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Abstract

In-cell nuclear magnetic resonance spectroscopy is a tool for studying proteins under
physiologically relevant conditions. In some instances, however, protein signals from leaked
protein are observed in the liquid surrounding the cells. Here, we examine the expression of four
proteins in Escherichia coli. We describe the controls that should be used for in-cell NMR
experiments, and show that leakage is likely when the protein being studied exceeds
approximately 20% of the total cellular protein.
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INTRODUCTION

The cellular environment is complex, with macromolecule concentrations as high as 400 g/
L.173 Most proteins are studied outside cells in dilute solution with macromolecular
concentrations of 10 g/L or less. There can be discrepancies when studying proteins in dilute
solution compared to the crowded cellular environment.4~11 There is, therefore, a need to
study proteins inside living cells.12

15N enrichment and overexpression alone are often insufficient to obtain high quality in-cell
NMR spectra of the protein of interest in Escherichia coli. Specifically, the intracellular
environment can cause resonances to broaden beyond detectability.10-13 This situation
makes it likely that leaked proteins will cause artifacts, which resulted in the corresponding
author having to retract two manuscripts.14~16 Specifically, in those studies all the
supposed in-cell protein dynamics data were from apocytochrome bs that had leaked from
the cells.

Here, we use E. coli to investigate the connection between protein expression, protein
leakage, and in-cell NMR. We studied four proteins, human a-synuclein, E. coli HdeA,
barley chymotrypsin inhibitor 2 (CI2), and human ubiquitin. Each protein is expressed in a
soluble form (i.e., there is not evidence of inclusion bodies). Transcription of the structural
genes was driven by a T7 promoter, controlled by a lac operator.17 a-Synuclein is a 14.4
kDa intrinsically disordered protein that has been observed in both the periplasm and
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cytoplasm of E. coli.11:18 HdeA, a 11.8 kDa globular dimer, is exclusively periplasmic.19
Cl2, a 7.4 kDa globular protein, is normally found in the cytoplasm, but is also observed in
the in the periplasm13:20 Ubiquitin is a 8.5 kDa globular protein found in the cytoplasm.
20:21

MATERIALS AND METHODS

Culture methods

Intracellular

NMR

The pET-21c (+), pT7-7, pET-21 and pET-46 plasmids containing the genes for HdeA,22 a-
synuclein, chymotrypsin inhibitor 2 (C12),8:23 and ubiquitin,24 respectively, were
transformed into E. coli BI-21 (DE3) Gold cells (Strategene). The expression systems were
gifts from James Bardwell, Peter Lansbury, Andrew Lee, and Alexander Shekhtman,
respectively. Plasmid containing cells for HdeA, a-synuclein and ubiquitin were selected
with 0.1 mg/mL ampicillin. Plasmid containing cells for CI2 were selected with 0.06 mg/mL
kanamycin. A 5 mL overnight culture was grown from a single colony. The overnight
culture was used to inoculate a 100 mL culture of M9 minimal media containing 1

g/L 15NH,CI.25 The culture was incubated at 37°C in a rotary shaker (225 rpm, New
Brunswick Scientific, Model 1-26). After reaching an absorbance at 600 nm (Aggg) of 0.6—
0.8, the culture was induced with isopropyl B-D-thiogalactopyranoside (IPTG) to a final
concentration of 1 mM. The culture was placed in the rotary shaker (225 rpm) at 37°C. After
1.5 h, a 50 mL aliquot was pelleted using a swinging bucket centrifuge (Sorvall RC-3B,
H6000A rotor) at 1600g for 20 min at 4°C. The pellet was resuspended in 1 mL of
Phosphate Buffered Saline (PBS, 3.2 mM Nay,HPO,4-7H,0, 0.5 mM KH3POy4, 1.3 mM KCl,
135 mM NaCl, pH 7.4). The remainder of 100 mL culture incubated with shaking for 3 h
before processing as described above.

Immediately after obtaining in-cell NMR spectra, cells were pelleted by centrifugation
(Eppendorf model 5418) at 20009 for 10 min at room temperature. The supernatant was
removed for NMR experiments. The resulting cell pellet was resuspended in 1 mL lysis
buffer (50 mM Tris, 150 mM NacCl, pH 8.0) and sonicated (Branson Ultrasonics, Fischer
Scientific) for 1 min with a duty cycle of 4 s on 2 s off. The lysate was harvested by
centrifugation (Eppendorf model 5418) at 14,0009 for 5 min at room temperature.

Protein Concentrations and Location

After 1.5, 2 and 3 h of expression an aliquot was diluted with PBS so that the A600 was 1.0,
which equals 6.0 x 108 cells/mL.26 A 1 mL aliquot was removed from the diluted samples
and centrifuged (Eppendorf model 5418) at 14,0009 for 2 min at room temperature. E. coli
Intracellular protein concentrations and locations were determined as described by Slade et
al.18 Briefly, cells were subjected to osmotic shock, releasing the contents of the periplasm.
The periplasmic and cytoplasmic fractions were then subjected to SDS PAGE. Protein
concentrations estimates from SDS PAGE experiments are based on comparisons to the
purified proteins.

Data were acquired at the UNC Biomolecular NMR facility on a Varian Inova 600 MHz
spectrometer. The spectra were processed and visualized with NMRpipe and NMRviewJ,
respectively.27:28

Samples for in-cell NMR experiments comprised 90:10 (v:v) mixture of resuspended cells:
D,0 in a standard 5 mm NMR tube. Supernatant and cell lysate samples comprised 90:10
(v:v) mixtures of supernatant: D,O in a standard 5 mm NMR tube. 1H-15N SOFAST HMQC
spectra29 were acquired at 37°C with a 5 mm Varian Triax triple resonance probe (*H
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sweep width: 11990.40 Hz; 15N sweep width: 2100 Hz, 32 transients, 128 increments). Each
spectrum required 35 min.

1H-15N SOFAST HMQC spectra of E. coli cell slurries expressing the periplasmic protein
HdeA were obtained 3.0 h after inducing with IPTG. Protein resonances from HdeA were
visible [Figure 1(A)].30 To check for leakage, the slurry was centrifuged and a spectrum of
the supernatant acquired. The supernatant showed a strong protein spectrum [Figure 1(B)],
similar to that observed in the lysate [Figure (1C)]. The supernatant spectrum arises from
protein that has leaked out of the cells.

To assess how the expression level contributes to leakage, a spectrum of the cell slurry was
acquired at a shorter time after induction, 1.5 h. Crosspeaks characteristic of HdeA were
absent [Figure 2(A,B)] but metabolite signals were observed.14 In comparison, the lysate
contains resonances typical of HdeA [Figure 2(C)]. For CI2 after 1.5 h of expression,
crosspeaks characteristic of the protein31 were absent from spectra of the cell slurry and the
cell supernatant [Figure 3(A,C)], but were visible in the spectrum from the lysate [Figure
3(E)]. Spectra collected 3 h post induction show leakage [Figure 3(B,D,F)], in agreement
with previous results.13 We also examined a-synuclein and ubiquitin expression systems.
Inspection of spectra like those collected in Figures 1 and 2 for these proteins show that they
do not leak, in agreement with a previous study. Spectra of cell slurries, supernatants, and
lysates for the a-synuclein and ubiquitin expression systems have been published.13 The
amounts of all these proteins per cell and their intracellular locations after 1.5 and 3.0 h of
expression are given in Table 1.

Discussion

We compared the locations and concentrations of four proteins in E. coli cells to the
observation of leakage. As indicated in Table 1, ubiquitin and HdeA are localized in the
cytoplasm and periplasm, respectively,19:21 while CI2 and a-synuclein are localized in both
the periplasmic and cytoplasm.13:18 Given the differing locations of the proteins, we chose
to present the data in terms of protein mass per cell, which includes both the cytoplasmic
and periplasmic volumes. The approximate intracellular concentration of the proteins can be
calculated from the values in Table 1, the proteins’ molar masses, and the volume of an E.
coli cell (~10712 ).

For the periplasmic protein HdeA, leaking occurs when its intracellular concentration
exceeds ~5 mM, which occurs ~1.5 h post induction. In contrast, the cytoplasmic protein
ubiquitin, which does not leak, reaches an intracellular concentration of only ~4 mM after
3.0 h of induction. Unfortunately, we cannot definitely state that cytoplasmically-expressed
proteins do not leak because ubiquitin has the lowest expression level of the proteins studied
here. For CI2, which is found in both the cytoplasm and periplasm, intracellular
concentrations exceeding ~7.5 mM result in leakage. By comparison, intracellular
concentrations of a-synuclein, which is found throughout the cell but does not leak, are only
~3.0 mM after 3.0 h of induction. In summary, leakage does not occur for proteins expressed
at lower levels. Our conclusion is supported by previous results, which showed that CI2
does not leak when expressed using the less efficient trifluoromethyl-.-phenylalanine
system.13

We can estimate the percent mass of our protein in cells by assuming that the total protein
concentration in cells remains constant at 400 g/L.2 This assumption is known to be true for
the protein FIgM.32 Leakage begins when the overexpressed protein reaches 15-20% of the
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cellular protein. For C12, leaking is observed at an intracellular concentration of ~14 mM,
which equates to approximately 25% of total cellular protein.

Li et al. estimated that after 3.0 h of expression the amount of CI2 in the supernatant of the
cell slurry is only approximately 5-10% of total CI2, yet this leaked protein accounts for
100% of the NMR signal observed in the slurry.13 Data from other in-cell NMR
experiments show that 90-95% of the E. coli remain viable.11:14 Taken together, these data
suggest that the CI2 found in the supernatant is the product of cell lysis. In addition, leakage
of CI2 is concomitant with an increased amount of the protein in the periplasm; an
observation consistent with the known non-specific leakage from the periplasm.33

In summary, we showed that overexpression can lead to leakage when the amount of
overexpressed protein approaches or exceeds 50 fg/cell. This is an important benchmark for
in-cell protein NMR, especially for globular proteins where the leaked protein contributes to
100% of the 1H-15N NMR signal.1013
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Figure 1.

SOFAST 15N — IH HMQC29 spectra from E. coli expressing HdeA after 3.0 h of induction
[A, cell slurry; B, supernatant immediately after acquisition of cell slurry spectrum; C, cell
lysate].
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Figure 2.
Spectra from E. coli expressing HdeA after 1.5 h of induction. The panels are described in

the legend to Figure 1.
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Figure 3.

Spectra from E. coli expressing C12 after induction for 1.5 h (left panels) and 3.0 h (right
panels) [A-B, cell slurry; C-D, supernatant immediately after acquisition of cell slurry
spectra; E-F, cell lysates].
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