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Abstract Expression of proteins unneeded for growth
diverts cellular resources from making necessary protein
and leads to a reduction in the growth rate of an organism.
This reduction in growth rate is termed as cost. Cost plays
an important role in determining the selected expression of
a protein in a particular environment. Characterization of
cost is important in biotechnology industries where micro-
organisms are used to produce foreign proteins. We have
used the lactose system in Escherichia coli to quantify the
cost of growth on glycerol in the presence of isopropyl-3-
D-thiogalactopyranoside (IPTG), an inducer of the lactose
system. The effect of the concentration of the carbon
source, glycerol, and the inducer of Lac enzymes, IPTG, is
studied. The results show that the cost is dependent on the
glycerol concentration with a decreasing trend with in-
creasing concentration of glycerol. Also as expected, the
cost increases and saturates at a higher concentration of
IPTG. The studies also demonstrate that the cost is higher
in early exponential phase relative to late exponential phase
during the growth as has been reported in the literature. Hill
equation fit yielded a typical Monod-type expression for
growth on glycerol with and without IPTG. An apparent
half-saturation constant was defined which was used to
characterize the burden on growth due to protein expression.
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Introduction

Expression of unneeded proteins in Escherichia coli is
known to reduce growth rate. This is known from studies
that have been carried out from the last 50 years (Weiner
1957; Horiuchi et al. 1962; Andrews and Hegeman 1976;
Koch 1988; Nguyen et al. 1989; Dong et al. 1995; Dekel
and Alon 2005). The reduction in growth rate due to the
production of enzymes is known as cost and burdens the
cellular growth. The cost is defined as the fractional
reduction in growth rate and is thought to be due to limited
resources of the cell, especially the capacity of ribosome
(Maaloe and Niels 1966). Due to limited resources, the
expression of unneeded proteins diverts the cellular
resources from making necessary proteins as a result of
which the capability of the cells to grow reduces (Alon
2006; Vind et al. 1993).

Cost of a protein plays an important role in its evolutionary
selection. It decides the selected expression level of a protein
in a particular environment (Dekel and Alon 2005; Alon
2006). It also decides the regulatory and genetic circuits that
will be selected in a given environmental condition (Dekel et
al. 2005; Babu and Aravind 2006; Camas et al. 20006;
Zaslaver et al. 2006; Kalisky et al. 2007; Tanase—Nicola and
Ten Wolde 2008). Characterizing and quantifying the cost is
also important for improving the application of cells for the
production of a desired protein. Thus, characterizing the
effect of cost of protein synthesis on growth is important in
biotechnology industries where microorganisms are used to
produce bio-products (Shachrai et al. 2010).
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Studies have shown that the cost varies during the
growth of the cells, with the cost being predominant in the
carly exponential phase (EEP) as compared to the late
exponential phase (LEP). The early and late phases were
defined as the first 3.5 h and the last 2.5 h of the
exponential growth phase, respectively. Various reasons
ranging from limitation of ribosomal capacity to chaperon
proteins have been hypothesized to explain this phenomenon
(Dennis 1996; Tagkopoulos et al. 2008; Mitchell et al. 2009;
Condon et al. 1995; Artsimovitch et al. 2004; Magnusson et
al. 2005). Studies have also shown a high cost in EEP during
the production of green fluorescent protein (GFP) (Shachrai
et al. 2010).

The lactose system in E. coli is well characterized and is
a good candidate to quantify cost. The current study obtains
insights into the phenomenon of cost during the growth of
E. coli on glycerol and during the expression of [3-
galactosidase through the lactose system using isopropyl-
[3-p-thiogalactopyranoside (IPTG). The effects of both
IPTG and glycerol concentration on the cost have been
quantified. The cost in both EEP and LEP has also been
measured. The study concludes that cost is not only
dependent on the amount of carbon source but also on the
amount of inducer of an enzyme in the medium. Further,
Monod’s equation is used to rationalize the effect of cost on
the growth.

Materials and methods

Strains, media, and reagents The strain E. coli MG1655
was obtained from the lab of Dr. Manjula Reddy, CCMB,
India. All the experiments were in M9 defined medium
consisting of M9 salts, 1 mM MgSQOy, 0.1 mM CacCl,, 0.1%
glycerol, 0.200 mM IPTG, and specified concentrations
glycerol (Merck). The Z-buffer (pH 7.0) contained 60 mM
Na,HPO,, 40 mM NaH,PO,4, 10 mM KCI, 1 mM MgSOy,,
and 50 mM 2-mercaptoethanol. Ortho-nitrophenyl-[3-D-
galactopyranoside (ONPG; pH 7.0) contained 40 mg
ONPG dissolved in 10.0 ml of 0.1 potassium phosphate
buffer. Potassium phosphate buffer (0.1 M) contained:
make solution A, 27.2 g KH,PO,4 in 1 L water; make
solution B, 34.8 g K,HPO, in 1 L water; and mix 39 ml
solution A and 61 ml solution. For the cost experiment,
specified concentrations of IPTG obtained from (Invitrogen)
were used.

Growth rate measurements The exponential growth rate
was measured by growing the strains in 50 ml culture in
250-ml flask. These flasks were incubated on shaker at 37°C
at 240 rpm. Samples were taken and reading carried out at
595 nm using ELISA Reader (BioRad). Experiments were
performed in triplicate and repeated thrice on separate days.
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The data are presented as mean and standard deviation of
these nine experiments.

Beta-galactosidase assay Cells were grown on M9 medium
with glycerol as the carbon source. Aliquots of culture were
taken at fixed optical density (OD). The cells were
centrifuged and resuspended in 1 ml Z-buffer and were
later placed on ice. The OD of cell suspension was
measured at 600 nm. Appropriate dilution was performed
to obtain an OD in the range of 0.5 to 1.0. Using Pasteur
pipette, 80 pl of 0.1% SDS and 160 pl of chloroform were
added to each tube. The tube was vortexed for 15 s. The
reaction mixture was incubated at 30°C for 15 min; 160 pl
of 4 mg/ml ONPG was added and vortexed well for 10 s
and further incubated at 30°C and timed. The reaction tube
was removed after about 10-15 min (empirically deter-
mined by color). The reaction was quenched by adding
400 pl of 1 M sodium carbonate. The cell debris was spun
down. The OD of the aliquot was measured at 420 nm. The
Miller units were calculated using the following formula:
U = 1,000 x [(OD420)/[(Time) x (Vol) x OD595], where
Vol is the volume of the culture used in the assay in millilitre,
and Time is in minutes.

Cost determination Cost was estimated by growing the
cells on glycerol with and without IPTG, and the
normalized relative decrease in the growth rate was defined
as cost:

Cost =1~ H1 o 100 (1)
/’tn

where i, is the growth rate on glycerol without IPTG and

w is the growth rate on glycerol with IPTG. Cost in EEP

and LEP were obtained by estimating growth rate in the

initial growth period (0 to 3.5 h) for EEP and in the later

growth period (3.5 to 6 h) for LEP.

Results

To characterize the cost, as obtained from the relative
decrease in the growth rate, at various IPTG concentrations,
cells were grown in a medium containing 1 g/L glycerol
concentration with varying IPTG concentrations in the
range of 0-300 uM. Figure la shows the relative drop in
the growth rate at various IPTG concentrations. It was
observed that the growth rate dropped from 0.47 h™' in
absence of IPTG to 0.4 h™' at high IPTG concentration.
Thus, the cost, defined as the percentage drop in the growth
rate due to unneeded protein production, was determined to
be 15% at high IPTG concentrations. The cost was found to
increase with IPTG concentration and saturated beyond
100 uM of IPTG. A threefold increase in the cost was
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Fig. 1 The effect of IPTG concentrations on the growth of E. coli at a
fixed glycerol concentration of 1 g/L. a Normalized specific growth
rate at various IPTG concentrations. The specific growth rate was
normalized by 0.46 h™' which was observed for 1 g/L of glycerol in

observed for a change in IPTG concentration from 50 to
100 uM (Fig. 1b). A regression fit of a Hill equation to the
cost with respect to IPTG indicated a Hill coefficient of 2
and a half-saturation coefficient of 60 uM IPTG, indicating a
sharp increase in the drop around the half-saturation coeffi-
cient. Figure 1c shows the normalized [-galactosidase
activity with the maximum observed at 200 uM of IPTG.
It can be observed that the (3-galactosidase activity saturates
beyond 25 pM of IPTG. Further, the (3-galactosidase activity
did not correlate with the reduction in the growth due to the
introduction of IPTG. While the cost saturated around
100 uM of IPTG, the protein concentration saturated at a
lower concentration of 25 uM of IPTG. This suggests
that protein synthesis alone cannot explain the observed
cost.

The reduction in the growth rate can be characterized at
various time points during growth of the cells since
experiments capture the dynamic behavior of the growth.
Growth rate was characterized both in the early and late
exponential phases. The relative reduction in growth was
determined relative to the growth at early exponential phase
(EEP) and late exponential phase (LEP) on 1 g/L glycerol
without any IPTG. It is clear from Fig. 2a that the cost was

Iox

- - ]
o w =]
1 1 1

reduction (%)

Relative growth rate
(9]

0 25 50 100 200 300
Conc. of IPTG (pM)

absence of IPTG. b Cost, which is the relative reduction in growth rate
as percentage at various IPTG concentrations. ¢ The normalized (3-
galactosidase activity at different IPTG concentrations. The maximum
[3-galactosidase unit measured was 3,624 Miller units

higher in the EEP as compared to that observed in the
LEP on 1 g/L glycerol with IPTG compared to the
growth on 1 g/L glycerol without IPTG. A four- to
sixfold drop in the cost was observed in 100-200 uM
concentration range of IPTG in LEP. Interestingly, a
growth advantage of about 5% was observed for an
IPTG concentration of 300 uM in LEP. Figure 2b shows
the net normalized (3-galactosidase expression in EEP and
LEP for 100, 200, and 300 uM of IPTG. It is noted from
the figure that the protein expression is about 30% more in
the LEP as compared to that in EEP. This indicated that
lower amount of protein was synthesized in the LEP as
compared to EEP. This further suggests that the amount of
unneeded protein synthesized does not explain the observed
cost and the physiology of the cell may also play a significant
role in characterizing cost.

Cells were grown at different glycerol concentration to
study its effect on the cost using 200 uM of IPTG and a
medium lacking IPTG. Figure 3a shows the comparison of
growth rate on glycerol with and without IPTG in the
medium. A Hill equation was fitted for the two cases. The
Hill equation fit is shown as a solid line for medium with
0 uM of IPTG and dashed line for growth on glycerol with
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200 uM of IPTG. The fit obtained for the two cases are as
follows:

Glyl‘”
= 0.49 2
Ho {0.0441-17 + G @
Glyo'%
Hago = 049 [m 3)

where 1o and fio0¢ are the growth rate in per hour for 0 and
200 uM of IPTG, respectively. It is clear from the above
equations that the Hills coefficient is close to one indicating
a typical Monod’s equation. The half-saturation constant
was double (K;=0.09 uM) for growth on 200 uM of IPTG
compared to the growth in medium lacking IPTG (K =
0.044 uM).The maximum growth rate for both the cases
was the same and was equal to 0.49 h™'. The cost was
determined by determining the percentage decrease in the
growth rate at each glycerol concentration (see Fig. 3b).
The cost clearly decreased with increase in the glycerol
concentration and became zero at high glycerol concentra-
tion (for 3 g/L). No growth was observed for glycerol
concentration below 0.01 g/L when grown in 200 uM of
IPTG indicating a cost of 100%. Figure 3c shows the
normalized (3-galactosidase activity at various concentra-
tion of glycerol with a fixed IPTG concentration of
200 puM. The activity of 3-galactosidase increased with
increase in the glycerol concentration. The cost was less
than 10% for glycerol concentration greater than 1 g/L for
which the [3-galactosidase activity was the maximum (see
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Fig. 3b). It can again be noted that the cost cannot be
explained only through the amount of protein synthesized.

The growth rate which was determined for growth on
glycerol in the presence of IPTG was used to determine the
apparent half-saturation constant (k,) using a Monod's
expression, as given below:

Gly
H = 0.49 l:m] (4)

The value of K, was determined from the growth rate (u)
obtained for growth on various concentration of IPTG (see
Fig. 1a) compared to the growth on 1 g/L glycerol in the
absence of IPTG. The normalized apparent substrate
saturation constant, K,, is plotted in Fig. 4a for different
value of IPTG concentration. The normalized value of K,
yields the fold change observed in the value of substrate
saturation constant over that obtained for growth in the
absence of IPTG. The normalized value of K, increased up
to 100 uM of IPTG and saturated at a value of 6.5. Thus,
the cost due to IPTG can be rationalized as an increase in
the substrate saturation constant (K) in the Monod’s
equation. Similar apparent substrate saturation constant
was also determined for various glycerol concentrations at
200 uM of IPTG (see Fig. 3a). Figure 4b shows such an
apparent substrate saturation value for different concentra-
tion of glycerol. It is clear from the figure that the
normalized value of K, increased up to 2 g/L of glycerol
and, beyond which, it reduced and reached a value of one
beyond 4 g/L of glycerol. This indicated that the enzyme
synthesis and IPTG of 200 uM offered a burden for growth
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up to a glycerol concentration of 2 g/L. The excess glycerol
beyond 2 g/l can compensate for the burden since the
relative K, value decreased. The growth was found to be
normal without any burden beyond 4 g/L of glycerol. The
increase observed in the value of K, does not match the
trend indicated by the burden on growth at various
concentration of glycerol (see Fig. 3b). While the burden
decreases monotonically, the value of K, increases and
saturates before decreasing monotonically. This is essen-
tially due to the limiting substrate concentration for which a
lower K, value can match the decrease in the growth due to
cost. Further, for a glycerol concentration of 0.01 g/L and
200 uM of IPTG where no growth was observed, a precise
value of K, could not be determined, although Eq. 4
predicts a very high value with a value of K, approaching
infinity. This may be due to errors in precise measurement

Conc. of Glycerol (g/L)

of the growth rates at such low concentrations of glycerol.
It can be also be noted that a Monod fit yields a twofold
increase in the K value for growth with IPTG on an
average over the range of glycerol concentrations as
compared to growth without IPTG (see Egs. 2 and 3).

Discussion

Protein synthesis is known to burden the cells for their
capacity to grow. Therefore, protein synthesis is optimized
through evolution to maximize growth. This has been
demonstrated by Dekel et al. in E. coli for the growth on
lactose through the lacZ expression (Dekel and Alon 2005).
We report here the cost as determined by the decrease in
growth rate on glycerol, where we initially assumed that the
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cost was due to the unneeded expression of the Lac
proteins. Firstly, the cost was estimated at different IPTG
concentration for fixed glycerol concentration of 1 g/L. As
expected, the cost increased with increasing concentration
of IPTG up to 100 puM, beyond which the cost saturated.
The (3-galactosidase activity could not be correlated with
the cost estimation, since the enzyme activity saturated at
25 uM of IPTG while the cost saturated beyond 100 uM of
IPTG. This clearly indicated that the cost may not simply
be related to the synthesis of (3-galactosidase. These
experiments indicated that IPTG also has a role to play in
determining the cost. It is reported that the uptake of IPTG
into the cells involves the use of proton pumps leading to a
burden to the cells (Seol and Shatkin 1992; Krzewinski et
al. 1996).

Experiments also suggested that the cost is higher in the
early exponential phase (EEP) than in the late exponential
phase (LEP). This result is in agreement with Shachrai et al.
where they elegantly show with the help of GFP production
in E. coli that the phenomenon of cost is more predominant
in the EEP as compared to the LEP. Thus, it appears that the
cost is higher in the EEP as compared to the LEP and is not
only restricted to the production of foreign proteins but is
also applicable to the expression of unneeded host proteins.
This may be particularly due to the lower synthesis of Lac
proteins in LEP since most of the induction occurs in the
early phase of growth. Further, work reported by Dykhuizen
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and colleagues suggest that cost is not related to the total
protein concentration but in the process of transcription and
translation (Stoebel et al. 2008).

Experiments with varying glycerol concentration dem-
onstrated that the cost reduced with increasing glycerol
concentration and was nullified at higher saturating con-
centrations. This may prove useful in biotechnological
industries where microorganisms are used for the produc-
tions of foreign proteins through inducible systems. One
possible explanation for the reversion of cost at higher
substrate is that, at higher substrate concentration, more
resources are available for the expression of unneeded
protein production. Cost occurs when the expression of
unneeded protein production uses the cellular resources that
are required for the production of essential proteins, such as
ribosomal proteins. In a scenario where the resources are in
excess, such a condition may not arise, as a result of which
the cells do not face a burden at higher substrate
concentration. Thus, the cost is not a fixed amount but is
highly dependent on environmental conditions, such as
concentration of substrate in the medium.

Thus, in the case of Lac protein expression, it appears
that cost not only depends on the IPTG concentration but
also on the substrate concentration. The work reported here
supports the theory proposed by Vind et al. (1993) which
states that high cost results when ribosomes are the limiting
factor. A limited number of ribosomes would then limit
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protein synthesis (Vind et al. 1993; Dennis 1996), resulting
in lower amounts of enzymes required for growth. In such a
scenario, the growth will be limited and production of
unneeded proteins will result in a cost for the organism.
However, at high concentrations of substrate, there may be
enough energy for synthesizing both sufficient ribosomes
and the unneeded protein, resulting in no cost. In such a
case, the rate of DNA synthesis, NADH reoxydation or
substrate uptake rate itself may limit the growth.

The determination of apparent substrate saturation
constant (K,) was helpful in characterizing and quantifying
the influence of the substrate and IPTG concentrations on
the cost. For growth on 1 g/L glycerol and varying IPTG
concentration, the K, value increased up to 100 uM IPTG
correlating with the enzyme synthesis. For growth on
varying glycerol concentration and fixed IPTG concentra-
tion, the parameter could characterize two regions, one, a
phase of increasing cost in the initial glycerol concentration
range between 0 and 2 g/L, and second, a phase wherein the
cost decreased and saturated to zero beyond 2 g/L of
glycerol. The first region characterize the influence of
limiting resources for growth due to burden, while the
second region represents the excess energy levels compen-
sating for the cost. Thus, the apparent substrate saturation
constant could correlate the effect of cost on the growth
burden effectively.

In summary, the concept of high cost in the early
exponential phase and low cost in the late exponential
phase is applicable to expression of unneeded expression of
host proteins. Both the protein expression and IPTG
concentration influenced the burden on the cells at a fixed
glycerol concentration. The substrate concentration also
plays an important factor in determining the cost. Cost can
be minimized by growing the culture at high substrate
concentration when foreign proteins need to be expressed
inside the host.
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