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ABSTRACT: In cell NMR spectroscopy provides atomic resolution insights into the

structural properties of proteins in cells, but it is rarely used to solve entire protein

structures de novo. Here, we introduce a paramagnetic lanthanide tag to simultaneously

measure protein pseudocontact shifts (PCSs) and residual dipolar couplings (RDCs) to

be used as input for structure calculation routines within the Rosetta program. We

employ this approach to determine the structure of the protein G B1 domain (GB1) in

intact Xenopus laevis oocytes from a single set of 2D in cell NMR experiments. Specifically, we derive well defined GB1
ensembles from low concentration in cell NMR samples (~50 M) measured at moderate magnetic field strengths (600 MHz),
thus offering an easily accessible alternative for determining intracellular protein structures.

hysical methods to delineate structural insights into the

three dimensional properties of biomolecules such as X ray
crystallography, NMR spectroscopy or electron microscopy,
typically require experimental conditions and sample states that
are vastly different from the crowded intracellular environments
in which these molecules natively occur." For these reasons,
considerable effort is put into the development of biophysical
methods to directly study biomolecules inside live cells. While
high resolution X ray crystallography and single molecule
electron microscopy are inherently excluded from such in vivo
experiments, due to the requirement of crystalline or vitrified
samples and the use of high energy X ray or electron beams to
generate experimental data, solution NMR spectroscopy can
provide nondestructive atomic resolution information on
individual biomolecules in cells. Specifically, in cell NMR
spectroscopy”” takes advantage of the isotope labeling effect to
selectively “visualize” isotope enriched, NMR active proteins,
RNA or DNA against the backdrop of all other non isotope
labeled and NMR inactive intracellular components. This
enables direct NMR measurements under truly physiological
in vivo conditions. Following this rationale, in cell NMR has
been used to derive insights into intracellular protein
conformations,” conformational equilibria,” folding and stability
behaviors,”~® protein dynamics,” protein—protein, and quinary
protein interactions,”'” physiological redox states,'' metal
binding properties'> and post translational protein modifica
tions.”">'* By contrast, the use of in cell NMR to determine
entire protein structures in live cells is generally hampered by
the limited lifetimes of in cell NMR samples, their inherently
low concentrations of intracellular, isotope enriched biomole
cules (ie., protein, RNA or DNA) and their concomitantly
poor spectral qualities. Especially lengthy 3D and 4D NMR
experiments—commonly used to derive long range distance
restraints for calculating biomolecular structures—suffer from
these drawbacks.'”> Several advances in NMR methods,
including faster acquisition routines and nonuniform sampling
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procedures'®™"® have helped to ameliorate some of these
shortcomings and enabled the first and only intracellular
protein structure to be determined by in cell NMR spectros
copy in bacteria, although at exceedingly high, nonphysiological
intracellular protein concentrations in the millimolar range.” As
a result, and given the general poor sensitivity of 3D and 4D
NMR experiments even with such enhancing techniques,
comprehensive structure determination efforts of proteins in
live cells are deemed impractical and unfeasible. Here, we
present an alternative approach to determine intracellular
protein structures in live eukaryotic cells that solely relies on
2D NMR experiments and paramagnetic protein tagging to
simultaneously induce pseudocontact shifts (PCSs) and
residual dipolar couplings (RDCs). In turn, we demonstrate
how these structural parameters suffice to calculate high
precision in cell protein structures with the Rosetta program.
Tagging of proteins with different metals of the lanthanide
series is known to induce strong metal specific distance and
orientation dependent PCS effects on individual NMR active
atomic nuclei.'””® Such PCSs serve as powerful long range
distance restraints in structure calculation routines, and they
can be derived from simple 2D NMR experiments, with
different types of lanthanide binding protein tags (Figure
la).”'™** Optimizing the rigidity and linker lengths of
individual tag structures also enables partial alignments of
coupled proteins with respect to the external magnetic field,
thus giving rise to measurable RDCs and, thereby, additional
orientational restraints (Figure 1b).”"~>" In a first step, we
designed a modified version of the classical tetraaza carboxylic
DOTA chelator, known for its excellent metal coordinating
properties, which we termed DOTA M7Py (Figure S1). This
tag can be covalently coupled to the sulthydryl moiety of
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Figure 1. (A) Superposition of '"H—""N 2D NMR spectra of purified GB1(E19C) coupled to DOTA M7Py carrying diamagnetic Lutetium (Lu,
black) or paramagnetic Thulium (Tm, red). Pseudocontact shift (PCS) induced up and downfield chemical shift changes are indicated (subset
view). The inset depicts the GB1(E19C) ribbon structure (green) with paramagnetic iso surfaces drawn at 2 p.p.m. (blue and red) (B) Superposition
of 2D IPAP HSQC spectra of GB1 with peak splitting due to amide scalar ('Jyy) and residual dipolar coupling (RDC, i.e., 'Dyy). Paramagnetic
GBI alignment with respect to the external magnetic field (B,) is shown schematically. (C) Overview of GB1 sample preparation in Xenopus oocytes
and (D) superposition of GB1 NMR spectra displaying in cell PCS and RDC effects (at 600 MHz). (E) Residue resolved quantification of in vitro

and in cell PCS and RDC data at 293 K and 600 MHz.

cysteine residues forming a nonreducible thioether bond.”*~*°

With regard to in cell PCS and RDC measurements, DOTA
M7Py displays several attractive features. First, it is inherently
rigid and adopts exclusively the square antiprismatic A(5656)
stereoconfiguration for the 45,3R Lu derivative.® Second, it is
neutral after binding to lanthanide metals. Third, its linker
portion is short, which reduces tag mobility and generates
larger PCS effects, thus providing higher precision structural
information. Fourth, it features both hydrophilic and hydro
phobic properties (Figure S1), which augment stable position
ing on most protein surfaces, further enhancing PCSs. Fifth, its
thioether bond is expected to withstand the reducing
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environment of the cytoplasm while maintaining DOTA’s
outstanding affinity toward lanthanide metals (K, < 1072° M).”’

We initially prepared diamagnetic DOTA M7Py[Lu], and
paramagnetic DOTA M7Py[Tm] and DOTA M7Py[Tb] com
plexes, which we coupled to the Streptococcal protein G Bl
domain (GB1) via cysteine residues that we introduced by site
directed mutagenesis at individual GB1 positions, ie., E19C,
K28C, and E42C. Using purified GBI samples we recorded 2D
'"H-""N HSQC spectra at 600 MHz, which revealed the
expected PCS effects for the paramagnetic species (up to 6
p.p-m., Figure la; Figures S2 and S3; Table S1). We also
detected strong cross peak splitting in 2D 'H—'*N IPAP
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HSQC spectra due to paramagnetic alignment of the GBI
domain and resulting RDC effects’ (amplitudes reaching 25
Hz at 293 K, 600 MHz, Figure 1b; Figures S2 and S4; Table
S2). In agreement with the temperature dependency of the tag’s
mobility, we obtained 30% higher or lower PCS and RDC
values at 277 and 310 K, respectively (Tables S1 and S2).
Moreover, NMR spectra of the different DOTA M7Py[Tm]
tagged GBI samples (E19C, K28C and E42C) revealed both
positive and negative PCSs, as well as larger overall RDCs,"”*’
which is particularly useful for structure calculation routines.
Therefore, we resorted to using DOTA M7Py[Tm] GBI
samples in all further experiments.

Next, we microinjected tagged GB1 carrying either
diamagnetic (Lu) or paramagnetic metals (Tm) into Xenopus
laevis oocytes for in cell NMR measurements.”’*** We
recorded 2D 'H-""N HSQC spectra at effective NMR
concentrations of ~25 uM (intracellular GB1 concentrations
~50 uM), which revealed PCSs that were virtually indis
tinguishable from the respective in vitro samples with an overall
RMSD of 0.04 p.p.m., corresponding to 24 and 2.4 Hz in the
'H and *N dimensions, respectively (Figure le; Figures S2, SS,
and S6). We did not detect sample degradation or metal
leakage for up to 24 h, thus indicating the excellent stability of
metal loaded DOTA M7Py in Xenopus oocytes. Similarly, we
measured in cell RDCs that were comparable to those obtained
in vitro (Figure 1d,e, Figure S7, Tables SI and S2). Because
intracellular viscosity leads to faster T2 relaxation and,
accordingly, enhanced N signal decays, we chose to record
in cell RDC experiments with the "N free induction decay
(FID) resolution set to 36 Hz, as opposed to 17 Hz for RDC
measurements in vitro (cf. Material and Methods). This
resulted in average GB1 "N line widths of ~30 Hz, compared
to ~12 Hz in vitro, which, concomitantly, increased the RMSD
of RDCs measured in vitro versus in cells by 5 Hz, also
explaining the larger differences of PCS and RDC RMSDs.

Finally, we used in cell PCS and RDC data as input for GPS
Rosetta, a program that integrates PCSs from multiple
paramagnetic centers into unified distance constraints in
structure calculation routines.”® Following the fragment based
rationale used by Rosetta, we generated input libraries of 3 and
9 residue fragments of known protein structures, excluding the
structure of GB1 and homologous folds. Using these fragments,
we generated 10 000 GB1 structures, out of which we collected
the 100 lowest energy models and compared their conforma
tions to experimentally determined GBI structures, i.e., X ray
crystallography (PDB code: 2QMT™) and solution NMR
(PDB code: 1GB1,*® 2PLP*”). We found poor convergence of
individual models, with a median backbone Ca RMSD of 1.85
A (Figure 2a). Next, we added a PCS based “weighting”
function to steer GB1 models toward conformations that
recapitulated the measured values. We used 72, 86, and 96 PCS
constraints from the E19C, K28C, and E42C GB1 mutants,
respectively, and obtained a substantially improved conver
gence of GBI structures. The newly determined average Ca
RMSD of the 100 lowest energy models was 0.98 A and 0.64 A
between the closest model and the crystal structure (Figure
2b). Lastly, we used the RDC module of Rosetta to include
measured RDCs as additional input in our structure calculation
routines, which yielded a similar improved convergence of GB1
models (average Ca RMSD of 1.04 A for the 100 lowest energy
structures, 0.64 A for the closest model and the X ray structure)
(Figure 2c).
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Figure 2. In vitro and in cell structures of GBI. Scatter plots depict
Rosetta energy scores and Ca RMSDs of 10000 GB1 models
compared to the GB1 X ray structure (2QMT). Ten lowest energy
structures are magnified and color coded according their loop L1
conformations (red/orange). A superposition of their structures with
the crystal conformation (blue) is shown on the right. GB1 models
with L1 conformations corresponding to the one of the GBI crystal
are shown in red, deviating L1 conformers are colored orange. (A) Ab
initio GB1 models without using experimental restraints, (B) GBI
models calculated with PCS and (C) PCS+RDC input data. Rosetta
energies contain different energy components and are not comparable.
(D) Left: Superposition of high resolution in vitro solution NMR
structures of isolated GBI, ie., 2PLP?’ (dark blue, ribbon
representation) and 1GB1%* (light blue, ensemble representation).
Right: Superposition of 2PLP (blue) and 10 lowest energy in cell GB1
models (PCS+RDC, red).

Upon closer inspection of the 10 lowest energy structures,
we noticed a remarkable difference between structures obtained
with PCS data alone and the ones for which PCS and RDC
values were used. In both ensembles, loop L1 (residues N8 to
E1S) connecting strands 1 and 2 of GBIl displayed two
distinct conformations. One identical to the X ray structure
with an average Ca RMSD of 1.1 A, and one with a larger Ca
deviation and average RMSD of 1.6 A. In PCS models, only
three out of ten structures adopted the X ray L1 conformation.

DOI: 10.1021/acs jpclett.6b01074
J. Phys. Chem. Lett. 2016, 7, 2821—-2825


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01074/suppl_file/jz6b01074_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01074/suppl_file/jz6b01074_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01074/suppl_file/jz6b01074_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01074/suppl_file/jz6b01074_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01074/suppl_file/jz6b01074_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01074/suppl_file/jz6b01074_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.6b01074

The Journal of Physical Chemistry Letters

| Letter |

In PCS+RDC models, five out of ten structures did. Previous
solution NMR data indicated that L1 is highly flexible with
backbone order parameters (S?) in the range of 0.5—0.6 (S* of
GBI regions with secondary structure ~0.8).”’~* These in
vitro solution conformations of L1 are similar to those observed
in GBI crystals with an L1 Ca RMSD of 1.35 A (Figure 2D).
From this we concluded that combined PCS and RDC data
from single 2D in cell NMR experiments are sufficient to
determine well defined protein structures within PCS Rosetta.
Our results further confirmed that the overall structural features
of GBI in Xenopus oocytes are similar to those observed in
vitro.*

In summary, we show that in cell NMR derived PCS and
RDC data suffice to solve a protein’s structure inside cells.
Whereas PCS effects decrease with the distance to the
coordinated metal, RDCs are distance independent and offer
valuable structural information for residues distal to the
paramagnetic center. PCS and RDC data can jointly be
obtained from single 2D NMR experiments on in cell NMR
samples of low intracellular protein concentrations, measured at
moderate magnetic field strengths, which makes them easily
accessible and highly useful. The presented approach can
further be used for determining glycan and nucleic acid
structures,”' as well as to probe ligand interactions.”” In
addition, the high rigidity of the DOTA M7Py tag renders it a
useful tool for in cell EPR studies.””* Given that the
intracellular delivery of paramagnetically tagged proteins into
cultured mammalian cells by electroporation is straightfor
ward,” combined PCS and RDC measurements in live cells also
hold great promise for future structure determination efforts in
intact mammalian specimens.
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