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Abstract: NMR spectroscopy is used to detect site-specific
intermolecular short-range contacts in a membrane—protein—
chaperone complex. This is achieved by an “orthogonal”
isotope-labeling scheme that permits the unambiguous detec-
tion of intermolecular NOEs between the well-folded chaper-
one and the unfolded substrate ensemble. The residues
involved in these contacts are part of the chaperone—substrate
contact interface. The approach is demonstrated for the 70 kDa
bacterial Skp-tOmpA complex.

M olecular chaperones play an essential role in the biogen-
esis of proteins in all kingdoms of life."? As a general mode
of function, they interact with unfolded protein substrates,
prohibiting their progression on non-native aggregation
pathways.”! Still, the molecular basis of chaperone—substrate
interactions is not well understood at the atomic level.

NMR spectroscopy is a powerful technique to provide
structural information of transient and dynamic protein—
protein interactions at atomic resolution.*! It has been
successfully employed for the direct observation of substrates
bound to the chaperones GroEL,"'% Hsp90,'"13! Hsp70,014l
and Skp.'>®! Furthermore, long-range spatial correlations
between substrates and chaperones have been detected for
Skp,1! Hsp90,M1 and GroEL!! by the use of paramagnetic
relaxation enhancement (PRE). However, for a full descrip-
tion of the molecular interactions, the identification of direct
contact interfaces in the unperturbed chaperone—substrate
complex is necessary. Thereby, chemical shift perturbations
do not necessarily yield the true interaction surface, because
they are ensemble averages of the dynamic systems and can
contain significant contributions of allosteric effects. Addi-
tional experimental approaches are thus required.

Herein, we use the nuclear Overhauser effect (NOE) to
detect site-specific intermolecular short-range contacts in
a membrane-protein—chaperone complex. We measure these
contacts in the 70 kDa complex of the chaperone Skp with its
bound substrate tOmpA. Skp is a homotrimeric, 51 kDa
chaperone from the Gram-negative bacterium Escherichia
coli (E. coli) that prevents outer membrane proteins from
aggregation during their transport across the periplasm."’'®l
Its apo-form features three long a-helical “arms” forming
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a central cavity.'”) The 19 kDa transmembrane domain of the
outer membrane protein A, tOmpA, is a natural substrate of
Skp.”! Previous solution NMR studies have shown that
tOmpA and the alternative substrate OmpX, when bound to
Skp, adopt the conformational state of a “fluid globule”,
a compacted ensemble of rapidly interconverting conforma-
tions devoid of regular secondary structure elements, but with
non-random backbone dynamics.!®!

The interpretation of intermolecular cross-relaxation
events between the folded Skp and the unfolded tOmpA
has to consider that the 'H-"H cross-relaxation rate constant
o* between a proton j on the chaperone and a proton k on the
substrate is an ensemble average (Supporting Information,
Figure 1), similar to intramolecular NOEs in unfolded protein
ensembles.” 21 The amplitude of an NOE cross-peak
between spin j and k thus contains contributions from
different conformations of the structural ensemble, and
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Figure 1. Random-coil-like averaging of tOmpA side chain conforma-
tions in the Skp-bound state. a) 2D [*C,'H]-HSQC spectrum of 200 um
[U2H,”N, lle-81-CH;, Leu,Val-">CH;]-tOmpA in NMR buffer with 8 m
urea at 37°C. The number of detected and expected resonances for
each methyl moiety type are indicated. b) 2D ['*C,"H]-HMQC spectrum
of 550 um [U-2H,"N, Ile-81-CHj;, Leu,Val-">CH,]-tOmpA in NMR
buffer with 150 mm DPC at 37°C. c) 2D [*C,"H]-HMQC spectrum of
560 um [U-2H,"N, lle-81-">CH;, Leu,Val-">CH;]tOmpA bound to [U-*H]-
Skp in NMR buffer at 37°C.

importantly, owing to the ¢ dependence of ¢, it is biased
by conformations with short interspin distances r. Further-
more, as the dynamic ensemble features a narrow chemical
shift dispersion, the observed cross-peaks in 3D NOESY
spectra are typically a superimposition of multiple substrate
spins with similar chemical shifts. These features generally
prohibit a quantitative conversion of NOESY cross-peak
amplitudes into interspin distances.

However, measurements of the NOE can be used to
identify those residues of the chaperone that feature a sig-
nificantly populated amount of conformations in close spatial
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contact with spin probes in the substrate. These residues are
part of the chaperone—substrate contact surface. For mapping
of these residues, we use an “orthogonal” side-chain labeling
scheme, that is, a combination of amino acid side-chain
moieties with non-overlapping "H chemical shift dispersion.
These are the methyl groups of isoleucine, leucine, and valine
for the unfolded substrate (ILV-tOmpA) and the methyl
groups of alanine residues for the chaperone (A-Skp), which
were introduced in '*CHj-labeled form on a deuterated
background using established techniques.>* Formation of
the complex was accomplished by rapid dilution of purified,
denatured tOmpA into separately produced Skp solution and
subsequent buffer exchange. The integrity of the complex, its
homogeneous 3:1 Skp:tOmpA stoichiometry, and the folding
competence of tOmpA from the complex was assessed as
described previously.['®)

A set of 2D ["*C,'H]-correlation spectra of ILV-labeled
tOmpA in three different preparational states serves as an
initial characterization of the substrate side chains (Figure 1).
In 8M urea aqueous solution, tOmpA adopts a fast exchang-
ing random-coil ensemble and accordingly, the ILV side chain
moieties feature narrow 'H and "°C chemical shift dispersions
of 0.22 ppm and 0.2-0.6 ppm, respectively (Figure 1a). In the
folded state of tOmpA in DPC micelles, the protein populates
an 8-stranded f-barrel structure as the single, stable con-
formation. Therein, the ILV side chains are involved in
specific contacts, resulting in "H and *C chemical dispersions
about four times larger than in denaturant (Figure 1Db).
Bound to the chaperone Skp, the methyl moieties of ILV-
tOmpA feature again narrow chemical shift dispersions,
closely resembling the random-coil spectrum and thus
indicating that the tOmpA side-chains in Skp lack a well-
defined structure (Figure 1c). The observation of a single set
of resonances confirms the presence of a conformational
ensemble in the fast exchange regime, that is, with individual
lifetimes below 1 ms, validating the use of an ensemble model
as the basis of the data interpretation.

The alanine CH; resonances in Skp feature a large
dispersion, both in the apo and the holo form, in accordance
with the adoption of a well-defined secondary and tertiary
structure (Figure 2a). Intermolecular cross-peak amplitudes
were measured by 3D P®C-resolved ['H,'H]-NOESY experi-
ments. Importantly, the orthogonal side-chain labeling pat-
tern ensures the absence of spectral overlap between the
intermolecular cross-peaks and the strong diagonal peaks, as
well as between inter- and intramolecular cross-peaks (Fig-
ure 2b). The observation of a cross-peak in the isoleucine,
leucine, and valine 'H chemical shift range 0.55-0.9 ppm in
the holo- relative to the apo-spectrum can thus be directly
assigned to intermolecular NOE contacts between a specific
site on Skp and the ILV methyl spins in the tOmpA ensemble
(Figure 2¢,d). The integration of alanine NOE cross-peaks
shows non-zero cross-peak amplitudes for residues A34, A75,
A8, and A86, all of which have their side-chains pointing into
the central part the Skp cavity (Supporting Information,
Table S1). Alanine residues located at the trimer interface, as
well as at the bottom of Skp, did not show a detectable NOE
to the spin probes in the substrate ensemble. The contact
surface mapping thus shows that tOmpA is bound in the
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Figure 2. Measurement of intermolecular methyl-methyl NOEs
between Skp and tOmpA. a) 2D [*C,'"H]-HMQC spectrum of 700 pm
[U2H,*N, Met-*CH;, Ala-"CH;]-Skp (A-Skp; light blue) in NMR buffer
at 37°C. The sequence-specific resonance assignments are indicated.
b) Overlay of 'H projections of a 2D ["*C,'"H]-HMQC spectrum of

560 pm [U-2H,”N, lle-81-">CH;, Leu,Val-"CH,]+OmpA (ILV-tOmpA)
bound to [U-*H]-Skp in NMR buffer at 37°C (purple) and of a 2D
[*C,"H]-HMQC spectra of 700 um A-Skp in NMR buffer at 37°C (blue).
c) 2D strips from 3D "*C-edited-[>C,"H]-NOESY spectra taken at the
positions of Ala 34 and Ala 80 of 700 um A-Skp in its apo form (light
blue) and 250 pum A-Skp with bound ILV-tOmpA (holo form, dark blue)
in NMR buffer at 37°C. Spectra were recorded with a NOESY mixing
time of 200 ms. The dashed horizontal lines indicate the 'H chemical
shift dispersion of ILV residues in tOmpA bound to Skp (0.55—

0.9 ppm). d) Overlay of a 'H projection of a 2D ['*C,'"H]-HMQC
spectrum of 560 um ILV-tOmpA bound to Skp (purple) and 1D cross
sections from the 3D *C-edited-[">C,'H]-NOESY spectra shown in (c),
taken at the position of Ala 34.

central part of the Skp cavity (Figure 3). Notably, these
intermolecular cross-peaks have the same sign as the diagonal
peaks, indicating an overall negative NOE for the ensemble
average and thus the existence of the slow motion limit for the
chaperone-substrate contacts.’”*! The local lifetimes of
segments of the substrate bound to the chaperone thus have
a lower limit of 7;> w, ' ~1 ns. A comparison to cross-peaks
with known intramolecular distances within Skp in the same
spectrum shows that the ensemble-averaged intensities cor-
respond to fully populated distances in the range 5-6 A
(Supporting Information, Table S2). Since the intermolecular
NOE peaks are a superposition of individual signals from up
to 45 spin probes in tOmpA, we estimate that, on average,
conformations with a given Skp-tOmpA "H~'H spin pair in
close contact are populated by about 0.5-2%.

Angew. Chem. 2014, 126, 51695172


http://www.angewandte.de

a)
A134
A34
[,(HY /s
0-25
. 25-50 B3
I 50-100
B 100-150

A56

Angewandte

intermolecular NOE:s in the slow motion
limit were detected in a folded—unfolded
protein—protein complex. In particular,
and compared to the long-ranged PREs,
the short-ranged NOEs allow the dis-
tinction of residues according to their
side-chain orientation. The approach can
be tailored to a system of interest by
suitable orthogonal combinations of
methyl-group side chains. For example,
methionine CH; moieties with proton
signals from 1.95 to 2.25 ppm could be
readily integrated in the present setup.
Since methyl groups on a deuterated
background are highly sensitive and
since  sequence-specific  resonance
assignments are known for molecular
sizes larger than 150 kDa,?3" we esti-
mate that with 70 kDa, the size limita-
tion of the approach has not been
reached in the present study. The
approach thus opens new perspectives
for the investigation of molecular inter-
actions in protein biogenesis.

Figure 3. The contact interface of tOmpA and Skp. a) Ribbon representation of the Skp crystal
structure with the alanine residues shown as ball and sticks (PDB 15G2).I'" Alanines shown in
green and red correspond to residues with and without a significant intermolecular cross-peak
in the 3D "C-edited-[>C,'"H]-NOESY spectrum of Skp bound to tOmpA, respectively (Supporting
Information, Table S1). Intermolecular PREs on Skp from a paramagnetic spin label attached to
OmpX are indicated by a blue gradient for I',-values between 0 and 150 s~"."" b) Zoom on one
Skp monomer. c) Structural model of a single conformation from the dynamic Skp-tOmpA
ensemble. Skp is shown in surface representation (blue). A randomly generated tOmpA
polypeptide conformation is shown in purple.' Alanine residues with significant NOE cross-

Experimental Section

Details on protein biochemistry, isotope label-
ing and NMR spectroscopy are given in the
Supporting Information. Sequence-specific
side-chain resonance assignments of apo-
and holo-Skp have been deposited to the
BMRB data base with accession codes 19733
and 19730, respectively.

peak amplitude, as in (a), are highlighted in green.

Finally, we compare the result from the NOE-based
mapping with previous measurements of intermolecular
PREs from a paramagnetic spin label attached to OmpX
and detected on the individual amide moieties of Skp.'!
Opverall, the positions of the Omp substrate in the center of
the Skp cavity determined by the two different spin-inter-
action methods PRE and NOE are in excellent agreement
(Figure 3a). Importantly, however, the NOE mapping distin-
guishes residues A46 and A80, which are located in the Skp
arms at the mid-height of the cavity, but with their side-chains
pointing outside, from residues A34 and A78, which have
both close contacts to tOmpA. The PRE, in turn, is similar for
all four residues with I',-values in the range 70-130s~'. The
NOE-based contact interface mapping thus shows that the
helical arms of Skp do not twist from their canonical position
in the crystal structure and that they have a distinct substrate
interaction surface on their inside.

In summary, measurements of intermolecular NOE in
combination with a suitable orthogonal methyl group labeling
strategy enabled the structural mapping of the Skp-tOmpA
contact interface at the atomic level. Structurally meaningful
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