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Methods have been developed to measure the time required to

complete replication of an adenovirus DNA molecule and the time

between rounds of replication of the viral genomes. These methods

show that 22 minutes are required to complete replication of an

adenovirus DNA molecule at 370 C and that this time is constant

throughout infection. The rate limiting step in DNA replication is

initiation of a round of replication. The initiation rate decreases

over infection and shows saturable kinetics corresponding to a

maximum of 50, 000 replication sites per cell. The size of the pool

of adenovirus DNA molecules actively replicating is approximately

constant over infection, and the DNA molecules in the pool are pre-

ferentially replicated. By use of the measured rate parameters

based on the strand displacement mechanism of DNA replication

(R. L. Lechner and T. J. Kelly, Jr. , 1977. Cell, 12, 1007) several
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types of experiments were computer simulated to show that this

mechanism and measured rate parameters are consistent quantita-

tively with experimental data. A mechanism is proposed for

generation of defective adenovirus DNA inherent in normal replication.
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FORWARD

The adenoviruses are a group of human respiratory viruses

that have been implicated in pharyngitis, conjunctivitis, and

respiratory diseases. There are 31 serotypes of these icosahedral

viruses divided into five major subgroups (Green et al, 1979). Type

2 and type 5 adenoviruses, group C viruses with 80 percent DNA

homology, cause mild respiratory infections in infants, and they

have been used extensively as model systems for studying eukaryotic

DNA replication and transcription (for reviews see Winnacker, 1978

and Flint, 1977).

Adenovirus contains a linear double stranded DNA with a

molecular weight of 23 x 106 (35, 000 base pairs). The DNA contains

an inverted terminal repetition of approximately 100 base pairs in

all serotypes sequenced to date (Tolun et al, 1979). A 55, 000 dalton

protein, called terminal protein, is covalently linked to each 5' end

of the chromosome (Robinson et al, 1973) both in packaged virion DNA

(Rekosh et al, 1977) and intranuclear replicating DNA (Girard et al,

1977; Robinson et al, 1979; Stillman and Bellett, 1979; Kelly and

Lechner, 1979).

The lytic cycle of adenoviruses has been studied mostly in

cultures of HeLa or KB cells using a high multiplicity of infection



2

(MOI) to insure synchronous infection (for review see Lindberg et al,

1975). In the first one or two hours of infection the virus is taken up

by the cell, transported to the nucleus, and the DNA is uncoated

(Lonberg-Holm and Philipson, 1969; Chardonnet and Dales, 1970).

Transcription of early gene products then proceeds with about 40

percent of the viral genome being expressed (Tibbetts et al, 1974).

Between 6 and 12 hours after infection there is a change to the late

phase of infection when viral DNA synthesis begins and transcription

changes to expression of about 90 percent of the genome mostly for

synthesis of viral structural proteins (Fujinaga and Green, 1970;

Tibbetts et al, 1974). Viral packaging begins at 18 to 24 hours after

infection (Green, 1962; Strohl and Schlesinger, 1965; Rouse and

Schlesinger, 1967), and virus particles are accumulated in the

nucleus until cell death. Adenovirus does not normally lyse the cells.

Investigations of the mechanism of adenovirus DNA has cen-

tered on study of the biochemical or electron microscopic character-

istics of the replicating intermediates. The replicating intermediates

have a higher buoyant density in CsCI (Pearson and Hanawalt, 1971;

Sussenbach et al, 1972; van der Eb, 1973; Petters son, 1973) and have

The following abbreviations will be used throughout this thesis: Ad2,
Ad5, etc. = adenovirus type 2, 5, etc. ; BD-cellulose = benzoylated
DEAE cellulose; BUdR = 5 bromodeoxyuridine; FUdR = 5 fluorodeoxy-
uridine; MOI = multiplicity of infection; PFU = plaque forming units;
EM = electron microscope, electron microscopic, or electron micro-
scopy.
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large portions of single stranded DNA as assayed by benzoylated-

napthylated-DEAE-cellulose chromatography ( van der Eb, 1973;

Sussenbach and van der Vliet, 1973) or sensitivity to single strand

endonucleases (Pettersson, 1973; Pearson, 1975). Replicating

molecules sediment faster than mature DNA in neutral sucrose or

glycerol gradients (Horwitz, 1971; van der Eb, 1973; Bel lett and

Younghusband, 1972; Wilhelm et al, 1976). Electron microscope

studies of the replicating forms have shown two major types of inter-

mediates: 1) Y-shaped molecules with an arm or arms of single

stranded DNA, and 2) linear molecules of unit length with single

stranded gaps ( van der Eb, 1973; Ellens et al, 1974; Lechner and

Kelly, 1977). Pulse labeling experiments have shown that the termini

for replication are at both 3' ends of the genome (Horwitz, 1974;

Tolun and Pettersson, 1975; Schilling et al, 1975; Horwitz, 1976; Bour-

gaux et al, 1976; Weingartner et al, 1976; Sussenbach and Kuijk, 1977)

and that the origins of replication are at or near both 5' ends

(Sussenbach and Kuijk, 1978). No covalently closed circular DNA

intermediates have been identified (Doerfler et al, 1973; Bellett and

Younghusband, 1972) although the DNA can be circularized by inter-

actions of the terminal proteins (Robinson et al, 1973).

A strand displacement mechanism for adenovirus DNA replica-

tion has been suggested by Sus senbach (Sussenbach et al, 1972) based

mainly on EM data on replicating forms. This mechanism has been
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modified by Lechner and Kelly (1977) based on their methodical

classification of the replicating structures by EM. This revised

model for adenovirus DNA replication is shown in Figure 1. We will

examine this mechanism in detail, since we will use this scheme as

our basis for study of the kinetics of adenovirus DNA replication.

Initiation of a round of replication can begin at or near either end of

the adenovirus genome. The presence of an inverted terminal

repetition and terminal proteins on both 5' ends of the DNA suggests

that either or both of these features may be involved in the initiation

step. Synthesis proceeds by strand displacement, where the growing

point moves to the 3' end of the DNA yielding a mature daughter

molecule and a completely displaced single stranded DNA. This

displaced single stranded DNA then can initiate a round of comple-

mentary synthesis in which the growing point moves from the 5' to 3'

end of the single strand filling in a daughter strand to complete the

second mature daughter molecule. Lechner and Kelly suggest that the

initiation step of complementary synthesis may involve annealing of

the inverted terminal repeats of the single stranded DNA to form a

"panhandle" structure as seen in Figure 1. Since this "panhandle"

structure has the same double stranded sequence at its end as a mature

molecule, the initiation step could be identical for displacement and

complementary synthesis.



V
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Figure 1. The mechanism for adenovirus DNA replication as proposed by Lechner and Kelly (1977).

to
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The EM studies show many replicative intermediates which

have two or more growing points. These can be molecules which

initiate a second (or third) round of replication before the first round

is completed. These multiply forked molecules accounted for greater

than twenty percent of replicating intermediates as seen by Lechner

and Kelly.

The mechanism proposed by Lechner and Kelly agrees qualita-

tively with all experimental data concerning adenovirus DNA replica-

tion, but comparing these results we saw what seemed to be

contradictions in the kinetics of replication by this scheme. For

example, the replication time for one adenovirus DNA molecule has

been estimated to be about 20 minutes (Pearson, 1975), but the rate

of accumulation of total viral DNA is considerably slower. Early in

infection the time to double the DNA concentration is about an hour

and later in infection increases to several hours (Green, 1962b; van

der Eb, 1973; Flint et al, 1976; Fanning and Doerfler, 1977). This

suggests that the time between rounds of replication of the same

molecule is long compared with the time to complete one molecule.

Supporting this contention are BUdR density labeling experiments in

which several hours are required to shift a large fraction of the

adenovirus DNA molecules to hybrid density (Vlak et al, 1976; Bellett

and Younghusband, 1972; Pearson, unpublished results). However,
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Lechner and Kelly have reported that more than 20 percent of the

replicating molecules have reinitiated another round of replication

before they completed the first. Also, pulse and chase experiments

done with tritiated thymidine have shown that it is difficult to chase

the activity from the replicating to mature DNA, suggesting that

there is substantial re-entry of the adenovirus DNA into the replicat-

ing pool prior to completion of replication (Pearson, 1975; van der

Eb, 1973). It seems then that the time between rounds of replication

is either slow or fast depending on which experiments are to be

believed, or perhaps the Lechner and Kelly model does not describe

the true picture.

To reconcile these differences, we have described adenovirus

DNA replication in terms of its component initiation and chain elon-

gation steps based on the Lechner and Kelly model, measured the

individual rates, and compared the kinetics of replication described

by these rates with previously published and new data. By using a

classical chemical kinetic approach to DNA replication we desired to

test the Lechner and Kelly mechanism to see if it could describe DNA

replication quantitatively as well as qualitatively. Then by modeling

the "contradictory" experiments described above, we hoped to explain

the data with one consistent model. Finally, during the course of

the kinetic measurements, it became obvious how powerful these
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techniques could be in elucidating mechanism, and we were able to

propose and test additional aspects of the replication mechanism.

For our kinetic studies we have assumed the mechanism pro-
posed by Lechner and Kelly with component rate constants as shown
in Figure Z. The forms shown in this simplified scheme represent
greater than 90 percent of the replicating forms (Lechner and Kelly,

1977). Note that for the purposes of the kinetic analysis molecules

that are replicating from the left to right end and from the right to

left end are equivalent; these will not be described separately unless

the particular experiment can distinguish between the two forms.

Using the nomenclature suggested by Lechner and Kelly (1977) we name

the molecule types as follows: molecules replicating by strand dis-
placement are called type I molecules; molecules replicating by

complementary synthesis are called type II molecules; type II molecules

which have reinitiated a second round of replication are called type

I/II molecules. The rate constants used are as follows: the rate of

chain elongation, or the replication rate, has the units of fractional

genome lengths per minute; since these may be different for type I

and II growing points, rI is the replication rate for type I molecules,

rII for type II molecules, and r the average replication rate where the

two types of molecules cannot be distinguished. The probability of a

molecule starting a round of replication, or the initiation rate, has
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Figure 2. Adenovirus DNA replication. Nomenclature from Lechner and Kelly (1977): I = type
I replicating molecules; II = type II replicating molecules; I/II = type I/II replicating
molecules; DS = mature double stranded Ad DNA; SS = displaced single stranded DNA.
The rate parameters are defined in the text.
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the units of initiations per molecular end per minute; the initiation

rate for double stranded ends is called i, and the initiation rate for the

displaced single stranded DNA will be called is. Note that since a

mature Ad DNA molecule can initiate a round of replication from

either end that its initiation rate will be 2i.

We will divide the kinetic studies into several sections, measure

the rate parameters, then use them to model DNA replication. Part

I describes several methods to measure the replication rate, and

therefore the average time to completely replicate a single Ad DNA

molecule. We show that for Ad2 and Ad5 this is about 22 minutes and

that this time is constant during infection. In Part II we develop four

independent ways to measure the initiation rate (i) and a method to

estimate rI, rII , and is. We show that the initiation rate (i) is the

rate limiting step in adenovirus DNA replication, that it decreases

over infection with saturable kinetics, and that it shows a pooling

effect where recently replicated DNA molecules are preferentially

replicated. The estimates of the other rate constants show that

initiation of complementary synthesis (is) is very rapid, and the

differences in rate constants suggest a mechanism for generation of

defective adenovirus DNA that is inherent in replication. In Part III

we use the measured rate parameters to predict the results of

several experiments and compare these simulations with the experi-
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mental results. We show that the experiments that seemed contra-

dictory are in fact consistent quantitatively with the Lechner and

Kelly model. One should note here that while simulations are

necessarily simplified to describe such a complex system as adeno-

virus DNA replication in vivo, the fact that the simple description of

replication in four component steps can adequately model experiments

as different as the rate of density shifts, the rate of chase of pulse

label into mature DNA, and counting relative numbers of replicating

forms on an EM grid shows the power of the kinetic techniques used

here.

Part IV presents measurement of the kinetic parameters for

adenovirus type 7, a serotype which is only 10 percent homologous

to Ad2 and Ad5 and which produces three times as much defective DNA.

We compare the rate constants to investigate which steps are mediated

by cell factors and which are mediated by viral factors, and we test

our hypothesis for generation of defective DNA. In Part V we present

a kinetic analysis of SV40 DNA replication using the techniques

derived for adenovirus and compare the model to the SV40 experi-

ments available in the literature. The results show that these tech-

niques work as well with the SV40 system, and that the Ad and SV40

systems exhibit similar characteristics for the control of DNA

replication.
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KINETICS OF ADENOVIRUS DNA REPLICATION: I

Determination of Replication Time

ABSTRACT

Methods are presented to determine the replication time for

viral DNA. They show that adenovirus type 2 and 5 replicate in

22 minutes at 37° C and that this time is constant throughout

infection.
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INTRODUCTION

Several methods have been used to estimate the time required

to complete replication of a viral genome (Pearson and Hanawalt,

1971; Nathans and Danna, 1972; Danna and Nathans, 1972; Pearson,

1975). We present a mathematical description that can be applied

to pulse labeling experiments to determine the replication time for

viral DNA. These techniques follow the time course of a pulse

label in (a) the relative specific activity of restriction fragments of

newly completed DNA, or (b) the fraction of pulse label in replica-

ting molecules or (c) the activity in mature and replicating molecules.

By the shapes of the resulting curves we can calculate the time to

complete one adenovirus DNA molecule which is 22 minutes for

Ad 2 and Ad 5, and this time is constant throughout infection.
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THEORY

We define the following terms: t = time in min; x = position

along the adenovirus genome in fractional length units where

0 < x < 1; and r = average rate of replication expressed as fractional

lengths per minute. We also define subscript notations used in

equations as follows: C = completed molecules; R = replicating

molecules; T = total molecules (i. e. completed plus replicating

molecules); r = r strand and 1 = 1 strand (strand designations are

discussed in an article signed by 36 scientists: J. Virol. 22,

830-831, 1977). We assume adenovirus replicates by a strand

displacement mechanism (Lechner and Kelly, 1977) with origins

and termini of replication at both molecular ends (Figure 2B in

Weingartner et al, 1976). We can write equations describing the

relative accumulation of radioactive label at any point along either

strand of adenovirus DNA molecules completed during a short time

interval.

During a [3H1 thymidine pulse of length t all molecules that

have a nascent strand longer than (1 - rt) at the beginning of the pulse

will be completed during the pulse. The shortest strand will be

(1 - rt) long, and longer strands will be equally likely. Therefore,

the distribution will be as shown below.



Fraction of
completed
molecules
labeled

leftward rightward
replicating replicating
molecules molecules

hit&rt (1 -rt)t)

0.0 genome position

15

I0

At one complete replication time the 3' end of each strand will be

labeled, and the distribution of radioactive label will be as A

below for the leftward replicating strand.

relative
specific
activity

1.0 specific activity at:
A - 1 replication time
B - (replication time) x

(rt)

0.0 genome position

The equation for these lines can be shown to be:

fC r (x, t) = rt - x

fC r (x, t) = 0

; 0 < x < rt

; x > rt

1,0
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Similarly, the relative specific activity in the molecules replicating

rightward will be:

fC 1 (x, t) = x - (1 - rt) ; (1 - rt) < x < 1

fC 1(x, t) = 0 ; x < (1 - rt)

Note that the right strand replicates to the left, and also that

throughout the calculations boundary values must be rigorously

observed to avoid negative values.

The total relative radioactivity in a fragment of the genome

will be the integral of the above expressions evaluated between the

endpoints.

and

relative
specific
activity

X
1 X2

genome position

x
FCr (xl, x2, t) = 2 f

Cr
(x, t) dx = 0. 5( [2rt-(xi+x2)] [x2 -x1] );

x
1

F Cr(x
1,

x2, t) = 0 ; x > rt 0 < x < rt

2
FCl(xI, x2, t) fx f,(x, t) dx = 0. 5([ (x1 -Fx2)-2(1-rt)1 [x2-x1] )

; (1 - rt) < x < 1



FC1(x 1, x2, t) = 0 ; x < (1 - rt)

The average relative radioactivity in a fragment will be the total

relative radioactivity divided by the length of the fragment.

and

fCr (x
1,

x2, t) = FCr / (x
2

-x 1) = O. 5 [2rt - (x
1
+x2)]

Fcr (x , x t) = 0

; 0 < x < rt

; x > rt

FC1(x1' x2' t) FC1 (x2-x1) 0. 5[(x1 +x2)-2(1-rt)]

FCl (x
1
, x2, t) = 0

; (1 - rt) < x < 1

; x < (1 - rt)

Of course the average relative radioactivity in a double stranded

fragment will be:

FC = F Cr + FC1

17

For given values of r and t, the above equations can be evaluated

readily for any restriction endonuclease fragment using a program

designed to account for the boundary conditions. (See Appendix II

for a program for the Hewlett Packard 9821A calculator. )

If we consider all the molecules labeled during a short time

interval (i. e. , replicating as well as newly completed molecules),
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the relative accumulation of radioactivity into both strands at any

given point on the genome is:

fT (x, t) = 2rt

The total relative radioactivity in fragment i of all the molecules

is given by integrating at constant t:
x2

FT (x
1
, x

2
, t) =./ fT (x, t) dx = 2rt (x2 x 1)x

1

and the average relative radioactivity in fragment i of all the

molecules is:

F T(x
1
, x2, t) = F

T
/ (x

2
- x1) = 2rt

Therefore, we can calculate the average relative radioactivity in

fragment i in replicating molecules from the expression:

F . = FTi - 1 ci
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RESULTS AND DISCUSSION

Numerous experiments have been reported to establish the

termini of adenovirus DNA replication using the method of Nathans

and Danna, 1972 (Horwitz, 1974; Tolun and Pettersson, 1975;

Schilling et al, 1975; Horwitz, 1976; Bourgaux et al, 1976;

Weingartner et al, 1976; Sussenbach and Kuijk, 1977). We have

applied the functions described in the Theory to this type of experi-

ment and see that the model can describe the specific activities of

pulse labeled restriction fragments in terms of pulse length and

replication rate. An example is shown in Figure 1.

HeLa S3 cells were infected with Ad5, exposed to 10 -6 M

fluorodeoxyuridine (FUdR) for 30 minutes at various times post

infection, concentrated to 1.5 x 107 cells/ml, and pulse labeled

with [3H] thymidine at 25 [J,Cihnl. Aliquots were removed and

fixed in NaCN (final concentration 0.01 M) on ice. Adenovirus

chromatin was extracted from cell nuclei with 200 mM ammonium

sulfate by using the method of Wilhelm et al, 1976 (Robinson et al,

1979), adenovirus DNA was prepared proteolytically and digested

with Hsu endonuclease as previously described (Pearson, 1975).

Fragments were mixed with [32P] labeled viral DNA fragments,

separated on 1 percent agarose gels at 40 volts for 12 hours, and
3 32the specific activity ( [H] / [P]) corrected for relative thymidine
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E C F A 411.E3 FDE C
Hpa 1 Eco RI

ADa Fragment

Figure 1. Data from Horwitz (1976) for specific activity of pulse labeled restriction fragments of
newly completed Ad2 DNA are compared with calculated curves for pulse incorporation.
Pulse lengths are 5 min ( ), 10 min (U ), and 15 min ( 0 ) . Curves are calculated
for r -= 0.07 genome /min or 14.2 min replication time. All data are normalized to
the specific activity of the EcoRI C fragment (* ). The DNA was first cut with EcoRI then
EcoRI A fragment was further digested with HpaI.
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content was determined. The replication rate was determined by

comparing calculated curves for various replication rates with the

experimental data and selecting the best fit by eye, as shown in

Figure 2.

Inspection of the calculated curves indicated a similar

method to determine replication rate from the data. If a line is

drawn through the specific activities of the fragments at either end

of the genome where there is labeling of one strand only, this line

will intersect zero specific activity at the maximum distance that

the genome has been completed during the pulse. The average of

the two lengths from either end of the genome divided by the pulse

length will give the replication rate in fractional genome lengths per

minute; the reciprocal of this is the time to complete the entire

genome. We applied this technique to available data in the literature,

then determined the replication rate by finding the best fit of each

experiment with calculated curves for various replication rates.

The two methods gave comparable results which are shown in

Table I.

To determine if the replication rate varies over infection,

we applied this method to measure replication rate over the course

of an infection. Replication time was determined as described above

between 14 and 23 hours post infection with the results shown in

Table 2. The average rate calculated from the experiments with
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C H D A
Hsu Fragment

Figure 2. Calculation of replication rate from pulse labeled A d5 replication fragments. A denovirus
type 5 was pulse labeled at 14 hours post infection with [3H]thymidine. Cells were
removed at 5 min (0) and 10 min ( X ), fixed in 0.01 M NaCN, total intracellular
DNA isolated and purified by BD-cellulose column chromatography. The mature DNA
was digested with Hsu (Hind III isoschizomer) along with [32P]viral DNA and the frag-
ments separated on VA agarose gels. The relative specific activity ([3H) / [32131) is
shown compared to calculated curves for a replication time of 21 min. Replication
time can also be measured by drawing straight lines through the specific activities at
either end of the genome (---), and the intercept will give the portion of the genome
that has been completed during the pulse (e.g.,
0.051 genome/min or 20 min replication time).

above; 0.27 genome /5 min =



23

Table 1. Determination of Ad2 replication time from previously
published experiments measuring specific activity of
pulse labeled restriction fragments.

Reference

Time of Pulse
Pulse Length

Endonuclease (Hr P. I. ) (min)
Replication
Time (min)*

Bourgaux et al,
1976

EcoRI 16.25 3
6

11
13

9 17

Tolun et al,
1975

EcoRI 13-14 5
10

12
15

Hpa I 13-14 5 12
10 17

Schilling et al,
1975

EcoRI 20 5
10

25
20

Hpa I 20 5 33

Hin d III 20 5 25
10 25

Horwitz, 1976 EcoRI/Hpa I 18 5 12
10 14

Pearson, 1976 EcoRI 14 5 14
10 17

Weingartner Hpa I 14 4 17
et al, 1976 EcoRI 14 4 17

Hin d III 14 4 17

Sussenbach and Hin d III 18 5 12
Kuijk, 1977 10 25
(Ad5)

Jones & Pearson EcoRI 17 10 17
(unpublished data)

Average = 16 min
Separated Strands
Horwitz, 1976 EcoRI 18 5 h=17

10 h=10

Sussenbach and EcoRI/Hin d III 18 10 h=24
Kuijk, 1977 (Ad5) 1=23

* Replication time is measured as described in Figure 2.
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Table 2. Replication time of Ad DNA as a function of time post
infection.

Measured
Time (P. I. ) Pulse Length Replication

(hr) (min. ) Time (min. )*

Ad2 14 5 19
10 23

18 5 25

22 5 21
10 21

Ad5 14 6 22
(Expt. I) 12 24

17 6 20
12 24

20 6 24
12 24

23 6 21
12 26

Ad5 14 3 15
(Expt II) 6 18

18 3 15
6 20

* Replication time was measured as described in Figure 2.
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shorter labeling times (5 or 6 minutes) was 0.048 + 0.005 fractional

lengths per min., whereas the average rate determined from the

longer pulses (10 or 12 minutes) was 0.042 + 0.003 fractional

lengths per minute. Since these rates did not differ significantly,

they were pooled to give an average rate of 0.046 + 0.005 fractional

lengths per minute or 1600 + 170 nucleotides per minute. From the

rate of replication we calculated that the time to synthesize an

adenovirus DNA molecule was 21.7 + 2.4 minutes. More importantly

Figure 3 clearly shows that the rate of adenovirus DNA replication

is constant throughout the course of infection.

The rate of replication calculated from previously published

experiments as described above was 0.066 + 0.002 fractional

lengths per minute for experiments with short pulses (3 to 6

minutes), while the average rate determined from longer pulses

(9 or 10 minutes) was 0.058 + 0.002 fractional lengths per minute

in reasonable agreement with the value calculated above. Esti-

mates for the rate of replication of type 2 and type 5 adenoviruses

also did not differ significantly. Likewise, although there was

much greater scatter in the calculated values, the rate was con-

stant over the period ranging from 14 to 20 hours post infection.

It has been reported (Dintzis, 1961; Manteuil et al, 1973)

that the replication time can be estimated by measuring the percent

of radioactivity that is associated with replicating DNA during a
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Figure 3. Rate of adenovirus DNA replication during infection. Rates were calculated as
described in Figure 1. Pulse-labeling with {31-11thyrnidine was started in each
experiment at the indicated times after infection. 5 or 6 min pulses; 0 , 10 or
12 min pulses. The solid line represents the average rate of replication (r = 0.046
fractional lengths/min or 1,600 nucleotides/min).
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[311] thymidine pulse and looking at the time required for that

value to fall to 50 percent. To verify this method we define a

function which would show the percent of all DNA as replicating

DNA during a pulse: (100 X FR(0,1, t)/F T(0,1, t)) where FR and

FT are the relative [31-1] activities of full length replicating and

total DNA molecules as described in the Theory. This function

showed that the percent replicating DNA does in fact start at 100

percent and falls linearly to 50 percent in one replication time, then

drops slowly beyond that as shown in Figure 4.

We further noted that the shape of the relative radioactivity

curves for the entire genome could themselves be used to estimate

replication time. The relative radioactivity incorporated into

mature DNA (F (0,1, t)) builds up parabolically for one replication

time then increases linearly. The function for replicating DNA

(FT (0, 1, t)) builds up rapidly and levels out to a constant value also

at one replication time, while the function for total DNA (FT(0, 1, t))

is linear as long as the concentration of DNA does not change

markedly. These curves are shown in Figure 5.

We tested these methods for measuring replication rate using

different methods to fractionate replicating and mature DNA to also

test the equivalency of the separation techniques. Results were

already available for such experiments using CsCl/ethidium bromide

equilibrium gradients for separation of the DNA (Pearson, 1975).



100

<80
a
cr)

060
o.

C

M40

ro

20
U
a)
a.

28

a a

4 8 12 16 20
Pulse Time (min)

Figure 4. Calculation of replication rate from percent of a pulse label in replicating DNA.
Adenovirus type 2 (0,0, and A) and type 5 ( and ) was pulsed with [3FI]tymidine
at 17 hours post infection. Cells were removed and fixed in 0.01 M NaCN at the times
indicated, and replicating molecules were separated from mature DNA by BD-cellulose
column chromatography ( Aand A ), centrifugation on glycerol gradients by the method
of Wilhelm et al, 1976 ( and 0 ), or CsCl/ethidium bromide equilibrium gradients
( ; data from Pearson, 1975). The percent of radioactivity associated with the
replicating molecules is compared with the calculated curve (= 100 x Fa(0,1,t)/FT(0,1,t))
for a replication time of 17 minutes. Theoretically the percent will drop linearly from
100 percent to 50 percent in one replication time then slowly fall to a steady state
value.
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Calculation of replication rate from pulse label incor-
poration into mature and replicating DNA. Adenovirustype 2 ( ) and type 5 ( and ) were pulse labeled
with [3H]thymidine at 17 hours post infection. Cells
were removed and fixed in O. 01MNaCN at the times
indicated, total intracellular DNA was isolated, and the
replicating and mature molecules were separated.
Buildup of [3I-I] activity was established relative to a[14c ] internal DNA marker, and normalized by setting
the total activity at the point listed below equal to thetheoretical FT(0,1, t) at that time.

DNA Activity Normalized Internal
Separation Method Total Mature Replicating at time = Marker DNA

BD-cellulose 0 0 15 minutes [14C] HeLa DNA

Glycerol gradient El 16 minutes [14C] Ad5 DNA

*CsC12 /EtBr gradient A A 10 minutes [14C] HeLa DNA

Theoretical curves are for relative activity of total DNA (F ), mature DNA (Fc) and replicating
DNA (FR) in the entire genome with a replication time of 1 minutes.

* Data from Pearson (1975).
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To use BD-cellulose column chromatography cells were prelabeled

for 24 hr with [140] thymidine as a recovery marker, the [ 14C]

washed out prior to infection, then Ad2- or Ad5-infected cells were

pulse labeled at 17 hours post infection as above. Total intra-

cellular DNA was phenol extracted from SDS- and Pronase-disrupted

cells as previously reported (Pearson, 1975), and replicating and

mature DNA were separated with BD-cellulose chromatography

(Robinson et al, 1979). In the second experiment the Ad2 or Ad 5

DNA was labeled with [14C]thymidine from 11 to 17 hours post

infection for a recovery marker, and the DNA was pulse labeled

at 17 hours post infection as above. Adenovirus chromatin was

extracted with ammonium sulfate from cell nuclei, and replicating

and mature DNA were separated on 10 to 40 percent glycerol

velocity gradients (Wilhelm et al, 1976; Robinson et al, 1979).

The results of these experiments and data from Pearson

(1975) are shown in Figures 4 and 5, which indicate that BD-

cellulose chromatography, glycerol gradient centrifugation, and

CsCl/ethidium bromide equilibrium centrifugation are consistent

in fractionation of replicating and mature DNA. In Figure 4 all

experimental curves reflected the linear drop of percent of activity

in the replicating DNA during the first replication time of the

pulse and showed a replication time of 8 to 16 minutes as judged

by the time to decrease below 50 percent. Figure 5 shows that the
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experimental data are consistent with a replication time of 15 min-

utes, but this type of plot is probably the least satisfactory for

determining adenovirus replication time. However, these data do

show some important points about the assumptions made in deriva-

tion of the functions. The total incorporation curve (FT) is linear

as expected, indicating that the concentration of adenovirus DNA

did not change markedly during the pulse; such a large growth would

cause this curve to be exponential. Also, a straight line through

the experimental points which intersects the time axis between 0

and 2 minutes indicates that nucleotide pool equilibration is not a

problem since incorporation is linear within 2 minutes of addition

of [3H]thymidine. The curve for tritium incorporation into repli-

cating DNA does not approach a constant value; this indicates the

assumption of little return of completed molecules into the repli-

cation pool during the pulse is weak within 20 minutes after the

start of the pulse and that significant reinitiation is seen during

the pulse.

We have demonstrated methods to measure replication rate of

adenovirus DNA. These methods with slight modifications may be

useful in measuring replication rates of other viruses. We have

shown that the rate of adenovirus DNA replication is constant.

Since the rate of total Ad DNA accumulation varies during infection
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( van der Eb, 1973), factors other than the rate of replication must
play a role in this modulation. In the following section we describe

methods to estimate these factors.
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KINETICS OF ADENOVIRUS DNA REPLICATION: II

Measurement of Initiation Rate

ABSTRACT

Methods are presented to measure the rate of initiation of

rounds of replication of viral DNA. These methods show that

initiation is the rate-limiting step for adenovirus DNA replication,

that the initiation rate decreases over infection with saturable

kinetics, and that recently replicated molecules are preferentially

reinitiated.
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INTRODUCTION

We have shown that the time to complete replication of a

single adenovirus genome is 22 minutes (Bodnar and Pearson, 1980a;

Part I). This would suggest that the total amount of adenovirus (Ad)

DNA should double in about 20 minutes, but it has been shown that

the accumulation of adenovirus DNA is considerably slower than

this (Green, 1962b; Philipson et al, 1975; van der Eb, 1973; Flint

et al, 1976). We hypothesized that this was due to a low probability

of a particular molecule reinitiating a round of DNA replication.

To investigate this theory we have developed methods to measure

the rate at which Ad DNA molecules initiate new rounds of replica-

tion. Two of these methods assume the strand displacement

replication model (Lechner and Kelly, 1977): (1) measurement of

the rate of accumulation of mature DNA, (2) steady-state kinetic

analysis of electron microscopy of replicating forms. The other

methods assume only semi-conservative DNA replication and that

initiation is the slow step in kinetics: (3) initiation rate measure-

ment by BUdR density shift kinetics, and (4) measurement of Vmax

and Km for saturable kinetics of DNA replication. Since the latter

two methods do not assume a replication model, they are directly

applicable to other viral systems.

These kinetic methods show that initiation is the rate limiting

step in adenovirus DNA replication. The initiation rate decreases
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over infection, showing saturable kinetics as the substrate DNA

concentration increases. Also, recently replicated molecules are

preferentially initiated; this preference is slight early in infection

but increases markedly later in infection.
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THEORY

Numerical Estimation of the Initiation
Rate from Saturable Kinetics

Assume that the initiation rate (i) is dependent on some

intracellular factor such that the initiation rate shows saturable

kinetics as shown in Figure 6. Using the HP 2851A programmable

calculator, we simulated the kinetics of Ad5 total DNA accumulation

numerically by approximating the rate of change of each pool by

using the total change in that pool each minute. The type I molecules

are divided into m pools where m = 1 /rI so that we have pool 1

representing the type I molecules in the first minute of replication

through pool m representing the type I molecules in the last minute

of replication. Similarly, the type II molecules are divided into n

pools where n = 1 /

We then approximate:

A [DS] -
-Vmax [DS]

+ [I] + [II]Km + [DS] rn

Vmax [DS]
Km + [DS] - [I]

[I]x = [I] - [I]x for x = 2, 3, . m

A [11] = is [Ss] - [11]
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A [II] = [II ](y-l) - [II ]y for y = 2,3, . ., n

A [SS] = [I]m = is [SS]

Then for each minute [DS] = A [DS] + [DS] , etc.

The value for v is calculated graphically by plotting

[DNAtotal] versus time where v = d [DNAtotal] /dt. Plotting (1/v)

versus (1/ [DNAtotal]) the (1/v) intercept is equal to (l/Vmax) and

the abscissa intercept is (-1/Km). These rough values are then

inserted into the numerical program above and adjusted for a best

fit of the experimental curve. The values of Vmax, Km, and [DS]

can then be used to estimate the initiation rate (i) at any time by

using the relationship:

[DS] / (Km + [DS] )2i = Vmax



DS

:n n=1/rn m=1/rI
I:m

SS
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RESULTS

Measurement of the Initiation Rate
by Density-shift Experiments

The initiation rate of adenovirus DNA replication can be

calculated in experiments that measure consecutive replications of

the same viral molecule, that is, density-shift experiments.

Infected cells growing in heavy (H) medium containing 5-bromo-

deoxyuridine (BUdR) were shifted to light (L) medium lacking

BUdR. This makes it possible to measure the fraction of viral

molecules that have not replicated (HH), have replicated once (HL),

or have replicated two or more times (LL) at various times after

the density shift (see Figure 1). The following reactions occur

during a density shift:

HH + dNTPs 2i 2 HL (1)

2i t >HL + dNTPs HL + LL (2)

LL + dNTPs 2 LL (3)-----
where i = rate of initiation of molecules that have not yet been

replicated, it = rate of initiation of molecules that have been

replicated at least once, and the factor 2 arises from the fact that

adenovirus DNA replication initiates at or near either end of

double stranded linear molecules (for review see Winnacker, 1978).
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Figure 1. Kinetic relationship between density-labeled adenovirus DNA molecules during a
density-shift experiment. HH = fully heavy molecules containing BUdR in both
strands. HL = hybrid molecules containing BUdR in only one strand. LL = fully
light molecules containing BUdR in neither strand. i = rate of initiation of
molecules that have not yet replicated (HH) during the chase in light medium.

rate of initiation of molecules that have been replicated at least once
OIL or LL) during the chase in light medium. The factor 2 arises from the fact
that adenovirus DNA replication initiates at or near either end of double stranded
linear molecules.
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We can consider two cases: (a) i = where all molecules have an

equal chance to initiate replication, and (b) i where prior history

influences the chance to initiate replication. In the first case, we

can describe the rate of change of each species of density-labeled

molecule by a system of differential equations:

d[HH]/dt = -2i [HI-1]

d [HL] /dt = 4i [HH]

d [LL ] /dt = 2i [HL ] + 2i [LL] (6)

We can calculate the concentrations of density-labeled molecules

by integrating equations (4), (5), and (6) and observing the boundary

conditions that [HH] = [HI-1] and [HL] = [LL] = 0 at t = 0 (the

start of the density shift):

[HH] = [HH ]0e-2it

[HL] = 2 [1-1H ]0(1 -e -tit)

[LL] = [HH] e2it -2it

We can then define the following expression:

-4itFraction [HH] = [HH] /( [HH] + [HL] + [LL]) = (10)

A plot of In (fraction [HH]) versus t (time after density shift) will

give a straight line (see Figure 4 below) with slope = -4i, or
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i = -slope/4. (11)

Similarly, we can also define the expression:

Fraction [HL] = [HL] /( [HH] + [HL] + [LL]) = 2e-2it_2e4it

When t = tmax, equation (12) passes through a maximum such that

-Zit -4it
d(Fraction [HL] )/dt = -4ie max+ 8ie max = 0.

Solving for i, we get:

i = 1n2/2tmax.

(13)

(14)

It is easy to show that Fraction [H1,] = 0.5 when t t Thus,max.
a plot of Fraction [HL] versus t (see Figure 5B below) should pass

through a maximum value of 0.5 at tmax, and i can be calculated

from equation (14) using the observed value of tmax.

In the case where i i', equations (4), (5), (7), and (8)

remain unchanged, but equation (6) becomes

d [LL] /dt = 2 i' [HL] + 2i' [LL]

and equation (9) becomes

i[LL] = 2 [H1-1] (i e 2i 't
+ i +

f

i'e
-2it -1 ).

(15)

(16)

The expressions for Fraction [HH] and Fraction [HL] now become
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quite complicated. Since Fraction [HL] will be useful (see below),

it is given in detail. Equation (12) now becomes

Fraction [HL] - 2 (1 -e -2it
)

- i(77-+17 ) e + (.,Zi+
2i't) e

(17)

Figure 2 diagrams the protocol for the density shift experi-

ment. Cellular DNA was labeled by growing HeLa cells in medium

containing [3H] thymidine for 30 hr, then cells were infected with

adenovirus. Starting at 11 hr after infection, adenovirus DNA was

labeled with [32P]orthophosphate in medium containing 5 p, g/m1 of

BUdR. Preliminary experiments indicated that neither the rate of

accumulation nor the amount of adenovirus DNA were affected by

growth in BUdR at this concentration. At 14 hr (Figure 2A), 18 hr

(Figure 2B), or 22 hr (Figure 2C) after infection, cells were shifted

to medium lacking BUdR but maintaining [32P]orthophosphate at

the same concentration. Samples were removed at various times

after the density shift, and total intracellular DNA was extracted.

Double stranded DNA, selected by chromatography on benzoylated-

DEAE-cellulose, was analyzed by CsCl density gradient centrifuga-

tion (Figure 3).

Two considerations limited the design of the density-shift

experiment: (a) the inhibition of cellular DNA replication, and

(b) the density labeling of all or most of the viral DNA. Figure 3
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Figure 2. Protocol for density-shift experiments. Cellular DNA
was labeled by growing cells in medium containing
PHithymidine for 30 hr, then cells were infected with
adenovirus. Starting at 11 hr after infection, adeno-
virus DNA was labeled with [32P] orthophosphate in
medium containing BUdR (5 p.g /ml). At 14 hr (A),
18 hr (B), or 22 hr (C) after infection, cells were
shifted to medium lacking BUdR but maintaining [32P]
orthophosphate at the same concentration. Density-
labeled viral DNA molecules, extracted from cells
harvested at various times after the density shift, were
analyzed by CsCI gradient centrifugation. Solid bar =
growth in heavy (H) medium containing BUdR. Open
bar = growth in light (L) medium lacking BUdR.
Hatched bar = growth in [32P]orthophosphate.
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clearly shows that cellular DNA replication had been inhibited by

11 hr after infection (Hodge and Scharff, 1969; Pearson and Hanawalt,

1971): [31-1] thymidine-labeled cellular DNA banded at the unreplica-

ted, fully light buoyant density and contained virtually no 32P

radioactivity. Thus pre-labeled cellular DNA served in all gradients

both as a recovery standard as well as a density marker. Figure 3A

shows the CsCI gradient profile of DNA extracted at 14 hr after

infection just before the chase in light medium. The peak of fully

heavy (HH) adenovirus DNA contained 78% of the 32P radioactivity,

whereas the shoulder of hybrid (HL) viral DNA contained 22%.

From this distribution of 32P radioactivity, it was possible to cal-

culate that adenovirus DNA had doubled 2.7 -times during the 180

min. labeling period, a doubling time of 66 min (compare with

Figure 6 below). Moreover, calculations indicated that 85% of

the total adenovirus DNA was labeled by 14 hr after infection using

the protocol in Figure 2 (i. e. , only 15% had been synthesized prior

to the addition of [32P ]orthophosphate and BUdR at 11 hr after

infection). However, virtually all of the adenovirus DNA had

become HH by 18 hr (Figure 3D) or 22 hr (not shown) after

infection. Finally, it was also important to verify that the incor-

poration of BUdR was prevented during the chase in light medium.

Two observations indicated that the chase was effective: (a) the

appearance of hybrid density viral DNA extrapolated back to the
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CsCl density gradient analysis of adenovirus DNA.
The protocol for the density shift experiments is
described in Figure 2. Total intracellular DNA was
extracted from cells at various times after the density
shift. Double stranded DNA, selected by chromato-
graphy on benzoylated-DEAE-cellulose, was centrifuged
to equilibrium in CsC1 density gradients. The buoyant
density increases from right to left in each gradient.
The radioactivity in each gradient has been normalized
to the peak value for each isotope. 0-0 , 32P radio-
activity; S , 3H radioactivity. In panels (A) through
(C) the density shift occurred at 14 hr after infection.
(A) No chase: peak 32P = 5173 cpm, peak 3H = 10, 454

3cpm.
(B) 70 min chase: peak 32P = 14,855

3cpm,
peak

H = 14,388 cpm. (C) 150 min chase: peak P =
17, 751 cpm, peak 3H = 5, 952 cpm. In panels (D)
through (F) the density shift occurred at 18 hr infection.
(D) No chase: peak 32P = 65,440 cpm, peak 3H =
13,132 cpm. (E) 100 min chase: peak 52P = 61,499 cpm,
peak 3H = 6,367 cpm. (F) 180 min chase: peak 32P =
63,147 cpm, peak 3H = 6,847 cpm.
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beginning of the chase in all cases except in the chase initiated at

14 hr after infection (see discussion above; Figure 3A), and (b) the

total 32P radioactivity in full heavy and hybrid DNA during the

chase never exceeded twice the initial 32P radioactivity in fully

heavy DNA at the start of the chase (i.e., [HI-1] + < 2 [HI-1] 0).

Since packaging of intracellular adenovirus DNA into virions

begins at 18 hours (Green, 1962b) to 24 hours post infection (Stroh'

and Schlesinger, 1965; Rouse and Schlesinger, 1967) and only 20

percent of the total Ad2 DNA made during infection gets packaged

into virus particles, our experiments are completed prior to

significant addition of a pathway of DNA removal into virions.

The exact changes in the CsC1 gradient profiles of adenovirus

DNA during density-shift experiments depended on the time during

infection at which the shifts occurred. For example, during the

chase at 14 hr after infection, there was a shift from fully heavy

(Figure 3A) to hybrid (Figure 3B) to fully light (Figure 3C) viral

DNA. The almost complete loss of fully heavy DNA late in the chase

(Figure 3C) indicated that all molecules had replicated at least

once. In contrast, during the chases at 18 hr (Figures 3D through

3F) or at 22 hr (not shown) after infection, the persistence of fully

heavy viral DNA suggested that only a fraction of the molecules had

replicated at least once. Recently synthesized molecules, however,

had a much greater chance to replicate again as shown by the
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substantial accumulation of fully light DNA late in the chase (Figure

3F). These qualitative observations could be verified quantitatively

by measuring the initiation rates i and i'. Figure 4 illustrates the

measurement of the initiation rate of adenovirus DNA replication

using the Fraction [H1-1] method described above. As predicted by

Equation (10), a logarithmic plot of the fraction of 32P radioactivity

banding at the fully heavy density in each CsC1 gradient versus the

time after chase in light medium gave a straight line. The initiation

rate was calculated in each case by using Equation (11): i = 0.0035,

0.0012, and 0.0005 initiations/min/end, respectively, for chases

started at 14, 18, and 22 hr after infection.

The rate of initiation could also be measured by using the

Fraction [HL] method described above. In Figure 5A the fraction

of 32P radioactivity banding at the hybrid density in each CsCI

gradient was plotted against the time after chase in light medium.

The plots passed through maxima at Fraction [HL] = 0.47, 0.325,

and 0.225 where tmax = 50, 120, and 180 min, respectively, for

chases started at 14, 18, and 22 hr after infection. Only the plot

for the chase at 14 hr after infection approached the theoretical

maximum of 0.5 predicted by Equation (12) where i = i'. The

explanation can be seen in Figure 513 which displays theoretical

curves generated by Equation (17) for various ratios of i'/i. The

time coordinate has been normalized by using units of 1/i minutes.
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Figure 4. Measurement of the rate of initiation of adenovirus DNA replication using the Fraction
[H1-1; method. The fraction of 32P radioactivity banding at the fully heavy (HH)
density in each CsC1 gradient (see, for example, Figure 3) was plotted logarithmically
against the time after chase in light medium. 0 , chase started at 14 hr after
infection. chase started at 18 hr after infection. , chase started at 22 hr
after infection. In each plot, the solid line represents the least squares fit to the
data. The initiation rate was calculated using Eq. (11): 0.0035, 0.0012, and 0.0005
initiations/min/end, respectively, for chases started at 14, 18, and 22 hr after
infection.
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Measurement of the rate of initiation of adenovirus DNA
replication using the Fraction [HL] method. (A) The
fraction of 32P radioactivity banding at the hybrid (HL)
density in each CsCI gradient (see, for example, Figure
3) was plotted against the time after chase in light
medium. 0 , chase started at 14 hr after infection.
The solid line was calculated using Equation (17) with
i = 0.0065 and i' = 0.0078 initiations/min/end. ,

chase started at 18 hr after infection. The solid line
was calculated using Equation (17) with i = 0. 0016 and

= 0.0053 initiations/min/end. 0 , chase started
at 22 hr after infection. The solid line was calculated
by using Equation (17) with i = 0. 0006 and i' = 0. 0042
initiations/min/end. (B) Theoretical curves generated
by Equation (17) plotted for various ratios of i'/i. The
time coordinate is in units of 1/i. Note that Equation
(17) simplifies to Equation (12) when i = and in that
case tma = 1n2/2i (Equation 14). The ratio of i'/i could
be estimax ted by the intersection of the maximum experi-
mental value of Fraction [HL] (dashed line) with the
dotted line which connects the theoretical maxima. The
abscissa (arrow) of the intersection yields the value of
t . For example, during the chase at 14 hr after
in action, Fraction [HL] = 0.47 at t

i
= 50 min = 0. 325/i

corresponding to i' /i = 1.2. There ore, = 0.325/50 =
0. 0065 initiations/min/end and i' = 1. 2 (0. 0065) =
0.0078 initiations/min/end. The values of i and i' at 18
hr and 22 hr after infection are given above.
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As the ratio of i'/i increases, the maximum value of Fraction [HL]

decreases. It is clear, then, that the ratio of ii/i as well as tmax
can be estimated by comparing maxima calculated with Equation

(17) to the experimentally measured maximum of Fraction [HL]

in each chase. This is shown graphically in Figure 5B as the

intersection of the maximum experimental value of Fraction [HL]

(dashed line) with the dotted line connecting the theoretical maxima.

The abscissa of each intersection (arrows in Figure 5B) yields the

values of tmax = 0.325/i, 0.190/i, and 0.115/i min, respectively,

at 14, 18, and 22 hr after infection. The values of i could then be

calculated from the observed values o f t max in Figure 5A. For

example, tmax = 0.325/i = 50 min or i = 0.325/50 = 0.0065

initiations/min/end at 14 hr after infection. Similarly, i = 0.0016

and 0.0006 initiations/min/end at 18 and 22 hr after infection.

Table 1 compares the values of i measured by the Fraction [H1-1]

and Fraction [HL] methods. The measured values of i agree very

well except at 14 hr after infection where the presence of hybrid

DNA at the start of the chase (Figure 3A) leads to a high estimate

for i with the Fraction [HL] method.

The maximum value of Fraction [HL] determines the ratio

of i'/i according to Equation (17) as discussed above. We estimated

that i'/i = 1.2, 3.3, and 7.0, respectively, at 14, 18, and 22 hr

after infection. Recently synthesized adenovirus DNA molecules
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Table 1. Rate of initiation of adenovirus DNA replication.

Method
Hours After Initiations /min/ end
Infection i i'

HHa 14 0.035 0.0042

18 0.0012 0.0040

22 0.0005 0.0035

HLb 14 (0.0065) (0.0078)c

18 0.0016 0.0053

22 0.0006 0.0042

Average 0.0042 + 0.0007

a See Figure 4

b See Figure 5

c Not included in average
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preferentially reinitiated replication since i' > i. This preference

was slight at 14 hr after infection, but increased markedly later

during infection. We interpret these results to mean that adenovirus

DNA is partitioned into several pools, and at least one pool contains

molecules destined for replication. The initiation rate in the

replication pool, i', can be calculated from the ratios of i'/i

estimated above. Table 1 shows that i' remained constant at all

times after infection with an average value of 0.0042 + 0.0007

initiations /min /end.

Calculation of the Rate of
Initiation from Saturable Kinetics

Density-shift experiments provided physical (Figure 3) and

kinetic (Table 1) evidence for a pool of replicating DNA molecules

in adenovirus infected cells. We postulate that the size of the

replicating pool limits the production of adenovirus DNA during

infection. Figure 6 shows the production of adenovirus DNA

during infection. The time course for synthesis of viral DNA shown

in Figure 6 agrees generally with kinetics measured by several

other methods (Green, 1962a; van der Eb, 1973; Flint et al, 1976;

Fanning and Doerfler, 1977). The initial production of viral DNA

was approximately logarithmic with a doubling time of 62 min

(Figure 6, inset). However, the accumulation of viral DNA began
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Production of adenovirus DNA duilng infection. He La
cells were labeled for 24 hr with [ H]thymidine, and
then infected with adenovirus. Twelve hr after infection,
cells were labeled with [32P] orthophosphate. Total DNA
was extracted from infected cells at the indicated times
and analyzed by CsCI density gradient centrifugation.
The number of viral molecules per cell was calculated
at each time by assuming an average DNA content of
15 x 10-6 µg He La DNA per cell (Sober, 1970) and a
molecular weight of 23 x 106 for adenovirus DNA. For
example, the CsCI gradient prepared at 19 hr after
infection contained 89, 500 cpm 32P of adenovirus DNA
with a specific activity of 20, 000 cpm 32P per µg DNA
and 82, 800 cpm 3H of HeLa DNA with a specific activity
of 9,400 cpm 3H per µg DNA, or

32P) (15 x 10-6lag HeLa DNA/cell) (9,400 cpm 3H41g HeLa DNA)
32P /µg Ad DNA) (3.8 x 10-11µg Ad DNA/molecule) (82,800 cpm3H)

= 2 x 105 adenovirus molecules/cell. The solid line was
calculated with an iterative program designed to model
the production of adenovirus DNA (see Theory). The
inset shows the same data with DNA concentration
plotted logarithmically. The initiation rate was

+ 2[DNAJ) where Vi = V = 125, 000
molemuc lxes/ceir/hr, K = 143, 000 molecules /cell, and
[DNA] = 2, 000 molecules /cell at 12 hr after infection.
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to deviate significantly from logarithmic growth by 18 hr after

infection, and thereafter the kinetics were roughly linear.

The rate of change of DNA concentration during infection,

or velocity = d [DNA] /dt in units of viral genomes per cell per hr,

was determined graphically as the tangent at any point on the curve

in Figure 6. Figure 7 presents a double reciprocal, or Lineweaver-

Burk plot (Segel, 1975), where 1/velocity was graphed against

1/ [DNA] . The data points lie on a straight line which indicates

that the production of adenovirus DNA during infection exhibits

saturable kinetics. The intercept of the 1/velocity axis yields

1 /Vmax and the intercept of the 1/ [DNA] axis yields -1/Km as

indicated in Figure 7. In this experiment Vmax = 125,000 genomes/

cell/hr and KM = 143, 000 genomes/cell. The average values

obtained in three independent experiments for Ad2, Ad5, and Ad7

were Vmax = 118,000 + 11, 500 genomes/cell/hr and KM = 177,000

+ 49,000 genomes/cell. In the formalism of Michaelis-Menten

kinetics (Segel, 1975), we can write:

or

velocity = 2i [DNA] = Vmax [DNA] /(Km+ [DNA]) (18)

i = Vmax/(2 K + 2 [DNA])

It is important to realize that although the Michaelis-Menten

(19)
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Determination of V ax.and K for adenovirus DNAMreplication. The vemiocity of replication (in units of
molecules/cell/hr) was estimated graphically as the
tangent at any given point on the curve in Figure 6.
The reciprocal of the velocity was plotted against the
reciprocal of the concentration (in units of DNA
molecules/cell). The solid line represents the least
squares fit to the data. The intersection of the fitted
line with the ordinate gives 1/V and the intersection
with the abscissa gives -1/K .mian this case, V
125, 000 molecules/cell/hr and KM = 143, 000 mUlecaxules/
cell.
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equation has usually been derived by assuming either steady-state

or equilibrium conditions, it can also be derived by considering

that the overall reaction, in this case the production of viral DNA,

occurs in irreversible steps (Segel, 1975). KM is then a ratio of

forward rate constants while Vmax remains the maximum velocity

of the reaction. Equation (19) adequately predicts the initiation

rate as shown in Figure 10 below.

The average rate of adenovirus DNA replication is constant

throughout the course of infection at 0.046 fractional lengths/min or

1600 nucleotides/min (Bodnar and Pearson, 1980a). The average

time required to synthesize a molecule is 21.7 min or 0.362 hr.

Thus we can estimate the size of the replication pool as

[DNA] =pool Vmax (time to synthesize a single molecule)

= (118,000 molecules/cell/hr) (0.326 hr)

= 43,000 molecules/cell.

Alternatively, we can use Equation (19) in the form:

[DNA] pool = (Vmax/2i' ) - Km (20)

where i' = (0. 0042 initiations/min/end) (60 min) = 0.252 initiations/

hr/end (Table 1). In this case, [DNA]pool = 57,000 molecules/cell,

in excellent agreement with the value calculated above. The
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average value for the size of the replication pool is 50, 000 + 7, 000

molecules/cell, a concentration attained at 16 hr after infection

(Figure 6) when the shift from logarithmic to linear kinetics begins.

We can further check the consistency of these results by

comparison with previously reported growth parameters. By

extrapolation of the DNA accumulation curve (Figure 6) we estimate

that there will be approximately 1.5 x 106 Ad5 genomes per cell at

30 hours post infection. It has been shown that at 30 hours post

infection there are about 104 Ad PFU per cell (Green, 1962b), that

for Ad5 there are about 10 to 20 particles per PFU (Green et al,

1967) and about 10 to 20 percent of the Ad DNA is packaged (Green,

1962a). These data indicate that there are about 5 x 105 to 2 x 106

Ad5 genomes per cell at 30 hours post infection.

Calculation of the Rate of Initiation
from Steady-state Kinetics

A detailed model for adenovirus replication has already been

discussed thoroughly (Lechner and Kelly, 1977; Winnacker, 1978;

Robinson et al, 1979). Figure 8 diagrams the relationship between

each type of replicating adenovirus molecule. The types of molecules

presented in Figure 8 account for more than 90% of the molecules

scored by electron microscopy in the study of Lechner and Kelly

(1977). We define the following terms: = rate of initiation on
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DS I

rI

II

is

SS

Figure 8. Model of adenovirus DNA replication. DS = double stranded molecules, SS = single
stranded molecules, I = type I molecules, II = type II molecules, and I/II = type I/II
molecules. The designations type I, type II, and type I/II for replicating adenovirus
DNA molecules have been proposed by Lechner and Kelly (1977). = rate of initiation
on double-stranded molecules in the replicating pool. i = rate of initiation on
single stranded molecules. r

I
= rate of replication on a type I molecule (displacement

synthesis). r
II

= rate of replication on a type II molecule (complementary synthesis).
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double stranded molecules in the replicating pool, i = rate of

initiation on single stranded molecules, r
I = rate of displacement

synthesis, and ru = rate of complementary synthesis. The units

for initiation have been defined above as initiation events per minute

per molecular end. The units for replication rate are fractional

lengths per minute (Robinson et al, 1979; Bodnar and Pearson,

1980a; Part I). Since we do not know all the events leading to the

initiation of complementary synthesis on displaced single strands,

we assume is i'. We also assume r I rII , but r1 + r II = 2 r

where r = average rate of replication (Bodnar and Pearson, 1980a;

Part I). This last point is supported by the data of Lechner and

Kelly (1977) which show 95 (47%) type I growing points and 109 (53%)

type II growing points in all replicating molecules analyzed by

electron microscopy. We can describe the rate of change of each

species in Figure 8 by a system of differential equations:

d [DS] /dt = -2i' [DS] + rII [II] + rI [I]

d [I/II ] /dt = -r11 [I/II] + [II] 0

d [II] /dt = -(i' + r11) [II] + is [SS] -=' 0

d [SS] /dt = -is [SS] + r1 [I ] 0

d [I ] /dt = 2i' [DS] + r11 [I/II] - ri [SS] 0

(21)

(22)

(23)

(24)

(25)
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The equations describe the rates of formation and decay of each

species in terms of rate constants (i', r , etc. ) and concentrations

of each species (brackets). Mature, double stranded molecules

increase with time, but we assume steady-state conditions for all

other species (this is equivalent to a constant pool of replicating

molecules as discussed above). Using appropriate algebra, we

can show:

r [I/II] = [II]

[II] is [SS = r1 [I]

d [DS] / [DS] (2i'(i'

Equation (28) can be integrated to give:

[DS] = [DS] exp(2i'(i' rII) (t-to)/rII)

(26)

(27)

(28)

(29)

where [DS]o is the concentration of double stranded molecules at

time to. From Equation (29), we can calculate the doubling-time,

td' for the production of double stranded molecules:

td = rII1n2/(2i'(i' + r II)) (30)

We can solve for the rate constants using Equations (26), (27),

and (28) and the data from Lechner and Kelly (1977). We can use

the number of molecules since we are interested only in the relative
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concentrations: [I/II] = 18, [II] = 89, and [I] = 41. In the same

study, the number of unit length single strands, [SS], was less

than 10 (R. L. Lechner and T. J. Kelly, Jr., personal communica-

tion). Then

= r [I/II] /[II] = r 11(18/89) = 0.20 rII and

r = (i' + r II) [In/ [I] = 1.20 r (89/41) = 2.6 r11.

We have previously assumed r1 + r11 = 2 r where r = 0.046 fractional

lengths/min (Bodnar and Pearson, 1980a; Part I). Substituting we

get:

r11 = 2(0. 046)/3. 6 = 0.026 fractional lengths/min,

r1 = 2. 6(0. 026) = 0.068 fractional lengths/min,

= 0.20(0.026) = 0.0052 initiations/min/end,

i > 0.068(41 /10) > 0.28 initiations/min/end,
S

and td (0.026)(0.693)/((0.01)(0.031)) = 58 min.

The calculated value of i' = 0.0052 initiations/min/end agrees

remarkably well with the measured value of 0.0042 +0.0007

initiations/min/end (Table 1). Likewise, the calculated value of

td = 58 min agrees very well with the value of 66 min measured in
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the density-shift experiment (Figure 3A) and the value of 62 min

measured in Figure 6. However, the calculations led to two sur-

prising results. First, the initiation rate on single stranded

molecules, is, was more than 50 times greater than the initiation

rate on double stranded molecules. Secondly, displacement

synthesis, r1, was 2. 6 -times faster than complementary synthesis,

No experimental procedure presently allows the independent

measurement of the individual rates of replication, but we can test

our conclusions in the following ways. Figure 8 shows that type

I/II molecules arise from type II molecules by an initiation event.

The average number of initiation events during the "lifetime" of

type II molecules is n /I'll' Using the values of i' and r II
derived from steady-state kinetics, n = 0. 0052/0. 0026 = 0. 2.

Table 2 presents the distribution of single stranded branches in

type II and type I/II replicating molecules calculated from the

Poisson relation fx = nxe-n/x! where x = 0, 1, 2, . . = number

of single stranded branches. The calculated frequencies agree

remarkably well with the frequencies observed by Lechner and

Kelly (1977). The fraction of type II molecules which complete a

round of replication without reinitiating to type I/II molecules is

f = /( [II] + [ tot ) = e lirII (31)
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where [I/II]tot is the concentration of type I/II molecules with one

or more single stranded branches. We can use the experimentally

observed value of fo = 0.817 (Table 2) and the value of i' = 0.0042

+ 0.0007 initiations/min/end (Table 1) derived from density-shift

experiments to estimate r II which cannot be measured directly.

Equation (31) predicts ru = 0.021 + 0.003 fractional lengths /min

which is significantly slower than the average rate of r = 0.046

fractional lengths/min (Bodnar and Pearson, 1980a; Part I).

We can estimate the value for the single stranded initiation

rate (is) from biophysical data also. At 17 hours post infection

approximately 35 percent of the Ad5 DNA is actively replicating

(see Part III), and only 4 percent of the Ad DNA is in the form of

completely displaced strands (Kedinger et al, 1978). Therefore

[DS] / [SS] (0. 65)/(0. 04) = 16. From equations (21) through (25)

we can solve to find:

is
= 4-2(i

+ r11) , [DS]
rII [SS] 2 [DS] / [SS] (32)

Substituting from above we find is/i = 32 supporting the hypothesis

that single stranded DNA reinitiates much faster than mature double

stranded DNA.



71

Table 2. Distribution of single stranded branches in type II and
type I / II replicating molecules.

Molecules
Observed

Frequencya
Calculated
Frequencyb

Type II (no branches)

Type I/II, one branch

Type I/II, two branches

Type I/II, three or more
branches

0.817

0.165

O. 009

0. 009

O. 819

0.164

O. 016

0. 001

a From Lechner and Kelly (1977).

b Calculated from the Poisson relation fx = nxe-n/x! where

x = 0, 1, 2, . . ., = number of single stranded branches,

n = i'/rII = average number of initiation events during the

"lifetime" of a type II molecule, i' = 0. 0052 initiations/min/end,

and r II = 0. 026 fractional lengths/min.
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Determination of the Initiation Rate by
Accumulation Curves for Mature Adenovirus DNA

As we saw in the preceding section steady-state kinetics

derivation of the accumulation rate for mature (double stranded)

adenovirus DNA can be expressed by the relationship (equation (29)):

In aDSMDS]o) = 2i(rII i)lrII (t to) (33)

Since r II is much larger than i, this equation can be approximated

by:

In aDSMDS]o) = 2i (t - to) (34)

Therefore, we can measure the value of the initiation rate in still

another way by plotting the logarithm of the concentration of mature

DNA versus time and determining the slope which is equal to 2i.

The concentration of mature DNA was measured by using the

previously mentioned protocol. Briefly, cells prelabeled for 24

hours with [3H]thymidine were infected with Ad2 or Ad5, at 11

hours post infection [32P]orthophosphate was added, and aliquots

were harvested hourly from 13 to 22 hours post infection. Total

intracellular DNA was extracted and mature double stranded DNA

was purified by BD-cellulose column chromatography. Recovery of
32P activity in adenovirus was corrected by normalizing to the
3H cell DNA marker.
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The growth curves (Figure 9) were not linear as would be

expected for a constant initiation rate, but showed the same charac-

teristic drop below exponential growth as seen for the total DNA

growth curves above. This again indicated that the initiation rate

is decreasing during infection. The initiation rate was then deter-

mined by using the slope of the line in Figure 9 and calculating the

value with equation (34). The calculated values for Ad2 and Ad5

were very similar, and the curve for Ad5 is plotted in Figure 10.

We can see that this method for measuring the initiation rate

agrees well with the density-shift experiments and total adenovirus

DNA growth curves.
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3Figure 9. Accumulation of mature adenovirus DNA. Cells prelabeled with [ Hjthymidine for
24 hours were infected with Ad2 (0) or Ad5 (0), and labeled with [32P] at 11 hours
after infection. Aliquots were removed, and total intracellular DNA was extracted
and separated by BD-cellulose chromatogra3phy. The double stranded DNA was
counted corrected for recovery relative to H cell DNA.
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DISCUSSION

We have developed four methods to estimate the initiation rate

of adenovirus DNA replication: (a) direct measurement during density-

shift experiments, (b) calculation using the saturation kinetics of

total viral DNA accumulation, (c) calculation using steady-state

kinetics of viral DNA replication, and (d) calculation by exponential

kinetics of double stranded viral DNA accumulation. As illustrated

in Figure 10, the values for the rate of initiation estimated by each

method agree quantitatively. Figure 10 shows that the value of i,

the average initiation rate for all DNA molecules in the nucleus,

decreased during the course of infection as measured during density-

shift experiments by the Fraction [HH] method (open circles) or the

Fraction [HL] method (closed circles). The value of i also decreased

during the course of infection when calculated by equation (19) from

the saturation kinetics of viral DNA accumulation (Figure 10, dashed

line) and when calculated by equation (34) by using the exponential

kinetics of mature viral DNA accumulation (Figure 10, dotted line).

On the other hand, Figure 10 demonstrates that the value of i', the

initiation rate for molecules that have replicated at least once during

a density-shift, remained constant throughout infection (solid line) as

measured during density-shift experiments by the Fraction [HHI
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H_ 0< 0 14 16 18 20 2 2

HOURS AFTER INFECTIONz

Figure 10. Rate of initiation of adenovirus DNA replication during infection. 0, i measured
as described in Figure 4. , i measured as described in Figure 5. 0
measured as described in Figures 4 and 5. , i' measured as described in
Figure 5. A , i' measured from the data of Lechner and Kelly (1977). Solid
line: the average value of i' = 0.0042 initiations/min/end (Table 1). Dashed
line: i calculated from the relationship i = Vmax/(2KM + 2[DS] by using the
data from Figure 6, and the average values V = 113,000 molecules /cell /hr
and K = 177,000 molecules/cell. Dotted lirilea:x i calculated from the relation-
ship d In [DS))/ dt = 2i by using data for Ad5 from Figure 9.
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method (open squares) or the Fraction [1-11,] method (closed squares).

The value of i' calculated from the steady-state kinetics of adenovirus

DNA replication agrees remarkably well (Figure 10, open triangle).

Since i' > i throughout infection, newly replicated viral DNA molecules

were preferentially initiated. This preference was slight (i' /i = 1. 2)

at 14 hours after infection, but increased markedly = 7. 0) by 22

hours after infection. We interpret these results to mean that adeno-

virus DNA is partitioned into several pools, and at least one pool

contains molecules destined for replication. The average rate of

initiation in this pool was i' = 0.0042 + 0.0007 initiations/min/end

(Table 1; Figure 9, solid line). The size of the replication pool was

estimated to be 50,000 + 7,000 molecules/cell. We do not yet know

what factor limits the size of the pool. For example, the packaging

of DNA into adenovirus particles apparently is not a limiting factor

since assembly begins about 24 hours after infection under our

experimental conditions (Robinson et al, 1979). Brison et al (1979)

have recently shown that active replication and transcription complexes

are physically distinct at 17 hr after infection; this provides additional

evidence for the partitioning of adenovirus DNA into pools. Each of

the methods to estimate the initiation rate can also be used to measure

the doubling time for the production of viral DNA during the logarithmic

phase of adenovirus replication. The doubling time measured during



78

density labeling was 66 min (Figure 3), the time measured for the

production of viral DNA was 62 min (Figure 6), and the time cal-

culated from steady-state kinetics was 58 min (Eq. (30)). The

average doubling time was td = 62 + 4 min, 2. 8-times longer than the

average time to replicate an adenovirus DNA molecule (Bodnar and

Pearson, 1980a). This confirms the postulate that initiation is the

rate limiting step in adenovirus replication.

The single step growth curve for total intracellular adenovirus

DNA accumulation shows that some factor required for initiation of

replication is available at a constant concentration after the onset of DNA

replication and is limiting. Early in infection this factor is in excess

over the substrate adenovirus DNA, and the rate of DNA synthesis is

dependent on the concentration of DNA. At about 17 hours post infec-

tion this factor is saturated with the substrate DNA, the rate of DNA

synthesis reaches its maximum value, and DNA synthesis continues

at a constant rate. Thus, the rate of adenovirus DNA replication

shows the hyperbolic relationship to total adenovirus DNA concentra-
tion characteristic of saturable kinetics. This type of DNA accumula-

tion curve has also been reported for DNA replication of SV40

(Manteuil et al, 1973) and polyoma (Roman, 1979).

The limiting factor in initiation could possibly be a cellular

function as can be seen by comparing the characteristics of adeno-

virus and HeLa DNA replication. The average rate for adenovirus is
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0.046 fractional genomes per minute (Part I) or 0. 85 µm per minute,

and this rate is constant over infection. We estimate that there are

50, 000 replication sites per cell when adenovirus DNA replication

reaches its maximum rate. For HeLa cells the DNA replication rate

has been measured to be 0. 5 to 1.4 p,m per minute (Edenburg and

Huberman, 1975; Painter and Schaefer, 1969) and there are approx-

imately 10, 000 to 100,000 replicons per cell (Painter and Schaefer,

1969; Hand and Tamm, 1974). The rate of replication is relatively

constant during the cell cycle, and the rate of DNA synthesis depends

on the number of replicons initiated during a given phase of the cycle

(Painter and Schaefer, 1969; Wintersberger, 1978). No DNA poly-

merase has been identified that is coded by the adenovirus genome,

and there is considerable evidence that the host DNA polymerases a

and y are involved in adenovirus DNA replication (Ito et al, 1975; van

der Vliet and Kwant, 1978; Abboud and Horwitz, 1979; Longiaru et al,

1979; Habara et al, 1980). These data suggest that the limiting factor

in adenovirus DNA replication might be a component of the cellular

machinery required for replication (possibly the cellular DNA poly-

merase).

Density-shift experiments can be used to analyze the semicon-

servative DNA replication of any organism. Gustafsson et al, (1979)

have independently derived equivalent, but not identical, equations



80

describing the relative amounts of density-labeled molecules during

density-shift experiments with plasmid RI DNA. Their equations

will also give expressions for Fraction [HFI] and Fraction [HL]

identical to the relations derived here for the case i = i' (except for a

factor of 2 which enters our equations due to two origins of replica-

tion). Density-shift experiments have also been used to investigate

the replication of polyoma DNA (Roman and Dulbecco, 1975; Roman,

1979) and SV40 DNA (Green and Brooks, 1978). These experiments

clearly demonstrate that (a) newly synthesized viral DNA preferen-

tially re-enters a subsequent round of replication, and (b) viral DNA

is partitioned into replicating and non-replicating pools. We have

modified the equations for Fraction [1-1H] and Fraction [H1,] in order

to measure the initiation rates of SV40 and polyoma DNA replication

(see Part V). Although the density-labeling protocols of Green and

Brooks (1978) and Roman (1979) differed significantly from ours, we

estimated that i' = 0.001 initiations /min for SV40 and i' = 0.004

initiations/min for polyoma, both values in good agreement with the

value of i' measured for adenovirus.

The development of the steady-state method to analyze adeno-

virus replication means that for the first time it is possible to deter-

mine rate constants for initiation, displacement synthesis, and

complementary synthesis simply by counting specific types of repli-

cating adenovirus DNA molecules by electron microscopy. We know
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of no other replicating system that offers this advantage. As men-

tioned above, steady-state calculations of i' and td agree quantitatively

with directly measured values. It is also important to emphasize

that the rate constants calculated by this method quantitatively

predict the frequencies of multiply initiated type I/II molecules

(Table 2). However, the steady-state calculations led to two sur-

prising conclusions: (a) the initiation rate on single stranded

molecules, is, was more than 50-times greater than the initiation

rate on double stranded molecules, i', and (b) displacement synthesis,

r1, was 2.6-times faster than complementary synthesis, rll. Although

we do not yet understand why is >> i', at least two possibilities can be

considered: (a) the mechanisms of initiation on single and double

stranded molecules may differ fundamentally, or (b) the replication

machinery may remain associated with the displaced single strand

at the conclusion of displacement synthesis. Likewise, although we

do not yet understand why r I > rll, we suggest below that the difference

between the rates of displacement and complementary syntheses may

provide a mechanism to generate defective adenovirus DNA

molecules.

Adenovirus particles containing less than the normal amount of

DNA have been characterized for Ad2 (Burlingham et al, 1974;

Rosenwirth et al, 1974; Daniell, 1976), Ad3 (Prage et al, 1972;
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Daniell, 1976), Ad7 (Tibbetts, 1977), Ad12 (Mak, 1971; Burlingham

et al, 1974) and Ad16 (Wadell et al, 1973). These particles, which

are non-infectious or show very low infectivity, are formed along with

the infectious viruses and are not merely degradation products

(Wadell et al, 1973; Rosenwirth et al, 1974). The defective viruses

can be separated from the complete virus particles by CsC1 equilib-

rium centrifugation since the defectives contain less than full length

DNA and therefore band at lower buoyant densities. The DNA packaged

in these defective particles is a linear duplex ranging from 15 percent

of full size to full size in Ad2 and Ad3 (Daniell, 1976) or 12 to 80

percent of full size for Ad7 (Tibbetts, 1977). The distribution of

lengths is heterogeneous although some discrete sized bands can be

seen on agarose gels; for Ad2 most of the DNA is 30 to 40 percent of

full size, but Ad3 shows major bands longer than 60 percent (Daniell,

1976).

The fraction of defective particles that are seen in a virus

preparation is characteristic of a particular serotype. Usually 5 to

10 percent of all the virus particles are defectives in Ad2 infections

(Rosenwirth et al, 1974; Burlingham et al, 1974; Daniell, 1976), but

this fraction increases to 17 percent for Ad12 (Burlingham et al, 1974)

and 30 percent for Ad3 (Prage et al, 1972; Daniell, 1976). These

fractions seem to be independent of conditions of passage or MOI.
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The fraction of defective DNA did not increase after multiple passages

at high MOI for Ad2, Ad3, or Ad5 in He La and KB cells (Daniell and

Mullenbach, 1978). Infection with Ad2 at 0.1 to 100 PFU per cell
produces the same proportion of defective virions (Rosenwirth et al,

1974) while Ad3 infections at 0. 5 to 50 PFU per cell produce the same

fraction of defective intracellular DNA (Daniell and Mullenbach,

1978).

The structure of the DNA packaged in the defective virions has

been studied by restriction endonuclease digestion and electron micro-
scopy for Ad2, Ad3, and Ad7 (Daniell, 1976; Tibbetts, 1977). The

restriction fragments from the left end of the genome are overrepresen-
ted in Ad2 and Ad3, and reanealling of defective DNA at low concen-

trations showed panhandle structures in the EM indicative of long

inverted terminal repetitions from less than 150 base pairs to almost

50 percent of the total DNA length (Daniell, 1976). However, studies

with Ad7 show less than 5 percent of the panhandle structures in the
EM although the left end restriction fragments are still predominant

(Tibbetts, 1977). DNA-protein complexes isolated from Ad2 and

Ad3 defective virions show protease sensitive circles in the EM

indicating that the terminal protein is present on both ends of the

short DNA (Daniell, 1976).

When viral DNA is extracted from cell nuclei, the results are

different. Here for Ad3 both ends of the genome are overrepresented
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when cut by restriction enzymes (Daniell and Mullenbach, 1978).

However, the fraction of defective DNA remains about the same (15

to 25 percent for Ad3), and the long terminal repetitions are still

present. The differences in structures found in the virions probably

are due to constraints in packaging. Defective DNA with either

molecular end is made intracellularly, but only those with left ends

are packaged since there is evidence for a sequence required for

packaging present near the left end but outside the normal terminal

repetition (C. Tibbetts, personal communication).

The adenovirus defective particles do not interfere with pro-

ductive infection (Tibbetts, 1977). Cells infected with Ad2 at 1 PFU

per cell produced the same yield of virus when coinfected with up to

1000 defective particles per cell (Daniell, 1976), and preinoculation

with 100 defective particles per cell prior to Ad2 or Ad12 infection

did not lessen the virus produced (Burlingham et al, 1974). The

fraction of intracellular DNA that is less than full length is constant

throughout the course of infection for Ad3 (Daniell, 1976); for Ad2

this fraction decreases early in infection, but becomes constant after

about 20 hours into the infection (Rosenwirth et al, 1974). The

fraction of defective virions is the same whether the virus is grown

in HeLa or KB cells, in monolayer or suspension, or in 2 human

fibroblast cell strains (Burlingham et al, 1974; Daniell and Mullehbach,

1978). However, when Ad2 or Ad5 are grown in monkey cells (where



85

DNA synthesis occurs but little packaging) the defective virions

increase to 15 to 40 percent of the total virus (Daniell, Mullenbach

and Fedor, EMBO Abstracts, 1978).

J. Sambrook (cited in Daniell, 1976) has proposed a mechanism

to generate defective adenovirus DNA molecules. Parental single

strands are released by displacement synthesis during replication.

If a displaced single strand is broken endonucleolytically, the segment

containing the 5' sequences may be able to form a hairpin by intra-

molecular base-pairing (Figure 11D). After repair synthesis, the

molecule will have a normal double stranded end (Figure 11E) with

an initiation site for replication. Complementary synthesis will then

produce a defective genome (Figure 11F) with duplicated left ends in

the form of a new, longer inverted terminal repetition, but lacking

right end sequences. Since replication is symmetrical with respect

to the ends, defective molecules with duplicated right ends, but lacking

left ends, will also be generated (not shown). Although this mechanism

accounts for the known structures of subgenomic molecules, it does

not easily explain the differences in yields of defective genomes by

various serotypes of adenovirus.

We propose an alternative route leading to the production of

defective genomes. Figure 11A shows a type II molecule engaging

in complementary synthesis. The growing point moves at a rate rll.
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Figure 11. A scheme for production of defective adenovirus DNA
molecules. The open circles represent the 55, 000-
dalton protein covalently attached to the 5' end of each
strand. (A) Type II molecule. The growing point moves
at the rate rI. The thin line represents the parental
strand. The thick line represents the daughter strand
synthesized by complementary replication. (B) Creation
of a type I/II molecule. The displacement fork moves
at the rate r where rr > ru. Thick and thin lines have
been defined above. the thick, dashed line represents
the daughter strand synthesized by displacement
replication. (C) Premature displacement of a nascent
strand when the type I growing point overtakes the type
II growing point. The type I/II molecule is converted
back to a type II molecule. (D) Hairpin formation by
intramolecular base-pairing. (E) Regeneration of the
terminal repetition by repair synthesis (thin line).
(f) Complementary synthesis (thin dashed line) generates
a defective adenovirus molecule. A new, longer inverted
terminal repetition has been produced (T. R. ). The
defective molecule, in this case, is slightly smaller than
the normal length and lacks sequences from the right-
most 30% of the wild-type genome. Steps (D) through
(F) have been proposed previously by J. Sambrook
(Daniell, 1976).
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An initiation event creates a type I/II molecule (Figure 11B) with a

displacement fork moving at a rate rI, where r1 > r11. If initiation

occurs before the growing point for complementary synthesis has

traveled 1 -(rii/ri) fractional lengths from the duplex end, the dis-

placement fork will overtake the type II growing point. The simplest

consequence is that a short nascent strand will be released pre-

maturely (Figure 11C), and the type I/II molecule will revert back to

a type II molecule. We call this process premature displacement

synthesis, and we propose that this process provides the raw material

for generating defective molecules. The displaced short strand

(which has 5' sequences) can then be converted into a defective genome

as described above (Figure 11, panels D through F).

This mechanism for formation of defective DNA precursors is

consistent with available data accumulated on defective adenovirus

DNA. The premature displacement synthesis mechanism predicts

that single stranded DNA of random lengths extending from the 5'

end will be displaced; the proposed mechanism of Sambrook postulates

that the precursors are "broken" displaced strands of random lengths

containing the 5' end sequences. We predict that both 5' ends would

be overrepresented as is seen experimentally for intracellular DNA

(Daniell and Mullenbach, 1978). The calculated fraction of type

I/II molecules that would displace defective single strands is
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1 - (rii/ri) or about 60 percent of all type I/II molecules. Modeling

replication to include this mechanism (derivation not shown) would

lead to a quantity of defective single strands as seen below:

rI rII)[DS][Defective SS DNA] = ( ) (
+II rI

(35)

Using the rate constants measured for Ad5 we calculate defective

DNA precursors to be about 11 percent of the double stranded DNA

concentration. Although several steps would then be necessary to

form double stranded DNA, the concentration of precursors is

approximately the right magnitude to account for the 5 to 10 percent

defective virions seen in AdZ. Since it in the above equation is con-

stant over infection, one would expect the fraction of defective DNA

to be constant over infection; this has been seen experimentally

(Daniell and Mullenbach, 1978) although there is indication that this

fraction decreases (Rosenwirth et al, 1974). Our model predicts that

formation of defective DNA is an integral part of Ad DNA replication.

This would lead to the following characteristics for the defective DNA

(which are unusual for defective interfering particles) that are seen

experimentally: (1) since formation of defectives is dependent on the

ratios of rate constants, the number of defectives should be character-

istic for a given type of adenovirus and host (Daniell, 1976) but

should vary among types or among hosts for the same type (Daniell
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et al, EMBO Abstract, 1978); and (2) the fraction of defectives should

be independent of MOI (Rosenwirth et al, 1974; Daniell and Mullenbach,

1978). However, one would expect defectives up to twice full length

Ad DNA if they are formed by premature strand displacement

followed by repair synthesis as suggested by Sambrook; so far no

defectives have been reported longer than full length Ad DNA.

Our model for generating defective adenovirus DNA molecules

differs from the scheme of J. Sambrook (Daniell, 1976; Daniell

and Mullehbach, 1978) in two important respects: (a) the short strands

are newly-synthesized rather than parental, and (b) the process depends

on the rate constants of replication which may explain the serotype-

specific yield of defective molecules. The existence of premature

displacement synthesis would suggest that the formation of defective

DNA is a fundamental process in adenovirus replication. Although

premature displacement synthesis only occurs when r1 > rIf an
increase in the average number of initiation events on type II molecules,

n = i7rII (Table 2), markedly increases the amount of prematurely

released nascent strands.
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THE KINETICS OF ADENOVIRUS DNA REPLICATION III:

Computer Simulation of DNA Growth

ABSTRACT

Simulation of adenovirus DNA replication is presented using

the strand displacement model for replication (Lechner and Kelly,

1977) and rate parameters for DNA replication previously determined

(Bodnar and Pearson, 1980a and 1980b; Part I and II). Calculated

values are compared with biophysical determinations of DNA para-

meters for several experiments. An expanded method for deter-

mining rate constants from EM data which includes reinitiation of

replicating molecules is presented. In all cases the mathematical

model is quantitatively consistent with the experimental data.
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INTRODUCTION

We have shown that the kinetics of adenovirus DNA replication

can be explained by the completion of a single round of DNA replica-

tion in 22 minutes (Bodnar and Pearson, 1980a; Part I) and the buildup

of total adenovirus DNA being controlled by a low probability of

reinitiation of an adenovirus genome (Bodnar and Pearson, 1980b;

Part II). We have measured or estimated the values for all the rate

parameters required to describe adenovirus DNA replication: the

rate of replication of a type I and type II molecule, rI and ril; the

initiation rate for mature DNA and displaced single strands, i and is;

and have shown that i can be expressed in terms of K , Vmax, andm
DNA concentration. Knowing these parameters we can now describe

the kinetics of DNA replication at any time after infection and in

effect "grow" adenovirus on a computer. We have simulated DNA

replication using an HP 9821A programmable calculator, determined

pool sizes for all DNA forms as a function of time after infection,

and used these simulations to look at various biophysical data deter-

mined throughout infection. In all cases the simulations were con-

sistent with experimental data and often allowed better explanations

for experimental characteristics than previously available.

We have also expanded the model for measuring rate constants

from EM data to include reinitiation of already replicating molecules.
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This model is consistent with previous data and shows that reinitiation

of DNA replication is random on molecules already replicating.
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THEORY

Calculation of Relative Activity of
Various Replicating Pools

The iterative method for simulating Ad DNA growth presented

in Part II gave results of pool sizes in terms of numbers of DNA

molecules as a function of time post infection. Experimental results

look at total radioactivity associated with different forms of the DNA,

so we must convert numbers of molecules to relative activities.

1) Correction for sizes of the different replicating forms.

Notice that a molecule that is completely single stranded will have

half as many nucleotides as a mature double stranded DNA molecule

and therefore, for uniformly labeled molecules the single stranded

molecule will have half the activity. Similarly the pool of type I

molecules will have on an average two complete strands plus a dis-

placed strand about half genome length or will have about 1.25 times

the activity of a mature DNA molecule. For type II molecules this

ratio will be 0.75. Therefore, the number of molecules in each pool

must be converted to an activity by these factors which we call cor-

rection factors (C. F.) below.

2) Correction for fraction of a molecule that is single stranded.

Notice that a type I molecule will have on an average two full length

DNA strands and a half genome length single stranded tail. Therefore,
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the fraction of that molecule that is single stranded is (0. 5)/(0. 5+2)

or 0.2. For type II molecules this will be 0.33, and for displaced

single stranded DNA this will be 1.0. This will be called (fraction

DNA ) below.ss
We can therefore calculate the fraction of DNA activities in

various forms knowing the pool sizes from the iterative program and

correcting them as shown below. In all cases the term [X] refers to

the relative numbers of a given type of replicating form.

a) Percent of replicating DNA as single stranded DNA.

Fraction 100 x (fraction DNA ss )(C.F.) [X](Fraction
)Pool as DNA E (C. F.) [X]

SS

b) Percent of total DNA in the replicating pool.

(Percent total 100 x (C. F.) [X]
DNA in Rep. Pool) [Mature DNA] + F (C. F.) [X]

c) Percent of total DNA that is single stranded.

100 x I(C. F. ) (fraction DNA ) [X]
)

Percent total ss
(DNA DNA [Mature DNA] + f (C. F.) [X]

SS

d) Average growing points per replicating molecule.

Avg. Forks
per molecule

(Growing points on X) [X]
[X ]
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Calculation of the Number of Growing
Points in Replicating Molecules

We define the following terms: t = time in min; x = position

along the adenovirus genome in fractional length units where 0 < x

< 1; and r = average rate of replication expressed as fractional

lengths per min. We also define subscript notations used in equations

to follow: C = completed molecules; R = replicating molecules; T =

total molecules (i. e. completed plus replicating molecules); r = r

strand and 1 7-- 1 strand (strand designations are discussed in an

article signed by 36 scientists: J. Virol. 22, 830-831, 1977); and

i = 1, 2, . . , j for a restriction endonuclease that cleaves adenovirus

DNA into j fragments. We assume adenovirus replicates by a strand

displacement mechanism (Lechner and Kelly, 1977) with origins and

termini of replication at both molecular ends (Figure 2B in Wein-

gartner et al., 1976). We can write equations describing the relative

accumulation of radioactive label at any point along either strand of

adenovirus DNA molecules completed during a short time interval.

We write for the r strand:

fCr (x, t) = rt-x; 0 < x < rt (la)

fCr (x, t) = 0 ; x > rt (lb)
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Likewise, we write for the 1 strand:

fCl (x, t) = x-(1 -rt) ; (1 -rt) < x < 1 (2a)

fC1 (x, t) = 0 ; x < (1 -rt) (2b)

The boundary conditions for these equations must be strictly observed

to avoid negative values. These equations are derived in detail in

Part I. Now consider any interval along the genome, say restriction

endonuclease fragment i with end coordinates x1 and x2. At any time,

we can calculate the total relative radioactivity in either strand of

fragment i by integrating expressions (la), (lb), (2a), and (2b) at

constant t and observing the boundary conditions for each equation:

and

x
2

F Cri =1- fCr 2
(x, t) dx = ( [2rt-(x

2
+ x 1)] [x2 - x

1
);

1

x
1

0 < x < rt (3a)

F = 0 ; x > rt (3b)Cri

x2
1FCli fCl (x, t) dx = z ( [(x2 + x1) -2(1 -rt) 1 [x2 - xi] );

x
1

(1 -rt) < x < 1 (4a)

FCli = 0 ; x < (1 -rt) (4b)
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We define the average relative radioactivity as the total relative

radioactivity uniformly distributed along the length of fragment i.

Since the length of fragment i is Li = x2 - xi, we obtain the average

relative radioactivity in either strand of fragment i as:

and

xi.) = 12 [2 rt -(x2 +x 1) 1 ;FCri FCril(x2

0 < x < rt

FCri = 0 ; x > rt

FCli = FCli /(x
2 x1) 2

) = 1- [(x
2

+ x
1

) -2(1 -rt) 1 ;

(1 -rt) < x < 1

FCli = 0 ; x < (1 -rt)

(5a)

(5b)

(6a)

(6b)

and, of course, the average relative radioactivity of the double-

stranded fragment will be:

FCi = FCri + FCli (7)

For given values of r and t, equations (5a), (5b), (6a), (6b), and

hence (7) can be evaluated readily for any restriction endonuclease

fragment by using a program designed to account for the boundary

conditions listed above (our program is written for the Hewlett
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Packard 9821A calculator as listed in Appendix II).

If we now consider all molecules labeled during a short time

interval (i. e. , replicating molecules as well as newly completed

molecules), the relative accumulation of radioactivity into both

strands at any given point on the genome is:

fT(x, t) = 2rt (8)

The total relative radioactivity in fragment i of all the molecules is

given by integrating at constant t:

x
FTi = 2 f (x, t)dx = 2rt (x2 x1)

xl

and the average relative radioactivity in fragment i of all the

molecules is:

Ti = F Ti /(x
2

- x
1
) = 2rt

(9)

(10)

Therefore, we can calculate the average relative radioactivity in

fragment i in replicating molecules from the expression:

FRi = FTi - 1-Ci

Now consider restriction endonuclease that cleaves adenovirus DNA

into j fragments where the fragments are arbitrarily numbered
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1, 2, ... , j from left to right on the genome. Figure 4A shows that

any internal restriction endonuclease fragment containing a growing

point (either type I or type II) will be retained by the filter binding

assay. Internal fragments lacking growing points will not be retained.

Of course, terminal fragments (1 and j) will always be retained

regardless of the presence of growing points. Let n = average

number of growing points per molecule. The probability that a grow-

ing point will be located in fragment i between coordinates x
1

and x2

is n(x
2

- x 1) or nL.. From the Poisson distribution, the fraction of

all .1fragments i's containing at least one growing point is 1 -exp(-nL.)

Therefore, the fraction of radioactivity retained on filters after

replacing molecules are cleaved by a restriction endonuclease is:

j -1 j

(FR1 + FR3 + E F [ 1 -exp( -nL.)] )/ E F F.
. Ri1=2 i=1

(12)

After Si endonuclease digestion, shown diagramatically in Figure 4B,

only the terminal fragments will bind to filters. In this case,

equation (12) reduces to:

(FR1 + Rj)/ F
Ri.i=1

(13)
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RESULTS

Simulation of Biophysical Data of
Adenovirus DNA Replication

Determination of the rate constants allows simulation of

adenovirus DNA replication over the course of an infection. Using

the iterative model previously reported (Part II), we could simulate

the pool sizes for the major replicating forms (neglecting reinitiation)

on the HP 9821A programmable calculator, find the change in pool

sizes for any minute, then numerically follow the accumulation of

DNA during infection. The rate constants used for this simulation

were: r = 0.046 fractional lengths/min (Bodnar and Pearson, 1980a;

Part I); rI = 0.068 fractional genome/min, ril = 0.026 fractional

genome/min, i = Vmax/2(Km + [DS]) where Vmax = 186,000 genome/

cell-hr, K = 120,000 genome/cell and [DS] = 2000 genome/cell atm
11 hours post infection, and is = 0.3 initiations/molecule-min (Bodnar

and Pearson 1980b; Part II). With appropriate corrections for the

relative radioactivity per molecule for each replicating form due to

differences in molecular weight and differing fractions of each

molecule that is single stranded (as derived in the Theory), expected

results for measurements of biophysical data can be calculated for

any time after infection. Results of these calculations are shown in
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Table 1 and compared with experimental determinations of equivalent

data cited in the literature.

Measurement of the Fraction of Ad DNA that
is Replicating and Fraction of DNA that is
Single Stranded over Infection

Simulation of adenovirus DNA growth curves indicated that

many characteristics of the DNA would change during the course of

an infection. For example, since the initiation rate shows saturable

kinetics (Bodnar and Pearson 1980b; Part II), one would expect the

total number of replicating molecules to reach a maximum number

at about 18 hours after infection and remain relatively constant

afterwards. However, the total amount of DNA would continue to

accumulate causing the percent of the DNA actively replicating to

decrease over infection. Similarly, since the replicating molecules

are partially single stranded, the fraction of DNA that is sensitive to

single strand specific endonucleases such as 51 should also decrease

during infection. Calculated curves for the percent of DNA replica-

ting and percent of DNA that is SI sensitive (as shown in Figure 1)

indicated that changes in these parameters might be measurable.

Cells were prelabeled with [
3 H]thymidine for a recovery

marker for 24 hours, infected with Ad2 or Ad5, then labeled with 32P

starting at 11 hours post infection as previously described (Bodnar
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Table 1. Computer simulation of biophysical data for adenovirus DNA replication.

Measurement Calculated Experiment Reference

Percent replicating DNA 17 hr 42 39 Kedinger et al, 1978

Percent ss DNA of total 15 hr 14 19-24 Lavelle et al, 1975
DNA

Percent ss DNA of
replicating DNA

14 hr 30 21-29 Pettersson, 1973

15 hr 30 18-24 Tolun and Pettersson,
1975

Percent unit length
ss DNA

17 hr 3 4 Kedinger et al, 1978
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Figure 1.

12 14 16 18 20 22
Hours post Infection

Comparison of calculated and experimental determinations of percent of activity in
replicating and single stranded Ad DNA as a function of time post infection.
Adenovirus DNA was labeled with 321, from 11 hr post infection, isolated as
described in the text, and separated by BD-cellulose column chromatography. The
percent of activity associated with partially single stranded (replicating) molecules
is shown for Ad2 () and Ad5 (0). The calculated curve derived from previously
measured rate constants (Part I and H) for percent of activity in replicating molecules
is curve A. Total Ad5 DNA labeled with 2P was digested with S1 endonuclease
as described in the text. The fraction S1 sensitive at times after infection is plotted
( 0) with a least squares fit of the data (- - - -). The calculated S1 sensitivity is
shown as curve B.
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and Pearson, 1980b; Part II). Aliquots were drawn hourly and fixed

with NaCN (final concentration 0.01 M), digested with Pronase, total

intracellular DNA phenol extracted, then treated with RNase. With

this labeling procedure more than 90 percent of the 32P TCA-

precipitable activity is associated with adenovirus DNA (see Part II),

so DNA was vortexed for 15 seconds to reduce viscosity, applied

directly to BD-cellulose columns, and eluted as described before

(Robinson, et al, 1979). The percent of 32P activity associated with

replicating molecules in the 1 M NaC1 plus 2% caffeine wash corn-

pared with the total 32P activity eluted in both the 1 M NaC1 and

1 M NaC1 plus 2% caffeine washes was calculated as shown in Figure

1. Other aliquots (50 41) were digested with Hae III restriction

endonuclease to reduce viscosity using conditions described before

(Robinson et al, 1979). Samples were diluted to 200 p,l, adjusted

to 30 mM NaC1, 30 mM Na citrate (pH 4. 5), and 10 mM ZnSO4, and

digested 15 minutes with 1 unit of S1 endonuclease. The samples

were then precipitated with 2.5 ml 5 percent TCA, filtered, and

counted. The percent of aliquots that was Si sensitive was determined

by comparison to equivalent samples treated identically without

addition of Sl. Controls were aliquots of the infected cells removed

one minute after the 32P addition (11 hours) with 32P Ad2 virion added.

Under conditions described above less than one percent of the intact

virion DNA was digested, and if the control was heated in boiling
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water for ten minutes prior to Si treatment, 95 percent of the virion

DNA was digested without Hae III treatment and 75 percent was

digested with Hae III treatment (probably due to reannealing of the

small fragments during Si digestion). An average of three such

experiments is shown in Figure 1. While there is considerable data

scatter in this technique, the least squares fit of the data shows a

decreasing trend in Si sensitivity as predicted by calculations.

Pulse and Chase Experiment
Simulation

Pulse and chase experiments have been reported to investi-

gate the precursor product relationship between replicating and

mature adenovirus DNA (Pearson, 1975; van der Eb, 1973). Infected

cells were labeled with [ 3 H]thymidine then chased with unlabeled

thymidine, and the kinetics of 3H label in replicating and mature

DNA was followed. We simulated these experiments to investigate

if the rate parameters previously determined (Part II) could explain

the rate of chase of label from replicating to mature DNA and the

inability to completely chase the 3H label from the replicating pool.

These experiments were simulated using an iterative method

similar to that described in Part II. The adenovirus DNA was divided

into pools of mature DNA, single stranded DNA, (1 /r1) pools of type

I molecules, and (1/rII) pools of type II molecules as before. The
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number of molecules in each pool was calculated as before (Part II).

The total [
3 H]thymidine pulse incorporated in each pool was cal-

culated as in Figure 2. During one minute of replication of one

molecule it was assumed that x CPM 3H were incorporated. There-

fore, each pool of replicating molecules will have CPM equivalent to

x times the number of molecules in the previous pool due to incor-

poration during that minute. Note that since there is no activity

incorporated in displaced single strands that all the activity from a

completed type I molecule will go into mature DNA. To account for

CPM in replicating molecules due to reinitiation it was assumed

that a fraction of the total 3H in mature and single stranded DNA

equal to their respective initiation rates would enter the replicating
rpools each minute. Then the incorporation of L H1thymidine and

movement of 3H labeled DNA was simulated by following the flow from

one pool to the next each minute. A pulse was simulated by letting

x equal a constant and a chase was accomplished by setting x equal

to zero.

Using this technique and the rate parameters listed above, we

modeled pulse and chase experiments for times after infection

where little segregation of replicating molecules is seen. Figure 3

shows a comparison of a simulated pulse and chase compared with

experimental data (Pearson, 1975). This plot shows graphically why

pulse labels are difficult to chase into mature DNA for adenovirus.
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DS

label into type I

label from previous
.replication

1:1/r.

11:2

CPM x0.5
CPMx0.5

SS

label into type II plus label from previous replication

Figure 2. Method for simulation of pulse and chase experiments. Numbers of DNA molecules
were calculated as in Part II, Theory. CPM in each pool were calculated for each
minute using the change in CPM each minute as indicated, then calculating the
changes in pool sizes for the next minute, etc. The CPM added to a replicating
molecule in one minute is x. For a pulse x = constant; for a chase x = 0.
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Pulse-Chase
to=14 hr
10 min pulse

20 40 60 80 100
Minutes after pulse

Simulation of pulse and chase experiment compared with data from Pearson, 1975
(). Ad2 infected cells were pulsed with [3H]thymidine for 10 minutes at 14
hours post infection, then chased with cold thymidine. Ad2 DNA was isolated and
separated on CsCl/EtBr equilibrium gradients. Data were simulated as shown in
Figure 2, with rate parameters as listed in the text: [3H Jthymidine pulse label
(); steady state value for percent of Ad2 DNA molecules replicating (- - - -).
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There are two factors which affect that fraction of a pulse

which remains in replicating DNA during a chase: 1) the time to

complete a replicating molecule and 2) the re-entry of labeled

molecules into the replicating pool. At the beginning of the chase

the fraction of activity in replicating DNA drops rapidly as the label

is chased into mature DNA by completion of the replicating molecules.

This effect is complete in one replication time (22 minutes for

adenovirus). The fraction will then rise toward a steady-state value

as these labeled molecules reinitiate rounds of replication. Although

the reinitiation rate for adenovirus is relatively slow at 14 hours post

infection, it is still large enough that the fraction of activity in

replicating molecules remains sizable throughout the chase. One

would expect to chase the pulse from replicating molecules only as

they are segregated into portions that replicate preferentially late in

infection, and the labeled molecules enter the non-replicating portion.

The other reported pulse and chase experiment ( van der Eb, 1973)

pulsed with [3H]thymidine for 3 minutes at 14 hours post infection

and chased for 60 minutes with unlabeled thymidine. At this time 20

to 25 percent of the activity was seen in replicating DNA; the calcu-

lated value for this experiment is 29 percent.
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Calculation of the Average Number of
Growing Points per Replicating Molecule

Adenovirus molecules completed during a short pulse of [
3 H1-

thymidine contain gradients of label decreasing from both molecular

ends towards the center of the genome (Schilling, Weingartner and

Winnacker, 1975; Tolun and Pettersson, 1975; Horwitz, 1976;

Bourgaux, Delbecchi and Bourgaux-Ramoisy, 1976; Ariga and

Shimojo, 1977). The label is asymmetrically located at the 3', but

not 5', end of each strand (Weingartner et al., 1976; Sussenbach and

Kuijk, 1977). Conversely, a short pulse of [
3 H] thymidine preferen-

tially labels newly initiated replicating molecules at the 5' end of

each strand (B. Weingartner, T. Reiter and E. L. Winnacker,

personal communication). Taking these patterns of labeling into

account, we derived in detail equations describing the theoretical

accumulation of label into completed and replicating molecules (see

Part I). We also derive a relation (equation 12) between the average

number of growing points per replicating molecule, n, and the frac-

tion of radioactivity retained on filters after pulse-labeled replicating

molecules are cleaved by a restriction endonuclease.

We propose that terminal protein molecules are linked to the

5' ends of all parental and daughter strands in type I and type II

structures as diagrammed in Figure 4. Figure 4A shows that any
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Diagramatic representation of replicating adenovirus DNA molecules containing
terminal protein. The designations type I and type II for replicating molecules
have been proposed by Lechner and Kelly (1977). Parental strands and newly
replicated strands (i.e., radioactively labeled strands) are represented by thin and
thick lines, respectively. Parental and new terminal protein molecules are
indicated by open and closed circles, respectively. Vertical bars show sites cleaved
by a restriction endonuclease. Since adenovirus replication is symmetrical with
respect to the molecular ends, type I molecules replicating leftward and type II
molecules replicating rightward are also possible (not shown). (A) After cleavage
with a restriction endonuclease, only terminal fragments and internal fragments
containing growing points are retained by filters. Internal fragments lacking
growing points remain in the filtrate. (B) After cleavage with a restriction
endonuclease plus digestion with Si endonuclease, only terminal fragments bind
to filters. All internal fragments remain in the filtrate.
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internal restriction endonuclease fragment containing a growing point

(either type I or type II) will be retained on GFC filters by the filter

binding assay (Coombs, et al. , 1979). Internal fragments lacking

growing points will not be retained. Terminal fragments will always

be retained regardless of the presence of growing points. After

further digestion with the single strand specific S1 endonuclease,

illustrated in Figure 4B, only the terminal fragments will bind to

filters.

We can therefore estimate the average number of growing

points on one replicating adenovirus genome by using equation (12)

above and measuring the fraction of counts bound to a GFC filter

of replicatingAd2 DNA. This experiment was described in detail

previously (Robinson, et al., 1979). Briefly, Ad2 infected cells

were pulsed with [
3 H]thymidine at 17 hours post infection, harvested,

and adenovirus chromatin extracted from nuclei by using ammonium

sulfate (Wilhelm, et al. , 1976, Robinson, et al. , 1979). Replicating

molecules were purified by glycerol gradient velocity centrifugation

and Sepharose 2BC1 column chromatography. The purified replicating

molecules with terminal proteins still attached were then cut with

Sma I, Hsu I, or Hpa I restriction enzymes or with one of these

enzymes plus S1 endonuclease, and the fragments were assayed for

binding to GFC filters under conditions where the terminal protein

is retained but not the DNA.
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In Figure 5 we plot the theoretical percent of radioactivity

bound after cleavage with Smal, Hsu I, or Hpa I endonucleases

calculated in each case for n = 1.0, 1. 5, and 2.0 growing points per

molecule. The open circles indicate the measured values for each

enzyme. The calculated values of n corresponding to each observed

percent binding were: n = 1. 75, 1. 4, and 1. 6 respectively for Sma I,

Hsu I, and Hpa I or an average of 1.6 + 0.2 growing points per

molecule. By comparison, direct electron microscopic measure-

ments give n = 1.25 growing points per replicating molecule (Lechner

and Kelly, 1977). In Figure 5 we also plot the theoretical percent of

radioactivity bound, calculated from equation (13), after cleavage

with each restriction enzyme followed by digestion with S1 endonu-

clease. The open squares indicate the measured values which,

except for Hpa I, agree closely with the theoretical calculations. We

believe the higher binding in the case of Hpa I is due to partial

digestion fragments.

It is clear that values for binding calculated from equation (12)

depend primarily on the number and sizes of internal restriction

endonuclease fragments whereas values calculated from equation (13)

depend only on the sizes of terminal fragments. The calculated and

observed values of binding after cleaving replicating molecules with

Hsu I (11 restriction sites) or Sma I (12 sites) endonucleases did not

differ markedly. But after further treatment with Si endonuclease,
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Determinatiof of the number of growing points in replicating adenovirus DNA
molecules. PiDNA protein complex was purified as described previously (Robinson
et al, 1979) cleaved with the indicated restriction endonuclease, and analyzed by
the filter binding assay. The circles (S) indicate the average percent of radio-
activity bound to filters after cleavage with each endonuclease: 23.7 4 0.8,
22.9 + 2.1, and 35.2 + 2.4 for three independent measurements each with Smal,
HsuI, and HpaI respectively. The vertical bars represent the standard errors of the
means in each case. The nwnber of growing points per molecule were calculated
with t = 10 min and r = 0.062 fraction lengths/min using equation (12) derived in
Theory: 1.75, 1.4, and 1.6 respectively for Sinai, HsuI, and HpaI or an average
of 1.6 + 0.2 growing points per molecule. The horizontal bars correspond to the
percent of radioactivity bound to filters after cleavage with each endonuclease
calculated for 1.0, 1.5, and 2.0 growing points per molecule also with equation
(12). The squares ((3 ) indicate the average percent of radioactivity bound to
filters after cleavage with the indicated restriction endonuclease plus digestion
with S1 endonuclease: 5.1 + 0.3, 9.0 4 0.1, and 8.3 + 0.2 respectively for Smal,
HsuI, and HpaI. The error limits are covered by each square. The horizontal
bars labeled "after Si endonuclease" represent the percent of radioactivity bound
to filters calculated by equation (13).
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the calculated and observed values for Hsu I were roughly twice as

high as those for Sma I, in proportion to the sizes of terminal

fragments. On the other hand, the calculated and observed values

for binding after cleavage with Hpa I endonuclease (6 sites) were

approximately 50% higher than those for Hsu I or Sma I.

Mathematical Model for Determination of Rate
Constants for Adenovirus DNA Replication
with Reinitiation Considered

We have previously developed a model to allow expression of

concentrations of various adenovirus DNA pools as a function of the

rate constants for replication (Bodnar and Pearson, 1980b; Part II).

Without considering reinitiations of replicating molecules we

derived relationships which relate the concentrations of the various

replicating pools, and using the EM data of Lechner and Kelly (1977)

we estimated that: rI = 2.0 ru; ru = 4. 4i; is > 48 i.

We desired to see if these relationships were valid consider-

ing reinitiation of replicating molecules prior to completion of a

round of replication. Using the same assumptions as before we

modeled the kinetics of DNA replication for all replicating forms up

to those with three single-stranded branches as shown in Figure 6.

The kinetic equations were derived as shown in matrix form in

Figure 7. Since this matrix is too unwieldy to solve exactly, we

assumed a steady state in all replicating intermediates as before
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Model of adenovirus DNA replication. 1 = Double stranded mature molecule. 2 =
Type I/II molecule with one branch. 3 = Type II molecule. 4 = Unit length single
strand. 5 = Type I molecule with one branch. 6 = Type I molecule with three
branches moving in the same direction. 7 = Type I molecule with two branches
moving in the same direction. 8 = Type I molecule with two branches moving in
opposite directions. 9 = Type I/II molecules with three branches. 10 = Type I/II
molecule with two branches. 11 = Type I molecule with two branches moving in the
same direction and one branch moving in the opposite direction. D = Defective
single strands (shorter than unit length). rI = rate of replication on a type I molecule.
r
II

= Rate of replication on a type II molecule. i = Rate of initiation on double
stranded molecules. i = Rate of initiation on single stranded molecules. Lechner and
Kelly (1977) first classified replicating adenovirus molecules as type I, type II, or
type I/II molecules.
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Figure 7. Rate equations for the replication scheme of Lechner and Kelly, (1977)as diagrammed in Figure 6. The equations are summarized in
matrix form, the steady state approximation made for all replicating intermediates, and the rate of change of mature DNA (pool 1)
is assumed constant. The data of Lechner and Kelly can then be fit by numerical solution of the matrix using the pivot method
(Cullen, 1967) on the HP 9821A calculator.
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and assumed that the rate of mature DNA accumulation is constant.

These assumptions are valid since we have shown (Part II) that

after 17 hours the size of the pool of replicating DNA is constant and

DNA concentration increases linearly. These assumptions reduced

the matrix to eleven linear equations in eleven unknowns. This was

then solved numerically on the HP 9821A calculator by taking the

relationships for the simplified model as above and obtaining a trial

and error fit of the data by varying the rate constants in the solution

of the larger matrix. The best fit of the Lechner and Kelly data was

obtained with the relationships: rI = 1.67 r11; ril = 5.6 i; is > 21 i.

The calculated pool sizes for these rate constants are shown in

Table 2 along with the experimental values.

We can see the consistency of the calculated parameters in

two ways. First, we see that the values obtained with and without

reinitiations considered are almost the same. This is what we had

expected since the molecule types we neglected in the simpler model

account for less than ten percent of the total replicating forms.

Therefore, the rate parameters derived by this method are also con-

sistent with the biochemical data, and the conclusions reached in

Part II apply. Secondly we can examine the relative predicted pool

sizes calculated by this method. We used the total number of molecules

of each type in the trial and error fit of the data, but in addition the

ratios of the numbers of molecules of the same type with 1, 2, or 3



Table 2.

1 20

Comparison of calculated with experimental results for data of Lechner and Kelly
(1977). Replicating Ad2 DNA was spread on EM grids and the relative numbers
of the various replicating forms were counted. The best fit of the data was obtained
by trial and error fit of the matrix solutions (Figure 7) with the replicating forms as
in Figure 6. The starred items were used in the fit; the other pool sizes are calculated
using: r

I
= 1.67 rII' r

II
= 5.6 i, and is > 21 i.

Molecule Type

Lechner
& Kelly
Results Calculated

Type 1

Total 55 56*

1 ss DNA branch 41 47

2 ss DNA branches 11 8

>2 ss DNA branches 3 1

Type II

89 90=Total

Type I/II

Total 20 18
1 ss DNA branch 18 1 5. 5

2 ss DNA branches 1 2

>2 ss DNA branches 1 0. 5

Full Length SS DNA <10 10*
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branches are consistent with the experimental results. Physically

this means that the system follows the assumption that any double

stranded end in the replicating pool (regardless of whether that

molecule is replicating or not) has the same probability of initiating

another round of replication.

Also, we modeled the replication scheme with and without a

pathway for generation of defective adenovirus DNA using the mecha-

nism described in Part II. (The scheme with defectives is shown in

Figure 6, and the scheme without defectives is listed in Figure 7).

The numbers of defective DNA molecules calculated were consistent

with the simple model presented in Part II, and the pool sizes for the

other pools were essentially unchanged with the addition of a pathway

to lead to defective DNA.
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DISCUSSION

A large quantity of experimental data on DNA replication of

adenovirus has been gathered in recent years. While the strand

displacement mechanism of replication has been well supported,

interpretations of results of individual experiments have often been

unclear. In an effort to unravel one mechanism consistent quantita-

tively as well as qualitatively for all data we have modeled the strand

displacement mechanism (Lechner and Kelly, 1977), estimated the

rate constants for all component steps, and have compared the

results that would be expected for computer simulations with those

seen experimentally. In all cases modeled the results were consistent

with the model calculations based on the strand displacement mech-

anism and rate constants measured previously (Bodnar and Pearson,

1980a and 1980b; Parts I and II). Simulations of biophysical deter-

minations have shown that the model and rate parameters can pre-

dict the changes in characteristics of the adenovirus DNA pools

over the course of an infection and that even though the initiation

rate seems very low, it is still sufficiently large to prevent chasing

of a [ 3 H]thymidine pulse from replicating to mature DNA, and it is

also large enough to account for the number of multiply forked

replicating intermediates.
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In addition to the experiments discussed in detail above we also

modeled data from several other experiments. For example, measure-

ment of incorporation of a [3H]thymidine pulse into Ad2+ND
I SV40-

adenovirus hybrid virus has been reported using a labeling scheme

similar to that described in Part I for total relative activity in mature

adenovirus DNA during a pulse (Horwitz, 1974). We modeled the

total relative incorporation curves for the SV40 and adenovirus

portions of the hybrid genome as a function of pulse time and found

that the shapes are consistent with a 17 minute replication time (data

not shown). Temperature shift experiments using Ad5 temperature

sensitive mutant ts125 were also investigated (Sussenbach and Kuijk,

1978). This mutant is defective in DNA replication and will complete

rounds of replication but not start new rounds of replication after a

shift to the nonpermissive temperature. Therefore, following a

shift up then a shift down in temperature the DNA molecules are

aligned to begin rounds of replication upon downshift. By slight

modifications to our model for pulse incorporation in Part I we

derived that following such a downshift a) the curve for total 3H

incorporation into DNA will be parabolic for one replication time

then become linear, b) the percent of 3H activity in replicating

molecules will remain at 100 percent for one replication time then

c) drop linearly to 50 percent in a second replication time. The

experimental data showed the expected shapes, but since the
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downshift was to 320, the values for replication time were a) 60

minutes, b) 50 minutes, and c) 55 minutes, indicating that the rate

of replication is slowed by a factor of about 2.5 by the drop of 5

degrees in temperature (data not shown).

In our systematic search of the adenovirus DNA replication

literature, we found only two kinds of kinetic experiments that we

could not model adequately. The first type included experiments

where DNA replication was blocked with hydroxyurea then released

and the kinetic parameters of the DNA measured (Sussenbach, et al.,

1973; El lens, et al., 1974; Vlak, et al., 1975; Sussenbach and van

der Vliet, 1973). However, since the effect of hydroxyurea in

addition to depleting deoxynucleotide pools is to induce breaks in

DNA template strands (Walker, et al. , 1977) we realized that we

could not adequately determine the state of the DNA at the time of

unblocking and therefore any modeling of these experiments would

have little relevance to the actual condition of the DNA. Also, experi-

ments where the pulse labeling of replicating Ad2 DNA was investiga-

ted were difficult to interpret (Bourgaux, et al. , 1976). In this case

replicating Ad2 DNA was pulsed with [3H]thymidine, isolated, cut

with a restriction enzyme and S1 endonuclease, and analyzed on

agarose gels. Here we noted that since the replicating molecules

have growing points randomly distributed along the genome, treat-

ment with restriction enzymes will give (in addition to the normal
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fragments) fragments with single stranded tails of random lengths.

Further treatment with SI will definitely give many fragments of

random length for type II molecules and will probably cut the type I

molecules at the nick at the growing point generating more random

length fragments. (This was our protocol for the forks per molecule

determination where the randomness of the fragment size was

immaterial; see Figure 4 above. ) However, when these fragments

were sized on a gel, the numbers of random fragments would tend to

obscure any interpretation of the results. We did learn, however,

that cutting and sizing of replicating molecules may give rise to

many artifacts due to the nature of the structures of those forms, and

any such experiment must be very carefully designed. Thus, in

every case where modeling of experiments with our measured kinetic

parameters was possible, the simulations were either in agreement

with the experimental data or the experimental design made any

quantitative interpretation of the results impossible.

We believe the most convincing argument for the use of

kinetic techniques to study viral DNA replication is the ability to

relate many diverse characteristics of the replication mechanism.

It is not so impressive to estimate a particular rate constant from a

particular experiment, but when a single mechanism with a single

set of rate constants can adequately model so many types of experi-

ments, it shows the pow er of the kinetic approach to studying
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mechanism. In this section we have taken rate parameters deter-

mined by measuring the specific activity of pulse labeled restriction

fragments, counting molecules spread on an EM grid, and following

the rate of density shift of BUdR labeled DNA, and we have used

these to predict the characteristics of physical parameters as they

vary throughout infection and the results of pulse-chase experiments.

The close agreement of the predictions to the results in vivo cer-

tainly shows how kinetics can help in understanding such a dynamic

system.
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THE KINETICS OF ADENOVIRUS DNA REPLICATION: IV

Adenovirus Type 7 Kinetics

ABSTRACT

The kinetic techniques previously developed (Part I and II)

were applied to adenovirus type 7 growth to investigate which para-

meters are controlled by the cell and which by the virus. Pulse

labeling of restriction fragments showed that the replication time

for Ad7 is 20 minutes. Growth curves and density labeling experi-

ments revealed that the initiation rate for Ad7 is comparable to Ad2

and Ad5, decreases over infection, andexhibits saturable kinetics

with similar Vmax and Km
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INTRODUCTION

We have previously described methods to measure the kinetic

parameters for DNA replication of adenovirus types 2 and 5 (Parts

I and II, Bodnar and Pearson, 1980a and 1980b). We have seen that

the replication rate is comparable to that of uninfected He La cells,

and that when the infecting virus saturates the replication machinery,

the number of replication sites per cell is the same as that measured

for He La cell DNA replication. This suggests that the kinetic para-

meters of adenovirus DNA replication are mediated by cellular

factors required for both chain elongation and initiation of replica-

tion. To investigate this hypothesis further we wished to see if the

kinetic constants would vary if the virus serotype and/or host cell

type were changed.

The system used was the same He La host with adenovirus

type 7. Adenovirus type 7 (Ad7) is a weakly oncogenic virus of

Subgroup B. While heteroduplex mapping indicates that Ad2 and Ad5

are 85 percent homologous, Ad2 and Ad7 are only 10 percent homo-

logous (Philipson et al, 1975). Also, Ad 2 and Ad5 produce about 5

to 10 percent of their virions containing defective DNA that is

shorter than genome length (Burlingham, et al, 1974; Rosenwirth

et al, 1974), while Ad7 produces 25 to 30 percent defective virions

and intracellular DNA (Daniell, 1976; Daniell and Mullenbach, 1978).
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Since we have postulated that the amount of defective adenovirus

DNA made during an infection depends on the ratios of the rate

parameters (Part II). we chose Ad7 to investigate this possibility

as well as the question of cell or virus mediation of the rate con-

stants.

Using the same methods as before we found that replication

rate, initiation rate, Vmax, K , and saturable kinetics of viral

DNA replication are approximately the same for adenovirus type

2, 5, and 7.
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RESULTS

Measurement of Replication Rate

The replication rate of Ad7 was measured with the method of

pulse labeling of restriction fragments previously described (Part

I, Bodnar and Pearson, 1980a). To reiterate, 2x 10 8 He La cells

were infected with Ad7, treated with 10-6 M FUdR for 30 min, the

FUdR washed out and [3H] thymidine added at 18 hours post infec-

tion. Cells were removed into KCN at 6 and 12 minutes after the

pulse, nuclei made, and adenovirus chromatin extracted with

ammonium sulfate (Part I, Robinson et al, 1979). The DNA was

purified by RNAse then Pronase treatment, phenol extraction, and

BD-cellulose column chromatography after mixing with 32P labeled

Ad7 virions. The mature DNA was ethanol precipitated, cut with

restriction enzyme Hind III, and the fragments separated on one

percent agarose gels. The relative specific activities were then

used to determine the replication rate as described above (Part I).

The restriction pattern seen for Hind III was not that reported

in the literature (Tibbetts, 1977b; Sekikawa and Fujinaga, 1977) for

Ad7. However, we became aware of differences in Ad7 strains

(Wadell and Varsanyi, 1978). Comparison of the restriction patterns

for our strain with those of Wadell and Varsanyi using Eco RI, HpaI,
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Smal, Hind III, and Barn HI showed that our virus was Ad7 strain

S-1058 (designated Ad 7a).

The pattern of specific activities gave a best fit for calculated

curves where r = 0.05 fractional lengths per minute or a 20 minute

replication time as shown in Figure 1.

Measurement of Initiation Rate
by Ad7 Growth Curves

To investigate the dependence of initiation rates on viral sero-

type we measured the initiation rate of Ad2 and Ad7 using the DNA

accumulation curve method previously described (Part II, Bodnar

and Pearson, 1980b). Briefly, He La cells prelabeled with [3H]

thymidine for 26 hours were split and parallel cultures were infected

with Ad2 and Ad7. At 10 hours post infection 32P (4 H,Ci/m1) was

added, and starting at 12 hours post infection 107 cells were removed

each hour until 22 hours and fixed in 0.01 M KCN. Total intracellular

DNA was prepared by Pronase treatment, phenol extraction, RNase

treatment, and CsCI gradient equilibrium centrifugation. Specific

activities of He La DNA (3H) and adenovirus DNA (32P, from an

ammonium sulfate extracted sample at 21 hours post infection)

were determined as described in Part II. Using 32P/3H ratios,

specific activities, and DNA molecular weights, we determined

the Ad2 and Ad7 growth curves in terms of adenovirus genomes

per infected cell as shown in Figure 2. Slopes of these
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Figure 2.

14 16 18

Hours Post Infection
20 22

133

Total DisEA accumulation for M2 () and Ad7 (0). Parallel cultures prelabeled
with [3H]thymidine were infected with Ad2 and Ad7, 32P added at 10 hours post
infection, aliquots removed and fixed in KCN, and total intracellular DNA
prepared as previously described (Part II). Theoretical curve was calculated with
r = 0.046 min-1, i = 0.2, V = 120,000 molecules /cell /hour, K =160,000
molecules/cell. max m
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curves were determined graphically, and Vmax and K werem
determined with double reciprocal plots as described in Part II.

Values were Vmax = 125, 000 Ad2 genomes per cell per hour and

105, 000 Ad7 genomes per cell per hour, and Km = 233, 000 genomes

per cell for Ad2 and 154, 000 for Ad7.

The initiation rate for Ad7 DNA replication was determined

with the relationship (equation 19, Part II):

= V /(2 K + 2 [DNA] )max

Values for i were consistent with those for Ad2 and Ad5, and

decreased over the course of infection as shown in Figure 4.

Measurement of Ad7 Initiation Rate
by Density-Shift Kinetics

The initiation rate for adenovirus type 7 DNA replication was

determined with density-shift kinetics as previously described

(Bodnar and Pearson, 1980b: Part II). As before,HeLa cells pre-
r3labeled for 24 hours with Hithymidine were infected with Ad7,

shifted into medium containing BUdR and 32P at 11 hours after

infection, then shifted into medium containing 32P but no BUdR at

14, 18, or 22 hours. Aliquots were removed following the chase of

BUdR, total intracellular DNA was isolated and banded to equilibrium

in CsCl. As shown in Part II the initiation rate can be then
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determined from the slope of the line of Fraction [HH] versus time

after the chase of BUdR with the relationship:

i = - (d In (Fraction [HHj) /dt) /4

Results of these experiments are plotted in Figure 3.

Notice in Figure 3 that there was a substantial hybrid (HL)

peak at zero time even at 22 hours post infection. Since this might

be due to viral DNA produced prior to 11 hours, we varied the

protocol to add BUdR at 4 hours, shift to BUdR plus 32P medium at

11 hours, then continue as above to insure that all the Ad7 DNA was

HH at the start of the density shift. However, there was still a

large hybrid peak at the start of the chase, and the 3H could be seen

in the hybrid position also (data not shown) indicating that the 32P in

the hybrid peak was due to cellular DNA replication. Either Ad7 is

much less effective in inhibiting cellular DNA replication or the

titer of input virus did not insure that all cells were infected.

The presence of cellular DNA in the HL peak precludes deter-

mination of i and i' by the Fraction HL method (see Part II), but the

Fraction HH method is sufficiently insensitive to the cellular con-

tamination to allow estimation of the initiation rate by that method.

Data as shown in Figure 3 were used to calculate the initiation rates

plotted in Figure 4. The values obtained by this method agree well

with the curve calculated by saturable kinetics of total viral
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Measurement of the initial rate for Ad7 using Fraction HH method (see Part II).
The fraction of 32P radioactivity banding at the fully heavy (HH) density in each
CsC1 gradient was plotted logarithmically against the time after chase in light
medium. Chases were started at 14 hr (II), 18 hr (0), and 22 hr (I) after
infection. The solid lines are least squares fit to the data.
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accumulation. The initiation rate for Ad7 decrease over infection

and is comparable in magnitude to the initiation rate for Ad5 as

can be seen by comparing Figure 4 with Figure 10 in Part II.
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14 16 18 20 22
Hours after infection

Figure 4. Rate of initiation of Ad7 DNA replication during infection. , i measured using
the fraction method with BUdR and 32P added at 11 hr after infection; Q i
measured using the fraction fIH method with BUdR added at 4 hours after and BUdR
plus 32P added at 11 hr; solid line, i calculated from the relationship
i = Vmax/(2KM+ 2[DNA]) using data from Figure 2.
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DISCUSSION

We have measured the rate parameters of different adenovirus

serotypes to investigate which steps in replication are mediated by

viral gene products and which are limited by cellular factors. Since

Ad2 and Ad7 are only 10 percent homologous, we expected that if

viral gene products were the limiting factors in certain steps in

replication that these serotypes should show differences in the rates

of those steps. Rates measured here have shown that at least the

following parameters are not dependent on the viral serotype: 1) the

rate of replication, i. e. chain elongation, 2) the average initiation

rate for all DNA molecules in the nucleus, and 3) the total number of

replication sites per cell when the viral DNA saturates the replication

machinery.

One might expect the replication rate to be the same for the

different serotypes since no viral coded DNA polymerase has been

identified. There is evidence that the host DNA polymerases a and y

are utilized by adenovirus for replication (Ito et al, 1975; van der Vliet

and Kwant, 1978; Abboud and Horwitz, 1979; Longiaru et al, 1979;

Habara et al, 1980). These results are consistent with our measure-__

ment that the rate of DNA polymerization is the same for Ad2, AdS,

Ad7, and uninfected HeLa cells.
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The rate of total viral DNA accumulation is limited by the

number of replication sites available, and this number is about 50, 000

per He La cell for Ad2, Ad5, and Ad7. Since this is approximately

the same as the maximum number of replicons found in an uninfected

cell (Painter and Schaefer, 1969; Hand and Tamm, 1974), one might

infer that the limiting factor for adenovirus DNA replication is a

cellular factor required for initiation of replication. The limiting

factor may also be an early viral protein; however, data on avail-

ability of early viral gene products is scanty. Only the 75K DNA

binding protein has been quantitated during infection (Gilead et al,

1976). This protein binds single stranded DNA and is required for

both initiation and elongation of DNA growing forks. Its synthesis

begins early in infection and stops soon after onset of DNA replication

with about 9 x 108 75K proteins synthesized per cell. Since one

protein covers 7 nucleotides ( van der Vliet, et al, 1978), this is about

six times the number required to complex 50, 000 replicating molecules.

In Part II we postulated that defective adenovirus DNA may be

formed by a mechanism inherent in the normal DNA replication. We

expected the fraction of DNA formed by this mechanism to be:

[Defective SS DNA] (i /r11) {(1-I-I.II)/(r1 +i) ADS DNA]

Therefore, we expect the total number of defective molecules to be



141

determined by the ratios of the rate constants. Since Ad7 makes

about three times as many defective DNA molecules as Ad2 or Ad5,

we expected to see the difference in the rate parameters. The

measured values for Ad7 show that the ratio of replication rate to

initiation rate is the same as for Ad5. Therefore, if the proposed

mechanism is valid, the difference between r1 and r11 must be larger.

This difference has not been determined for Ad7; to do so will require

an electron microscope study of the type reported by Lechner and

Kelly, (1977) for Ad2.
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THE KINETICS OF ADENOVIRUS DNA REPLICATION: V

Application of Kinetic Techniques to SV40 DNA
Replication

ABSTRACT

Methods to measure kinetic parameters of viral DNA replica-

tion have been developed with the adenovirus system (Bodnar and

Pearson, 1980a and 1980b; Part I and II). These techniques have

been applied to SV40 DNA replication data available in the literature.

These methods confirm that the time to complete one SV40 DNA

molecule is 15 minutes, that initiation is the rate limiting step in

replication exhibiting saturable kinetics, and that recently replica-

ted molecules are preferentially reinitiated.
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INTRODUCTION

We have previously investigated the kinetics of adenovirus DNA

replication in terms of the time to complete one DNA molecule

(Bodnar and Pearson, 1980a; Part I) and the time between rounds of

replication (Bodnar and Pearson, 1980b; Part II), and we have

modeled adenovirus DNA replication in terms of these measured rate

parameters to simulate many types of experiments for studying DNA

replication (Bodnar and Pearson, 1980c; Part III). Since there is a

wealth of experimental data on the SV40 system concerning DNA

replication, we decided to apply the techniques developed using

adenovirus to SV40 DNA replication and compare the kinetics of the

two systems.

We have previously derived several methods to determine the

time required to complete replication of a single adenovirus DNA

molecule. These derivations were modified to the mechanism of

SV40 DNA replication and applied to the numerous [3H]thymidine

pulse experiments available for SV40 (Danna and Nathans, 1972;

Nathans and Danna, 1972; Lai and Nathans, 1974; Shenk, 1978;

Sebring et al, 1971; Fareed et al, 1973; Manteuil et al, 1973; Tapper

and DePamphilis, 1978). These techniques confirm the previous

estimate of replication time of an SV40 DNA molecule of 15 to 20

minutes (Nathans and Danna, 1972; Manteuil et al, 1973).
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We have shown that initiation is the rate limiting step in

adenovirus DNA replication and that this step shows saturable

kinetics (Bodnar and Pearson, 1980b; Part II). Similar density

shift experiments (Green and Brooks, 1978) and growth curves

(Manteuil et al, 1973) have been reported for SV40. Kinetic analysis

of these experiments shows that the rate of initiation of rounds of

replication of SV40 is also very slow (10-4 to 10-3 initiations/

molecule/minute) and that the growth curve shows saturable kinetics

with a Vmax of 600 molecules/cell/hr and a K that depends on the

MOI.

Overall comparison of the kinetics of the two systems shows

that control of DNA replication is remarkably similar between

adenovirus and SV40. The notable exceptions are that there are

about 50,000 replication sites per cell for adenovirus but only 150

per cell for SV40, and the replication rate for SV40 is about one

eighth as fast as that for adenovirus.
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THEORY

Calculation of Radioactive Label
Incorporation into SV40 DNA
during a Pulse

Assume a double stranded closed circular genome which

replicates bidirectionally from a fixed origin to a fixed terminus.

Define:

1) x = position on the genome, Genome coordinates are defined

with the origin of replication as zero and terminus at + 0. 5. For

SV40 this places the EcoRI site at +0.33 and the Hin A and C frag-

ment junction at -0.15.

2) r = rate of DNA replication expressed as fractional genome

lengths per minute.
3

3) t = time in minutes after the addition of [ Hjthymidine label.

4) f IC
(x, t) = relative specific activity of pulse label at position x in

a molecule completed during the pulse at time t for 0 < x < 0. 5, i. e.

the half molecule that was completed by the clockwise growing fork.

4) f2C
(x, t) = relative specific activity of pulse label at position x

in a molecule completed during the pulse at time t for -0. 5 < x < 0,

i. e. the half molecule that was completed by the counterclockwise

growing fork.

6) Fic(xi, x2, t) or F2c(xl, x2, t) = the total relative label in a frag-
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ment between x
1

and x2 at time t for each half molecule as above.

7) F IC(x
1,

x2, t) or F 2C (x
I, x2, t) = the average specific activity in a

restriction fragment between x
1

and x2 at time t for each half

molecule as above.

8) fc (x, t) = f IC (x, t) + f2C (x, t), and similarly for F
C

(x
1,

x2' t)

and F.--c (xi' x2, t).

Assume:

1) Replication is bidirectional with both growing forks moving at the

same rate and that rate is constant.

2) The probability of finding a growing fork is the same at any point

on the genome.

3) The size of the replicating pool does not change during the pulse.

4) Reentry of labeled molecules into the replicating pool is negligible

during the pulse.

Take a pulse of length t. During this period all molecules that have

growing forks at (0. 5 - rt) or closer to the terminus at the start of

the pulse will be completed during the pulse. The least completed

molecule at the pulse start that will be completed during the pulse

will be the one with its growing forks at (0. 5 - rt) and (rt - 0. 5) at

the start of the pulse, and molecules that are closer to completion

will be equally likely. Therefore, if we define the specific activity

at the terminus as 0.5 at one replication time (i. e. f1c(0.5, t) =
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f2C (-0. 5, t) = 0. 5 at rt = 0. 5), then the distribution of label will

be as shown below.

f2 ( x,t )

-0.5

Relative label at x
in a mature molecule

0,5

x2
(rt -0.5) (0.5-rt)

The specific activity on the right half-molecule will be given by:

0,5

fIC(x, t) = rt + x 0.5

where rt - 0. 5 < x < 0. 5

and x > 0

The total relative activity in a restriction fragment between x1 and

x2 will be

x
2

F
IC (x

I
, x2, t) = f

IC
(x, t) dx

1

= (x2-x1) [O. 5 (xi+x2) + rt - 0. 5]

where rt - 0. 5 < x < 0. 5
and x > 0
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The average activity in that fragment will be:

Fic(xi, x2, t) = x2, t)/(x2-xl)

= 0. 5 (x1 +x2) + rt 0. 5

with boundary values as above.

For the left half-molecule these functions will be:

f2C (x, t) = rt - x + 0. 5

F2C(x1' x2, t) = (x
2

-x 1) [-O. 5(x
1
+x2) + rt - 0. 51

F2c(xl, x2, t) = -0. 5(x1 +x2) + rt - 0. 5

where -0. 5 < x < rt - 0. 5

and x < 0

The boundary values are very important to prevent meaningless

negative values.

Define FT(xi., x2, t) as the total radioactive label incorporated

into a given restriction fragment (x1, x2) at time t after the addition

of label. Since there are two growing points per molecule incorpor-

ating label at a rate r, for the whole genome the total label will be

incorporated at a rate rt, i, e. FT( -0. 5, 0. 5, t) = rt. Then the total

label incorporated into replicating molecules will be:
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F R(x
1,

x2, t) = F T(xI, x2, t) F
C

(xI, x2, t)

Calculation of 'Total SV40
DNA Accumulation

Calculations of the total DNA buildup over an infection were

done assuming that the initiation step shows saturable kinetics and

that there is one type of replicating molecule that takes a constant

time to complete a round of replication.

Assume:

1) The probability of initiation of replication is equal for all mature

molecules, or that only an average initiation rate can be measured.

2) The concentration of Component II non-replicating molecules is

very small.

3) The rate of initiation is limited by a component of the initiation

complex other than the DNA, and that this component is constant in

concentration throughout the infection.

4) A replicating molecule completes a round of replication in n

minutes and this time is constant over infection. Also, replicating

molecules cannot reinitiate rounds of replication.

Define:

1) [MAT] = concentration of mature DNA molecules (Component I).
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2) [REPx] = concentration of replicating molecules that have com-

pleted x minutes of replication.

3) n = number of minutes required to complete a round of replication.

The total DNA was divided into n+1 pools, one for mature DNA

and n for replicating molecules that have completed each minute of

replication. The equations for changes in pool size are:

L[MAT]/Lt = - {Vmax/(Kna+[MAT] ))[MAT] + [REPn ]

A[REP
1

] / At = {V.max /(Km+[MAT]) }[MAT] [REP
1

]

A[REPx] /At = [REPx-1] - [REPx]

The changes in pool size were approximated for each minute using

Euler's method of taking the slope at time t and using that to get the

value of time t + Lt, i. e. [MAT] = [MAT] + A[MAT] , etc. The

iterations were done on an HP 9821A programmable calculator using

a a of 1 minute and a replication time of 14 minutes. The values

for V and K were obtained from a Lineweaver-Burk plot ofmax
data of Manteuil et al, 1973 and adjusted to best fit of the data.

The value for Vmax was corrected for MOI using the Poisson

distribution for the number of cells infected (Manteuil et al, 1973).

V = V' (1 - e - M OI
)max max
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where Vmax' is the value for Vmax with 100

percent of the cells infected.

Calculation of Initiation Rate
by Density-Shift Kinetics

We have previously shown a method to measure the initiation

rate for semiconservative DNA replication where all forms (HH, HL,

and LL) are radioactively labeled (Bodnar and Pearson, 1980b;

Part II). The initiation rate can be also measured in experiments

where uniformly labeled (32P) or pulse labeled ( r3 H] thymidine) DNA

is chased with unlabeled bromodeoxyuridine (BUdR) (Green and

Brooks, 1978; Roman and Dulbecco, 1975; Roman, 1979). In this

case the form at time of chase (LL) is labeled and any new DNA

strands made during the chase are unlabeled but heavy.

or

LL HL+ HL

L L 1 HL + HL
Note that no new label is made nor are any fully heavy molecules

seen. From the differential equations similar to those previously

described (Part II), we can derive for activity of the DNA that:
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[LL] = [LL]o exp (-it)

[1-1L] = [LL]o (1 - exp (-it))

Fraction [LL] = [LL] /([LL] + [HL]) = exp(-it)

or

In (Fraction [ LL]) = -it
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RESULTS AND DISCUSSION

Measurement of Replication Time

Pulse labeling experiments were modeled as shown in Theory,

and the results were applied to three kinds of experiments that can

be used to calculate the replication time of a DNA molecule. Briefly,

the model assumes a Cairns model for replication with the growing

forks moving at the same rate in either direction. The size of the

replicating pool is assumed to be constant throughout the pulse with

reinitiation of replicating molecules being negligible. Functions are

derived which allow calculation of the change in specific activity of

restriction fragments during the pulse and the relative incorporation

of radioactive label into the replicating and mature molecules.

Calculations were done with the results of experiments of pulse

labeling restriction fragments of the type developed by Danna and

Nathans (197Z). The relative specific activity of each fragment

(Fc(xi, x2, t)) was determined and normalized to the highest specific

activity. The model showed that the replication rate can be deter-

mined from the experimental data by drawing a straight line through

the values for specific activity to intercept the position of zero

specific activity. The distance between that point and the terminus of

replication is the distance that the replication fork has moved during
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the pulse. Addition of values for both forks gives the value for the

entire molecule, and the reciprocal of this gives the time to complete

the entire genome. The average value for the replication rate can be

used in the function (F C (x1' x2, t)) to obtain a calculated curve for the

specific activities of the fragments as shown in Figure 1. This

technique was applied to the following experiments of the Danna and

Nathans type with the average replication time determined from each

(corrected to full length SV40 for deletion and insertion mutants):

Danna and Nathans, 1972, 9.4 minutes; Nathans and Danna, 1972,

12.6 minutes; Lai and Nathans, 1975, 18 minutes; and Shenk, 1978,

14 minutes. The average for all experiments was 14.1 minutes.
r 3The relative incorporation of Hi thymidine label into the mature

and replicating pools was calculated with the functions Fc(-0. 5, 0. 5, t),

FR (-O. 5, 0. 5, t), and F T (-O. 5, 0. 5, t) for the entire genome as defined

in Theory. The results are plotted in Figure 2 and compared to

Tapper and DePamphilis, 1978. From this plot one can see that
3H incorporation into total DNA is linear and can be used to estimate

the time needed for thymidine pools to equilibrate after [3H]thymidine

addition. From the experimental values for total activity we can see

that this is about one minute for the data of Tapper and DePamphilis.

The incorporation into mature DNA molecules begins parabolically

and becomes linear after one replication time. The incorporation

into replicating molecules builds up rapidly but reaches a plateau and
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Figure 1.

1 H A C D E 1K F J G
Hirt Fragment H!n Fragment

The relative specific activity of Hin restriction fragments of SV40 versus time after addition of a [ 3H]thymidine pulse. A) experimental
data of Danna and Nathans, (1972) and B) model calculations. The calculated curves use a value of r = 0.035 which corresponds to a
replication time of 14 minutes. The dashed lines indicate the method that the replication rates were derived from experimental data.
The distance between the terminus and the intercept of a straight line drawn through the 5 minute curves yields the distance moved by the
growing fork during the pulse, i.e. (D. 0.36 genome/5 min = 0.072, 0 = 0.33 genome/5 min =0.066 giving a total of 0.136 genome/
min per molecule or a replication time of 7.4 minutes. U,

Ul
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3Theoretical curves for relative [ H]thymidine incorporation into SV40 DNA during
a pulse are compared with experimental data of Tapper and DePamphilis (1978).
Curves are calculated for 3H incorporation into total DNA, FT; mature DNA, Fc;
and replicating DNA, FR using r = 0.028 genome/min or a replication time of 18
minutes. Data are for mature DNA (Comp. I), ; Replicating DNA, ;

and mature plus replicating DNA, 0 and are normalized to theoretical curves by
setting the 30 minute values for mature DNA equal (* ).
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crosses the curve for mature molecules at one replication time.

Using these criteria we calculate the replication time from the data

of Tapper and DePamphilis as 18 minutes and the calculated curves

for this replication time are shown in Figure 2. If there is significant

reinitiation of labeled molecules during the pulse, the value for

replicating molecules will continue to increase after one replication

time and not plateau; this is not the case for SV40.

The usual method for estimation of replication time has been

the time for the percent of [3H]thymidine pulse label in the replicating

molecules to decrease to less than fifty percent of the total activity

(Dintzis, 1961; Manteuil, et al, 1973). Derivation of this ratio

(FR (-O. 5, 0. 5, t)/FT (-O. 5, 0. 5, t)) confirms this method as shown in

Figure 3. The calculations show that the percent of molecules

replicating will drop linearly from 100 percent to 50 percent in one

replication time then drop slowly toward zero. A least squares fit

of results of five experiments (Levine et al, 1970; Sebring et al, 1971;

Fareed et al, 1973; Manteuil et al, 1973) gives a line with an intercept

at 101 percent, 50 percent replicating activity at 19. 2 minutes and

an r2 (a measure of the linearity) of 0. 85.

The time to complete replication of an SV 40 DNA molecule has

been estimated to be 15 to 20 minutes (Nathans and Danna, 1972;

Manteuil et al, 1973). Our model for DNA replication confirms this

estimate and shows three methods by which this can be measured.
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10 20
Minutes after 3H Thymidine Addition

30

3Replication time is estimated by noting the time required for the percent of [
thymidine activity incorporated in replicating DNA during a pulse to drop to 50
percent. The theoretical curve (-) is for a replication time of 19 minutes.
The dashed line is a least squares fit of the data points from the following experi-
ments: Levine et al, Fig. 6 and 11, 1970 ( and 0 ); Sebring et al, Fig. 1,
1971 ( ); Fareed et al, Fig. 6, 1973, ( 0 ); Manteuil et al, Fig. 6, 1973 ( 0 ).
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Measurement of Initiation Rate

We have previously shown that the average time between rounds

of DNA replication can be measured by using density labeling experi-

ments and total DNA accumulation curves (Bodnar and Pearson, 1980b;

Part II). Experiments of these types are available for SV40, and

these can be used to determine the initiation rate for SV40 with minor

alterations to the derivations for adenovirus.

Density-shift experiments have been reported for SV40 where

infected cells were pulse labeled with [3H]thymidine for one hour,

chased in cold medium for two hours, then labeled with cold BUdR,

or labeled with 32P from 19 to 40 hours postinfection, chased for 30

minutes in cold medium, then labeled with cold BUdR (Green and

Brooks, 1978). This protocol can be used to measure the initiation

rate, but since the density-shift is into unlabeled BUdR, the derivation

is slightly different from that previously described (see Theory). The

initiation rate can still be measured from the slope of the line of the

In (Fraction [LL]) versus time, but in this case the slope is -i.

Applying this to the data of Green and Brooks (1978) (not shown) we

find that the initiation rates are as follows:
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3H pulse for 1 hour

to = 23.5 hr it = 8.5 x 10-4 initiations/
molecule/min

24 hr = 1.0 x 10-3

40.5 hr = 8.7 x 10-4

32P long label i = 3.2 x 10-4

Once again as for adenovirus the initiation rate for recently replicated

molecules (i') is higher than that for the average DNA molecule, and

the probability of reinitiation of the molecules in the replicating

pool is approximately that for adenovirus (1 x 10-3 versus 5 x 10-3

min -1). These hypotheses were reported qualitatively by Green and

Brooks, 1978; our modeling techniques support their data quantita-

tively. Similar density shift experiments done with polyoma DNA

(Roman and Dulbecco, 1975; Roman, 1979) show the same character-

istics with i' = 4 x 10-3 min -1.

Time course experiments of SV40 DNA accumulation have shown

that the DNA concentration increases apparently exponentially until

about 20 hours post infection and linearly thereafter (Manteuil et al,

1973; Levine et al, 1970). It has been suggested that this is due to a

limited number of replicating sites per cell and that total DNA growth

curves are dependent on the fraction of cells infected (Manteuil et al,

1973). We have modeled the data of Manteuil et al (1973) assuming
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saturable kinetics as previously described (Part II). We assumed

one type of replicating intermediate with a 14 minute replication time,

an initiation rate equal to V max/(Km + [DNA]), and a Vmax propor-

tional to the number of cells infected. Using an iterative approach

(see Theory) we fit the data of Manteuil et al (1973) as shown in

Figure 4. From this model we can see that as for adenovirus the

initiation step is the rate limiting step in SV40 DNA replication, and

that this probability decreases as the replication machinery becomes

saturated with DNA. The values for V and K were determinedmax
graphically for each curve using a double reciprocal plot. When

corrected for the number of cells infected, Vmax was essentially

the same for all MOI, but K increased with increasing MOI. Thism
is characteristic of a competitive inhibitor and may be due to the

increasing numbers of noninfectious SV40 DNA molecules competing

for the replication machinery at higher MOIss.

Calculations using the simulated growth curves show the con-

sistency of this method with other data. The initiation rate by this

method is 1 x 10-4 at 40 hours post infection compared with 3.2 x 10-4

from the density labeling experiments of Green and Brooks, (1978).

Using the estimate of Manteuil et al, (1973) that the maximum rate of

SV40 DNA accumulation is about 600 molecules per cell per hour we

can extrapolate our curves back to one DNA molecule per cell at about

9 hours compared to the estimate of 11 hours post infection for the
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MO I r.

0.35

o/

0.17

20 30
Hours Post Infection

40

Figure 4. Theoretical curves for total SV40 DNA accumulation are compared with experimental
data (Manteuil et al, 1973). MOI = 5, MOI =1, 0 MOI = 0.35, 0 MOI=
0.17. Theoretical curves were calculated as follows: Vmax and Km were determined
graphically from data, Vmax corrected for MOI, points plotted by Euler's method as
derived in the Theory. The to point was extrapolated where the curves crossed. The
following values were used: Vmax = 160 CPM /min x (1 - e-MOI); CPMQ = 60CPM x
(1 - e-MOI) at 11 hours; Km = 12,000 CPM/cell, (MOI = 5), 9,000 (MOI = 1)
6,000 (MOI = 0.35), 4,000 (MOI = 0.17).
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onset of DNA replication (Manteuil et al, 1973). The model shows

that only 3 to 4 percent of the DNA molecules are replicating at 30

hours post infection. Experimental values of 12 to 18 percent have

been reported (Levine et al, 1970, Figure 4; Sebring et al, 1973,

Figure 9; Fareed et al, 1973, Figure 2; Salzman et al, 1973, Figure

1) although a figure as low as 2. 5 percent replicating molecules at

40 hours post infection has been reported (Green and Brooks, 1978).

Also, while many multiply initiated replicating DNA molecules

are seen in adenovirus DNA, none have been reported for SV40. We

can estimate the fraction expected by use of the Poisson distribution

for an average lifetime for a replicative intermediate (1 /2r) of 15

minutes and an initiation rate for the replication pool (i') of 1 x 10-3

min-1. The fraction of singlyinitiated molecules is P (1) = (i1/2r)

exp(-i'/2r) = .015, and the fraction of doubly initiated molecules is

P(2) = (i'/2r) 2 exp(41/20/2 = .0011 or less than 1 percent of the

replicating molecules will have initiated more than once.

This is due to an initiation rate about one fifth of that for adenovirus.

Model calculations of SV40 and adenovirus DNA replication

have shown many similarities that may be characteristic of eukaryotic

DNA virus replication. The limiting step in replication in both cases

is the initiation of a round of DNA replication which shows saturable

kinetics for some component of the initiation complex that is approx-

imately constant over infection. The growth curves therefore show
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two distinct phases: an early pseudoexponential growth where the

DNA concentration limits the DNA growth rate, and a later linear

stage where the replication machinery is saturated with DNA, and

DNA accumulation continues at a constant rate. Both SV40 and

adenovirus show a segregation of DNA into replicating and non-

replicating pools with preferential initiation of only certain DNA

molecules.

However, there are two differences in the viruses. The

replication rate in adenovirus is about 25 nucleotides per second

but for SV40 it is only 3 nucleotides per second. Also, with a Vmax

of 600 DNA molecules per cell per hour and a replication time of 14

minutes, we can estimate that there are about 150 replication sites

per cell for SV40. For adenovirus we have seen 50,000 sites per

cell. The reasons for these differences is unclear and requires

further investigation. Since most SV40 studies are done in CV-1 or

African Green Monkey Kidney cell lines, the differences may be due

to differences in the replication machinery of the host. Unfortunately

there is currently no data available on the replication rates or

numbers of replicons found in these cell types.
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CONCLUSIONS AND GENERAL DISCUSSION

We have presented methods to measure the rate parameters for

viral DNA replication in eukaryotic systems. The replication of DNA

can be broken into two major steps: the initiation of a round of

replication and the elongation of a DNA strand. Several methods to

measure each have been presented and compared for the adenovirus/

He La cell system. Since the replication rate is about an order of

magnitude slower than nucleotide pool equilibration time and the

initiation is still another order of magnitude slower, experiments

can be designed where one of these can be measured and the others

are either too fast or too slow to affect the data. This may not be

possible in bacteriophage systems where the entire lytic cycle is over

in the time to complete the pulse experiments presented here. How-

ever, in the slower eukaryotic systems the techniques developed here

may be applied with other minor modification. We have extended these

methods to available data on SV40 DNA replication and have seen that

SV40 DNA replication exhibits similar characteristics to adenovirus

and can be described by the same types of rate parameters.

The strand displacement mechanism of adenovirus DNA replica-

tion as suggested by Sussenbach (El lens et al, 1974) and modified by

Lechner and Kelly (1977) causes the adenovirus system to be some-

what more complex than other viral systems since it means that
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there are at least two different replication rates, two initiation

rates, and more than ten recognizable replicative intermediates.

However, the greater number of replicating molecule types allows a

very detailed (if rather tedious) analysis of the mechanism of adeno-

virus DNA replication. We have discussed the component rate para-

meters in detail in each of the previous parts, and we will therefore

confine our discussion here to the application of our kinetic methods

to the study of DNA replication in general. The kinetic approach has

led to: 1) a greater understanding of the component steps in adeno-

virus DNA replication, 2) testable hypotheses for mechanisms in

several stages of replication, and 3) a coherent dynamic picture for

adenovirus DNA growth that allows a more intelligent interpretation

of experimental data and the prediction of new experimental results.

The replication rate for adenovirus DNA is about 25 nucleotides

per second and is constant over infection. Since this rate is indepen-

dent of serotype (Ad2, Ad5, and Ad7) and is approximately equal to

that of the uninfected cells (15 to 40 nucleotides per second; Edenberg

and Huberman, 1975), the chain elongation step seems to be mediated

by cellular factors. For viral DNA replication once a round of

replication has started, completion of the DNA molecule is rapid and

independent of the state of the infection.

The initiation of DNA replication has been shown to be the con-

trolling step in replication in both prokaryotes (E. coli; c. f. Pierucci
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and Helmstetter, 1969) and eukaryotes (He La; c. f. Painter and

Schaefer, 1969; Hand and Tamm, 1974) where the total amount of

DNA synthesized is modulated by the number of replicons operating

at any time. We have shown that initiation is also the controlling

step in adenovirus DNA replication, but in this case the control is

much simpler. The required viral gene products are accumulated

early in infection, and when DNA replication begins the kinetics of

DNA accumulation indicate that the machinery for viral DNA replica-

tion is present roughly at a constant concentration. As infection

proceeds, the rate of DNA accumulation increases as the DNA con-

centration increases, but at about 17 hours post infection the machinery

is saturated with adenovirus DNA, and replication continues at a

constant rate limited by some factor required for initiation of

replication. Since the maximum rate of DNA accumulation is

independent of serotype (Ad2, Ad5 and Ad7) and about the same as for

uninfected He La cells, the limiting factor seems to be cellular.

Control of the initiation step in adenovirus type 5 infection is

further modulated by a pooling of the intracellular viral DNA. Early

in infection all Ad5 DNA molecules have about the same chance of

replicating, but later in infection only certain molecules are destined

for replication. This may be a spatial pooling due to a limited num-

ber of intranuclear sites that replicate the DNA (Simmons et al, 1974)
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or due to pooling by function (i. e. the DNA that is transcribed is not

replicated; Brison et al, 1979) or possibly by removal of DNA by a

prepackaging step. The size of the replicating pool is relatively

constant throughout infection. Analysis of SV40 DNA replication by

the same techniques show that these characteristics of viral DNA

replication rate, initiation rate, and preferential initiation of

recently replicated DNA molecules also apply to SV40.

Measurement of the kinetic parameters for adenovirus DNA

replication has suggested some modifications and additions to the

strand displacement mechanism. The strand displacement model

has been quantitatively consistent with all experiments performed

or simulated during our studies, but the values of the rate constants

obtained have led to proposals for the mechanism of Ad DNA replica-

tion which should be studied further. For example, the initiation

rate for displaced single stranded DNA is much faster than that for

mature DNA molecules. This suggests that initiation of the displaced

strand is accomplished by a mechanism that maintains the ends of the

strand and the replication machinery in close proximity throughout

the displacement synthesis so that reinitiation of the displaced strand

is very fast due to a high local concentration of the required factors.

Also, the measured rate of replication for type II molecules is slower

than that for type I molecules. As discussed in detail in Part II this

difference in rates has suggested a mechanism for formation of
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defective adenovirus DNA. This mechanism is interesting in that it

suggests that formation of defective DNA is an integral part of the

replication process and, at least for adenovirus, all virus preparations

contain defective particles. The proposed mechanism for formation

of the defective DNA depends on the ratios of the rate constants for

replication. The rates for Ad7, which produces many defectives,

should differ from Ad2, which produces few. Those measured thus

far are the same, but using an electron microscope study similar

to the Lechner and Kelly (1977) experiment one should be able to test

the validity of this hypothesis.

When we began measuring rate parameters for replication, we

had little idea that the results would not only support existing

mechanisms but suggest new ones. Also they have allowed us to

examine the adenovirus replication system in greater detail to plan

experiments to test the hypotheses in a much more direct way than

before. The protocol above to investigate formation of defectives is

just one example. Another is our ability now to look realistically

at the best procedure for labeling replicating intermediates. By

examining the pulse labeling procedures in Part I we can see that

to incorporate the most radioactivity into replicating DNA we should

label for about 20 minutes; shorter pulses do not label all the

replicating molecules, but longer pulses merely add to the label in
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mature DNA which must then be separated from replicating DNA.

The size of the total replicating pool increases until about 18 hours

when the cellular replication machinery is saturated with adenovirus

DNA, and afterwards the label in mature molecules increases with-

out markedly increasing the number of replicating molecules. There-

fore, the best time to harvest replicating molecules is about 18 hours

post infection. Prior to our modeling of the adenovirus system, such

estimates of the optimum time for such an experiment were crude at

best.

These techniques also allow a better interpretation of experi-

mental results. For example, there is now an in vitro system for

initiation and replication of Ad2/5 DNA (Challberg and Kelly, 1979).

These investigators purified a cell-free extract from He La cells

infected in the presence of hydroxyurea. This extract allowed

replication of exogenous template DNA-terminal protein complex with

added ribo- and deoxyribonucleosides triphosphates. However, the

reaction of extract prepared 21 hours after infection was linear for 1

hour and stopped after 2 hours with only 6 percent of the input DNA

replicated. This corresponds to about 60A d2DNA molecules synthesized

per cell where we have seen that in vivo about 120, 000 Ad5 molecules

are made per cell per hour. We conclude that while the in vitro sys-

tem looks promising, it does not fully reflect in vivo replication and

that this system is still very inefficient in replicating adenovirus DNA.
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The methods of chemical kinetics have been useful in many

systems for elucidating mechanism of reactions. Our application

of these techniques to an in vivo study of adenovirus DNA replication

has demonstrated the power and utility of kinetics even in such a

complex environment.
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APPENDIX I.

MATERIALS AND METHODS

Cells and Virus.
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He La S3 cells were grown in suspension culture at concentra-

tions between 2.5 x 105 and 6 x 105 cells per ml using medium F-13

(Grand Island Biological Co. ) supplemented with 7 percent fetal calf

serum (v:v) (Sterile Systems or Grand Island Biological Co. ).

Adenovirus type 2 was obtained from Dr. Joseph Weber, Department

of Microbiology, University of Sherbrooke, Quebec, Canada. Adeno-

virus types 5 and 7 were obtained from the American Type Culture

Collection. Crude virus lysates were prepared at 48 hours after

infection by resuspending infected cells in PBSd plus 10 percent

glycerol (v:v, 15 ml per liter of infected cells), sonicating, and

clearing the lysate by low speed contrifugation. For virus infections

cells were concentrated 10 to 50 times in serum free medium and

inoculated with crude virus lysate (1 to 2 ml per liter). After 20

minutes the cells were diluted to 4 x 105 cells per ml. Adenovirus

used for preparation of DNA size markers was purified by twice CsC1

banding according to Doerfler (1969).
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Enzymes

Pronase (Grade B, Calbiochem) was self-digested at 37° for 2

hr at a concentration of 10 mg/ml before use. Pancreatic ribonuclease

XA (Sigma Chemical Co. ) at 5 mg/ml in combination with T1 ribo-

nuclease (Sigma Chemical Co. ) at 5000 units/ml were heated to 1000

for 5 min before use to inactivate any contaminating DNase activity.

Radioactive Labeling

He La DNA was labeled by growing cells in medium containing

[3H]thymidine (0. 5 [J,Ci/ml, 70 Ci/mmol, New England Nuclear or ICN)

or [14C] thymidine (0.05 p,Ci/ml, 50 mCi/mmol, New England Nuclear).

Adenovirus DNA was labeled by growing infected cells in phosphate-

free medium F-13 (Grand Island Biological Co. ) containing 2 percent
r32dialyzed fetal calf serum (v:v) (Grand Island Biological Co. ) and L P]

orthophosphate (20 p.Ci/ml, carrier-free, New England Nuclear).

Pulse labeling of adenovirus DNA proceeded by growing infected cells

in 10-6 M FUdR for 20 to 30 min to deplete thymidine pools, concentra-

ting the cells 10 to 20 times, then adding [3H] thymidine to 250 p,Ci/ml.

Incorporation was stopped by adjusting cultures to 0. O1M NaCN or

KCN. Samples were precipitated on Whitman GFC filters and counted

with a Packard Model 3330 scintillation counter by using the following

settings: 32P and 3H; 32P, 1%, 50-1000 and 3H, 60%, 50-500; 14C

3 14 3and H; C, 25%, 200-1000 and H, 60%, 50-500.
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Restriction Enzyme Digestions

Digestions were performed in 50 µl Buffer I (10 mM Tris, 1mM

EDTA, 0.1 M KC', pH 7. 2) with DNA at 0.1 to 1 p.g/p.I. After addition

of 5µl 0. 1M MgC12 restriction enzyme (1 unit /µg DNA) was added and

incubated at 37o for 1 hr. A second aliquot of enzyme was added, and

the sample was incubated for 1 hr at 370. The reaction was stopped

by addition of 5µl of 0. 2M EDTA.

Proteolytic Extraction of DNA

Infected cells (10-20 ml at 3-6 x 105 cells/ml) were spun down

and washed in 10 ml PBSd (135 mM NaCI, 2 mM KC1, 8 mM Na2HPO4

1. 5 mM KH2PO4), then centrifuged 5 min at 5,000 rpm in an HB-4

rotor. The pellet was resuspended in 2 ml PBSd with 0.4 ml 0.1 M

EDTA, 0.2 ml Pronase (10 mg/ml), and 0.4 ml 10 percent SDS (v:v)

and incubated at 370 for 2 hr. The sample was extracted with 2 ml

phenol and vortexed 15 seconds. (Note that if the sample is not

vortexed to shear the cellular DNA, the increased viscosity will make

column chromatography and 3H counting irreproducible. ) Two more

extractions with IAC (1:24 isoamyl alcohol:chloroform) and three

ether extractions followed. The DNA preparations were further

digested for 2 hr with pancreatic ribonuclease (10 µg /ml) and T1

ribonuclease (10 units/ml). This sample was then used directly on
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BD-cellulose columns, dialyzed into 10 mM Tris, 1 mM EDTA, 10

mM NaCI, pH 7.5 for CsCI density gradient centrifugation or pre-

cipitated with 5 ml ethanol and 0.1 ml 4 M NaOAc in preparation for

restriction enzyme digestion.

Ammonium Sulfate Extraction
of Adenovirus DNA

Concentrated infected cells (10 ml at 5 x 106 to 107 cells/ml)

were spun down then washed with PBSd as above. The cell pellet was

resuspended in 2. 5 ml TITE (0. 1 M NaC1, 20 mM Tris, 10 mM EDTA,

0.02% Triton X100 (v:v), pH 7.9) on ice for 10 min then the cells

were broken with 5 strokes in a Dounce homogenizer (B pestle). The

sample was centrifuged 10 min at 2500 rpm in an HB-4 rotor, and the

pellet was resuspended in 2.5 ml TEAD (50 mM ammonium sulfate,

20 mM Tris, 10 mM EDTA, 1 mM DTT, pH 7.9). Ammonium sulfate

(0. 3 ml, 2M) was added dropwise while swirling (final concentration =

200 mM). As the last drops were added the nuclei began to aggregate.

After heating at 37o for 2 min the preparation was centrifuged 15 min

at 10, 000 rpm in an HB-4 rotor. The pellet was white and fluffy at

this point for effective extraction of the adenovirus chromatin. The

supernatent was saved, and PMSF was added to 0.1 mM if adenovirus

DNA-protein complex was to be prepared by glycerol gradient

centrifugation.



186

Glycerol Gradient Separation of
Replicating and Mature Adenovirus DNA

Ammonium sulfate extracted adenovirus chromatin (about 2 ml)

was layered on a 10 percent to 40 percent glycerol gradient in an

SW 27.1 tube (7 ml 80 percent glycerol cushion (v:v) in 200 mM

ammonium sulfate, 2 mM EDTA, 10 mM Tris, 0.1 mM PMSF, pH

7. 9 under a 10 to 40 percent glycerol gradient in the same buffer).

The gradients were centrifuged 5 hr at 24, 000 rpm at 4°C in an SW

27 rotor. About 30 x 0.3 ml fractions were collected through a pin-

hole in the bottom of the tube after discarding the cushion. Fraction-

ation patterns are shown in Robinson et al, 1980.

Column Chromatography

Benzoylated-DEAE-cellulose (Sigma Chemical Co. ) was poured

into columns (0. 5 ml in 3 ml syringes with a Whatman GFC filter for

support) in buffer containing 0.25 M NaCI, 10 mM Tris-HC1 (pH 8. 0),

and 5 mM EDTA. After samples were applied, the columns were

washed 4 times with 1 ml of the buffer above, four times with 1 ml

of 1 M NaCI, 10 mM Tris-HC1 (pH 8.0), and 5 mM EDTA to elute the

completely double stranded DNA, then finally four times with 1 ml of

1 M NaCI, 10 mM Tris-HCI (pH 8. 0), 5 mM EDTA, and 2% caffeine

to elute any partially single stranded DNA.
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CsCI Density Gradient
Centrifugation

CsCI gradients were constructed with 7. 9 g CsCI plus 6.0 g

liquid. The buffer contained 10 mM Tris-HC1 (pH 7.6), 10 mM NaCI,

and 1 mM EDTA. Centrifugation was for at least 36 hours (usually

42-48 hours) at 37,000 rpm at 20° in a 50-Ti angle rotor. Gradients

were collected volumetrically from the bottom of the centrifuge tube

as previously described (Pearson and Hanawalt, 1971).

Filter Binding Assay

The filter binding assay for adenovirus DNA containing terminal

protein is described in detail in Coombs and Pearson (1978) and

Robinson et al (1980).

Agarose Gel Electrophoresis

Adenovirus restriction fragments were separated on one percent

agarose gels made in buffer containing 40 mM Tris, 1 mM EDTA, 20

mM sodium citrate, and 1 1,,g/m1 ethidium bromide (pH 7. 2). The

gels were run at 50 volts using the same buffer for a running buffer.

Bands were visualized with a short wave ultraviolet light, cut out,

and counted after autoclaving in 0. 5 ml water and mixing with 2 ml

Handifluor.
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APPENDIX II

Computer Programs

Programs were written for the Hewlett-Packard 9821A

programmable calculator. Explanatory steps not in the actual

programs are added here to define variables and describe sections

of the program. These have the step number "R" for REMARK as

written in the appendix.
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Pulse Labeled Specific Activities

This program evaluates the average relative radioactivity
r3(FT (x1' x2, t)) at any time following addition of a L HI thymidine pulse

using the relationships and boundary conditions derived in Part I.

The flow chart for boundary conditions is as below (with program

steps circled 0 ).

NO

YES

YES

= Pcr(x x2 ) A= FCr(x I ,rt
V

A=0

6))

f x2 >1 -rt YES
11

NO

B=0

NO

B=c 1-rt,x2)

YES

ci(xi,x2)
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The following variables are used:

A = FCr

B = CI

Rl = xl = left end of restriction fragment

R2 = x2 = right end of restriction fragment

R3 = r = replication rate

R4 = t = pulse length

R10 = normalization factor (used to relate specific activity of

a fragment to the fragment with the highest specific

activity).

0 ENT "RATE", R3
1 ENT "PULSE TIME", R4, "NORM FACTOR", R10
3 ENT "RIGHT END", R2; FXD 4; 0 B
4 IF R1 > R3*R4; GTO 10
5 IF R2 > R3*R4; GTO 8
6 0. 5 (2*R3*R4 - (RI + R2)) A
7 GTO 11
8 0. 5 (2*R3*R4 - (RI + R3*R4)) A
9 GTO 11

10 0 A
11 IF R2 > 1 R3*R4; GTO 14
12 0 *-13
13 GTO 18
14 IF RI > 1 R3*R4; GTO 17
15 0. 5 (1 R3*R4 + R2 - 2* (1 - R3*R4))
16 GTO 18
17 0.5 (R1 + R2 - 2* (1 R3*R4)) B
18 (A + B) R10 C
19 SPC 1; PRT "ENDS", RI, R2, "REL ACT", C
20 GTO 2
21 END
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Density Shift Kinetics

This program calculates the relative [HH] , [HL] , and [ LL]

for the chase of a BUdR density label as shown in Part II. The shape

of the percent [1-114] curve as a function of ii/i can be calculated as

shown in Part II, Figure 5.

R RI = i (for HH); R10 = i' (for HL and LL)
0 ENT "II", R1, "D.", R10; FXD 3
1 0 R2; 0 R3; 0 --R4; 0 .R5; 0 R7
R T MAX is the length of the chase.
2 ENT "T MAX", R6
3 PRT "Il = ", R1, "12 = ", R10
4 EXP (-2*R1*R5) R2
5 2* (1- EXP (-2*R1*R5)) R3
6 2/(RI + R10)*(R1*EXP(2*R10*R5) + R10*EXP(-2*R1*R5))-2 R4
7 R3/(R2 + R3 + R4)
8 PRT "TIME", R5; SPC 1
9 PRT "HH, HL, LL", R2, R3, R4, "FRACTION HL", R7

10 SPC 3
11 R5 + 5 .115

R R5 = time counter (5 min intervals)
12 IF R5 < R6; GTO 4
13 END
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Iterative Growth Simulation
Using Saturable Kinetics

This program simulates growth of adenovirus DNA by an

iterative method as described in Part II (see Figure 6). It computes

physical parameters versus time post infection as shown in Part III

(Table 1 and Figure 1).

R RI = r ; R2 = r II; R3 = Vmax; R7 = Km; R4 = is. Enter rate
parameters.

0 ENT "RATE 1", R1, "RATE 2", R2
1 ENT "V MAX", R3, "K M", R7, "I(S) ", R4; FXD 4
R R101 = CPM(0) = Initial Value for [DS]
2 0 R151; 0 --.C; ENT "CPM(0), R101
3 1/R1 R5; 1/R2 R6; 1 .X; 1 --Y; 0 .1150
R R101 = [IDS]; R(200 + X) = [I] where each pool represents type I

molecules 1 /xth complete; 1000 + Y) = [II] for type II molecules;
R401 = [SS]; R151 = A[DS]; R(250 + X) = L[Iix; R(350 + Y) =
L[II] ; R451 = L[SS]. Set all pools equal to zero.

4 0 --..RY(200 + X); 0 (250 + X).
5 X + 1 X; IF X < R5 + 1; GTO 4
6 0 R (300 + Y); 0 R (350 + Y)
7 Y + 1 .Y; IF Y < R6 + 1; GTO 6
8 0 R 401; 0 ---.-R451
9 PRT "RATE 1", RI, "RATE 2 ", R2

10 PRT "V MAX", R3, "K M", R7, "I(S)", R4
11 SPC 2

R Calculate changes in pool sizes in one minute.
12 R (300 4- R6) + R (200 + R5) R3/(R7 + R101)* R101 R151
13 R3/(R7 + R101)* R101 - R201 ..R.251
14 2
15 R (199 + X) R (200 + X) R (250 + X)
1 6 X + 1 X; IF X < R5 + 1; GTO 15
17 R4 * R401 - R301 R351
18 2 Y
19 R (299 + Y) - R (300 + Y) --R (350 + Y)
20 Y + 1 Y; IF Y < R6 + 1; GTO 19
21 R (200 + R5) - R4 * R401 R451

R Increment each pool as [X] = [X] + L[X]



193

22 R101 + R151 R101
23 1 .X
24 R (200 + X) + R (250 + X) R (200 + X)
25 X + I .X; IF X < R5 + 1; GTO 24
26 1Y
27 R (300 + Y) + R (350 + Y (300 + Y)
28 Y + 1 --Y; IF Y < R6 + 1; GTO 27

R R50 = time counter (in minutes); C = loop time increment (min).
29 1 + R50 R50; R401 + R451 .R401
30 C + 1 .C; IF C < 29; GTO 12
31 0 C; R50/60 Z; FXD 2
32 PRT "TIME (HR)", Z; SPC 1; FLT 3
33 0 .Z; 1 .X; 0 .R20; 0 R21
R Z = [I] total; A = [II] total; R20 = CPM [I] total; R30 = C PM [II] total

R21 = CPM SS in [I]; R31 = CPM SS in [II] .

R Total all pool of type I and II correcting for relative CPM in
each molecule.

34 Z + R (200 + X) Z; R20 + (X*R.P2)/2*R(200 + X) R.20; 0. 5 *
(X*R1) R (200 + X) R22

35 R22 + R21 .R21; X + 1 .X; IF X< R5 + 1; GTO 34
36 PRT R101, Z
37 0 1 Y; 0 --.12.30; 0 R31
38 A + R (300 + Y) R30 + (Y*R2+1)/2*R(300 + Y) R30; 0. 5

(1 - Y*R2) *R (300 + Y) R32
39 Y + 1 Y; R31 + R32 R31; IF Y < R6 + 1; GTO 38
40 PRT A, R401

R B = total [DNA], R23 = total CPM [DNA]
41 R101 + A + Z + R401 B; R101 + R20 + R30 + O. 5* R401 .R23
42 PRT "TOTAL DNA - NR, CPM", B, R23
43 (R23 - R101)/R23*100 PRT "PCT REP", B
44 (R21 + R31 + 0. 5*R401)/R23*100 B; PRT "PCT SS", B
45 0. 5*R3/(R7 + R101) .13; PRT "I = ", B
46 GTO 11
47 END

R Program is an endless loop; stop when enough data has been
obtained.
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Average Growing Points per
Replicating Molecule Calculation

This program calculates the fraction of CPM that will bind a

glass fiber filter for a given average number of growing points per

molecule when pulse labeled replicating molecules are assayed with

the filter binding assay as shown in Part III, Figure 4. The number

and right end coordinates of the fragments of the desired restriction

enzyme are the input variables as shown below:

Average growing points per molecule = R25

Number of restriction fragments = R6 (up to 13 can be used)

r I
= R3 ; rII = R5

t = R4 = pulse time

1;;EHT "AVG F
ORKS"..,R25EHT "H
R FRAG",)R6;PRT
AVG FORKS/DNAMR

PRI "HR FRAG"...R6
"RT END 1",.,

RliE
1'
IF R6=1;;GTO "AA"

EHT "RI LHD
12E

"HR"

!;;:i

EHT "RT EHD

::

IF "AA"

f"

EHT "RT END 4"..,R

1:;?. TD
1....

EHT "RT END
RE=5;GTO

1-11-1"1--

ENT "RI EHD 6",JR
R6=6iGTO

EHT "RT END 7",.,R

AA"F

ENT "RT END

AA"1-

EHT "RT EHD
R6=9r.,GTO

f-11-i"
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GTO 56k

IF Rl>1.-A4*R5
GTO 55k

,25(1.-4A*R5A-F-2
(1-R4*R5)).4Yk



Pulse and Chase Simulation

This program simulates a pulse and chase experiment for

adenovirus DNA as described in Part III. The variables used are:

rI

rII

= RI

= R2

V = R3max
K = Rm 7

197

Pools of numbers of DNA
molecules as described in
Iterative Growth Simulation
Program

Pools for 3H pulse activity:

DS = R102, ADS = R152
is =B4

Ix = R(225+x), x = R(275+x)
= CPM incorp per rep

molecule = R51 IIx = R(325+x), Allx = R(375+x)

to = pulse start time = R53 SS = R402, ASS = R452

ti = chase start time = R54

C PM 3H = R55

1Z.1.11- "FATE
'PHIL

EQT
A"!,R71,-11.S1"..iR

41--

H

1020-?.RI.F.J2,.10.4R15

125H.....:);10..).R11175+X

,..

,..,
IF

41-

110.,,,AL3

425*Yr!10..:yRi.475.4-Y
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Matrix Solution for Rate
Constants Using EM Data

This program calculates the relative pool sizes for the various

replicative forms for input values of i, is, rI, and I.E. The program

uses the pivot method for solution of a matrix (Cullen, 1967), assumes

defective DNA produced by the premature strand displacement

mechanism, and uses the matrix in Part III, Figure 7 (with an

additional pool for defective DNA).

The following variables are used:

rI = R1

rII = R2

i = R3

is = R4

Matrix element (X, Y) = R (20';(X+Y)
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Specific Activity of Pulse
Labeled SV40 DNA Fragments

This program calculates the relative specific activity of pulse

labeled restriction fragments for SV40 DNA using the model derived

in Part IV, Theory. The variables used are:

r = R3

t = R4

Normalization Factor (to relate activities to highest
specific activity = R10

Left end of restriction fragment = R5

Right end of restriction fragment = R6

Note that all input and output genome positions use the normal SV40

coordinates, but that within the program the zero is the origin of

replication.
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IF R2.:::.0AT "AF"

IF B1...,10;ATO "BA"

(R1+R2).1-R3*R
4 05)(R2
GIG "LH"F

GTO "BC"H
GTO "F...:A"B

(0.5(R1+0.51+R3*
IF B2''.0'!;ATO 0 F..! 1 .1

B;TO 11: A

"AWHIF 'AL""j.....Bi;Alu "LH
GTO "HC"F -li

R1.:* 5:).ATO BE"F
"El:1"v-

--H
ABS (R2 B1).4W; GTO "CA"F
GTO "BA"H

"PF";:,IF
Liu "B[-"F

"HE"1.-

r.05(0-1-R2)+R3*A4
IF B'c...:0;ATO "AG"

GTO 'LH"E

0,51.R1+0:1+R3*R4 :.:0-'....B;GTO "LH

'PG".,u.-:.,B;Alu "CH
"BA

"BA"H

"BA":JIF

1.

GTO "GB"F

(H.l..B)/(R6R5)*R1
"CC"F

IF
GIG "BD"F



207



SV40 Growth Curve Simulation

This program simulates total accumulation of SV40 DNA using

saturable kinetics by the method described in Part IV, Theory,

The variables used are:

r = R1 A[MAT] = R151

V = R2 L\[REPx] = R(250+x)max
= R3 time counter = C

MOI = R4

[MAT] = R101

[REPx] = R(200+x)
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