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ABSTRACT: NMR detection of intermolecular interactions
between protons in large protein complexes is very challenging
because it is difficult to distinguish between weak NOEs from
intermolecular interactions and the much larger number of
strong intramolecular NOEs. This challenging task is exacer-
bated by the decrease in signal-to-noise ratio in the often used
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isotope-edited and isotope-filtered experiments as a result of enhanced T, relaxation. Here, we calculate a double difference
spectrum that shows exclusively intermolecular NOEs and manifests the good signal-to-noise ratio in 2D homonuclear NOESY
spectra even for large proteins. The method is straightforward and results in a complete picture of all intermolecular interactions
involving non exchangeable protons. Ninety-seven such "H—"H NOEs were assigned for the 44 KDa interferon—a2/IFNAR2
complex and used for docking these two proteins. The symmetry of the difference spectrum, its superb resolution, and
unprecedented signal-to-noise ratio in this large protein/receptor complex suggest that this method is generally applicable to

study large biopolymeric complexes.

B INTRODUCTION

NMR is a powerful technique for the three-dimensional
structure determination of proteins in solution. The develop-
ment of improved heteronuclear experiments and the increased
sensitivity of modern NMR spectrometers equipped with cryop-
robes have raised the size limit of proteins for which high-
resolution structure can be determined to about 45—50 kDa."
Low-resolution structures of proteins up to 100 kDa molecular
mass have been determined.” However, NMR structures of
proteins larger than 40 kDa are still scarce.

Structure determination of protein complexes by NMR is even
more demanding because of the need to observe and assign a large
number of proton—proton interactions between the biomolecules
in the complex and to resolve weak intermolecular NOEs from the
much larger number of strong intramolecular connectivities. This
challenging task is aggravated in large protein complexes because of
the decrease in signal-to-noise ratio in heteronuclear experiments
due to shorter T, relaxation times and the increased overlap in the
NMR spectra. As a result, the number of structures obtained for
protein complexes by NMR is rather small, and currently there are
only 322 NMR structures of protein complexes available in the PDB
(out of which only 30 are of protein complexes larger than 40 kDa,
most of which did not include any intermolecular NOE data).

One way to overcome the obstacles in identifying intermole-
cular interactions is to label one of the components of the
complex with '*N and/or "*C, while the second component
remains unlabeled. Using a combination of isotope filtered-
edited experiments, it is possible to identify NOEs across
interfaces between two protons, where only one is bonded to a
labeled heteroatom.®~” However, with increasing size of protein

v ACS Publications ©2011 American chemical Society

14755

complexes, these experiments become much less sensitive. The use
of asymmetrically labeled complexes in which one component is
labeled with '>C/'H-Ile, Leu, and Val methyl groups on a back-
ground of complete deuteration and the other protein is unlabeled
can alleviate the signal-to-noise ratio problem and enable the study
of intermolecular interactions involving methyl protons.® "'
However, this method yields only NOEs involving the methyl
groups of Ile, Leu, and Val and in addition requires the use of
3D "*C-edited NOESY spectra, which are inherently less sensitive
for high molecular weight systems than for their 2D counterparts.
Homonuclear 2D NOESY spectra exhibit high signal-to-noise
ratios even for large proteins because magnetization transfer
takes place when the magnetization is in the z-direction, in
contrast to all other multidimensional NMR experiments, which
involve magnetization transfer in the xy plane. The relaxation of
magnetization in the z-direction depends on T and is slow even
for large proteins (~0.5—1 s) in comparison with the T,
relaxation (in the xy plane) time, which is shorter than 10 ms
for proteins with a molecular mass greater than 50 kDa.
Recently, we demonstrated that 2D NOESY spectra in
combination with asymmetric reverse-protonation of deuterated
proteins can provide detailed information about intermolecular
interactions in large protein complexes.'> To simplify the spectra
and extract intermolecular NOEs, one protein in the complex
was uniformly deuterated and reverse-protonated with selected
aromatic amino acids, while the other protein in the complex was
uniformly deuterated and reverse-protonated with selected
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aliphatic amino acids.'” The high sensitivity of the 2D NOESY
spectrum, even for the 44 kDa IFNAR2/IFNo.2 complex (IFN -
interferon; IFNAR2 - extra-cellular part of the second subunit of
the receptor for type 1 interferons) at a concentration of
0.25 mM, enabled the detection of 24 intermolecular NOEs
with a high signal-to-noise ratio.'” The distance constraints
obtained on the basis of the assigned intermolecular NOEs led
to a considerably improved model of the 44 kDa IFNAR2/
IFNQ2 complex; > however, information was obtained only on a
small fraction of intermolecular interactions and was restricted to
NOEs between aromatic residues and nonaromatic residues with
chemical shifts smaller than 2.2 ppm.

NOESY difference spectra can be used to extract information
about the conformation of small tightly bound ligands and their
interactions with large proteins."> "> We used NOESY difference
spectra to study the conformation of an HIV-1 gp120 V3 peptide
bound to the 50 kDa Fab fragment of an HIV-1 neutralizing
antibody as well as the interactions between them.'® The differ-
ence was between the NOESY spectrum of the unlabeled complex
and the NOESY spectrum of the Fab complex with a V3 peptide in
which selected residues were deuterated. Assignment of the NOEs
observed in the difference spectrum to the specific pairs of
antibody—peptide protons was accomplished by a combination
of deuteration of either the Fab molecule or V3 residues, Fab
chain-specific labeling, and examination of the antibody binding
site structure. The assigned NOEs as well as double mutant cycle
(DMC) constraints were used to calculate a docking model for the
Fab—peptide complex.'®

Here, we describe a straightforward, powerful method for the
detection of intermolecular interactions in large proteins or
biopolymeric complexes. This method is based on the sequen-
tial subtraction of the 2D NOESY spectra of two different
samples in which only one of the complex components is
perdeuterated, from the 2D NOESY spectrum of the unlabeled
complex. The sequential subtraction cancels out the intramo-
lecular NOEs of each of the two protein components of the
complex, and only the intermolecular NOEs remain in the
difference spectrum. Our double difference NOESY spectrum
approach was applied to the 44 kDa IFNAR2/IFNO2 complex,
allowing identification of 97 intermolecular NOEs with excel-
lent signal-to-noise ratio despite the low concentration of the
samples (0.25 mM). The high quality of the difference spectrum
in regions showing both the aromatic—aliphatic and the alipha-
tic—aliphatic interactions implies that this method is generally
applicable and can be used to obtain an unprecedented detailed
and well-resolved picture of intermolecular interactions invol-
ving non exchangeable protons even for high molecular weight
biopolymeric complexes.

W EXPERIMENTAL METHODS

Expression of IFNAR2 and IFNo2. Unlabeled and uniformly
deuterated IFNAR2 and IFNQ2 were prepared by overexpression in
E. coli strain Rosetta (DE3) (Novagen) transformed with the plasmid
pET27b (Novagen) into which the genes of interest were cloned.
Following transformation, the bacterial cells were grown in LB medium
for unlabeled proteins and in M9/D,O minimal media supplemented with
0.1% “*NH,Cl and 0.3% ">C,*H-glucose for uniformly deuterated pro-
teins. Expression was induced by 0.1% IPTG, and cells were grown
postinduction for 8 h. Purification of IFNAR2 and IFN02 was performed
following previously published protocols."” "

NMR Sample Preparation. Three NMR samples were prepared:
'H-IFNAR2/'H-IFN0.2, U-°H-IFNAR2/"H-IFN0.2, and '"H-IFNAR2/
U-H-IEN 2. All complexes were prepared as previously described'” at
a molar IFNAR2:IFNQ2 ratio of 1:1. Protein concentrations were
ascertained by their molar extinction coefficients calculated from the
primary amino acid sequence using the ProtParam tool in the ExPASy
Proteomics Server.”” The extinction coefficients used were 28 795 and
18700 M ' cm™ ! for IFNAR2 and IFN02, respectively. All samples
were exchanged to the same D,0O-based buffer (25 mM d,,-Tris pD 8,
0.02% NaN3, 99.9% D,0) by repeated dilution/concentration cycles
using Amicon Ultra tubes (Millipore, MW cutoff 10 kDa). The final
concentration of the complex in all samples was 0.25 mM.

NMR Measurements. All NMR spectra were acquired at 305 K on a
Bruker AVIII 800 MHz spectrometer equipped with a 5 mm Triple-
Resonance Inverse TCI CryoProbe with Z-gradients and with an Automatic
Tuning and Matching (ATM) unit. Data were processed and analyzed
using the NMRDraw/NMRPipe" and NMRView” software packages.

The 2D NOESY spectra were acquired using 400 t; increments and
4096 t, points with a sweep width of 11 160.7 Hz in both dimensions. An
interscan delay of 2 s was applied. NOESY mixing time was 80 ms for the
spectra used for final analysis, assignment, and modeling; however,
spectra with mixing times of 40 and 200 ms were also acquired and
analyzed (see Supporting Information Figure S1). The decision to use
the spectra recorded with 80 ms mixing time was based on the signal-to-
noise ratio of cross-peaks versus the strength of subtraction artifacts (see
Supporting Information Figure S1). The 200 ms spectrum contained
contributions from spin diffusion, whereas the 40 ms spectrum showed
much fewer cross-peaks, especially in the aliphatic and the aromatic-
Ho./Hp regions relative to the 80 ms spectrum. This was probably due
to the fact that 40 ms mixing time is not sufficient to detect the weak
intermolecular NOEs (see Supporting Information Figure S1). Residual
water magnetization was suppressed with a presaturation pulse. The
initial sampling delay was set to T = 4*Tgo/7 + t,(0), where Tq is the
duration of the 90° pulse and the #,(0) is the dwell time increment
between successive sampled points in the acquisition dimension. This
initial sampling delay was used to enable a constant phase correction in
the F1 dimension.”®

Double Difference Spectrum Calculation. All spectra were
processed identically except for minor changes in the F2 phases as
required in each of the three individual spectra. No baseline correction
was applied in the processing of the original spectra. The double
subtraction using the 2D subtraction command of NMRPipe?" software
was performed in a sequential manner; that is, first, a spectrum of one of
the deuterated complexes was subtracted from the spectrum of the
unlabeled one, and then the third spectrum was subtracted from the
result of the first subtraction (Figure 1a; Supporting Information Figures
$2, S3, $4).

first step : Spec['H-IENAR2/'H-IFN@2] — f1*Spec[' H-IFNAR2 /*H-IFN (2]

second step : Spec[result of first step] — f2*Spec[*’H-IFNAR2/'H-IFNo2|

The appropriate subtraction factors fl1 and f2 were determined
independently for each subtraction step using the same procedure.
For the determination of the f1 subtraction factor, the two NOESY
spectra to be subtracted (lH—IFNARZ/ '"H-IFNo2 and 'H-IFNAR2/>
H-IFN02) were overlaid, and a row (row 920) was selected in which the
same cross-peaks appeared in both spectra, designating those cross-
peaks as intramolecular "H-IFNAR2 NOEs, which should be canceled
out in the subtraction. This row was from a well-resolved region of the
spectrum (in our case, the methyl region) to make sure no intramolecular
"H-IFN @2 or intermolecular contributions are present as well as to enable
an accurate estimation of cross-peak intensity (Figure 1b,d; Supporting
Information Figure S1). Next, rows 920 from both of the subtracted
spectra ("H-IFNAR2/'H-IFNo2 and 'H-IFNAR2/’H-IFNG2) were
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Figure 1. Calculating a double difference NOESY spectrum for the IFN02/IFNAR2 complex. (a) Schematic representation of subtraction procedure
used. Spectral type indicated in black within the boxes (top). Types of interactions: intramolecular interactions in IFNAR?2 in green, intramolecular
interactions in IFNO2 in blue, and intermolecular interactions indicated in red. f1 and f2 represent calibration factors needed to obtain nulling of
intramolecular connectivities (see Experimental Methods for details). (b) 2D NOESY spectrum of 'H-IENAR2/'H-IFNa2 showing the rows 920 and
889 used to determine the f1 (green) and f2 (blue) subtraction factors, respectively. (c) Double difference NOESY spectrum with red boxes showing the
symmetry of the obtained difference spectrum in the section of the spectrum showing interactions between aromatic and aliphatic protons (side chains as
well as @t-protons). (d) Section from the 2D NOESY spectrum of 'H-IFNAR2/*H-IFN(2 showing row 920, which was used to determine the f1 factor.
Row 889, shown in gray, contains no cross-peaks in this spectrum. (e) Section from the 2D NOESY spectrum of *H-IFNAR2/"H-IFN02 showing row
889, which was used to determine the f2 factor. Row 920, shown in gray, contains no cross-peaks in this spectrum. (f) 1D projections of row 920 from 2D
NOESY spectra of 'H-IFNAR2/'H-IFNa2 (h, black), "H-IFNAR2/*H-IFNa2 (i, green), and the result of their subtraction using f1 = 0.94 (j, light
blue). (g) 1D projections of row 889 from 2D NOESY spectra of the result of the first subtraction step: ['H-IFNAR2/'H-IFNa2 — 0.94*'H-
IENAR2/*H-IFNa2] (k, light blue), *H-IENAR2/'H-IENa2 (I, blue), and the result of their subtraction using f2 = 0.93 (m, red).

plotted as 1Ds, and the value of the f1 subtraction factor was determined
according to the intensity ratio between the overlaid cross-peaks
(Figure 1f; Supporting Information Figure S3). To ensure the correct
factor was chosen, its value was changed to within =15% of the intensity
ratio, and the appearance of the resulting 1D was examined for a
subtraction with optimal cancelation of the overlaid cross-peaks. It was
found that the intensity ratio was indeed accurate in predicting the

appropriate factor for the entire 2D spectrum (see Supporting Informa-
tion Figures S3, S4). The f2 subtraction factor was determined in a similar
manner. The values of the subtraction factors found were 0.94 and 0.93 for
f1 and f2, respectively.

A polynomial baseline correction was applied to the double difference
spectrum in the F2 dimension to minimize the subtraction artifacts. The
final double difference spectrum seemed to require slight adjustment of
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Figure 2. Comparison of the double difference NOESY spectrum (panel a) of the IFN02/IFNAR2 complex with the spectra obtained by asymmetric
labeling (panels b and c). (a) Aromatic region of the double difference NOESY spectrum calculated using the procedure illustrated in Figure 1. Positive
cross-peaks are in black, and negative cross-peaks are in red. Vertical lines indicate cross-peaks originating from the same aromatic proton and are labeled
at the top of the spectrum according to the assignment of the specific proton. The aliphatic proton assignments are marked for each cross-peak in the spin
system. IFNAR2 and IFN0O2 residues are labeled with superscripts r2 and a2, respectively. (b) Asymmetric-labeling 2D NOESY spectrum of
IFNAR2(HFW)/IFNo2(KRLAM) (black) (the reverse-protonated amino acids are given in parentheses). The NOESY spectrum of free IFN0O2-
(KRLAM) (red) overlaid on the spectrum of the complex helps to identify intramolecular NOEs in IFN02(KRLAM) that resulted from incomplete
deuteration of this protein.'> (c) The asymmetric-labeling 2D NOESY spectrum of IFNAR2(IVLTMAK)/IFNa2(HFWY) (black). The NOESY
spectrum of free IENAR2(IVLTMAK) (red)'? overlaid on the asymmetric-labeling spectrum helps to identify intramolecular NOEs in IFNAR2-
(IVLTMAK) that resulted from incomplete deuteration of this protein.'> Arrows indicate small changes in the positions of the intramolecular cross-
peaks between the spectra of the free molecule and the complex. Black cross-peaks not overlaid with red cross-peaks and not marked by arrows originate
from intermolecular interactions and are labeled according to the assignment of the aliphatic proton. Vertical lines indicate cross-peaks originating from
the same aromatic proton and are labeled at the top of the spectrum according to the assignment of the specific proton. IFNAR2 and IFN«.2 residues are
labeled with superscripts 12 and a2, respectively. Light blue boxes indicate cross-peaks that appeared after the urea-induced partial denaturation'> and
that are not attributed to intermolecular interactions. Purple boxes indicate the two cross-peaks missing in the double difference spectrum.

Passive residues are all solvent-accessible surface neighbors of active
residues.** Solvent accessibility was calculated using the program
NACCESS.***" Additional pair wise distance restraints were defined

the phase in F2. This additional minor phase correction was applied to
the original 2D spectra, and the subtraction was carried out again using
the predetermined f1 and f2 subtraction factors.

Docking. The docking of the IFNAR2/IFNa2 complex was per-
formed using the software HADDOCK2.0,** which utilizes the crystal-
lography and NMR system (CNS).>**® The docking was based on the
chemical shift perturbation data for IFNAR2, the cross saturation data
for IFN@2, NOE interactions, and mutagenesis data !7192728 Starting
structures for the docking were the published structures of IFNAR2
(PDB entry IN6U*’) and IFNa2 (PDB entry 1ITF*). Active and
passive residues in IFN0.2 and IFNAR2 were selected using the strategy
outlined by Dominguez et al.>* based on the binding sites mapped in
previous studies in our group'”"? and were identical to the ones chosen
in the calculation of our previous docking model of the IFNAR2/IEN«.2
complex'” (see Supporting Information Table S1). Following the
guidelines of HADDOCK2.0 (http://www.nmr.chem.uu.nl/haddock/ ),
active residues are those identified by experiment (either NMR or
mutagenesis experiments) to be involved in the interaction between the
two molecules and that have a high solvent accessibility (in our analysis,
we have chosen main-chain or side-chain relative accessibility >30%).

14758

on the basis of double mutant cycle analysis data found by Roisman
et al,?® and the full list of unambiguous distance restraints used in the
docking calculation is given in Supporting Information Table S1. NOEs
with ambiguous assignment were incorporated as floating assignments
using CNS format.>>*¢ Ambiguous interaction restraints (AIRs) were
defined as ambiguous intermolecular distances (d;zp) following the
HADDOCK protocol®* with a maximum upper distance limit of 2 A
between any atom m of an active residue i of protein A (m;5) and any
atom n of either an active or a passive residue k (N, in total) of protein B
() (and inversely for protein B).>* This d;zp value is the program’s
default, and it can be changed between 2 and 3 A to enable tight docking
of the interacting molecules. The developers of the HADDOCK program
provide a detailed logic for the interaction restraint calculations.*

A total of 1000 structures were calculated in the rigid body mini-
mization. Semiflexible simulated annealing followed by refinement in
explicit water was performed for the best 200 solutions based on the
HADDOCK score (weighted sum of all of the energy terms and the
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buried surface area). Violation analysis of the final 200 structures showed
that all of the unambiguous distance restraints were satisfied for all
structures. Solutions were clustered using a 7.5 A interface rmsd cutoff.
197 out of 200 structures were included in the eight clusters found.
Cluster analysis was performed on the four best structures in each cluster
to remove the dependency of cluster averages upon their size. The
cluster with the lowest average HADDOCK score was considered to be
the best solution.

Structure Analysis. The structure of the IFNAR2/IFN0O2 com-
plex and the interface were analyzed with PISA (protein interfaces,
surfaces, and assemblies service at the European Bioinformatics
Institute),”> MOLMOL (analysis and display of molecules),*® and the
PSVS — Protein Structure Validation Software suite.** All molecular
pictures were created with Pymol.>*

We deposited the new docking model in the PDB (2lag). The
IFNAR?2 and IFN2 side-chain protons assignments used in this study
were previously deposited in the BioMagResBank (BMRB-16677).

B RESULTS

Double Difference Spectrum Calculation. 2D NOESY
spectroscopy is one of the simplest 2D NMR experiments to
run and is among those most widely used for structure determi-
nation of macromolecules; however, because of overlap pro-
blems, its application is restricted to proteins with molecular
weight less than 15 kDa. "H—"H NOE interactions form the
basis for and the most important part of structure determination
by NMR. An important additional advantage of the homonuclear
NOESY spectrum is its high sensitivity even for high molecular
weight proteins. The 2D NOESY spectrum measured for the
unlabeled 44 kDa IFNAR2/IFN2 complex is presented in
Figure 1b. No individual NOEs are revealed in the aliphatic
(from 1 to S ppm) and aromatic (around 7 ppm) regions due to
severe overlap. Nevertheless, well-resolved NOE cross-peaks
with good signal-to-noise ratios are seen at the edges of the
spectrum (Figure 1b and f, upper trace). Thus, the information
content for intermolecular contacts contained in the spectrum is
high but is not decipherable due to the presence of a large
number of intramolecular NOEs that result in the severe overlap
in the aliphatic and aromatic regions.

The asymmetric labeling technique that we developed pre-
viously, although very powerful in detecting intermolecular
interactions between aromatic protons and a select group of
nonaromatic protons, suffers from several drawbacks.'> If the
protein complex exhibits slowly exchanging amide protons, as in
the case of the IFNa2/IFNAR2 complex, the use of partial
denaturation and subsequent refolding in a D,O-based buffer is
necessary to eliminate the signal of these amide protons from the
spectra. This treatment risks modification of the £-amino groups
of lysine residues in the denatured protein as seen in our earlier
investigation.'> Performing the partial denaturation in guani-
dium hydrochloride rather than in urea could potentially resolve
this problem.

Moreover, some intramolecular interactions were observed in
the aromatic—aliphatic regions of the spectra of the asymme-
trically labeled samples between residual protons on the other-
wise deuterated aromatic side chains and unlabeled aliphatic
amino acids such as leucine, which were added to the deuterated
medium as part of the asymmetric labeling procedure (red cross-
peaks in Figure 2b and c). These NOEs originated from the small
percentage of residual protons in the growth medium, which was
97% deuterated.'” These residual protons are not expected to

contribute any significant artifacts in the double difference spectra
because in the absence of the unlabeled amino acids that were
intentionally added in the asymmetric labeling protocol, the
probability of observing intramolecular NOEs involving only
residual protons is very small. Finally, only a subsection of the
NOESY spectrum (6—7.8 in the F2 dimension and —1 to 2.2 ppm
in the F1 dimension) can be analyzed in the asymmetric labeling
technique. For chemical shifts larger than 2.2 ppm, the spectrum
suffers from contributions of intraresidue interactions between the
aromatic protons and the 0.- and 3-protons of the same residue. In
view of these difficulties and limitations, we sought to develop a
general and easily applied method that will enable detection of
practically all intermolecular interactions involving nonexchange-
able protons in large macromolecular complexes.

A NOESY spectrum of a heterodimeric complex is composed
of cross-peaks due to intramolecular interactions within each of
its components as well as cross-peaks due to intermolecular
interactions (Figure la, box 1). If one of the proteins in the
complex is deuterated and the other is unlabeled, the NOESY
spectrum of the complex contains only cross-peaks due to
intramolecular interactions within the unlabeled component
(Figure 1a, box 2 and box 3). Cross-peaks due to intermolecular
interactions are missing in the two spectra in which one of the
proteins is deuterated. When both of these NOESY spectra are
subtracted from the NOESY spectrum of the unlabeled complex
using standard NMR software (see Experimental Methods), only
cross-peaks due to intermolecular interactions remain (Figure 1a,
box 4). Such a double difference spectrum is seen in Figure 1c. In
contrast to the spectrum measured on the complex directly
(Figure 1b), the double difference spectrum shows numerous
discrete cross-peaks throughout the chemical shift range. Thus, this
method reveals the intermolecular connectivities that are essential to
calculate the structure of the protein—protein interface.

The complete details of the subtraction procedure are given in
the Experimental Methods. Briefly, the three samples must all be
prepared at the same concentration and solvent composition.
The empirical multiplication factors fl and f2, used in the
subtraction, must be calibrated by choosing two rows in the
unlabeled complex spectrum, one that contains only intramole-
cular cross-peaks peaks of IFNAR2 and the other that contains
only intramolecular cross-peaks of IFN@2. These rows are then
compared to the matching rows from the spectra of the complex
in which one of the proteins is deuterated and the factors f1 and
f2, which will null the intramolecular cross-peaks, are adjusted
empirically by using the “1D subtract” command of the proces-
sing software. As can be seen in Figure 1f and g, excellent
elimination of intramolecular cross-peaks can be achieved.

The spectra were measured on samples in D,O and not H,O,
because the amide deuterons will exchange with protons in H,O
and the subtraction will not provide any additional information
about amide proton interactions, and measurements in H,O will
make the subtraction more difficult. Moreover, the commonly
used pulses for water suppression, such as WATERGATE, result
in considerable loss of protons signal in large proteins with short
T, relaxation times as well as attenuation of resonances close to
the water resonance in the acquisition dimension.

Application of all of the measures mentioned above resulted in
multiplication factors very close to 1 (f1 = 0.94; f2 = 0.93), the
correction factor for an ideal set of spectra, demonstrating that
nearly ideal conditions were obtained. The calculated difference
spectrum (Figure 1c) is very well resolved and is symmetrical
across the diagonal, testifying to its quality.
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Figure 3. The aliphatic region of the double difference NOESY spectrum of the IFN02/IFNAR2 complex. Red boxes mark symmetrical cross-peaks,
which were designated as intermolecular NOEs. Vertical and horizontal lines indicate cross-peaks originating from the same proton and are labeled
according to the assignment of the specific proton. The assignment of the second proton in the interaction is marked for each cross-peak in the spin
system. IFNAR2 and IFNO2 residues are labeled with superscripts r2 and a2, respectively. Assignment is presented only for one of the two symmetrical

cross peaks.

Intermolecular Interactions between Aromatic and Non-
aromatic Protons. To validate the double difference spectrum and
make sure that it is free of subtraction artifacts, we compared it to the
spectra of the IFN02/IFNAR2 complex that we previously mea-
sured using asymmetric reverse-protonation of IFNa2 and IFENAR2
(Figure 2)."> To observe intermolecular interactions using the
asymmetric reverse-protonation technique, we prepared two IF-
NAR2/IFN02 complexes.'> In the first complex, IENAR2 was
uniformly deuterated and reverse-protonated with the unlabeled
aliphatic amino acids isoleucine, valine, leucine, threonine, methio-
nine, alanine, and lysine (IFNAR2(IVLTMAK) ), while IFN0L2 was
uniformly deuterated and reverse-protonated with the unlabeled
aromatic amino acids histidine, phenylalanine, tryptophane, and
tyrosine (IFNa2(HFWY))." In the second complex, IENAR2 was
reverse-protonated with the aromatic amino acids histidine, pheny-
lalanine, and tryptophan (IFNAR2(HFW)), and IFNO2 was
reverse-protonated with lysine, arginine, leucine, alanine, and
methionine (IFNO2(KRLAM))."” The red cross-peaks and those
highlighted in light blue in the asymmetric-labeling spectra pre-
sented in Figure 2b and c arise from incomplete deuteration and the
urea unfolding/refolding treatment (see above). Therefore, in
making our comparison, only the cross-peaks attributed to real
intermolecular interactions in the spectra presented in Figure 2b and
c were compared to the double difference spectrum (Figure 1a),
which is completely free of such artifacts.

As shown in Figure 2, all of the intermolecular interactions that
appeared in the asymmetric labeling spectra upfield of 2.2 ppm in
the F1 dimension (nonhighlighted black cross-peaks not over-
lapping with red cross-peaks in Figure 2b,c) were observed also in
the double difference spectrum. The only exceptions are two
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cross-peaks previously assigned to Hy and HO of “*R12 (**X and
“%Y represent IFNAR2 and IEN@2 residues labeled by R2 and
a2 superscripts, respectively) (Figure 2c, highlighted in purple).">
The absence of these two strong cross-peaks in the double
difference spectrum implies that they do not correspond to
intermolecular interactions but rather could be attributed to
intramolecular NOEs involving Hf protons of one of the
aromatic residues of IFNAR2(HFW) with an unusually upfield
shifted chemical shift or to amide protons that resisted deuter-
ium-exchange despite the partial unfolding.

The aromatic—aliphatic region of the double difference spec-
trum revealed several cross-peaks between 1.2 and 2.2 ppm
(in F1) that did not appear in the asymmetric labeling spectra. In
addition, a spin system assigned to HE1 of "H76 (F2 = 7.61 ppm)
did not appear in the asymmetric labeling spectra probably due to
deuterium exchange of this histidine proton caused by the
prolonged incubation of the samples in D,0*® during the partial
denaturation required to eliminate the cross-peaks of the amide
protons in this experiment. In addition to the elimination of
artifacts, the spectrum presented in Figure 2a shows at least 15
intermolecular NOEs between aromatic protons and nonaromatic
protons with chemical shifts higher than 2.2 ppm. These cross-
peaks could not be identified in the asymmetric-labeling spectra
because of overlap with the numerous cross peaks resulting from
the intraresidue interactions of the aromatic-Ho/Hf3 protons.

Although only positive cross-peaks are expected to appear in
the double difference spectrum, several negative cross-peaks
were observed (red cross-peaks in Figure 2a). These cross-peaks
appeared due to strong intraresidue interactions within **F27
and are not a result of subtraction artifacts or improper choice of

dx.doi.org/10.1021/ja205480v |J. Am. Chem. Soc. 2011, 133, 1475514764



Journal of the American Chemical Society

Table 1. List of Intermolecular Distance Restraints Obtained from the Double Difference Spectrum”

IFNa2

F27:HZ;HE*HD*
L15:HD1*, HD2*
L153:HD1*%, HD2*
L15:HD1%
L153:HD1* HD2*
F27:HD*
F27:HE*

F27:HZ
L15:HB*HA;
S152:HB*HA;
M148:HB*/HE*
L15:HB*HA;
S152:HB%;
M148:HB*/HE*
L153:HB*/HG;
E159:HB*
S11:HB*
F27:HB*
L153:HD2*
L30:HD1*/HD2*
126:HD1*; HD2*

aromatic—aliphatic region

aromatic—HB/HA region

aliphatic region

F27:HB*; HA; S25:HB*
L30:HD* or V142:HG*;
V142:HG*; A145:HB%;
R22:HD* or R33:HD%;

F27:HA or L30:HA or A145:HA
L153:HA or R149:HA
L30:HB*/ HG or T6:HA
R33:HB*/HG*

L161:HB*/HG or L26: HB*/HG

IFNAR2

V80:HG1*%HG2*; L52:HD1%HD2*% V82:HG1*HG2*; T44:HG2*
W100: HZ3/HZ2/HH2;HD1;HE3

H76:HD2

H76:HE1

V82:HB; S96:HB*;HA; H97:HA
L52:HB*;V80:HB; V82:HB; S96:HB*;HA
'V80:HB; V82:HB; S96:HB*
W100:HZ1/HZ2/HH2

W100:HE3

H76:HD2

H76:HE1

S96:HA

H76:HB*; S74:HB*

L52:HD2%; T44:HG2*

K48:HG*; M46:HB*/HE* or P49:HB*/HG*; M46: HG%;
P49:HD*; M46:HA or P49:HD*

V80:HG2*

M46:HB*/HE* or P49:HB*/HG*

H76:HB*

ES0:HA or K159:HG*
P49:HA

M46:HA or E134:HA

“ Asterisks stand for ambiguous stereospecific assignment. Colons stand for “and”. Slashes stand for “or”.

the factors used in the subtraction. “*F27 is protruding out of
the IFNa2 surface and is buried in a deep IFNAR2 pocket."?
Therefore, the relaxation of **F27 is influenced by IFNAR2
protons. When IFNAR2 is deuterated, the relaxation pathways
available to “*F27 decrease and the intraresidue NOEs in “*F27
become stronger than the corresponding cross-peaks in the
unlabeled complex. Accordingly, the difference spectrum will
contain negative contributions from **F27 protons. Similarly,
other residues at the interface interacting extensively with residues
of the partner protein may also exhibit negative intraresidue NOEs
in the difference spectrum. Rather than being a drawback, we
believe that these negative cross-peaks highlight residues in one
protein that are buried in deep pockets in the other protein and
thus provide further structural insight about the binding interface.

Intermolecular Interactions between Nonaromatic Protons.
The most crowded region of the double difference 2D NOESY
spectrum is the section showing interactions between nonexchange-
able nonaromatic protons (Figures lc and 3). The asymmetric
labeling technique is restricted to the observation of intermolecular
interactions between aromatic amino acids and a select group of
aliphatic amino acids consisting of protons resonating upfield of 2.2
ppm (chemical shift smaller than 2.2 ppm). The double difference
spectrum provides us with information regarding all intermolecular

interactions in the complex: aromatic—aliphatic, aliphatic—aliphatic,
and aromatic—aromatic in the entire chemical-shift range (—2 to
8 ppm). This is evidenced by the identification and assignment of 97
intermolecular NOE:s in the double difference spectrum in compar-
ison with only 24 NOEs observed by the asymmetric labeling method.

Methyl protons of protein residues, especially those centered
around 1 ppm, give the strongest signal in the NMR spectrum.
These methyl protons exhibit intense and frequently sharp
resonances in comparison with other protein protons due to
their increased mobility and high intensity, which may cause
subtraction artifacts due to truncation and T;-noise. Despite
these concerns, the aliphatic section of the double difference
spectrum of the IFN02/IFNAR complex is very well resolved,
symmetrical, and free of T;-noise (Figure 3).

Minor artifacts appearing as lines of cross peaks parallel to the
diagonal do appear in the difference spectrum (Figure 3). Such
artifacts are typical of a periodic instability in the electronics of
the controller of the air-conditioning system in the spectrometer
room. (Previously, we suffered from very severe parallels to the
diagonal artifacts. Most of this problem was resolved by turning
off the central air-conditioning system and using wall air-
conditioners.) Regardless of the cause, these residual artifacts
do not prevent the analysis of the spectrum and the observation
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Figure 4. A docking model of IFNAR2/IFN«2 based on intermolecular NOEs obtained from the double difference spectrum. (a) Ensemble of best 10
structures from the highest ranking cluster in the calculation. IFNAR2 is shown in orange, and IFN02 is in green. The flexible N-terminal (*s1-"C12)
and C-terminal residues ("*P204— "2$212) of IENAR2 were removed for the presentation. (b) Open book representation of the IENAR2/IFN0.2
complex and the observed NOE interactions. IFNAR2 (left) and IFNo2 (right) are presented in a space-fill mode. Interface residues (colored)
correspond to a minimal set determined by PISA** and MOLMOL?? with an intermolecular distance criterion <4 A and are shown if present in at least 5
structures out of the 10 structures in the ensemble. Residues are colored as follows: light green, aliphatic; dark green, aromatic; red, negatively charged;
blue, positively charged; cyan, N and Q; indigo, H; orange, S and T. Residues marked with dots were found by mutagenesis studies to be important for
binding. Residues giving rise to the intermolecular NOEs in the double difference spectrum are connected by black lines.

of most of the intermolecular NOEs because all cross-peaks due
to protein—protein interactions were identified based on their
symmetry with respect to the diagonal (marked by red boxes in
Figure 3). Thirty-two intermolecular NOEs were identified in
this section of the spectrum.

Assignment of the Intermolecular NOEs. The assignment of
the cross-peaks in the difference spectrum to the specific pair
wise interactions was carried out using the side-chain assignment
of IFNa2 and IFNAR?2 in their binary complex obtained in
our previous study on the asymmetrically reverse—Protonated
complexes.'> The docking model obtained previously  helped in
the assignment procedure. Using these data, 90% of the cross-
peaks identified as intermolecular NOEs, both in the aromatic
and in the aliphatic regions of the double difference spectrum,
were assigned. The full list of unambiguous distance restraints
based on the assigned intermolecular NOE interactions is given
in Table 1.

Modeling. Both IFN@2 and IFNAR2 undergo only limited
conformational changes upon binding, and these changes occur
mainly in the binding site regions.'””* Therefore, calculation of a
docking model of the complex using the structures of the free
proteins is possible. A new docking model of the IFNAR2/
IFNQ2 complex was calculated on the basis of the following data:
(1) structures of the free complex components;*”** (2) NMR
mapping of the respective binding sites;'”'? (3) 97 intermole-
cular NOEs found in this study (Table 1, Supporting Information
Table S1); (4) distance restraints ?Previously obtained from double
mutant cycle (DMC) analyses;”® and (5) four intermolecular
NOEs involving a single pair of residues found in our previous
study.'” The four intermolecular NOEs obtained in a previous
study involved one of the amide protons of the complex compo-
nents and therefore could not be observed in the present study.
The docking was performed using the program HADDOCK,***’
which allows the input of experimental distance restraints to drive
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the docking calculation (see Experimental Methods). Violation
analysis of the 200 final structures showed no NOE or DMC
violations for all structures. The rmsd of the ensemble of the 10
best structures selected from the best cluster (ranked by the lowest
HADDOCK score”*) was 0.77 & 0.12 A for the backbone atoms and
1.08 = 0.10 A for all heavy atoms (Figure 4a, Table 2). The rmsd of
the representative structure of the ensemble to our previous docking
model of the IFNAR2/IFN02 complex (calculated using the
asymmetric reverse-protonation method'?) is 1.16 A for the back-
bone atoms and 1.28 A for all heavy atoms. The distance restraints
obtained in the present study are very well dispersed over the entire
binding surface (Figure 4b), accounting for the high quality and
accuracy of the new docking model of the complex. A full analysis of
the docking model is shown in the Supporting Information (see
Supporting Information Tables S2, S3). When only the 97 NOE
constraints are used for the docking, only one cluster is obtained with
0.6 A rmsd of the ensemble of the 10 best structures (ranked by the
lowest HADDOCK score**). The model of the complex obtained
using only NOE data agrees very well with the conclusions on
interacting residues from DMC and saturation transfer experiments.

l DISCUSSION

In this Article, we present a powerful and straightforward
double difference NOESY spectroscopy method that detects a
very large number of intermolecular interactions among non-
exchangeable protons in protein—protein complexes. Because of
the high sensitivity of 2D NOESY spectra, this method can be
widely applicable even for protein complexes well exceeding the
44 kDa molecular mass of the IFN02/IFNAR2 complex. Pre-
viously developed procedures to study intermolecular interac-
tions, such as 4D-isotope edited experiments or a combination of
isotope-editing and isotope-filtering techniques,'" suffer from
significant losses in sensitivity for large protein complexes.
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Table 2. Docking and Structural Statistics for the 10 Best IFNAR2/IFNa2 Model Structures”

HADDOCK score

E,gw [kcal/mol]

Eqjec [keal/mol]

Einter [keal/mol]

Earg [keal/mol]

BSA [A?]

rmsd from lowest energy structure [A]
cluster size

number of AIR violations >0.3 A

number of NOE or DMC violations >0.3 A

rmsd backbone (heavy atom) [A]

rmsd all atoms at interface [A]

rmsd backbone (heavy atom) from free IFNAR2 [A]
rmsd backbone (heavy atom) from free IFNo2 [A]

rms deviation for bond angles [deg]

rms deviation for bond lengths [A]

most favored regions [%]
additionally allowed regions [%]
generously allowed regions [%]

disallowed regions [%]

ensemble representative structure
Docking Statistics
—135.14+4.7 —134.9
—934+7.1 —101.3
—493.5+56.9 —428.4
—371.24+60.5 —318.2
215.7+6.8 211.5
2753.1 £ 146.7 2756.8
0.8+ 0.1 0.7
47
7.5+0.5 8
0 0
Structural Statistics
0.8+ 0.1 (1.140.1)
1.3+£0.1
1.0 £ 0.06 (1.1 £0.05) 0.9 (1.1)
0.740.04 (0.8 £0.05) 0.7 (0.8)
Deviations from Idealized Geometry
0.6 0.6
0.004 0.004
Ramachandran Analysis, Residues in:
78.1 78.3
20.2 20.6
1.1 0.3
0.6 0.9

“ Structure validation parameters were calculated using the PSVS — Protein Structure Validation Software suite.*

Because of the different physical basis for magnetization transfer
(T, versus T, effects), our approach overcomes this sensitivity
loss and, in principle, should be widely applicable to other
biopolymeric complexes involving proteins overexpressed in
E. coli (the vast majority of proteins studied by NMR and
X-ray crystallography) and yeast cells.

The binding interface between IFN2 and IFNAR2 consists
of 30 IFN2 and 30 IFNAR? residues, and therefore the double
difference NOESY spectrum is considerably less crowded than
the NOESY spectra of the individual proteins of the complex. As
a matter of fact, because the difference spectrum is free of
intraresidue and intramolecular NOEs, it is much better resolved
than the spectra of even very small proteins with the same
number of residues as the binding interface of the complex. This
considerably simplifies the assignment procedure.

In comparison with the asymmetric reverse-protonation
method we developed recently, the double difference spectrum
does not suffer from any artifacts due to incomplete exchange of
amide protons or incomplete deuteration. All samples undergo
the same procedure of preparation and solvent exchange in the
double difference protocol, and, therefore, the degree of amide
proton deuterium exchange should be sufficiently similar to
cause the disappearance of practically all of the intramolecular
Hy NOEs upon the double subtraction. Because no unlabeled
amino acids were added to the growth medium, the intramole-
cular NOEs contributed by the residual protons that are incor-
porated in the proteins after expression in the 97% deuterated
medium will involve pairs of such protons, and therefore the
intensity (0.03 x 0.03 protonation) of these NOEs will be

negligibly weak. The minor artifacts that do appear as a few lines
of cross-peaks parallel to the diagonal in the aliphatic section of
the double difference spectrum (Figure 3) do not hamper its
analysis to any significant extent when the symmetry of the
NOESY spectrum is taken into account.

The calculation of the double difference NOESY spectrum
may appear to be complicated and subjective. In actuality, this is
not the case, and the protocol that we describe in detail in the
Experimental Methods should be fairly easy to implement using
the standard 1D and 2D subtraction commands of the spectro-
meter software and a basic spectral analysis software such as
NMRPipe.”" The actual assignment of the intermolecular NOEs
to specific protons is a major task and is the most time-consuming
aspect of our protocol. However, assignment issues are a standard
aspect of the NMR analysis of proteins and nucleic acids. The
method developed by Yang and co-workers"*® ** has proven to
be very powerful for side-chain proton assignment. In our case, the
side-chain assignment was also facilitated by the high degree of
similarity between the free and bound forms of the complex
components, which allowed us to infer side-chain assignments of
the bound proteins from their free form.'” Because in many
protein complexes the conformational changes upon binding
involve only the binding site residues, it is possible to employ
their overall structural similarity to obtain side-chain assignment in
the bound state as we did in our previous work.'>

In summary, we present here a novel method of detecting
intermolecular NOEs in large protein complexes using a double
difference NOESY spectrum. Our application of this technique
to the 44 kDa IFNAR2/IFN02 complex yielded nearly a 300%
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increase in the number of intermolecular NOEs detected both in
the aromatic and in the aliphatic regions of the spectrum as
compared to the asymmetric labeling approach. These distance
restraints enabled the calculation of a high-quality, accurate
docking model of the IFNAR2/IFN0.2 complex based only on
NOE constraints. The very large number of experimental con-
straints imposed on the docking model should make it very close
to the actual structure of the complex. We expect that the method
described here could be very useful for other high molecular
weight complexes due to its inherent sensitivity and ease of
application. The crystal structure of the IFNAR2/IFNQ2 com-
plex is presently unknown. Therefore, the structure of the
binding interface between the two molecules provided in this
study sheds light on residue-specific interactions between two
molecules that are of utmost biomedical importance.
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