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AN INFRARED LINEAR DICHROISM STUDY 
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Oriented gels of intact bactcrinl virus fd have been investigated by infmred linear diohroism. Infrared ahwrpti<m hnnd 
maxima and dichroism indicate an o-helix content of the major coat protein of Y5- IOOci. The n-hclicnl rodz c>f the coat protein 
are aligned parallel to the long axis of the virion with an inclination roughly c>timotcd to e 37O. The prcxncc of DNA infrnrcd 
bands at 968. Xf45.830 and 799 cm-‘. the ah.\cnce of n hand at 860 cm- ’ and the pcrpcndiculnr polarization of the ..ynmctric 
PO; stretching vibration at 1085 cm- ’ arc all indicative of a B-type hackhonc conformation in the single-stranded DSA. WC 
find no evidence for specific interaction between aromatic side group.\ (phcnylalaninc. tyrosinc) and the DSA haxs. Our 
results independently confirm most features of the model of Marvin and co-workers [2.15] ha&cd MI Iota-rc3oIution X-ray 
diffraction studie. However. our findings contradict their suggestion of an A-type DNA in the hactcrinl virus fd. Two results 
are consistent with rigid and stable order in the virus. First. over a 4-day period. 65% of the pcptidc h>Jmgcnz rcmrtin 
unexchanged with dcuterium. Second. changes in the rclativc humidity of the snmplc do not result in nny shift\ in the DNA 
spectrum that arc chamcteristic of free DNA. 

1. Introduction 

Filamentous bacterial viruses are the smallest 
known DNA phages. They consist of long rods of 
coat protein enclosing a single-stranded circle of 

DNA [1,2]_ The strain fd has a diameter of = 9.0 
nm and a length of 890 nm [3-61 and contains a 
DNA of 6400 nucleotides 161. The capsid is com- 
posed largely (= 99%) of one major coat protein 
(2710 subunits) plus about 4 copies of a minor 
protein, the absorption protein or A-protein [7-lo]. 
There may be a few copies of other minor coat 
proteins [I 1,123 as well. There are 2.36 DNA bases 
per major coat protein subunit in the virus 161. 
Amino acid [ 131 sequences are known as well as 
base composition [2,3]. Filamentous viruses can 
form oriented gels suitable for X-ray diffraction 
analysis [15] and ultraviolet linear dichroism stud- 
ies [ 141. Low-resolution X-ray diffraction data and 

molecular model building have resulted in a struct- 
ural model of the virus in which small helical rods 
of coat protein are organized so as to overlap like 
shingles or fish scales [ 151. 

However, the available diffraction data are at 
low resolution. and the DNA has not yet been 
detected in the diffraction pattern. * Thus, there is 
an important role in elucidating details of the 
structure and organization of both the protein and 
DNA components of fd for independent alterna- 
tive spectros:epic studies, including NMR and 
Raman spectra [16] as well as the infrared mea- 
surements we report here. We have studied ori- 
ented gels of bacterial virus fd by infrared linear 
dichroism under different conditions. By this tech- 

* Very recentI>-. layer lines of the X-my diffraction pattern of 
magnetically aligned fd virus have been assigned to DNA 
[ ISa]. 
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nique the alignment of the major constituents with 
respect to the particle axis can be determined. 
Moreover. the conformation of both coat protein 
and DNA can be analyzed both by the dichroism 
as well as characteristic absorption band maxima. 

To our knowledge, this is the first infrared 
dichroism study of an intact organism. 

2. Experimental section 

2 1. Materials 

Bacterial virus fd was isolated and purified by 

methods described previously 171. Several drops of 
a concentrated purified aqueous suspension were 
placed on an infrared transparent KRS-5 (TlBr- 
TI I) disk. Excess water was removed by equilibrat- 
ing in an atmosphere of 75% relative humidity 
controlled by a saturated NaCl solution_ 

12 Methods 

Gels were oriented by unidirectional stroking 
with a spatula. By this procedure. the filamentous 
virus particles are aligned preferentially in the 
stroking direction. 

The oriented virus sample on the KRSS disk 
was placed inside an infrared cell equipped with a 
second KRSS disk and a glass vessel containing 
saturated salt solution to control the relative 
humidity of the cell. Infrared spectra were re- 
corded on a Perkin Elmer model 325 spectropho- 
tometer equipped with a wire grid polarizer. De- 
tails of the measurement and the calculation of the 
dichroic ratio have been described previously 
[ 17,181. Hydrogen-deuterium exchange was carried 
out by exposing the oriented gel to a DZO atmo- 
sphere of controlled humidity. This was done by 
replacing the saturated Hz0 salt solution in the 
cell with an equivalent saturated D,O salt solution_ 
Temperature studies were performed using a varia- 
ble temperature cell manufactured by Perkin 
Elmer. 

3. Results 

The infrared spectrum of the oriented virus gel 
is dominated by amide group vibrations of the 

coat protein. Beside these strong bands, several 
weak and less clearly resolved bands can be identi- 
fied_ Variation of the relative humidity between 96 
and 24% has no significant influence on the spec- 
trum. 

The polarized spectrum of the oriented gel of 
virus fd is shown in fig. 1. The dichroism of the 
sample is low but well pronounced. Amide A at 
3300 cm- ’ as well as amide I at 1650 cm-’ are 
polarized parallel in contrast to amide 11 at 1540 
cm-’ which is perpendicularly polarized. 

Most of the bands have been assigned on the 
basis of the known primary structure of the coat 
protein [13] together with the known spectra of 
DNA in different conformations [19,20] (table 1). 

Change of the Hz0 atmosphere inside the in- 

Table 1 

Infrared absorption m;Lrima. dichroism behavior and assign- 
ment of an oricntcd gel of bacterial virus fd (978 relative 
humidity. H,O atmosphere) 

MaGimum 
position 
(cm-‘) 

Dichroism 
behavior 

Assignment 

3 290 
3 060 
2 960 
2 955 
2 870 
1 651 
1 542 
I 453 
1 415 
1 395 
I 385 
1 295 
1 230 
I 165 
I 085 

968 
935 
885 
830 
800 
775 
752 

697 
660 
620 

amide A 
amide B 
CH stretching 
CH stretching 
CH stretching 
amide I 
amide II 
CH deformation 
CH deformation 
CH deformation 
CH deformation 
amide III 
antisymmetric PO; 

symmetric PO_ 
DNA backbone 
amide C-C-N stretching 
DNA backbone 
DNA backbone 

DNA backbone 
phenylakmine and/or 
tyrosine 

amide V 
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Fig. 1. Polarized infrared spectrum of an oriented gel of bacterial virus fd. The gel is equilibrated with an H,O atmosphere of 97% 
relative humidity. Transmission is plotted against wavenumber in cm-‘. 3 XT and 4XT are spectra expanded by a factor of 3 and 4. 
respectively_ on the transmission scale. Full line: electric vector of the polarized radiation perpendicular IO orientation direction: 
broken line: electric vector parallel IO orientation direction. (A) The region around 3000 cm-‘. (B) The region from 400 to IRON cm-‘. 



frared cell to a D,O atmosphere is accompanied 
by a hydrogen-deuterium exchange of exchangea- 
ble OH and NH groups. At pH7 the peptide 
backbone NH groups are exchanged incompletely 
as monitored by intensity changes of amide A. 
amide II and amide II’ (table2); after 4 days of 
incubation the fraction of nonexchanged peptide 
NH groups has been determined to be ~65% 
This partial hydrogen-deuterium exchange is 
accompanied by changes in the infrared spectrum 
(table3). These changes are related to peptide 
vibrations: amide A, amide II. amide III, and 
amide C-C-N stretching. The amide I shifts only 
slightly from 1651 to 1648 cm-‘. This behavior is 
consistent with = 35% H-D exchange of the amide 
NH of the peptide groups of coat protein over the 
time period monitored. 

Temperature variation between 30 and 75OC is 
accompanied by a small shift of the amide II band 
from 1536 to I533 cm-’ (~0.5 cm-‘) with in- 
creasing temperature. The shift is reversible. 

Incubation in DzO vapor at 55°C results in a 
complete hydrogen-deuterium exchange of the 
peptide NH within = 3 h. (table 2). The changes in 
the infrared spectrum are consistent with the com- 
plete replacement of the NH by ND. 

Table 2 

Intensity changes of amide bands of viirus fd coat protein in the 
course of H-D exchange of a gel exposed to D20 vapor. 

Infrared Exposition Absorbance = %Of 

band time exchanged 
(position (h) amide 
in cm-‘) protons 

Amide II 0 0.340 0 
(1545 cm-‘) 2 0.261 23.2 

72 0.218 35.9 

Amide II’ 0 0.040 
(1440cm-‘) 24 0.225 

72 0.224 

Amide A 0 0.378 0 
(3290 cm-‘) I 0.287 24. I 

4 0.269 28.8 
72 0.264 30.2 

a Amide I1 and amide II’: relative absorbance refers to the 
absorbance of amide I at 1650 cm-‘: amide A: absolute 
absorbance. 

Table 3 

Changes of the polarized infrared spectrum of a” oriented gel 
of bacrcrial phage fd by hydrogen-deuterium exchange 

Intensity 
decrease 

Bands (position in cm- ’ ) 

3290 (amide A), 3060 (overtone of amide II). 
1545 (amide II). 1300 (amide II). 935 (amide 
C-C-N stretching) 

New bands 2375 (amide A’). 1440 (amide II’) 

4. Discussion 

4.1. SecondaT sfructure of the coat protein 

The virus fd consists of 88% coat protein. 12% 
DNA and a neghble amount of other proteins [6]. 
The characteristic amide group vibrations reflect 
the secondary structure of the coat protein The 
wavenumbers of amide I, amide II, amide III and 
C-C-N stretching (tabIe 1) are in full agreement 
with the values expected for a-helices which are 
1650 2 5, 1545 2 5, 1285 -C 15 and 935 = 5 cm-‘, 
respectively [21]. Significant B-pleated sheets and 
random-coiled forms can be excluded by our find- 
ings; they would absorb at (in brackets are the 
values of the random coil) 1665 * 5 (1665 2 5). 
153025 (152.5~5), 1235*5 (1248*5) and (960 
* 5) cm-‘, respectively [21]. If P-sheets or random 
coils are present. their fraction should be less than 
5%. otherwise a shoulder at 1665 cm-’ as well as 
new bands between at 1520 and 1530 cm-’ would 
occur. 

In previous studies the a-helical structure of the 
coat protein has been inferred from different spec- 
troscopic studies [22-241. Our results fully support 
these earlier findings. 

4.2 Orientation of coat protein 

According to the model of the cu-helical rods of 
Marvin and his co-workers [I51 the coat proteins 
run almost parallel to the phage long axis and 
overlap radially like shingles or fish scales. The 
orientation of the a-helical rods of coat protein 
with respect to the particle axis can be established 
independently by infrared linear dichroism of ori- 
ented gels of the virus. 



Beetz et al. [24a] recently disputed the reliability 
of structural information obtained from infrared 
linear dichroism. Their criticism holds true in the 
absence of reliable values of the direction of the 
transition dipole moments of the vibrations- In 
this paper we avoided deducing any quantitative 
structural parameters of the DNA from infrared 
linear dichroism data. Nevertheless, the dichroism 
data are very convenient to determine the confor- 
mation of the DNA backbone. On the other hand, 
structural information on the coat protein can be 
deduced from infrared linear dichroism data. since 
reliable values of the direction of the transition 
moments of the peptide vibrations are available. 

The angle B between the phage axis and the 
transition moment of a vibrational transition can 
be calculated from the measured dichroic ratio 
R = A ,/A,, using the expression of Fraser [25]: 

R= 
ffsin%i-$(I -f) 

jcos%+~(l -f) 
(1) 

where A, and A,, are the absorbances with per- 
pendicular and parahel polarized radiation relative 
to the phage axis, respectively. In eq. (1). f is the 
fraction of perfectly oriented phages. and both B 
and f represent unknown quantities. However. rea- 
sonabie Iimits can be estimated from the experi- 
mental R values as follows. 

The transition moment of the amide 1 vibration 
is tilted 29-34” with respect to the helix axis [26]. 
Hence. from the R values in table4 we obtain 
f = 2-10% for the degree of orientation in the 
sample_ The moment of the amide If vibration on 
the other hand is inclined between 75 and 77” 
from the a-helix axis [25]. and from this f= 1% 
17%. Finally, if we assume a I3 DNA conformation 
for the DNA molecule (see below), the observed 
value R = 1.15 for the symmetric phosphate 
stretching vibration at 10% cm-r yields f= 21% 
since the transition moment is inclined by 64.3” 
from the helix axis [IS]. Each of these estimates 
assumes that both the DNA and coat protein 

Table 4 



subunits are perfectly parallel to the long axis of 
the virion. While it is difficult to assess the validity 
of this assumption for the DNA molecule, it must 
be noted that any deviation of the protein subunits 
from this paraIle1 orientation will lead to an in- 
crease in the true value off. Thus, f = 21% repre- 
sents the rt~initntmz value for the oriented fd sam- 
ple_ 

A second preparation of an oriented gel of the 
virus fd resulted in a slightly better degree of 
orientation. This is indicated byf= 36% calculated 
from the dichroic ratio R = 1.25 of the symmetric 
phosphate vibration at 1085 cm-’ under the same 
assmnptions made above. 

The mean angle 8 between the axis of the 
cu-helical coat protein sttbunits and the particle 
axis can in fact be estimated by an equation 
deduced from the general relation [25a]: 

I-R -E( 3 cos”8 - 1 
33-R 

2 ><3?~--1) 

where Q is the angle of the virus particles with 
respect to the orientation direction. It has been 
shown that the orientation function (3 co& - 
l/Z} equals f. the fraction of perfectly oriented 
molecules [Xa]. Substituting f into eq_ (2). the 
following equation results: 

sin% -i- g 
A 

s sin’t9-t 
=--.L= 

R A 
2 - 3 sin% 

V 
co&? + 

sin”9 + g 

2 - 3 sin% 

with g = $ (1 -f J/f_ With J- 0.21 for sample I 
and f = 0.36 for sample II, respectively. eq. (3) 
yields i#=3?t: 11° (table 4). The considerabIy 
scattering values of 9 may be explained by the 
arbitrariness of the base-line procedure to obtain 
the absorbances A 1 and A,, instead of the more 
correct integral intensities of the infrared bands. 
This explanation is supported by the fairly good 
agreement of corresponding 4 vaiues of sample I 
and sample II in table4; the difference is only 
O-6--5.ti”. The mean values of 9 are in good agree- 
nznt aiso. and underline the reproducibility of the 

infrared dichroism experiments despite the low 
orientation of both samples. 

The angle 9 = 37 ir 11 0 is slightly greater than 
the = 30* of Marvin’s model [I5]. It should be 
emphasized. however. that the dichroism method 
implies two assumptions: (i) the DNA is aligned 
parallel to the virion axis, i.e., 9 = 0”. (ii) The 
phosphate group of the single-stranded circular 
DNA has the same geometry as double stranded 
DNA in its standard I3 form_ 

The first assumption is generally accepted 
[Z, 15af. The second assumption is the cruciai point. 
We used B = 64_3O for the inclination of the transi- 
tion moment of the 1085 cm- * phosphate vibra- 
tion to the DNA helix axis, the mean value found 
in an extensive study of calf thymus DNA films in 
the B form fl8]. It can easify be shown by the use 
of eqs. (I) and (3) that the experimental results of 
the amide I and amide II dichroism (table4) are 
consistent with 8 of the 108.5 cm-’ phosphate 
vibration only within the limits 55;” (: B,, ==z 6V. 
outside these limits. either f exceeds 100% (i?rt,xs -=z 

~58~) or nondefined 9 values bf amide II (81nR5 > 
6S”) are found. These hold for both samples I and 
II. The limits of 810SS simply given by the con- 
sistency of the data suggest a phosphate geometry 
very near to that of B-DNA. As discussed below. 
infrared and Raman data support a backbone 
conformation very similar to the standard I3 form 
of DNA. These findings justify a tentative value of 
B = 64-3 -C 0,3O to estimate roughly the angle i) by 
=I. (3). 

Due to all implied uncertainties. the calculated 
angIe 9 * 37O can be regarded only as a very rough 
estimation. Nevertheless, the data of table4 clearly 
demonstrate a significant inclination of the coat 
protein subunits with respect to the virus axis. . 

Indirect information on the packing of DNA 
and coat protein can be obtained {i) by variation 
of the controlled relative humidity to which the 
oriented film of the virus is exposed and (ii) from I 
hydrogen-deuterium exchange measurements. : 

The antisymmetric PO; vibration of DNA nor- 
mally shifts to hi&er wavenumbers with decreas- 



ing relative humidity_ To a first approximation the 
shift is independent of whether the DNA is native 
or denatured, single or double stranded. Native 
double-stranded DNA in its B form (predominant 
at high relative humidity >90%) absorbs at 1222 
( * OS) cm- rT in its A form (predominant at 60- 
80% relative humidity) at 1237 cm-“ 1321. Further 
shift of the antisymmetric POT vibration occurs at 
further dehydration of the DNA when the ordered 
structure is successively replaced by disordered 
forms. 

The band maximum of the single-stranded cir- 
cu!ar DNA in situ of bacterial virus fd occurs at 
(1230 2 1) cm-’ under high humidity conditions 
(97%). No significant shift can be found even at 
relative humidities as low as 23% Free accessibil- 
ity of DNA to water should result in a shift to 
higher wavenumber of at least IO-15 cm-’ going 
from 97 to 23% relative humidity_ The constant 
position at 1230 cm- ’ indicates a hydration sphere 
equivalent to an atmosphere of = SO-85% relative 
humidity_ constrained so as to be incapable of the 
alterations in structure with relative humidity that 
occur in free DNA. The hydrogen-deuterium ex- 
change of amide NH comprising the backbone 
peptide groups is limited to 35% in our samples. 
over a period of 4 days at room temperature. 
Hydrogen-deuterium exchange in the case of most 
known proteins has been observed to involve 
peptide hydrogens that exchange at rates ranging 
from the so-called “free” peptide rate to peptide 
hydrogens that exchange at rates which can be 
eight or nine orders of magnitude slower [27]. If 
we use the opening-limited scheme of Engtander 
and Englander [27], 

[N-H]i”r~r~~,~$ [N-H]~~~‘~ H exchanged 
rl 

the situation in native proteins near pH 7 corre- 
sponds to one in which the chemical rate is slow, 
and thus the observed exchange rate is 

x-,~ = &, kchem/ (k., + k, -i kchem) 

them = K, kchem 

where K, denotes the equilibrium constant for the 
opening event. Based on the data of Molday et al. 

1281. at pH 7 and 20°C the exchange rate of an 
average peptide is about 10 s-‘_ Since in = 100 H 
65% of the peptides have not exchanged. we can 
conclude that for these K,, =Z 10 -‘_ Structural 
opening of the peptides of the coat protein is thus 
far more difficult than for any simple a-helix 
structure by a factor of = IO3 and thus probably 
reflects substantial additional stabilizing interac- 
tions present within the virion. The 35% of peptides 
which exchange include both “free” peptides 
groups present as well as those a-helical groups 
that are not involved in quaternary interactions. 

Under the more severe conditions of 55OC. both 

Kc, and kchem increase and complete exchange 
occurs within 3 h. as seen in table2. 

The lack of variation in any bands with change 
in humidity and the hydrogen-deuterium exchange 
behavior suggest that the structure involves a 
rigidly held DNA molecule complexed within a 
stable coat protein matrix_ This picture is in agree-. 
ment with 3’P-NMR studies of the phosphate 
chemical shielding tensor in fd 1311 and with other 
solid-state NMR studies on the coat protein of the 
virion. 

4.4. Structure of DNA 

The DNA of bacterial virus fd is circular and 
single stranded [ 1.21. The circle is assumed to be 
folded in two. with the two strands oriented paral- 
lel to the long axis of the particle. Base composi- 
tion and noncooperativity of melting rule out ex- 
tensive base pairing [2]. A highly base-stacked 
structure of DNA with a base tilt of about 20” has 
been deduced from ultraviolet linear dichroism 
results [14] as well as from model building studies 
[2_15a]. Therefore_ the A form of DNA has been 
considered as most likely 121. A Raman study. 
however. fziled to detect the Raman band at 810 
cm- ’ characteristic for A-DNA [ 161. 

We have made a further attempt to elucidate 
the DNA structure by infrared spectroscopy in- 
cluding linear dichroism. Unfortunately. the base 
vibrations at 1650-1700 cm-’ of DNA are fully 
masked by the strong amide I vibration band of 
the coat protein. Therefore, the inclination of the 
DNA bases with respect to the long axis of the 
virion cannot be calculated from the dichroism 



data. The symmetric PO; vibration at 1085 cm-‘, 
however. can be observed and is perpendicularly 
polarized_ This is clearly consistent with the B-type 
backbone structure_ A-DNA is characterized by a 
parallel polarization of the 1085 cm-’ band [32]. 
Typical infrared bands of B-DNA are at 966. 890, 
835 and 779 cm-‘, those of A-DNA at 860 and 
815 cm-’ [lS.19]_ We observe in the spectrum of 
bacterial virus fd bands at 968, 830 and 779 cm-’ 
(fig. 1 and table 1) but no band between 830 and 
SSS cm-‘. This indicates absence of any A-type 
backbone structure of the viral DNA in situ. ? here 
is no contradiction between the postulated 20” 
base tilt of the viral DNA and the exclusion of 
A-DNA. Under special conditions, duplex DNA 
in aqueous solution may in fact assume a =20” 
base-tilted conformation as shown recently 1333. 
Single-stranded DNA is presumably even more 
flexible with respect to the base tilt angle than 
duplex DNA. 

Exposure of the oriented gel to 23% relative 
humidity is not accompanied by any significant 
change in the infrared bands of the DNA. This 
agrees with the results discussed in the preceding 
par&graph concerning the lack of conformational 
freedcsm of the DNA molecule within the virion. in 
con:rcst to DNA free in solution. 

Summarizing, our results are consistent with a 
single-stranded DNA molecule oriented parallel to 
the long axis of the virion, with a backbone con- 
formation closer to the B type, than A. 

4.1 Coar protein-DNA interaction 

An unresolved question concerning fd virus 
centers on the nature of the interaction between 
coat protein and the enclosed circle of single- 
stranded DNA. The basic C-terminal part of the 
coat protein (residues 40-50) contains 4 lysine, 3 
serine + threonine and 2 phenylalanine side chains 
and is assumed to be attracted by DNA predomi- 
nantly via electrostatic forces [22]. Specific interac- 
tion could occur by intercalation of aromatic side 
groups (3 phenylalanine, 2 tyrosine, 1 tryptophan) 
between DNA bases or by hydrogen bonds to the 
bases (4 serine, 3 threonine). The preference of 
tyrosine and tryptophan for single-stranded DNA 
has been demonstrated [34,35]. Regular arrange- 

ment of aromatic side groups as a consequence of 
specific interaction with DNA bases should be 
detectable by infrared dichroism of the respective 
infrared bands, particularly in the 700-900 cm-’ 
region where the out-of-plane CH deformation 
vibrations occur [36]. We have located infrared 
bands in this region (fig. 1, table 1). The only 
candidates for phenylalanine and tyrosine vibra- 
tions are the bands at 800 and 745 cm-‘; the 
out-of-plane deformation is expected near 735 
cm-’ 1361. Neither observed band exhibits signifi- 
cant dichroism. Hence, involvement of any of the 
aromatic amino acid side chains in a specific inter- 
action to DNA bases in the virion seems unlikely. 

4.L Molecular orchiteczure of bacterial virus fd 

Our results provide a completely independent 
test of several features of the model for fd virus 
proposed by Marvin and Wachtel [15]. Thus, we 
confirm both the extremely high a-helical content 
of the coat protein as well as its roughly parallel 
alignment of the long axis. 

The only discrepancy with the model of virus fd 
concerns the backbone structure of DNA. We do 
not confirm the A-type DNA structure postulated 
by Marvin and Hohn [2]. Our results agree with 
those of a Raman spectroscopic study [ 161, in that 
the duplex is closer to a B form. 
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