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ABSTRACT: Bacteriophage 4 is a double-stranded DNA virus that infects the Escherichia coli bacterium.
A genomic DNA is replicated via rolling circle replication, resulting in multiple genomes linked head to tail at
the cos site. To insert a single A genome into the viral capsid, the 4 terminase enzyme introduces symmetric
nicks, 12 bp apart, at the cos site, and then promotes a strand separation reaction, releasing the tail end of the
previous genome and leaving a binary complex consisting of 4 terminase bound to the head end of the adjacent
genome. Next, the genome is translocated into the interior of the capsid particle, in a process that requires
ATP hydrolysis by A terminase. Even though DNA packaging has been studied extensively, currently no bulk
assays are available that have been optimized to report directly on DNA translocation. Rather, these assays
are sensitive to assembly steps reflecting formation of the active, DNA packaging machine. In this work, we
have modified the DNase protection assay commonly used to study DNA packaging in several bacteriophage
systems, such that it reports directly on the kinetics of the DNA packaging reaction. We have analyzed our
DNA packaging data according to an N-step sequential minimal kinetic model and have estimated an overall
packaging rate of 119 £ 8 bp/s, at 4 °C and 1 mM ATP. Furthermore, we have measured an apparent step size
for the this reaction (1) of 410 & 150 bp. The magnitude of this value indicates that our assay is most likely
sensitive to both mechanical steps associated with DNA insertion as well as occasional slow steps that are
repeated every >410 bp. These slow steps may be reflective of the pausing events observed in recent single-
molecule studies of DNA packaging in bacteriophage A [Fuller, D. N., et al. (2007) J. Mol. Biol. 373,
1113—1122]. Finally, we show that either ATP or ADP is required for terminase cutting at cos, to generate the

tDepartment of Pharmaceutical Sciences, School of Pharmacy, University of Colorado Denver, C238-P15, 12700 East 19th Avenue,

active, DNA packaging complex.

Double-stranded (ds) DNA viruses such as adenovirus, the
herpes viruses, and several bacteriophages are composed of viral
DNA tightly packaged within an icosahedral protein shell called
the capsid (2—5). A critical step in the assembly of an infectious
virus particle is packaging of viral DNA into the capsid, a process
catalyzed by enzymes called terminases (6). For bacteriophage A,
DNA packaging has been studied extensively at the biochemical
and genetic levels and presents an ideal system for understanding
the role of terminase in DNA packaging. 1 terminase is a
multifunctional enzyme that possesses endonuclease, ATPase,
strand separation, and ds DNA translocase activities (6). The
enzyme coordinates these activities (1) to process viral DNA to
form a nucleoprotein complex competent for DNA packaging
and (2) to interact with the viral procapsid to package the genome
(see Figure 1).

The A terminase holoenzyme is composed of two proteins,
called gpA and gpNul, which assemble into a heterotrimer
(gpA—gpNul,). The heterotrimer further assembles into a tetra-
mer of heterotrimers, which is required to conduct its enzymatic
activities. This tetramerization reaction is strongly stimulated by
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the presence of Escherichia coli host protein IHF' (7, 8). IHF is a
site-specific DNA binding protien that further bends the DNA up
to 180° (9). Thus, it appears this DNA bending provides the
heterotrimer with the appropriate architecture to promote assem-
bly into the tetramer. The gpA subunit contains the enzymatic
activities associated with the holoenzyme, while the gpNul
subunit is responsible for specific recognition of the cos site (3).

Despite intensive study, few experiments that have been
designed to look at only the A terminase-catalyzed DNA pack-
aging reaction, isolated from other assembly steps such as
binding to the procapsids, have been performed. In particular,
no bulk assays have been reported that have been optimized to
yield information about the kinetic steps of the DNA packaging
motor. In contrast to this, recent single-molecule experiments
have been reported that have investigated the DNA packaging
reaction in bacteriophage phi29, T4, and 4 (I, 10—13). While
these experiments promise to yield deep insights into the DNA
packaging mechanisms of the terminase motor proteins, quanti-
tatively rigorous bulk assays are required for a complete char-
acterization of the packaging reaction.

In this work, we have redesigned the bulk, DNA packaging
assay available for the bacteriophage A system (/4), such that it
reports directly on the genome packaging reaction. We have

'Abbreviations: NLLS, nonlinear least-squares; cos, cohesive end
site; IHF, integration host factor; complex I, binary complex formed
between terminase and the matured, left end of the cos site; complex 11,
ternary complex formed between complex I and the viral capsid.
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FIGURE I: Schematic of the current model for the maturation process
catalyzed by A terminase. A terminase binds to the cos site, which
represents the site at which individual A genomes are linked head to
tail (5). Specific recognition of cos occurs through site-specific bind-
ing of the gpNul subunit to cosB, while the nicking reaction occurs at
cosN. Symmetric nicks are introduced into the top and bottom
strands by the gpA subunit of A terminase, in a reaction whose rate
and fidelity appear to be controlled by either ATP or ADP binding
(solid arrows). In the absence of nucleotides, but in the presence of
Mg*", the nick on the bottom strand is shifted 8 bp to the left (dashed
arrow). Next, A terminase promotes strand separation of the inter-
vening 12 bp of ds DNA present between the two nicks. Upon strand
separation, A terminase remains associated with the Dy end, which
represents the beginning of a genome: this is termed complex I.

further implemented a mathematical model that allows quanti-
fication of fundamental kinetic parameters of the packaging
reaction, including the bulk packaging rate of the terminase
motor, and have provided a quantitative framework with which
to interpret the bulk measurement of the kinetic step size. The
implications of this work with respect to the mechanisms of viral
genome packaging are discussed.

EXPERIMENTAL PROCEDURES

Reagents. LB broth and LB agar were purchased from
Fisher Scientific. Restriction enzymes were purchased from
New England Biolabs. DEAE-Sepharose FF and SP-Sepharose
FF chromatography resins were purchased from GE Healthcare.
Nucleotides were purchased from Roche.

Protein Purification. Purification of hexahistidine-tagged
terminase holoenzyme was performed as previously described (15).
E. coli integration host factor was purified from overexpressing
strain HN880 using the method of Nash et al. (/6). Procapsids
were expressed and purified as described previously (74).

Construction of the DNA Packaging Substrates. Three
plasmids were used to generate the DNA substrates: pCTA (17),
in which an EcoRI-BamHI fragment (A DNA sequence
nucleotide 4972 of the 3’ end to nucleotide 5505 of the 5" end)
was cloned into pGEM-9Zf(—); pQY 101, in which a A fragment
from nucleotides 5505—7910 was PCR amplified and cloned into
the BamHI and Sall sites of pCTA; and pQY102, in which the
. DNA sequence from nucleotide 5505 to 10410 was
PCR amplified and cloned into the BamHI and Sall sites of
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pCTA. These three DNA plasmids were subjected to the following
restriction enzyme digestions to generate a series of lengths of
the Dy fragments, after cleavage by A terminase: (1) Rsrll
digestion of pCTA which generated the Dy fragment of 3799 bp,
(2) BamHI digestion of pCTA which generated the Dy
fragment of 5504 bp, (3) Scal digestion of pCTA which generated
the Dy fragment of 7553 bp, (4) Scal digestion of pQY101
which generated the Dy fragment of 9953 bp, and (5) Scal
digestion of pQY102 which generated the Dy fragment of
12453 bp.

DNA Packaging Reaction. In vitro DNA packaging was
conducted as described previously (74, 18) with modifications.
The DNA packaging reaction consisted of three steps. Step 1 was
generation of complex I by cos cleavage. The DNA substrate
(29.4 nM) was incubated in 61.4 mM Tris (pH 8.0 at 23 °C),
9.1 mM pS-mercaptoethanol, 2.35 mM spermidine, 11.8 mM
MgCly, 17.6 mM NacCl, 4.9% glycerol, 58.8 nM E. coli integra-
tion host factor, 235 nM terminase (concentration expressed in
terms of the gpA subunit), and the required ADP concentration
to yield a final ADP concentration as indicated in the text. For
example, to achieve a final ADP concentration of 0.05 mM, we
included ADP at 0.059 mM in step 1. The reaction was initiated
via addition of terminase and was conducted at 37 °C for 30 min.
Step 2 was preincubation of complex I with procapsids and
generation of complex II. Procapsids were added to a final
concentration of 40 nM, at the end of the cos cleavage reaction,
and were incubated for 5 min at 23 °C followed by 5 min at 4 °C.
Upon addition of procapsids, the resulting solution conditions
for this step were as follows: 25 nM DNA substrate, 55.2 mM
Tris (pH 8) at 23 °C, 8.82 mM pS-mercaptoethanol, 2 mM
spermidine, 12.3 mM MgCl,, 15 mM NaCl, 4.2% glycerol,
50 nM IHF, and 200 nM terminase. Step 3 was DNA packaging.
ATP was added, from a concentrated stock, to the complex
I/procapsid mixture, to a final concentration of 1 mM, and the
packaging reaction was allowed to proceed at 4 °C. To stop the
packaging reaction, an aliquot was transferred at the desired time
points to a stop solution, which contained DNase I, MgCl,, and
ADP, resulting in final concentrations of 10 ug/mL, 10 mM, and
5 mM, respectively (the final ADP concentration, upon quench-
ing, was 10 times greater than the final ATP concentration). The
unpackaged DNA was digested away by DNase I at 23 °C for
5 min. The reaction mixture was extracted with a phenol/chloro-
form mixture, and the aqueous phase was removed and electro-
phoresed through a 1% agarose gel. The amount of DNA
packaged was visualized by ethidium bromide staining and
quantified by video densitometry analysis as previously des-
cribed (/4). The final solution conditions under which the
DNA packaging reaction was performed were identical to those
reported for step 2.

Analysis of Experimental Data. The DNA packaging
experiments were analyzed according to Scheme 1, as described
in Results. The time dependence of the fraction of DNA
packaged according to Scheme 1 is given by eq 1 (19):

C(Nkt) koY
F(t):AT<1— ) —e k(] x)(m>
T[N, (k — knp)1]
T ) 8

where N is the total number of steps taken by the motor, k is the
packaging rate constant (units of time '), kyp is the rate constant



Article

Scheme 1

NP
Knp

k k k k k
A—B—C — «s:e —» |L—> Product

for formation of the productive ternary complex from the
assumed nonproductive ternary complex (time "), x is the frac-
tion of the productive ternary complex that exists at equilibrium,
before ATP is added to start the packaging reaction, At is the
reaction amplitude, and ¢ is the reaction time. In eq 1, I'(N) and
[(N,kt) are the T function and incomplete I' function, respec-
tively (19). According to Scheme 1, the step size of the processive
DNA packaging reaction, m, is defined as the total number of
base pairs that are packaged per cycle of the motor (i.c., upon
progression of the I, intermediate to the I, intermediate). With
this definition, Nis given by N = L/m, where L is the entire length,
in base pairs, of the DNA that is packaged.

In our hands, even though we routinely use eq | to analyze
data for which N < 250, we were unable to use eq 1 to simulate
data that potentially contained a large number of total steps (N >
250 steps), apparently due to computer round-off errors when
calculating the ratio of T functions. To circumvent this technical
difficulty, the terms in eq 1 that contain the I" functions, i.e.,
1 — I(N,kt)/T(N) and 1 — TN,(k — knp)f]/T(N), were replaced
with the integrated Gaussian distribution, yielding eq 2:

F(t) = Ap(®(N, kt) —e (1 — x){k/(k — knp)"

DN, (k—knp)]}) (2)
where @(N k,p,) is given by eq 3:
k ! ,
0] N,k ) = 4pp e_(kappl_N) /2N dr 3
(N, kappt) TN o (3)

and k,, refers to either k or (k — knp) from eq 1. It can be shown
that this substitution is exact in the limit of N — . For the
purposes of NLLS analysis, we find no significant differences
when analyzing simulated data that contain N > 50 using either
eq lor2.

The data were analyzed by nonlinear least squares (NLLS)
methods using the software packages Scientist (Micromath) and
Conlin (20). Monte Carlo simulations were performed to deter-
mine the experimental uncertainties on the fitted parameters
using Conlin, and the uncertainties correspond to the standard
deviations of the generated distributions.

RESULTS

Development of an Assay for Measuring DNA Pack-
aging Kinetics. The standard assay that has been employed to
investigate DNA packaging has taken advantage of the fact that
packaged viral DNA is rendered resistant to digestion by
DNase (14, 18, 21, 22, 24, 25), since it cannot access the packaged
DNA due to the protective capsid. For bacteriophage A, an in
vitro DNA packaging assay has been developed that uses only
purified components; 4 procapsids and terminase are purified
to homogeneity as described, as well as additional accessory
proteins that are also involved in the DNA packaging reac-
tion (14, 18, 23).

However, previous studies that have looked at the DNA
packaging kinetics using the DNase protection assay were not
designed for investigation of the kinetics of the actual packaging
reaction, i.e., the kinetic step(s) associated with the terminase
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enzyme translocating the DNA into the capsid. Previous assays,
for a number of different phage systems, typically initiate
the packaging reaction by addition of the terminase enzyme
(14, 22, 24, 25). Thus, these kinetic experiments are sensitive to
the assembly kinetics of the terminase, DNA, and procapsid.

To circumvent these problems, we have isolated the DNA
packaging kinetics from the assembly kinetics by redesigning the
in vitro DNase protection assay as follows. First, 4 terminase,
along with 1 mM ADP, is incubated at 37 °C for 30 min, with a
cloned lincar DNA fragment that contains an intact cos site
(Figure 1). Upon cleavage of the cos site in this particular DNA
fragment (see Experimental Procedures), a 7.6 kb substrate is
generated. This reaction, known as the cos cleavage reaction,
generates complex I, which corresponds to A terminase bound to
the matured left end of the 7.6 kb DNA fragment. This complex is
very stable, with a half-life of >8 h (26). Next, 4 procapsids are
incubated with the newly generated complex I at 23 °C for 5 min.
Incubation times up to 10 min yielded identical results. During
this time, complex I and procapsids associate with each other,
forming the active ternary complex (terminase, DNA, and
procapsids, represented as A in Scheme 1, which is termed
complex II in the literature) that is poised to rapidly begin
DNA packaging upon addition of ATP. The packaging reaction
is initiated by addition of 1 mM ATP and stopped at various
times by addition of DNase to a final concentration of 10 ug/mL.
The DNase reaction mixture is incubated for 5 min to digest any
DNA external to the capsid, and the reaction is stopped by
addition of a phenol/chloroform mixture, which also serves to
extract the packaged DNA from the interior of the capsid. The
aqueous phase, containing the extracted DNA, is electrophoresed
through a 1% agarose gel. The DNA is visualized by ethidium
bromide staining, and the amount of DNA packaged is quanti-
fied by densitometric analysis using ImageQuant, as reported
previously (/4). Control experiments show the amount of DNA
loaded on the gel in our experiments is within the linear range of
the instrument (data not shown).

In the experimental design described above, we used ADP
rather than ATP to promote the cos cleavage reaction and
generate complex I. This allowed us to incubate complex [ with
procapsids, generating complex II, under conditions where no
DNA packaging would take place, since the packaging reaction
requires ATP hydrolysis (/4). This obviates the need to quantita-
tively account for the assembly kinetics of complex II formation
when analyzing the DNA packaging kinetics. The ability to carry
out the cos cleavage reaction in the presence of ADP, rather than
ATP, is discussed in a later section.

Figure 2A shows an image of an agarose gel in which the DNA
packaging reaction time (the time between addition of ATP and
addition of DNase) has been varied from 15 s to 20 min, and
Figure 2C shows the quantification of the same results, presented
as the total concentration of full-length (7.6 kb) DNA that has
been packaged. In stark contrast to previously published DNA
packaging time courses (/4), we see that for the first 15 s time
point, approximately 50% of the plateau value of total DNA
packaged has been reached. This implies a packaging rate of
roughly 500 bp/s (7.6 kb/15 s = 500 bp/s), at 23 °C, in | mM ATP
and 1 mM ADP, much faster than the previously estimated value
of ~35bp/s (using the data in Figure 4 of ref 14). We can compare
our number to the value reported by Smith and co-workers of
~600 bp/s, at 23 °C, measured using single-molecule methods to
study DNA packaging in bacteriophage A (/7). However, this
value was obtained by specifically editing out events such as
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FIGURE 2: (A) The first lane shows the cos cleavage reaction, con-
ducted in the presence of 1 mM ADP for 30 min, which generates
complex I. The top arrow shows the 7.6 kb Dy fragment, while the
bottom arrow shows the 4.7 kb Dy fragment. Procapsids were then
incubated for 5 min, after which the DNA packaging reaction was
initiated by addition of 1 mM ATP. The reaction was quenched at
various times, shown above the gel (in minutes). (B) The cos cleavage
reaction was conducted in the presence of 1 mM ATP for 30 min. The
DNA packaging reaction was then initiated by addition of pro-
capsids. (C) The data in panels A and B were quantified by gel
densitometry and are plotted in panel C.

motor pausing from the single-molecule data. To compare our
value estimated using bulk kinetic approaches to the value
obtained from the single-molecule experiments, we need to
include events such as pausing. When these events are included,
we estimate a value of 469 bp/s from the single-molecule data,
very similar to our estimate of ~500 bp/s. We will present this
calculation in more detail in the Discussion.

Figure 2 also shows a comparison of DNA packaging kinetics
conducted as described above (with procapsid preincubation)
with a reaction that was performed without procapsid preincu-
bation. Terminase was incubated with the 7.6 kb DNA packaging
substrate along with 1 mM ATP, for 30 min at 37 °C, after which
the packaging reaction was initiated by addition of procapsids. In
this experiment, the association kinetics of the binding of the
procapsid to complex I are clearly evident because of (1) the
increased time it takes to observe the fully packaged 7.6 kb DNA
substrate and (2) the presence of a small lag phase, which
indicates the existence of at least one intermediate along the
assembly reaction pathway, which most likely corresponds to the
formation of complex II. It is important to note this lag phase
does not arise due to repeated rounds of DNA packaging but
rather arises due to the time required to first form the active
ternary complex. This is clear since the DNA packaging kinetics
are much faster when they start from the preformed complex I1.

Kinetic Analysis of the Genome Packaging Reaction. The
N-step sequential scheme (Scheme 1) has been used extensively to
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analyze a range of protein translocation processes, especially
helicase translocation and DNA unwinding (27). In this scheme,
a protein translocase is envisioned that moves along a linear
lattice such that it translocates m lattice units for every kinetic
step it takes. In the context of our DNA packaging experiments,
a direct prediction of the N-step sequential kinetic scheme is that
there will be a lag phase present in the DNA packaging time
courses, and the extent of this lag phase will increase with an
increase in the length of the DNA packaging substrate. However,
it is clear that under our current conditions, the DNA packaging
reaction is too fast to observe a lag phase (Figure 2C). Therefore,
to slow the packaging reaction, we decreased the temperature
to 4 °C. Second, we were concerned that the DNA packaging
reaction may be sufficiently fast that a significant amount
of packaging could still occur before the external DNA was
completely digested during the DNase quench reaction. To
address this concern, we included a 10-fold excess of ADP along
with the DNase quench solution. Thus, the excess ADP could
compete with ATP for the ATPase sites on the terminase motor,
significantly slowing the packaging reaction so that the DNase
could digest the DNA external to the capsid much more rapidly
than the DNA could be inserted into the capsid interior. Control
experiments confirmed that no packaging was observed under
these conditions for up to 20 min, showing these concentrations
are sufficient to stop the packaging reaction during the DNase
digestion (see Figure 4).

Figure 3A shows an image of an agarose gel that represents a
DNA packaging time course performed at 4 °C and quenched
with elevated concentrations of ADP. Importantly, for the early
time points examined, smears that correspond to DNA fragments
shorter than 7.6 kb are present and, thus, show directly the
presence of partially packaged DNA intermediates. Further, at
later times, the average size of the intermediates increases until
finally enough time has elapsed so that the full-length 7.6 kb
DNA substrate has been completely packaged. These results are
qualitatively consistent with the behavior predicted by the simple
N-step sequential mechanism presented in Scheme 1. Previously,
Duffy and Feiss (28) isolated mutants of the 4 gene which
resulted in a stalled DNA packaging phenotype, thus providing
direct evidence for partially packaged DNA intermediates in the
bacteriophage A system. Now, for the first time, we have obtained
evidence of partially packaged DNA intermediates using an in
vitro, bulk, kinetic assay.

These results were quantified by only counting the band
corresponding to packaging of the full-length, 7.6 kb DNA
substrate. Thus, any partially packaged DNA intermediates,
whose lengths are shorter than 7.6 kb, are not counted in this
analysis. By analyzing the data this way, we expect to see a time
course that displays a lag phase, which represents the average
amount of time it takes, starting from the active ternary complex
(complex II), to package the entire 7.6 kb DNA substrate. These
results are plotted in Figure 3B. Figure 3B shows the early region
of the time course, while Figure 3C shows the full time course. As
expected, the time course displays an obvious lag phase. How-
ever, the data also indicate a significant second, slower phase.

Weinterpret these data to indicate that a fraction of complex IT
partitions into a nonproductive complex that is in equilibrium
with a packaging-competent complex; that is, complex I1 exists as
two different species, one that is poised to rapidly package the
DNA (represented by A in Scheme 1) and another that must first
undergo a slow kinetic step to form the productive species, after
which it can rapidly package the DNA (represented by NP in
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FIGURE 3: (A) Agarose gel showing a time course for DNA pack-
aging of the 7.6 kb DNA substrate, at4 °C, with 10 mM ADP included
in the DNase quenching solution. The time point is shown above each
lane (in minutes). The cos cleavage reaction was conducted in the
presence of 1 mM ADP, for 30 min at 37 °C. Partially packaged
intermediates are obvious as smears at the earlier time points. (B) The
data in panel A were quantified by densitometric analysis of the full-
length, 7.6 kb packaged product, and the early time points are shown.
(C) The full time course is shown. The smooth curves in panels B and
C are simulations generated using eq 1 along with the best fit para-
meters derived from the NLLS analysis of the data. The best fit para-
meters are given in the text.

Scheme 1). Thus, the lag phase results from the fraction of
complex II that is poised to rapidly package the DNA, while the
slow phase results from complex I1 that must first undergo a slow
rearrangement before entering the rapid packaging phase. This
interpretation is consistent with previous kinetic studies from our
lab that similarly demonstrated a biphasic cos cleavage time
course (17, 29). Analysis of the data according to eq 1 indicates
that the fraction of packaging-competent complex II, x, that
exists at equilibrium before addition of ATP, 15 0.130 £ 0.007 and
that the rate constant for formation of this complex from the assu-
med nonproductive ternary complex, knp, is 0.046 £ 0.005 min~!,
at4°C,in 1 mM ATP and 1 mM ADP (Figure 3B,C). The rate
constant, k, and the packaging step size, m, are not well-

Biochemistry, Vol. 48, No. 45, 2009 10709

T T T T T T T
® 50 uMADP
6 m o1mMm 7
¢ 1mM *
= O 3mm L
= O 10mm
*
E 2t _
ko] | |
g [ ]
g ¢
Qo8 a -
o .
< .
Z ":
O o4t g 6] :
T
LY
. . O
» (o]
3o § ! . o
0 5 10 15 20 25
time (min)

FiGUurE 4: DNA packaging experiments were performed using the
7.6 kb packaging substrate, as described in the text. The dependence
of the DNA packaging kinetics on the ADP concentration was
investigated by varying the concentration of ADP used to generate
complex 1.

constrained in the fitting, due to excessive negative parameter
correlation. However, the product kyy (= km) is well-determined
due to error cancellation (if k is overestimated, m tends to be
underestimated and vice versa); analysis of the data yields a
packaging rate for the fast phase, kyps, of 113 £ 5 bp/s, at 4 °C, in
1 mM ATP and | mM ADP.

Since we designed our assay to use ADP to generate complex I,
the DNA packaging phase of our experiments will also take place
in the presence of ADP. Therefore, to examine the effect of ADP
on the DNA packaging kinetics, we varied the ADP concentra-
tion used in the cos cleavage step of the reaction (step 1;
see Experimental Procedures) to examine the effect of the carry-
over ADP concentration on the packaging kinetics. We see that
the fast, lag phase of the time course is essentially independent of
the ADP concentration present during the cos cleavage and DNA
packaging phases of the reaction, up to ~1 mM (Figure 4).
However, for higher ADP concentrations, the packaging reaction
is strongly inhibited; the presence of 3 mM ADP results in
observable levels of packaging at ~10 min, while the presence of
10 mM ADP results in a complete inhibition of observable
packaging up to at least 20 min. These results also indicate that
addition of 10 mM ADP along with the DNase, in the quench
solution, will effectively stop any further packaging that may
occur during the time it takes for DNase to digest the DNA
external to the capsid.

If our hypothesis is correct that the first phase observed for
packaging the 7.6 kb DNA substrate reflects a population of
active ternary complexes that are poised to begin rapid DNA
packaging upon addition of ATP, then a prediction of this model
is that the average time it takes to package a DNA substrate,
during the lag phase of the packaging reaction, will be directly
proportional to the DNA length, L. To test this prediction, we
constructed four additional DNA substrates, such that after the
cos cleavage reaction, DNA lengths of 3.8, 5.5, 10.0, and 12.5 kb
are generated. These lengths are sufficiently short (the longest
being only 26% of the total A genome length) that any buildup in
internal pressure inside the capsid, due to DNA packaging, can
be ignored (see Figure 5 of ref 7); i.e., we can assume the rate
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constant, k, presented in Scheme 1, is constant throughout the
entire packaging reaction.

The DNA packaging kinetics of these additional DNA sub-
strates were measured as described above, and 0.05 mM ADP
was used in the cos cleavage reaction to generate complex 1. The
resulting time courses are plotted in Figure 5B,C. Qualitatively, it
is clear these additional DNA substrates all display lag phases
and that, in general, the extent of the lag phase increases with an
increase in DNA length, consistent with the N-step sequential
scheme. These data were also analyzed using eq 1. Figure SA
shows a plot of the average time it takes to package each DNA
substrate (given by u = L/kyy), as a function of DNA length,
L. As predicted by the N-step sequential scheme, u is linearly
related to L. The inverse of the slope from the LLS analysis of
these data gives a kyp,s of 113 =4 bp/s, at4 °C, in 1 mM ATP and
0.05 mM ADP. This result is strong evidence that the first phase
observed in the packaging kinetics for these DNA substrates is in
fact a reflection of the actual packaging reaction, as opposed to
other steps such as the binding of the procapsid to complex I.
Furthermore, the linear dependence of  on L also validates our
assertion that there is not a buildup of significant internal
pressure that will slow the motor while packaging these relatively
short DNA lengths.

To further test the applicability of Scheme 1 to our packaging
data, we analyzed the data shown in Figure 5B,C using global,
NLLS methods. This analysis also allows us to estimate the
apparent step size of the terminase motor (i.e., allows us to
estimate 7,5, as defined in the Appendix), due to the increased
quantity of data available to serve as constraints on the best fit
parameters. In this analysis, we used eq 1 to analyze the length
dependence of the packaging kinetics by setting k, m, knp, and
x as global fitting parameters (constant for each of the five DNA
lengths investigated), while allowing each data set to have its own
(local) amplitude and baseline offset. The results of this analysis
are shown as smooth curves in Figure 5B,C. The best fit para-
meters are as follows: kyps = 119 & 8 bp/s, k = 18 £ 8 min~",
m =410+ 152bp, knp =0.21 £0.01 min~", and x = 0.27 £ 0.02.
We note here that our value for m is obviously too large to be
interpreted as a mechanical step size; i.e., it is not possible a single
mechanical process within the terminase motor (e.g., a protein
conformational change) could be coupled to the insertion of
410 bp of DNA into the capsid interior. Furthermore, we note
that the values for knp and x appear to depend on the ADP
concentration, such that both values increase with a decrease in
ADP concentration. This might indicate a role for ADP in
partitioning between the productive (A) and nonproductive
(NP) forms of complex II (Scheme 1); however, additional
experiments are required to test this possibility.

Nucleotide Requirements for the Generation of Complex
1. To generate complex II, we conducted the cos cleavage
reaction in the presence of ADP, rather than ATP. We did this
so that upon formation of complex II, the DNA packaging
reaction would not be initiated, since no ATP would be available
to support the reaction. This allows us to synchronize the
packaging reaction such that packaging begins upon addition
of ATP.

Previous studies (30) have investigated the nucleotide require-
ments for high-fidelity nicking and strand separation for proces-
sing cos by A terminase. These studies were all conducted in the
absence of the IHF protein. These studies showed that either
ATP, ADP, AMP-PNP, or ATPyS was sufficient to promote
high-fidelity nicking, introducing nicks in the top and bottom
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FiGURE 5: Effect of DNA packaging substrate length on packaging
kinetics. Complex I was generated using 0.05 mM ADP, and upon
generation of complex II by the addition of procapsids, the packaging
reaction was initiated by addition of 1 mM ATP. (A) Five DNA
lengths were investigated, as indicated in the figure. Each time course
displayed two phases, a rapid lag phase and a second, slow phase. The
average time () it took to fully package each DNA length, during the
rapid lag phase, was calculated as described in the text and plotted vs
DNA length, L. As expected on the basis of Scheme 1, 4 was linearly
related to L. (B) Results of the global, NLLS analysis of each time
course, using Scheme 1. Multiple time courses were collected for each
DNA length, as follows: three time courses for the 3799 bp substrate,
three time courses for the 5504 bp substrate (in panel A, two values of
u were identical), two time courses for the 7553 bp substrate, two
time courses for the 9953 bp substrate, and three time courses for the
12543 bp substrate. The best fit results from this analysis are
presented in panel B by averaging the time courses collected for each
length. Overlaid on the experimental data are simulations generated
using the best fit parameters. (C) Enlarged time scale showing the
second, slower phase.
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strands, with an intervening 12 bp of ds DNA between them
(Figure 1). In the absence of the nucleotide cofactor, but in the
presence of Mg”", the authors observed that nicking also
occurred; however, while the nick on the top strand remained
unchanged, the nick on the bottom strand was shifted 8 bp to the
left, which resulted in 4 intervening base pairs between the top
and bottom nicks (dashed arrow in Figure 1).

It is well-known that an annealed cos site, which possesses 12
complementary base pairs of ds DNA, will not spontaneously
dissociate under physiological conditions. Thus, the authors
investigated the nucleotide requirements for the subsequent
/. terminase-catalyzed strand separation reaction. When the
authors assayed for strand separation, rather than just the nick
generation, they observed that the nonhydrolyzable nucleotide
analogues ATPyS and AMP-PNP were unable to support the
strand separation reaction. On the basis of this result, they
concluded ATP hydrolysis was required to promote the strand
separation reaction. However, the authors did not investigate the
possibility that ADP binding alone was sufficient to promote the
strand separation reaction.

In our experiments, we see that when the cos cleavage reaction
is conducted in the presence of ADP, we observe the two cleavage
products on the native agarose gel (see the lanes labeled cos in
Figures 2 and 3). To explain this result, we consider that one of
two possibilities has occurred. In the first scenario, A terminase
first conducted the high-fidelity nicking reaction, introducing two
nicks 12 bp apart, and then separates the intervening 12 bp of ds
DNA in an ADP-dependent fashion. The chemical nature of this
strand separation is not clear. In the second scenario, A terminase
again introduces two nicks; however, the nick on the bottom
strand is shifted 8 bp to the left, leaving only 4 bp of intervening
ds DNA. It is well-known (30, 31), and we have reproduced the
result (see Figure S1 of the Supporting Information), that when
the two matured ends of cos are annealed (resulting in a nicked
cos site, containing 12 intervening base pairs of DNA between the
two nicks), this complex remains associated during native
agarose gel electrophoresis. Upon heating this complex for
5 min at 70 °C, we observe melting of the annealed DNA, as
expected. However, it is not expected that 4 annealed base pairs
of cDNA will be sufficient to hold the entirce DNA molecule
together during electrophoresis. Thus, according to the second
scenario, we expect to observe two cleavage products on the
native agarose gel due to the instability of the complex. Con-
sistent with this, when we conduct the cos cleavage reaction in the
absence of nucleotide cofactors, but in the presence of Mg>",
conditions under which we might expect generation of the
incorrect nick on the bottom strand (dashed arrow in Figure 1),
we do see the cleavage reaction products on the agarose gel
(Figure S2 of the Supporting Information). However, we also see
both cleavage products when the cos cleavage reaction is con-
ducted in the presence of ATPyS or AMP-PNP (Figure S3 of the
Supporting Information), which is inconsistent with the previous
conclusion that while ATPyS and AMP-PNP will support the
high-fidelity nicking reaction (leaving 12 bp of annealed DNA
between the nicks), they are unable to support the strand
separation reaction. We have thought of three scenarios that
can explain this observation. (1) ADP, ATPyS, and AMP-PNP
do support high-fidelity nicking, and they also support the strand
separation reaction. (2) ADP, ATPyS, and AMP-PNP do not
support the high-fidelity nicking reaction, resulting in the gen-
eration of the incorrect nick on the bottom strand; thus, the
remaining 4 bp of intervening DNA is not sufficient to hold the
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DNA molecule together during native agarose electrophoresis.
(3) Since all our experiments were conducted in the presence of
IHF, while the previous cos cleavage experiments (30) were
conducted in its absence, IHF may play a role in promoting
the strand separation reaction, such that ADP, ATPyS, and
AMP-PNP can all support the strand separation reaction in its
presence. We are currently testing these possibilities in our
laboratories.

Since we were able to conduct a cos cleavage reaction in the
absence of nucleotides, but in the presence of Mg**, we tested the
possibility that we could generate complex II, the active DNA
packaging complex, by processing cos in the absence of any
nucleotide cofactors (Figure S2 of the Supporting Information).
If we could generate complex II in this way, we would expect to
observe DNA packaging upon subsequent addition of ATP.
Surprisingly, we observe that when the cos site is first processed in
the absence of nucleotide cofactors, we observe no subseqeunt
DNA packaging. Increasing the incubation time (up to 30 min) of
the procapsid addition step did not result in packaged DNA (data
not shown). Furthermore, if the cos cleavage reaction was first
conducted in the absence of ADP and then the mixture allowed to
incubate for an additional 30 min in the presence of | mM ADP
prior to procapsid addition, no DNA packaging was observed
(data not shown). However, when cos is first processed in the
presence of ATP, ADP, ATPyS, or AMP-PNP, we observe that
the processed cos DNA can be packaged (Figure S3 of the
Supporting Information). Thus, we conclude there is an absolute
requirement for nucleotide cofactors for processing the cos site to
generate a DNA packaging competent terminase—DNA—
procapsid ternary complex. However, the molecular nature of
this requirement is not known.

DISCUSSION

In this work, we have modified the DNase protection assay,
commonly used to study DNA packaging in several bacterio-
phage systems (14, 18, 21, 22, 24, 25), to specifically monitor the
kinetics of the DNA packaging reaction. Previous attempts
(14, 18, 23) to study the kinetics of the DNA packaging reaction
in bacteriophage A, when employing bulk assays utilizing the
DNase protection assay, were complicated by the presence of
additional assembly steps in the reaction. In the case of bacter-
iophage A, it is now clear that the amount of time it took to
assemble the active ternary complex, composed of terminase,
procapsids, and mature L DNA (also called complex II), is rate-
limiting. This is obvious with a comparison of the DNA packa-
ging kinetics when the reaction is conducted with and without
procapsid incubation; when complex I1 is allowed to form before
the DNA packaging reaction in initiated, the DNA packaging
reaction proceeds much more rapidly than when the DNA
packaging reaction is initiated by addition of procapsids
(Figure 2C). The consequence of this is that the kinetics of the
DNA packaging reaction could not be observed in these previous
experiments, due to the slow rate of complex II assembly, which
dominates the time course. The simple experimental design
presented here should be amenable to other viral DNA packa-
ging systems and will allow study of the kinetics of the DNA
packaging reaction, separated from other assembly steps.

Biphasic DNA Packaging Kinetics. In our experiments, we
observed two distinct phases in the DNA packaging kinetics. The
first, rapid phase is a result of processive DNA packaging that
contains an occasional slow step that repeats on average approxi-
mately >410 bp. We use the greater-than sign for the following
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reason. One possibility is that the kinetics of the actual insertion
of the DNA into the capsid are much faster than the kinetics of
the slow step, such that the total time the motor spends packaging
DNA is much shorter than the time it spends progressing through
the slow step. If this is the case, then we can interpret the step size
we measured as reflecting the repetition of a slow step on average
every 410 bp; i.e., this value can be interpreted as the kinetic step
size, my, (see the Appendix and Scheme 2). On the other hand, if
the total time the motor spends packaging DNA is similar to the
total time it spends progressing through the slow step, then we
can conclude our measured step size m,,, of 410 bp is smaller
than the kinetic step size, i.e., that my > 410 bp.

To illustrate this point, we consider the elegant single-molecule
experiments that were published studying DNA packaging for
the A terminase motor (/). At low forces (5 pN), the authors
measured a DNA packaging rate of ~600 bp/s, at 23 °C. They
also observed that the motor would occasionally pause, with a
pausing frequency of 0.1 pause per second, and an average pause
duration (the average time the motor spent in the paused state) of
2.8 s. Therefore, the slow step we observe in our bulk DNA
packaging experiments may correspond to physical pausing of
the A terminase motor during DNA packaging. From the single-
molecule data, we can calculate that the motor will pause on
average once every 6000 bp (600 bp s~'/0.1 pause s~ = 6000 bp
pause ') and that the rate constant that describes recovery from
this paused state, k,, is0.36 s~ (1/2.8 s =0.365""). By looking at
the effect of applied force on the packaging reaction, the authors
determined the reaction is composed of at least two kinetic
processes, one that is force-dependent and another that is force-
independent. For the force-dependent kinetic process, the
authors calculated a characteristic distance of close to 1 bp,
suggesting this step of the motor is associated with the generation
of a force over a distance of 1 bp, such that 1 bp is packaged per
mechanical event within the motor. Therefore, at an applied force
of 5 pN, there are at least two kinetically significant steps that
occur per base pair of DNA that is packaged, and together, these
two processes result in a total packaging rate of 600 bp/s. This
corresponds to a total time of 1.67 x 10> s (1 bp/600 bp s ' =
1.67 x 107* 5) spent packaging a single base pair of DNA.
According to the analysis of the force dependence of the DNA
packaging velocity, at 5 pN applied force, the reaction velocities
for these two kinetic steps are 410 and 190 bp/s (/). Thus, for
every base pair packaged, the total time spent in the first kinetic
step, 1/ky, is given by (1 — 410/600) x 1.67 x 103 s =529 x 10~*s,
while the total time spent in the second kinetic step, 1/k,, is given
by (1 — 190/600) x 1.67 x 107 = 1.14 x 107 5. From these
considerations, we calculate a k; of 1890 s~ and a k, of 877 s
(and 1/k; + 1/ky = 1/600).

To help interpret these single-molecule data in the context of a
bulk, DNA packaging experiment, we consider a general scheme
that can describe terminase-catalyzed DNA packaging
(Scheme 2). In this scheme, the kinetic step size, my, is defined
as the average number of base pairs of DNA that are packaged
per repeated set of rate constants, ki, k», ..., k,,. We note that there
are two possibilities here. One is that exactly my base pairs of
DNA are inserted per set of rate constants, while another is that
My represents only an average number of base pairs inserted per
set of rate constants, such that for a particular occurrence of the
set of rate constants ky, k», ..., k,,, either more or fewer than m
base pairs of DNA is actually inserted into the capsid, and the
resulting average of this distribution is given by m. Using
Scheme 2, along with the single-molecule data for A terminase,
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we can see that, on average, we expect 6000 repetitions of two
rate-limiting, DNA packaging steps, finally followed by the
occurrence of a single slow, pausing step, kp,. Thus, the micro-
scopic rate constants associated with Scheme 2 would be pre-
sented as follows: ki, k, ki, ks, ..., k,, where the pair ki, k; is
repeated, on average, 6000 times, followed by a single occurrence
of the slow k, step. According to Scheme 2, ny, = 6000 bp, ky =
1890s™ !, k, = 87757, and kp, =10.36 s~!. With these values, we
canuseeqs 16 and 17 (see the Appendix for the derivation of these
equations) to calculate the apparent values of kps and migps,
which would correspond to the values that would be obtained if
(1) data were generated according to a process governed by
Scheme 2 and (2) these data were subsequently analyzed by
NLLS methods according to Scheme 1. Thus, the single-molecule
data collected for A terminase, at 23 °C, predict the following
bulk kinetic parameters: kops = 1.66 s~ " and ngp, = 283 bp. The
overall packaging rate constant, including both DNA packaging
steps and pausing steps, is kpps = kobsobs = 469 bp/s. Thus, even
though the presence of infrequent pauses during the DNA
packaging reaction results in a modest reduction in the overall
packaging rate (from 600 bp/s when pauses are specifically edited
out of the single-molecule data to 469 bp/s when pauses are
included in the data), they result in a very large reduction in the
NLLS-derived step size (11,1,s), from an myg of 6000 bp to an m1,pg
of 283 bp.

The calculation given above supports our interpretation of the
large value we measured for our apparent step size of 410 & 150 bp.
Since this value is too large to correspond directly to a mechanical
step size, we suggest this value reflects the presence of pauses in the
DNA packaging reaction. We emphasize a direct comparison
between the single-molecule data and our bulk, ensemble data is
not possible at this time since these two experiments were
conducted under very different solution conditions (most notably,
our experiments were conducted at 4 °C, while the single-molecule
experiments were conducted at 23 °C). However, the calculation
given above shows that occasional pauses can indeed result in a
large apparent step size, when analyzing DNA packaging data
using the N-step sequential kinetic model.

Another possible physical interpretation of the m,,, of 410 £
150 bpis that it might represent a process that occurs as the DNA
is being spooled into the capsid. For example, the interior
diameter of the A procapsid is ~520 A; thus, a single turn around
the interior of the procapsid would correspond to a distance of
7t % 520 A (1633 A). Our value of 410 £ 150 bp corresponds to a
contour distance along ds DNA of 1394 &+ 510 A. Therefore, it
seems possible this step size might report on the rapid insertion of
a single turn of DNA around the interior of the capsid, followed
by a slow rearrangement step such that the second step size of
DNA can be inserted. However, if this were the case, such
regularly spaced events should have been detected in the single-
molecule experiments, so we disfavor this interpretation.

To further test our assertion that our packaging data are
sensitive to the occasional repetition of a slow step, we have also
attempted to analyze our data by forcing m to take on values that
would be more in line with a mechanical step size. On the basis of
the results of Fuller et al. (), we were interested in investigating
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the m range of 1—8 bp, where 8 bp corresponds to the upper limit
for the mechanical step size based on energetic considerations (/).
These small values of m result in a much larger number of total
steps (N) taken to package the entire DNA length. For N values
of >250, we found that we were unable to use eq 1 to analyze our
data, apparently due to computer round-off errors when the ratio
of I' functions is calculated (see Experimental Procedures).
To circumvent these problems, we analyzed our data using
eq 2, which provides an excellent approximation to eq 1 and is
computationally stable, for large values of N.

If we force our global analysis to use values of m from 1 to 8 bp,
the resulting fits cannot describe the rapid packaging phase; the
best fit simulations are too steep when compared to the experi-
mental data. This can be understood by recognizing that our data
provide strong constraints on the overall packaging rate (119 £
8 bp/s), so that regardless of the value assumed for m, the
resulting best fit will provide a value for ks close to 119 bp/s. For
eq 2, the standard deviation of the integrated Gaussian distribu-
tion is given by o = N'/%/k. Substituting N = L/m and k = kpps/m
into the expression for g, we obtain o = (Lm)”z/kbps. Thus, when
m is forced to take on a progressively smaller value, keeping in
mind that k, is well-constrained by the experimental data to a
value close to 119 bp/s, the resulting calculated value for o
becomes progressively smaller, resulting in steeper transitions
within the rapid packaging phase of the data.

This result indicates that our bulk kinetic data are not
reporting solely on the mechanical steps taken by the motor.
As discussed above, on the basis of the magnitude of an ms of
410 £ 150 bp, our data likely report on both pausing and DNA
translocation. Thus, m,s can be interpreted as an average value
that reports on both of these processes and can be quantitatively
understood using eq 17.

We also observe a second, slower phase in our DNA packaging
kinetics. We have interpreted this phase as representing at least
two populations of complex II, one that is poised to rapidly begin
the DNA packaging reaction upon addition of ATP (represented
by A in Scheme 1) and the other (represented by NP in Scheme 1)
that must first undergo a slow isomerization reaction (given by
fenp 1n Scheme 1) to form A, after which it can begin the DNA
packaging reaction. A direct prediction of this model is that both
the rate constant, knp, as well as the fraction of productively
bound complexes, x, will be independent of DNA length. Our
global, NLLS fitting results are consistent with this prediction. In
fact, if we allow knp and x to vary as local parameters in the
NLLS fitting, we observe no obvious trends with an increase in
DNA length, again suggesting these parameters are independent
of DNA length (data not shown).

Nucleotide Requirements for the Formation of Complex
11. We have shown that nucleotide cofactors are required during
the cos cleavage reaction, for observation of DNA packaging. In
the specific case of ADP, we can be confident that this is due to
the correct assembly of complex II, which is poised to rapidly
begin the DNA pacakging reaction upon addition of ATP. In the
case of ATPyS and AMP-PNP, since we have not conducted
a detailed kinetic analysis, we are not certain these molecules
support formation of complex I1. It may be the case that for these
latter two molecules, they support correct nicking at cos, but then
upon addition of ATP, additional slow assembly steps are
required before the active packaging compelx is generated.
Detailed kinetic studies are required to address these possibilities.
Regardless, we have shown conclusively that even though the cos
site is cut by 4 terminase in the presence of Mg>", in the absence
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of nucleotides, cos processed in this way is unable to support
DNA packaging and that this effect cannot be rescued by
addition of ADP after cleavage has already occurred in its
absence. However, the molecular nature of this requirement is
not known. One possibility is that nucleotides are required to
support the high-fidelity nicking reaction such that incorrectly
nicked DNA cannot be mechanically translocated into the
capsid. Another possibility is that nucleotides are required for
the proper assembly of the A terminase packaging machine on the
mature left end of the processed cos site. We are currently
investigating these possibilities in our laboratories.

APPENDIX

Interpretation of Best Fit Parameters k., and m,,, in
Terms of the Microscopic Rate Constants Shown in
Scheme 2. A general scheme that can describe the kinetics of
motor proteins that translocate along their respective lattices is
given in Scheme 2. In this scheme, a set of rate constants,
represented by &y, k, ..., k,, are repeated per cycle of the motor
protein. For our bacteriophage centric discussion, we consider that
My, base pairs of DNA are packaged into the viral capsid, per set
of rate constants, and define m as the kinetic step size of the
motor (27). In Scheme 2, the mechanical step(s) of the motor will
correspond to an individual rate constant(s), and the number of
base pairs packaged that are associated with the process repre-
sented by this rate constant is defined as the mechanical step
size (27). It is possible more than one of these rate constants may be
associated with DNA packaging, such that there may be multiple
mechanical step sizes that occur within a single motor cycle.

In practice, regardless of the number of microscopic rates
constants present in Scheme 2, the corresponding data (or
simulations) can always be very well fitted according to Scheme 1,
which corresponds to the classic N-step sequential scheme
defined and discussed previously (19), yielding apparent average
values for k and m, which we will term ks and mgp,, respectively.
From mgys, we calculate the apparent average value for the
number of steps taken, n,,, while traversing a distance of n
(one kinetic step size) according to eq 4:

Mkss

(4)

Hobs =
obs

Our task is to relate these apparent average values, kqps and m,ps,
to the microscopic steps that are presented in Scheme 2. We begin
this discussion by pointing out that regardless of the complexity
of Scheme 2, the product of ks and mgy, is a well-constrained
fitting parameter and corresponds to the overall translocation
reaction velocity, e.g., in units of base pairs of DNA packaged per
second:

kbps = KobsMobs (5)

Thus, if we obtain data that correspond to the translocation of a
length of DNA into the interior of the capsid, are specifically
monitoring the complete insertion of DNA into the capsid (and
not partially packaged intermediates), and analyze these data
according to Scheme 1, we can calculate ki, according to eq 5,
and this will accurately reflect the overall reaction velocity. To
calculate the average time taken by the motor to package
base pairs of DNA, we recognize that the expression for the time
dependence of the formation and decay of a particular inter-
mediate, say intermediate 7, is equivalent to a probability density
function. Equation 6 expresses the fraction of a particular
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partially packaged intermediate as a function of time, according
to Scheme 1:
kt)’
Ry =& en (©
il
where F{(t) is the fraction of intermediate i packaged, k is the
repeated rate constant shown in Scheme 1, and ¢ is the time (/9).
The average and standard deviation of the time distributions
associated with packaging the ith intermediate can be calculated
in the normal way according to eqs 7 and 8:
Jy tFi(n) de

Ui _W:i/k (7)

= 2
t—u;) Fi(r) de

NG R UL
s Fi(r) dr

The average and standard deviation of the amount of time it

takes to package one m; of DNA are given by substituting eq 4
into eqs 7 and 8:

o; =

(8)

U = Mobs  Mikss
kss — -
kobs  Mobskobs

Ores = y/Mobs _ 1 Mkss (10)
» K obs Kobs V Mobs

Equations 9 and 10 can be rearranged to provide expressions for
Kobs and Mgy in terms of My, tyss, and Oy

©)

Hyss
kobs = 11
obs Uks52 ( )
2
0
Mgbs = Mkss - (12)
Uiss

To relate the apparent values of ko, and mgps calculated when
using Scheme 1 to analyze data that are in fact reflective of
Scheme 2, we have to calculate the expected values of u and
Okss» Dased on the microscopic rate constants presented in
Scheme 2. To calculate us according to Scheme 2, we recognize
the total time it takes to complete the set of rate constants (ky, k»,
..., k,) 1s given by eq 13:
1 1 "]

1
AU 13
s Sttt ;ki (13)

For example, the total time it takes to package one n, of DNA
is given by the time it takes to complete each substep within the
motor cycle. To estimate the standard deviation associated with
packaging a single myg step of DNA, we recognize that the
standard deviation associated with each step, k;, is given by
substituting 1 for i in eq 8, which yields eq 14:

0i = V1/ki (14)

The total standard deviation, or equivalently, the total time
fluctuations associated with packaging a single m of DNA, is
then given by adding the standard deviation of each substep in
quadrature (analogous to error propagation), which yields eq 15:

n

0k552 :Zl/kiz (15)

i=1
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Upon substitution of eqs 13 and 15 into eqs 11 and 12, we obtain
expressions (eqs 16 and 17 from the text) that relate the
experimentally determined values of ks and 1, to the micro-
scopic rate constants presented in Scheme 2:

kops = =1 (16)

Mobs = Mkss —2 (17)

To test the accuracy of eqs 16 and 17, we have simulated time
courses according to Scheme 2, using an n of 2—4 (2—4 kinetic
steps per cycle), fit the time courses according to Scheme 1 to
extract kops and mgp,, and then compared these values with those
calculated using eqs 16 and 17. In all cases we have examined, the
largest deviation between the fitted and calculated ks and m1,p,
was 3%.
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