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Virus Dynamics Lead to
Structure, by George!

Paul Carey
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Research Council, Ottawa, Canada
K1A OR6

The interplay between macromolecular
structure, dynamics, and function is an

increasingly important theme in mod-
em day biophysics. An understanding
of function demands an exquisite ap-

preciation of macromolecular dynam-
ics be it on the picosecond time scale,
as for bacterial reaction centres, or mil-
lisecond time scale, as for many en-

zyme reactions. The preceding state-
ment will not ruffle the readers'
feathers, but the notion that a virus par-

ticle may have interesting dynamical
properties seems somewhat strange at
first. However, George Thomas and co-

workers in "Raman Dynamic Probe of
Hydrogen Exchange in Bean Pod
Mottle Virus: Base-specific Retarda-
tion of Exchange in Packaged ss RNA"
have demonstrated that it is possible to
probe dynamical events occurring in a

virus and, moreover, that these events
provide structural insight into RNA-
protein interactions.
The so-called middle component of

bean pod mottle virus (BPMV) consists
of a protein capsid encapsulating a

single strand of RNA (the RNA is -2
X 106 Da, which is about 30% of the
mass of the entire particle). The crystal
structure provides detail of the protein
capsid, but only 20% of the RNA is suf-
ficiently ordered to appear as electron
density at the threefold vertices of the
capsid. The structure shows that the or-

dered nucleic acid maintains a back-
bone stereochemistry approximating
one strand of A-form RNA and that the
nucleotides are in contact with hydro-
philic protein side-chains. Obviously
any approach that can shed further light

on the nature of the RNA-protein pack-
ing will be of high interest.
The present work uses are a favorite

strategem of scientists studying macro-

molecular dynamics, namely, observ-
ing the time scale of replacement of la-
bile hydrogen atoms by deuterium
atoms from the bulk solvent (Englander
and Kallenbach, 1984). The concept
goes back to the pioneering work of
Linderstr0m-Lang in the 1950s and car-

ries with it the assumption that hydro-
gen atoms, e.g., in the peptide NH
bonds, that are tied up in rigid "fixed"
interactions within macromolecules
will undergo H to D exchange far less
readily than those exposed to solvent
(either permanently by being on the
outside of the protein or periodically
exposed due to fluctuations in the pro-

tein structure). Thus, by following and
characterizing the exchange one can

probe macromolecular dynamics.
The paper by Li, Johnson, and

Thomas in this volume is the latest of
a seminal series of studies using Raman
spectroscopy to probe virus properties.
Li et al. play two of Raman spectros-
copy's trump cards to great effect
namely, experimental flexibility, and
the ability to acquire specific informa-
tion. They design and use a simple ap-

paratus to observe the effect of hydro-
gen to deuterium exchange on the
Raman spectrum of the virus. Second,
they employ separate Raman spectral
features associated with protein amide
linkages and the RNA's uracil, cyto-
sine, guanine, and adenine populations
to follow H to D exchange as a function
of time.
The new sampling apparatus is sim-

plicity itself. Li and colleagues use as

their sample a drop of virus solution in
H20 inside a glass capillary. The laser
beam is focussed into the drop and the
Raman photons collected at right
angles. They perform H20 to D20 ex-

change by threading a small dialysis
tube through the top of the drop and
running D20 through the tube. They
achieve coinplete bulk solvent ex-

change in about 2 mins, which repre-

sents the time resolution of their set-up.
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Parenthetically, it is instructive to om-
parek'thli6&§t dAiiis, e4i-pient, few
dollarisfor -a time resolution-of- 20 s,
with picosecond or femtosecond time-
resolved spectroscopy equipment
sometimes costing hundreds of thou-
sands of dollars (and which would be of
no use for the present experiment). Ob-
viously, time, or lack of it, is money.

Li et al's results are easy to compre-
hend. When BPMV is exposed to D20
for up to 10 min there is no measurable
exchange of amide NH groups of the
protein capsid indicating that more than
90% of these groups are engaged in
relatively rigid hydrogen bonds. They
do, however, see exchange occurring in
the RNA bases but, and here is the crux,
exchange in the bases occurs with dif-
ferent time scales! In fact base-specific
retardation of exchange is seen in the
packaged RNA. Retardation is greatest
for the uracil residue population, for
which the first-order exchange rate
constant is 40% lower than for cytosine.
The guanine labile hydrogens also ex-
change more slowly than adenine.
These observations lead the authors to
point out that a structural feature shared
by uracil and guanine, but not by cyto-
sine and adenine, is the location of three
contiguous hydrogen-bonding sites
along a single edge of the heterocycle.
They propose that the 4CO-3NH-2CO
network of uracil and 6CO-1NH-
2CNH2 network of guanine may form
more extensive and presumably more
rigid contacts with capsid subunits.
There is some support for these ideas
from analysis of the RNA sequence.

Usually one starts with the structure
of a macromolecule and goes on the
discuss dynamics. In Li et al's study
however, measurement of dynamical
properties are starting to emphasize key
structural elements. As the authors
point out, the way to the future lies in
improving both their time-resolution
and photon detection system. Raman
spectroscopy will provide information
on aspects quite inaccessible to other
techniques. Time resolved studies on
viruses, by George!
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Modeling of Macromolecular
Diffusion in Congested
Media

Stuart A. Allison
Department of Chemistry, Georgia State
University, Atlanta, Georgia 30303 USA

Most in vivo biochemistry occurs in an
environment crowded with a wide va-
riety of biomolecules, membranes, and
complexes such as the cytoplasm of a
cell. Because of this, there have been
numerous studies in recent years deal-
ing with the concentration dependence
of diffusion constants and other trans-
port properties of macromolecules in
both homogeneous and heterogeneous
systems. A recent article (Zimmerman
and Minton, 1993) reviews both theo-
retical and experimental aspects of
macromolecular crowding. Modeling
the dynamics of such systems present a
number of difficulties that must be dealt
with. First of all, the individual macro-
molecules themselves are complex.
Second, we need to deal with more than
just one of them and this includes ac-
counting for their intermolecular inter-
actions. Third, the time scale of interest
should be long enough so that relative
displacements are at least comparable
to the linear dimensions of the biomol-
ecules present. A particle with a hydro-
dynamic diameter of 30 A will diffuse
about the same distance in 30,000 ps.
Molecular dynamics is now used rou-
tinely to model the dynamical behavior
of individual proteins out to about 100
ps. However, because of the size and
time scale considerations discussed
above, it is not a viable technique for
the problem at hand. From a practical
standpoint, it is necessary to model the
concentrated system in a manner more
simplistic than used in molecular dy-
namics on the basis of overall size and
time step.
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Over the past 10 years, Brownian dy-
namics has been used successfully to
study the dynamical behavior of mac-
romolecules modeled as beads or bead
arrays. In the present issue (p. 1810)
of Biophysical Journal, Dwyer and
Bloomfield develop a Brownian dy-
namics algorithm for simulating probe
and self diffusion of concentrated solu-
tions. Most of these studies are based
on the Ermak-McCammon algorithm
(Ermak and McCammon, 1978) in
which the solvent is represented as a
bath of random noise which mimics the
stochastic displacements of the beads
due to impulsive collisions with sol-
vent. Brownian dynamics has two limi-
tations relative to molecular dynamics.
First, because solvent averaged po-
tentials are used, one cannot obtain
detailed information on solvation struc-
tures. Second, one cannot get dynami-
cal information on inertial motions
since the underlying diffusion equa-
tions describe the average motion of the
macromolecule whose motion has been
interrupted by at least a few collisions
with solvent molecules. For typical bio-
polymer systems, this will correspond
to times larger than about 0.1 ps. In
Brownian dynamics, a simplified
model is used to represent the actual
macromolecule. A short fragment of
DNA consisting of several hundred
base pairs, for example, might be mod-
eled as a string of beads. Such a repre-
sentation lacks the detail of an all-atom
description used in molecular dynam-
ics, but does exhibit the correct overall
translational and rotational behavior of
the actual fragment and also accurately
mimics the internal dynamics of a semi-
flexible wormlike chain (Allison and
Nambi, 1992). Most Brownian dynam-
ics simulations to date have considered
the diffusion of one or two macro-
molecules.

In the Brownian dynamics algorithm
developed by Dwyer and Bloomfield,
probe and self diffusion of concentrated
solutions containing short DNA frag-
ments (modeled as a string of beads)
and the protein bovine serum albumin
(BSA) (modeled as a single bead) is
simulated. Interaction potentials em-
ployed are simple. Electrostatic interac-
tions, for example, are approximated
using Debye-Huckel potentials. It is the

simplicity of the model that allows it to
be used in studying the diffusion of a
congested and heterogeneous solution
of macromolecules. The question
Dwyer and Bloomfield address is
whether or not it is also realistic enough
to reproduce the experimental transport
data which is available for this particu-
lar system. At an ionic strength of 0.1
M, the answer is yes. The simulations
accurately reproduce the probe diffu-
sion of BSA in DNA over a wide range
of DNA concentrations. They also ac-
curately reproduce the self diffusion of
BSA over a range of BSA concentra-
tions. At an ionic strength of 0.01 M,
the simulations are less successful with
regards to the probe diffusion of BSA
in DNA. Two possible causes for this
discrepancy are inadequacy of the elec-
trostatic model and neglect of hydrody-
namic interaction. The authors believe
that neglect of hydrodynamic interac-
tion in the simulations is probably the
primary reason for the discrepancy. Fit-
ting the simulated diffusion data of
BSA to a scaling law gives an ionic
strength scaling law exponent, b, in rea-
sonable agreement with b values re-
ported for other systems.
The work of Dwyer and Bloomfield

is significant since it shows that a
simple model can accurately predict the
transport properties of macromolecules
in a concentrated and possibly heterog-
eneous solution under certain condi-
tions at least. One obvious extension of
this work would be to include hydrody-
namic interaction, but this is problem-
atic as discussed. Perhaps it would not
be unreasonable to approximate hydro-
dynamic interaction using screened
mobility tensors (Van Megen and
Snook, 1988). This strategy has been
criticized (as discussed by Dwyer and
Bloomfield) since such screening can-
not occur for systems of mobile par-
ticles even though it does occur for
systems containing a stationary back-
ground of particles. In a single time step
of a Brownian dynamics simulation,
however, the assumption is made that
the system is evolving in a stationary
force field computed on the basis of its
configuration at the beginning of the
dynamics step. Consequently, using
mobility tensors that are strictly valid
only for a stationary background


