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Simple model for the kinetics of packaging of DNA into a capsid against an external force
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We propose a simple model for the kinetics of packaging of viral DNA into a capsid against an external force
trying to prevent it. The model leads to a Butler-Volmer-type dependence of the rate of packaging on the
pulling forceF.
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Recently, in a very interesting experiméii, the rate of from B to C. The experiments are done under saturating
packaging of a long viral DNA into a capsid by means of theconcentration of ATP. Hence, ATP attachment is not the rate-
portal complex, under the influence of an external force try-determining step. ) )

The force-velocity E— v) curves show that packaging rate reach it i_n the presence of an external foEcean extra work
decreases even for small forces, implying that the rate(-)f FAx Is required. Therefore the rate of the forward pro-

determining step in the packaging is affected by the exters o> 1N the presence of the force is given by

. . : _ .~ vor eXp(—FAX/KT), wherevy is the rate in the absence of the
nally applied force. Using a Kramer's-type model, involving gyternal force. The rate of the backward reaction is, in a

steps that involve thermal activatiop over a barrier, the eXgjmilar fashion, given byw, exgF(a—AX)/KT], where a
perimental data was fitted assuming two force-dependent 68 A. Hence, the net rate i= vy exp(—Faa/kT)
steps. The first involves a conformational change of only 0.1-,, exdFa(1—a)/kT], wherea=Ax/a. Using this expres-

nm and is the rate-determining step for small forces. Atsion, we have fitted thé — v curves in Ref.[1] and the
higher forces, the velocity is found to decrease more sharplyesults are shown in Fig. 3. The equation seems to fit the data
and it was suggested that the second step, which has a lardeirly well. Reference[1] assumes two different rate-
conformational change associated with it, becomes the ratéletermining steps, operating at different force strengths. Fur-
limiting step. In the following, we present a simple theoret-ther, they have four unknown parameters which are used for
ical model for theF — » curves, which seems to fit the data fIting- In comparison, in our mechanism, there is only one

reasonably well. In our model, there is only one step in the(rever3|ble step and three parameters. Interestingly, the

activation process, and we include the possibility of the re_above equation is very similar to the Butler-Volmer equation

. of electrochemistny[3], in which the forceF plays a role
verse process too. Interestingly the model leads to a formulga]-milar to the overpotential, and is the analog of the sym-

analogous to the Butler-Volmer equation of electrochemistrymetry factor. We have used the equation to fit the data using
A mechanism consistent with the structure of the packaging, xryemarica . At 1/3 packing the best fit is obtained for the
motor, determined from x-ray crystallography has been SUGparametersax=0.769 A, vy;=100.754 base pairs per sec-
gested 2]. According to this, the packaging involves succes-gnqg (bp/s and vg,=8.704<10°3 bp/s with an error of
sive firing of five ATPases in the portal complex. The hy- +1 16 bp/s. For 2/3 packing, the best-fit parameters were
drolysis of one adenosine triphospha#dP) molecule leads  Ax=0.989 A, v,=82.859 bp/s, and vy,=4.556
to a movement of two base pairs of the DNA into the capsid.x 102 pbp/s with an error of=1.63 bp/s. However, it seems
To analyze the process, using the methods of physical kinepest to interpret\x as perhaps a structural parameter, inde-
ics, we need to have an idea of of the potential-energy sur-
face for the processes, and of the transition state. Here, it is T E
most convenient to take the reaction coordinate to be the
length of the DNA molecule inside the capsid, which we
shall denote as. Every increase im by a(=6.8 A) involves
the hydrolysis of one ATP molecule. This hydrolysis is
coupled mechanically to the movement of the DNA, through
the ATPase. Therefore, ashanges by, there is a lowering
of net free energy of the system.

A free-energy profile for the process, against the reaction
coordinate(x) is shown in Fig. 2. Each minimurtA,B,C) in
the curve is an initial state for the packaging of two more
base pairs, and has one ATP molecule, ready to be hydro-
lyzed. In going from A to B, the ATP is hydrolyzed to ad-
enosine diphosphatéADP) (leading to a lowering of free
energy and two base pairs have been packed in. At B, the
ADP is got rid of, and another ATP is attachéubt to the FIG. 1. Packaging of the DNA into the capsid against an exter-
same ATPase, see R¢R]) and then the system goes over nal forceF trying to prevent it.
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FIG. 2. Free-energy profile for the packaging.denotes the Force(pN)

length of the DNA that has been packaged. The packaging of @ g, 3. packaging rate against the force. The best fit was

lengtha corresponds to going from A to Br B to C) and involves  gyained usingaatHEMATICA . A value of Ax=0.802 A leads to the

the hydrolysis of one ATP molecule. As more and more DNA getspag; results. At 1/3 packing this we g&j; = 101.980 base pairs per

packed in the oscillations in the free-energy profile would decreasggcgng (bp/s and ve,=8.469<10°° bp/s with an error of

and the profile would get flatter and flatter. +1.30 bp/s andwy=77.753 bp/s andvy,=4.850<10"2 bpls
with an error of=2.52 bp/s for the 2/3 packing.

?vscr)]dcear;[ezf \::;1 ?rr:e O:;ﬁﬂ? 5;32”3& ;?]%ret:]oigel’egg Ig;exd the[he force at which the packaging rate would become zero and
we find that the values are 56.85 and 44.p5l, respec-

=0.802 A and »,;=101.980 bp/s and vy,=8.469 . : . : :
% 102 bp/s with an error of+ 1.30 bp/s for the 1/3 packing _t|vely,bat the two %ack'ﬂgi' Thel d|ﬁe;enc,\¢|a 'Sf 112p2N, which
and vo¢=77.753 bp/s andvg,=4.850< 102 bp/s with an is to be compared with the value of 14N of [1].
error of =2.52 bp/s for the 2/3 packing. The results for this K.P. Santo is grateful to CSIRndia), for financial sup-
case are shown in the Fig. 3. We used this fitting to calculatgort.
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