INTERNATIONAL
- Review af Cytology
EDITED BY

G. H. BOURNE J. F. DANIELLI

ASSISTANT EDITOR
K. W. Jeon

B : Vorume 80°



INTERNATIONAL
Review of Cytology

EDITED BY

G. H. BOURNE J. F. DANIELLI

St. George's University School of Medicine Worcester Polytechnic Institute
St. George's, Grenada Worcester, Massachusetts’
« West Indies

ASSISTANT EDITOR
K. W. JEON

Department of Zoolog_v
University of Tennessee
Knoxville. Tenriessee

VoLuME 80

1982

ACADEMIC PRESS A Subsidiary of Harcourt Brace Jovanovich, Publishers
New York London
Paris San Diego San Francisco Sao Paulo Sydney Tokyo Toronto



CorYRIGHT © 1982, BY AcaDEMIC PRESS, INC.

ALL RIGHTS RESERVED. = )

NO PART OF THIS PUBLICATION MAY BE REPRODUCED OR
TRANSMITTED IN ANY FORM OR BY ANY MEANS, ELECTRONIC
OR MECHANICAL, INCLUDING PHOTOCOPY, RECORDING, OR ANY
INFORMATION STORAGE AND RETRIEVAL SYSTEM, WITHOUT
PERMISSION IN WRITING FROM THE PUBLISHER.

ACADEMIC PRESS, INC.
111 Fifth Avenue, New York, New York 10003

United Kingdom Fdition published by
ACADEMIC PRESS, INC, (LONDON) LTD.
24/28 Oval Road, London NW1 7DX

LiBRARY OF CONGRESS CATALOG CARD NUMBER: 52-5203

ISBN 0-12-364480—0
PRINTED IN THE UNITED STATES OF AMERICA

82 83 8435 987654321



Contributors

Numbers in p'arentheses indicate the pages on which the authors’ contributions begin.

R. AppELS (93), Division of Plant Industry, CSIRO, Canberra ACT 2601,
Australia

RocHELLE L. EpsTEIN (27), Department of Neuroscience, Children’s Hos-
pital Medical Center, and Department of Medicine, Neurology and In-
fectious Disease Divisions, Brigham and Women’s Hospital, Harvard
Medical School, Boston, Massachusetts 02115

C. E. JerrreE (231), Department of Botany, University of Edmburgh Ed-
inburgh EH9 3JH, Scotland

Leon N. Kaep (1), Laboratory of Radiobiology and Environmental
Health, University. of California, San Francisco, California 94143

D. C. KiraTrick (231), Regional Blood Transfusion Service, Royal Infir- -
ma. v, Edinburgh, Scotland

H. KinpL (193), Biochemie (Fachbereich Chemie), Philipps-Universitdit,
D-3550 Marburg, Federal Republic of Germany

ROBERT B. PAINTER (1), Laborato}'y of Radiobiology and Environmental
Health, University of Calzforma San Francisco, California 94143

W. P. RoBERTS (63), Department of Mzcrobtology, La Trobe University,
Bundoora, Victoria 3083, Australia

ALEXANDRE ROTHEN (267), The Rockefeller University, New York, New
York 10021

Marc TArDIEU' (27), Department of Neuroscience, Children’s Hospital :
Medical Center, and Department of Medicine, Neurology and Infec-
tious Disease Divisions, Brigham and Women’s Hospital, Harvard
Medical School, Boston, Massachusetts 02115 2

'Present address: Inserm U56, Hopital de Bicetre, Bicetre 94270, France.
ix s



X CONTRIBUTORS

Howarp L. WEINER (27), Department of Neuroscience, Children’s Hospi-
tal Medical Center, and Department of Medicine, Neurology and Infec-
tious Disease Divisions, Brigham and Women’s Hospital, Harvard
Medical School, Boston, Massachusetts 02115

A. R. WELLBURN (133), Department of Biological Sciences, Umverszty of
Lancaster, Lancaster, England

M M. YeomaN (231), Department of Botany, Umversny of Edinburgh,
Edinburgh EH9 3JH, Scotland



Contents

CONTRIBUTORS - ot o 555" Gorg (00 5 B & 5 & @op & 0 60 % & 0 0 & o % 5 52 &ed s

II.
I
IV.

1I.
II1.
Iv.

i

II.
II1.
IV.

VI
~_VIL
- VIIL

X

o 4

DNA Repliéation Fork Movement Rates in Mammalian Cells

LeoN N. Kapp AND ROBERT B. PAINTER

Introduction . . . . . . . . e e e e e e e e e
MethodolOgies’ .. « ~ o = 2 aw o gl o & @ B B B R s e s e
DNA Replication Fork Movement Rates . . . . . . . . . .. .. ..
Concluding Remarks . . . . . . . . . . . . ... ... ...
RefereNCeS. . . o « o o v w0 v o 6 o o oo o & &Fs & 5w & b 5 & e e

inpraction of Viruses with Cell Surface Recebtors

Marc TarDIEU, RocHELLE L. EpsTEIN, AND HOowARD L. WEINER
3 -
Definition of Viral Receptor Sites. . . . . . . . . . . . . .. .. ..
Biological Characteristics of Viral Attachmént toCells . . . . . ... . .
Membrane Components Which Interact with Viruses . . . . . . . . . .
Viral Components Which Recognize Cellular Receptors. . . . . . o e
Virus-Receptor Interactions and Pathogenicity. . . . . . . . . . . ...
ConcluSIOn .. "« = 5 o 5 & 5808 S e N
References

The Molecular Basis of Crown Gall Indﬁciion ¢

W. P. ROBERTS

Introduction -
The Disease
The Crown Gall Bacteria

The Physiology of the Gall
Involvement of Wounding in Gall Induction
The Opines
Involvement of Plasmids in Tumor Inductic 1

The Evolutionary Origin of Crown Gall .
Agrobacterium and Genetic Engineering
Future Work and Prospects
References

Significance of Crown Gall Induction to Ag-obacterium. . . . . . . . . .

W N O N

NN

27

30

49
52

.56

57

63

65
65
66
68
70
83
84
86
87
88



vi

II.
III.
IV.

VL.

VIL.
VIIL.

II.
I
IV.

VL
VIL
VIIIL.

I
III.
V.

VI

CONTENTS

The Molecular Cytology of Wheat-Rye Hybrids

R. ApPELS
Introduction . . . . . . . . . ... ..o 93
The Genetic Relationship between Rye and Wheat Chromosomes . . . . 94
The Molecular Structure of Rye and Wheat Chromosomes . . . . . . . 29
Translocations in Wheat-Rye Addition or Substitution Lines . . . . . . 109

Polymorphisms in Regions of the Chromosomes Containing ’

Repeated Sequence DNA: .« . . Sb orgre ¢ 5 5 %aafiidie oo o e s 113

The Biological Effects of Rye Chromosomes (or Rye Chromosome

Fragments) in Wheat-Rye Hybrids: Specific Effects Related to

Heterochromatin . . . . . . . . . . . .. . ... ... ...... 121

The Possible Origins of Polymorphism in Rye Heterochromatin -. . . . . 123

PYOSPECLS: & 5.5 5 & @ 6 & & & & % 915 5 & 3 5 e 5 8° 5 & 5 = o oo 127

Referencesi. « « & o w w5 5 so6 4 % 55 s 5 8§35 853 .68 6 5 s 4 127

Bioenergetic and Ultrastructural Changes Associated with

Chloroplast Development
A. R. WELLBURN

Introduction. : = « & w: & & & @ %« 5 S E LT R T 134
Plastid Development in Different Systems . . . . . . . . . . .. ... 134
Semicrystalline Structufeg: - = « o « s 25 & s o3 5 %5 & & o 5 0@ 139
Storage Reserves and Mobilization during Plastid Development . . . . . 145
Mitochondria and Respiration during Plastid Development . . . . . . . 149
Transfer between Cell Compartments during Photomorphogenesis . . . . 156
Biogenesis of Photochemical Activities . . . . . . . . . .. . .. .. 169
Influence of Light and Hormones. . . . . . . e L . 174
References . i it & o et waile v 328 sl JRGf 5 1he o g s 179
The Biosynthesis of Microbodies (Peroxisomes, Glyoxysomes)

H. KinpL

Introduction . . . . . . .. ... ... PR N R 193
General Concepts of Organelle Biosynthesis . . . . . . . . . .. . .. 194
Survey Obtained by in Vivo Studies . . . . . . . . . . . . . .. .. 202
Single Steps of Assembly Studied in Vitro. . . . . . . . . . . .. .. 210
Special Typesof Cells. . . . . . . . . . . . . . . .. ... 214
Conclusion. . . . . . . . . .. e e e e 224
REIETEHCEE . . & T = o v s 0 o v w oo m o B om o= s = o s e EE B E 8 224



CONTENTS
Immunofluorescence Studies on Plant Cells

C.E. JEFFREE, M. M. YEoMAN, aND D. C. KiLPATRICK

E dnithodietion’ . o 5 v o = 505 % 95 @ 2 & 4.5 5.5 %o sd iy s S P

JI. TecHDiQUes. - . = - = = =« 5 o2 v s %% &% & 2% o o 5 % 6l = we s
III. Applications of Immunofluorescence Microscopy to Studies of Plant

Cells and TiSSUES . . . . « « « v v v o e e e e e

IV, CONCIUSIONS . i ccoc = o oo o v 3" % 5w o o w e & e wae s i s B

References. . . . . . . . . . . . . ..o

Biological Interactions Taking Place at a Liquid-Solid Interface

ALEXANDRE ROTHEN

I: ImmunologicReactions . = . : « 5 5 5% & 5 = & & & 5 s & 565 = o0
1Y, Experimental. . = o 5 = o 5 ¢ 5 G @ 5 5 « 585 83 & e w s 5
IV. /COnClusions: . « « & = = 2 5 & 5 = & = e R R T

INDEX o o o v sive wios v i e w8 s sl m R TR GRS M s @S "

vii

231
232

246
262
263



INTERNATIONAL REVIEW OF CYTOLOGY. VOL. 80

DNA Relilication Fork Movement Rates in
Mammalian Cells

LeonN N. KAapp AND ROBERT B. PAINTER
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I. Introduction

The DNA replication rate is formed by two components: the number of ac-
tively operating replicating units (replicons), and the average linear rate at which
the DNA replication fork moves along the parental DNA (DNA fork movement
rate). The number of replicons in an average mammalian cell is about 100,000
(Painter er al., 1966; Okada, 1968), and the number of replicons active at any
one time during S phase appears to be the main factor affecting changes in the
DNA synthesis rate (Painter and Schaefer, 1971). DNA fork movement rates
vary-considerably from one cell type to another; published values range from 0.1
pm/minute in human cells to 2.5 pm/minute in Chinese hamster ovary (CHO)
cells: The majority of rates reported for human cells are in the range of 0.4 t0 0.7
pm/minute. The reasons for the reported variations are not completely known,
but some factors are species, ploidy, whether normal or transformed, growth
conditions (media, serum, etc.), and the experimental techniqués_ used.

Various. aspects of DNA replication have been surveyed in recent reviews
(Edenberg and Huberman, 1975; Painter, 1976; Sheinin and Humbert, 1978;
Hand, 1978, 1979; De Pamphilis and Wassarman, 1980). In this article, we
review DNA fork.movement rates only in mammalian cells.

Copyright © 1982 by Academic Press. Inc.
All rights of reproduction in any form reserved
ISBN 0-12-364430-0



2 LEON N. KAPP AND ROBERT B. PAINTER
H. Methodologies

The first report on fork movement rates utilized DNA fiber autoradiography.
Cairns (1966), extending a technique he first used with bacteria (Cairns, %)63),
incubated HeLa.cells for 45 or 180 minutes with [3H]thymidine. The cells were
then lysed and the DNA was spread-out and coated with a photographic emul-
sion. After a sufficiently long exposure time, the emulsion was developed, and
the tracks produced by the radioactively labeled DNA were measured. Cairns
found that a 45-minute labeling time produced labeled DNA lengths ranging
from 10 to 30 wm, whereas the 180-minute labeling time produced lengths -
ranging from 50 to 100 wm. Thus, human DNA appeared to have replicated ata
rate of 0.5 wm/minute or less.

_Subsequently, other workers improved the DNA fiber autoradiography tech-
nique to obtain more precise results and more information about DNA replica-
tion. Huberman and Riggs (1968) first pretreated cells with fluorodeoxyuridine
(FUdR) before labeling with [*H]thymidine. The FUdR depleted the cells of
DNA thymine precursors, so when [*H]thymidine was added later it became the
sole source of thymine for DNA replication. This led to an abrupt start of the
labeled segment of DNA as well as a higher specific activity of thymidine, thus
producmg heavier grain tracks in the fiber autoradiograms. Another innovation
used by Huberman and Riggs was to label cells first with [*H]thymidine with a
high specific activity followed by [*H]thymidine with a low specific activity.
This resulted in a high grain density track followed by a low grain density track.
These variable grain density tracks allowed the findings that (1) replicons are
arrayed tandemly (i.e., linearly or sequentidlly) along the DNA fiber, (2) many
replicons on one fiber are of uniform size, and (3) DNA fork movement rates can
be measured within each replicon. Huberman and Riggs reported that fork move-
ment rates ranged from 0.5 to 2.5 pm/minute in CHO cells.

Recently, Yurov (1980) attempted to increase the information obtained by
fiber autoradiography by isolating single labeled cells on microscope slides and
then lysing the cell in situ. The resulting fiber autoradiograms then represented
DNA from only one cell, thus allowing analysis of DNA replication in one
nucleus. Examples of fiber autoradiograms are shown in Fig. I.

The advantages of DNA fiber autoradiography in examining DNA fork move-
ment rates are that (1) single DNA chains are resolvable, (2) information can be
obtained about replicon sizes, and (3) information can be obtained about relative
times of replicon initiation. It should be noted that this technique was also-used to
show that DNA replication occurs bidirectionally (Huberman and Riggs, 1968).

Limitations of this technique are: (1) Nonrepresentative sampling. Since the
average mammalian cell contains approx. 10° replicons and ~most - auto-
radiographic data represent 150300 tracks, only a very small percentage of the
replicating DNA is represented. (2) Low resolution. The limit of resolution in
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FiG. 1. Autoradiograms from mouse L5178Y cells. (a) Thirty-minute pulse-labeling. Fibers
show. tandem arrays of replicons. (b) Labeling with high specific activity [*H]thymidine (hot.pqlse)
for 30 minutes followed by labeling with low specific activity [*H]thymidine (warm pulse) for 30
minutes. The two dense unbroken tracks represent the origin regions of replicons that initiated
operation after the ‘beginning of the labeling period (i.e., a postpulse figure), whereas the gap
represents the origin of a replicon that initiated operation before the beginning of the labeling period
(i.e., a prepulse figure). The dense areas are the result of labeling by high specific activity
[3H]thymidine, whereas the lighter trailing tracks represent the DNA labeled by low specific activity
[*H]thymidine. The direction of replication was from the high to low specific activity areas. () A
comiet of tangled DNA. This may represent DNA from one cell or a portion of one cell. To meadure
the fiber lengths, it is necessary to find a region of the slide or comet where the tracks are sufficiently
clear and separated. These autoradiographs were provided by S. Sawada, Kumamoto University,
Kumamoto, Japan. i ~
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DNA fiber autoradiographs is reported as 1.5-5 pm (Huberman and Riggs,
1968; Ockey and Saffhill, 1976). For a cell with an average fork movement rate
of 0.5 pm/minute incubated for 30 minutes, the error of resolution in the result-
ing DNA fiber auioradiogram would be 10 to 30%. Longer pulse times could
reduce this error, but when pulse times become too long, adjacent replicons fuse,
making fork movement rates unmeasurable. (3) Coincidence counting problems.
All tracks scored may not be from separate DNA fibers. Despite these shortcom-
ings, DNA fiber autoradiography -is the most commonly used technique for
examining DNA fork movement rates in mammalian cells and, when carefully
performed, gives consistent and valuable information.

Several ultracentrifugal methods have been used to estimate DNA fork move-
ment rates. These methods utilize the distribution of DNA along a gradient in an
ultracentrifuge tube. The gradient can measure differences in molecular weight
or differences in density, and these differences are used to calculate DNA fork
movement rates.

Lehmann and Ormerod (1970) calculated DNA fork movement rates by exam-
ining the sedimentation of labeled DNA on alkaline sucrose gradients. They
incubated mouse L5178Y cells with [3H]thymidine for various lengths of time.
The cells were next.exposed to X rays to introduce random breaks into the DNA,
lysed on the top of a 5-20% alkaline sucrose gradient to release single-stranded
" DNA, and then centrifuged. From the resulting distributions of the labeled DNA
on the gradients, the average molecular weights were computed. By labeling the
cells for different lengths of time and observing the change of the average
molecular weights in the resulting gradients, the DNA replication fork movement
rate was calculated. Similar approaches, utilizing the increase in DNA molecular
weights as observed by sucrose gradient centrifugation, have been used by sever-
al other workers (Lanotte et al., 1977; Laughlin and Taylor, 1979) to calculate
fork movement rates (Fig. 2).

Painter and Schaefer (1969, 1971) utilized mcorporauon of [*H]thymidine and
unlabeled bromodeoxyuridine (BUdR) in sequential pulse-labeling and. CsCl
equilibrium density gradients to measure DNA fork movement rates. With this
technique, cells were first incubated with [*H]thymidine for a short time (10 to
30 minutes), followed by incubation with BUdR for 1 to 2 hours. The DNA was
"then isolated and sheared, and one aliquot was analyzed by velocity sedimenta-
tion to determine the average molecular weight of the sheared fragments. A
second aliquot was analyzed on CsCl equilibrium density gradients to determine
the fraction of DNA that was distributed on the heavy side of the normal-density
DNA, i.e., that which contained molecules that had *H at one end and BUdR at
the other. From this shift, DNA fork movement rates were calculated using
published equations (Painter and Schaefer, 1971; Roti-Roti and Painter, 1977)
(Fig. 3).

More recently, Povirk and Painter (1976) pulse-labeled cells with [*H]BUdR
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Fic. 2. (a—e) Alkaline velocity sedimentation profiles of pulse-labeled nascent DNA segments
from CHO cells blocked by hydroxyurea at the beginning of S phase until 14 hours after division. The
pulse times were (a) 4 minutes, (b) 8 minutes, (c) 12 minutes, (d) 16 minutes, and (¢) 20 minutes.
Each pulse was terminated by submerging the cultures in SSC (0.15 M sodium chloride, 0.015 M
sodium citrate) at 0°C. The cells were lysed at 0°C with standard lysing solution containing 500 g/
ml proteinase K. The DNA from these lysates was denatured and then sedimented in alkaline Nal
velocity gradients 9 hours after lysis. The gradients were centrifuged at 20,000 rpm for.an w?f of 10!
rad?/second. The vertical arrows indicate the position of the center of the T7 marker DNA bénd. The
T7 DNA included in these samples sedimented in each case as expected for a homogeneous popula-
tion of phage-sized DNA molecules. Sedimentation was from left to right. Reprinted from Laughlin
and Taylor (1979) with the permission of the authocs and Springer-Verlag, Inc.

for short times, and then exposed them to several fluences of 313 nm light.
Under the experimental conditions used, the only breaks induced in the DNA
were caused by the action of the 313 nm source on the BUdR-substituted residues
in the DNA. The cells were then lysed on the top of an alkaline sucrose gradient
and centrifuged. The resulting DNA gradient profiles showed that increasing the
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exposure to 313 nm light caused an increased shift of the labeled DNA toward
low molecular weights. This shift can be quantified and used to estimate the
length of DNA labeled with BUdR. Dividing the length of labeled DNA by
incubation time with [3H]BUdR yields the average fork displacement rate (Fig.
4).

Other techniques or variations of some of the described techniques‘have also
been used to calculate fork movement rates. For example, Planck and Mueller
(1977a) labeled cells briefly with BUdR, and then with ]*H]thymidine, and then
exposed the labeled cells to 313 nm light. The light ruptured the DNA at the
BUdR-labeled regions and released the *H-labeled DNA. The [3H]thymld1ne
incubation times were varied and the growth of labeled DNA chains was ana-
lyzed by velocity gradient sedimentation. Taylor (1968) used variable incubation .
times with [PH]JBUdR and estimated the ratio of 3H in completély substituted
DNA to that in partially substituted DNA as a function of incubation time. The
rate of fork movement was estimated from the changes in this ratio. '

Gradient methods have the advantage of speed (most determinations take only
1 to 5 days) when compared to autoradiography, which often requires developing
times of up to 1 year. In addition, gradient techniques also yield results that
reflect an average of all the replicating DNA in the S phase cells. However, they
give no information about distributions of fork movement rates within a cell.

Several workers have directly compared various techniques for measuring fork
movement rates. Laughlin and Taylor (1979) compared an alkaline velocity
gradient method with fiber autoradiography in CHO cells. The -alkaline gracient
method gave an estimated fork movement rate of 86 to 0.6 pm/minute. Fiber
autoradiographic data from the same cells were in excellent agreement with the
sedimentation results, indicating that two independent techniques can both result
in the same findings.

In another comparison of sedimentation and autoradiographic techniqucs,
Richter and Hand (1979b) measured fork movement rates in monkey CV-1 cells.
Fiber autoradiography gave a value of (.56 wm/minute, whereas the equilibrium
density method described by Painter and Schaefer (1971) gave a value of 0.36 to

FiG. 3. CsCl equilibrium density gradient profiles of HeLa S3 DNA labeled for 30 minutes with
[*H]thymidine and then for 2 hours with BUAR and sheared (upper panel) to produce number-average
molecular welghl DNA (B) of 1.3 X 107 and fraction of [3H]DNA at densities greater than normal
(F) of 0.225 or sheared (lower panel) with ultrasound to produce B of 0.26 X 107 and F of 0.026. A,
3H radioactivity; O, '“C radioactivity (adjusted). The ultrasound F value is considered the minimum
possible and is primarily due to thymidine pool mixing of [3H]thymidine and BUAR. This is sub-
tracted from the F value for the 12,000 rpm shearing to give F,,. From B and F,, L, the average
molecular weight of DNA labeled during the pulse with [3H]thymidine, can be estimated. Since
about one-twelfth of the total DNA must be synthesized in 30 minutes (S period = 360 minutes), the
‘total number of sites replicating DNA' = DNA molecular weight per cell/12 X L. Reprinted from
Painter and Schaefer (1969) with permission of the authors and Academic Press, Iric.
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Fic. 4. Alkaline sucrose gradient profile of DNA from pulse-labeled E-11 human diploid cells
that were exposed to various fluences of 313 nm light, lysed on a 5-20%. alkaline sucrose gradient,
and centrifuged. Cells were exposed to 0 (O), .60 (@), or 180 (CJ) seconds of 313 nm light. Such
gradients allow calculations of parameters that can be used to estimate fork movement rates. Re-
printed from Kapp and Painter (1978) with permission of the Biophysical Society.

0.38 wm/minute. Richter and Hand concluded that the equilibrium density meth-
od provided an objective measurement of fork movement rates, although it
underestimated the actual rate. However, if these authors had used the equi-
librium density gradient method exactly as described by Painter and Schaefer
(1969, 1971) (one necessary step was omitted), the results from the two methods
would have been in closer agreement.

Kapp and Painter (1979) compared two sedimentation techniques: the equi-
‘librium density method of Painter and Schaefer (1971) and the BUdR-313 nm
photolysis method described by Povirk and Painter (1976). It was found that for
asynchronous CHO. cells, both techniques gave the same average value and range
" “(about 1 wm/minute). The same methods were used with synchronous CHO
populations and resulted in the same conclusions: a constant rate of about 1 um/
minute throughout S phase. Rates in synchronous HeLa cells were also measured
using the BUdR-313 nm photolysis method and a 2- to 3-fold increase in rate
from early to late S was found. This confirmed the earlier report of Painter and
Schaefer (1971) for HeLa cells using the equilibrium density method. From this
work, it appears that different sedimentation techniques using different ap-
proaches can be in excellent agreement. )

The work discussed above indicates that most of the techniques currently in
use give comparable results. Therefore, it appears possible that the reported
variations in fork movement rates actually are due to differences in the rates in
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different cell types or in the same cell type under different culture conditions,
rather than to inappropriate techniques.

To examine this question in more detail, Kapp and Painter (1981) split a single
cell culture into two equal subcultures and measured fork movement in them
using the BUdR-313 nm photolysis method. All measurements were made in
duplicate, portions of each cell culture being run in separate centrifuge rotors.
The idea was to determine, when cell cultures were as identical as possible, how
much variation in fork rate measurements was inherent in the experimental
techniques. There was less than 10% variation between the most extreme values
in this set of measurements. However, under normal experimental conditions,
rates measured in any single cell type vary by about 30%. Again, these results
suggest that the differences measured with different techmques are largely due to
variations in cell types or culture conditions.

III. DNA Replication Fork Movement Rates - °

DNA fork movement rates have been examined in a wide variety of mam-
malian and human cells (Tables I and II). The values shown in the tables are the
average values reported in the papers. As mentioned above, large variations were
seen around the mean values in most of the reports. Since not all means and
variances were shown in the same manner, they are omitted in the tables for the
sake of uniform presentation and comparison. In addition, some reports discuss-
ing fork movement rates presented comparisons but did not present data on actual
fork movement rates, and thus are not listed here (Wickremasinghe and
Hoffbrand, 1979; Giannelli et al., 1977; Hand, 1975a). '

For human cells (Table I) the population mean and standard deviation is.0:60
* .021 wm/minute. For other mammalian cells (Table II), it is 0.75 * 0.33 pm/
minute. Considering the variety of cell types, culture techniques, and measure-
ment techniques, this is a surprisingly narrow range. In contrast, fork rates in
bacteria are reported to be up to 15 pm/minute (Cairns, 1963), and workers
examining amphibians have found relatively low values of 0.02 pm/minute
(Hyodo and Flickinger, 1973).

A. Fork RATEs IN HuMaN CELLS

Kapp and Painter (1981) measured fork movement rates in 20 human cell
types using a single technique (BUdR—313 nm photolysis) and uniform culture
‘conditions. The overall mean fork rate was 0.53 = 0.08 pwm/minute (population
mean and population standard deviation). For individual cell types the means and
standard deviations were much larger. For example, GM637, an SV40-trans-
formed cell line, had an average fork movement rate of 0.75 + 0.20 wm/minute,



