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ABSTRACT  The longitudinal relaxation of the C2 protons of surface histidyl residues as well as other aromatic protons
of human normal adult deoxyhemoglobin investigated at 360 MHz is discussed in terms of the theory proposed by Kalk
and Berendsen for the proton longitudinal relaxation in proteins (Kalk, A., and H. J. C. Berendsen. 1976. J. Magn.
Reson. 24:343-366). The role of the four paramagnetic iron atoms of deoxyhemoglobin as fast-relaxing sinks for the
overall proton longitudinal relaxation is evaluated according to the model proposed by Bloembergen for the relaxation of
nuclei in crystals containing paramagnetic centers (Bloembergen, N. 1949. Physica. 15:386-426). The results suggest
that the effectiveness of the paramagnetic iron atoms of deoxyhemoglobin for the overall proton longitudinal relaxation
is reduced as a result of slower spin diffusion and wide distribution of methyl groups within the hemoglobin molecule.
Thus, deoxyhemoglobin provides a good model for investigating the influence of cross relaxation on proton longitudinal
relaxation in proteins at the slow motion limit and in the presence of paramagnetic centers. For the C2 protons of surface
histidyl residues, we show that the cross relaxation resulting from the interresidue dipolar interaction makes an

important contribution to their longitudinal relaxation.

INTRODUCTION

The longitudinal relaxation rates (R,) of protons in high-
resolution NMR spectra have been used during the past
decade to investigate molecular conformations and
dynamics of a variety of proteins, such as ribonuclease
(1-3), lyzosome (2, 4, 5), papain (3), bovine pancreatic
trypsin inhibitor (5), as well as the binding of small ligands
to macromolecules (1, 6, 7). In proteins, the longitudinal
relaxation of protons was first characterized by single
relaxation rates, R, which have been expressed as sums of
the contributions from the dipolar interactions of the
proton of interest with neighboring protons (1, 2, 4, 8).
More recently, it has become clear that the proton longitu-
dinal relaxation in protein solutions is significantly
influenced by cross-relaxation effects. Cross relaxation
between protein and solvent protons has been shown to
influence greatly the longitudinal relaxation of the water
protons (9-13). The influence of cross relaxation on the R,
values of protein protons has been first thoroughly dis-
cussed by Kalk and Berendsen (3). They have shown that,
at the slow-motion limit (e.g., proteins of molecular weight
>10,000, at frequencies exceeding 200 MHz), the R,
values of individual protons tend to become equal due to
the mutual exchange of spin magnetization through cross
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relaxation. As a result of this effect, the R, values at the
slow-motion limit cannot, in most cases, provide direct
information on the specific motions and internuclear dis-
tances of individual protons within a protein. Kalk and
Berendsen (3) have proposed that the longitudinal relaxa-
tion of individual protons in proteins is dominated by the
relaxation of the rotating methyl groups. According to this
model, in a large protein molecule at high frequencies, the
R, values of all protons become the average of the longitu-
dinal relaxation rates of methyl group protons multiplied
by the ratio of the number of methyl protons to the total
number of protons. Additional experimental evidence on
the influence of cross relaxation on proton R, in proteins
has been presented by Sykes et al. (5).

In the present work, we have studied the longitudinal
relaxation of the C2 protons of surface histidyl (His)
residues as well as other aromatic protons in the human
adult hemoglobin (Hb A) molecule, in the deoxygenated
state, at 360 MHz. Our interest in this study has been
twofold . First, the deoxy Hb A molecule provides a good
model for investigating the influence of cross relaxation on
proton longitudinal relaxation in proteins at the slow-
motion limit and in the presence of paramagnetic centers.
Second, previous work from this laboratory has shown that
the surface His residues of Hb can be used as excellent
probes for the local conformations and environments in
specific areas on the surface of the Hb molecule. Accord-
ing to the x-ray diffraction results in deoxy Hb A, there are
13 His residues on the surface of the molecule (14). Our
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previous investigation of the longitudinal relaxation of the
surface His-C2 protons in deoxy Hb A and deoxy sickle
hemoglobin (Hb S) has indicated that the R, of these
protons contain valuable information on the differences in
the surface conformation between Hb S and Hb A as well
as on the molecular processes involved in the early stages of
the polymerization of Hb S (15-17).

EXPERIMENTAL

Materials

Hb A was prepared by the standard procedure used in our laboratoy (18)
from fresh blood samples obtained from the local Blood Bank (Pittsburgh,
PA). Paramagnetic ion impurities were removed from the Hb solution
using Chelex-100 (100-200 mesh, Bio-Rad Laboratories, Richmond,
CA) by the procedure of Willard et al. (19). No differences in the
UV-visible absorption spectra, the oxygen dissociation curves or the 'H
NMR spectra (i.e., hyperfine shifted, ring-current shifted, and aromatic
proton resonances) were detected in the Hb samples before and after
Chelex treatment. The deuterium oxide used throughout the present
studies (99.8% in deuterium content, Bio-Rad) was glass distilled and any
remaining metal ion impurities were extracted with 0.05% dithizone
solution in carbon tetrachloride (20). The Hb samples in 0.1 M bis(2-
hydroxyethyl)iminotris(hydroxymethyl)methane (Bis-Tris) buffer, in the
deoxygenated state, were prepared as described previously (18, 21).

Methods

The longitudinal relaxation rates of the aromatic proton resonances were
measured at 360 MHz using a spectrometer (Bruker Instruments, Inc.,
model WH-360/180) spectrometer located at the University of Pennsyl-
vania. The spectrometer was locked on the solvent *H signal. The
quadrature detection mode was used. Each spectrum was the result of
averaging 200 scans. The measurement of the R, values was carried out
using an inversion-recovery method with the following pulse sequence:
(180° - 1 - 90° - t,),. The waiting time, t,,, between two successive pulse
sequences was 4.7 s; ten values for the time interval ¢ in the range from
0.02 to 3.5 s were used. The length of the 90° pulse was determined using
the proton resonance of the residual water in a Hb sample and was found
tobe 8.3 us.

The 'H NMR spectrum of Hb over the region 1.5 to 5.0 ppm downfield
from the proton resonance of HDO contains two components as shown in
Fig. 1: (@) the broad aromatic resonances whose envelope can be treated,
in the first approximation, as a single relaxing component; and (b) the
sharp resonances, such as the surface His-C2 proton resonances labeled
from 1 to 10 in Fig. 1. We have found that the R, values for each of these
components cannot be determined accurately by using the total intensity
at a given frequency, for the following two reasons: (a) the relative
contribution of the sharp component to the total intensity is much less
than that of the broad component (Fig. 1); and () the ratio between the
R, values of the broad and sharp components is very close to unity (see
Results). Consequently, in the present work, the R, values were calcu-
lated by measuring the intensities of the sharp and broad components,
separately. The procedure used is illustrated in Fig. 1. For the broad
component, the intensity was measured in the five spectral positions
labeled by arrows in Fig. 1. For the sharp resonances, the intensities were
measured using the base line of the broad aromatic resonance envelope
(Fig. 1). In this procedure, the base line is to a certain extent arbitrarily
defined (see, for example, resonances 7 and 8 + 9 in Fig. 1) and we have
found that, depending on the base line chosen, the R, values of the sharp
His resonances are distributed within 10 to 15% from each other.
Furthermore, given this limitation in the intensity measurements, the
present experimental data for the His resonances do not allow a detailed
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FIGURE |  The procedure used for measuring the intensities of the sharp
His proton resonances in a R, measurement. The arrows represent the
spectral position used in the determination of the R, value of the aromatic
envelope.

analysis of the relaxation curves in terms of sums of two exponential
functions which characterize the longitudinal relaxation of these reson-
ances. Consequently, the R, values of the His-C2 protons were obtained
by fitting the intensity of the corresponding resonance, 7, as a function of
time to the single exponential equation: 7 = I, (1 — 2.¢7®""), where I, is
the equilibrium intensity.

RESULTS

We have measured the longitudinal relaxation rates of the
aromatic proton resonances of deoxy Hb A solutions in 0.1
M Bis-Tris buffer in D,O at pH 6.80. The measurements
have been carried out as a function of the Hb concentration
(from 10 to 17% [wt/vol]) and of the temperature (from
17° to 37°C). A representative longitudinal relaxation
curve for the surface His-C2 protons is shown in Fig. 2.
The relaxation curve for the broad aromatic resonances is
presented in Fig. 3. Table I shows several sets of R, values
for the surface His-C2 protons. The corresponding relaxa-
tion rate for the broad aromatic resonances under these

experimental conditions is 1.2 + 0.1 57",

TABLE 1
LONGITUDINAL RELAXATION RATES OF THE HIS-C2
PROTONS IN 13.5% DEOXY HB A

Resonance no. R (™"
17°C 25°C 37°C

1 1.2 1.2 0.9
2 0.8 0.8 0.7
3 (8146 His-C2) 0.8 0.7 0.6
4 0.9 0.8 0.6
4 0.9 0.8 0.6
5 0.9 0.9 0.8
6 0.8 0.7 0.6
7 1.3 1.0 0.9

8 + 9 (8143 His-C2) 0.9 08 0.7

10 (82 His-C2) 1.4 1.6 1.3

Solutions in 0.1 M Bis-Tris buffer at pH 6.80 as a function of tempera-

ture. The accuracy of the R, measurements is +0.1 5.
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DISCUSSION

In the present work, we have studied those protons of Hb
that give rise to resonances in the aromatic proton reson-
ance region of the 'H NMR spectrum (1.5 to 5.0 ppm
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FIGURE 2 Longitudinal relaxation for resonance 5 in 13.5% deoxy Hb A
in 0.1 M Bis-Tris buffer at pH 6.80 and at 25°C.
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FIGURE 3 Longitudinal relaxation of the bulk protons in 10% deoxy Hb
A in 0.1 M Bis-Tris buffer at pH 6.80 and at 25°C.

downfield from HDO as shown in Fig. 1). The sharp
aromatic resonances labeled 1-10 in Fig. 1, which are of
special interest to this work, originate from the C2 protons
of His residues situated on the surface of the Hb molecule
(15, 17). The broad resonances present in the aromatic
proton resonance region originate from “bulk” protons of
Hb, such as protons of the aromatic amino acid residues
situated in the interior of the Hb molecule (17) and protons
of the NH groups not exchanged with solvent deuterons
17, 22).

In the following, we assume that the physical mecha-
nisms responsible for the longitudinal relaxation of these
aromatic protons of Hb are: (a) the intramolecular dipolar
interaction between the protons observed and adjacent
protons of Hb; and (b) the dipolar interaction between any
given proton of Hb and the unpaired electrons of the
paramagnetic iron atoms. The dipolar interaction between
any Hb proton and other nuclei (of Hb or from solvent),
such as 2H, "°C, or "*N, is neglected since the gyromagnetic
ratio of these nuclei is small relative to that of 'H.

Longitudinal Relaxation of the “Bulk”
Protons in Deoxy Hb A

By monitoring the envelope of the broad aromatic reson-
ances in the 'H NMR spectrum of deoxy Hb A, we have
found that for all five spectral positions analyzed (see Fig.
1), the longitudinal relaxation curves are the same and
they correspond to a relaxation rate of 1.2 = 0.1 s™'. As
pointed out by Kalk and Berendsen (3), this finding clearly
suggests that the longitudinal relaxation of the “bulk”
protons of deoxy Hb A is influenced primarily by the
averaging effects of cross relaxation.

The cross-relaxation process plays an important role in
the longitudinal relaxation of the bulk aromatic protons of
Hb A because the correlation time for the overall rotation
of the Hb molecule 7. (4.3 x 107% in a 10% deoxy Hb A
solution in 0.1 M Bis-Tris buffer in D,O at 25°C [23])
corresponds to the slow-motion limit at the proton observa-
tion frequency of 360 MHz, i.e., (wy « 7¢)* = 10* >> 1. At
this limit, the main effect of the dipolar interaction among
protons is to cause simultaneous transitions of antiparallel
spins such that a mutual exchange of magnetization
occurs, at a rate much larger than the corresponding
spin-lattice relaxation rate. Under these conditions, the
energy of the spin system is dissipated to the lattice
through the fast-relaxing sinks present in the molecule. In
deoxy Hb A, two types of fast-relaxing sinks are expected
to be most important for the overall proton longitudinal
relaxation: (a) the protons of the methyl groups (3) and ()
the unpaired electrons of the iron atoms. Kalk and Ber-
endsen (3) have shown that, due to the fast internal motion
of the methyl groups, the spin-lattice relaxation rate of
their protons is greatly enhanced as compared with that of
the protons held fixed relative to the protein molecule.
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Thus, in diamagnetic proteins, the proton longitudinal
relaxation becomes limited by the spin-lattice relaxation
rates of the protons of methyl groups.

The influence of the unpaired electrons of the iron
atoms on the proton longitudinal relaxation in deoxy Hb A
can be evaluated following the model proposed by Bloem-
bergen (24) for the spin relaxation of nuclei in crystals
containing paramagnetic centers. The following two
parameters are important in this model: (a) the proton
spin-lattice relaxation rates resulting from the interaction
with the unpaired electrons of the paramagnetic atom and
(b) the spin diffusion constant. For a dipolar coupling, the
paramagnetic contribution to the spin-lattice relaxation
rate of the ith proton R* is given as (25)

Rl g F

"1 eSS

) ( 3‘rp2 - 7sz 2) )
1 + wy' 7, 1 + w7,

where v, is the proton gyromagnetic ratio, wgs is the
electron Larmor frequency, S is the total electronic spin of
an iron atom (S = 2 for deoxy Hb A), r; is the distance
between the ith proton and the iron atom, 8 is the Bohr
magneton, and g is the electronic Landé factor (taken here
as that of a free electron). In the case of deoxy Hb A, the
corresponding correlation time 7, is given by:

l/Tp= Vte+ /1o =1/7

where 7, is the correlation time for the overall rotation of
the Hb molecule (taken as 4.3 x 1075 [23]) and 7, is the
longitudinal relaxation time of the electronic spin (taken as
6.1 x 107"2s [23]). Because (ws - 7,)> >> 1 and (wy - 7,)’
<< 1, for the present work, Eq. 1 can be simplified in terms
of Bloembergen’s model to:

RY=C-r ¢ )

where C=2/5 . v/ - g -8 -S-(S+1)-7,=36x
107 cm® . 57",

The proton spin diffusion constant, D, is given by D =
W,.a?, where W, is the probability of simultaneous transi-
tions of antiparallel spins and a is the distance between two
nearest protons (26). Since for any two Hb protons, i and j,
(why — wuy)? + 78 << 1 (or [wy; — wy)] << 2 x 10" Hz)
and taking g as 2.5 A, the cross relaxation rate W,in Hb A
is ~10 s™' according to Solomon’s equations for the
relaxation in a system of two spins (27). Thus, the spin-
diffusion constant, D, in Hb A is on the order of 6 x 10™'*
cm? . 57"

A detailed analysis of the spatial distribution of the
magnetization and its flow to the paramagnetic sinks using
Bloembergen’s model (24) has been given by de Gennes
(28) and Blumberg (29). Blumberg (29) has shown that
for very short times following the disturbance of the spin
system [i.e., V6 Dt << (Ct)'®ort << 6-3*. C'*. D312,
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when there is no gradient of the magnetization and, thus,
diffusion cannot be important], the longitudinal relaxation
of protons is mainly determined by their interaction with
the nearest paramagnetic atom (Eq. 2). As a result, for
each value of time ¢ in this range, the nuclear magnetiza-
tion is distributed such that within a sphere of radius r =
(Cr)'/¢ around each paramagnetic atom, most of the
protons have returned to equilibrium. Applying these
conclusions to the case of deoxy Hb A, one can see that for
the shortest time interval investigated here, (f = 0.02 s),
the Hb protons situated within a range of ~6 A from each
iron atom have already reached thermal equilibrium. It is
very likely that these protons have not been observed in the
present experiments as their resonances are shifted by the
paramagnetic effect outside the aromatic region of the 'H
NMR spectra (30). However, these protons clearly con-
tribute through spin diffusion to the longitudinal relaxation
of the rest of the Hb protons occurring at later times. De
Gennes (28) has shown that for t >> 0.5 C'/2 D=2 the
solution for the local magnetization in Bloembergen’s
model can be approximated as follows: within a sphere of
radius p = 0.68 C'/* D™'/* (called “pseudopotential
radius”) around each paramagnetic center, all protons can
be assumed to be at equilibrium; for the protons outside
this sphere the decay of the longitudinal magnetization is
then described, in the absence of the RF field, by the spin
diffusion directed towards the paramagnetic centers. De
Gennes’ solution should be applicable to the Hb spin
system only as a first approximation as the distances
between the iron atoms in deoxy Hb A, ranging from 25 to
42 A (14) do not greatly exceed the pseudopotential radius
(p ~ 10A for deoxy Hb A). Given the position of their
resonances in the 'H NMR spectra, most of the bulk
aromatic protons of Hb A investigated here are expected to
be situated outside the pseudopotential radius around each
paramagnetic iron atom. Therefore, de Gennes’ solution
suggests that, if the longitudinal relaxation of the bulk
protons were dominated by the spin diffusion towards the
iron atoms, the R, values of the bulk protons should be less
than those observed experimentally and their relaxation
should occur mainly for times longer than 0.5 C'/2 D~%2 —
1.8 s. This observation thus indicates that the longitudinal
relaxation of the bulk aromatic protons in deoxy Hb A is
also influenced to an appreciable extent by the spin-lattice
relaxation of the methyl group protons. The spin-lattice
relaxation rate of a methyl group proton in the Hb A
molecule can be estimated at ~4 s™', assuming a correla-
tion time for the internal rotation of 5 x 10~ s (5) and
using Woessner’s equations for relaxation in internally
rotating groups (31). This value therefore shows that the
spin diffusion to nearby methyl groups could influence the
longitudinal relaxation of the bulk aromatic protons of
deoxy Hb A to an extent comparable to the long-range spin
diffusion to protons situated within the pseudopotential
radius around each paramagnetic iron atom. Thus, it
appears that, in deoxy Hb A, the paramagnetic contribu-
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tion to the longitudinal relaxation of protons situated
further away from the iron atoms is diminished compared
to similar cases observed in solid-state NMR for the
following reasons: (a) the spin diffusion in the Hb mole-
cule, in solution, is slower than that in solids, and (b) the
methyl groups are widely distributed within the Hb mole-
cule.

The influence of the paramagnetic iron atoms on the
longitudinal relaxation of protons in Hb A has also been
recently investigated by Eisenstadt (13). Consistent with
the present observations, Eisenstadt (13) has found that, at
20 MHz, the longitudinal relaxation rate of the proton
resonance of Hb in D,0 is enhanced by ~70% in methemo-
globin as compared with oxyhemoglobin. This result indi-
cates that, even at this lower frequency, the proton longitu-
dinal relaxation in Hb is greatly influenced by spin diffu-
sion and the bulk of the protons have the same R, value.
Furthermore, Eisenstadt (13) has observed that, in the met
form, the R, value of the proton resonance of Hb is
increased by ~50% in H,O as compared with D,0. Based
on this result, he proposed as an additional way for the
diffusion of the magnetization to occur that, in met Hb A
in H,0, the solvent protons act as spin carriers to the ferric
relaxation sinks via pathways within the protein molecule.

Longitudinal Relaxation of the Surface
His-C2 Protons in the Deoxy Hb A
Molecule

The R, values of the eleven His-C2 proton resonances
present in the aromatic proton resonance region of the 'H
NMR spectra of deoxy Hb A span from 0.6 to 1.6 s
(Table I). This range of values is appreciably narrower
than what one would expect for the diverse local environ-
ments of the surface His residues in Hb that have been
suggested by other experimental results, such as their 'H
NMR titration (15, 32). Furthermore, this range of R,
values appears to be centered around the value for the
longitudinal relaxation rate of the bulk protons (1.2 + 0.1
s7').

The contribution to the R, values of the His-C2 protons
from the direct dipolar interaction with the unpaired
electrons of the iron atoms is shown in Table II. The first
columns of Table II contain the distances between the C2
protons of the surface His residues of the «,8, dimer to the
four iron atoms of Hb. A symmetrical relationship holds
for the His residues of the a,8, dimer. These distances are
calculated based on the x-ray coordinates of the iron atoms
and those of the C2 carbons of surface His residues of
deoxy Hb A (M. F. Perutz, personal communication). The
coordinates of the His-C2 protons are obtained from the
x-ray coordinates of the His-C2 carbons using the GEN-
ATM program written by Dr. R. Shiono of the University
of Pittsburgh. The total contribution of the four iron atoms
to the R, values of surface His-C2 protons is calculated
based on Eq. 2 (last column of Table II). The results show

TABLE 11
PARAMAGENTIC DIPOLAR CONTRIBUTION TO THE
LONGITUDINAL RELAXATION RATES OF THE
SURFACE HIS-C2 PROTONS IN DEOXY HB A

His Distances of the C2 proton to the iron atoms (A)

residue

a, chain a, chain B, chain B, chain

™
a20 234 47.2 39.7 444 0.02
ad5 10.2 41.2 41.6 19.9 331
a50 20.1 46.1 36.5 334 0.06
al2 19.2 38.3 444 424 0.07
a89 14.6 323 43.6 242 0.38
all2 21.1 423 274 39.3 0.05
82 29.4 40.7 27.9 244 0.03
877 420 39.8 17.4 40.9 0.13
897 420 17.8 13.4 40.6 0.75
Bgil6 28.3 359 23.5 442 0.03
g7 319 37.2 20.7 45.1 0.05
£143 374 296 17.8 29.2 0.13
8146 429 40.3 17.4 359 0.14

that the R, values of two surface His residues, a45 His and
$97 His, should be greatly affected by the paramagnetic
dipolar interaction. However, it has been shown that, due
to the ring-current effect of the porphyrin structure in the
a and B chain, the C2 proton resonances of a45 His and
897 His are very likely shifted from the spectral region 1.5
to 5 ppm from HDO (17). For the rest of the eleven surface
His residues (with the exception of «89 His), the paramag-
netic contribution to the R, values of their C2 protons is
negligible. Thus, the longitudinal relaxation of these His-
C2 protons should result from their dipolar interactions
with neighboring protons. However, in contrast with the
aromatic protons situated in the interior of the Hb mole-
cule, a surface His residue has the freedom of internal
motions and the correlation times for these internal
motions can be much shorter than that for the overall
rotation of the Hb molecule. Thus, as for the protons of the
rotating methyl groups (3), the internal motions of the
surface His residues could be expected to enhance the
spin-lattice relaxation rates of the His-C2 protons. To gain
an insight into the specific contributions from the spin-
lattice energy exchange and the cross relaxation to the R,
values observed experimentally, we have analyzed the
longitudinal relaxation of a surface His-C2 proton for both
intraresidue and interresidue dipolar interactions for the
following two cases: (a) a His residue held fixed relative to
the Hb molecule, and (b) a His residue rotating internally
around its C8-—CS5 bond. The results of this analysis are
presented in Fig. 4. The effects of the dipolar interaction
between the surface His-C2 proton and the solvent protons
are not included here because, in all the present experi-
ments, the solvent used was fully deuterated. For the case
of a His residue held fixed relative to the Hb molecule, the
spin-lattice and the cross relaxation rates, R and R,
respectively, were calculated based on Solomon’s equations
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for relaxation in a two-spin system (27), by using the
following distances between the His protons:
r(C2H—C4H) = 4.118 A, r(C2H—CBH) - 4.632 A,
r(C2H—CB'H) = 4.372 A, (C4AH—CBH) = 2.577 A,
and r(C4H—CB'H) = 3.230 A (S. Takahashi, personal
communication). For the case of a His residue rotating
internally around its C5—Cg bond, we have used the
equations derived by Woessner (31); the angles A between
the dipolar vectors and the axis of rotation were estimated
according to the available structure of a His amino acid (S.
Takahashi, personal communication) as follows:
A(C2H—C4H) =~ 54°, A(C2ZH—CBH) = 16° and
A(C4H—CBH) =~ 25°. The longitudinal relaxation curves
for the case of the intraresidue dipolar interaction between
the His-C2, the His-C4 and the two His-Cg protons were
obtained by solving the relaxation equations given in (3)
for the longitudinal magnetization of the His-C2 proton.
The longitudinal relaxation rate for the two C8 protons
was taken as being equal to that of the bulk protons (1.2
s~') because for these protons the distances to the Hb
multispin system are shorter and, thus, the averaging
effects of cross relaxation should be dominant.

As clearly shown in Fig. 4, the intraresidue dipolar
interaction within a His residue, both held fixed relative to
the Hb molecule or internally rotating, does not represent a
process strong enough to account for the R, values
observed experimentally. The presence of the internal
motion has the effect of enhancing the spin-lattice re-
laxation rates, R, of the His protons as compared with the
case of a fixed His residue as follows: R(C2H) from
7 x 100* 57" t0 2.2 x 107% 57!, and R(C4H) from
7 x 107357 to 0.1 s. This increase of about two orders of
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FIGURE 4 Longitudinal relaxation of a His-C2 proton for: (@) intraresi-
due dipolar interaction and a His residue held fixed relative to the Hb
molecule; (b) intraresidue dipolar interaction and a His residue rotating
around the C5-Cg bond with a correlation time for internal rotation of 4.4
x 107'°s; and (c) interresidue dipolar interaction for a His residue held
fixed relative to the Hb molecule and in van der Waal’s contact with three
adjacent protons. The experimental points for resonance labled 5 (x)
shown in Fig. 2 are also presented for comparison.
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magnitude in the R values of the His-C2 and the His-C4
protons originates from the fact that the angle A between
the dipolar vector C2H-—C4H and the axis of rotation
(~54°) is very close to the “magic angle” for which the
contribution of the slow overall rotation of the Hb molecule
to the spectral density function is greatly dimished (see
reference 31). However, the internal rotation of the His
residue has also the effect of largely decreasing the cross
relaxation rate between the His-C2 and the His-C4 protons
from 0.5 s~' when the His residue is held fixed relative to
the Hb molecule to ~—2.5 x 107* s~' in the presence of
internal rotation. Due to this significant decrease in the
cross relaxation rate, the R, value resulting from the
intraresidue dipolar interaction remains even in the
presence of internal motion very close to that predicted for
a fixed His residue.

The interresidue dipolar interaction is considered here
for the case in which the His residue is held fixed relative to
the Hb molecule, assuming that the His-C2 proton inter-
acts with n adjacent protons of neighboring amino acid
residues. Such a conformation of a surface His residue is
likely to exist in the Hb molecule since, according to the
atomic model of deoxy Hb A, many of the surface His
residues are situated in the vicinity of negatively charged
amino acid residues; the resulting electrostatic interaction
could be expected to bring the His-C2 proton closer to
other protons of Hb. For the neighboring protons interact-
ing with the His-C2 proton, we could assume a longitudinal
relaxation rate close to that averaged over the Hb spin
system by strong cross relaxation effects. Then, following
Kalk and Berendsen (3), the R, value of the His-C2 proton
tends to the average [n/(n + 1)] - 1.2 s™', where n is the
number of adjacent protons of neighboring amino acid
residues. Therefore, at the limit of strong cross relaxation,
the interresidue dipolar interaction can predict R, values of
the His-C2 protons in a range comparable to that observed
experimentally, from 0.6 to 1.2 s™'. As an example, Fig. 4
shows the longitudinal relaxation rate for resonance
labeled 5, calculated under the assumption that the corre-
sponding His-C2 proton is situated in van der Waal’s
contact with three adjacent protons. R; values of the
His-C2 protons >1.2 s~ could result, at the limit of strong
cross relaxation, from the interresidue dipolar interaction
between a His-C2 proton and a fast-relaxing sink, suchas a
methyl group.

Undoubtedly, the coupling of the His-C2 proton with
protons of neighboring amino acid residues is modulated in
time not only by the overall rotation of the Hb molecule but
also by a large diversity of internal motions. The effects of
such internal motion (e.g., rotations around the C5—Cpg
and the C8—Ca bonds, small jumps in the magnitude of
the internuclear separation vectors, etc.) on the interresi-
due dipolar interactions have been discussed in detail
elsewhere (17). In general, they appear to be similar to the
effects presented here for the intraresidue dipolar interac-
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tions and, in these cases also, the interresidue cross relaxa-
tion makes the dominant contribution to the R, values of
the surface His-C2 protons.

The observations made here on the R, values of the
surface His-C2 protons in deoxy Hb A can be exemplified
by the longitudinal relaxation observed experimentally for
2 His-C2 proton (resonance labeled 10) and for 8146
His-C2 proton (resonance labeled 3). The 82 residue is
situated in the Hb A molecule next to the 81 Val and 33
Leu residues. Hence, the large R, value of the 82 His-C2
proton (Table I) could be explained as resulting from the
interresidue cross relaxation between the His-C2 proton
and the protons of the four methyl groups of 81 Val and 33
Leu residues (possibly also the methylene groups). Accord-
ing to the x-ray crystal structure of the deoxy Hb A
molecule (M. F. Perutz, personal communication and
reference 14), the 8146 His-C2 proton is situated within
~4.5 A of the following protons: two C@8 protons of 394
Asp, two Cg protons of 393 Cys, and two Cg protons of 590
Glu. Such methylene-type protons have been proposed to
function as fairly fast-relaxing sinks for the longitudinal
relaxation of protons in proteins (3). In the case of 3146
His residue of Hb, because the inter-nuclear distances
involved are quite large, the cross relaxation rates between
the 8146 His-C2 proton and the neighboring six methy-
lene-type protons are expected to decrease. As a result, the
R, value of $146 His-C2 proton (Table I) should be
lowered compared with that averaged over the Hb multis-
pin system.

In our work, we have observed a slight decrease in the
R, values of several surface His-C2 protons upon raising
the temperature (Table I). This could be due to a decrease
in the spin-lattice relaxation rates of the fast-relaxing sinks
of the molecule, such as the methyl group protons upon
raising the temperature (if the correlation time for the
internal motion of the methyl groups corresponds to the
fast motion limit, i.e., <4.4 x 107'"s). This effect may be
enhanced by a decrease in the correlation times for the
overall rotation of the Hb molecule and for the internal
motions of the surface His residues, upon raising the
temperature. No significant variation in the R, values of
the large majority of surface His-C2 protons has been
observed experimentally when the Hb concentration was
raised from 10 to 17% (results not shown). This finding
indicates that the intra-molecular dipolar interactions in a
deoxy Hb A solution of Hb concentrations investigated
here do not make a significant contribution to the longitu-
dinal relaxation of the His-C2 protons. In contrast, in
deoxy Hb S, the R, values of some of the His-C2 protons
are strongly dependent on the Hb S concentration (15—
17).

In conclusion, the analysis made here indicates that,
although the surface His residues are commonly viewed as
being magnetically isolated and involved in internal
motions, one of the processes that can account for the

longitudinal relaxation rates of their C2 protons in deoxy
Hb A is the cross relaxation between the His-C2 protons
and the protons belonging to neighboring amino acid
residues. Thus, the present results emphasize once more
the important role played by the cross relaxation process in
the nuclear magnetic longitudinal relaxation of protons in
proteins.
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