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Comparison of forward and backwards methods
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1. INTRODUCTION

We tend to look at hfe as a progression from
youth to old age. This 1s reflected in our study of
the bacterial division cycle, where newborn cells
have an age of 0.0 and progress through the
division cycle, finally dividing at age 1.0. There
has been much effort expended in determining the
rate and pattern of biosynthesis during the divi-
sion cycle, and synchronization of cells has been
the most common method for cell cycle analysis
{1}. Synchromization may be called a forward
method, as it directly reflects the increase in cell
age in the usual manner; a synchromzed popula-
tion is one in which all cells are the same age
during the division cycle. The rates of synthesis of
various molecules during the division cycle may be
obtained by taking from cells of all ages
from newborn to dividmng cells. Although there
has been a great deal of work on synchromzation,
1 am unaware of any generally accepted result
analyzing the division cycle that was discovered
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using synchronized cells. Rather, the one aspect of
the division cycle that 15 generally accepted, the
pattern of DNA replication during the division
cycle, was discovered using a non-synchrony
method. Hel ter'’s backwar ane
tion method (‘the baby machine’) [2]. The mem-
brane-elution method 1s not a synchrony method.
The cells eluting from the membrane are all new-
born cells, and therefore the membrane-elution
method produces a synchronized population. The
membrane-elution method yields the best results,
however, when prelabeled cells are placed on the
membrane and newborn cells are eluted from the
attached cells and analyzed without further growth.
The pattern of mcorporation during the division
cycle 1s denved from the radioactivity eluted with
the newborn cells. The newborn cells come off the
membrane 1n a particular order; the first newborn
cells eluted come from the oldest cells of the
labeled population and with time the newborn
cells descend from cells that were younger and
younger at the time of labehng. Since this older-
to-younger order is not usual way the diwision
cycle is considered, the membrane-elution method
1s referred to as a backwards method. Growth of
the newborn cells is not required; thus there is no
synchronized culture to be analyzed.




Is there something about the backwards ap-
proach that may be better than the forward, syn-
chrony, approach? 1 beheve there 15 a difference,
and I would like to present an explanation of why
backwards methods may be inherently better, at
least for the analysis of events that are more
closely correlated with cell division rather than
with cell birth

2. THE HYPOTHESIS

Assume that there 15 no perturbation of the
cells by the techruque used to produce the syn-
chronously dividing population. Also assume that
compared to the vanability mn cell interdivision
umes, the C period (the time for DNA to rephcate
from the ongn to the terminus of the chro-
mosome) and the D period (the time between
termunation and cell division) are relatively -
vanant Thus 1s related to, but not equivalent to,
the observatien that the ume for the C and D
pernods are relatively mvariant over a wide range
of growth rates. In thus discussion we are looking
at a population of cells with vanable interdivision
times, and with relatively constant C and D pen-
ods. In Fig. 1 the charactenistics of such a popula-
tion are presented, with the cells aligned at divi-
sion or at birth. When the cells are aligned at
division (Fig 1, panel 1), DNA synthesis is shown
1o tmtiate and terminate at a constant time before
cell division. When the cells are aligned at birth
(Fig. [ panel 2), the ume periods between birth
and the imtiation of DNA synthesis are variable.

Consider a population of newborn cells that
grow synchronously for one generation. The syn-
chronized culture is produced by a physical sep-
aration of the smallest cells from the population,
or by the selecuon of newborn cells from cells
bound to, and growing on, a membrane. The rate
of DNA synthesis dunng the division cycle can be
determined by pulse-labeling this synchronized
culture with radioactive thymudine at various times
during the division cycle. The expected pattern of
mcorporation, and 1ts interpretation in terms of C
and D values, is shown mn Fig. 1 (panel 3). Mea-
suring the rate of DNA synthesis during the divi-
sion cycle of a synchromzed population with a
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Fig 1 Graphic of a h and a
membrane-clution experiment The uppermost panel illustrates
a culture with six representative cells with vanable interdivi-
sion times (IDT) and nvanant C and D penods (40 and 20
nun respectively) [n panel 1 the cells are ahigned at division
The celi with the shortest interdivisson ume also has the
shortest ume between birth and the imtatton of DNA synthe-
s1s (The peniod of DNA synthesis 1s indicated by the shaded
areas ) Panel 2 shows the same cells ahgned at birth 1n an 1deal
synchrony expenment The rate of DNA synthesis 1s de-
termined during the growth of thus synchronized culiure and
the results are seen in panel 3 There 1s a spread n the time at
which cells divide, this gives the cell number curve (a). The
observed pattern of thymid P . & of
DNA synthes:s, 1s shown n curve {(b) This curve 15 obtamned
by looking at panel 2 and noting the number of cells in the
orngmal popul that are DNA at any particu-
lar ume The C and D penods can now be obtained by
measurtng the times from the nudponts of the nises and falls in
the DNA labeling curves to the mudpomnt of the nse n cell
number In the fourth panel we see the result of a membrane-
elution expeniment The cell number curve (¢) 1s not perfectly
sharp due to the vanability in cell mterdvision times In this
expenment the cells are pulse-labeled before being put on the
membrane and the amount of label per cell eluted from the
membrane 1s determmed and plotied (d) Because there 1s no
vanablity m the C and D penods, there 1s no slope i the
curve of radiactivity per cell n the eluate from the mem-
brane-clution experiment




variable time between birth and the start of DNA
synthesis can yield C and D values. Unfor-
tunately, one must esttmate the mud-points of
three sloping hines—the nse m the rate of DNA
synthesss, the decrease in the rate of DNA synthe-
s1s, and the rise n the cell number——mn order to
get the C and D values.

In contrast to synchromzed growth, the analy-
sis of the division cycle using the prelabeling-
membrane-clution technique gives a different re-
sult. The curves are sharper than in the synchrony
expeniment; this 1s because of the invanant C and
D periods 1n the ideahized example The nise and
fall in the rate of DNA synthesis, measured by
pulse-labeling the culture prior to placing the cells
on the membrane, does not require esimates of
the midpoints of the curves In this ideal exan.le,
one may measure the C and D periods mn a
backwards experiment (Fig. 1, panel 4) more easily
than 1n a synchrony expenment (Fig. 1, panel 3).
There would be a smoothing of the curves
subsequent generations of analysis, in either the
synchri on or the t fution experi-
ment. Yet whatever increase in vanation appeared
n later generations, the membrane-elution expen-
ment would always retain a sharper incorporation
curve. In reality the membrane-elution curves
would not be perfectly sharp as there 1s a fimte
labeling period as well as some variation in the C
and D periods. To summarnze the hypothesis
events that are relanwely constant 1 ume prior to
division will give sharper results when studied by
a backwards method such as the membrane-elu-
tion techmque

It should be pownted out that if the period of
ume from cell birth to the mubaton of DNA
synthesis were relatively constant, then forward
synchronizaton methods, rather than backwards
methods, would be preferred. The implicat pomt
of the analysis made above 1s that that 1s not how
the world 1s constructed. It 1s the tme for DNA
synthesis and the time between termunation and
cell division that are relatively constant, the re-
marning portions of the cell cycle are vanable.

The DNA pattern shown in Fig. 1 1s a relatively
rare situation. A period devoid of DNA synthesis
appears only in slow growing cells of some strains
[2]. As the growth rate increases, the gap penod
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decreases and fmally disappears. W.th faster
growth, imization occurs prior to cell division. The
same relationship of variabidity between cell birth
and the next mmtiation 1s also found at these faster
growth rates. The time between a particular cell
division and the prior termunations or mitiations
of DNA synthesis 1s relatively constant. Thus,
even at faster growth rates, this hypothesis holds

3. EXTRINSIC CONSIDERATIONS

It has been suggested that the membrane-clu-
ton method 1s prone to the same problems as
synchronization. Some behieve that the cells are
perturbed by filtration and binding to 2 mem-
brane, and some have argued that the order of
cells completnig division may be affected by the
membrane-clution method. No matter how filtra-
tion may change the physiology of the cells, all
that 1s required is that the bound cells divide n
order and that the radicactivity, once incorpo-
rated, 1s not released by the cells. That the pattern
of DNA synthesis has been determined by the
membrane-elution method supports the hypothe-
sis that backwards methods are supernior. The cell
elution curves [2] demonstrate that the order of
elution of cells from the membrane 1s not per-
turbed

There 15 another advantage to the membrane-
elution method In a synchronzation experiment
one must start and stop labeling a number of
times during a synchromzed cycle of growth. With
the membrane-elution method, label 1s added only
once and stopped stmultaneously 1n all cells This
single labeling period may also account for some
of the succes of the backwards membrane-elution
method

4 ADDITIONAL SUPPORT FOR THE HYPO-
THESIS

Many laboratories find 1t possible to get a
measurement of the C and D perniods using the
backwards membrane-elution expertment while no
clear determinations of C and D periods could be
obtained with the synchrony approach. This sup-
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ports the hypothesis that the backwards mem-
brane-elution approach 1s preferable to the for-
ward synchrony method. One published example
of this 15 the work of Helmstetter and Pierucci [3].
Another example 1s the apparent inabihty of syn-
chromzation method [4] to reveal slight deviations
from exponentiality in cell wall synthesis that
were obtammed using the membrane-clution ap-
proach [5] In addition, the classic shift-up exper-
ment of Kjeldgaard et al. [6] indicated a sharp
break 1n the rate of cell increase following a shift.
Thus sharp increase, subsequently confirmed using
electronic cell counting and a number of different
shifts [7), imphes that C and D periods are rela-
tively invariant mn a population. The historical fact
that a backwards method, the frequency-of-
labeled-mmtoses method, was successful in de-
termming the phases of the eukaryotic cell cycle,
again supports the hypothesis that backwards
methods may be superior to forward synchrony
methods.
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