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ABSTRACT: Znovirus C2 is 1295 nm long and 6.8 nm in diameter, and its mass is 24 million Da. Its 
genome is a topologically circular, single-stranded DNA molecule of 8100 nucleotides. The DNA is 
packed in the virion as two antiparallel strands, with a rise per nucleotide in each strand of 3.2 A; it can 
be assigned spectroscopic properties like those of base-stacked, right-handed, double-stranded DNA. The 
stoichiometric ratio (nls) of nucleotides to subunits of the major coat protein is close to 2. The protein 
subunit contains 52 amino acids, and the DNA sequence of its gene does not encode a signal peptide. 
The protein conformation in the virion is helical, mostly a-helix with perhaps some 3whelix. The amino 
acid sequence of the DNA interaction domain of the subunit is unique among Znovirus species. On the 
basis of its coat protein sequence and available theories of helical symmetry in such structures, C2 appears 
to be either an unusual member of filamentous virus symmetry class I1 or the defining member of a new 
symmetry class. 

C2 is a virus of the genus Znovirus, the members of which 
are flexible filaments on the order of lo3 nm in length, but 
less than 10 nm in diameter. Each of these viruses contains 
a topologically circular, single-stranded DNA molecule 
within a shell of highly a-helical coat protein subunits. The 
loop of DNA extends from one end of the virion to the other, 
so that there are two antiparallel strands. X-ray fiber 
diffraction pattems and mass-per-length measurements have 
yielded the fundamental helical symmetries of the protein 
coats of six such viruses, on the basis of which they fall 
into two symmetry classes (Marvin et aZ., 1974a,b; Wiseman 
&Day, 1977; Newman et al., 1977, 1982; Nave et aZ., 1981; 
Makowski & Caspar, 1981; Peterson et al., 1982). For each 
virus in class I (Ff, IKe, and Ifl), the protein subunit helix 
has a 5-fold rotational axis with an approximate 2-fold screw, 
the symmetry being designated CsS-2. In class I1 viruses 
(Pf 1, Xf, and PB), the protein helices have approximately 
5.4-fold screw symmetry, nominally ClS-5.4. The subunits 
in successive levels of pentamers in class I virions, or the 
subunits in successive helical tums in class I1 virions, 
interdigitate to form the cylindrical shells around the DNA, 
with 10 (class I) or 11 (class 11) a-helical segments of 
different subunits forming the inner wall at each point [see, 
for example, Makowslu et a1 (1980) and Marzec and Day 
(1988)l. Such viruses are assembled at the host cell 
membrane as they are extruded into the medium, and various 
aspects of these processes have been considered recently by 
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several authors (Russel, 1991,1993; Guy-Caffey et al., 1992; 
Thiaudiere et al., 1993; Kazmierczak et uZ.,  1994). 

The DNA structures within the virions in the genus 
Znovirus show more diversity than the protein coat structures, 
and strains of the same protein symmetry class can have 
widely differing DNA structures [for a rev;ew, see Day et 
al. (1988)l. Dramatic changes in virion length, and hence 
changes in DNA structure, can be induced by directed 
mutagenesis of the class I virus Ff(fd) major coat protein 
(Hunter et al., 1987). Even more dramatic changes in DNA 
structure have occurred over the course of evolution, as is 
evident in comparisons of the class I1 viruses Xf and Pfl, 
which have extensive sequence homology. In Pfl the DNA 
and protein helices both have pitches of about 16 A, whereas 
in Xf the subunit helix also has a pitch of about 16 A, but 
the DNA helix has a pitch near 30 A (Casadevall & Day, 
1983; Kostrilus et al., 1994; Liu & Day, 1994; Marzec & 
Day, 1994). 

C2 is an IncC plasmid-specific virus of Gram-negative 
bacteria (Bradley et al., 1982). It was shown by electron 
microscopy to have different end structures, a stronger 
tendency to aggregate, a different mode of pili attachment, 
and a shorter persistence length in comparison to other 
filamentous phages (Bradley et al., 1982; Reisberg, 1989). 
A study of C2 structure was undertaken because the observed 
macroscopic differences suggested that C2 might differ in 
important ways from the known viruses of this type. In the 
current study, the virus was purified, its major coat protein 
gene (gene VIII) was identified and sequenced, and the virus 
length, mass-per-length, stoichiometry, genome size, and 
conformations of its DNA and protein were all determined. 
The combined set of data indicates a special role for C2 in 
investigations of the pattems of structural diversity and 
similarity already evident among species of the genus 
Inovirus. 
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MATERIALS AND METHODS 

Bacterial Growth and Virus Purification. C2 virus and 
strains of Salmonella typhimurium LT2 bearing IncC plas- 
mids that serve as hosts were obtained from D. E. Bradley 
(Memorial University of Newfoundland, St. John's, New- 
foundland, Canada). S. typhimurium was grown in BHI 
medium (200 g of calf brain infusion, 250 g of beef heart 
infusion, and 2.5 g of disodium phosphate per liter). The 
bacterial growth was monitored by light-scattering measure- 
ments at 600 nm andor direct counting by microscopy using 
a Petroff-Hauser chamber. Cells grown to a density of lo8 
bacteridmL were infected with C2 virus. The multiplicities 
of infection were about 10-20 PFU/cell. The infected 
cultures were incubated at 37 "C for about 16 h. The cells 
were removed by centrifugation, and the supematant solution 
was made 1 M in NaCl and 10% in poly(ethy1ene glycol) 
and allowed to stand for 2-3 h at room temperature in order 
for the precipitate to develop (Yamamoto et al., 1970). The 
virus precipitate was then collected by centrifugation at 
16000g for 20 min and resuspended in 10 mM sodium 
phosphate buffer (pH 7.4). Aliquots of 1 mL were layered 
on 5-20% linear sucrose gradients in the same buffer and 
centrifuged in a Beckman SW 41 rotor at 40000g for 1.5-3 
h. The gradients were drained with monitoring by ultraviolet 
absorption at 270 nm. The virus fractions were dialyzed 
against 10 mM sodium phosphate buffer (pH 7.4), and their 
titer and UV absorbance were determined. C2 aggregation 
in CsCl and KBr precluded the use of these salts for buoyant 
density gradient purifications, so the virus characterized here 
was subjected to additional purification based on sedimenta- 
tion velocity, including two rounds of pelleting differential 
sedimentation and a repeat sucrose gradient fractionation. 
Yields were approximately 2 mg of purified virus per liter 
of infected culture. Increased yields of virus were obtained 
from Escherichia coli JM109 transfected with C2 dsDNA' 
(Kostrikis, 1993). As originally observed by Bradley et al. 
(1982), we found C2 plaques on S .  typhimurium to be of 
variable size, sometimes difficult or impossible to see. 
Incubation of the plates at room temperature produced the 
best results. 

Purification of Viral SSDNA, dsDNA, and Protein. The 
C2 replicative form dsDNA was isolated from CZinfected 
S. typhimurium according to a protocol for plasmid DNA 
(Maniatis et al., 1982). After an overnight incubation at 37 
"C, the infected cells were harvested by sedimentation at 10 
K for 10 min, chilled on ice, washed twice with cell buffer 
(10 mM Tris-HC1 (pH 8.1) and 70 mM NaCl), and lysed 
with lysozyme at 150 pg/mL and 2% Triton X-100. Su- 
percoiled C2 dsDNA was then purified by CsC1-EtBr 
equilibrium density gradient ultracentrifugation (Radloff et 
al., 1967), followed by ethanol precipitation. The DNA 
pellet was dissolved in TE (10 mM Tris-HC1 (pH 8.0) and 
0.1 EDTA) and analyzed by agarose gel electrophoresis. High 
multiplicities of infection (MOI) gave better yields of 
supercoiled C2 dsDNA, but the yields were lower than for 
other filamentous phage systems. Increased yields were 
obtained from E .  coli JM109 transfected with C2 dsDNA 
(Kostrikis, 1993). 

Kostrikis et al. 

C2 ssDNA was isolated from purified C2 virus by repeated 
phenol extractions, followed by repeated ethanol precipita- 
tions, and was redissolved and stored in 10 mM Tris-HC1 
and 0.1 mM EDTA (pH 8.0). The size of the C2 DNA was 
determined by alkaline agarose gel electrophoresis in running 
buffers containing 30 mM NaOH and 1 mM EDTA at gel 
concentrations of 0.6%, 0.8%, and 1.0% agarose, as described 
by Shin and Day (1995). Gels were run at 5 ,4 ,  or 1 V cm-I 
for 3 ,6 ,  or -15 h, respectively, and neutralized in 1 M Tris- 
HC1, 1.5 M NaCl, and 0.5 pg/mL EtBr (pH 7.6), and the 
DNA bands were visualized and photographed under UV 
light. DNA size standards were the circular ssDNA genomes 
of Pf3 (5833 bases), M13mp18 (7250 bases), M13mp18 with 
a 593 base insert (7843 bases), and MC70 (9601 bases), 
which is fd (6408 bases) with a 3193 base insert. C2 protein 
was isolated from the phenolic phases during ssDNA 
isolation according to a standard procedure used for TMV, 
fd, and Pfl proteins (Anderer, 1959; k ippers  & Hoffmann- 
Berling, 1966; Kostrikis et al., 1994). 

SDSf Urea-Polyacrylamide Gel Electrophoresis. The 
protein composition of the virus was examined using SDS/ 
urea-polyacrylamide gel electrophoresis according to a 
protocol from Bethesda Research Laboratories for proteins 
in the 3-40 kDa range. A resolving gel of 15% acrylamide 
(0.4% bisacrylamide) and a stacking gel of 3.5% acrylamide 
was used. Both gels contained 0.1% SDS, 6 M urea, and 
0.1 M sodium phosphate (pH 7.2). Polymerization was 
catalyzed by 0.025% ammonium persulfate and N,N,N',N'- 
tetramethylenediamine (TEMED). The elution buffer was 
0.1 M sodium phosphate (pH 7.2) and 0.1 % SDS. Samples 
of intact C2 virus were loaded onto the gels in 10 mM 
sodium phosphate, 1% SDS, 0.01% bromophenol blue, 1% 
P-mercaptoethanol, and 7 M urea (pH 7.2). The proteins 
were fixedstained in 50% methanol, 10% acetic acid, and 
0.25% Coomassie Blue (R250) for 1 h at 60 "C and destained 
in 50% methanol and 10% acetic acid for several hours at 
room temperature. Molecular weight standards were pre- 
pared protein mixtures (Bethesda Research Laboratories). 

Determination of the Primary Structure of the C2 Major 
Coat Protein. The amino acid sequence of the C2 major 
coat protein (gene VI11 protein) was determined through 
protein sequencing of the first few amino acids from the 
N-terminus of the protein (MGPTAPTD) combined with 
DNA sequencing of its gene. The protein sequencing was 
performed on a sample of about 20 pg of purified C2 virus. 
A PI 2090E integrated microsequencing system was used. 
DNA sequencing was carried out by the chain termination 
method (Sanger et al., 1980), with sequenase as the enzyme 
(United States Biochemicals). Band compressions were 
reduced through the use of dGTP analogs, 7-deaza-dGTP 
and dITP, in the place of dGTP in the reaction mixtures, 
and the gel temperatures were maintained at 50 f 3 "C. The 
gene for the coat protein (gene VIII) was identified by 
sequencing on the plus strand DNA isolated from the virus, 
with the synthetic mixed oligonucleotide d(GGNGCNGT- 
NGGNTCCAT) as primer, synthesized so that A, G, C, and 
T occur with equal probability at positions labeled N. This 
17-mer is the reverse complement (minus one nucleotide) 
of the reverse translation of the first six amino acids. From 
the sequence obtained with this first primer, a second primer 
was synthesized and used to sequence the gene on 
the minus strand Of the RF DNA. DNA sequences from 

Abbreviations: dsDNA, double-stranded DNA; ssDNA, single- 
stranded DNA; EtBr, ethidium bromide; EDTA, ethylenediaminetet- 
raacetic acid: TMV. tobacco mosaic virus: SDS. sodium dodecvl sulfate: 
PFU, plaque-forming units. this primer were then used to synthesize a third primer to 
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- - + + +  
c2 MOPTAPTDIASLASSVDFSSVGLGILAIAGTVITLWlWKGAQFVIRQVRGA 

-- - + - -  + ++ + + + +  
1 2 - 2  ~VITKVAAAKNKIWGAGLIMASAGAFA-ADDOTSTATSYATE~SLKTQATDLIDQ'IWPVVTSVAVAGLAIRLFKKFSSKAV 

+ + +  - - - +  - + ++ + 
IKe  haVLSmLAAlCNK1ALGAA'IMLVSAGSFA-AEPNAATNYATEAM)SLKTQAIDLISQIWPV~WAGLVIRLFllKFSSKAV 

I f 1  
-- + -  - + ++ + ++ + 

MU<SWAKI1AGSTLV1GSSAFA-ADDATSQAKAAFDSLTAQAT~GYAWALWLWGA~GGKLFKKFVSRAS 
- -- + -  - + ++ + ++ + 

Ff M<KSLVLKASVAVATLVP~SFA-AEGDDPAKAAFDSLQASATEYIGYAW~IVGATIGIKLFKKFTSKAS 

+ + +  + + - - +  ++ 
Pfl hrKAhQ<QRIAKFSPVASFRNLCIAGSVTAATSLPAFA-GVIDTSAVQSAI~~IGGYIVGALVILAVAGLIYS~RKA 

+ + +  + +  - -  + + ++ 
X f  ~KLKTLFKM<TAA~VGSAALVSAPAFA-SGGOGVDVGDWSAIQGAAGPIAAIGGAVLTVlvNGIKVYKWVRRAM 

- - + +  
Pf3 hQSVITDVTGQLTAVQADITTIGGAIIVLAAWLGIRW1KAQFF 

FIGURE 1: Primary structure of C2 gene VI11 protein compared to those of other viruses. The sequences are aligned to allow easier 
comparison of their DNA interaction domains. Basic and acidic residues are indicated by f and -. The signal peptide of each protein, 
if present, is separated from the mature protein by (-). The C2 sequence was translated from the 156 base open reading frame of its gene, 
which is, with the start codon in bold and the preceding and following stop codons in italics, TAAAGGTGTTTTTTTATGGGACCTACT- 

CTGGCACCGTGATCACTCTGTATGTCACCTGGAAAGGTGCTCAG~CGTGA~C~CA~T~~G~GCT~AA. Literature refer- 
ences are as follows: 12-2 (Stassen et al., 1992), IKe (Peeters et al., 1985), If1 (Came et al., 1991), Ff [fd,fl,M13,ZJ/2; fd is shown (Snell 
& Offord, 1972; Beck et al., 1978; Van Wezenbeek et al., 1980; Hill & Petersen, 1982)], Pfl (Hill et al., 1991), X f  [DNA sequence data 
of H.-Y. Kim, C. K. Bagdassarian, and J. H. Sun, together with the protein sequence data of Frangione et al. (1978)l. Pf3 (Putterman, 
1983; Luiten et al., 1983; Putterman et al., 1984). Among the Ff species, the signal sequences of f l ,  fd, and M13 are identical, M13 mature 
coat has N instead of D at position 12, and W/2 mature coat has A instead of G at position 34. 

GCTCCTACTGATATTGCAAGTTTGGCCTCTTCTGTCGATTTCTCCTCTGTGGGTCTCGGCATTCTGGCTATCG- 

sequence across the entire gene on the plus strand. The 
complete gene was sequenced twice in each direction. 

Virus Dimensions and Mass from STEM. Virus mass and 
length determinations were from analyses of micrographs 
obtained with the scanning transmission electron microscope 
(STEM) at Brookhaven National Laboratory, with the aid 
of methods developed for sparsely sampled, curved filamen- 
tous particles by S. A. Reisberg (Reisberg, 1989) and J. S. 
Wall (Wall & Hainfeld, 1986). Micrographs were recorded 
on unstained virus samples. The mass-per-length of C2 virus 
was calculated on the basis of tobacco mosaic virus (TMV) 
as standard. C2 total mass was obtained as length multiplied 
by mass-per-length. 

Ultraviolet Absorption and Circular Dichroism Spectros- 
copy. Digital UV absorbance spectra with values every 0.1 
nm were recorded on a Cary 219 spectrophotometer inter- 
faced to a 386 SX20 PC and then transferred to a Unix- 
based computer system for analysis and display. CD spectra 
were recorded on a Cary 60 spectropolarimeter with a CD 
attachment. The instrument was calibrated with camphor- 
sulfonic acid-dlo (Chen & Yang, 1977), and the analog chart 
data were digitized by means of a digital scanner with 
software based on image processing techniques written by 
D. J. Liu [see Kostrikis et al. (1994)l. Ag(1) DNA probing 
experiments were performed according to the method 
described by Casadevall and Day (1982, 1983). The 
concentrations of C2 virus were determined by absorbance 
measurements with an extinction coefficient of 3.51 & 0.23 
mL mg-' at 265 nm, before light-scattering correction (see 
the following). 

RESULTS 

Primary Structure of the Major Coat Protein (Gene VIII 
Protein). The amino acid sequence of the C2 major coat 
protein (also called the gene VI11 protein in accord with Ff 
phage genome nomenclature) is shown in Figure 1 with the 

major coat proteins of seven other Znovirus species. The 
C2 major coat protein is composed of 52 amino acids and 
has a molecular weight of 5191. The first nine amino acids 
of the protein were obtained by direct protein sequencing. 
The C2 protein has an N-terminal domain with only two 
negatively charged residues (D8 and D17), a hydrophobic 
central domain of 22 residues (F18-W39), and a C-terminus 
having three basic residues (I&, R47, and R~o),  two of which 
are followed by glycine (G4, and Gs,). None of the other 
proteins in Figure 1 has a basic residue followed by glycine. 
The C2 amino acid sequence shows the same overall 
structure as the major coat proteins of other viruses, several 
of which (Ff, IKe, Pf3, and Pfl) have been proven to be 
membrane proteins prior to their assembly into virions 
(Smilowitz, 1974; Kuhn et al., 1987, 1990; Greenwood & 
Perham, 1989; Rohrer & Kuhn, 1990; Shen et al., 1991). 

C2 Coat Protein Has No Signal Peptide. Protein sequenc- 
ing showed the first residue to be methionine. This indicated 
that the mature major coat protein might be synthesized 
without a signal peptide. This was confirmed in the DNA 
sequence of the gene given in the legend to Figure 1, which 
shows a TAA stop codon only 15 residues upstream from 
the ATG start codon of the open reading frame for the 52 
amino acid protein. C2 provides the second instance of a 
major coat protein of an Znovirus synthesized without a signal 
(leader) peptide, the first having been Pf3 (Putterman, 1983; 
Luiten et al., 1983; Putterman et al., 1984; Kuhn et al., 1990). 

Genome Size and Virion Major Protein Component. The 
size of the single-stranded DNA of C2 virus is 8100 f 200 
nucleotides and its topology is circular, according to comi- 
gration studies on alkaline agarose gels, with four ssDNA 
molecules of known sizes and of both linear and circular 
topology (Table 1). Purified DNA from C2 virus showed 
two bands in the alkaline gels, the relative amounts and 
mobilities of which behaved like the linear and circular forms 
of a single molecular weight species (Shin & Day, 1995). 
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Table 1 :  Sizing of C2 Single-Stranded DNA 

DNA standards in gel gel concn (%) apparent size" 
M 13mp 18, M 13mp I 8+593. Pf3 0.8 7950,8200 
M 13mp 18, M 13mp 1 8+593, Pf3 0.8 8200 
fd, M 13mp 18, MC70, Pf3 1 .0 8000 
M13mp18, MC70, Pf3 0.6 8 100, 8300 

average size 8100 f 200 
M 13mp 18, MC70, Pf3 0.6 7900.8200 

"The first line has values measured for linear and circular forms 
resolved on a single gel, the next two lines give average values 
measured for circular forms, and the last two lines give values for two 
different lanes under conditions that did not resolve linear and circular 
forms [see Shin and Day (1995)j. 

4 3.0 

25.7 

13.3 

6.2 

3.0 
kDa C 1 2 3 4  

FIGURE 2: Polyacrylamide gel electrophoresis of disrupted C2 virus 
under gel conditions for low molecular weight proteins in the 
presence of SDS and urea. In lane C are molecular weight controls. 
The amounts of C2 virus loaded in lanes 1-4 were 8.8, 4.4, 3.0, 
and 1.5 pg, respectively. 

The major coat protein of C2, known to have a molecular 
weight of 5191, has an apparent molecular weight of 5000 
f 500 on the polyacrylamide gels for low molecular weight 
proteins (Figure 2). Overloading of the gels results in 
aggregates of the major coat protein with higher apparent 
molecular weights, similar to effects with the fd and Pf3 coat 
proteins (Putter" et al., 1984). Special efforts to identify 
minor proteins that are present at the ends of other such 
viruses (Simons et al . ,  1981) were not carried out for C2. 

Virion Dimensions, Mass,  and Stoichiometry from STEM. 
Scanning transmission electron micrographs of unstained 

samples (Figure 3) showed C2 virions to be 1295 f 10 nm 
long, about 6.8 nm in diameter, and of a uniform mass-per- 
length of 18 500 f 250 Ddnm. The value for the length is 
an average from measurements on images of 46 particles, 
32 from a sample of C2 produced by S. tyhimurium and 14 
from a sample produced by E. coli. The length is in accord 
with the results of Bradley et 01. (1982), who found an 
average of 1256 f 84 nm from measurements on 58 images. 
The mass-per-length was obtained from measurements on 
169 viral segments, each about 30 nm long, with a total 
contour length of about 5000 nm. TMV was the internal 
mass standard (Wall & Hainfeld, 1986). The total mass of 
the C2 virion is 24.0 f 0.5 million Da. 

According to the STEM measurements, there are 4 I30 f 
150 coat protein subunits. This is calculated from the total 
virion mass, the DNA mass (8100 f 200 nucleotides 
multiplied by 3 10 Ddnucleotide), and the protein subunit 
mass (5191 Da). From these numbers, we find nls = 1.96 
f 0.09. The uncertainty is the statistical fluctuation in the 
data; there could be a systematic error resulting from different 
relative amounts of retained moisture in the C2 and TMV 
virions under the conditions of the microscopy. From the 
length and the number of nucleotides, we calculate an 
average axial rise per nucleotide of 3.20 f 0.08 A. This is 
simply the length of the virion divided by half the number 
of nucleotides. From the length and the number of subunits, 
we calculate an average axial rise per subunit of 3.14 f 0.12 
A. The STEM data and the parameters derived from them 
are listed in Table 2. 

Stoichiometry from Spectroscopy. A value for nls was 
obtained by a spectroscopic method that finds the ratio of 
DNA and protein spectra that best fits the spectrum of 
disrupted virus in an alkaline urea detergent solution. Small 
aliquots (25-30 pL) of purified C2 virus (0.5 mg mL-') 
were diluted into, and disrupted by, 0.6 mL of (0.2 M NaOH, 
I %  SDS, and 8 M urea, pH 13.3), and their UV spectra were 
recorded from 340 down to 250 nm, with data points stored 
every 0.1 nm (900 points). The spectrum was fitted to 
reference spectra for the isolated DNA and protein by linear 
regression. All points were used and all points were plotted 
without smoothing. Three analyses each were done on two 
virus preparations; one of the analyses is shown in Figure 
4. The fits were not perfect, giving regression correlation 
? 

FIGURE 3: Representative scanning transmission electron micrographs of unstained C2 virions on carbon grids used for length (left) and 
mass-per-length measurements (right). The edge of the micrograph on the left corresponds to 2048 nm, and the edge on the right corresponds 
to 512 nm. The dense particle in the right micrograph is TMV. 
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by dry weight measurements are within 5% of values 
calculated from their chromophores [kippers & Hoffmann- 
Berling, 1966; Day, 1969; Wiseman & Day, 1977; see also 
Gill and von Hippel (1989)l. 

For the average nucleotide in C2 DNA in the alkaline 
measuring solution, we have assigned E ( P )  = 7700 f 400 
M-' cm-I. This is the average of alkaline extinction 
coefficients for two ssDNAs, E(P) = 7830 f 200 M-' cm-' 
for Pfl ssDNA and E(P) = 7500 f 200 M-' cm-' for fd 
ssDNA, which we measured by diluting aliquots of stock 
solutions of the DNAs into the alkaline measuring solution 
and into aqueous buffers in which the absolute extinction 
coefficients for the DNAs were known (Berkowitz & Day, 
1974; Wiseman & Day, 1977). Under the alkaline condi- 
tions, these single-stranded DNAs absorb only about 75% 
as much UV light as mixtures of their constituent free 
nucleotides (see the following). Since they are denatured 
with respect to H-bonding, the relatively strong hypochro- 
micity apparently derives from fluctuating alignments of 
neighboring base chromophores. 

The average value from Pfl DNA and fd DNA is 
applicable to C2 DNA within its uncertainty because the 
extinction coefficients for the denatured states depend only 
weakly on base composition. For example, maximum E(P) 
values calculated for mixtures of the free nucleotides having 
different base compositions of Inovirus species of known 
sequence were within 2% of each other and all occurred at 
262 nm. For these calculations, we measured reference 
spectra for the free 5'-mononucleotides in the alkaline 
measuring buffer and in neutral aqueous buffers and estab- 
lished the extinction coefficients in the alkaline conditions 
with literature values for the neutral aqueous buffers (Dunn 
& Hall, 1970). We calculated the following values: 
~(P)Eiyi, = 10 124 M-' cm-I, c(P)g;rm = 9926 M-' 
cm-I, and E(P)&"F~, = 10 111 M-' cm-I. Also, for the 
base composition of 1.1 kb of available C2 DNA sequence 
(18.1% A, 25.4%, C, 29.5% G, 27.0% T), we calculate E 

(P):i2k',",':, = 10007 M-' cm-I. The other base composi- 
tions are as follows: Pfl DNA, 19.4% A, 31.3% C, 30.2% 
G, 19.1% T (Hill et al., 1991); Pf3 DNA, 19.9% A, 21.3% 
C, 24.1% G, 34.8% T (Luiten et al., 1985); and fd DNA, 
24.6% A, 20.2% C, 20.7% G, 34.5% T (Beck et al., 1978). 

The stoichiometry obtained was nls = 2.14 f 0.13, which 
is close to the value obtained by STEM (1.96 f 0.09). The 
uncertainties cited are standard deviations. There are 
systematic uncertainties in the two methods, such as in the 
reference spectra and in unknown relative moisture contents, 
and in addition, there are unknown contributions of minor 
coat proteins on the order of 2%. On the basis of the two 
methods, we conclude that for C2 the value of nls is close 
to 2, but it is not necessarily an integer. Its bounds are 1.9 

nls 2.3. 
UV Absorbance Spectrum. The absorption spectrum for 

C2 virus in 10 mM sodium phosphate (pH 7.2) from 185 to 
460 nm is shown in Figure 5. The ordinate is the molar 
absorbance per structure unit, which is taken here to be one 
major coat protein subunit plus 2.14 f 0.13 nucleotides; we 
use the spectroscopically determined nls in the following, 
for internal consistency. The specific extinction coefficient 
for C2 intact virus in 10 mM sodium phosphate (pH 7.2) at 
A,,, = 264 nm is 3.51 f 0.23 mL mg-' per structure unit, 
without light-scattering corrections. In molar units, the 

Table 2: Physical Parameters of C2 Virus 
length" (nm) 
diametela (nm) 
mass-per-length" (Da nm-I) 
total massb ( lo6 Da) 
total nucleotides' 
total major coat protein subunitsd 
nls from STEM' 
nls from spectroscopyf 
percent DNA 
rise per nucleotide8 (A) 
rise per subunith (A) 

1295 * 10 
-6.8 
18500 zk 250 
24.0 f 0.5 
8100 f 200 
4130 f 150 
1.96 f 0.09 
2.14 i 0.13 
10.7 * 0.5 
3.20 * 0.08 
3.14 0.12 

"From STEM. bProduct of the length and the mass per length. 
From alkaline agarose gel electrophoresis (Table 1). (Total mass from 

STEM) - (DNA mass from electrophoresis) divided by subunit mass 
from sequence. e Total nucleotides divided by total subunits (fotnotes 
c and d). 'From regression analyses of absorbance spectra (Figure 4). 
8 Length divided by half the number of nucleotides. * Length divided 
by number of subunits (footnote 6). 
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FIGURE 4: Absorbance spectrum of C2 virus disrupted in 0.2 M 
NaOH, 1% SDS, and 8 M urea (pH 13.3). The noisier of the two 
spectra labeled virus is the average of three measured spectra of 
disrupted C2 virus, and the smoother one is the best approximation 
to it using the DNA and protein reference spectra. The fitting 
yielded the mole ratio nls through the extinction coefficients EDNA 
= 7700 f 200 M-' cm-' at 262 nm and cprotein = 6800 rt 350 
M-' cm-' at 284 nm (see text). 

coefficients of R2 = 0.9991 f 0.0002. Better fits, with R2 
= 0.9999 f 0.0001, were obtained for the Pfl virus in a 
parallel study (Kostrikis et al., 1994). 

The fitting ratios yield nls ratios directly because the DNA 
and protein reference spectra are expressed in extinction 
coefficients per mole of nucleotide and per mole of subunit, 
respectively. The uncertainty in nls is primarily due to the 
uncertainty in the extinction coefficients. We used assigned 
values for the protein and DNA extinctions at the wave- 
lengths of maximum absorbance because direct absolute 
measurements required more sample than was available. For 
the C2 protein subunit, A,,, = 284 nm was observed (Figure 
4). A value for El=284 of 6800 M-' cm-I was obtained as 
the sum of the absolute reference spectra for phenylalanine, 
tyrosine, and tryptophan under alkaline conditions in the 
molar ratio 211ll (Mihalyi, 1970). A 5% uncertainty ( f350  
M-' cm-I) is estimated on the basis of the observations that 
measured extinction coefficients for the fd and Pfl proteins 
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FIGURE 5: Absorbance and light scattering of C2 virus in 10 mM 
sodium phosphate (pH 7.2). The molar absorbance is presented 
per structure unit, taken here as 2.14 nucleotides and one subunit 
as obtained from spectroscopy. The molar absorbance scale is 
correct for the middle spectrum; ordinate values must be divided 
by 10 and multiplied by 20 for the longer and shorter wavelength 
regions, respectively. 

maximum € 2 ~ ~ ~  = 20600 f 1300 M-' cm-', and the 
minimum €245 ",,, = 16 500 f 1100 M-I cm-I. These 
extinction coefficients for intact C2 virus were obtained for 
different samples of virus from pairs of spectra for a dilution 
of stock solution into a neutral buffer (10 mM sodium 
phosphate, pH 7.2) and a dilution into the alkaline urea 
solution. The coefficients were then calculated from the 
spectroscopically determined molar nls ratio, the alkaline 
extinction coefficients of the components, and the molecular 
weights of the components. After light-scattering correc- 
tions, the extinction coefficient at 264 nm is 19 500 A 1300 
M-' cm-I. When the structure unit is defined as one subunit 
plus exactly 2 nucleotides (see above) the coefficient is 
18 100 f 1200 M-I cm-I. This lower value results from 
the way a 2/1 ratio of the separate DNA and protein spectra 
fit the disrupted virus spectrum of Figure 4. 

Conformation of C2 DNA from Its Assigned Near-UV 
Absorbance and CD Spectra. Three observations with their 
simplest interpretations, taken together, provide a consistent 
indication of C2 DNA structure in the virion. The first is 
the assigned hypochromism. Values of E(P) for double- 
stranded, base-stacked DNA are generally near 6500 M-' 
cm-I, and for heat-denatured, unstacked DNA they are near 
9000 M-' cm-I [see, for example, Bloomfield et al. (1974) 
and Kostrikis et al. (1994)l. One can assign an in situ 
nucleotide absorbance by subtracting an estimate for the 
protein absorbance from the absorbance per structure unit 
and then dividing by nls. For the protein at 260 nm, we 
estimate a molar absorbance of 4660 f 250 M-I cm-I for 
the one W (3790), one Y ( S O ) ,  and two F's (290) from 
data compiled by Mihalyi (1970). The uncertainty estimate 
is based on the consideration that nonpolar solvent effects 
within proteins tend to shift spectra to longer wavelengths, 
which would reduce extinctions for W and Y at 260 nm, yet 
these same effects tend to increase the overall absorbance, 
which can more than compensate for any reduction at 260 
nm from a shift [see, for example, Yanari and Bovey (1960) 
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FIGURE 6: Circular dichroism of intact C2 virus in 10 mM sodium 
phosphate (pH 7.2). Amplitudes are expressed as molar ellipticity 
per average amino acid residue. Conversion to molar ellipticity 
per average nucleotide is done with the multiplying factor (51/  
2.14), which gives [el275 ",,, = 12 200 deg-cm2 dmol-' (see text). 

or Kostrikis et al. (1994)l. For C2 DNA in situ, the 
calculations yield E(P) - 7010 f 1550 M-I cm-' or E(P) - 
6590 f 1450 M-' cm-', respectively, when the higher values 
for the structure unit extinction and nls are used or when 
the lower values are used. Even with the large uncertainties, 
these estimates of c(P)260 are consistent with base stacking 
in the C2 virion. 

The second observation is that the near-UV CD spectrum 
of C2 looks like it contains a strong contribution from a 
duplex DNA structure. The CD spectrum is shown in Figure 
6. Protein and DNA chromophores contribute to the entire 
spectrum, which is presented as the molar ellipticity per 
amino acid residue (actually per peptide bond; see the 
following for an analysis of the far-UV region). To convert 
the amplitudes to molar ellipticities per nucleotide, one 
multiplies by 51 and divides by n/s (2.14 for the spectrum 
as presented in Figure 6). The spectrum above 250 nm, with 
its strong positive maximum at 270 nm, is similar to the 
spectra for classical duplex DNAs, although there are 
discernible fine structure shoulders at -25 1, -256, and -262 
nm, as well as near -280 and -288 nm, all of which indicate 
contributions from protein aromatics. The molar ellipticities 
of free L-tryptophanamide and L-tyrosinamide at 275 nm are 
ca. +800 and ca. -200 deg.cm2 dmol-I, respectively (Adler 
et al., 1973); half of the sum is only ca. +300 deg.cm2 
dmol-I. However, the average tyrosine in Pfl has been 
shown to make a strong negative CD contribution at 275 
nm: as strong as -6000 deg.cm2 dmol-' (Kostrikis et al., 
1994). On the other hand, tryptophan makes a strong 
positive contribution at 275 nm to the CD of the Ff virus 
and to all class I viruses of about this magnitude (L. A. Day, 
unpublished). This effect is accompanied by enormous 
effects in the far-UV CD of Ff (Arnold et al., 1992), and 
although such far-UV CD effects are not evident in the far- 
UV CD of C2, we take +6000 deg.cm2 dmol-' as the 
maximum limit of probable contribution. Thus, adjustments 
to the apparent DNA amplitude from protein could be zero 
through cancellation, or they could be as much as A6000 
deg.cm2 dmol-I. In the face of these uncertainties, we assign 
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by dialysis against 0.1 M NaC1. CD changes below 250 
nm were negligible. At the beginning of the C2 titration, 
the changes mimic, almost exactly, those observed by 
Casadevall and Day (1982, 1983) for supercoiled DNA. The 
most direct interpretation of the present results is that the 
two antiparallel DNA strands in C2 wind around each other 
in a right-handed fashion, with the bases stacked and directed 
toward each other so that Ag(1) bridges can form between 
bases in opposite strands. 

Thus, a base-stacked, right-handed DNA conformation, 
with a rise of 3.2 A, is indicated by the combination of three 
spectroscopic observations, the virion length, and the DNA 
size. For such a DNA, the molar ellipticity estimate of 
12 000 f 6000 deg.cm2 dmol-I, at face value, corresponds 
to a rotation per residue in the range 30-40", according to 
the calculations of Johnson et al. (1980). This range of 
rotation anges and the rise per residue of 3.2 8, suggest a 
pitch in the range of 29-38 A. 

Far-Ultraviolet CD. Below 240 nm, the CD spectrum 
gives information about protein conformation. The number 
of nucleotide chromophores in C2 virus is -25 times lower 
than the number of peptide chromophores, and their molar 
ellipticities are lower than those of helical peptides. For the 
C2 spectrum below 240 nm in Figure 6, free native DNA 
and free denatured DNA have CD amplitudes on the order 
of those for the virus. In terms of protein, the 
amplitudes at key wavelengths below 240 nm are [el190 nm 
= $108 000, [el208 nm = -38 500, and [el220 nm = -35 500 
deg.cm2 dmol-', from calculations done with nls = 2.14. 
The CD amplitudes are 7% lower when calculations are 
carried through with nls = 2. The shape of the spectrum is 
like those of a-helix reference spectra, but the crossover is 
at 199.5 nm, a lower wavelength than for many reference 
spectra, and the 208 nm band is larger in amplitude than the 
220 nm band. The amplitudes are among the highest 
observed for helical proteins and polypeptides (Greenfield 
& Fasman, 1969; Sreerama & Woody, 1993). The combined 
features indicate a largely a-helical conformation, but, as 
discussed in the following, some 31o-helix may be present. 

DISCUSSION 

Our interest in C2 virus structure derives from its relation 
to the structures of the other filamentous viruses, and here 
we consider the presently available C2 results in the context 
of other viruses, primarily fd, Ifl,  and IKe (class I) and Pfl, 
Xf, and Pf3 (class 11). We begin with comparisons of 
macroscopic properties from the electron micrographs of 
Bradley et al. (1982), which first showed that one end of 
the virion is tapered and the other end has a recognizable 
disklike structure not seen for the other viruses. In two 
different micrographs, there were exactly 19 virions lying 
parallel to one another in several regions along their contours, 
yet aggregated at other points and terminating at the same 
place, as if bundles of 19 virions were unraveling. Ag- 
gregation effects seem to be strong in concentrated C2 
solutions and may produce groups of 7 (1 surround by 6) 
and groups of 19 (a group of 7 surrounded by 12 more). 
Images of individual virion STEM grids (Figure 3) appear 
to be wavier than images of most of the other viruses, 
although images of Inovirus species X are wavier than those 
of C2 (Bradley et al., 1981). C2 has an apparent persistance 
length that is much lower than those of the known class I 
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FIGURE 7: CD spectra of C2 virus and Ag-C2 complexes in 0.15 
M borate (pH 8.6) from m = 0.0 to m = 1.10 (m is moles of Ag(1) 
per mole of nucleotide). The concentration of C2 virus was 0.279 
mg mL-', corresponding to 0.032 mg mL-' DNA. 

- 12 000 & 6000 deg-cm2 dmol-' to the average base 
in C2; in alternative units, the amplitude is A6 = 3.7 f 1.9 
M-I cm-I (Figures 6 and 7). This amplitude is in the range 
of amplitudes for right-handed duplex DNAs [for a review 
of the extensive DNA CD literature, see Tinoco et al. (1980)l. 
Although aromatic residues of the protein contribute in 
unknown ways to the CD in this region, the amplitude and 
the overall shape of the near-ultraviolet CD of C2 hint at a 
right-handed, base-stacked DNA. 

The third observation is that the DNA in C2 behaves like 
a DNA with a base-stacked, right-handed conformation when 
its structure is probed with Ag(1). For some viruses, Ag(1) 
probing monitored by CD, according to the method intro- 
duced by Casadevall and Day (1982, 1983), can yield the 
chirality of the two antiparallel strands of DNA packed in 
virions. The chirality is established in cases for which the 
spectroscopic changes in response to titration mimic those 
in response to the titration of supercoiled dsDNA, the known 
chirality of which is locked in by topological linking. When 
Ag(1) is added to solutions of covalently closed superhelical 
DNA, it leads to monotonic changes in CD, ultimately 
producing a difference in the molar ellipticity of 55 000 
degcm2 dmol-' at 270 nm, at a mole ratio m = 0.50 of Ag- 
(I) added per nucleotide present; further additions abruptly 
change the type of CD spectrum generated [see Figure 2 of 
Casadevall and Day (1983)l. The effects are reversible. 
Because the right-handedness of the fundamental Watson- 
Crick helix of the superhelical DNA is topologically fixed, 
the CD changes are for right-handed DNA. Ag(1)-bridged, 
base-stacked, right-handed DNA produces a large negative 
CD band near 270 nm at m = 0.50. 

In the case of C2 virus, titrations by Ag(1) result in changes 
in the CD spectrum, first at 271 nm and then shifting to 
longer wavelengths (Figure 7); the amplitude change at m 
= 0.50 is about 60 000 degcm2 dmol-'. The total change 
at 275 nm is -74 000 f 4000 degcm2 dmol-I. The CD 
spectral changes produced by adding Ag(1) were reversed 
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and class I1 viruses ( S .  A. Reisberg, unpublished work). 
Furthermore, C2 virus particles bind to the sides of the pili 
of the host cells, as does Pf3 (Bradley & Whelan, 1989), 
rather than at the ends, as is the case for Ff and Pfl (Car0 
& Schnoss, 1966; Bradley, 1973), or on the tapered sides of 
the tips, as is the case for tf-1 (Coetzee et al., 1987). 

Helical Protein Conformation. The C2 coat protein is 
highly helical, in spite of the fact that the first five residues 
cannot be in an a-helix or in a 3,o-helix, because of two 
prolines (Ps and P6). Even so, the amplitudes are extremely 
high: as high or higher than amplitudes of polypeptides in 
a-helical conformations (Holzwarth et al., 1962; Holzwarth 
& Doty, 1965; Carver et al., 1966; Greenfield & Fasman, 
1969) and much higher than amplitudes for shorter a-helical 
segments in globular proteins deduced from analyses of CD 
spectra and X-ray structural data (Chen et al., 1974; Chen 
& Yang, 1977; Brahms & Brahms, 1980; Johnson, 1988; 
Sreerama 8z Woody, 1993). With the five N-terminal 
residues being nonhelical, one might view the CD spectrum 
as characterizing the conformation of the remaining 47 
residues, in which case it is quite similar to the far-ultraviolet 
CD spectrum of Pfl virus (Kostrikis et al., 1994). Like the 
Pfl spectrum, the C2 spectrum is blue shifted relative to the 
CD spectra of class I viruses and the Pf3 virus (Day et al., 
1988; Clack & Gray, 1989; Arnold et al., 1992), having its 
crossover from negative to positive ellipticity at 199.5 nm, 
rather than 201 -203 nm, and its 208 nm minimum is deeper 
than its 220 nm minimum. On the basis of CD spectra 
recently obtained theoretically and experimentally for 3 IO- 

helices (Manning & Woody, 1991; Miick et al., 1992), these 
features hint at the possible presence of some 3 IO-helix in 
C2. The considerations are explained in more detail by 
Kostrikis et al. (1994) for the case of Pfl. We conclude 
that the C2 coat protein in the virion is mostly helical, with 
perhaps some 31~-helix. 

From the similarities in overall C2 life cycle and in the 
sequence pattern of its coat protein compared to other 
Inovirus species, it seems highly likely that C2 coat protein 
is an intrinsic membrane protein prior to being assembled 
into the virion. Kuhn and co-workers have shown that Pf3 
protein acts as its own “reverse signal peptide”, in that the 
positive C-terminal region and its contiguous hydrophobic 
domain dictate the membrane insertion, instead of a positive 
N-terminal region and the contiguous hydrophobic domain 
from the usual signal peptide (Kuhn et al., 1990; Rohrer & 
Kuhn, 1990; Lee et al., 1992; Thiaudiere et al., 1993). C2 
and Pf3 coat proteins are so similar to each other in having 
only two negatively charged residues and no signal peptide 
that it is plausible that C2 protein also functions as its own 
reverse sional peptide for membrane insertion. Although we 
cannot piedict the structure the C2 protein would have in 
the membrane of the infected cell, it is likely that it would 
differ significantly from its highly helical structure in the 
virion. 

DNA Interaction Domain of the Protein. In the C-terminal 
DNA interaction domain there are three basic residues, 
whereas in the other viruses there two or four basic residues 
(Figure 1). Their spacing is i ,  i + 7, i + 10, so that, given 
an a-helical conformation, the three side chains can point 
in approximately the same direction, presumably inward 
toward the DNA. The class I viruses all have four basic 
residues in strictly conserved positions in their DNA interac- 
tion domains; class I1 virus Xf also has four in this domain. 

Kostrikis et al. 

There are mutants of Ff(fd) having three basic residues per 
subunit, not four, in their DNA interaction domains, mutants 
in which I 6 8  was replaced by neutral residues (Hunter et 
al., 1987). The mutant virions are 1.33-1.38 times longer 
than wild type, from which one can deduce nls values near 
1.8 (instead of the 2.4 for fd wild type) and an average axial 
rise per nucleotide near 3.6 i% (instead of the 2.7 i% for fd 
wild type). Even though they each have three basic residues 
to interact with DNA, C2 and these mutants of fd clearly 
differ with respect to nls and average rise per nucleotide. 

Helical Symmetries, Amino Acid Sequences, and DNA1 
Protein Stoichiometries. Inovirus structure classes are 
defined by the helical symmetries of the protein coats, as 
revealed by X-ray fiber diffraction. So far, only two classes 
have been observed, although six viruses have been inves- 
tigated (Marvin et al., 1974a,b; Makowski & Caspar, 1981; 
Peterson et al., 1982). The class I and class I1 symmetries 
are similar in that both are intrinsic to the close-packing of 
a-helical subunits around two strands of DNA, but they are 
so fundamentally different that it seems unlikely that viruses 
can move from one symmetry class to the other through 
mutations. Theoretical work has shown that these two 
symmetries are among a small number of optimal symmetries 
in relation to all sterically possible close-packed arrangements 
of a-helical coat protein subunits in such structures (Marzec 
& Day, 1988). Class I1 symmetry, in addition to being 
stereochemically optimal, appears to allow optimal electro- 
static interactions within the virions of at least two species, 
Xf and Pfl (Marzec & Day, 1994). A key aspect of 
filamentous virus structure is the relation between the protein 
and DNA structures, but evidence on DNA helical symmetry 
from X-ray fiber diffraction is only available for fd (Banner 
et al., 1981; Marzec & Day, 1983) and Pfl (Bryan et al., 
1983; Liu & Day, 1994). In the absence of a direct 
determination of C2 protein and DNA symmetry by diffrac- 
tion measurements, it is of interest to consider the C2 protein 
sequence and the C2 DNNprotein stoichiometry in com- 
parison to those of the six viruses in the two observed 
symmetry classes. 

The sequences are shown in Figure 1 with their C-terminal 
DNA interaction domains aligned, and detailed sequence 
comparisons are shown in Table 3 and Figure 8 for some 
pairs of sequences. The class I viruses fd, IKe, and If1 have 
closely homologous sequences and similar sizes of 50-53 
amino acids. The sequences all have strictly conserved 
positions in their DNA interaction domains and contiguous 
hydrophobic domains. Counting from the C-termini, one 
sees basic amino acids at positions -2, -6, -7, and -10, 
two F residues at positions -5 and -8, and a key W residue 
at position -25. It would appear that the shared features 
are part of an natural optimization, over the course of 
evolution, of the class I packing arrangement. 12-2, which 
contains 55 amino acids, shares these conserved sequence 
features with all class I viruses and has limited homology to 
class I1 viruses. 12-2 therefore is placed in class I solely on 
the basis of its sequence. The inference of symmetry from 
the sequence for 12-2 seems well based because of the high 
homology. By contrast, C2 shows little overall homology 
to any class I protein (Table 3,  Figure 8), and it has none of 
the strictly conserved features of class I sequences (Figure 
1). Thus, there is no suggestion from sequence that C2 
subunits would pack together with class I helical symmetry. 
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group. C2 and Xf show 12 identities at 28 positions over 
their C-terminal portions when a single gap of 4 residues is 
inserted. Pfl and Pf3 also show some homology to the C2 
sequence when a single gap of four residues is inserted 
(Figure 8). The class I1 viruses Pfl, Xf, and Pf3 are 
heterodisperse with respect to sequence, but they are all close 
in size, 44-46 amino acids, and it may be significant that 
the gap size that gives suggestions of homology for all three 
is four residues. Thus, were C2 to be classified solely on 
the basis of its sequence into either of the two known classes, 
the choice would be class 11. This is primarily because of 
the connection to Xf. 
The defining characteristic of a class I1 protein helix is its 

rotation angle of -60" per subunit, corresponding to -5.4 
subunits per turn. Were C2 to have -5.4 subunits per turn, 
the rise per subunit of -3.2 8, would give a pitch for the C2 
subunit helix of about 17 A. W e  have deduced, however, 
that the DNA helix in C2 may well have a pitch in the range 
of 33 i 5 A. Thus, if C2 is in class 11, it appears that it 
would be a class I1 virus, with different pitches for its protein 
subunit helix and its DNA helix. There is a precedent for 
this type of Znovirus in that Xf has a pitch of about 16 8, for 
its subunit helix and a pitch of about 30 8, for its DNA helix 
(Casadevall & Day, 1983; Day et al., 1988). Both C2 and 
Xf have nls values near 2, and their near-UV CD spectra 
are very similar. 

Table 3: 
Major Coat Protein Sequences" 

Statistics from Representative Pairwise Comparisons of 

quality quality percent percent 
groups pairs of fit length ratio gaps similarity identity 

C2-C2 78.0 52 1.500 0 100.0 100.0 
C2 vs I C2-fd 21.9 46 0.521 1 42.9 16.7 

C2-If1 20.4 51 0.443 4 59.5 33.3 

C2-I22 21.0 52 0.488 1 41.9 23.3 
C2 vs I1 C2-Pfl 23.8 48 0.517 1 47.8 19.6 

C2-Pf3 22.2 45 0.516 2 53.7 29.3 
C2-Xf 28.8 48 0.626 1 58.7 26.1 

f d v s I  fd-I22 39.4 54 0.804 1 67.4 40.9 

fd-IKe 40.4 52 0.824 1 65.3 44.9 

C2-IKe 23.7 52 0.551 2 55.8 27.9 

fd-If1 58.6 50 1.172 0 82.0 68.0 

fd vs I1 fd-Pfl 22.4 42 0.533 0 45.2 16.7 
fd-Pf3 20.5 43 0.526 1 48.7 20.5 
fd-Xf 23.0 49 0.523 2 56.8 25.0 

Pfl V S I  Pfl-I22 26.6 49 0.591 I 55.6 24.4 
Pfl-If1 24.5 45 0.544 0 48.9 17.8 
Pfl-IKe 23.7 46 0.564 1 54.8 19.0 

Pfl v s  I1 Pfl-Pf3 26.2 42 0.672 1 59.0 33.3 
Pfl-Xf 30.5 46 0.726 1 64.3 38.1 
Pf3-Xf 25.4 39 0.651 0 53.8 20.5 

Results of calculations using the local homology algorithms 
described by Needleman and Wunsch (1970) and Smith and Waterman 
(1981) as implemented in the program BESTFIT by P. Haeberli in the 
GCG package (Version 7.3, 1991) of sequence analysis programs. 

The C2 sequence shows slightly better fits to class I1 
sequences as a group than to class I virus sequences as a 

MGPTAPTDIASLASSVDFSSVGLGILAIAGTVITLYVT~GAQFVIRQV~GA c2 
I f 1  ADDATSQAKAAFDSLTAQATEMSGYAWALVVLVVGATVGIKLFKKFVSRAS 

c2 
I f 1  ADDATSQAKAAFDSLTAQATEMSGYAWALVVLVVGATVGIKLF . . . . .  KKFVSRAS 

MGPTAPTDIASLASSVDFSSVGLGILAIAGTV1TLYV.TWKGAQFVIRQVRGA c2 
I f l  ADDATSQAKAAFDSLTAQATEMSGYAWALVVLVVGATVGIKLFKKFVSRAS 

I I I I  I I I 

MGPTAPTDIASL.ASSVDFSSV..GLGILAIAGTV.ITLYVTWKGAQFVIRQVRGA 
I 1 1  I I I I  I I  I I I 1  I 

I 1  I I I I I I 

MGPTAPTDIASLASSVDFSSVGLGILAIAGTVITLYVTWKGAQFVIRQVRGA 
I 1  I 1  I I I I I  

c2 
Pfl GVIDTSAVQSAITDGQGDMKAIGGYIVGALVILAVAGLIYSMLRKA 

MGPTAPTDIASLASSVDFSSVGLGILAIAGTVITLYVTWKGAQFVIRQVRGA 
I I 1 1  I I I I 1  

c2 
Pfl GVIDTSAVQSAITDGQGDMU..AIGGYIVGALVILAVAGLIYSMLRKA 

c2 MGPTAPTDIASLASSVDFSSVGLGILAIAGTV ITLYVTWKGAQFVIRQVRGA 
I 1 I I  I I I I  

Pfl GVlDTSAVQSAlTDGQGDMKAIGGYIVGALVIL . . . .  AVAGLIYSMLRKA 

c2 MGPTAPTDIASLASSVDFSSVGLGILAIAGTVITLYVTWKGAQFV~~QVRGA 
I I I  

Pf3 MQSVITDVTGQLTAVQADITTIGGAI IVLAAVVLGIRWIKAQFF 

MGPTAPTDIASLASSV..DFSSVGLGILAIAGTVITLYVWGA FVIRQVRGA 
I 191 c2 

I 1  I 1  I 1  I 1  
Pf3 MQSVlTDVTGQLTAVQADITTIGGAIIVLAAVVLG..IRWIKAQFF 

I I  
c2 MGPTAPTDIASLASSVDFSSVGLGILAIAGTVITLYVTWKGAQFVIRQVRGA 

I I I I I I  
Pf3 MQSVITDVTGQLTAVQADITTIGGAI IVL . . . .  AAVVLGIRWIKAQFF 

c2 

Xf SGGGGVDVGDVVSAIQGAAGP IAAIGGAVLTVMVG IKVYKWVRRAM 

c2 

Xf SGGGGVDVGDVVSAIQ..GAAGPIAAIGGAVLTVMVGIKVYKWVRRAM 

c2 
Xf SGGGGVDVGDVVSAIQGAAGPIAAIGGAVLTVMVGIK . . . .  VYKWVRRAM 

MGPTAPTD I AS LAS SVDFS SVGLG I LA I AGTV I TLYVTWKGAQFV I RQVRGA 
I 1  I I I : 1 1  I 

MGPTAPTD IASLAS SVDFSSVGLG I LA IAGTV I TLYVTWKGAQFV I RQVRGA 
I I I O I I I  I I I I  

MGPTAPTDIASLASSVDFSSVGLGILAIAGTVITLYVT~GAQFVIRQVRGA 
I : I 1  I I O I I I  I I 

FIGURE 8: C2 coat protein sequence compared to the sequence of Ifl, as representative of class I viruses and compared to those of all three 
class I1 viruses. The results of three modes of pairwise comparison are shown. First is the best match with no gaps introduced and the 
C-termini aligned within f 3  residues, second is the computed best fit (see Table 3), and third is the best match within the basic DNA 
interaction domain and its contiguous hydrophobic domain, with one gap introduced. These domains are directly involved in DNA packing 
and in a bend region needed for the overlapping of subunits in the virion; the N-terminal regions are on the outside of the structure and 
show the most sequence divergence (see also Figure 1). 
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Nevertheless, it is possible that C2 is in neither class I 
nor class 11, even though these are the only two symmetries 
yet observed. There are a few sterically feasible ways to 
pack a-helical subunits in addition to the class I and class I1 
symmetries that are predicted by the close-packing theory 
of Marzec and Day (1988). Some of these additional 
symmetry classes call for pitches in the 33 f 5 8, range for 
the C2 protein helix, so that the DNA and protein parts in 
C2 could have the same pitch. In fact, for nls exactly 2,  it 
would even be possible for the loop of DNA to have exactly 
the same symmetry as the protein helix by having a structure 
unit consisting of one nucleotide from one strand, one 
nucleotide from the other strand, and one subunit. 

Whether C2 structure defines a new symmetry class or is 
an unusual member of class I1 will be decided when 
diffraction data are available for interpretation in conjunction 
with the data presented here. In any case, the further study 
of C2 is expected to advance our understanding of Znovirus 
architecture. 
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