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The potassium, calcium, magnesium, and zinc ion content of cells in exponen-
tial and synchronously growing cultures of Escherichia coli B/r was determined
with an X-ray fluorescence spectrometer and an atomic absorption spectropho-
tometer. Cellular potassium, calcium, and magnesium content increased
smoothly during the cell cycle, but cellular zinc showed a steplike increase about
10 to 15 min after cell division in a culture having a doubling time of 47 min. The
possible role of cellular zinc in the control of cell division is discussed.

Studies of the control mechanism of cell divi-
sion in the last decade were done mainly on the
sequence of events such as the synthesis of
macromolecules (4, 7-9, 16, 28, 37, 51) and the
doubling of enzyme activities (1, 9) in the cell
cycle. The initiation of deoxyribonucleic acid
(DNA) synthesis has been considered to be one
of the most important control processes in the
cell cycle (16), but control of some small mole-
cules and ions is also of great importance for
cell growth. Metal ions, although constituting
only about 4% of the dry mass of cells of Esche-
richia coli (24), play an important role in enzy-
matic functions and general cellular physiol-
ogy. Potassium ion is the most abundant cellu-
lar cation under normal growth conditions. Ep-
stein and Schultz (10) found that potassium
ions act as osmotic regulators. K* (23) and Mg?*
are essential for cellular protein synthesis.
Mg?* is also well known for its role in the
maintenance of the intact structure of ribo-
somes. Relatively little was known about the
physiological role of Ca?* in E. coli until the
work of Silver et al. (43), who recen@ly investi-
gated calcium transport in E. coli and Bacillus
subtilis. Zn?* has been found in various metal-
loenzymes in E. coli; it is important for the
assembly and activity of alkaline phosphatase
(32, 47), and the regulatory activity of aspartate
transcarbamylase (31). DNA polymerase I (44,
45) and DNA-dependent ribonucleic acid (RNA)
polymerase (40) in E. coli, the DNA polymerase
of phage T4 (45) and chicken embryos (36, 46),
and the reverse transcriptase of RNA viruses
(22) are zinc metalloenzymes.

Because of the importance of various cations
in cell growth in protein synthesis, in the regu-
lation of intracellular osmotic pressure, and in
the function of important enzymes, we wished

! Present address: Cetus Corporation, 600 Bancroft Way,
Berkeley, Calif. 94710.

to determine if some class of cations might play
a central role in the process of cell division and
DNA replication. The content and transport
systems of cellular cations including potassium
(11, 38), magnesium (32, 41), calcium (35, 43),
zinc (3), iron (14, 21), and manganese (42) in E.
coli and some other microbial systems (5, 6, 43,
49) have been studied. But it is still unknown
how cells double their ion content in the cell
cycle. As an initial step, we determined the
levels of K*, Ca**, Mg?**, and Zn?* in synchro-
nously growing cells of E. coli B/r. We used an
X-ray fluorescence spectrometer and an atomic
absorption spectrophotometer to measure these
ions. In determining the pattern of increase of
cellular ions during the cell cycle of E. coli, we
found that levels of K*, Ca?*, and Mg?* in-
creased very smoothly during the cell cycle, but
Zn?* showed a steplike increase about 10 to 15
min after cell division.

MATERIALS AND METHODS

Bacterial strain. DG336, a histidine-requiring de-
rivative of E. coli B/r HB60 (from H. Boyer), was
used for all our experiments.

Medium and growth conditions. All cells were
grown at 37 C on a minimal salts medium (solution
K), which has been described (50); the pH was ad-
justed to 6.8 to improve synchrony. The medium
contains 0.60 mM K*, 0.60 mM Mg?**, 0.14 mM
Ca?*, and 0.012 mM Zn?*. Glucose and histidine
were added to final concentrations of 2 g and 25 mg
per liter of medium, respectively.

Synchrony. Cells were synchronized by the mem-
brane elution method invented by Helmstetter and
Cummings (15) and modified by Ward and Glaser
(48). Cell number and volume were determined by a
Coulter counter with 30-um orifice (50). The cell
volume distribution is displayed using a 256-channel
pulse-height analyzer and recorded on magnetic
tape for later analysis. Since the channel number is
closely proportional to the cell volume, we multi-
plied each channel number by the number of bacte-
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rial pulses in the channel and took the sum of these
products divided by the total number of cells in the
channels used to compute the relative mean cell
volume. We found that the time taken for the rela-
tive mean volume of cells to double was the same as
the time required for the peak of the cell size distri-
bution to move from the lower to the upper bounds of
the distribution of channels. When the peak reaches
the upper bound of its range, one-third to one-half of
the cells have just divided. The rate of DNA replica-
tion was measured by the rate of incorporation of
[methyl-*H)thymidine (obtained from New England
Nuclear Corp., Boston; 50 Ci/mmol). Synchronous
cells were pulse-labeled for 4 min at 5 uCi/ml. A
0.05-ml portion of culture was then spread onto a
trichloroacetic acid-impregnated sheet of Whatman
3M filter paper ruled in a 3-cm-square grid. The
sheet was dried and washed twice in ice-cold 5%
trichloroacetic acid, once with ice water and boiling
water, and twice in 95% ethanol. After being dried,
the filter paper was cut into 3-cm squares, and each
square was placed in a scintillation vial with 17 ml
of toluene and Permafluor (from Packard Instru-
mento., Inc., Downers Grove, Ill.) and counted in a
scintillation counter (Nuclear-Chicago Corp., Des
Plaines, Ill.).

Ion determination. Aliquots of a synchronously
growing culture (physiologically in log phase) were
filtered onto a Nuclepore filter paper (pore size, 0.45
um, obtained from Wallabs, San Rafael, Calif.) and
washed with 4 ml of warm wash solution. The Nu-
clepore filters were used in preference to cellulose
nitrate filters because the former filters have much
less mass. Since the mass of the sample contributed
to the background in the X-ray fluorescence mea-
surements, a filter of smaller mass allows a higher
sensitivity for ion determination. These filters also
have a very low level of contaminating ions.

In earlier experiments, filtered cells were washed
with sucrose solutions. Although washing with wa-
ter alone results in leakage of ions, washing with 0.3
M sucrose prevents this loss. The solution was read-
ily freed of contaminating ions by the same methods
used for deionizing the water as described below.
Control experiments showed that washing with a
slightly hypertonic sucrose solution (compared with
the calculated osmolality of growth medium) having
neutral pH resulted in a constant and stable level of
cations associated with filtered cells. The wash solu-
tion was made up of 0.3 M sucrose solution with
tris(hydroxymethyl)aminomethane (Tris) and
MOPS (morpholinopropane sulfonic acid) buffer at a
total concentration of 0.03 M and pH 7.2, unless
otherwise specified. In later experiments we
switched to glucose wash solution to reduce back-
ground from retained wash. Washing with glucose
gave the same results as washing with sucrose. Four
milliliters of prewarmed wash was enough to
achieve constant and stable results, usually in less
than 30 s. Using larger volumes of wash, up to 10 ml
(and more time), gave the same results. All water
used had been treated either by passing it through
an ion exchange cartridge (Scientific Products Inc.,
Evanston, Ill., ultrapure mixed resin) or a column of
Chlex 100 (Bio-Rad Laboratories, Richmond, Calif.,
100 to 200 mesh, sodium form).
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The filter paper was transferred to a plastic
holder to keep the filter flat when the X-ray fluo-
rometer was used for measurements. The holder was
then placed on an X-ray fluorescence spectrometer
(12) capable of measuring levels of all elements with
atomic number 19 (potassium) to 42 (molybdenum)
in one 16-min measurement. The data, which were
given as the number of counts for each energy level,
was then used to calculate the mass of each element
on the filters. Since this X-ray instrument cannot
detect magnesium, and the amount of cellular zinc
that could be put onto the filter paper is very close to
the detection limit of this machine, we used an
atomic absorption spectrophotometer for further
measurements of Zn?* and Mg?* contents. For this
purpose the filter paper was transferred into a poly-
propylene centrifuge tube. For magnesium determi-
nation, the filter papers were incubated in 1 N hy-
drochloric acid half-saturated with 8-hydroxyquino-
line (Oxine, obtained from Fisher Scientific Co.,
Pittsburgh, Pa.) overnight at room temperature (a
modification of the procedure of Lusk, Williams, and
Kennedy [25]), and then centrifuged. The magne-
sium content of the supernatant was determined
with an atomic absorption spectrophotometer
(model 303; The Perkin-Elmer Corp., Norwalk,
Conn.). Samples for zinc determinations were first
digested in concentrated nitric acid overnight, and
then diluted with deionized water. The zinc content
of this liquid was determined by using a graphite
furnace (Perkin-Elmer model HGA-2000) attached
to the same model of atomic absorption spectropho-
tometer. We define the ions associated with cells on
the filters as cellular ions regardless of their loca-
tions on or in the cell. The ion content can be ex-
pressed as the weight of ion per gram of dry cell
mass. Just as the synchrony of cell division is
graphed as the number of cells per 1 ml of culture
versus cell age, the contents of ion in the cell cycle
can also be graphed as the weight of ions in cells in 1
ml of culture versus cell age. The doubling times for
approximately exponentially increasing variables
plotted on semilog graph paper, derived either by
least-mean-squares fit or by a visually determined
best-fit straight line, were similar.

'

RESULTS

Cation contents in unsynchronized expo-
nentially growing cells. The results of the de-
terminations of K*, Mg?**, Ca?*, and Zn?* in
unsynchronized exponentially growing cells are
shown on Table 1. The values are similar to
those previously reported (also shown), except
for zinc. Different strains of bacteria and richer
medium were used in the previous zinc mea-
surements, and that probably accounts for the
differences in measured values for zinc.

Ion content of synchronously growing cul-
tures of E. coli. The synchrony of cell division
and DNA replication was measured as de-
scribed in Materials and Methods. Initiation of
DNA replication occurred about 30 min after
cell division (data not shown) in synchronously
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TaBLE 1. Ion contents in Escherichia coli®

mg/g (dry weight)
Epstein
Ion Bucheder
. and Lusk et
Thiswork  gehultz gl (25 2 Broda
(10)
K+ 12 18 14°
Caz* 2.3
Mg+ 2.8 2.4
Zn** 0.15 0.5

2 We used E. coli B/r, whereas all other workers
used E. coli K-12.

% Originally these values were expressed as con-
centrations (millimolar) based on the assumption
that 1 mg (dry weight) can account for 4 ul of cell
water.

growing cultures with a doubling time of 47
min. The cellular contents of K+, Ca?*, Mg?*,
and Zn?* in cells in 1 ml of culture at successive
stages of the cell cycle are shown in Fig. 1.
Cellular potassium, calcium, and magnesium
content increased smoothly with cell mass.
Within the limits of the measurement, we could
not distinguish between linear and exponential
increases of these three cations. Over several
experiments, the doubling time of K* ions was
49 + 2 min; of Ca?*, 48 + 2 min; and of Mg?*, 47
+ 1 min.

Epstein and Schultz (10) pointed out that the
level of cellular K+ was dependent on the osmo-
lality of the medium. To see whether the cellu-
lar potassium level changes when cells are
grown in a medium of higher osmolality, we
added sucrose to the medium to increase its
osmolality from 0.12 to 0.35. This caused the
cells to increase the amount of cellular K+ from
12 to 23 mg/g (dry weight). The Ca?* level also
increased slightly from 2.3 to 2.6 mg/g (dry
weight). The cellular content of K* and Ca?*
ions in milligrams per gram (dry weight) re-
mained constant with cell age throughout the
cell cycle (data not shown).

The level of cellular Zn** increased by steps
during the cell division cycle with a doubling of
cellular Zn?* occurring about 10 to 15 min after
cell division, but the exact doubling time of
Zn?** content was difficult to determine because
the experiment covered only one complete
jump. After the second division, synchrony be-
came much poorer, making the determination
of a doubling time for Zn?* more difficult. The
doubling times were estimated between the two
time points where the cellular Zn?** per milli-
liter was halfway between the two levels (be-
fore and after the Zn?* doubling). The doubling
time determined by this method was 50 + 3 min
over several experiments.

We wished to determine the physical location
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of Zn?* in the cell relative to the other cations.
Table 2 shows the results of a wash experiment.
A water wash osmotically shocks the cells,
causing the loss of soluble ions or relatively
small molecules such as amino acids (2). Such a
wash removed half the K+ and one-third of the
Ca?*, whereas all of the Mg?** remained. The
loss of Ca?* suggests that not all of the Ca?* is
bound tightly to the wall (as is the case for
nonsporulating Bacillus [43]), but that some of
it is in soluble intracellular form, in spite of the
possibility of the existence of active transport of
Ca?* out of the cells. The loss of Ca?* might also
be due to the flow of other cations leaving the
cell, some of which could exchange with the
Ca?* on the wall. This would be analogous to
the situation using an ionic wash solution, such
as the NaCl wash (Table 2). Mg?*, as has been
found by others (41), is removed from the cells
neither by water wash nor by ionic washes. The
behavior of Zn?* is similar to that of Ca?*, but
much less of the Zn** is removed with either an
ionic wash or a water wash. This result sug-
gests that some Zn** may be held tightly within
the cell in a fashion similar to Mg?*.

DISCUSSION

The content of cellular K* that we deter-
mined was close to that reported by Epstein and
Schultz (10) and Lusk et al. (25). The small
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Fic. 1. The increases of cell number (®) and cel-
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and zinc (V) in the cell cycle of Escherichia coli B/r
grown in minimal glucose medium.
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TABLE 2. Relative cellular ion contents after
different washes®

Wash
Ion
0.3 M su- Water (pH 0.3 M NaCl
crose (pH 7) 7.5) (pH 6.5)
K+ 100 54 93
Ca?* 100 67 46
Mg?* 100 100 100
Zn?** 100 82 61

@ All cellular ion contents have been normalized
to 100 after washing with 4 ml of 0.3 M sucrose
solution.

differences are probably the result of the differ-
ent strains used and differences in the osmolal-
ity of growth media. It has been found (29, 30)
that E. coli take up K* and excrete putrescine
when the osmolality in the medium is raised.
These two processes are found to be closely
connected and may be mediated by the same
transport system, which balances the electro-
chemical potential across the cell membrane.
Kubitschek et al. (20) found that in a synchro-
nous culture of E. coli, the rate of uptake of K+
is constant during cell growth and doubles si-
multaneously with the doubling of cell number.
The result of that change in rate would be a
linearly increasing level of cellular K+ during
the life cycle, with a doubling in slope at the
time of cell division. Our results are not suffi-
ciently precise to enable us to distinguish linear
from exponential uptake between cell divisions,
but we find that the K* level remains approxi-
mately constant relative to cell mass. Even
under conditions of higher osmolality in the
medium, the K* level increases smoothly, sug-
gesting that no leakage of ions occurs at cell
division.

The Mg?* level per cell mass in the cell cycle
also remains roughly constant. Mg?*, unlike
K*, has been shown to be tightly restricted
within the cell, presumably bound to macro-
molecules. A water wash results in no loss of
Mg?*, although losses of K*, amino acids have
been shown (2, 34). Even washing with an 0.3
M NaCl solution does not remove cellular Mg2+.
Using a plasmolysis technique and measuring
the high-frequency electrical conductivity of in-
tact cells of Streptococcus faecalis and Micro-
coccus lysodeikticus, Marquis and Carstensen
(27) found that most of the small ions in grow-
ing cells are free to move. These ions may con-
tribute to cytoplasmic osmolality. With their
technique, they could not tell which ions are
not free to move. Although Hurwitz and Rosano
(17) have reported that the freely soluble Mg+
inside the cell is proportional to that outside the
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cell, their measurement was of the Mg?* con-
tained in the high-speed supernatant of the
cells disrupted by passage through French pres-
sure cells. Clearly, they could be measuring
Mg?*, bound to those protein and nucleic acids
that are not part of ribosomes. Hurwitz and
Rosano found that a prolonged wash of cells
with Tris-EDTA (ethylenediaminetetraacetic
acid) solution after the cells were washed for 5
min in cold Tris solution removed 30% of cellu-
lar Mg®*. Apparently this Mg?* is associated
with high-molecular-weight substances from
which it can slowly diffuse if some very strong
chelating agents are present. They also found
that the ribosome-bound Mg?* was proportional
to the Mg?* concentration in the medium and
that the ribosome-bound spermidine level var-
ied inversely with extracellular Mg?** concen-
tration. It may be that no Mg?* leaks out when
washed by our sucrose solution containing no
Mg?* because the equilibrium between intra-
and extracellular Mg?* levels may take much
more time than the wash process, or it may be
that no cellular Mg?*, either free or ribosome
bound, can leave until some coupled reaction,
such as the synthesis of spermidine, has been
carried out.

Mg?* is clearly required for cell growth and is
associated with synthesis of DNA and protein.
Marchesi and Kennell (18, 19, 26) showed that
Mg?* starvation limits functional ribosome con-
tent and DNA synthesis in Aerobacter aero-
genes. Mg?* content within the cell could vary
during the cell cycle either independently or
alternating with one of the polyamines. This
hypothetical variation could be part of a control
mechanism related to the length of the cell
cycle, but since Mg?* content appears to be
quite constant during the cell cycle, fluctuating
no more than K*, it probably plays no impor-
tant role in the control of cell division. Recent
studies showed that the rates of synthesis of
both ribosomal RNA (7) and proteins (8, 37)
increase continuously and uniformly. Since ri-
bosomes bind most of cellular Mg?*, the mode of
increase of Mg?* in the cell cycle is very consist-
ent with the synthesis of ribosome in cell cycle.

Both K+ and Mg?* play definite roles in the
function of the cell, and both are actively trans-
ported into the cell. It has been suggested that
Ca?* is actively transported out of cells; Silver
et al. (43) reported that extensive washing of
cells on filter paper or by centrifugation will
remove more than 99% of the Ca?* initially
associated with growing cells. Although several
other studies (5, 49) have shown that most cel-
lular Ca?* may be cell surface bound, these
were studies that involved disruption of cells so
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that Ca?* released by the opening of the cells
could rebind to the new sites. As shown in
Table 2, 4 ml of water wash can remove about
50% of cellular Ca?* content, so that much of
Ca?* we measured may be internal. In this
case, the level of Ca’** we measured represents
a sum of both cell wall-bound and intracellular
Ca?* pools.

We have also noticed a slight but repeatable
increase in Ca?* content when cells are grown
in medium supplemented with extra sucrose to
raise the osmolality. Since cells have a trans-
port system for removing Ca?* from the cells
(43), it was possible that Ca%* might play some
role in division by flooding in at a crucial mo-
ment, and then being excreted until it reached
a minimum level that would allow the trigger-
ing of a new cycle of division. That Ca?* has no
such role can be seen by the constant level
maintained throughout the cell cycle.

The cellular Zn content we measured was
only about one-third of that of Bucheder and
Broda (3). Perhaps the difference is due to the
medium and the strains used, but the Zn2+
content observed is also sensitive to low pH,
water, or washing with a hypotonic or NaCl
solution. These investigators used a water or
diluted buffer wash for their cells.

The behavior of cellular Zn** is similar to
that of Ca?*. When cells are washed, much of
Zn?* behaves as if it is cell surface bound, but a
substantial portion behaves as if it is internally
bound. Although Chipley (5) and Webb (49)
showed that about half of the Zn may be surface
bound, their methods were very disruptive and
could have resulted in a change of distribution,
just as would be expected for Mg?* and Ca?*.
Bucheder and Broda (3) showed that some of
the cellular Zn can be quickly exchanged with
Zn in the medium in the absence of metabolic
energy, as if it were surface bound, but there is
a substantial fraction that is slowly exchanged.
The exchange of this fraction is energy depend-
ent and represents about 85% of the Zn of the
cell. They found that washing cells that had
taken up ®Zn with nonradioactive Zn removed
much of the label. They did not try washing
with slightly hypertonic solutions, but com-
pared the Zn wash with 10 mM buffer wash.
This might be similar to comparing the results
of a NaCl wash to that of water wash in Table 2.
The result shown in Table 2 was a 25% loss of
Zn?* in our hands, and a 15 to 20% loss in
theirs. Thus, like Mg?*, there is a fraction of
internally bound Zn?* that can be slowly ex-
changed with external pools for Zn?* (or per-
haps substituted with internal small molecules
as shown for Mg?* by Lusk et al. [25]).
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“The results in Fig. 1 show clearly that the
increases in cellular Mg®**, K+, and Ca?** con-
tent were continuous throughout the cell cycle.
It is unlikely that these ions play a triggering
role in the cell cycle, unless this triggering can
be carried out by small changes in ion content
interacting with a sensitive cellular-level de-
tector. The cellular content of Zn?** increases
stepwise during the cell cycle, unlike any of the
other three cations examined. The jump can be
detected by using either an X-ray fluorometer
or atomic absorption spectrophotometer. There
is little indication of a nonzero slope during
jumps, although our methods might not pick
out easily the 10 to 20% increase through the
flat part of the cycle representing an increase in
cell-wall-bound Zn?*. Apparently the rise is due
mostly to the internal Zn, that portion trans-
ported into the cell. The nature of the Zn-re-
lated step remains obscure. This rise ends
about 10 min before the initiation of a new
round of DNA synthesis. A number of proteins
related to DNA synthesis, including some of
the polymerases and nucleotide synthesizing
enzymes, have Zn?* as cofactors, and may be
affected by the Zn?* jump in a way that is
related to the initiation of DNA replication.
Certainly there are other possibilities. Some
murein hydrolases (13, 39) act on the cell saccu-
lus during the septation process. Since some
Zn?** is associated with the cell surface, the
action of murein hydrolases may release some
Zn?**, but somehow not Ca?*, from its binding
sites. This effect will change the pattern of a
continuously increasing Zn?>* content to the
stepwise-like pattern. Whether in fact the rise
in Zn?* is a cause, a result, or an epiphenome-
non is not clear, but it is clearly associated with
the timing of cell division.

We are currently studying the kinetics of
Zn** uptake in synchronously growing culture.
This study may shed some light on the nature
and mechanism of the Zn?* jump in the cell
cycle.
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