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Protein structure determination in living cells by

in-cell NMR spectroscopy
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Investigating proteins ‘at work’ in a living environment at atomic
resolution is a major goal of molecular biology, which has not been
achieved even though methods for the three-dimensional (3D)
structure determination of purified proteins in single crystals or
in solution are widely used. Recent developments in NMR hard-
ware and methodology have enabled the measurement of high-
resolution heteronuclear multi-dimensional NMR spectra of
macromolecules in living cells (in-cell NMR)'~°. Various intracellu-
lar events such as conformational changes, dynamics and binding
events have been investigated by this method. However, the low
sensitivity and the short lifetime of the samples have so far
prevented the acquisition of sufficient structural information to
determine protein structures by in-cell NMR. Here we show the
first, to our knowledge, 3D protein structure calculated exclusively
on the basis of information obtained in living cells. The structure of
the putative heavy-metal binding protein TTHA1718 from
Thermus thermophilus HB8 overexpressed in Escherichia coli cells
was solved by in-cell NMR. Rapid measurement of the 3D NMR
spectra by nonlinear sampling of the indirectly acquired dimen-
sions was used to overcome problems caused by the instability and
low sensitivity of living E. coli samples. Almost all of the expected
backbone NMR resonances and most of the side-chain NMR
resonances were observed and assigned, enabling high quality
(0.96 angstrom backbone root mean squared deviation) structures
to be calculated that are very similar to the in vitro structure of
TTHA1718 determined independently. The in-cell NMR approach
can thus provide accurate high-resolution structures of proteins in
living environments.

In living cells, proteins function in an environment in which they
interact specifically with other proteins, nucleic acids, co-factors and
ligands, and are subject to extreme molecular crowding’® that makes the
cellular environment difficult to replicate in vitro. Although in vitro
methods of structure determination have made very valuable contri-
butions to understanding the functions of many proteins, in vivo obser-
vations of 3D structures, structural changes, dynamics or interactions
of proteins are required for the explicit understanding of the structural
basis of their functions inside cells. Its non-invasive character and
ability to provide data at atomic resolution make NMR spectroscopy
ideally suited for the task. Indeed, recent advances in measurement
sensitivity have permitted heteronuclear multi-dimensional NMR
spectroscopy of proteins inside living cells by so-called in-cell NMR'~

12 Tomomi Hanashima®,

In-cell NMR has been used to detect protein—protein interactions
inside E. coli cells” as well as the behaviour of intrinsically disordered
proteins®’. In eukaryotic cells, in-cell NMR studies have been performed
by injecting proteins into Xenopus laevis oocytes or eggs'®'" and, more
recently, cell-penetrating peptides have been used to deliver proteins
that can be observed in living human cells'.

Despite the interest in in-cell NMR, it has not yet been determined
whether the established methods for the structure determination of
purified proteins by NMR" can be extended to proteins in living cells.
To our knowledge, the only published 3D in-cell NMR experiments
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Figure 1| Stability of E. coli cells expressing TTHA1718 under NMR
measurement conditions. a, Scheme of the in-cell NMR experiments using
E. coli cells. b, The "H-'°N HSQC spectrum of a TTHA1718 in-cell NMR
sample immediately after sample preparation. ¢, The "H-">N HSQC
spectrum after 6 h in an NMR tube at 37 °C. d, The "H-">N HSQC spectrum
of the supernatant of the in-cell sample used in b and c.
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are projection reconstruction versions of triple-resonance experi-
ments for backbone resonance assignment in E. coli'*. De novo
NMR protein structure determination in living cells requires methods
for resonance assignment that do not rely on information obtained in
vitro, as well as the efficient analysis of nuclear Overhauser effect
(NOE)-derived information, in which broadened lines result in
severely overlapped cross-peaks.

Here we have used the T. thermophilus HB8 TTHA1718 gene
product—a putative heavy-metal binding protein consisting of 66
amino acids that was overexpressed in E. coli to a concentration of
3—4 mM—as a model system. First we examined the stability of the
live E. coli samples under measurement conditions at 37 °C. The
experimental scheme of our in-cell NMR experiments is presented
in Fig. la. The virtual identity of '"H-'°N heteronuclear single
quantum coherence (HSQC) spectra recorded immediately after
sample preparation (Fig. 1b) and after 6 h in an NMR tube at 37 °C
(Fig. 1c) show that TTHA1718 in-cell NMR samples are stable for at
least 6 h. It is crucial for in-cell NMR to ensure that the proteins
providing the NMR spectra are indeed inside the living cells, and
that the contribution from extracellular proteins is negligible™.
Most "H-""N HSQC cross-peaks disappeared after removal of the
bacteria by gentle centrifugation after the measurement shown in
Fig. 1c (Fig. 1d), whereas the lysate spectrum of the collected cells
shows much sharper cross-peaks (Supplementary Fig. 1b). These
results were corroborated by SDS-PAGE (Supplementary Fig. 1¢),
demonstrating that the contribution of extracellular protein to the
observed signals is negligible. The viability of the bacteria in the
in-cell samples after 6h of NMR measurements was confirmed to
be 85 * 11% by plating colony tests. TTHA1718 was indicated to be
in the cytoplasm by cell fractionation experiments (Supplementary
Fig. 1d, e).
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Figure 2 | Rapid acquisition of 3D NMR spectra of TTHA1718 in living E. coli
cells. a, Rapid acquisition of 3D NMR spectra using a nonlinear sampling
scheme. DFT, discrete Fourier transform; dim, dimension; MaxEnt,
maximum-entropy processing. b, Repeated observation of 3D NMR spectra
with intermittent monitoring of the sample condition by short 2D 'H-""N
HSQC experiments.
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Next we assigned backbone resonances of TTHA1718 in E. coli cells
at 37 °Cusing six 3D triple-resonance NMR spectra. The short lifetimes
of the in-cell NMR samples necessitated a large reduction in measure-
ment times from the 1-2 days conventionally used for each 3D experi-
ment. We therefore prepared a fresh sample for each experiment and
applied a nonlinear sampling scheme for the indirectly acquired dimen-
sions'® %, which has been shown in combination with maximum-
entropy processing to provide considerable time savings (Fig. 2a).
With this technique the duration of each 3D experiment was reduced
to 2-3 h. To ensure that only data of intact samples were acquired, each
3D experiment was repeated several times interleaved with monitoring
of the sample condition by a short 2D 'H-""N HSQC experiment.
These 3D data were combined to generate a new data set with improved
signal-to-noise ratio until the 2D spectra showed marked changes
(Fig. 2b). Typically, two 3D data sets were combined. All the expected
backbone resonances were assigned except for Cys1l, Asn12 and
His 13 in the predicted metal-binding loop (Supplementary Fig. 2a,
b). For comparison, the backbone resonances were also assigned for
the purified TTHA1718 protein in vitro, in which Cys11 was also
assigned. A comparison of the chemical shifts under both conditions
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Figure 3 | Collection of NOE-derived distance restraints in TTHA1718 in
living E. coli cells. a, Methyl region of the "H~">C heteronuclear multiple-
quantum coherence (HMQC) spectrum of the selectively methyl-
protonated sample. Assignments of the methyl groups of Ala, Leu and Val
residues are indicated, if available. b, '*C-">C cross-sections corresponding
to the 'H frequencies of representative methyl groups extracted from the 3D
1>C/?C-separated HMQC-NOE-HMQC spectrum. The cross-peaks due to
interresidual NOEs are assigned in red. Intraresidual NOEs are indicated by
blue boxes and annotated. ¢, '"H-'H cross-sections corresponding to the 5N
frequencies of selected backbone amide groups extracted from the 3D °N-
separated NOESY-HSQC spectrum. The inter- and intraresidue NOEs are
indicated as in b. d, Topology diagram of the -sheet structure in
TTHA1718. Interstrand backbone NOEs are depicted as double-headed
arrows.
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Figure 4 | NMR solution structure of TTHA1718 in living E. coli cells. a, A
superposition of the 20 final structures of TTHA1718 in living E. coli cells,
showing the backbone (N, Co, C") atoms. b, A superposition of the 20 final
structures of purified TTHA1718 in vitro. ¢, A comparison of TTHA1718
structures in living E. coli cells and in vitro. The best fit superposition of
backbone (N, Ca, C') atoms of the two conformational ensembles are shown

shows the largest differences for residues adjacent to the region with
missing 'H-""N correlation peaks in the in-cell spectrum (Supple-
mentary Fig. 2d). The chemical shifts of 86% of Hoi, 71% of Hf3, and
349% of the other aliphatic "H/"’C side-chain resonances of TTHA1718
in E. coli cells were also determined (Supplementary Fig. 2c).

Assignments to side-chain methyl groups have a large effect on the
structure calculation'. Methyl protonation at methionine residues
has previously been used as probes in in-cell NMR*. We performed
NMR measurements of TTHA1718 in E. coli cells selectively "H/"*C-
labelled at methyl groups® of Ala, Leu and Val (Supplementary Fig. 3),
and assigned 31 out 0f 40 (78%) of their side-chain methyl "Hand °C
resonances (Fig. 3a). Overall, 148 NOEs involving methyl groups
could be assigned (Fig. 3b) in the 3D nuclear Overhauser enhance-
ment spectroscopy (NOESY) spectra and used in the structure
calculation, including 69 out of all 89 long-range NOEs. Three-
dimensional '°N-separated and 3D '*C-separated NOESY spectra
measured on uniformly labelled E. coli samples yielded further NOE-
derived distance restraints (Fig. 3¢, d). In contrast to '°N-labelling,
uniform "C-labelling gave rise to a considerable number of ‘back-
ground’ cross-peaks (Supplementary Fig. 4)*°. NOE cross-peaks in
the 3D '*C-separated NOESY were therefore carefully analysed and only
selected if they were highly likely to correlate TTHA1718 resonances.

The 3D structure of TTHA1718 in E. coli cells was calculated with
the program CYANA? on the basis of NOE distance restraints, back-
bone torsion angle restraints, and restraints for hydrogen bonds
(Supplementary Table 1). The resulting structure is well-converged
with a backbone root mean squared deviation (r.m.s.d.) of 0.96 A to
the mean coordinates (Fig. 4a), and is similar to the structure that was
determined independently in vitro from a purified sample (Fig. 4b
and Supplementary Table 1). The backbone r.m.s.d. between the
in-cell and in vitro structures is 1.16 A (Fig. 4c). Slight structural
differences were found in the more dynamic loop regions, which
may be due to the effects of viscosity and molecular crowding in
the cytosol. In the putative heavy-metal binding loop, where the
structural differences are corroborated by chemical shift differences,
interactions with metal ions in the E. coli cytosol may affect the
conformation of the region. Indeed, the C11S/C14S and Cl11A/
C14A mutants, which lack metal-binding activity, showed almost
identical "H-""N HSQC spectra in E. coli cells even when the cells
were loaded with excess metal ions such that for the wild-type
protein, the Thr 10, Cys14 and Val 15 resonances disappear and
Met9 experiences further chemical shift changes (Supplementary
Figs 5-7).

Our results demonstrate that high resolution 3D structures of
proteins can be determined in the cytoplasm of bacterial cells.
Rapid data collection using nonlinear sampling and selective proto-
nation at methyl groups (Fig. 4d, e) to enable the identification of
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Putative heavy-metal

binding loop

with the same colour code inaand b. d, Secondary structure of TTHA1718 in
living E. coli cells. The side chains of Ala, Leu and Val residues, the methyl
groups of which were labelled with 'H/'3C, are shown in red. e, Distance
restraints derived from methyl-group-correlated and other NOEs are
represented in the ribbon model with red and blue lines, respectively.

unambiguous long-range NOE interactions was crucial for the
success of this approach (Supplementary Fig. 8 and Supplementary
Table 1).

The TTHA1718 protein was highly expressed in E. coli (3—4 mM
in the NMR samples). Structural studies of less abundant proteins by
in-cell NMR may however also be feasible, because 74% and 61% of
the NOE cross-peaks used for the structure calculation could be still
observed from in-cell NMR samples in which TTHA1718 expression
level was controlled to approximately 1.2-1.5 and 0.6-0.8 mM
ranges, respectively (Supplementary Fig. 9).

We have also tested the applicability of in-cell NMR to the struc-
ture determination of larger proteins by expressing rat calmodulin
(17kDa) in E. coli (concentration ~1.0-1.5 mM). Sequential back-
bone resonance connectivities and sequential H"—H™ NOEs could be
identified in the 3D spectra (Supplementary Fig. 10), suggesting that
structural analysis of this size of protein in E. coli cells will be feasible.
In-cell NMR structure determination in eukaryotic cells should also
be possible, for example in Xenopus laevis oocytes, in which proteins
can be introduced at up to ~0.7 mM intracellular concentration',
and here techniques developed for larger systems in vitro, for
example, stereo-array isotope labelling® may be applied.

It has been proposed that the viscosity of the E. coli cytoplasm
should be too high, and the tumbling of globular proteins therefore
too slow to permit their NMR signals to be observed*. Apparently,
thisis not the case for TTHA1718 and calmodulin (see Supplementary
Fig. 11 and Supplementary Table 2 for '°N relaxation parameters of
TTHA1718). However, it is likely that for some proteins, their inter-
actions with other cellular components will markedly affect their rota-
tional correlation times to the point that they will be effectively
invisible to solution state NMR techniques. In-cell structure deter-
mination applied to proteins that adopt more than one extensively
populated conformation, for example due to binding to multiple
ligands, will pose additional problems.

Our results open new avenues for the investigation of protein
conformations at atomic resolution and how they change in response
to biological events in living environments. In particular, this
approach provides the tools that will permit the effects of molecular
crowding in the cytosol, the conformations of proteins that are
intrinsically disordered in vitro, and the 3D structures of proteins
that are otherwise unstable and difficult to purify to be investigated
in living cells.

METHODS SUMMARY

E. coli cells harbouring the plasmid encoding the T. thermophilus HB8
TTHA1718 gene were first grown in unlabelled LB medium. Protein production
was induced after transfer of the bacteria into stable isotope-labelled medium
(100 ml). The collected cells were placed as ~60% slurry into NMR tubes.

©2009 Macmillan Publishers Limited. All rights reserved
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Sample stability was monitored repeatedly by 2D 'H-""N HSQC spectra
followed by plating colony tests. Samples for in vitro NMR experiments were
purified by butyl-TOYOPEARL column chromatography. Sample preparation
of TTHA1718 mutants and rat calmodulin was performed with essentially
identical protocols. All NMR spectra were obtained at 37 °C using a Bruker
Avance 600 spectrometer with Cryoprobe, processed using the AZARA 2.7 soft-
ware (W. Boucher, www.bio.cam.ac.uk/azara), and analysed using the ANSIG
3.3 software”>. NMR resonances of TTHA1718 in E. coli cells were assigned by
analysing nine 3D triple-resonance NMR spectra. Intraresidue and sequential
NOE:s involving methyl protons were also used. Four 3D NOESY spectra were
analysed for the collection of NOE-derived distance restraints. For all 3D NMR
experiments, a nonlinear sampling scheme'®'® was used for the indirectly
observed dimensions to reduce experimental time. The 2D maximum-entropy
method* was used for processing nonlinearly sampled dimensions. NMR ana-
lyses of purified TTHA1718 were performed using conventional approaches.
TTHA1718 structures were calculated with the program CYANA using auto-
mated NOE assignment” and torsion angle dynamics®. Backbone torsion angle
restraints from the program TALOS*® were added to the input. Restraints were
included for hydrogen bonds in regular secondary structure elements that were
strongly supported by NOEs. The 20 final structures were embedded in a water
shell and energy-minimised against the AMBER force field*” with the program
OPALp” in the presence of the experimental restraints.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Sample preparation. The expression plasmid encoding the T. thermophilus HB8
TTHA1718 gene was obtained from the ‘Whole-Cell Project of a Model Organism,
T. thermophilus HB8 (http://www.thermus.org). In-cell NMR samples were
prepared as follows. JM109 (DE3) E. coli cells harbouring the TTHA1718 express-
ion plasmid were first grown in unlabelled LB medium. The production of uni-
formly ’C/'°N-labelled TTHA1718 was induced by the addition of isopropyl
thio-B-p-thiogalactoside to a final concentration of 0.5 mM after transfer of the
bacteria into M9 minimal medium (100 ml) containing 2gl™" [U—13C]—glucose
and 1 g1™" "NH,CI. For the production of TTHA1718 samples with selectively
protonated side-chain methyl groups of Ala, Leu and Val residues in a uniform *H-
background, protein expression was induced in 100% D,O M9 medium contain-
ing 2gl~" unlabelled glucose, 1gl~" "NH,Cl, 100mgl~" [3-'*C]-alanine and
100 mgl~* [U-'2C, 3-*H]-a--ketoisovalerate. For Val/Leu selective methyl proto-
nation, [3->C]-alanine was excluded from the medium, whereas unlabelled
leucine (100 mg 17") was added for Ala/Val selective protonation. The cells were
collected by gentle centrifugation and placed as ~60% slurry with M9 medium
containing 10% D,0 into NMR tubes. The concentration of TTHA1718 in E. coli
samples was estimated by comparing the density of the Coomassie-stained bands
in SDS-PAGE gels with those of proteins with similar molecular size and known
concentration. The stability of TTHA1718 E. coli samples was monitored
repeatedly by 2D "H-""N HSQC spectra followed by plating colony tests. The
localization of TTHA1718 in E. coli cells was first predicted from its amino acid
sequence by PSORTb v.2.0 (refs 31, 32) (http://www.psort.org/psortb/) and
SignalP 3.0 (refs 33, 34) (http://www.cbs.dtu.dk/services/SignalP/). The locali-
zation of overexpressed TTHA1718 was then analysed by measuring 2D "H-""N
HSQC spectra of spheroplasts and periplasmic extract, which were fractionated
from TTHA1718-expressing '’N-labelled cells by lysozyme-EDTA treatment using
the conditions described previously®. Spheroplast formation was monitored by
light microscopy.

TTHA1718 proteins for in vitro NMR experiment was purified by butyl-
TOYOPEARL column chromatography after cell lysis, by sonication and high
temperature (70 °C) treatment for 10 min. The final TTHA1718 fractions were
concentrated and dissolved in M9 medium containing 10% D,O for NMR
experiments.

Two cysteine residues (C11 and C14) were predicted to be responsible for
metal binding activity on the basis of analysis of multiple sequence alignment
with previously characterized homologous proteins. Two double mutations
(C11S/C14S and C11A/C14A) were therefore introduced by site-directed muta-
genesis to disrupt metal binding.

Rat calmodulin in-cell NMR samples were produced similarly from the

expression plasmid®.
NMR spectroscopy. NMR experiments were performed at 37 °C probe temper-
ature in a triple-resonance cryoprobe fitted with a z-axis pulsed field gradient
coil, using a Bruker Avance 600 MHz spectrometer. NMR spectra were processed
using the AZARA 2.7 software (W. Boucher, http://www.bio.cam.ac.uk/azara/),
and analysed using an OpenGL version of the ANSIG 3.3 software®”.

Backbone "HY, °N, *Ca, '>C’, and side-chain '>Cp resonance assignments of
TTHA1718 in living E. coli cells were performed by analysing six 3D triple-
resonance NMR spectra: HNCA, HN(CO)CA, CBCA(CO)NH, CBCANH,
HNCO and HN(CA)CO. Three-dimensional HBHA(CBCACO)NH,
H(CCCO)NH and (H)CC(CO)NH experiments were performed for side-chain
'H and "°C resonance assignments. Longitudinal (T;) and transverse (T5) 15N
relaxation parameters of TTHA1718 in living E. coli cells were obtained by
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measuring 1D '"N-edited "’N T, or T, relaxation experiments on lysine-
selectively '’N-labelled samples. Intraresidue and sequential NOEs involving
methyl protons were also used for the assignment of Ala/Leu/Val methyl groups.
"H-">C HMQC spectra of in-cell NMR samples with three different methyl-
selective labelling patterns, Ala/Val, Leu/Val, and Ala/Leu/Val, were used for
amino acid classification of methyl "H-">C correlation cross-peaks. For the
collection of NOE-derived distance restraints, 3D 15N—separated and *C-
separated NOESY-HSQC spectra were measured on uniformly labelled in-cell
NMR samples. In addition, 3D *C-separated NOESY-HSQC and 3D *C/"*C-
separated HMQC-NOESY-HMQC spectra were measured on Ala/Leu/Val-
methyl-selectively protonated samples. For all 3D NMR experiments, a non-
linear sampling scheme'®"* was used for the indirectly observed dimensions to
reduce experimental time. In brief, approximately one-quarter of the points were
selected in a pseudo-random fashion from the conventional regularly spaced
grid of ;, £, points. The 2D maximum-entropy method* was used for processing
nonlinearly sampled dimensions.

Backbone and side-chain resonances of purified TTHA1718 were assigned by
analysis of seven 3D triple-resonance experiments: CBCA(CO)NH, CBCANH,
HNCO, HN(CA)CO, H(CCCO)NH, (H)CC(CO)NH and HCCH-TOCSY, and
almost completely assigned. NOE-derived distance restraints were obtained by
analysing 3D '°N-separated and '*C-separated NOESY-HSQC spectra.
Structure calculation. TTHA1718 structures were calculated with the program
CYANA? version 3.0 using automated NOE assignment” and torsion angle
dynamics for the structure calculation®?, which was started from 100 conformers
with random torsion angle values. The standard CYANA simulated annealing
schedule was applied with 10,000 torsion angle dynamics steps. Backbone tor-
sion angle restraints obtained from chemical shifts with the program TALOS*
were added to the input for CYANA. Distance restraints for hydrogen bonds
were introduced for the particular positions in the B-sheet region where the
existences of hydrogen bonds were strongly suggested by inter-strand NOEs.
Some additional ‘CYANA-estimated” hydrogen bond restraints were included
during the calculation process. The 20 conformers with the lowest final CYANA
target function values were embedded in a water shell of 8 A thickness and
energy-minimised against the AMBER force field* with the program OPALp*
in the presence of the experimental restraints.
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