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Abstract: The cellular environment is dynamic and complex, involving thousands of different
macromolecules with total concentrations of hundreds of grams per liter. However, most biochemistry
is conducted in dilute buffer where the concentration of macromolecules is less than 10 g/L. High
concentrations of macromolecules affect protein stability, function, and protein complex formation,
but to understand these phenomena fully we need to know the concentration of the test protein in
cells. Here, we quantify the concentration of an overexpressed recombinant protein, a variant of the
B1 domain of protein G, in Tuner (DE3)™ Escherichia coli cells as a function of inducer concentration.
We find that the protein expression level is controllable, and expression saturates at over 2 mM upon
induction with 0.4 mM isopropyl β-D-thiogalactoside. We discuss the results in terms of what can and
cannot be learned from in-cell protein NMR studies in E. coli.
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Introduction
Until recently, hard-core excluded volume was thought
to be the key to understanding how the crowded and com-
plex cytosol affects protein biophysics compared to dilute
solutions.1,2 Information from in-cell protein NMR stud-
ies in Escherichia coli cells and lysates show, however,
that chemical (aka soft) interactions betweenmacromole-
cules and the protein being studied (the test protein), can

be as important, or even more important, than hard-core
repulsions.3,4 To gain the most information about hard-
and soft- interactions it is necessary to know the concen-
tration of test proteins in cells. For instance, to produce
the binding isotherms required to quantify the strength
of protein–protein interactions using in-cell NMR, it is
imperative to know, and be able to control, the concentra-
tion of the binding partners. Information about test pro-
tein concentration is also required to understand the
potential for contributions from test protein–chaperone
interactions.5 However, little is known about the concen-
tration of test proteins in cells.

We set out to control and quantify the concentra-
tion of a variant of the B1 domain of streptococcal pro-
tein G (GB1)6 inE. coli. The T2Q;L5V;F30V;Y33F;A34F
mutant7,8 was used for protein expression. We call this
protein theGB1 variant.

Many expression systems exploit the lac operon,
whose gratuitous inducer, isopropyl β-D-thiogalactoside
(IPTG), acts in a stochastic and binary manner in
commonly used E. coli strains, including BL21(DE3).9

Abbreviations: GB1, B1 domain of protein G; IPTG, isopropyl
β-D-thiogalactoside.
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That is, expression is either “on” or “off.” Low IPTG con-
centrations induce synthesis in a small minority of cells.
At high concentrations, all cells express protein at a high
level. This arrangement is not appropriate for examin-
ing protein–protein interactions because a valid binding
isotherm requires that every cell contains the same test
protein concentration. That is, expressionmust be homo-
geneous across all cells. To overcome this problem, we
use Tuner (DE3) cells (Novagen), which harbor a dele-
tion (ΔlacZY) of lactose permease that makes every cell
equally permeable to IPTG.9,10 The result is homoge-
neous expression that can be controlled, rheostate-like,
by varying the inducer concentration.

To understand our method (Fig. 1), it is useful to
consider the definition of molarity: the number of moles
of solute per liter of solution. In our case, the solute is
the GB1 variant and the “solution” is the cytoplasm.
We use liquid chromatography–mass spectrometry
(LC–MS) to quantify n, the number of moles, and flow
cytometry to quantify both the number of cells, N and
their average volume, V. These quantities are combined
to give the molarity, C.

C=n=N ×V: ð1Þ

Results
The IPTG concentration was varied between 0 and
500 μM. Chloramphenicol was used to halt expression.
We confirmed the expression of the GB1 variant by com-
paring LC–MS data from cell lysates to data from the
purified GB1 variant (Fig. 2). To quantify the number of
moles of the GB1 variant, we analyzed extracted E. coli
lysates with LC–MS (Fig. 3) using the method of stan-
dard addition to overcome the matrix effect.11

Cell size was determined from forward and side
scatter of cells using flow cytometry. Our data indi-
cate that the average length of an E. coli cell is
1.7 � 0.2 μm and the average width is 1.20 � 0.02 μm
(Fig. 4). The volume, V, was calculated by assuming
E. coli cells are cylinders. The average cell volume is
2.10 × 10−15 � 0.03 L. This volume is larger than the
predicted range of 0.44–1.79 × 10−15 L/cell,12 because it
includes the periplasm, which can amount to 20%–40%
of the total cell volume under normal growth media.13

Accounting for the periplasm decreases the volume
to 1.7–1.3 × 10−15 L, consistent with predictions. The
predicted range of volumes12 arises from different
growth conditions and acts as a reminder that analysis
of cell size must be performed under the conditions used
for in-cell NMR.

The number of cells in a sample, N, was deter-
mined using a counting-flow cytometer and confirmed
using OD600.

12,14–18 We then quantified the average
molarity per cell as a function of IPTG concentration

Figure 1. Quantifying protein concentration in cells. Escherichia coli cells expressing the GB1 variant (left panel) are subjected
to flow cytometry (bottom of middle panel) to obtain the number of cells, N, and the cell volume, V. The cells are then lysed
and subjected to LC–MS (top of middle panel) to determine the moles of protein, n, and the average molarity per cell
calculated (right panel).

Figure 2. Quantifying GB1 variant concentration. Total ion
chromatogram of purified GB1 (left panel), and a cell lysate
(right panel, pink) with its extracted ion chromatogram
(purple m/z 1040.6487 [M + H]+) in E. coli lysate (right panel).
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using the number of moles of the variant, the average
cell volume, and the number of cells (Fig. 5).

Discussion
The intracellular concentration of GB1 varies between
1.4 mM using 31 μM IPTG, and 2.1 mM at 500 μM IPTG
(Fig. 5). These concentrations are larger than that of any
natural protein in E. coli,19 including chaperones.5 The
protein with the highest concentration in E. coli

(~100 μM) is the chain elongation protein, EF-Tu.19 Gro
EL, the most highly expressed chaperone in E. coli has a
concentration of less than 50 μM.5

What do these findings mean for using in-cell pro-
tein NMR in E. coli to gain physiologically relevant
data? The fact that the level of the test protein is often
more than 10 times the concentration of themost abun-
dant chaperone5 and the fact that experiments are

Figure 3. Correcting for matrix effects. Escherichia coli cells
expressing the GB1 variant are lysed, and purified GB1 variant
is added to the cell lysate. The cells are then subjected to
LC–MS to determine the moles of GB1.

Figure 4. Inducer does not change the average size of E. coli cells. Cells are subjected to flow cytometry, and histograms of
lengths and widths are obtained from forward and side scatter.

Figure 5. Average concentration of the GB1 variant in Tuner
(DE3) cells as a function of inducer concentration. Uncertainties
are propagated from triplicate analysis. The smooth curve is of no
theoretical significance.
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limited to no more than a few hours (because of viabil-
ity and leakage problems)20 means that chaperone–
test protein interactions are probably not important.

The data also provide insight into what can be
learned about protein–protein interactions in cells. The
current detection limit for prokaryotic in-cell protein
NMR is ~10 μM, but 100 μM is required for acquiring
high-quality data, even with a cold probe.21–24 Therefore,
given the data in Figure 5, dissociation constants of
~50 μM up to ~1 mM should be quantifiable.

The intracellular concentration of macromolecules
under common growth conditions is 200–300 g/L25,26 and
does not increasewhen upon overexpression of a test pro-
tein.27 Nevertheless, test-protein overexpression limits
the physiological relevance of in-cell NMR data. For
instance, one of the next frontiers in biophysics will be
understanding quinary interactions in cells, the tran-
sient interactions between macromolecules that provide
organization and compartmentalization inside cells.28

Unfortunately, overexpression of even native E. coli pro-
teins eliminates the potential for providing detailed
information about physiologically relevant quinary inter-
actions because overexpression necessarily spoils their
stoichiometry. Such studies nonetheless provide essen-
tial information about protein biophysics in cells because
the data reveal the types (charge–charge, hydrophobic,
and hydrogen bonding) and strengths of interactions that
comprise physiologically relevant quinary structure.29

Materials and Methods
A pET11a plasmid harboring the GB1 T2Q;L5V;F30V;
Y33F;A34F mutant was used for protein expression.
The plasmid was transformed into Tuner (DE3) E. coli
cells (Novagen) by heat shock. A single colony was used
to inoculate 5 mL of Lenox Broth (10 g/L tryptone, 5 g/L
yeast, and 5 g/L NaCl) supplemented with 100 μg/mL
ampicillin. This culture was incubated for 6–8 h at 37�C
with shaking (New Brunswick Scientific Innova I26,
225 rpm), after which 500 μL was used to inoculate
50 mL of Lenox Broth and the culture was shaken over-
night at 37�C.

The next day, 10mL of the culturewas used to inocu-
late 200 mL of supplementedM9minimal media [50 mM
Na2HPO4, 20 mM KH2PO4, 9 mM NaCl, 4 g/L glucose,
1 g/L NH4Cl, 0.1 mM CaCl2, 2 mMMgSO4, 10 mg/L thia-
mine, 10 mg/L biotin, and 150 mg/L ampicillin (pH 7.4)].
The culture was incubated at 37�C and its optical density
at 600 nm (OD600) wasmonitored (Bio-Rad Spectra Plus).
Once the OD600 reached 0.6, protein expression was
induced by adding varying concentrations of IPTG
(30–500 μM final concentration). After 1 h, the OD600 was
measured and chloramphenicol (50 μg/mL final concen-
tration) added to halt protein expression.

Aliquots of 1mLwere collectedandanalyzed to deter-
mine the dimensions (Amnis ImageStreamX Mark II).
Calibration beads (1 μm diameter) were included to
monitor instrument performance (Apogee Flow). Small-
angle, forward-scattered light was used to measure cell

size. The samples were then diluted 1:1 with trypan blue
to determine the total number of cells (Thermo Fisher
AttuneNxT).

Aliquots (1 mL) were collected and centrifuged for
10 min at 8000g (Eppendorf model 5430). These pellets
were resuspended in 1 mL of autoclaved, deionized
H2O. Cells were lysed by sonication (Fischer Scientific
Sonic Dismembrator model 500, 15% amplitude, 0.50 s
on, and 0.5 s off for 1 min). The lysates were loaded onto
solid phase exchange columns (Micro Bio-Spin 6) and
centrifuged for 4 min at 1000g. Aliquots of the extracted
lysates (75 μL aliquots) were flash frozen and lyophilized
for 12 h (Labconco Freezone). GB1 standards were
expressed and purified as described.30

The lyophilized samples were resuspended in
500 μL of LC–MS grade H2O containing 0.01% formic
acid (Optima LC-MS grade, Fisher Chemical). The
resuspended samples were split into two samples, one of
which was analyzed alone. Varying amounts (1–10 μM
final concentration) of a GB1 standard were spiked into
the other half of the sample. Aliquots (5 μL) were ana-
lyzed by LC–MS. Separationwas achievedwith aWaters
CSH C18 column (1.7 μm, 150 mm × 2.1 mm) in a gradi-
ent of 0%–100% mobile phase B over 11.25 min (initial
mobile phase: H2O, 0.01% formic acid; mobile phase B:
acetonitrile, 0.1% formic acid). A Thermo Q Exactive™
HF-X Orbitrap™ mass spectrometer with an
electrospray ionization source operating in positive ion
modewas used. TheGB1 variantwas detected and quan-
tified in the cell lysate extract ([M + H] m/z
1040.6487, Fig. 3).
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