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A protein normally functions through interacting with its
partners. In order to understand the molecular basis for
biochemical and biological processes, it is important to
identify the contact surfaces of interacting molecules or
even to characterize the structures of protein complexes.
Since it is much easier and faster to define interacting surfaces
by NMR spectroscopy than to determine the full structures, a
number of methods have been developed to map protein
interactions.[1] The traditional approach based on chemical-
shift perturbation is easy to do,[2] but its precision is low. In
cases where the entire protein changes conformation, this
approach fails as a mapping device but can indicate the
presence of allosteric processes.[3] It cannot be applied to map
the intersubunit interface of oligomeric proteins in which the
monomeric form is unstable. There exist methods based on
the paramagnetic line-broadening effect with the use of site-
specific spin labeling[4] or paramagnetic ions,[5] but they are
applicable only to systems in which spin labeling is available
or conformation change upon forming a complex does not
increase relaxation protection from paramagnetic ions.

Amide-proton exchange has also been used to map
protein interfaces,[6] but it is not a reliable tool because the
change of exchange rates depends on local and global
structural changes upon the formation of the complexes.
Intermolecular NOESY analysis can be used to map the
interactions, but it is difficult to completely suppress intra-
moleuclar NOEs.[7] A more sophisticated method based on
saturation transfer from an acceptor to a reporting protein,
called cross-saturation,[8] has been proposed. It provides more
reliable information about the binding interface, but highly
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deuterated 15N-labeled protein is required for the suppression
of spin diffusion in the reporting protein. Incomplete
deuteration of the reporting protein may result in the
identification of false interaction sites. In addition, to
reduce spin diffusion among amide protons, especially for
a-helical proteins, it is necessary to do experiments in a
solvent mixture of H2O/2H2O with < 30% H2O. This is
equivalent to lowering the effective sample concentration by
a factor of about three or more. Thus, this technique may not
work for proteins with moderate solubility or that are difficult
to obtain fully deuterated.

Herein, we propose a novel strategy to map amino acid
residues involved in protein–protein interactions at interfaces
on the basis of the dependence of NMR relaxation on proton
density, by using two moderately deuterated samples in which
the reporting protein in a protein–protein complex is 2H,15N-
labeled while the acceptor protein is either unlabeled or 2H-
labeled. Figure 1 shows the pulse scheme used to measure

selective longitudinal relaxation rates of amide protons in a
deuterated reporting protein A, which binds to its acceptor
protein B. The effect of phase alternation of f1 is to
alternately store magnetization along the �Z axis and the
+Z axis at the very beginning of the relaxation period so that
the longitudinal magnetization relaxes as exp(�RT).[9] In this
way, the measurement of relaxation rates will be independent
of the interscan delay. Suppression of cross-relaxation
between amide and aliphatic protons is achieved by selective
inversion of only amide and aromatic protons, while reduction
of amide magnetization loss due to exchange with H2O is
achieved by maintaining the proton magnetization of the
amide and H2O along the same direction during the entire
relaxation period. A single scan TROSY scheme[10] is used to
obtain TROSY-HSQC data.

The initial relaxation rate of an amide proton (R1(HN
Z))

under selective inversion is dominated by dipolar interactions
with its surrounding aliphatic protons and it can be approxi-
mated as shown in Equation (1), where tc is the molecular
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tumbling time; m0 is the permeability in vacuum; �h=h/2p and
h is Planck?s constant; gH is the proton gyromagnetic ratio;
rHHAj is the distance between the amide proton and the jth
residual aliphatic proton in protein A; rHHBk is the distance
between the amide proton and the kth residual aliphatic
proton in protein B; S2

j and S2
k are the order parameters

describing the motional amplitude of an H–Hj and an H–Hk

vector, respectively; m and n are the total numbers of the
respective aliphatic protons in proteins A and B interacting
with the amide proton; and Rex is the relaxation contribution
from the unsuppressed NH–H2O exchange effect, which is
minimized by preventing radiation damping and keeping HN

Z

and H2O magnetization parallel.
If protein A is perdeuterated (that is, m= 0), amide

protons located at the binding interface have larger R1 values
than other amide protons since they are much closer to the
protons in protein B. In principle, amino acid residues in the
interacting region can be identified based on R1 values by
using a single sample consisting of a perdeuterated reporting
protein and an unlabeled acceptor. However, incomplete
deuteration in aliphatic protons and the unsuppressed NH–
H2O exchange effect (Rex) can lead to the incorrect identi-
fication of interacting sites. In order to overcome this
drawback, we propose herein the use of two samples in
H2O/2H2O (95:5) solution: 1) 15N,2H-labeled protein A com-
plexed with unlabeled protein B and 2) 15N,2H-labeled pro-
tein A complexed with 2H-labeled protein B. The difference
of R1 values for a given amide proton in the two samples
[Eq. (2), in which n1 and n2 are the numbers of aliphatic
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protons in protein B in samples 1 and 2, respectively] is
mainly determined by the location of the amide (that is, rHHBk)
but is independent of the deuteration percentage of protein A
(m) and the Rex value. Although incomplete deuteration of
protein B in the second sample affects the amplitude of DR1,
it cannot result in false binding sites. With the assumption that
S2= 1 and of perdeuteration of protein B in sample 2 (that is,
n2= 0), the DR1 value can be used to estimate an upper limit
of the effective distance between an amide proton in
protein A and its proximal protons in protein B (reff)
[Eq. (3)]. Even in the case of 85% deuteration of protein B

reff ¼ ½
X
r�6

HHBk	�1=6 ð3Þ

and S2= 0.3, the actual reff is � 25% shorter than its upper
limit, a fact implying that effects of the local dynamics and
deuteration rate of protein B can be neglected (see Figure S1
in the Supporting Information). On the basis of reff values, one
can model the structure of a protein complex, provided that
individual structures are known.

We have applied the above-mentioned strategy to map the
intersubunit interface of recombinant human adult hemoglo-
bin in the carbonmonoxide form (rHbCO A, 1 mm, pH 7.0)

Figure 1. Pulse scheme used; all narrow (wide) bars represent 908
(1808) rectangular pulses. The first shaped 1808 pulse (1 ms, REBURP,
centered at 9.1 ppm) selectively inverts the signals of amide protons,
the second shaped 1808 pulse (2 ms, rectangle) that of H2O (Gz repre-
sents pulsed field z gradients). The delays used are: t=2.3 ms,
d=0.5 ms, and d1=1.1 ms. Radiation damping during the relaxation
delay T is suppressed by gradient g0. The phase cycling employed is:
f1= x,x,�x,�x ; f2= x,�x ; f3= y ; f4= x ; rec= x,�x. The durations and
strengths of the sine-shaped gradients are: g1=2 ms, 20 Gcm�1;
g2=1 ms, 17.5 Gcm�1; g3=1 ms, 40 Gcm�1; g4=1 ms, 22.5 Gcm�1;
g5=1 ms, 35 Gcm�1; and g6=1 ms, 8 Gcm�1. The strength of g0 is
1.5 Gcm�1. Quadrature detection in F1 uses the enhanced sensitivity
pulse gradient method, where for each t1 separate data sets are
recorded for (g6, f3, f4) and (�g6, f3+1808, f4+180.
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on an 800 MHz NMR spectrometer. Here, proteins A and B
correspond to the a and b chains, respectively, and the a chain
is 15N,2H-labeled. The average deuteration percentage was
� 85% for both chains. As expected, the decay of HN

Z often
follows a multiexponential form due to strong cross-relaxa-
tion among amide protons.[11] Nevertheless, it is possible to
obtain initial relaxation rates for both samples and then to
calculate DR1 values. Since we are interested in only the DR1

value, an alternative way to obtain it is from the dependence
of the intensity ratio of a given proton in two samples (I1(t)/
I2(t)) on the relaxation delay (which is shown by numerical
simulations; see Figure S1 in the Supporting Information), for
which I1(t) (I2(t)) is the relative intensity at time t with respect
to that at the first delay for sample 1 with unlabeled b chains
(sample 2 with 2H-labeled b chains).

Figure 2 shows the decays of a number of representative
amide protons. Amides not involved in subunit contacts have
shown no dependence of I1/I2 on the relaxation delay. Amides
involved in weak contacts display nearly monoexponential
profiles during a period of 500 ms, while those located in
close-contact regions show nearly monoexponential profiles
within the first 150 ms. Amide protons that involve weak or
no direct subunit contact but that are close to the amides with
strong subunit interactions display slower decay or no decay
in the initial period and then faster decay in
the later stage (F36 in Figure 2). This is due to
the two-step “spin-diffusion” process. Fortu-
nately, the spin-diffusion effect decreases
dramatically with the steps and it has been
found to be negligible for multistep processes
for rHbCO A within a relaxation delay of up
to 400 ms.

Amino acid residues involved in subunit
contacts can be simply identified from the
ratios of normalized peak intensities (I1/I2) at
one desired delay (for example, 250 ms;
Figure 3a). Alternatively, they can be identi-
fied more confidently from DR1 values (Fig-
ure 3b). The difference in the initial rate
(DR1) of an amide proton was estimated by
fitting I1/I2 to a monoexponential equation in
three steps: 1) calculation of the relaxation
rate with all data points; 2) removal of the
point with the longest delay in the existing
data; and 3) repetition of step 2 until the
absolute difference of the relaxation rates
obtained with m+1 and m data points is
smaller than the sum of the fitting errors of
these two fittings, where m is the number of
data points and m> 3. The fitting error was
determined by using the Jackknife method.[12]

The relaxation rate and fitting error obtained
with m+1 points were reported. Amide pro-
tons in the a chain with a DR1 value smaller
than 0.7 times the average DR1 value
(� 0.1 s�1, the noise level) are considered to
have no interaction with the b chain. The results are
consistent with the contact sites derived from the crystal
structure of the R2 state of human normal adult hemoglobin

(PDB entry 1BBB). With the use of a cross-saturation
experiment on sample 1 in H2O/2H2O (30:70) solution,
many residues in the contact region were also identified.

Figure 2. The dependence of the intensity ratio of normalized peak
intensities in two samples (I1/I2) on the relaxation delay for a number
of representative residues of rHbCO A (K60, ^; V96, *; F36, &; R31, *;
A123, +). The normalized intensity for a given amide in one sample
(I(t)) was obtained by taking the ratio of the peak intensities at delay t
and the first delay (10 ms). Experimental data and initial decay profiles
are indicated by symbols and solid lines, respectively. The total experi-
mental time was �22 h.

Figure 3. a) Peak intensity ratios of amides in two samples (I1/I2) against the residue number of
the a chain of human normal adult hemoglobin; desired delay: 250 ms; first delay: 10 ms. b) Dif-
ference of initial relaxation rates (DR1) between samples 1 and 2. Errors are indicated with vertical
bars. c) Comparison of effective distances derived from the DR1 values (^) and from the crystal
structure of the R2 state of rHbCO A (bar). The reff value is set to zero when it is larger than 5 and
6 H for the NMR-derived data and the crystal-structure-based data, respectively.
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However, the a1b2 interface (residues 92–97) cannot be
identified because of the strong noise level caused by spin
diffusion among many residual protons in the a chain (see
Figure S2 in the Supporting Information).

Figure 3c shows the upper limits of effective distances
(reff) estimated from the DR1 values and a tc value of 32 ns (tc

was established from 15N relaxation times). The distances
agree well with those calculated from the R2 structure except
for a few residues (see Table S1 in the Supporting Informa-
tion). The reff value for a94D estimated from the DR1 value
(4.07 F) is significantly larger than that from the R2 crystal
structure (3.28 F) because the a1b2 interface is more dynamic
in solution than in the crystal state. The dynamics of this
region has been shown previously by a relaxation study of
b37W which is in contact with a94D.[13] The discrepancy for
a117F (in a loop) and a139K (in the C terminus) is also due to
different mobility in the solution and crystal states. The
effective distances for a33F, a103H, and a105L are signifi-
cantly shorter from the present method than from the crystal
structure. This can be explained by a slight difference in
subunit arrangement and side-chain packing in the solution
and crystal states. The slight difference of the a1b1 interface in
solution and in the crystal state has previously been evidenced
by the different solvent exchange rates of side-chain protons
of a103H and a122H in the T and R states.[14]

Although the experiment proposed here requires deuter-
ation of both the reporting protein and its binding partner,
only moderate deuteration that is easily achievable is
required. Residues located in the protein–protein interface
can be mapped out simply from the ratios of normalized
amide peak intensities at one desired delay in two samples.
The effect of protein-concentration difference in the two
samples is removed by normalizing the peak intensities of
each sample at the desired delay with respect to those at a
very short delay (for example, 10 ms). In order to obtain
upper limits of effective distances for the amides at contact
sites, one can measure the initial relaxation rate differences
(DR1) in the two samples. The distance information together

with other experimental data such as residual dipolar
couplings can be used to model protein complex structures
with docking techniques.[2, 15]
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