DNA replication:
the 30th anniversary of the bacterial

model and the

‘baby machine’

[Hirst met Charles E. Helmstetter {"Chick’
to all who knew him back then) in July
1963, when we both arrived in Copenhagen
for postdoctoral studies in Ole Maalpe's
lahoratory. He had come from the NIH
where he had been a postdoc In Don
Cummings® laboratory. There he devel-
oped a new methoed to synchronize bace
terla = the membrane-elution method,
or as it is now called, affectionately, the

490

‘baby machine’!, Helmstetter was In
Copenhagen to introduce this method
inte Qle’s lab and to study biosynthetic
patterns during the divislon cycle, Ole's
interest In synchronization was stimu-
lated by his assoclation with Max
Deltsruck and the Phage School®,

| had just graduated [rom the
Rockefeller [nstitute after four years with
Morton Zinder studying the growth and

hochemistry of 12, the male-specific RNA
phage. | had decided to go to Copenhagen
after reading the Schaechter-Maaloe-
Kjeldgaard papers. about which | have
written elsewhere?, | did not really grasp
the elegance of those papers in 1963 -
it took me nearly 30 years to finally
understand them?®,

Halmstetter's earlier PhD work at the
University of Chicagn was on the elfect of
UV light on bacteria during the division
cycle, At Chicago, the filter paper method
was used to synchronize bacteria®. A pile
of filter papers were placed in a holder, a
bacterial culture was filtered through the
papers and the initial filtrate was collected,
The smaller newborn cells were assumed
to trickle preferentially through the papers
and enrich the initial drops. Cells in these
drops were then resuspended in fresh
medium with a synchronized culture as
the assumed and expected result.
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Chick comtinued his bacterial syi-
chronization studies at the NIH where a
new technical development - the Coulter
Counter - propelled his work forward.
This electronic instrument counted and
sized bacterla quickly and accurately,
without requiring colony formation. As
it turned out, the filter paper method
did not really synehronize bacteria at afl,
Incorporation studies with the filtration
mvetlvod gave an exponential pattern for
thymidine synthesis during the division
eyele!, an experimental Indication that
ne selection or synchronization was
being perlormed by the filter papers. As
we were to eventually learm, the true
pattern of synthesis during the division
cycle is far from exponential.

Surprisingly, the eventual development
of the baby machine method for cell
synchronization was not based on the
principle of small cells filtering through
filver papers, but on an entirely different
principle, the growth of cells bound to
the filter. The idea that the cells were
growing in the fiter paper stack came
abiut during a chat with & few people at
a Biophysical Society meeting (includ-
ing Dave Freifelder and Phil Hanawalt).
Someone asked Chick how long the cells
were fiitered. He answered, ‘a few min-
utes'. Someone replied, ‘then they must
be growing in the filter’. The conver-
satbon did not go much further that day,
bt that night an event took place that is
reminiscent of Kekule's vision of snakes
rolling about with their tails in their
mouths (which was the famous inspk
ratkon for the structure of benzene). Chick
lay in bed in the dark hotel room and
stared al the ceiling. He began thinking
about things being attached to the ceil
ing and growing. For unknown reasons
he thought of chickens; if a hen were
attached to the ceiling, the eggs would
fall down. He realized this would be the
case with the cells, went back to the NIH
and did the experiment - long-term elu-
tion from a small stack of paper filters -
and it worked,

When the cells that were attached to
the filter papers divided, only newborn
cells were released by division. One
daughter cell remained attached to the
filter and the sister cell was released.
The final step in the development of the
baby machine was the change to a single
cefluloss nitrate membrane filter to which
the bacteria adhered after filtration.
This gave the best synchrony, and s still
the method used today!. Because only
newhorn “haby' cells are released from
the membrane, the method is called “the
baby machine'.

Ome of Ole Maaloe's main Interests
was macromolecular synthesis during
the division cycle. Ole had studied DNA
synthesis ten years belore, bat this work
was marred by a major artifact. Using
temperature-shock synchronization, (e
and Karl Lark found a DNA synthesis
pattern in prokarvotes similar to that
found in eukaryotle cells {a gap, then
DNA synthesis and then another gap),
Control experiments® (recounted in an
earlier history”) showed that this result
was not natural, but was caused by a
synchronization artifact.

We North Americans (there were five
of us) had a good year in Copenhagen.
Every afternoon tea was set out in the
library, whether of not vou showed
up, 30 we all planned our experiments
around tea time, And this is where maost
discussions took place. On Thursdays,
the lab attendant would approach a
postdoc and say ‘Har du penge™ - Do
you have the money? Someone was
obliged to pay for the Wienerbrod (Danish
pastry) for that day, Other discussions
took place in the little cafeteria over
frikadiller smerrebrod (Danksh hamburger
on buttered bread) and chocolate with
butter sandwiches.

But all good things soon end. After a
wyear, Chick sccepted a position at Roswedl
Park Memorial Institute in Bulfalo, |
moved o Hammersmith Hospital in
London, England, to William Haves'
Genetics Department. (In Copenhagen, |
became interested in the genetics and
hépchemistry of p-methionine use’, and
the Hayes' group was a superb bacterial
genetics lab.) Chick continued to work
on the membrame-clution method while
at Roswell. [ spent the year 1964-65 in
London, then moved to Tults Medical
School in Boston, USA, to work on pro-
tein synthesis with Kivie Moldave whom
I had met in Copenhagen.

Chick was not satisfied with his syn-
chronization procedure. At Roswell he
worked on every defail of the method.
He obtained special cabinets with heat
curtaing that allowed experiments to be
performed at a constant temperature
without a warm room. He booked at url-
dine, uracil and thymidine incorporation,
After two years, he came to the realiz-
atlon that his beloved baby machine

had problems. The baby machine still

perturbed cells. Even a slight change in
temperature led to measurable pertur-
bations in incorporation, and such
changes were certainly occurring on the
membrane. He put special thermocouples
on the membrane surface to measure
the surface temperature. He used dyes
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to analyse fluid flow across the mem-
brane surface, But in the end, the per-
turbations could not be eliminated.

In frustration, and unable to sbeep,
Chick spent another night thinking and
worrying about the method. He decided
that the method had failed. As with other
synchronization methods, his method
did perturb cells. What could he salvage
from the methed he had worked on lor
over five years? What could he change,
or modify? He gazed out the window to
the snowy landscape. He went over, in
his mind, all possible permutatbons of
the experiment. The usual experiment
was to put cells on the membrane,
coflect the cells and then label cells at
different ages. Hmmm! What il the cells
were labeled first, then put on the mem-
brane? He realized he had solved the
problem, The newborn cells that were
eluted from the bound cells would be
eluted in reverse age order at division.
The newbomns first off the membrane
after hinding would be from the oidest
cells in the culture (thase just about to
divide), With time, the newborns would
come from pownger amd younger cells.
Ry measuring the radioactivity per cell
in the eluate during elution, the radio-
activity incorporated into the original,
uniperturbed cells could be determined
as a function of cell age.

There was a standard “post-elution
labeling’ experiment planned the next
morning. Though tired from a sleepless
night, Chick went to the lab and told his
technician to change the protocol. Label
the cefls first, bind the labeded cells to the
membrane, and then analyse the radio-
activity per cell in the eluate, Although
the movie version would be better if the
experiment worked that morning, the first
experiment was a fallure because too
much radicactive thymidine was added.

The next day the experiment was ré-
peated with less thymidine, and it worked.
It worked heyond all expectations. The
plateaus and dips were clear, The DNA
replication pattern during the division
cycle was obvious. And he had a methof;
the backwards method was born®,

Chick wrote to me at Tults shortly after
perlorming this experiment. He explained
the results obtained with moderate- and
slow-growing cells, The graphs were ex-
tremely clear. At the beginning of elution
there was a clear 'dip’ in the radioactivity
per cell. These were slow-growing cells,
and the results indicated a synthetic gap
in the older cells of the diviskon cycle, a
‘G2-phase’ In eukaryotic terminology.

When | received the letter | was filled
with exciternent. | sat down and wrote a
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2o over to Roswell and work

DA replication patterns during the bacterial division cycle as onignally understood in 1965, A1 the left
ane the propased rates of thymidine incomaration for the chramasome configurations illustrated st the
fight. The rumbers sbove the chromosemes indicate the number of minules befare a diision,
Between 20 and B0-minute interdivision times (numbers in the rate diagrams), a round of reglication
takes 20 min, and the time beteean termination and cell division is 20 min. A complete descriplicn of

&0 30 10 Q 2

AT R on DNA replication?
Bl = Chick :Ed Just finished ana-
P 40 20 10 o lysing sbow-growing cells. He
. —y . ———— e had shown that the gap became
- # | more distinet at slower and
50 a0 20 10 [¥] slower growth rates, In the fast-
»—— —— 3 mp—— | ext :eﬂf- he studied, glucose-
minimal grown cells, there was
e a 4 _m_ 0 0 no gap. A round of replication
-y —p o = 3‘_____ —_— took 40 min. Serendipitously,
this explained (de’s control
a5 25 20 10 a experiments showing no gap

] _ in DA synihesis®,

——fF—- ] 43— —3 When | arrived, it was Jogi-
an 20 15 5 0 v:anllxmtlh nl:r"l-flwus that w: ought
e to look at laster growth rates.
— 4 3 :ti E{ We did the thymidine label-
25 20 15 4] ing on glucose-casamino-ackds
cells and the labeling pattern
—%-» E"_ i_-., 3—_—_-: was the same as in -f[l-?:jnule
20 . O | cells AhT.l We l.Ilmu:il.;ilﬁ“l:»ells
— —r grovwing slower than inute
t i:. E $ :':l:'_ doubling times would have a
¥ | £ap because the doubling time
was greater than the time for a

Figure 1

the cervation of these figures is given in Rel. 3,

43-page, handwritten letter (dated 14
January 1965, but obviously 1968) dis-
cussing the experiment (this was before
computers]). My first sentence read:
“Your last lefter was belated, long, excit-
ing, and if | may be allowed - brilliant’, I
continued, 'l think youw have hit on some-
thing that may make the “selectostat” fa-
mous and also answer some very inter-
eating questions’ (the *baby machine
name had not yet been invented and so |
did mot knew what to call it),

Most of the letter related to the segre-
gation problem, which at that time was
ane of the major problems in bacterial
growth, [ incheded drawings of different
segregation possibilitles, wrote about
different models, and analysed various
experiments with the pre-labeling method.
Besides the segregation problem, | wrote
about enzyme synthesis during the
division cycle®. | also speculated about
cell wall growth and drew a hypothetical
pleture of diaminepimelic acid (a wall-
specific label) incorporation during the
divizion cycle',

The amazing part of the story comes
with Robert Guthrie’s entry into the pic-
ture. Robert Guthrie was the developer of
the *Guthrie Test’, a test for phenyiketon-
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uria (FKLY) in newborn infants. Guthrie,
at the University of Buffzlo, had devel-
oped a simple test whereby a drop of
blood from a baby is placed on an ab-
sorbent card, the card is mailed to a
central laboratory, and a bacterial bio-
assay measures the presence of phenyl-
ketones. 0f a child were found to have
PEL, the child was given a special diet,

fow in phenylalanine, and mental retar-

dation was prevented,

In 1966, Kivie Moldave was offered a
position as Chair of Biochemistry at
the University of Pittshurgh, | decided
not to go with him but to ook for
another position. | answered an adver.
tisement In Science, and arranged to
meet Guthrie at the annual Biochemical
Soclety meeting. Because of my work
on methionine metabolism (begun in
Copenhagen, continued in London and
finished at Tufts), Guthrle felt that |
could extend the PEL test to other blood-
testable inherited diseases. And so |
moved to Bulfalo in the summer of 1966,
My office was temporarily occupled,
and I had & manth to kill before [ could
b fully at home at Childrens Hospital
where the PEL laboratories were lo-
cated. What else was there to do bt to

round of replication. With faster
growth rates, the DNA repli-
cation rate sped up so a round
of replicathon was equal to the
doubling time. This model pro-
posed that In 2-minute cells
the pattern of replication
would look exacthy like that of
the 40-minute cells; the time for a round
of replication would be 20 min rather
than 40 min.

That night | went home and wrote a
full paper describing the model. The
wonderful thing was that essentially all
the avallable data fitted the model. | was
able to fit the famous Cairns picture {an
autoradiograph of a single Eschenchia coli
chromoseme caught in the act of repli-
cathon), run-out experiments (determine
ing the amount of residual DNA repli-
cation following inhibition of protein
syiithesis), and all sorts of little pleces
of published data into the general
model. As it turned out this model was
not correct. All of this external data had
no ability to discriminate between the
model 1 wrote up that night and what
was eventually the correct model.

{4 course the only experimental result
that did mot fit was the most important
one, In what | have called ‘The Fumda-
mental Experiment of Bacterial Physiol-
ogy'™. Schaechter, Maaloe and Kjeldgaard
found a comtinwous variation in DNA
content as growth rate was varbed in dil-
ferent media. (| was lamiliar with this
experiment, because it was the one that
persuaded me to go to Copenhagen.)
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The DNA comieni was highest in fast-
growing cells and lowest ki slow-growing
cells, and each growth rate had a diller-
eaf DNA content. The model we first
consitlered had the same DNA content
for all cells growing faster than a 40-
minute doubling time.

Karl and Cynthia Lark had proposed a
model to explain the different DNA con-
tents in celis growing at different rates.
They proposed that glucose-grown cells
I two chromosemes replicating simul-
tanenusly, and that slower succinate-
grown cells had two chromosomes repli-
cating sequentialty!!. The Larks proposed
that the glucose-grown cells were ex-
pected to have more DNA than the suc-
cinate-grown cells, thus solving the DNA
content problem, As we wrestled with
this problem, it became apparent that
the Larks’ model had identical DNA
contents in both glucose- and succinate-
grown cells. Twe chromosomes repll-
cating simultaneously throughout the
division cycle had the same cellular
DA content as cells with two chramao-
soanes replicating sequentially.

Ower the next [ew days, Chick and |
continued doing experiments at other
growth rates, As the method was im-
proved, and as results became sharper,
we noticed a ‘peak’ near the step in in-
corporation. As we now understand it
thiz peak was a result of multipbedork
replication. Careful analysis of the results
inficated that there was a constancy in
time between the termination step and
division and a constancy between injtl-
ation and termination. | rewrote the
paper, using the same external data. o
progeose a constant 40 min for a round of
replication (C period) and a constant
0 min between termination and divishon
(D pertod), Cells growing faster than
fminute doubling times had periods
with multipbe forks for DNA replication,
The patteris of DNA replication during
the division cycle are dlustrated in Fig. 1.
Threse years earlier, at a cafeteria lunch
in Copenhagen, | heard Ole talk about the
rumored results of Yoshikawa and Sueoka
on multi-fork replication in Baciflus sub-
rlis'*; this result certainly akded in
understanding the £ colf results.

Now the [un began, | estimate that we
went through approcimately 33 drafts
of the two papers thal were eventually
published in the Jourmal of Molecolar
Riology'%, Drafts went hack and forth
each day —without the benefit of Emall or
fax machines, Chick’s attention to detail
matched mine, and together we worked
on every word. [ redid DNA measure
ments to determine the molecular welght
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Photograph from the 1968 Coid Speing Harbor Symposium on Replication of DNA in
Microorganisms, Fronl row: K. G Lark, M. Schasechter, 5. Cooper, 0. Maaigy; Back row,
P Hanawalt, ). Clark, C. Levintnal, ). Watson, P, Muempel, C. Helmstetber, D Glaser

of the £ cofi penome. As it turned out,
the results were remarkably close 1o the
current value based on the DNA se
quence. This indicated that the constant
C and D model was correct, that the
chromosome configurations we drew
{Fig. 1) were correct. and furthermore,
that the membrane-elution method
coukd be used to determine synthetic
patterns during the division cycle.

| began experiments on the shidt-
up (the other part of the “Fundamental
Experiment”), looking at DNA replication
patterns as ocells were shifted from a
slow-growth medium to a fast-growth
medium, Because the Coulter Counier
allowed many more experiments to be
performed, the ratemaintenance phe-
nomenon ohserved by Schaechter,
Maalee and Kjeldgaand (continuing the
pre-shift rate of ool division for 60 min
alter shift-up) was confirmed for many
different shift-up combinations, The con-
plexity of the thymidine incorporation
during a shift-up was difficult to fathom
until | began a computer anabysis with
Steve Margolis, in which we simulated
the shilt-up conditions using the con-
stant € and [ periods and the constant
initiation mass modet™, Plotting the re-
sults revealed an amazing result. At
60 min of elution (a C + D period), there
was always a drop In radioactivity per
cell from the cells eluted from the baby
machine. The explanation became clear.
We didd not need the computer any
more, Hale maintenance was explalned
by the Invariant Cs and Ds even during
a shift-up. Mewly inserted replication

points could not determine a new cell
division until at least & C + D period
{60 min) had passed™,

The papers we published broke
paturally inte two parts. The first paper
dealt only with the observed pattemn of
DA Incorporation during the division
cycle; there was a minimum of interpre-
tation. The second paper interpreted the
incorporation data with chromaosomal
replication pattems. In this second paper,
the DA contents | had measured were
used to calculate the molecular welght of
the £ coli genome. This molecular weight
calculation was dope n the simplest
and most straightforward way possible:
the amount of DNA was determined for &
known number of bacterial genomes,
giving the molecular welght directly.

Our papers were published in 1965
(Refs 13, 14) and later that year we pre-
sented  a paper at the Cold Spring
Harbor Symposium', In that Sympaosium
paper, a major generallzation was un-
veiled, as we reported the remarkable
relationship of our C and D periods to the
cukaryotic 3 and G2 periods. As growth
rates varled, the C and D periods, and
the 5 and G2 periods in eakaryotic cells,
remained constant. This was the inftial
finding that led to the continuum
model? =1 abowt which more  next
year, its Jth anniversary.

Although | left Buffalo in 1570 to
move 1o the University of Michigan, the
collaboration begun In 1966 or even in
1963 sl continues. This year ks the 30th
anniversary of the initial description of
the baby machine and the pattern of
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DNA replication in slow-growing cells®.
That result, and in particular the back-
wartls membrane-ehstion method, gener-
ated many other results. Some are well
known and appreciated; others are not
well known. The segregation problem
was illuminated by the haby machine as
wiet fiow know that individual BNA strands
segregate nonrandomly at division™ In
addition, the patters of cell wall synthe
sls during the division cycle (also a tapic
of that first letter over 30 years ago) was
worked out and understood using the
membrane-elution method™. The same
method was used to solve the contro-
versy over the pattern of cell growth
(linear or exponential)i®2, and to clarity
the pattern of segregation of the major
cellular components™. Most interesting,
the problem that started the entire cob-
laboration, the segregation probiem, was
advanced by two separate membrane-
elution approaches?-2,

The most lasting effect of that time In
Buffalo was having the feeling for a
while that we were the only people in
the world who knew something that no
one else knew. | think it was best de-
scrited By Albert Einstein who, upon
gaining the insight of his General
Theary of Relativity in 1915, sabd that
‘something snapped Inside me'. | too
can say that [ have felt that 'snap’, Even
after 30 years | remember that feeling
with joy and excitement. Yet best of all, [
remember the wonderful collaboration
that | had with my long-time friend and
assaclate, Chick Helmstetter,

A Zaritsky, W Hiavacek, and
D. Kirschner made numerous stylistic
suggestions that improved this history.
C. Helmstetter was helphul In musing
about what happened many years ago.
And my wife Alexandra, as ever, was a
wonderful editor to work with on this
labor of e,
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