 700 cm-' does not influence the position of the amide 
I peak. Amide I of TMV is therefore positioned at essentially 
the same frequency found for the capsids and disks and sug- 
gests that the coat protein molecules in the virus have an 
amount of a helix similar to that in the subunits of capsids 
and disks. This conclusion is supported by the intensity of the 
line near 933 cm-I from the C-C-N skeletal mode for which 

In the amide I11 region of TMV, it is difficult to interpret 
quantitatively the significance of the Raman line near 1246 
cm-', since the observed intensity here includes small con- 
tributions from adenine, cytosine, and uracil residues of the 
RNA (Thomas, 1970). Nevertheless, the overall band con- 
tours are similar to those observed for the capsids and disks, 
which supports the conclusion that coat protein molecules of 
the virion have approximately the same amounts of a-helical, 
P-sheet, and irregular structures as in the capsid and disk 
states. 

Environment of the Tryptophan Residues. As for capsids 
and disks, the Raman spectrum of TMV shows a discernible 
shoulder at 1356 cm-'. The broad scattering envelope in this 
region expected from RNA does not obscure this feature. A 
high-resolution scan of this region (Figure 2) clearly reveals 

1933/11005 = 0.31 f 0.02. 
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FIGURE 2: High-resolution Raman spectrum of TMV [7% (w/v) in 
0.02 M Tris-N03, pH 7.01. The sample temperature is 32 "C. 
Conditions: wavelength = 514.5 nm, power = 300 mW, slit width 
= 4 cm-l, scan speed = 25 cm-' min- , and rise time = 3 s. 

the line of Trp at 1356 cm-I. The intensity of the 1356-cm-' 
line relative to lines at 761 and 1555 cm-' again suggests that 
the majority of Trp residues exist in hydrophobic environments 
as found for capsids and disks. 

The line from Trp at 877 cm-' is separated from scattering 
of RNA, and its intensity may be reliably measured as was 
done for capsids and disks. We find the ratio 1877/11455 to be 
0.23, which is the same as for capsids and disks and which 
supports the conclusion that at least two of three Trp residues 
per coat protein molecule exist in hydrophobic environments 
(Kitagawa et al., 1979). 

Environment of the Tyrosine Residues. The region 800-850 
cm-' of the Raman spectrum of the virion is expected to 
contain lines from vibrational modes of the RNA backbone 
(Thomas & Hartman, 1973) and from the tyrosine residues 
of the protein (Siamwiza et al., 1975). As seen in Figure 1, 
the lower frequency line of the tyrosine doublet (expected near 
828 cm-I) and the RNA line (expected near 815 cm-') are 
fused to give the appearance of a single broad line centered 
at approximately 822 cm-I. 

The situation is clarified by a high-resolution spectral scan 
of this region (Figure 3) which reveals three distinct lines at 
812, 820, and 827 cm-I. Although this complexity precludes 
the simple computation of RTyr as done for capsids and disks, 
we have estimated this value by an indirect approach. We 
assign with confidence the lines at 8 12 and 820 cm-' to RNA 
(see the following section) and the line at 827 cm-' to Tyr. 
The RNA lines actually give some residual intensity at 827 
cm-' as well as at lower frequency values where Tyr would 
no longer scatter, which makes the choice of base line un- 
certain. To circumvent this problem, we proceeded as follows. 
First, we estimated the scattering envelope of the Trp line at 
760 cm-', extended to its apparent minimum near 814 cm-' 
as deduced from the spectrum of the capsid, Figure 1. This 
is justified since Trp residues occur in equal numbers in capsid 
and virion and the line at 760 cm-' is independent of envi- 
ronment (Kitagawa et al., 1979). Next a straight line was 
drawn from the minimum of the estimated scattering envelope 
at 814 cm-' to the next minimum in the spectrum at about 
900 cm-I. The resulting tangent was used as a base line to 
measure less and from which RTyr was computed to be - 1.3. This suggests that the bonding of the four OH groups 
of the tyrosine residues in each coat protein molecule has the 
same three possibilities in the virion as determined'for the 

I350 c m - '  I200 

FIGURE 3: High-resolution Raman spectrum of TMV [5% (w/v) in 
0.02 M Tris-N03, pH 7.01. The sample temperature is 32 OC. 
Conditions: wavelength = 514.5 nm, power = 300 mW, slit width 
= 4 cm-', scan speed = 10 cm-' min- , and rise time = 10 s. 

capsid (Table I), but the certainty of this conclusion is ob- 
viously lower for virions, because of the assumptions made in 
the above described procedure. 

Conformation of RNA in the Virion. The virion of TMV 
contains only 5 wt % RNA, which suggests that Raman lines 
from RNA in the spectrum of the virion will be weak and often 
obscured by protein. This is indeed the case for the 1650- 
1700-cm-' region of the spectrum discussed above. In 
searching for other RNA lines, we compared numerous 
spectral scans of the virion with scans of protein (disks and 
capsids) and RNA, using varying conditions of spectral res- 
olution. This allowed the identification of the following RNA 
lines in the spectrum of the virion. 

The normally strong RNA line at 1574 cm-' (due to adenine 
and guanine) is seen as a "filling-in" of the minimum observed 
near this frequency in the spectrum of the capsid. The equally 
strong line due to adenine and guanine at 1482 cm-' in the 
RNA spectrum is not resolved in the spectrum of the virion 
shown in Figure 1 but is clearly visible as a weak shoulder near 
1480 cm-' in a high-resolution spectrum of the virion (not 
shown in Figures 1-3). The RNA lines near 1325 and 1335 
cm-' contribute to the broad and intense Raman scattering 
observed in this region for the virion. The strong RNA lines 
due to cytosine and uracil near 1240 cm-' are observed as 
increased intensity in the amide I11 region of the spectrum of 
the virion. The line near 1096 cm-' due to PO2- groups of 
RNA is difficult to locate on top of the broader band from 
protein in this region. The examination of many spectra 
suggests only a slight increase in intensity at 1096 cm-' which 
is not readily apparent in Figure 1. The important RNA line 
expected near 814 cm-' (Thomas, 1970) is seen instead as part 
of the composite band at 822 cm-' and is resolvable into two 
RNA components at 820 and 812 cm-' (Figure 3). The 
overlapping and strong lines due to uracil and cytosine (780 
cm-I) as well as the moderately intense line due to adenine 
(721 cm-') are prominent features in the spectrum of the 
virion. The guanine line at 670 cm-' is weak but is always 
observed in TMV. 

As stated in the preceding paragraph, in the spectrum of 
TMV only very little intensity due to RNA is seen at 1096 
cm-'. Although cannot be measured precisely, it is clear 
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in Figure 1 that Z721/Z1096 is much greater than unity in the 
virion whereas the corresponding ratio in RNA (Z724/Z1096) is 
less than unity. Since the adenine line at 721 cm-' is known 
to be hypochromic, this result suggests that its intensity is 
enhanced in TMV vis-&vis purified TMV RNA; Le., in TMV 
most adenine bases are no longer stacked in the same way that 
occurs in protein-free RNA. The same argument may be 
applied to the hypochromic lines at 1574 (A and G), 1246 (U 
and C), and 783 cm-' (C and U) and to the complex of lines 
between 1295 and 1350 cm-'. For each of these lines, Z/ZIw6 
is larger in TMV than in protein-free TMV RNA. 

It is therefore clear from numerous lines in the Raman 
spectra that the RNA bases have a very different arrangement 
in the virion than in the protein-free state. This difference 
is consistently in favor of less base stacking in the virion. We 
turn now to an analysis of the Raman lines of the RNA 
backbone. 

At high resolution (Figure 3), the spectrum of TMV has 
a clear-cut peak at 820 cm-I with a well-resolved shoulder at 
812 cm-l and a diffuse shoulder at 827 cm-I. Since spectra 
of the capsids and disks have a line due to Tyr near 828 cm-I, 
we conclude that the shoulder located at 827 cm-' in the 
spectrum of the virion is due to Tyr. Furthermore, since 
neither the disks nor capsids have Raman lines near 812 or 
820 cm-', we assign these lines to RNA. It is evident also from 
Figure 3 that the 820-cm-' component is about twice as intense 
as the 812-cm-' feature. 

If these assignments are correct, they indicate a significant 
change in the phosphodiester group (C-0-P-0-C) frequency 
for RNA in the virion, as compared with protein-free aqueous 
TMV RNA. One interpretation of these data is the following. 
At least two of the three RNA nucleotides which bind to each 
TMV protein subunit, by virtue of their unusual phosphodiester 
frequency (820 cm-I), have a substantially different geometry 
than has been previously observed by Raman spectroscopy for 
aqueous RNA and polyribonucleotides. The third nucleotide, 
on the basis of its phosphodiester frequency (812 cm-') could 
have a geometry similar to that normally occurring in aqueous 
or crystalline RNA (Thomas, 1970; Chen et al., 1975), po- 
lyribonucleotides (Thomas & Hartman, 1973), and A DNA 
(Erfurth et al., 1972). 

On the other hand, recent results from X-ray diffraction 
analysis (Stubbs & Stauffacher, 1981) suggest that although 
all three nucleotides of the TMV binding site have the C3'- 
endo pucker of the ribose ring characteristic of A DNA and 
A RNA (Arnott, 1981), none of them has the g-g- confor- 
mation of the C-0-P-0-C dihedral angles generally found 
in helical RNA structures. Thus, X-ray diffraction data in- 
dicate that all three nucleotides of the binding site differ 
conformationally from the classical type-A conformation. 
These TMV conformers have been given as tg', g'g' and g'g- 
(Stubbs & Stauffacher, 1981). 

If the structure of TMV in crystalline (X-ray) and aqueous 
(Raman) states is the same, then we must conclude that two 
of the nucleotide conformers yield essentially the same Raman 
phosphodiester frequency (820 cm-I) and the third yields a 
different frequency (812 cm-') that happens to nearly coincide 
with the frequency of the g-g- conformer. Further work on 
model compounds will be required to determine which two of 
the three conformers are responsible for the 820-cm-' fre- 
quency. 

Discussion 
A number of problems slowed the work reported here. In 

1975, the small quantity of TMV on hand limited the con- 
centration of samples for Raman spectroscopy, causing weak 

lines with poor signal to noise. This was remedied by the gift 
of significant quantities of TMV from Dr. C. A. Knight. 
Concentrated solutions (up to 100 mg/mL) were later pre- 
pared which gave much better spectra, but one major problem 
remained. The scattering background fluctuated slowly which 
caused the measured intensities of supposedly stable lines (e.g., 
11455 and Il055) to vary greatly from scan to scan. This pre- 
vented quantitative analysis of the tyrosine and tryptophan 
lines given above and precluded reliable interpretation of the 
data. 

The fluctuation of the background intensity appears to be 
due to nonspecific aggregation of the virions in concentrated 
solutions which could not be prevented by varying the ionic 
strength and pH. The problem was finally eliminated by the 
use of oriented gels of TMV (Gregory & Holmes, 1965) from 
samples donated by Dr. Holmes. These samples are similar 
to those used in X-ray diffraction studies. The Raman spectra 
of virus from both sources were identical except for the 
fluctuating background of the former. 

In a recent Raman study (Fox et al., 1979), spectra have 
been described as those of TMV, its RNA, and A protein. 
However, all of the spectra of Fox et al. (1979) are very 
different from those obtained by us. Their sample of A protein 
appears to be much less concentrated than 10% protein in 
water and surprisingly contains no characteristic Raman lines 
of Trp at 1555, 1424, 1368, and 878 cm-'. A similar problem 
applies to their spectrum of TMV, which could be contami- 
nated with other Raman active impurities. Their spectrum 
of TMV RNA contains lines at 1460, 1126, 1180, 1050,998, 
and 888 cm-' which have intensities not typical of RNA 
(Thomas, 1970) and might be due in part to inorganic 
phosphate contaminants (Chapman & Thirlwell, 1964). 

Shie et al. (1978) have also published and interpreted a 
Raman spectrum of TMV in aqueous solution. Their results 
and conclusions are similar to ours except as noted below. 

A number of weak maxima and shoulders (e.g., at 1718, 
1706, 1666, 1405, 1085,980, 816, and 796 cm-I) are found 
in their spectrum but not in ours. One explanation might be 
that they used a higher resolution than that stated (say 5 cm-' 
instead of 10 cm-I). A second more plausible explanation is 
that the Raman lines are affected by contaminants, such as 
the 0.01 M phosphate buffer which they employed. 

The Raman frequencies cited by Shie et al. (1978) at 816 
(peak) and 796 cm-' (shoulder) are very important since they 
are in the region of conformationally sensitive, phosphodiester 
frequencies discussed above. We have reviewed all of our 
spectra of TMV taken both before and after the publication 
of the data of Shie et al. (1978), at resolutions of 5 cm-' as 
well as 10 cm-', and in no case do we find a shoulder at 796 
cm-'. The latter value is in fact near a minimum in our 
spectra. Therefore we do not agree with the conclusions of 
Shie et al. (1978) regarding both the interpretation of the 
structure of RNA in TMV and the significance of the Raman 
phosphodiester frequency. 

Another major difference in the spectra is the intensity ratio 
of the tyrosine lines, RTyr. Shie et al. obtained RTyr = 0.75, 
a value much lower than the highly reproducible value (RTyr 
= 1.31 f 0.15) obtained by us. We note that our value was 
computed after correction for intensity due to RNA. Shie et 
al. (1978) make no mention of such a correction. 

Regarding assignments of the lines in the Raman spectrum 
of the virus, Shie et al. (1978) assign lines above 1700 cm-' 
to -C02H groups and lines near 1390 and 1415 cm-I to -COT 
groups from aspartic and glutamic acid residues. We believe 
these assignments are unlikely since the relevant vibrational 
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A conformation (g-g-) (Stubbs & Stauffacher, 1981). Our 
conclusions on the RNA backbone in TMV agree with the 
X-ray results, by showing that at least two of the three 
backbone linkages are geometrically different from those 
normally occuring in aqueous RNA or A DNA. The Raman 
picture of RNA in the virus particle is thus quite different from 
that in protein-free RNA. Moreover, in the virion, the hy- 
pochromism of many lines due to the RNA bases has been 
lost, which conclusively shows that the bases no longer stack 
as they do in protein-free RNA, again in accord with the X-ray 
model. 

The present results on RNA phosphodiester group fre- 
quencies in TMV support the growing recognition that nucleic 
acid structures do not fall into a few narrow groups, such as 
the A, B, and C forms of DNA. Instead, nucleic acid struc- 
tures occupy diverse positions in a wide range of possible 
conformations. This has been pointed out by Arnott (1981) 
for helical polynucletides and should be even more the case 
for protein-associated viral nucleic acids. The appearance of 
a phosphodiester group frequency at 820 cm-I in TMV thus 
signifies a new RNA conformation detectable by Raman 
spectroscopy. Further study of model compounds will be 
required to answer the important questions of which con- 
formers yield this frequency and to what extent are the 
phosphodiester group frequencies perturbed by intermolecular 
interactions involving H20,  metal ions, and amino acid side 
chains. 

The Raman spectra of TMV and its capsid and disk have 
provided estimates of the environment and bonding of tryp- 
tophan and tyrosine residues which may be compared with 
models of the coat protein molecule derived from X-ray dif- 
fraction studies. The model derived for the disk is clear a t  
radii greater than 60 A, where all tyrosine and tryptophan 
residues are located (Bloomer et al., 1978). The model for 
the virus (Stubbs et al., 1977) does not show this region, but 
comparisons suggest that details are the same in virus, capsid, 
and disk (Bloomer et al., 1978; Stubbs et al., 1979). 
Fluorescence spectroscopic studies also suggest that the en- 
vironment of tryptophan and tyrosine residues is not changed 
among monomer, A protein, and capsid (Guttenplan & Calvin, 
1973), although work using circular dichroism predicts that 
some changes in tyrosine environment do occur during ag- 
gregation of protein. [For a review of chemical and spectro- 
scopic studies, see Kaper (1975).] In the following, we will 
assume that the model for the disk also gives the approximate 
locations and environments for the capsid and virus. Evidence 
from chemical studies will also be mentioned. 

Raman spectra predict that two out of three tryptophan 
residues are in hydrophobic environments and that one is in 
contact with solvent water. This is in good agreement with 
the model of X-ray work and with the results of chemical 
studies. The former places Trp-17 in the &sheet structure and 
Trp-52 between the fl sheet and the right slew a helix. Both 
are in a hydrophobic region of the protein molecule. Trp- 152 
is six residues from the carboxyl terminus and is located on 
the outer surface of the molecule (at a radius of -85 A), 
which suggest contact with water. Hydrolysis with carboxy- 
peptidase shows that up to 22 of the final amino acid residues 
are on the outside of the molecule in the virus, and this is 
supported by serological and chemical studies (Kaper, 1975). 
Although Trp-152 does not react with N-bromosuccinimide, 
this is probably due to an unfavorable orientation which ex- 
cludes the reagent rather than to a complete screening of the 
indole side group by other hydrophobic residues. 

modes give very weak scattering, and at pH 7.2, only one 
carboxyl group per coat protein molecule would be protonated 
(Scheele & Lauffer, 1967; Butler et al., 1972). Furthermore, 
the lines at 1390 and 1415 cm-' do not diminish in intensity, 
and the lines above 1700 cm-' do not increase in intensity as 
the pH is lowered to 5.5 to titrate the second carboxyl group 
(K. A. Hartman, P. E. McDonald-Ordzie, B. Prescott, and 
G. J. Thomas, Jr., unpublished data). Such changes would 
be expected if -COT groups were protonating to form -C02H 
groups and are not observed in the Raman spectra of 0-lac- 
toglobulin recorded vs. pH in the range 8.0-4.0 (S. R. Fish, 
K. A. Hartman, and G. J. Thomas, Jr., unpublished data). 

In this work we have estimated that coat protein molecules 
in the capsid, disk, and virus have 40-50% of their peptide 
groups in a-helical regions, 40-50% in irregular structures, 
and 0-20% in the @-sheet structure. These values agree with 
those derived from X-ray studies. 

Bloomer et al. (1978) have obtained electron density maps 
of the disk at a resolution of 2.8 A and have located the amino 
acid residues with high accuracy. The four regions of a helix 
in the disk contain 60 residues or 38% of the coat protein 
molecule. Residues 49-52 comprise a 310 helix for a total of 
64 residues or 40.5%. In addition, 13 residues participate in 
a P-sheet structure (Le., 8.2%). This would leave about 51% 
of the amino acid residues in what we have called irregular 
structures which connect the regions of a helix and 0 sheet. 

Stubbs et al. (1 977) have obtained electron density maps 
of the virus at a resolution of 4 A which allowed them to fit 
idealized a-helical structures. They assigned four a-helical 
regions which are similar to those in the disk (Champness et 
al., 1976) and an additional region of a helix (called "vertical") 
at smaller radius for a total of 74 residues or 46.8% of the coat 
protein molecule. Those portions of the molecule farther than 
65 A from the axis of the particle were not as well resolved 
so that regions of 0 sheet and possibly other helical regions 
as well were not observed by Stubbs et al. (1977). However, 
X-ray diffraction data do suggest that protein molecules have 
very nearly the same structure in the capsid, disk, and virus 
(Stubbs et al., 1979; Bloomer et al., 1978). 

We have measured the intensity of the 933-cm-' line nor- 
malized to the intensity of the 1005-cm-' line in spectra of the 
capsid, disk, and virion and find the capsid to have less intensity 
at 933 cm-' than either disk or virion. This could be inter- 
preted (Frushour & Koenig, 1975) to suggest that the capsid 
has less a helix than the virion or disk, which does not agree 
with X-ray results. However, no quantitative method has been 
proposed for the evaluation of a helix from the 933-cm-' line 
intensity, and other lines from the C-C-N network may also 
be involved. For instance, the capsid has a well-defined 
moderate peak at 973 cm-' which is missing from thespectrum 
of the disk. Reliable interpretation of these lines, which have 
varying frequencies from protein to protein (Thomas & Day, 
1981; Thomas et al., 1981), must await further study, but if 
the intensity of the 933-cm-' line is proportional to the fraction 
of a helix in the TMV protein molecule, we would expect 
higher resolution diffraction analysis to show that the capsid 
contains fewer helical regions than exist for the disk and virion. 

A model for the RNA molecule in the TMV particle has 
also been derived from diffraction data (Stubbs et al., 1977; 
Stubbs & Stauffacher, 1980, 1981). In this model, the bases 
reside against hydrophobic regions of the left radial helix which 
precludes the possibility of base-stacking interactions. Also, 
the C-0-P-0-C conformations of the three nucleotides as- 
sociated with the protein binding site are significantly different 
from one another (tg', g'g', and g'g-) and from the classical 
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The Raman spectra of the virus and capsid predict three 
possible distributions of the four Tyr residues among three 
kinds of hydrogen bonds (see Table I). The model of the 
protein molecule from X-ray diffraction of the disk shows that 
none of the Tyr residues is hydrogen bonded to either lysine 
or arginine residues (type-A bonds) or glutamic or aspartic 
acid residues (type-C bonds), and it is very likely that this 
applies to the capsid and virus also. 

The second residue from the amino terminus is on the 
surface of the model and is chemically reactive under certain 
circumstances. The p-hydroxyphenyl group could project 
toward the hydrophobic region at smaller radius which could 
sterically limit reactivity, but the total exclusion of water from 
the O H  group seems unlikely. Therefore Tyr-2 should form 
type-B hydrogen bonds with water. 

Tyr-70 is in the &sheet structure with its side chain distal 
to the sheet pointing out of the hydrophobic region. On the 
basis of the published ribbon model, which does not show the 
positions of side groups, it is likely that the OH group of 
Tyr-70 also forms type-B bonds with water. 

Tyr-72 is between the p sheet and the right radial a helix 
and appears to project into the space between protein mole- 
cules. From the model presented, we cannot judge the ac- 
cessibility to water of Tyr-72. 

Tyr- 139 is in a hydrophobic cluster with Tyr-70 and Trp- 17 
but is considered to be the most chemically reactive of the four 
tyrosine residues, which suggests that water molecules could 
approach the O H  group of Tyr- 139. 

The X-ray results eliminate the second two alternative 
distributions given in Table I (Le., CV-2 and CV-3). 
Therefore, Raman and X-ray data considered together suggest 
that all Tyr residues participate in moderate hydrogen bonds 
with water molecules (or the OH groups of Ser or Thr resi- 
dues) in the capsid and virus. 

Although we expect the same result for the disk as for the 
capsid and virus, the Raman spectra predict three very dif- 
ferent distributions (D-1, D-2, and D-3 in Table I), one of 
which requires one type-A bond and the others require com- 
binations of type-B and type-C bonds. Neither type-A nor 
type-C bonds are likely from the X-ray models. It appears 
that a conflict exists between the Raman data and the results 
from X-ray studies. The resolution probably lies in the fact 
that we prepared the samples of disk by increasing the con- 
centration of KC1 to 0.8 M at pH 8 (rather than titrating 
samples of small volume into a narrow pH region). Chloride 
ions may accept strong hydrogen bonds and might substitute 
for -C02- in providing type-C bonds for tyrosine in our sam- 
ples of disk. (We plan to check this by preparing disks in low 
concentrations of KCl as were used with capsids in the present 
work,) If this explanation is correct, we may eliminate the 
first two alternatives for the disk (see Table I) and state that 
three type-B bonds (to H 2 0  or similar OH groups from serine 
or threonine) and one type-C bond (to C1-) exist in disks 
prepared by our method. This, if correct, would demonstrate 
that one of the tyrosine residues is so located as to allow the 
approach of C1- while three are not. 
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Binding Reaction between the Third Human Complement Protein and Small 
Moleculest 

Sai-Kit A. Law,* Tana M. Minich, and R. P. Levine 

ABSTRACT: The covalent binding reaction of the third com- 
plement protein (C3) to receptive surfaces is thought to pro- 
ceed by the following mechanism. An internal thioester [Tack, 
B. F., Harrison, R. A., Janatova, J., Thomas, M. L., & Prahl, 
J. W. (1980) Proc. Natl. Acad. Sci. U.S.A. 77,5764-5768; 
Law, S. K., Lichtenberg, N. A., & Levine, R. P. (1980b) Proc. 
Natl. Acad. Sci. U.S.A. 77, 7194-71981, which is usually 
hidden within the C3 molecule, is exposed upon proteolytic 
activation of C3 to C3b* (the hypothetical conformation of 
C3b which has the capacity to bind to receptive surfaces and 
small molecules). The exposed thioester is accessible to attack 
by hydroxyl groups on receptive surfaces. An acyl transfer 
reaction takes place, leading to the binding of C3b to the 
receptive surfaces via an ester linkage [Law, S. K., Lichten- 
berg, N. A., & Levine, R. P. (1979) J.  Zmmunol. 123, 
1388-1 35141. We have used a fluid-phase system to demon- 

%e binding of C3b, the activated form of the third com- 
plement protein (C3), to cell surfaces is a central step in the 
humoral immpne defense against infection. The binding re- 
action between C3/C3b and receptive surfaces (RS)' has been 
studied by several laboratories, and a model of the chemistry 
of the binding reaction has been proposed. This model is 
schematically shown in Figure 1. There is an internal thioester 
within C3 (Janatova et al., 1980a; Pangburn & Muller- 
Eberhard, 1980; Howard, 1980; Tack et al., 1980; Law et al., 
1980b) between a cysteinyl residue and a glutamyl residue 
(Tack et al., 1980). These amino acids are separated by two 
amino acid residues along the a chain of C3 (Tack et al., 
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strate the specific binding of different small molecules to the 
labile binding site of C3. The small molecules include glycerol, 
different hexose monomers, sucrose, raffinose, and four amino 
acids. These molecules bind to C3b with different efficiencies, 
indicating that there is an order of preference of C3b* for these 
molecules. In certain cases, the small molecules bind to C3b 
via ester linkages (e.g., glucose); in others, the bond is an amide 
linkage (e.g., lysine). We have also studied the concentration 
dependence of the binding of small molecules to C3b. The 
binding is consistent with the following reaction scheme: 
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I c3 activation C3bl 
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1980). The thioester is probably protected in a hydrophobic 
pocket since it is quite stable in aqueous medium (Pangburn 
& Muller-Eberhard, 1980; Law et al., 1980b), and it is more 
accessible to methylamine than similar nucleophiles of pro- 
gressively larger sizes such as ethylamine, isopropylamine, and 
tert-butylamine (Pangburn & Muller-Eberhard, 1980). The 
activation of C3 is initiated by the proteolytic conversion of 
C3 to C3a and C3b. Activation imparts to the C3b portion 
of the molecule the capacity to bind to receptive surfaces, and 
it has been described as the exposure of a labile binding site 
of C3 (Muller-Eberhard et al., 1966) that has a lifetime on 

I Abbreviations: C3b*, the hypothetical conformation of C3b which 
has the capacity to bind to receptive surfaces and small molecules; RS, 
receptive surfaces; CHI",, methylamine; SBTI, soybean trypsin in- 
hibitor; PMSF, phenylmethanesulfonyl fluoride; NaDodSO,, sodium 
dodecyl sulfate; BE, binding efficiency; k, rate of conversjon of C3 to 
C3b* by trypsin; ko, rate of decay of C3b* to C3b in the fluid phase; k', 
rate of binding of glycerol to C3b* to form C3b-glycerol. 
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