
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 23 February 2013, At: 07:47
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Filamentous Bacterial Viruses
VIII. Liquid Crystals of fd
J. Lapointe a & D. A. Marvin a
a Department of Molecular Biophysics and
Biochemistry, Yale University, New Haven,
Connecticut, 06520
Version of record first published: 28 Mar 2007.

To cite this article: J. Lapointe & D. A. Marvin (1973): Filamentous Bacterial Viruses
VIII. Liquid Crystals of fd, Molecular Crystals and Liquid Crystals, 19:3-4, 269-278

To link to this article:  http://dx.doi.org/10.1080/15421407308084657

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/15421407308084657
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

7:
47

 2
3 

Fe
br

ua
ry

 2
01

3 



Molecular Crystals and Liquid Crystals. 1973. Vol. 19, pp. 269-278 
Copyright @ 1973 Gordon and Breach Science Publishers 
Printed in Great Britain 

Filamentous Bacterial Viruses 
VIII. Liquid Crystals of fd 
J. LAPOINTE and D. A. MARVIN 
Department of Molecular Biophysics and Biochemistry 
Yale University 
New Haven, Connecticut 06520 

Received April 24, 1972 

Abstract-Concentrated suspensions of filamentous bacterial viruses form 
cholesteric liquid crystals. Under appropriate conditions, spherulites m e  
observed. In  dry 
gels, where the pitch of the twisted layer is comparable to the wavelength of 
light, Bragg reflection from the sheets is observed. 

The twisted nematic phase shows form optical rotation. 

1. Introduction 

The fd-type filamentous bacterial viruses(g) are flexible deoxyribo- 
nucleoprotein rods, measuring about 60 by 9000 A, and weighing 
about 19 x lo6 amu. The 3000-odd major coat protein molecules in 
the virion (the virus particle), which account for about 85% of the 
weight, consist largely of a-helices, with the long axes of the a-helices 
oriented roughly parallel to  the long axis of the virion. The single- 
stranded nucleic acid is encased in a tube of these a-helices, with the 
planes of the purine and pyrimidine rings of the nucleic acid a t  an  
angle of about 70" to  the long axis of the virion. Since the nucleic 
acid molecule is circular, there are two such tubes running the length 
of the virion, joined a t  the ends.(8.9) 

Concentrated amorphous solutions of the virion develop bire- 
fringent paracrystalline regions after standing for a few days. (') Such 
concentrated gels can be dried into oriented crystalline fibers suitable 
for X-ray diffraction studies of molecular structure.(s) We report 
here some further observations on the liquid crystalline state of fd 
suspensions, which were made while investigating the conditions 
necessary to prepare improved specimens for X-ray diffraction. 
Some of these results have been briefly reported before.@) 
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270 MOLECULAR CRYSTALS A N D  L I Q U I D  CRYSTALS 

2. Materials and Methods 
Stocks of fd were prepared and purified as described.(lO) Con- 

centration was determined by measuring the absorption of the 
suspension a t  260 nm (ODz6,,), using appropriate dilutions, and 
employing the fact(’) that a 1 mg/ml solution with a, path length of 
1 cm has an OD,,, of 3.74. 

Quartz capillaries are produced by Paul Raebiger, Berlin-Spandau, 
and distributed by Unimex-Caine, Chicago. 

Pibers of fd were prepared@) by suspending a drop of concentrated 
gel (100 mg/ml or greater) between the tips of two glass rods, placed 
about 1 mm apart, and allowing the gel to dry slowly in a controlled- 
humidity atmosphere. The fiber was then placed in a quartz 
capillary, distilled water was added, and the ends of the capillary 
sealed with wax. 

Gel specimens were aspirated into capillaries, and the ends either 
left open to allow the gel to dry@) or sealed with wax. 

In  some cases, Bragg reflection was studied using gels placed in a 
thin chamber between two glass slides. (15) 

Specimens were studied in aqueous suspension a t  ionic strengths 
below 0.01 M and a t  pH values ranging from 4.6 to 12.0. No gross 
effect of pH was noted, but the effect of this parameter was not studied 
systematically. 

The dispersion of optical rotation, and the Bragg reflection from 
iridescent gels, were measured using filtered monochromatic light 
from a mercury lamp, except in the red, where a tungsten lamp with a 
Wratten 70 filter was used. Both a Zeiss polarizing microscope and a 
Wild binocular microscope with a polarizer and analyser attached 
were used. The apparent optical rotation 8’ is the angle through 
which the analyser had to be rotated away from its original position, 
perpendicular to the polarizer, in order to give extinction of the 
polarized light incident on the specimen. 

3. Results 
(A) SPHERULITES 

When a concentrated suspension of fd (15 mg/ml or greater) is 
stored for several days, it may separate into two phases, an upper 
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Figure 1. A 16 mg/ml suspension of fd in 0.01 M Na,HPO,, 
pH 12 was stored for several days. A lower birefringent phase appeared, 
having a concentration of 19 mg/ml. When the lower phase was disturbed, 
spherulites and tactoids appeared in the isotropic phase. A sample of this 
phase, containing both spherulites and tactoids, was placed in a depression in 
a glass slide, and examined a t  a magnification of 130 x under crossed polars (a). 
The appearance of the dark cross in the spherulites altered when the specimen 
was rotated by about 40". st.ill between crossed polars (b). 

Spherulites of fd. 
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272 MOLECULAR CRYSTALS AND L I Q U I D  CRYSTALS 

isotropic phase and a lower birefringent phase, as found for other 
viruses.(lJ1) The lower phase contains fewer impurities, as judged by 
the ultraviolet spectrum. (O)  The concentration at which separation 
occurs agrees qualitatively with the equation derived by F1o1-y'~) for 
phase separation in suspensions of rod-shaped molecules. 

If the birefringent phase is mechanically disturbed, small tactoids 
appear, embedded in the amorphous matrix; these grow into 
spherulites (Fig. 1). Under crossed polars, these spherulites show a 
black cross with its arms parallel to the planes of polarization of the 
two polars. The larger index of refraction is tangential to the surface 
of the spherulite. Since the intrinsic birefringence of fd is positive,@) 
the molecules must lie with their long axes parallel to the surface of 
the spherulites, as observed for a-helical polyaminoacids(*6) and 
ribonucleic acid.@*) On standing, these spherulites coalesce and 
drift downwards, forming the dense birefringent bottom phase. 

" Deformed spherulites " are seen when concentrated gels of fd are 
stored in sealed quartz capillaries (Fig. 2). These structures com- 
pletely fill the capillary and are therefore constrained to have its 
shape, However these structures show many of the characteristics of 
spherulites. Equidistant parallel lines are seen without crossed 
polars (Fig. 2a) ; with one polar, the lines which are perpendicular 
to the plane of polarization disappear, as found for other spherulites.(l2) 
A (' radial line of disinclination "(16) is seen at  a specific depth of 
focus in the spherulite (Fig. 2c). 

The spacing of the lines varies with pH and ionic strength, and 
decreases with increasing concentration. Some representative values 
are: in a (' dry gel " (about 60% w/w fd), the spacing is 1 p ; in a 
10% gel, about 15 p ;  in a 2% gel, about 90 p. 

(B) OPTICAL ROTATION 
In a cholesteric liquid crystal, the molecules are arranged in sheets, 

with their long axes parallel. These sheets are stacked one above the 
other, with a small regular rotation between the direction of align- 
ment in each sheet and the one above (see, for example, Fig. 1 of Ref. 
16). The parallel lines seen in spherulites are spaced a t  half the pitch 
of the helix followed by these sheets, seen edgeways-on. (2,4~14*16,17) 

The centers of the " deformed spherulites " which fill the capillaries 
are not always completely filled with parallel lines (Fig. 2x3). In these 
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274 M O L E C U L A R  C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L S  

central regions, the line of sight is perpendicular to the sheets of 
molecules. These regions show large form optical rotation, because 
of the rotation of these stacked sheets about the line of sight (Fig. 3) .  

2.0 2.5 3.0 3.5 4 .0  4.5 

Figure 3. Optical rotation as a function of wavelength. The apparent 
optical rotation, O’, was measured in the center of distorted spherulites which 
had formed in a 10% gel in a capillary. A: the specimen shown in Fig. 2 ,  
0.7 mm thick; spacing between dark lines in the spherulite (P) is 28 p. 
B: another specimen, 0.3 mm thick, P = 34,. 
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F I L A M E N T O U S  B A C T E R I A L  V I R U S E S  275 

The true optical rotation 0 is related to  the measured rotation 19’ by 

where k is an integer, and t is the thickness of the specimen. If the 
pitch of the twisted structure is large compared with the wavelength 
of the incident radiation, the de Vries equation(4) for optical rotation 
may be approximated by(16) 

Pn2 degrees e = -4 .5  x 104 x _ _ ~  
A2 P 

where P is the pitch of the helix and n is the birefringence of the un- 
twisted material for wavelength A. Figure 3 shows that 8‘ varies 
linearly with l / h 2 ,  as predicted by the modified de Vries equation. 

Since neither k nor t in %q. (1) varies with A, dB/d(l/X2) = 

dO’/d(l/A2), and the slope of the lines in Fig. 3 can be used to calculate 
the birefringence, n = 0.001. The concentration of these gels is 10% 
w/v. Fibers of fd, which have a concentration of 90% W/V at 66% 
relative humidity, have a birefringence of 0.005 to 0.01.@) Therefore 
the specific birefringence calculated from optical rotation agrees with 
the direct measurements of birefringence on fibers. 

Figure 4. Gel dried in a capillary, viewed along the capillary axis, between 
crossed polars. The X-ray diffraction pattern of such a specimen, when the 
X-ray beam is perpendicular to the capillary axis, is shown in Plate I1 of 
Ref. 8.  The specimen is cracked across the middle. 
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276 M O L E C U L A R  C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L S  

In  some specimens of fd which have dried in a quartz capillary, the 
long axes of the virions lie in planes perpendicular to the long axis of 
the capillary, but the planes themselves show no preferred orienta- 
tion.@) When such specimens are viewed down the axis of the capil- 
lary between crossed polars, they are illuminated (Fig. 4). Local 
regions of the specimen show extinction when one of the polars is 
rotated. Therefore these specimens behave as if there is a small 
regular rotation between the direction of alignment of molecules in 
each sheet and the one above, as one moves along the axis of the 
capillary: the same optical rotation effect seen for more dilute 
suspensions. These specimens show iridescent colors when viewed 
perpendicular t o  the axis of the capillary. 

(C) IRIDESCENT GELS 
As a gel of fd dries, the spacing between the dark lines in the gel 

decreases from tens of microns (Fig. 2a) to about 1 p (Fig. 5). These 

Figure 5 .  
pH 12, was viewed under 1200 x magnification. 
seen, separated by about 1.2 p. 

An iridescent region from a dry fd specimen in 0.01 M Na,PO,, 
Fine parallel lines were 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

7:
47

 2
3 

Fe
br

ua
ry

 2
01

3 



F I L A M E N T O U S  BACTERIAL V I R U S E S  217 

concentrated gels show iridescent colors when illuminated with a 
beam of white light (Fig. 6a). The planes act as a diffraction grating 
for light (Fig. 6b, c ; Table 1). 

TABLE 1 Diffraction of Visible Light by Iridescent Gels of fd 

435 27.5 686 
546 34.5 692 
578 37.5 675 

t The estimated uncertainty in measuring 28 is f I". 
$ d = A/2n sin 0, where n = 1.33 is the index of 

refraction of light in the gel, and 0 is half the angle 
between the incident and diffracted beams. 

Such iridescent gels are also observed if a fiber of fd is sealed in a 
capillary with distilled water, and allowed to swell. The distribution 
of intensity over the X-ray diffraction pattern of such a swollen fiber 
is similar to the distribution of intensity for dry fibers.(*) 

I n  one experiment, a wet gel which showed dark parallel lines 
similar to those in Fig. 2a was aIIowed to dry, and showed iridescent 
colors ; the sample was then re-wet, and the parallellinesre-appeared. 
The transition between the two kinds of liquid-crystal forms is 
reversible. 

(D) TWISTED RIBBOXS 
Some gels which were formed in capillaries showed structures 

which appear like ribbons twisting around the inner surface of the 
capillary wall (Fig. 7) .  These structures might possibly be related to 
the cybotactic nematic phase of liquid crystals,(3) or may be due to  
another cause. 

4. Discussion 

Liquid crystalline behavior has been seen for other viruses(lS6.l1) 
and has been extensively studied for poly a-amino acids.(*2-16) How- 
ever fd virus appears to  be one of the most complicated molecules yet 
reported which shows cholesteric liquid crystal behavior. Further 
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278 MOLECULAR CRYSTALS A N D  L I Q U I D  CRYSTALS 

investigation of this phenomenon may shed light on the long-range 
forces acting between biological macromolecules. 
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