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Just-in-time transcription program in metabolic pathways
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Michael G Surette? & Uri Alon!

A primary goal of systems biology is to understand the design
principles of the transcription networks that govern the
timing of gene expression'-5. Here we measured promoter
activity for ~100 genes in parallel from living cells at a
resolution of minutes and accuracy of 10%, based on GFP
and Lux reporter libraries3. Focusing on the amino-acid
biosynthesis systems of Escherichia coli*, we identified a
previously unknown temporal expression program and
expression hierarchy that matches the enzyme order in
unbranched pathways. We identified two design principles:
the closer the enzyme is to the beginning of the pathway, the
shorter the response time of the activation of its promoter
and the higher its maximal promoter activity. Mathematical
analysis suggests that this ‘just-in-time’ (ref. 5) transcription
program is optimal under constraints of rapidly reaching a
production goal with minimal total enzyme production®”.
Our findings suggest that metabolic regulation networks are
designed to generate precision promoter timing and activity
programs that can be understood using the engineering
principles of production pipelines.

Figure 1 System for measuring promoter a
activity with high resolution and accuracy.

(a) Reporter plasmids: pUA66 contains the
gene GFPmut2; pUAL94 contains the operon
LuxCDABE. Both vectors include a BamHI and
Xhol cloning site for the promoter region, a
low-copy origin (SC101 origin) and a
kanamycin resistance gene. Two additional
vectors (pUA139 with GFPmut2 and pUAL306

o

Amino-acid biosynthesis (AAB) in E. coli is carried out by well-charac-
terized enzymatic pathways*®~11. The genes encoding these enzymes
are governed by a transcriptional regulatory network!'>!3, which is an
excellent model system for studying the design principles of metabolic
regulation. To study the dynamics of transcription of AAB genes at
high temporal resolution and accuracy, we constructed a library of 52
reporter strains that represent ~50% of known AAB genes. We
designed each reporter strain by cloning one of the promoter regions
of E. coli K-12 MG1655 upstream of a Lux or a fast-folding GFP
reporter gene (Fig. 1a). We measured promoter activity with a high
temporal resolution by measuring fluorescence, luminescence and
absorbance from 96 cultures in parallel in a multiwell fluorimeter®!4,
The fluorimeter allowed automated readings at 4-min or 8-min inter-
vals during growth with shaking at a constant temperature. Day-to-
day reproducibility was ~10% (Fig. 1b,c).

We first studied the dynamics of the AAB promoter activity after a
shift from defined medium with no amino acids to defined medium
supplemented with one amino acid (Fig. 2). We measured expression
every 8 min for 8 h of growth and plotted data as a ratio relative to the
expression at the same absorbance in the absence of amino acids.
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with luxCDABE) contain a reversed (BamH|- s
Xhol) cloning site for promoters in the opposite
direction (not shown). Day-to-day
reproducibility of the high-throughput
measurement of absorbance (b) and GFP (c).
The mean relative error for the absorbance and
fluorescence measurements was 11% and
10%, respectively.
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Virtually all promoters were active in the absence of amino acids,
whereas promoter activity was repressed in the presence of the com-
plete set of amino acids (Fig. 2). Transferring the cells to medium that
included one amino acid generally resulted in the downregulation of
the corresponding biosynthesis pathway (Fig. 2); arginine biosynthesis
is a prominent example. Addition of glutamate, a precursor of the
arginine biosynthesis pathway, also resulted in a mild downregulation
of the arginine biosynthesis genes. We found many such cross-activa-
tions and -repressions'?, in which a given amino acid affected the pro-
moter activity of genes belonging to other amino acid pathways. For
example, addition of leucine downregulated the activity of many of the
promoters, probably owing to the activity of the global transcription
factor Lrp!'®!7. These results suggest that there is an intricate interplay
between amino acids and the transcriptional regulation of the various
biosynthesis genes.

We then focused on the detailed activation dynamics of AAB sys-
tems after removing the amino acid. We studied the dynamics of
selected systems using fewer reporter strains per plate, which allowed
for higher temporal resolution. We analyzed the promoter activity of
the nine arginine biosynthesis operons using GFP and Lux reporters,
at a 4-min resolution. Eight of the operons encode a single enzyme,
and one, argCBH, encodes three. To activate the arginine system, we
diluted the cells into a defined medium supplemented with all amino
acids except arginine. To study the relative timing, we normalized the
activity profile of each of the promoters to its maximal level (Fig. 3).

Amino acid added
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We found a detailed temporal order of expression with delays on the
order of 10 min between the different promoters.

The main path for arginine production uses glutamate as a precur-
sor metabolite. Two other amino acids, glutamine and aspartate, are
also necessary for arginine production, and their products converge
into the main pathway from two additional linear pathways. We found
that the temporal order matched the functional enzyme order in each
unbranched pathway (Fig. 3). In the main pathway, argA was the first
promoter to be upregulated, followed by ar¢gCBH, argD and argE. This
is the order in which the ArgA, ArgBC, ArgD and ArgE gene products
convert glutamate to ornithine. Temporal expression also matched
gene order in the other two unbranched pathways in the arginine sys-
tem. carAB preceded argF and argl, which function in a complexls, ina
pathway that converts glutamine to citrulline, and argG preceded argH
in the pathway that converts citrulline to arginine. The timing of the
ArgG-ArgH pathway was similar to that of the early promoters in the
ArgA-ArgE pathway, even though the ArgG-ArgH pathway acts on the
end product of the ArgA-ArgE pathway. Therefore, gene functional
order seems to match the timing order only within an unbranched
pathway and not between different pathways.

Two other complete unbranched pathways are available in our
strain library: those of serine and methionine biosynthesis. We found
temporal order in these systems also, after the systems were induced by
a shift to medium with no serine or methionine but containing all
other amino acids (Fig. 4). In the serine biosynthesis pathway, the

expression order (serA, serC, serB) matched

the functional order of the enzymes in the

pathway (Fig. 4a). In the methionine biosyn-

Al thesis system, the expression order (metA,
metB, metC) also matched the pathway order
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Figure 2 Promoter activity dynamics of 45 AAB operons (Supplementary Table 1 online). Reporter
strains were grown on defined medium (M9 with 0.5% glucose and 25 ug ml-! of kanamycin)
supplemented with one amino acid (as indicated at the top), with all 20 amino acids (last column) or
with no amino acids. Rows represent promoters, arranged by amino acid system, and columns
represent experimental conditions, with 31 absorbance points between A =0.01 and A =0.15 per
condition, corresponding to early- to mid-logarithmic growth. Shown is the logarithm of the ratio of
the promoter activity to the promoter activity in the absence of all amino acids at the same
absorbance. Blue indicates downregulation; red indicates upregulation; green-yellow indicates no
substantial change in the expression levels. Ilv, leucine/isoleucine/valine; Aro, aromatic amino acids.
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(Fig. 4b).

To detect the temporal order (Figs. 3 and 4),
we considered the normalized activity for each
promoter. When considering the un-normal-
ized promoter activity in the arginine biosyn-
thesis pathway from argA through argE, we
observed a hierarchy in the activity levels
(Fig. 5a): argA reached the highest promoter
activity, followed by ar¢gCBH, argD and argE.
Thus, the closer an enzyme is to the beginning
of the pathway, the higher its maximal level of
promoter activity. We found that the same
principle applied in the methionine and serine
biosynthesis pathways (Fig. 5d,e). In the
methionine biosynthesis pathway, the pro-
moter activity hierarchy was metA > metB >
metC, and in the serine biosynthesis pathway,
it was serA > serC > serB.

The temporal order and the activity hierar-
chy can be represented in a single plot by con-
sidering the response time, defined as the
time it takes to reach half of the maximal pro-
moter activity level. In the arginine, methion-
ine and serine systems, the earlier the enzyme
is involved in a pathway, the shorter is the
response time and the higher the maximal
promoter activity of its gene (Fig. 5¢,f,g).

In control experiments, we induced the
lacZYA promoter to different levels using the
inducer isopropyl-f-D-thiogalactopyranoside
(IPTG) and measured its promoter activity
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Figure 3 Promoter activity profiles of the nine
arginine biosynthesis operons. Lux reporter strains
were grown in defined medium containing all
amino acids and diluted into the same medium
lacking arginine. Shown is the ratio of Lux activity
to absorbance at each time point divided by the
highest ratio for each strain. Blue and red indicate
low and high expression, respectively. The pathway
diagram illustrates the metabolic steps of the
arginine biosynthesis pathway and the dashed
arrows indicate the stages at which each gene
product participates. Similar results were obtained
using GFP reporter strains.

dynamics (Fig. 5h). The promoter activity
level increased with IPTG, as expected, but
the response time was nearly independent of
IPTG levels. Hence, in this control system,
expression strength did not correlate signifi-
cantly with response time.

Unbranched biosynthesis pathways can be
viewed as ‘production pipelines), in which the
end product is produced from an initial sub-
strate through several intermediate steps. We
analyzed an enzyme pathway, using a theoretical approach that is an
extension of classical theoretical studies®”!%2%, Important extensions
include treatment of transcriptional regulation, as well as dilution
effects due to cell growth. We modeled a pathway consisting of three
consecutive steps, representing a biosynthetic pathway composed of
three enzymes. The enzymes E |, E, and E; produce products according
to standard Michaelis-Menten equations, in which the rate of produc-
tion, utilization and dilution of metabolite S; is described by equation
1 in Box 1 in which ais the cell division rate and one can assume for
simplicity that the enzymes have the same velocities (V; = V) and Km
values (Km; = Km; ref. 19). The initial substrate S, is assumed to be
present at saturation. The amino acid product is P = S;. The equation
for S has an additional sink term representing the cell’s use of the
amino acid, represented by o S;. The concentration of each enzyme is
a balance of its expression rate and dilution by cell growth?h2? (equa-
tion 2 in Box 1).

The parameters f3; and k; are the maximal
promoter activity and repression coefficient® a
of gene i. k;, the concentration of repressor
needed for 50% repression, represents com-
plex combinations of the binding affinity of
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Figure 4 Promoter activity profiles of serine and
methionine biosynthesis systems. GFP reporter
strains were grown on defined medium
containing all 20 amino acids and then
transferred into the same medium lacking
serine (a) or methionine (b). Shown is the ratio
of GFP activity to absorbance at each time point
divided by the highest ratio for each strain.

Blue and red indicate low and high expression,
respectively. The pathway diagram illustrates
the metabolic steps in the pathways and the
dashed arrows indicate the stages at which 01 05
each gene product participates.
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repressor level (repressor bound to P) is given by equation 3 in Box 1 in
which Ry is the total repressor concentration and Kr is the dissociation
constant. The flux of the product is given by equation 4 in Box 1.

To find the optimal gene expression program, we optimized the
parameters f3, k; and Kr to minimize a cost function given by equation
5 in Box 1. This cost function is composed of two factors: the cost to
produce the enzymes and the rate and precision at which F approaches
its goal, Fyo,1. The cost function has two parameters: a represents the
relative cost of producing the enzymes, and the integration time T rep-
resents a typical time scale for the duration of activation of the system
in the environment!.

The optimized solution that minimizes this cost function shows a
hierarchy in promoter strengths as well as temporal order (Fig. 6):
the earlier the enzyme acts in the pathway, the higher its maximal
promoter activity and the earlier it is expressed. These programs are
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Box 1 ¢ Equations
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generated in the optimal model solution by differential §; and k; val-
ues. We find 8, > 3, > fB;, representing a hierarchy in the maximal
promoter activity, and k; < k, < ks, representing feedback strength by
the repressor that is stronger the earlier the enzyme in the pathway.
These qualitative features of the optimized solution apply to a
broad region of the cost function parameters a and T (a < 0.01 and
T > 5; Fig. 6d). As T increases, the differences between the
response times of the enzymes in the pathway become smaller,

reflecting optimization with greater emphasis on steady-state pro-
duction than on the transient phase of the response. We analyti-
cally show in Supplementary Note online that when T — oo, the
optimal solution has a hierarchy of expression levels®.

To understand intuitively this optimized solution and the role of
the delays between the AAB genes, it is useful to estimate how long
it takes an enzyme to produce enough product to reach the Km of
the next enzyme in the pathway. At full production, each stage of a
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Figure 5 Promoter activity and response times in AAB pathways. (a) Un-normalized expression kinetics of arginine biosynthesis promoters for genes in
the unbranched pathway from glutamate to ornithine. The reporter strains argA, argCBH, argD and argE were diluted into a medium that lacks arginine
(as in Fig. 3). (b) Normalized expression kinetics for argA, argCBH, argD and argE. Dashed lines represent response time, the time to reach 50% of the
maximal expression. (¢) Maximal level of expression versus response time for argA, argCBH, argD and argE. The mean + s.d. of two experiments is
shown. (d) Un-normalized expression kinetics of methionine biosynthesis promoters. The reporter strains metA, metB and metC were diluted into a
minimal medium that lacks methionine (as in Fig. 4h). (e) Un-normalized expression kinetics of serine biosynthesis promoters. The reporter strains serA,
serC and serB were diluted into a minimal medium that lacks serine (as in Fig. 4a). (f) Maximal level of promoter activity versus response time for
methionine biosynthesis promoters. The mean + s.d. of two experiments is shown. (g) Maximal level of promoter activity versus response time for serine
biosynthesis promoters. The mean = s.d. of two experiments is shown. (h) Maximal level of promoter activity versus response time for the /lacZYA
promoter induced with various levels of IPTG ranging from 1 uM to 1 mM. Similar results were obtained with the corresponding Lux reporter.
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Figure 6 Mathematical model of three-enzyme pathway optimized to rapidly
achieve a flux goal with minimal enzyme production (see equations 1-5 in
Box 1). (a) Enzyme concentrations as a function of time after induction of
the pathway. (b) Enzyme concentrations normalized by their steady-state
values. (¢) Maximal level of expression versus response time (time to 50% of
maximal concentration) for the three enzymes. The enzyme kinetic
parameters (equation 1) are V=1, Km =1, and the dilution and utilization
rates are =1, o’ = 2. The cost function in equation 5 (Box 1) used 7= 10,
Feoal = 0.006, a=0.001. The optimal coefficients of the regulatory system
are f; = 3.4, B, =0.67, f3=0.10, k; =0.23, k, =0.68, k3 =2.1,

Kr=1 x 1074, (d) Properties of the optimal solution for various values of the
cost function parameters T (integration time) and a (relative cost of enzyme
production). In the blue region, the optimal solutions show the following two
properties: (i) 77 < 7, < 73 and (ii) max (E;) > max (E,) > max (E3). 7;is the
response time (time to reach 50% of maximal concentration) and max (E) is
the maximal concentration of the enzyme.

linear AAB pathway needs to makes about 107 product molecules
per cell cycle*. Typical AAB enzymes have a Km on the order of
1 mM, which corresponds to about 10° substrate molecules per
cell“. It therefore typically takes about 0.1 cell cycles for enzyme i to
produce enough molecules to reach the Km of enzyme i+1. In our
experiment, the cell cycle is about 100 min. The estimated delay,
Tgelay = 0.1 cell cycles ~10 min, is of the same order as the observed
delays between enzyme promoter activations in our experimental
data. The present mathematical treatment also helps us to under-
stand the role of the observed hierarchy of promoter activity:
higher promoter activity for the early enzymes makes the response
faster by providing a boost of initial substrates. In addition,
increased production rate of the early enzymes and substrates
reduces the effects of their dilution by cell growth over the time it
takes to express the full pathway?*.

Some of the AAB pathways, such as the arginine pathway, are con-
trolled by a single repressor that also represses its own transcrip-
tion?12°, We added such autoregulation to the mathematical pathway
model (Supplementary Note online) using equation 6 in Box 1 in
which f3, and k, describe the interaction of the repressor with its own
promoter. The optimal solutions show an increase in the regulator
level from its basal level, an overshoot and finally a relaxation to a
steady-state level that is modestly higher than the basal level. The opti-
mal response time of the repressor is faster than that of any of the
enzymes in the pathway (Supplementary Fig. 1 online). Our experi-
mental data for the arginine system show a similar behavior: the pro-
moter of the gene encoding the master repressor, argR, is the earliest
activated (Fig. 3 and Supplementary Fig. 1 online).

Genes that participate in multi-step differentiation processes
or in building protein machines such as flagella!*?” are often expressed
in a temporal order that matches the functional order of the gene
products®!3. Here, we found such a temporal order in a new type of
gene system: metabolic pathways. There are two design principles in
the unbranched pathways that we analyzed: the earlier the enzyme acts
in the pathway, the shorter the response time of its promoter activity
and the higher its maximal promoter activity. We also found that these
two design principles characterize optimal solutions of a simple math-
ematical model, optimized to rapidly reach a desired product goal
with minimal enzyme production. More generally, these two design
principles may characterize gene systems regulated by the commonly
occurring single-input-module network motif >!3, in which a single
regulator controls a set of target genes.

The present findings suggest that regulation of metabolic path-
ways has an unexpectedly beautiful precision design, and that this
design can be understood by means of optimization for engineering
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criteriab¢-111920 such as response time and resource economy. The

present approach can be used to study experimentally the design
principles of other metabolic pathways.

METHODS

Materials. We obtained enzymes from Roche, amino acids from Calbiochem,
primers from Sigma, 96-well PCR plates from Symport and 96-well plates for
overnight growth from Nunc.

Primer design. We designed primers to flank regions between the two open
reading frames (ORFs) that border each promoter region as described®. The
primers amplify the regions between two adjacent ORFs with an extension of
50-100 bp into each ORE. If no suitable primers were found, we extended the
amplified region to 300 bp into each ORF. For AAB promoters known to con-
tain leader peptides®®, the promoter region included the leader peptide coding
region. We designed each of the two primers with either Xhol or BamHI restric-
tion sites. If the target genomic promoter region contained Xhol or BamHI
sites, we used other restriction enzymes that leave the same overhang (Sall or
Bglll, respectively). All the primers were designed with Tin = 60 °C to allow
high-throughput multiwell PCR.

Vector preparation. The vectors used for the reporter strain library con-
struction contain a reporter gene, GFPmut2 (ref. 29) or luxCDABE (ref. 30;
Fig. 1a), under the control of the promoter. We used two versions of each
type of the vectors, one for promoters in the positive direction (pUA66 for
GFP and pUA94 for Lux) and the others for promoters in the negative direc-
tion (pUA139 for GFP and pUA306 for Lux). We purified the plasmids by
Maxi-Prep (Qiagen) from MG1655 cells, digested them with Xhol for 7 h at
37 °C and then purified and digested them with BamHI for 5 h at 37 °C. We
checked digested vectors for background by self-ligation experiments fol-
lowed by transformation.

PCR and digestion of the promoter regions. Primers were arranged in 96-
well block plates and carried out PCR in 96-well plates (Symport). We used E.
coli K-12 MG1655 genomic DNA as template and the Expand High-Fidelity
PCR System (Roche). PCR conditions were 95 °C for 10 min, followed by 24
cycles of 95 °C for 30 s, 60 °C for 1 min and 72 °C for 1 min, and a final step of
72 °C for 5 min. We checked product size on 96-lane 1% agarose gel. We then
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purified PCR products using a 96-well PCR purification kit (Qiagen) and
digested them for 6 h at 30 °C with Xhol and BamHI restriction enzymes.
For primers using Sall or Bg/II restriction sites, we carried out the digestion
in two steps. All digestions took place in 96-well plates (Symport). We
cleaned the digested PCR products using a 96-well PCR kit (Qiagen).

Ligation and transformation. We ligated the digested PCR products (T4
ligase, Roche) overnight at room temperature with the corresponding vec-
tors in 96-well plates and transformed them into CaCl,-competent
MG1655 cells in high-brim 96-well plates. We then plated the transformed
cells on 9-cm plates with selective media with 25 pg ml~! of kanamycin. We
screened positive colonies by 96-well colony PCR using primers designed
for the upstream and downstream regions of the two restriction sites,
BamHI and Xhol. Primer sequences are available on request. We loaded
products on 96-well agarose gels to check for the correct sizes of the corre-
sponding inserts. We prepared frozen stocks (25% glycerol) of the reporter
strains in 96-well plates. We sequenced 25 randomly selected clones and
detected no mutations.

Reproducibility experiment. We inoculated 80 different reporter strains,
including 45 for AAB operons, from frozen stocks into Luria broth medium
supplemented with 25 pg ml™! of kanamycin and grew them for 16 h. We then
diluted the cells 1:300 into a fresh Luria broth medium with 25 pug ml™' of
kanamycin to a total volume of 150 pl and covered them with 100 pl of mineral
oil (Sigma). The dilution was done in a 96-well flat-bottom plate (Nunc), where
each well contained a different reporter strain culture. We allowed the cells to
grow for 10 h at 37 °C with shaking as described? in a Wallac Victor2 multiwell
fluorimeter and measured the fluorescence (at 535 nm) and the absorbance (at
600 nm) every 8 min (75 time points per promoter) for a total of 6,000 data
points (Fig. 1b,c).We normalized the absorbance and fluorescence data to the
mean for each gene in each experiment and multiplied by the overall mean of
the two experiments.

Experiments for measuring the expression levels under various conditions.
The reporter strains used in these experiments (Supplementary Table 1 online)
were directly inoculated from frozen stocks and grown for 20 h in Luria broth
with kanamycin (25 g ml™!) at 37 °C. We then diluted the cultures 1:150 into
the specific experimental medium at a final volume of 150 pl per well in flat-
bottom 96-well plates and, as previously described, covered them with mineral
oil and grew them in a Victor2 multiwell fluorimeter. Time between repeated
measurements was 8 min. We subtracted the background fluorescence of cells
bearing a promoterless GFP vector.

Amino acid deprivation experiments. We inoculated frozen stocks of the
amino acid reporter strains (Supplementary Table 1 online) into M9 defined
medium supplemented with 0.5% glucose, 0.2% casamino and 25 pg ml~! of
kanamycin. We grew the cells for 16 h at 37 °C in deep 96-well plates with
shaking. We then diluted the cell cultures 1:150 to a final volume of 150 ul with
M9 medium plus 0.5% glucose and 25 ug mI™! of kanamycin without amino
acids, with one amino acid or with the complete set of amino acids in 96-well
plates and covered them with 100 ul of mineral oil to avoid evaporation?. The
concentration of amino acids added to the medium were as follows: alanine,
0.47 mM; arginine, 0.6 mM; asparagine, 0.32 mM; aspartic acid, 0.3mM;
cysteine, 0.3 mM; glutamate, 5 mM; glutamine, 5 mM; glycine, 0.13 mM;
histidine, 0.1 mM; isoleucine, 0.3 mM; leucine, 0.3 mM; lysine, 0.3 mM;
methionine, 0.3 mM; phenylalanine, 0.3 mM; proline, 2 mM; serine, 4 mM;
threonine, 0.3 mM; tryptophan, 0.1 mM; tyrosine, 0.1 mM; valine, 0.3 mM.
We inserted the plate into a Victor 2 multiwell fluorimeter (Wallac) and mea-
sured the luminescence, fluorescence (at 535 nm) and absorbance (at 600 nm).
Experiments were done at 30 °C with orbital shaking before each measure-
ment. The full plate was measured every 8 min (Fig. 2). In experiments with
fewer strains, we measured every 4 min (Figs. 3-5). We measured parameters
for the lacZYA promoter in the same conditions with different concentrations
of IPTG (Sigma). We analyzed data using custom Matlab software.

Note: Supplementary information is available on the Nature Genetics website.
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