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The contribution of protein induction and repression to the adaptation of cells to
changes in oxygen supply is only poorly understood. We assessed this contribu-
tion by measuring the levels of 170 individual polypeptides produced by Esche-
richia coli K-12 in cells growing aerobically or anaerobically with and without
nitrate. Eighteen reached their highest levels during anaerobic growth. These 18
polypeptides include at least 4 glycolytic enzymes and pyruvate formate-lyase (B-
subunit). Most of these proteins were found at significant levels during aerobic
growth and appeared to undergo metabolic regulation by stimuli other than
anaerobiosis. Anaerobic induction ratios ranged from 1.8- to 11-fold, and nitrate
antagonized the anaerobic induction of all of the proteins except one. The time
course of synthesis of the proteins after shifts in oxygen supply revealed at least
three distinct temporal patterns. These results are discussed in light of known

physiological alterations associated with changes in oxygen availability.

Escherichia coli is capable of balanced growth
in either the presence or absence of molecular
oxygen. During aerobic growth, oxygen serves
as terminal electron acceptor for a respiratory
chain that provides both a hydrogen sink for
metabolically derived electrons and the means
for oxidative energy production (8). In the ab-
sence of oxygen or other respiratory electron
acceptors, E. coli carries out a mixed-acid fer-
mentation wherein pyruvate undergoes stepwise
reduction to a variety of end products and ATP
is produced exclusively by substrate-level phos-
phorylations.

Many years of investigation into the physio-
logical makeup of respiring and fermenting cells
have revealed several key features. First, the
rate, route, and efficiency of carbon source
utilization by the cell vary according to the
supply of oxygen (17, 22, 24). Second, the
mechanisms by which electron flow and the
maintenance of an oxidation-reduction balance
are achieved differ between aerobic and anaero-
bic cells (8). Third, alternative biosynthetic
pathways are used if a reaction is coupled with
the respiratory chain or is dependent upon or
sensitive to molecular oxygen (2, 7).

These alterations in physiological character
are achieved by a combination of enzyme activa-
tion/inhibition and induction/repression controls
(25). At the level of activation/inhibition, the
effector molecules and their impact on the cata-
lytic activity of individual enzymes have been
well studied. On the other hand, the mechanism
by which a metabolic signal associated with the
supply of molecular oxygen can affect the induc-
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tion or repression of a protein is only poorly
understood.

With the use of two-dimensional gel electro-
phoresis it is possible to resolve the bulk of
cellular proteins produced under a given growth
condition and, combined with double-isotope
labeling, to measure the chemical amount of
each protein. These techniques afford a feasible
approach to questions concetning the effect of
an environmental stimulus on the synthesis of
individual cellular proteins (21).

The aims of this and the accompanying paper
(27) are directed toward an understanding of the
physiological commitment required of E. coli for
successful growth in the presence or absence of
oxygen and other respiratory electron accep-
tors. We report here (i) an assessment of the
number of polypeptides produced in increased
amounts by E. coli K-12 growing anaerobically;
(ii) a quantitative analysis of their proportions in
relation to total cellular protein; (iii) their
steady-state induction ratios; (iv) the time
course of their synthesis after abrupt shifts be-
tween aerobic and anaerobic conditions; and (v)
biochemical identification of some of these pro-
teins.

MATERIALS AND METHODS

Bacterial strain. E. coli K-12 strain W3110 (Thi™)
was used throughout this work.

Media and growth conditions. Cells were grown in
MOPS minimal medium (18) modified by increasing
the concentration of MOPS buffer to 80 mM. Glucose
(0.8%, wt/vol) was added as carbon and energy
source; vitamin B, (0.01 mM) was added to satisfy the
growth requirement.
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Aerobic cultures were grown on a rotary shaker at
37 = 0.1°C. Anaerobic cultures were grown in an
anaerobic glove chamber (Standard Safety, Palatine,
Ill., and Coy Laboratories, Ann Arbor, Mich.) con-
taining 5% CO,, 10% H,, and <5 ppm O, (3), with the
balance being N,. The chamber enclosed double-
walled beakers containing fine sand in which standard
Erlenmeyer flasks were immersed. Heated water was
circulated through the chamber lining the beakers to
warm the sand to 37 + 0.2°C. The beakers were
mounted on magnetic stirrers to allow rapid mixing of
the culture medium in the flasks. With this apparatus
cultures were easily manipulated without disturbance
of the anaerobic environment.

Shifts between aerobic and anaerobic conditions
were made by transferring the culture into or out of the
anaerobic chamber. Shifts to aerobiosis were achieved
by taking a culture flask out of the chamber air lock
and immediately putting it in a rotary shaker in the
laboratory. Transferring materials into the anaerobic
chamber normally requires successive decompression
and compression of the air lock. To avoid significant
changes in atmospheric pressure, shifts to anaerobio-
sis were accomplished by rapidly squirting the culture
fluid through sterile tubing into a prewarmed, stirring
flask inside the chamber.

Growth was monitored spectrophotometrically at
420 nm. Growth of radioactive cultures was followed
by monitoring parallel cultures of unlabeled cells.

Determination of steady-state polypeptide levels. A
steady-state aerobic reference culture was grown to an
optical density of 1.0 in minimal medium containing
(*Clleucine (356 mCi/mmol; 40 p.Ci/ml) plus adequate
unlabeled leucine (0.04 mM), isoleucine (0.16 mM),
and valine (0.24 mM). Test cultures were grown either
aerobically, anaerobically, or anaerobically with 0.5%
KNO; (wt/vol) in the same medium but with [*Hlleu-
cine (145 Ci/mmol; 60 nCi/ml) as label and 0.15 mM
cold leucine. Cells were harvested, and a portion of
the reference culture was mixed with each test culture.
Extracts were prepared by boiling in a sodium dodecyl
sulfate lysing solution (1, 15), and individual polypep-
tides were resolved by two-dimensional electrophore-
sis according to O’Farrell (19, 20). The *H and *C
contents of the individual polypeptides and of the
unresolved extracts were determined as previously
described (21). The 3H/*C ratio for a polypeptide
sampled from a gel, divided by the *H/*C ratio in the
total extract, is the level of that protein in the test
culture relative to the reference culture.

Visual comparisons were made with gels prepared
as described above from cells grown in minimal medi-
um containing H,3*SO, (4,220 Ci/mmol; 75 wCi/ml)
plus cold K,SO, (28 uM) to an optical density of 1.0.

The fraction of total protein mass of an individual
polypeptide (a’,o,) was determined as described by
Pedersen et al. (2%.

Determination of relative differential rates of polypep-
tide synthesis. Steady-state reference cultures were
grown, aerobically or anaerobically, to an optical
density of 0.5 in medium containing ['*C]leucine (356
mCi/mmol; 20 wCi/ml) plus carrier amino acids. A
portion (3 ml) of a parallel nonradioactive culture was
removed shortly before, and at intervals after, the shift
and labeled for 2 min with [*H]leucine (145 Ci/mmol;
900 uCi total). Labeling was terminated by addition of
excess nonradioactive leucine, and incubation was
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continued for 1 min. Samples were mixed with a
portion of the appropriate reference culture and proc-
essed as described above. The relative differential rate
of synthesis of a polypePtide is the 3H/'C ratio in the
gel spot, divided by the >H/**C ratio in the total extract
and normalized to the same ratio for the preshift pulse.

RESULTS

Steady-state levels of polypeptides produced
during anaerobic growth. The relative levels of
170 polypeptides produced by E. coli K-12 were
measured in cells grown in glucose minimal
medium either aerobically, anaerobically, or an-
aerobically with nitrate as respiratory electron
acceptor. Individual polypeptides were chosen
for sampling according to the following strategy.
First, gels prepared from cells labeled with
H,*3SO, were visually inspected for spots which
varied in intensity with oxygen supply. These
polypeptide spots were then sampled from a
second set of gels prepared from ['*C]leucine-
and [*H]leucine-labeled cells for quantitative
analysis. Second, protein spots previously iden-
tified as enzymes of central metabolic pathways,
and therefore expected to respond at least to
some extent, were sampled. Finally, a large set
of other proteins, some identified and some not,
were randomly sampled to complete the survey.

Of the polypeptides sampled, 18 had higher
steady-state levels during anaerobic growth.
These polypeptides are circled and numbered on
the two-dimensional gel displayed in Fig. 1.
Their steady-state levels and those of nine con-
trol proteins are given in Table 1. The control
polypeptides are all of known biochemical iden-
tity and have diverse metabolic function and
regulatory properties.

Induction by anaerobiosis of the polypeptides
that responded was rather modest: two to five-
fold. The known Embden-Meyerhof enzymes,
F35.8, F43.8, G54.7, and 133.5, exhibited partic-
ularly small, but reproducible, elevation; their
inclusion in this study was based on their uni-
form transient behavior after shifts in oxygen
supply (discussed below). Polypeptides A48,
B11.8, G31.5, G70, and H97.3 displayed greater
than sixfold induction by anaerobiosis. Pyruvate
formate-lyase (G70 and G74) is known to under-
go a complex modification cycle in response to
changes in oxygen supply (11, 12), and thus its
accumulation during anaerobic growth may be
the combined result of gene induction and en-
zyme modification.

That structural modification of G70 plays a
major role in its accumulation was verified by
treating cells with chloramphenicol before a shift
to anaerobiosis. Visual inspection of gels pre-
pared with these cells revealed that G70 accu-
mulated after the shift even in the presence of
chloramphenicol. No other anaerobiosis-in-
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FIG. 1. Autoradiograms of two-dimensional gels of anaerobically grown E. coli K-12 strain W3110 labeled
with H;>*SO,. This is a composite of two gels prepared with the same extract: right, pH 5 to 7 ampholine
equilibrium gel; left, pH 3 to 10 nonequilibrium gel. A 20-pl sample of extract containing ca. 20 ug of protein (4 X
10° cpm) was loaded on each gel. Isoelectric focusing in the first dimension was for 7,000 V - h (equilibrium gel)
or 1,500 V - h (non-equilibrium gel) through 11.5% sodium dodecyl sulfate-acrylamide. The acid end of each gel
is on the right. The second dimension was run at 4 W per gel for 3 to 4 h. The anaerobiosis-induced polypeptides
are circled and numbered as in Table 1. For comparison, gels prepared from aerobically grown cells are shown in

Fig. 1 of the subsequent paper (27).

duced polypeptides accumulated under these
circumstances (data not shown).

Nitrate as respiratory electron acceptor antag-
onized the anaerobic induction of most of the 18
polypeptides. For proteins A15.5, A48, B11.8,
B76, G70, and I33.5, nitrate completely abol-
ished anaerobic induction; for C40.3, C43.1,
E79, F35.8, F38, F43.8, F50.5, G31.5, G41.3,
G54.7, and H97.3 it was somewhat less effec-
tive. Induction of B15.0 appeared to be insensi-
tive to nitrate.

The control polypeptides generally exhibited
little net response to changes in oxygen supply.
The changes in level of protein EF-G and ribo-
somal protein L1 were expected consequences
of the decrease in cell growth rate associated
with anaerobiosis (68% of the aerobic rate).

Abundance and metabolic regulation of the
anaerobiosis-induced polypeptides. Visual in-
spection of the gels in Fig. 1 reveals that most of
the polypeptides had substantial levels during
aerobic growth. This impression was verified by
measurement of their individual weight fractions
of total cellular protein (a'+0,, Table 1). Most of
the polypeptides induced by anaerobiosis ap-
peared at molecular abundances comparable

with those of the control proteins, and C40.3 and
F43.8 were among the very major polypeptides
in aerobically grown cells. Notable exceptions
were proteins B11.8, F50.5, and G31.5, which
had very low levels during aerobic growth.
The metabolic regulation of the anaerobiosis-
induced polypeptides was also assessed, where
possible, by measuring their levels during differ-
ent rates of aerobic growth on a variety of
culture media differing (i) in carbon and energy
source and (ii) in the presence of biosynthetic
building blocks. Individual proteins were classi-
fied by their overall regulatory behavior in these
media according to the nomenclature estab-
lished by Pedersen et al. (21). The polypeptides
were found to display a very wide variety of
regulatory features during aerobic growth (Table
1). Polypeptides A15.5, A48, B15.0, C40.3,
C43.1, F35.8, and G70 (class Ib) were found to
have aerobic levels that were invariant over the
spectrum of conditions tested. Polypeptides
F38, G31.5, H97.3, and 133.5 were repressed by
the addition of biosynthetic precursors (amino
acids, bases, and vitamins) to the medium, and
G41.3, G54.7, E79, and I33.5 had very low levels
during growth on oxidizable energy sources (ac-
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TABLE 1. Steady-state levels of individual polypeptides

Level relative to aerobic

Serial Alghn—nq— ) - Mctabqlic o' vy
no.’ me:;;j::g:g Identification "ﬁf;:ﬁ:o" (ng/mg)* Anaerobic Nitrate

1 A15.5 Ib 2.2 3.37 0.63
2 A48 Ib 9.8 9.62 0.23
3 B11.8 0.4 6.32 0.89
4 B15.0 Ib 1.1 2.9 291
5 B76 1.8 3.06 0.65
6 C40.3/ Ib 15.5 2.22 1.23
7 C43.1 Ib 1.4 2.18 1.16
8 E79 IIb2 1.2 2.58 1.06
9 F35.8 F P-kinase, I Ib 1.3 1.85 1.18
10 F38 I1a3 9.8 2.08 1.31
11 F43.8 Enolase Ilal 20.3 2.16 1.21
12 F50.5 0.1 5.23 2.93
13 G31.5 Ia3 0.3 6.54 4.40
14 G41.3 Ic 2.6 3.06 1.98
15 G54.7 Pyr kinase, I Ic 7.0 1.84 1.26
16 G70 Pyr formate-lyase, B Ib 1.3 10.61 2.82
17 H97.3 Ia3 1.4 9.06 0.38
18 133.5 Glyceral P-dehydro IIa2 3.6 1.88 1.21
B46.7 ATPase, B a4 6.2 1.37 0.78

BS8.3 PTS, EI IIa3 4.3 1.04 0.70

D84 EF-G Ic 16.6 0.62 0.76

F39.7 Asp aminotrans IlIa 2.2 0.64 0.92

F46.6 Alkaline phos Ilal 0.6 1.39 1.25

F84 PEP carboxylase I1a3 11.5 1.03 1.06

Gs1 ATPase, a Iad4 10.4 1.28 0.74

G74 Pyr formate-lyase, a Ia2 0.5 1.07 1.23

126 rProtein L1 Ic 2.3 0.78 0.92

¢ The serial numbers correspond to the numbers in Fig. 1.

% Proteins are listed with alpha-numeric designations as described by Pedersen et al. (21).

¢ Biochemical identification of proteins F35.8, F43.8, B46.7, D84, F39.7, F46.6, F84, G51, and 126.0 was
reported previously (4, 23). The others were identified by Teresa Phillips by comigration with purified proteins
donated by the following: BS8.3, phosphotransferase transport system enzyme I from E. B. Waygood; G54.7,
pyruvate kinase I from M. Malcovanti; G70 and G74, pyruvate formate-lyase from J. Knappe; 133.5,
glyceraldehyde-3-phosphate dehydrogenase from D. Fraenkel. Abbreviations used: F P-kinase, I, fructose-6-
phosphate kinase, activity I; Pyr kinase, I, pyruvate kinase, activity I; Pyr formate-lyase, « and B, pyruvate
formate-lyase, a and B subunits; Glyceral P-dehydro, glyceraldehyde-3-phosphate dehydrogenase; ATPase, o
and B, ATPase (Mg?*-Ca?*), a and B subunits; PTS, EI, phosphotransferase system enzyme I; EF-G, protein
chain elongation factor G; Asp aminotrans, aspartate aminotransferase; Alkaline phos, alkaline phosphatase;
PEP, phosphoenolpyruvate; rProtein, ribosomal protein.

4 See reference 21 for a description of the classification.

¢ These values were measured by determining the total radioactivity in the individual spot on a gel from cells
labeled with [U-'*Clglucose. The methods for this determination and the value for EF-G, from which all others
are calculated, are from Pedersen et al. (21).

7 In most gels, spot C40.3 contains two individual proteins. The data shown reflect the behavior of the
dominant member of the pair, but must be regarded as approximate.

etate and glycerol). For all save one polypep-

shift to anaerobiosis resulted in a 20-min lag in
tide, anaerobic growth on glucose minimal medi-

bacterial growth (Fig. 2, line A). After a shift to

um led to maximum production. The exception,
G31.5, had an anaerobic level exceeded only by
its aerobic level with acetate as sole carbon and
energy source.

Time course of polypeptide synthesis after shifts
in oxygen supply. Changes in growth rate were
gradual after aerobic/anaerobic shifts and led
eventually to a net 30 to 40% change in rate. A

aerobiosis, on the other hand, growth continued
at the anaerobic rate for about 25 min, then
quickly accelerated to the aerobic growth rate
(Fig. 2, line B).

To examine the time course of induction and
repression of the anaerobiosis-induced polypep-
tides during these transitions, samples of cul-
tures were pulse-labeled at time intervals during
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FIG. 2. Growth response of E. coli K-12 to shifts in
oxygen supply. (A) Shift from aerobic to anaerobic
conditions; (B) shift from anaerobic to aerobic. The
times of the shifts are indicated by arrows.
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the first hour after an abrupt shift in oxygen
supply. Rates of synthesis of individual polypep-
tides at various times after the shift, expressed
relative to their preshift rates, were calculated
(Fig. 3). Figure 3A gives data for polypeptides
G70 (pyruvate formate-lyase, B-subunit) and
H97.3. Their response was characterized by an
immediate, large change in rate of synthesis,
followed by gradual recovery. The peak re-
sponse for these proteins was far beyond their
postshift steady-state rate of synthesis.

Figure 3B gives the time course for 11 other
polypeptides, including the 4 known Embden-
Meyerhof enzymes. After a 10-min lag, the
synthetic rates of these proteins rapidly adjusted
to the level of, or slightly greater than, the
postshift steady state in the shift to anaerobiosis.
The opposite shift yielded a time course similar
to that of the polypeptides shown in Fig. 3A.

The proteins represented in Fig. 3C, A1S5.5,
A48, B11.8, and B76, shared an unusually slug-
gish response to shifts in oxygen availability.
Their response to the shift to anaerobiosis was
particularly unproductive and in striking con-
trast to the other anaerobiosis-induced polypep-
tides.

The responses of four control polypeptides,
B46.7, B58.3, F39.7, and G74, are shown in Fig.
3D. The control proteins generally responded
little to either shift. Some, however, exhibited
significant transient changes in rate of synthesis
after one or the other shift.

DISCUSSION

The physiological alterations associated with
the transfer of an aerated culture of E. coli to
anaerobiosis are extensive. Most notable are
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changes in the routes of carbon source utiliza-
tion and energy metabolism. After the depletion
of oxygen in a glucose-grown culture, for exam-
ple, the contribution of the hexose monophos-
phate pathway to glucose consumption de-
creases from approximately 25% to 5 to 8% (6,
17). At the same time the total rate of glucose
consumption probably triples (14), placing a
greatly increased demand on the Embden-Mey-
erhof pathway.

Simultaneously, the routes of pyruvate metab-
olism undergo equally dramatic changes. The
pyruvate dehydrogenase complex is repressed
(29) and inhibited (9, 26), and pyruvate is metab-
olized by pyruvate formate-lyase. This enzyme,
which is activated by a complex mechanism
requiring anaerobiosis (11, 12), provides acetyl
coenzyme A from pyruvate without reduction of
NAD*, a feature advantageous to fermentative
metabolism. Finally, the role of the tricarboxylic
acid cycle as a source of reducing equivalents
for respiration is minimized under anaerobic
conditions, again through enzyme repression
and inhibition, and the rapid flow of intermedi-
ates through glycolysis is then diverted to fer-
mentative pathways.

Since the respiratory chain is inactive, ATP
synthesis during anaerobic growth is primarily
by substrate-level phosphorylations, and mem-
brane energization requires either ATP hydroly-
sis (8) or energy coupling much less efficient
than by aerobic mechanisms (5).

These alterations in carbon and energy metab-
olism are accomplished by the combined effects
of enzyme activity modulation and induction/
repression controls. Some metabolic effectors of
enzyme activity have been identified, and regu-
latory circuits have been proposed and verified
(25). The overall contribution of protein induc-
tion and repression to the adaptation to anaero-
biosis, however, has not previously been as-
sessed.

The present study has revealed 18 polypep-
tides whose levels are increased by anaerobio-
sis. Their combined weight fraction during aero-
bic growth is 81.1, and it increases to 276.8
during anaerobiosis. Although individual poly-
peptides were induced as much as 11-fold, over-
all the adaptation to anaerobiosis involves a
modest change in the level of a set of polypep-
tides produced (and presumably functional) dur-
ing aerobic growth. There may be other poly-
peptides, not included in the 18, that are induced
anaerobically, but our scan has been thorough,
and overlooked polypeptides would have to be
of quite minor abundance and exhibit only small
induction ratios.

Five of the polypeptides have been definitive-
ly identified. Not surprisingly, they are all en-
zymes of intermediary metabolism. Others have
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FIG. 3. Relative rates of synthesis of individual proteins at various times after shifts in oxygen supply. (®)
Rates after a shift from aerobic to anaerobic; (O) rates after a shift from anaerobic to aerobic. All values are
normalized to the measured preshift rate of synthesis. (A) Proteins G70 and H97.3; (B) proteins B15.0, C40.3,
C43.1, F35.8, F38, F43.8, F50.5, G31.5 (@ only), G54.7, and I33.5; (C) proteins A15.5, A48, B11.8 (@ only), and
B76; (D) control proteins B46.7, B58.3, F39.7, and G74. Data for polypeptides E79 and G41.3 are not shown.

been identified only tentatively, including pro-
teins E79 and G41.3, which are missing in a
mutant lacking the genes encoding acetate ki-
nase and phosphotransacetylase. All Embden-
Meyerhof or fermentative enzymes that have
been located on our gels are included in the 18,

but the biochemical identification of most is
unknown. Obvious possibilities include the re-
maining glycolytic and fermentative enzymes.
The cellular specific activities of a number of
enzymes of intermediary metabolism have been
studied with respect to changes in oxygen sup-



342 SMITH AND NEIDHARDT

ply. Small increases in the activities of the
Embden-Meyerhof enzymes fructose-6-phos-
phate kinase (10, 13, 24, 28), fructose-1,6-di-
phosphate aldolase (10, 13, 24, 28), phosphoglu-
cose isomerase (10), and pyruvate kinase (13,
16, 24) have been observed during anaerobic
growth. Our results are in accord with these, and
collectively they demonstrate that the dramatic
increase in the rate of glucose consumption
during anaerobiosis cannot be explained by
changes in enzyme levels alone. It is notable that
components of the glucose phosphotransferase
transport system, enzyme I (control protein
B58.3) and HPr (not shown), have the same level
irrespective of oxygen supply.

The glycolytic enzymes we have identified
differ widely in aerobic metabolic regulation,
presumably the result of differences in amphibo-
lic roles associated with their position in the
pathway. Their uniform response to oxygen
supply, both steady state and transient, and to
nitrate indicate that they are sensitive to both
common and unshared metabolic signals.

The activation cycle of pyruvate formate-
lyase has been studied in detail by Knappe and
his co-workers (11, 12). The enzyme is totally
inactive in air. Activation when cells are trans-
ferred to anaerobiosis involves an unusually
complex mechanism. The enzyme is modified in
an unknown way during activation. The purified
enzyme produces two spots on two-dimensional
gels, G74 and G70 (each of which has multiple
isoelectric forms), which correspond to the a
and B subunits, respectively (see Fig. 1; J.
Knappe, personal communication). The rela-
tionship between these subunits is not known,
either in catalysis or regulation. Our data indi-
cate that G70 (B) responds dramatically to
changes in oxygen supply, both transiently and
in steady state, presumably by the modification
reaction. The substrate (or product) of this reac-
tion is not evident on our gels; G74 (a) is an
unlikely candidate since it has the same level in
aerobic and anaerobic cultures.

The time course of synthesis of the anaerobio-
sis-induced polypeptides after abrupt shifts in
oxygen supply has been used in this study as an
indirect probe of the different metabolic signals
to which the polypeptides respond, as well as
their temporal relationships. A similarity in re-
sponse to these shifts is of course not proof that
the same effector is involved, nor is it unimagin-
able that two proteins might respond with much
different kinetics to the same signal. Nonethe-
less, these measurements can greatly simplify
the analysis of a complex mixture of proteins
which share a common regulatory behavior, and
are often able to distinguish direct from indirect
effects.

The temporal response found with proteins

J. BACTERIOL.

G70 and H97.3 (Fig. 3A) achieves the desired
postshift concentration of protein much more
rapidly than would an immediate change in
synthetic rate to only the postshift rate. It can be
estimated, for instance, that protein H97.3
reaches a concentration equivalent to its anaero-
bic steady-state level approximately 75 min after
a shift to anaerobiosis. Assuming no protein
turnover, it would require 160 min to achieve the
same end were there no overshoot in synthetic
rate.

The short but marked lag in response for nine
other polypeptides, including the known Emb-
den-Meyerhof enzymes (Fig. 3B), suggests that
the signal(s) to which they respond is elicited
only after, and perhaps as a result of, other
adjustments made more immediately after the
shift.

The extremely sluggish nature of the third
type of response (Fig. 3C) implies the gradual
accumulation (or depletion) of a regulatory ele-
ment, such as a metabolite or protein, as adapta-
tion is achieved. It is of interest that the four
proteins that display this behavior, A15.5, A48,
B11.8, and B76, also share a dramatic repression
by nitrate during anaerobic growth.

Protein H97.3 is also repressed by nitrate.
Repression by both oxygen and nitrate may be
the result of separate but coincident metabolic
signals, or may indicate the presence of a more
general signal associated with respiratory chain
activity. This important distinction, which ap-
plies equally to many of the proteins discussed
in the accompanying paper, will be the subject of
future studies.

A more precise examination of the anaerobio-
sis-induced proteins, their interrelationships,
and the metabolic signals to which they respond
is underway.
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