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In the natural environment, bacterial cells have to adjust
their metabolism to alterations in the availability of food
sources. The order and timing of gene expression are crucial in
these situations to produce an appropriate response. We used
the galactose regulation in Escherichia coli as a model system
for understanding how cells integrate information about food
availability and cAMP levels to adjust the timing and intensity
of gene expression. We simulated the feast-famine cycle of
bacterial growth by diluting stationary phase cells in fresh me-
dium containing galactose as the sole carbon source. We fol-
lowed the activities of six promoters of the galactose system as
cells grew on and ran out of galactose. We found that the cell
responds to a decreasing external galactose level by increasing
the internal galactose level, which is achieved by limiting ga-
lactose metabolism and increasing the expression of transport-
ers. We show that the cell alters gene expression based primar-
ily on the current state of the cell and not on monitoring the
level of extracellular galactose in real time. Some decisions
have longer term effects; therefore, the current state does sub-
tly encode the history of food availability. In summary, our
measurements of timing of gene expression in the galactose
system suggest that the system has evolved to respond to envi-
ronments where future galactose levels are unpredictable
rather than regular feast and famine cycles.

Transport and metabolism of several sugars are controlled
via two feedback loops connected by a common regulator that
senses the intracellular concentration of the small molecule
(1, 2). The simplest systems (e.g. the lactose utilization system
in Escherichia coli) consist of two operons, a regulator gene
and a regulated operon containing at least two cistrons, one
encoding a transporter and the other encoding an enzyme
that modifies/degrades the small molecule (3). In such sys-
tems, the genes encoding the sugar transporter (e.g. lacY) and
the enzyme for sugar degradation (e.g. lacZ) are regulated si-
multaneously. However, many sugar utilization systems
reached higher levels of complexity, e.g. having multiple trans-
porters, regulators, or several enzymes of a metabolic path-
way. For example, the gal system of E. coli contains genes in-
volved in the transport (galP and mg/BAC) and amphibolic
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utilization (galETKM) of the sugar p-galactose. Genes of the
gal regulon belong to different operons (4). This setup allows
differential regulation of functions when needed. Regulation
of the gal system is governed by two similar regulators, GalR
and GalS, which are regulated in different ways (5-7). Previ-
ous studies suggested that GalS plays only a minor role in
steady-state conditions but becomes important transiently
when a high level of extracellular galactose is quickly de-
creased (8). Besides sensing the intracellular sugar level, galac-
tose utilization is also regulated by the cAMP-cAMP receptor
protein (CRP)? complex. cAMP is a signal of carbon shortage
and is sensed by CRP. cAMP is synthesized intracellularly by
adenylate cyclase (CyaA), which is activated when phospho-
rylation of Enzyme IIAS'® of the phosphotransferase system is
increased (9, 10). However, CyaA activity can also be regu-
lated by a so far unknown mechanism in the presence of cer-
tain non-phosphotransferase system sugars. This mechanism
does not depend on the phosphotransferase system enzymes
(11, 12). Galactose availability also strongly influences the
intracellular cAMP level; cells grown in a galactose-limited
chemostat show substantially higher cAMP levels than cells
grown in a high-galactose batch culture (13). Transcription of
the galactose transport systems (GalP and MgIBAC) is highly
dependent on the presence of cAMP-CRP. However, tran-
scription of the gal operon genes, encoding the enzymes in-
volved in galactose utilization, occurs in both the presence
and absence of cAMP-CRP when galactose is available (6).
The galETKM operon is transcribed from two promoters,
Pl,,pand P2, In the absence of cAMP-CRP, P2, pre-
dominantly expresses the promoter-proximal galE gene and
very little galK (natural polarity), whereas in the presence of
cAMP-CRP, the P1,,,, promoter expresses all of the struc-
tural genes at an equimolar level, whereas P2, transcription
is inhibited (14—16). Because the galE gene product is in-
volved in making substrates for biosynthetic glycosylation
reactions, and all of the gal enzymes are needed for catabo-
lism of the sugar p-galactose, it appears that the P2,,;, tran-
script serves anabolic requirements, whereas transcription
from P1,,,. provides for catabolism of p-galactose as a carbon
source.

Proper timing of gene expression is crucial in the regulation
of critical biological phenomena, i.e. cellular adaptation, dif-
ferentiation, and development (17, 18). Biological systems
evolved two fundamentally different mechanisms for the reg-

2 The abbreviations used are: CRP, cAMP receptor protein; RNAP, RNA
polymerase.
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ulation of timing. One possibility is that, after an initial deci-
sion, a regulatory network proceeds autonomously, executing
a predefined program (18, 19). The other possibility is that the
network monitors specific signals in real time and regulates
timing accordingly. The goal of this work is to understand the
principles governing the timing of gene expression in sugar
networks when cells are grown in a batch culture containing a
single sugar as a carbon source. We monitored how promoter
activities in the galactose utilization network change as the
cell population grows and galactose is exhausted from the
medium, using specific promoter-uidABC (gus) reporter fu-
sions. Besides responding to system-specific regulators, gene
expression is also influenced by global effects, which depend
on the physiological state of the cell (20 -22). Because cell
physiology changed in our experiments, we used a promoter
that is not regulated by GalR, GalS, or cAMP-CRP as a con-
trol. On the basis of the experimental results, we built a math-
ematical model to calculate intracellular p-galactose and
cAMP-CRP levels.

We found that intracellular reporter protein levels were
higher in the stationary phase than in the early exponential
phase in all cases. However, the gal regulon promoters dif-
fered in the timing of transcription and consequently in the
timing of intracellular accumulation of the reporter proteins.
Promoter activities were highly dynamic compared with in-
tracellular reporter protein levels, which changed only 2—6-
fold depending on the promoter used. We discuss how regula-
tory structure and signal integration logic affect timing of
gene transcription.

EXPERIMENTAL PROCEDURES

Strain Construction—Regulatory regions and promoters of
the gal regulon operons were amplified by PCR using E. coli
MG1655 chromosomal DNA as a template (GenBank™" ac-
cession number NC_000913.2) and inserted between the
EcoRI and PstI sites in plasmid pSEM2027. The amplified
regulatory regions were the following: spf (4047775-
4047954), galR (2974441-2974680), galP (3086041-3086297),
the galETKM operon (791519 to 791214), galS (2239921 to
2239711), and the mglBAC operon (2238720 to 2238439). We
used a promoter that is not regulated by cAMP-CRP or GalR
as a control (GenBank™ accession number GQ872202) (23).
pSEM2027 derivatives containing the cloned regulatory re-
gions were digested with BamHI and used as a template for
PCR amplification. The amplified region contained the Zeo-
cin cassette, the rrnBT1T2 terminators, the cloned promoter
region, and part of the gusA ORF. This region was amplified
using the “uidRZdn” (5'-ACCCGGATCCTCAATGCTGCC-
AGAGAGATTTTTTCAGAAAATGGATTTCACGGAATT-
CTCAGTCCTGCTCCTCGGCCAC-3') and “Gusseqdn” (5'-
TTCTTGTAACGCGCTTTCCCACCAAC-3') primers. The
ends of the resulting PCR fragment contained sequences of
the uid region of the E. coli chromosome (50/128 bp), allow-
ing efficient insertion using recombination-mediated genetic
engineering. The PCR product was purified from an agarose
gel. Recombination-mediated genetic engineering was per-
formed according to the protocol described by Datsenko and
Wanner (24). As a result, the region upstream of the uidA
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OREF, between chromosomal positions 1694107 and 1694987
(GenBank™ accession number U00096), was replaced with
the synthetic construct. Recombinants were selected on LB
plates containing 80 ug/ml Zeocin.

Verifying the DNA Sequence of the gal Regulatory Regions in
Strains—Cells were grown overnight, and total genomic DNA
was extracted using the Wizard genomic DNA purification kit
(Promega). The regulatory region upstream of the uidABC
operon was amplified by PCR (Platinum HiFi Supermix, In-
vitrogen) using the “KpnT1T2” (5'-ATATATGGTACCAAG-
CTTCTGTTTTGGCGGATGAGA-3’) and Gusseqdn prim-
ers. The DNA sequence was determined by BIOMI Ltd.
(Godolls, Hungary).

Assay of B-Glucuronidase Activity—Cells were grown over-
night in LB medium containing 100 ug/ml Zeocin and diluted
1000-fold for further growth in M63 medium containing 10
pg/ml Zeocin and supplemented with 0.4% (w/v) p-galactose,
0.1% (w/v) casamino acids (Sigma A2427), and 0.004% (w/v)
vitamin B,. At various times, aliquots of cells were removed,
diluted in 1 ml of LB medium to OD,, = 0.2, pelleted, resus-
pended in M63 medium containing 100 ug/ml chlorampheni-
col, and stored at —70 °C. To determine the activity of B-glu-
curonidase in cells, 0.1 mg/ml lysozyme was added to 500 ul
of cell suspension. After incubation for 15 min on ice, 250 ul
of permeabilization buffer (100 mm Tris (pH 8), 32 mMm so-
dium phosphate, 8 mm dithiothreitol, 8 mm CDTA, and 4%
Triton X-100), containing 200 ug/ml polymyxin B (25) was
added to the cell suspension. Cells were allowed to permeabi-
lize at room temperature for 15 min before 250-ul aliquots of
GUS assay buffer (0.5 mm dithiothreitol, 1 mm EDTA, and 50
mwm sodium phosphate (pH 7.0)) containing 1.25 mm a-p-
nitrophenyl-B-p-glucuronide were added. The rate of B-glu-
curonide hydrolysis at 37 °C was determined by measuring
absorbance at 405 nm at least five different times.

Proteins—CRP was purified as described by Ryu et al. (26).
o”® was purified using the IMPACT system (New England
Biolabs) as described by Shin et al. (27) and was mixed with
the RNAP core enzyme (Epicenter) at a 1:1 molar ratio. o”°
RNA polymerase was purchased from U. S. Biochemical Corp.

In Vitro Transcription—Transcription reactions were per-
formed as described previously (5). The reaction mixture (50
wl) contained 20 mm Tris acetate (pH 7.8), 10 mm magnesium
acetate, 200 mM potassium glutamate, and 2 nM supercoiled
DNA template. CRP was used at 50 nm and cAMP at 100 umMm,
when present. 20 nm RNA polymerase was added before incu-
bating the reactions at 37 °C for 5 min. Transcription was
started by the addition of 1.0 mm ATP, 0.1 mm GTP, 0.1 mm
CTP, 0.01 mm UTP, and 5 uCi of [a-**P]JUTP (3000 Ci/
mmol). Reactions were terminated after 10 min by the addi-
tion of an equal volume of transcription loading buffer
(0.025% bromphenol blue, 0.025% xylene cyanol, 0.01 M
EDTA, and 90% deionized formamide). After heating at 90 °C
for 3 min, the samples were loaded onto urea-7% polyacryl-
amide DNA sequencing gels. RNA bands were quantified us-
ing the ImageQuant™™ PhosphorImager (Molecular
Dynamics).
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Computation of Intracellular p-Galactose and cAMP-CRP
Levels—Ref. 28 describes a model that takes a time series of
D-Gal and cAMP-CRP levels and provides activities of Py,
P15 Piginy Poairr Py, and P2, These are further incor-
porated into two differential equations that compute how the
levels of GalR and GalS change with time. We extended this
model to include similar differential equations for the B-glu-
curonidase reporters for each promoter: dP/dt = v,A;, — y(¢)P,
where i = Py ir, Pouier Poaipr Poursy Prngins OF Py (As s the case
for GalR and GalS, B-glucuronidase is assumed to be stable
and diluted only by cell growth.) This model, consisting of
these five differential equations in addition to the model of
Ref. 28, has the following unknown parameters: the maximal
production rates of B-glucuronidase under each promoter
(v,), the time series for D-Gal, and the time series for cAMP-
CRP. We varied these parameters and observed how well the
resulting time series of B-glucuronidase under different pro-
moters fitted the measured B-glucuronidase levels. We found
a good fit by minimizing the least-square distance between
model and observed B-glucuronidase levels using simulated
annealing (29), a general algorithm for solving global optimi-
zation problems. The algorithm was implemented using C,
and results were visualized in MATLAB.

RESULTS

Changes in the Reporter Protein Content of Cells Grown in a
Batch Culture—Bacterial growth in batch cultures has six dis-
tinct stages: lag phase (growth rate-null), acceleration phase
(growth rate increases), exponential phase (growth rate con-
stant), retardation phase (growth rate decreases), stationary
phase (growth rate-null), and the phase of decline (“death
phase,” growth rate-negative) (30). When diluted in fresh me-
dium, cells first adjust their gene expression pattern to the
new conditions. After this initial period, cells start to repli-
cate, resulting in a continuous decrease in the level of avail-
able resources in the growth medium. As nutrients become
limited, cells undergo an elaborate physiological and mor-
phological differentiation to adapt to starvation. To monitor
how the galactose network of E. coli responds when cells meet
a finite pool of D-galactose in a limited volume, we created
seven promoter-uidABC reporter fusions using the Pz,
Poirr Pouipr Poaisy Prrgiy and Py, - promoter regions and a con-
trol promoter that is not regulated by GalR, GalS, or cAMP-
CRP (“unregulated” promoter). The fusions were transferred
on the chromosome of the reference strain MG1655 sepa-
rately, resulting in seven strains. Strains were grown in LB
medium overnight and then diluted in supplemented M63
minimal medium containing p-galactose as the sole carbon
source. The level of the reporter protein (UidA = GusA) was
determined at different times by measuring B-glucuronidase
activities in 0.5 ml of cells diluted to OD¢,, = 0.2. The actual
level of the reporter protein is affected by production and di-
lution by cell division. Therefore, for each sample measured,
we recorded the optical density of the culture at 600 nm and
the time counted from dilution of the culture in the minimal
medium (Fig. 1).

All the reporter fusions studied behaved similarly in the
sense that the intracellular B-glucuronidase level increased
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FIGURE 1. B-Glucuronidase content of cells as a function of time. Cells
containing promoter-uidABC reporter fusions were grown in M63 minimal
medium. At various time points, the optical density of the culture (ODg,,)
was recorded, and the B-glucuronidase enzyme activity was determined. All
strains showed similar growth; therefore, only a representative growth
curve is shown (dashed line). The B-glucuronidase activity of cells diluted to
ODgqo = 0.2 was plotted as a function of time for the strains containing the
Pyair (@), Py (), Pgarp (D), Pyays (O), P (A),P,¢ (#), and the unregulated
(gray squares) promoter fusions. The results shown are the average of three
independent measurements. S.D. was <10.6% of the mean value.

from an initial lower level to a higher level. The change was
only 2— 6-fold depending on the promoter used. The timing
and the speed of the transition between the low and high
states varied significantly for the different promoters. In four
cases (spf, galE, galP, and galR), the transition occurred in the
400 — 600-min interval, during the shift from fast growth to
very slow growth. However, in the other two cases (galS and
mglB), the transition happened later, when cell doubling was
almost negligible (650 — 800 min). In the case of the unregu-
lated promoter, the transition between the low and high states
was less sharp.

Computation of Growth Rate—From the measured OD val-
ues, we could determine how the growth rate (vy) of bacteria
changed with time using the following formula: y(¢) = (d/
dt)In(OD(¢)). The data show that the growth rate dropped
from a maximum of 1.225 doublings/h at ¢ = 285 min to a
minimum of ~0.011 doublings/h at £ = 715 min, after which
the growth rate slightly increased again and then remained
steady at 0.06 doublings/h until the end of the experiment.
Before t = 180 min, we had no OD measurements, but we
assume that the growth rate started at zero, remained there
for a lag period of ~100 min, and then rose to its maximum at
285 min (Fig. 24).

Computation of Promoter Activities—The concentration
of the B-glucuronidase protein (P) in the cell is determined
by the rate of protein production and by the dilution of the
cell contents due to cell division. Assuming that the rate of
protein production is proportional to promoter activities
(A) and that the optical density of the culture (OD) is pro-
portional to the cell number, we can calculate a time series
for the promoter activities using the following equation:

A = (P, A, — P,(OD,)/OD,  »,)/AT.
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FIGURE 2. Timing of promoter activities. A, time-dependent growth rate
calculated from the experiment shown in Fig. 1. B, intracellular cAMP-CRP
and p-galactose time series as found by the simulated annealing procedure
(29).

From the enzyme activity measurements of the unregulated
promoter, a promoter activity time series was calculated in
the same way as for the other strains. This activity, normal-
ized to 1, was then used to scale all other promoter activities
to take growth rate-dependent effects (e.g. gene copy/cell) and
the varying resource availability (e.g. abundance of RNA poly-
merases and ribosomes) into account (Fig. 3). Unlike in previ-
ous reports using balanced growth conditions (20-22), in our
experiments, the growth rate and the computed activity of the
unregulated promoter did not show a direct correlation. One
possible explanation for this observation is that besides pro-
duction of ATP, the galactose metabolism pathway also af-
fects other cellular processes. For example, availability of the
intermediate metabolite UDP-galactose affects peptidoglycan
synthesis and transcription (31).

The results show that, in the galactose system, promoter
activities have different timing patterns, and the scaled activi-
ties follow two different trajectories (Fig. 3, gray lines). The
activities of Py, ;z, Py,;r, and Py,can be characterized by a fast
initial increase, followed by a sharp drop, resulting in a single
peak. In the case of P, and P,,;;, the peak is broader for the
non-scaled activities. The scaled Py, Py;s, and P, start
expression patterns are similar, having two separate activity
peaks, the first at ~250 min and the second at ~600 min for
P,,p and 700 min for P,,,sand P, 5. The scaled and non-
scaled timing patterns (Fig. 3, gray versus black lines) show
only moderate differences, suggesting that the timing of gene
expression is mostly determined by the system-specific regu-
lators (GalR, GalS, and cAMP-CRP).

Computation of Intracellular cAMP-CRP and p-Galactose
Levels—The measured promoter activities are functions of the
intracellular cAMP-CRP and/or p-galactose levels and the
gene expression capacity of cells. Conversely, given time se-
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ries of the promoter activities, it is, in principle, possible to
deduce the time development of cAMP-CRP and p-galactose.
Ref. 28 describes a model that, given the intracellular cAMP-
CRP and p-galactose levels, computes the activities of all ga/
regulon promoters. We used this model to find the cAMP-
CRP and p-galactose time series that best fit the reporter pro-
tein activities we measured (normalized to the unregulated
control to eliminate the effects of cell physiology). We found
that the p-Gal level started rising significantly from ¢ ~ 400
min onward, until it peaked at ¢t ~ 650 min (Fig. 2B). After
that, the level quickly decreased until £ = 720 (the time at
which the growth rate reached its minimum) before moder-
ately increasing again. This increase is consistent with the
production of the Mgl transport system at 700 min. As ex-
pected from previous observations (13), the cAMP-CRP level
is inversely related to the p-Gal level; however, the biochemi-
cal background of this observation is not yet understood. The
cAMP-CRP level started off high, decreasing to a low level at
¢t = 400 min before rising again at ¢ ~ 670 min and then drop-
ping again when p-Gal rose at ¢ ~ 720 min (Fig. 2B).

Changes in P, and P2,,,; Transcription—The model of
Ref. 28 also enabled us to compute the relative contributions
of the P1,,,, and P2, promoters to galETKM transcription.
We found that the main contribution to galETKM transcrip-
tion throughout the growth curve came from P1,,;. P2,
rose for only a relatively short duration around the time when
the cAMP-CRP level reached its minimum at £ = 670 min
(Fig. 4).

Transcription of the gal Regulon Promoters by Stationary
Phase (6°%) RNA Polymerase—The transition from exponen-
tial to stationary phase is accompanied by replacement of the
RNA polymerase-associated o”° subunit with 0%, the process
of which is facilitated by sequestration of ¢”° by the Rsd pro-
tein (32). It was previously known that both the vegetative
phase (07°) and stationary phase (6°%) RNA polymerases can
transcribe the galETKM operon, although they show different
preferences for the P1,,,- and P2, promoters (33). Our re-
sults show that the P, promoter is active at the later stages
of growth, showing ~45% of its maximal expression at 800
min. To test whether 6°® RNA polymerase can support tran-
scription of P,,,,; at a rate comparable to 0’° RNA polymer-
ase, we analyzed transcription of the gal regulon promoters by
0”® and 0”° RNA polymerases in vitro in the presence and
absence of cAMP-CRP (Fig. 5). Both the ¢7° RNA polymerase
(RNAP) and ¢>® RNAP transcribed only three of the gal regu-
lon promoters, P1,,;, P2,,;p, and P, in the absence of
cAMP-CRP. Our results confirmed the previous observation
that, as opposed to 07° RNAP, 0 RNAP shows strong pref-
erence for P1,,,, and transcribes P2, weakly (33). Like
P25 Py showed lower activity when transcribed by o
RNAP compared with 67° RNAP. Similar to 0’° RNAP tran-
scription, cAMP-CRP activated o RNAP transcription of
Pl s Pginy Py and Py, ;5. However, significant differences
were obtained in the cAMP-CRP-activated levels of promoter
activities. Although the 0®® RNAP-transcribed P,,,,,; activity
reached ~70% of the transcription level obtained with ¢”°
RNAP, P,,;s reached only ~20% (Fig. 5, lanes 2 and 4). Both
the strong autoregulation of GalS (8) and the weak transcrip-

JOURNAL OF BIOLOGICAL CHEMISTRY 38065



Timing in the Galactose System of E. coli

1.04
0.9 galE
0.84
0.7
0.6
0.54

0.4+

Relative activity

0.3
0.2
0.1

0.0

T T T T T T T T T
200 300 400 500 600 700 800 900 1000

Time (min)

1.04 a

0.9 PgalF‘
0.8+ N /
079 \ f

/

0.6
0.5 A
044

Relative activity

0.34 I
0.2
0.1

0.0

T T T T T T T T T
200 300 400 500 600 700 800 900 1000

Time (min)

1.0+ —2

0.9 / D\- PgalR
0.8+

0.7 1
0.6

05- J
044 o

Relative activity

0.3 * o

02]
b—m-o
0.1 o

~e—*

0.0

T T T T T T
200 300 400 500 600 700 800
Time (min)

T T
900 1000

FIGURE 3. Calculated activities of P_,, (®), P

g

1.04 *
0.9 spf

0.8

*
0.7 H 4
ot
S 064
ks
@ 0.5
2
5 044 / J \
& 03 :,_-3 \
02 ) ¢
0.1
o.o,..‘,.,..‘/,\\.‘,/..,
200 300 400 500 600 700 800 900 1000
Time (min)
104 a A
44 A
0.9 ‘/ mglB
0.8
A
0.7 4
= 06
B A
® 054 \‘/‘\ W
g A
g 044 i A A
© A \A
03
A
0.2 \ !
\ ~
0.1 %
00 T T T T T T = T T T T
200 300 400 500 600 700 800 900 1000
Time (min)
1.0+ o
‘ P
0.94 1 galS

08 @
0.7 0\

06 \

05 5

04+ N,

03] \
021 IR P~—a—°

0.1 o

Relative activity
o
J

0.0

T T T T T T T T T T T T T T T T
200 300 400 500 600 700 800 900 1000

Time (min)

ate (1)s Pgaip (A, Pgays (O), Prgip (A), and P (@) (solid black lines). The activity of the unregulated pro-

moter, which was used to scale all ot%er promoter activities to take the varying resource availability into account, is shown by the dotted line in the upper
left panel. The scaled activities are shown in gray for all promoters. Promoter activities were individually normalized to the maximal activities observed (= 1).

tion of P,,;s by 0°® RNAP could explain the fast drop in P,
activity (compared with P,,,,;;) between 700 and 750 min (Fig.
3). Although P1,,,, was more efficiently transcribed by o
RNAP than by ¢7° RNAP in the absence of cAMP-CRP, ¢**
RNAP transcription was only slightly increased compared
with the activation of 6”° RNAP transcription in the presence
of cAMP-CRP. Because the ga/R and galS genes are poorly
transcribed by 0® RNAP, we suggest that repression of the
gal regulon promoters (primarily P1,,,- and P,,,,;) in the sta-
tionary phase is maintained by the repressor proteins accu-
mulated earlier.

DISCUSSION

Enteric bacteria are evolved to deal with varying nutritional
conditions in nature. Nutrients are often limited in the envi-
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ronment (famine), but there are nutrient-rich periods as well
(feast). The metabolic and morphological changes accompa-
nying the transitions in the feast-famine cycles have been
studied in detail (34). In this work, we analyzed how the galac-
tose utilization system of E. coli reacts to the availability of a
large but limited galactose pool. We found that galactose me-
tabolism has a global effect on gene expression (e.g. through
influencing nucleotide triphosphate levels) and also a specific
effect on the transcription of genes belonging to the galactose
regulon (through the intracellular p-galactose and cAMP lev-
els, influencing the activity of GalR, GalS, and CRP). We com-
puted changes in the promoter activities of the galactose
regulon genes and in the intracellular p-galactose and cAMP-
CRP levels. The galactose system monitors the intracellular
D-galactose and cCAMP-CRP levels in real time and computes
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FIGURE 5. Transcription of the gal regulon promoters by stationary
phase (6®) RNA polymerase. In vitro transcription assays were performed
on a supercoiled pRPGSM DNA (6) template in the presence of the heat un-
stable nucleoid protein HU (80 nM) and cAMP. The presence or absence of
CRP is indicated at the bottom of each lane. Experiments in lanes 17 and 2
were performed with o7° RNAP holoenzyme, and those in lanes 3 and 4 with
reconstituted o> RNAP holoenzyme.

the promoter activities accordingly. Because the proteins of
the galactose system are assumed to be stable, similar to the
reporter protein used, decisions of the system are limited to
protein production. The actual intracellular levels of proteins
depend on the history of protein production (promoter activ-
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ity) and dilution (cell division). This is why promoter activities
are more dynamic than protein levels. We found that timing
of promoter expression depends on the current intracellular
signal levels (D-Gal and cAMP-CRP), which are determined
by the current extracellular galactose level and the levels of
the proteins (and small RNA), affecting galactose transport
and utilization (which depend on the history of the cell). Ac-
cordingly, decisions in the system are based on the current
state of the cell and not on monitoring the level of extracellu-
lar galactose in real time.

Coordination of Galactose Transport and Utilization—En-
zymes encoded by the galETKM operon are responsible for
the amphibolic utilization of galactose. All of the Gal enzymes
are required for galactose metabolism; however, only GalE is
needed for making substrates for biosynthetic glycosylation
reactions in the absence of external galactose. Transcription
from the PI,,,, promoter results in equimolar expression of
the Gal enzymes, serving the catabolic requirements, whereas
transcription from the P2, promoter results in discoordi-
nated expression (more production of GalE and GalT than the
promoter-distal GalK and GalM), which suits the biosynthetic
requirements (15, 16, 35, 36). Our result that P2,,,, promoter
activity is negligible when cells are grown in a galactose batch
culture is consistent with this model. However, production of
the proteins encoded by the gal operon can also be discoordi-
nated by the Spot42 small RNA, which specifically inhibits
GalK production in the absence of cAMP-CRP (37). In our
experiments, transcription of the Spot42 promoter (P, coin-
cided with the increase in the intracellular p-Gal level and
with the decrease in the cAMP level. We suggest that inhibi-
tion of GalK production by the Spot42 small RNA is involved
in balancing galactose transport and metabolism and that this
regulation suits cellular needs in an environment where the
extracellular galactose concentration is decreasing. Limitation
in galactose transport due to the decreasing extracellular ga-
lactose concentration can be compensated by increasing the
concentration of transporters. To obtain higher expression of
transporters, cells need to build up a higher level of intracellu-
lar galactose, which in turn also allows increased production
of the enzymes involved in galactose utilization. If the system
did not reduce the rate of galactose utilization when the ga-
lactose influx decreases, the cell would quickly use up the in-
tracellular galactose pool, leading to switching off of promot-
ers by reactivated GalR and GalS and therefore reduced
galactose transport and utilization. This effect can be over-
come by changing the relative strengths of the transport and
metabolism feedback loops (1). Limiting GalK production is
an efficient way to block the metabolic feedback loop without
compromising transport, allowing accumulation of intracellu-
lar galactose. However, Spot42 is produced at a high rate at
low cAMP, regardless of whether the extracellular galactose
concentration is decreasing or not. Increasing the transport
capacity is likely unnecessary in a high-galactose environ-
ment; therefore, we suggest that uncoupling of the transport
and metabolism loops by post-transcriptional regulation is a
result of adaptation to a fluctuating galactose environment.
Spot42 production allows more efficient utilization of galac-
tose at lower extracellular concentrations, and because of the
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abundance of the Spot42 small RNA, this effect can last for a
few cell generations even after its synthesis is stopped (38).

In conclusion, we propose that the galactose system of
E. coli was adapted to function in an environment where ga-
lactose levels vary in time. However, the mechanisms of deci-
sion suit environments where future galactose levels are un-
predictable rather than environments with regular feast and
famine cycles. If the galactose system were adapted for the
latter kind of environment, with regular fluctuations, we
would expect the system to give higher preference to the ex-
pression of the MgIBAC transport system when the intracel-
lular p-Gal level starts to decrease, thus avoiding the dip in
the growth rate at 700 min (Fig. 24).

Determinants of Transcription Patterns of Promoters in the
Galactose System—Transcription of the gal regulon promot-
ers (at any given time point in the experiment, shown in Fig.
1) depends on (i) the availability of resources for transcrip-
tion, (ii) combinations of the intracellular cAMP and p-Gal
levels, (iii) the concentration of regulators sensing these sig-
nals, and (iv) the structure and function of the regulatory re-
gion and the promoter. Previously, we described how tran-
scription of the gal regulon promoters depends on cAMP and
D-galactose concentrations and found that integration of the
two signals at the promoters resembles Boolean logic func-
tions (6, 28). Here, we found a correlation between the shapes
of the scaled promoter activity curves (Fig. 3, gray lines) and
the logic of signal integration at the promoters. We observed
one activity peak in the case of the “D-Gal” and the “NOT
cAMP” logic and two activity peaks in the case of AND-like
gates (Fig. 3). However, the positions of the peaks in the latter
case depend on the strength of GalR/GalS- and cAMP-CRP-
binding sites in the regulatory regions. For example, for P,,;»,
which has the strongest GalR-binding sites and the highest
sensitivity to cAMP-CRP activation, the second peak appears
earlier compared with P,,;;, which needs much higher cAMP-
CRP levels to become activated and less b-Gal to lift GalR/
GalS-mediated repression.
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