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Abstract
Protein expression in E. coli grown in shaker flasks is a routine and pivotal tool in many research laboratories. To maximize 
protein yields, cells are normally induced in the middle of the linear growth phase, typically at an OD600 of ≤ 1 for cells 
grown in Luria–Bertani (LB) medium at 37 °C. We recently showed that the E. coli linear growth phase can be extended to 
higher cell density when cells are cultured under less than optimal conditions such as in minimal medium and/or at lower 
temperatures. Maximizing the yield of protein per unit volume of culture is important for reducing the costs, especially when 
isotopically labeling is required. Here, we present a modified minimal medium and a simple protocol that can increase the 
protein yield up to fourfold in a pH-stabilized LB medium and up to sevenfold in a modified M9+ medium (M9++). When 
M9++ medium coupled with the high density (OD600 ~ 6) cell growth protocol are used to express uniformly 15N- or 15N/13C-
labeled proteins, the amount of 15NH4Cl and 13C6-glucose for a given cell mass is reduced by 50% and ~ 65%, respectively, 
relative to the traditional low density (OD600 ~ 1) cell growth protocol with M9 medium; the inclusion of 0.1% LB in the 
minimal medium permits a reduction in the concentration of both the trace element solution and MgCl2, which can cause 
precipitation. Mass data indicate that inclusion of 0.1% LB does not significantly affect the isotope enrichment level.

Keywords  Protein expression · NMR · Shaker flask · Modified M9 medium · Oxygen transfer · Oxygen consumption

Introduction

Protein expression in Escherichia coli is routinely employed 
to produce large quantities of proteins for structural and bio-
chemical studies. E. coli are typically grown in Luria–Ber-
tani (LB) medium for expression of unlabeled proteins, and 
in M9 minimal medium modified from Anderson’s original 
recipe (Anderson 1946) and containing 13C (or 13C/2H) glu-
cose and 15NH4Cl as the sole carbon and nitrogen sources, 

respectively, for expression of isotopically labeled proteins. 
Typically, cells are grown in shaker flasks and induced at 
low cell densities (OD600 ≤ 1). By culturing in a fermenter, 
the pH of the medium, the oxygen level, and other factors 
can be kept at optimal levels at much higher cell densities 
and the logarithmic growth phase can be maintained up to 
an OD600 of 30 (Duff et al. 2015). However, this method is 
not generally applicable as most laboratories lack access to 
a fermenter.

There is a therefore a need to improve methods for maxi-
mizing the yield of expressed proteins using commonly 
available equipment, such as air shakers, since the cost of 
isotopically labelling proteins using common protocols can 
be prohibitive when cells are induced at low OD. With com-
monly employed culture protocols for E. coli grown in rich 
LB medium using air shakers, the linear cell growth phase 
stops at an OD600 ~ 2 owing to the rate of oxygen consump-
tion exceeding the rate of transfer to the medium, necessi-
tating that protein expression be induced near the middle of 
the linear growth phase (OD600 ~ 1). This can be mitigated 
to some extent by increasing the flask volume to medium 
volume ratio, effectively increasing the surface area (Collins 
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et al. 2013). Decreasing pH and depletion of nutrients can 
also be limiting factors during growth. In flask cultures, the 
pH is stabilized by buffering (Cai et al. 2016; Azatian et al. 
2019) since continuous adjustments to pH during growth, 
as can be done automatically in a fermenter, is impractical.

The composition of the medium and temperature also 
affect the cell doubling time and maximum achievable cell 
density. For example, E coli can grow to a maximum cell 
density of OD600 ~ 7 in LB medium (Sezonov et al. 2007). 
To grow to a cell density with an OD600 > 7 in LB, the 
medium must be supplemented with glucose and NH4Cl 
[each gram of glucose and NH4Cl can increase the OD600 
by ~ 1.4 and ~ 5.0 respectively (Cai et al. 1998)]. However, 
the rate of oxygen transfer to the medium and the rate of 
oxygen consumption by cells in the medium represent the 
major determinants of how long cells can grow in the linear 
growth phase.

We have previously described a protocol for achieving 
high cell densities for isotopically labeling proteins in D2O 
media expressed in E. coli grown in shaker flasks (Cai et al. 
2016). Here, we present a simplified protein expression pro-
tocol for cells grown to high density in H2O medium by 
means of a combination of low growth temperature and the 
use of a modified minimal medium to reduce the oxygen 
consumption rate. An improved M9+ medium, referred to 
here as M9++, including 0.1% LB, dramatically reduces the 
required concentration of trace element solution and MgCl2, 
which can cause precipitation due to the high concentration 
of phosphate salts. Using M9++ and growing E. coli at 30 °C 
instead of 37 °C reduces oxygen demand and enables cells 
to reach a much higher cell density in shaker flasks. Using 
this new protocol, we demonstrate that protein expression 
levels can be increased up to sevenfold compared to expres-
sion using traditional protocols. When 15N is the nitrogen 
source in the new medium, the 15N enrichment level is the 
same as when the protein is expressed in M9 medium at low 
cell density. The new M9++ medium and simplified low tem-
perature growth protocol is therefore applicable for efficient 
expression of both unlabeled proteins and uniformly 15N or 
15N/13C labeled proteins in shaker flasks.

Materials and methods

E. coli and plasmids

All proteins were expressed in E coli BL21(DE3). Genes 
for Neisseria gonorrhoeae (ng) MinE (full-length and 
the ∆14-ngMinE N-terminal 14 amino acids deletion) 
and ngMinD(D40A/∆18) (18 residue C-terminal deletion 
and a D40A mutation) were synthesized by Genescript. 
∆14-ngMinE and ngMinE(∆18/D40A) were cloned into 
pET11a and expressed as C-terminal His-tagged proteins. 

Full length ngMinE was cloned (untagged) into pET24a. 
ngMinE and ngMinD(D40A/∆18) were transfected simul-
taneously into BL21 cell and co-expressed, with ampicil-
lin (for pET11a) or kanamycin (for pET24a) as antibiotics. 
HIV-1 Sso7d integrase (Li et al. 2014) and prototype foamy 
virus (PFV) integrase (Yin et al. 2012) were cloned into 
pET15b.

∆14-ngMinE used for mass analysis was purified using 
a Ni-column in buffer containing 50 mM Tris HCl, pH 7.5 
and 300 mM NaCl with a 40 mM to 1 M imidazole gradi-
ent, followed by gel filtration using a Superdex 75 column 
with 50 mM Tris HCl, pH 7.5 and 300 mM NaCl as run-
ning buffer. Mass measurements were carried out by elec-
trospray mass spectrometry using a q-TOF MS/MS mass 
spectrometer, model Xevo Gs-XS (Waters). Intact proteins 
were ionized by electrospray at a capillary voltage of 2.8 kV 
with a mobile phase of water (0.2% w/v formic acid/0.1% 
w/v trifluoroacetic acid) and acetonitrile (0.2% w/v formic 
acid/0.1% w/v trifluoroacetic acid). The mass spectrometer 
was operated in positive ion mode at a resolution of 25 K. 
The charge envelope was deconvoluted using the MAX ENT 
II software.

Relative protein yields were estimated based on SDS-
PAGE (sodium dodecylsulphate polyacrylamide gel electro-
phoresis) gel band intensities determined using the Li-COR 
OYSSEY CLx system (Li-COR Bioscienses-US).

Growth medium

The final medium, M9++, used in the current studies is a 
modified M9+ medium (Cai et al. 2016). The compositions 
of M9, M9+ and M9++ media are provided in Table 1. LB 
medium was either purchased commercially or prepared by 
dissolving LB capsules (MP Biochemicals, Catalog Number 
113002031) in deionized water, and sterile filtered or auto-
claved. pH-stabilized LB medium was made up by mixing 
200 ml LB medium with 50 ml M9++ medium. Note that if 
autoclaving is used for sterilization, sterile MgCl2 should be 
added last after the medium has cooled to avoid precipita-
tion of magnesium phosphate. (Note that precipitation of 
MgCl2 can preclude accurate measurement of optical density 
as well as potentially interfere with the initial column step 
of purification).

Growth protocols

Agar plates and growth media contained appropriate anti-
biotics for plasmid selection. All experiments were carried 
out in air shakers, shaken/rotated at a speed of 200 rpm in 
2.8 l baffled bottom PYREX flasks (VWR Catalog Number: 
22877-168) with the culture volume equal to or less than 
280 ml (unless otherwise specified).
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The general protocol for expression in M9++ medium 
is as follows. Start a 1 ml LB culture from multiple fresh 
colonies or from a glycerol stock in a 15 ml culture tube 
and allow it to grow at 37 °C for 2 to 3 h; if a fresh colony 
is used it is advisable to take an aliquot at this stage and 
check for induction of expression and keep a glycerol stock 
for future use. Inoculate 10 ml M9++ medium preculture in 
a 125 ml culture flask with 100 µl of the above LB culture; 
allow the preculture to grow at 37 °C overnight; inoculate 
250 ml M9++ culture with the 10 ml preculture and allow 
this culture to grow to an OD600 between 2 and 3 at 37 °C. 
Lower the culture temperature to 30 °C and continue growth 
until the OD600 reaches between 6 and 6.5. Lower the tem-
perature to 20 °C and induce expression with 1.0 mM isopro-
pyl β-d-1-thiogalactopyranoside (IPTG) and allow cells to 
express for 20 h before harvesting the cells by centrifugation.

Results and discussion

To test the effect of temperature on linear grown phase and 
protein expression, pH-stabilized LB medium was used to 
check protein expression levels at different cell densities. 
(The impact of temperature on growth rate and maximum 
cell density was discussed previously in Cai et al. 2016). 
After E. coli cells were grown to an OD600 ~ 1 at 37 °C, the 
growth temperature was lowered to 30 °C to reduce oxygen 
demand and the cells were induced at 20 °C for 16 h after 
reaching different cell densities. As examples, we expressed 
HIV-1 and PFV integrase and ngMinE. SDS-PAGE gel 
electrophoresis indicated that maximum protein yield was 
obtained when cells were induced at OD600 ~ 4 and that the 
protein yield was roughly quadruple that obtained when 
cells were induced at OD600 ~ 1 (Fig. 1). Figure 2 shows that 
induction at OD600 ~ 4 in pH-stabilized LB at 20 °C for 16 h 
results in the same expression level as induction at OD600 = 1 
in LB at 37 °C for 3 h when normalized for cell mass.

Optimal protein yield was obtained using the new M9++ 
medium containing 0.1% LB (see Table 1) with induction 
for 20 h at 20 °C at which time the OD600 reached a value 
of ~ 7 (Fig. 3). The results of SDS-PAGE analysis are shown 
in Fig. 3a: Lane 1 is before induction at OD600 = 1; lane 
2, 3 h after induction at 37 °C in LB; lane 3, uninduced 
cells in M9++ medium; and lanes 4 to 11 show the results 
of induction at the indicated OD600 in M9++ medium. The 
expressed protein yield per cell mass remained constant up 
to induction at OD600 = 7, and decreased slightly between 
OD600 values of 7 to 8.9. Finally, inclusion of 0.1% LB in the 
M9++ medium (containing 15NH4Cl with glucose at natural 
isotopic abundance) does not affect the 15N isotope enrich-
ment level of the expressed protein compared to expression 
in M9 medium in the absence of 0.1% LB, as demonstrated 
by mass spectrometry analysis of expressed ∆14-ngMinE 
shown in Fig. 4. 

Concluding remarks

Culturing E. coli under optimal conditions of temperature 
(37 °C) and medium (LB) increases the cell growth rate and 
decreases the required growth time. Increasing cell growth 
rate, however, increases the oxygen demand beyond what 
can be provided in an air shaker, except at low cell density. 
Here we have shown that growing E. coli cells at lower than 

Table 1   Composition of M9, M9+ and M9++ media for protein 
expression and isotope (15N and/or 13C) labeling

n/a Not applicable
a The cell mass harvested from 250  ml M9++ medium induced at 
OD600 = 6.0 is 1.5-fold higher than that harvested from 1 l M9 
medium induced at OD600 = 1.0
b13 C6-glucose is used as the sole carbon source for expressing uni-
formly 13C-labeled proteins; 15NH4Cl is used as the sole nitrogen 
source for uniformly 15N- or 15N/13C-labeled proteins
c The trace element solution is that described by Cai et al. (1998) and 
comprises the following per 100 ml: 0.6 g FeSO4 (7H2O), 0.6 g CaCl2 
(2H2O), 0.12 g MnCl2 (4H2O), 0.08 g CoCl2 (6H2O), 0.07 g ZnSO4 
(7H2O), 0.03 g CuCl2 (2H2O), 2 mg H3BO4, 0.025 g (NH4)6Mo7O24 
(4H2O), 0.5 g ethylenediamine-tetraacetic acid (EDTA)
d Modifed Eagle’s medium

Regular M9 
medium 
(per l)

M9+ 
medium (per 
250 ml)

M9++ 
mediuma (per 
250 ml)

K2HPO4 (g) 10.0 4.75 4.75
KH2PO4 (g) 13.0 1.25 1.25
Na2HPO4 (g) 9.0 2.25 2.25
K2SO4 (g) 2.4 0.6 0.6
d-glucoseb (g) 2.5 4.5 2.5
NH4Clb (g) 1.0 1.25 0.75
Trace element 

solutionc (ml)
10.0 0.25 0.25

MEMd (ml) 10.0 2.5 n/a
LB medium (ml) n/a n/a 0.25
1 M MgCl2 (ml) 10.0 2.5 0.25
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optimal temperature and in the new M9++ minimal medium 
containing 0.1% LB extends the linear growth phase and 
allows growth to higher cell density without compromising 
the efficiency of protein expression. It should also be noted 
that the amount of protein produced per bacterial cell is not 
increased; rather the total cell mass is increased and hence 
the distribution of expressed protein in the soluble fraction 
versus inclusion bodies is not expected to be affected by 
the growth protocol described here. Compared to previous 
protocols, the new protocol provides a simple method of 
significantly decreasing usage of 15NH4Cl and 13C6-glucose 
for expressing proteins in E. coli in an air shaker at relatively 
high density without compromising the efficiency of isotopic 
labeling. Thus, the cell mass harvested from a 250 ml cul-
ture with M9++ medium using the new protocol is approxi-
mately 1.5-fold higher than that from a 1 l culture with M9 
medium using the standard protocol, for the same amount of 
13C6-glucose and 25% less 15NH4Cl (Table 1).
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Fig. 1   Protein expression levels of HIV-1 integrase, ngMinE and PFV 
integrase with induction at the indicated OD600 in pH-stabilized LB 
medium. a SDS-PAGE of samples induced at the different OD600 val-
ues (indicated at the bottom of each lane) after induction for 16 h at 
20 °C. The bands corresponding to each protein are indicated by an 

arrow on the right hand side of the gel. Sample loading was normal-
ized for cell mass. b Expressed protein yields were estimated on the 
basis of the band intensities and normalized to the band intensity with 
induction at OD600 = 1
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Fig. 2   SDS-PAGE comparison of protein expression levels for PFV 
integrase, ngMinE and HIV-integrase. Lane 1: E. coli cells grown 
in LB medium to OD600 = 1 at 37  °C before induction. Lane 2: E. 
coli cells grown in LB medium at 37  °C and induced at OD600 = 1 
at 37  °C for 3  h. Lane 3: E. coli cells grown in pH-stabilized LB 
medium at 30 °C and induced at OD600 = 4 at 20 °C for 16 h. Sample 
loading was normalized for cell mass
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Fig. 3   Comparison of pro-
tein expression levels for 
∆14-ngMinE and ngMinD 
(D40A/∆18) induced at differ-
ent cell densities. a SDS-PAGE 
of samples induced at the OD600 
indicated at the top of each lane. 
Cells were grown at 30 °C in 
M9++ medium (14NH4Cl and 
12C glucose were used for this 
experiment) and induced at the 
indicated OD600 with 1 mM 
IPTG for 20 h at 20 °C (lanes 4 
to 11). The bands correspond-
ing to ngMinE and ngMinD 
are indicated by arrows on the 
right-hand side of the gel. Lanes 
1 (before induction) and 2 (after 
induction) show expression in 
LB when induced at OD600 = 1 
for 3 h at 37 °C. Sample load-
ings were normalized for cell 
mass. b Plot of relative protein 
yields as a function of OD600 at 
the time of induction based on 
the band intensities measured 
using a Li-COR OYSSEY CLx 
system. The data are normalized 
relative to the yield obtained 
with induction at OD600 = 1. In 
the case of MinE, all protein is 
in the soluble fraction and the 
average yield is 30–40 mg per 
250 ml culture after Ni column 
and gel filtration purification
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The calculated molecular mass for 100% uniformly 15N-labeled 
∆14-ngMinE is 9523.79. The protocol employed for M9++ medium 
is described in the Methods section. For M9 medium growth, cells 
were grown to OD600 = 1 at 37 °C, and induced with 1 mM IPTG at 
37 °C for 3 h. The inclusion of 0.1% LB in the M9++ medium has no 
effect on 15N enrichment relative to M9 medium. We did not perform 
the equivalent pair of experiments using 13C6-glucose (with NH4Cl at 
natural isotope abundance) as no difference would be expected with 
regard to 13C enrichment given that LB is present in only trace quan-
tities (0.1% v/v) in M9++ medium, and all natural isotope abundance 
carbon and nitrogen nutrients from LB are used up prior to induction 
(Cai et al. 1998). In our hands, typical 13C enrichment levels of ~ 98% 
are obtained using the current protocol with M9++ medium
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