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Determination of Active-site Conformations in Paramagnetic
Myoglobin from Analyses of Cross-relaxation and

Hyperfine Shifts

Yasuhiko Yamamoto

Department of Chemistry, University of Tsukuba, Tsukuba 305, Japan

A methodology for determining the haem vinyl, haem propionate «-CH, and proximal His F8 C-Cg
conformations in the active site of haemoproteins has been elaborated. It is based on measurements
of interproton distances using the time-dependent nuclear Overhauser effect (NOE) and analysis of
hyperfine shifts. The initial build-up slope of the NOE between selected protons for each fragment
provides the cross-relaxation rate which can be interpreted in terms of the interproton distance.
Secondary NOEs and spin diffusion are observed for the met-cyano form of myoglobin used.
However, the primary NOE can be identified from the initial NOE build-up slope. Owing to the
symmetric nature of the fragments, two conformational states are obtained for a given interproton
distance. The analysis of the hyperfine shifts provides complementary structural information to that
obtained from the NOE results. Consequently, specific conformations for these fragments can be
uniquely determined from combined analyses of the cross-relaxation rates and hyperfine shifts.

The functional properties of haemoprotein crucially depend on
the haem molecular/electronic structure ! (Fig. 1). Interaction
between the m system of the peripheral vinyl group and the
n-conjugated system of the haem is thought to influence the
electronic structure of the latter.3* The conformations of the
propionate groups have shown to be important for haem-
protein interaction.’"!° The orientations of these peripheral
side-chains with respect to the haem were defined using
crystallographic techniques.!'12 Since NMR spectroscopy can
be used to study such local conformations in the active site of
haemoprotein in solution, it is of importance to compare the
conformations of the haem side-chains determined by NMR
spectroscopy with those obtained crystallographically. Two
NMR methodologies have been proposed for this purpose:
two-dimensional nuclear Overhauser effect correlated spectros-
copy (NOESY) which is applicable to both paramagnetic and
diamagnetic haemoproteins;'?® and multidimensional NMR
spectroscopy for diamagnetic haemoproteins.!* The former
method is based on the determination of interproton distances
using the cross-relaxation rates obtained from the time
evolution of NOESY cross-peaks. However, the analysis of
interproton distances leads to two possible conformations. In
the latter method it was shown that the conformations can be
uniquely determined from the analyses of NOESY cross-peaks
and spin-spin coupling constants. For large haemoproteins,
however, increased linewidths render the measurements of
spin-spin coupling constants unrealistic.

In the present study the conformations of three typical
fragments in the active site of b-type haemoprotein, i.e., haem
vinyl, haem propionate «-CH, and proximal His F8 C-C,
conformations, are considered (see Fig. 2). As shown, the
conformation of each fragment is defined by a single dihedral
angle. In Fig. 3 the distances between selected protons for each
fragment are plotted as a function of the dihedral angles defined
in Fig. 2. It is obvious in Fig. 3 that, owing to the symmetric
nature of the fragment, two conformational states are obtained
with a given interproton distance. Hence, additional structural
information is needed for specific determination of their
conformations. In the NMR analyses of paramagnetic
haemoproteins the paramagnetic relaxation and hyperfine shift
provide sensitive probes for molecular structure of the haem
active site.!*!>-21 Although paramagnetic relaxation is useful
to assess the distance from the paramagnetic centre (Rg. y)

Fig. 1 Structure and numbering system of haem. The rectangle
represents the plane of the proximal His F8 imidazole as found in the
crystal structure of sperm whale myoglobin?

through the inverse 6th-power dependency of the relaxation
rate on Rp. 22 Rgey is relatively insensitive to the
conformational changes of the fragments considered in the
present study. On the other hand, hyperfine shifts are
particularly sensitive to the conformations of the haem
peripheral side-chains, because both contact and pseudo-
contact shifts for the resonances arising from protons attached
to these side-chains are largely modulated by the dihedral
angles defined in Fig. 2(a) and 2(b). Similarly to the case based
on the analysis of interproton distances, the analysis of
hyperfine shifts could also provide two possible conformations
for each fragment. However, combined analyses of both
interproton distances and hyperfine shifts could lead to the
specific determination of their conformations.

Herein the results of a conformational study on haem vinyl,
haem propionate «-CH, and proximal His F8 C,-C fragments
in the active site of the met-cyano complex of shark
(Galeorhinus japonicus) myoglobin are reported using combined
analyses of both cross-relaxation rates and hyperfine shifts.
Secondary NOEs and spin diffusion are observed for the
present sample. However, detailed time-dependent NOE
measurements allowed differentiation of primary NOEs from
others. Time-dependent NOE analysis provides two possible
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conformations for a given fragment and the analysis of
hyperfine shifts independently leads to complementary
structural information to that from the NOE analysis. The
determined conformations of these side-chains in the shark
myoglobin were compared with those in the crystal structure of
sperm whale myoglobin.2

Materials and Methods

Sample Preparation.—Myglobin was extracted from red
muscle of the shark (Galeorhinus japonicus) and purified using
the reported procedure.?3-24 It was then oxidized by addition of
a five-fold molar excess of K;[Fe(CN)¢] to prepare the iron(1)
form of myoglobin and passed through a Sephadex G-50
(Sigma Chemical Co.) column equilibrated with 10 mmol dm™
Bis-Tris buffer {N(CH,CH,0OH),[C(CH,0H),CH,OH]} pH
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Fig. 2 (a) Dihedral angle 0 is defined as the angle between the 2-vinyl
plane and the normal to the haem plane; 6 = 0° for the vinyl plane
orthogonal to the haem plane with H?® oriented in the proximal His F§
side with respect to the haem plane and +90° for C,~C, cis to C*~C*.
(b) Dihedral angle ¢ is defined as the angle between the plane
comprising of C®, C,, C; and the normal to the haem plane; ¢ = 0° for
the C%, C,, C, plane orthogonal to the haem plane and +90° for C~C,
cis to C°~C*, Owing to the symmetric nature of the C¢C,H, fragment,
the angles ¢ and ¢ + 180° (or ¢ — 180°) cannot be differentiated. (c)
Dihedral angle v is defined by the atoms HC,C¢H of the proximal His
F8 side-chain; y = 0° for C,H eclipsed by C;H. The C; methylene
proton located closest to haem iron is labelled B and the other p'; NMR
differentiation of these two protons in paramagnetic haemoprotein can
easily be carried out from the comparison of their relaxation times or
hyperfine shifts. The rotation direction for y is positive when the viewer
is located on the C, atom and observes a clockwise rotation around the
C,—C, bond
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6.80. A 10-fold molar excess of potassium cyanide was added to
the iron(11) myoglobin to prepare met-cyanomyoglobin. This
was concentrated to about 0.5 mmol dm™ in an Amicon
ultrafiltration cell and the solvent was exchanged to H,0O. The
pH value of the sample was measured using a Horiba F-22 pH
meter equipped with a Horriba 6069-10C electrode. It was not
corrected for isotope effects.

NMR Measurements.-——Proton NMR spectra were recorded
on a Bruker AC-400P FT spectrometer operating at 400 MHz.
A typical spectrum was recorded with 2000 transients, spectral
width 25 kHz, 8k data points and 10.5 pus 90° pulse. The residual
water resonance was suppressed with a 350 ms presaturation
decoupler pulse. The NOE difference spectra were recorded by
selectively saturating a desired peak for a variety of times and
the results are presented in the form of NOE difference spectra.
Chemical shifts are given in ppm downfield from sodium 4,4-
dimethyl-4-silapentanesulfonate with the residual H?HO as
internal reference.

Interproton distance determination from cross-relaxation.
Time-dependent NOE was used to determine the interproton
distance. The time evolution of an NOE observed for a peak of
spin / upon saturating a peak of spin j in a two-spin system can
be represented by 2° equation (1) where o;; is the rate of the

NOE(1) = (o;;/p)[1 — exp(—pi1)] (M

cross-relaxation between the spins and p; is the rate of the
intrinsic spin-lattice relaxation for spin i. For a short saturation
time ¢ for spin j, the truncated NOE is given by equation (2).

NOE(1) = ot )

Consequently the NOE build-up rate is independent of p; and is
simply proportional to 6;;;2¢ o; is related to the mobility of the
interproton vector between the interacting spins.?? Provided
that two interproton vectors undergo identical motion, the
ratio of the o values, ¢, and o,, for two systems is simply ex-
pressed as the ratio of the interproton distances, R, and R,
as in equation (3).

G,/0, = (Rz/R1)6 (3)
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(@) Plot of 8 versus the distances of the 2-vinyl protons from the 1-Me proton. () Plot of ¢ versus the distances of the 6-propionate H® protons

from the S-Me proton. (c) Plot of y versus the distances of the proximal His F8 H? and H® protons from H®. (d) Plot of y versus the ratio of the

(H*---H")and (H*- - - H) distances, R,_/R,_;
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Since the time-scale for haem methyl rotation is at least three
orders of magnitude smaller than that for haem vinyl and
propionate mobility,?” 3° the centre of mass for the methyl
protons is used to calculate distances. For the analysis of the
proximal His F8 C,-C; conformation, the angle y defined in
Fig. 2(¢) is assumed to be independent of time.

Results and discussion
Determination of the Haem Vinyl Conformation.—The 400
MHz 'H NMR spectrum of the shark met-cyanomyoglobin in

H4%t |2
8-Me HE
H2Be
/ Hébe
T T T 1 T T T T T T T T T T
24 20 16 12 8 4 0 -4

Fig. 4 The 400 MHz 'H NMR spectrum of shark met-cyanomyo-
globin in *H,0, p?H 8.51, at 45°C. Signal assignments'%?! are
indicated. The H?2® and H*P° resonances degenerate at this
temperature. There is another signal resonating under the His F8
H® resonance. Peaks labelled * are not due to haem orientational
disorder *'-*? and possibly arise from impurities
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Saturation time / ms
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2H,O0, pH 8.51, at 45 °C is illustrated in Fig. 4. Several haem
peripheral side-chain proton resonances and proximal His F§
proton resonances are paramagnetically shifted and clearly
resolved from the diamagnetic envelope, & 0-10, where signals
for the protein overlap severely. These resonances have been
assigned using two-dimensional NMR spectroscopy.'#2!

The NOE difference spectra upon saturation of the H?®
resonance for a variety of times are illustrated in Fig. 5(a).
Saturation of the H2® signal results in negative NOE to the 1-
Me, H?* and H2%* signals. The NOEs were calculated using the
integration of signals in the NOE difference spectra. The time
evolution of the NOEs is plotted against the saturation time of
H?% in the inset. The initial NOE build-up slope for the plot of
H?2*vanishes at r > 0, indicating that the NOE for this proton is
secondary. The initial slopes for 1-Me and H??¢ provide the ¢
values of —0.090 + 0.01 and —1.3 + 0.1 s’!, respectively.
Since the 1-Me-H?" and H?P-H?®¢ vectors are expected to
undergo identical internal motion, the o values obtained can be
interpreted in terms of the interproton distances using equation
(3). Thus, using the known H?#-H?2#" distance (0.177 nm), a
value of 0.28 * 0.1 nm is obtained for 1-Me-H?®, This distance
corresponds to the 0 values of about —40 and about — 140° in
Fig. 3(a). With these conformations, H2® is closer to 1-Me than
are H?* and H?P°. The order of distances 1-Me-H2?® <
1-Me-H?* and 1-Me-H?# is clearly reflected in the NOE
difference spectra shown in Fig. 5(b). Upon saturation of the
1-Me proton resonance, a faster NOE build-up for H2# than
for H28¢ confirms that the former proton is closer to 1-Me.
Significant effects of spin diffusion can be seen on peaks in the
diamagnetic region of the spectra.
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Fig. 5 Time-dependent NOE. (2) Observed upon saturation of the H?" signal for the indicated time at 45 °C. The y scale for the H2* and 1-Me
signals is expanded by a factor of 10 and these signals are apodized with a larger line-broadening factor to improve the signal-to-noise ratio. Peaks
labelled * are due to decoupler pulse-power spillage. The time evolution of the NOEs observed for the 1-Me, H2* and H2%® signals upon
saturating H>® is indicated in the inset. That for H** clearly indicates that the NOE for this proton is secondary. The initial build-up slopes of the
other two protons provide the ¢ values —0.090 + 0.01 and —1.3 + 0.1 s™" for 1-Me and H?#¢, respectively. (b) Observed upon saturation of the 1-
Me signal for the indicated time at 45 °C. The y gain of the spectra in the inset is expanded by a factor of 5 relative to that of the spectrum of the
bottom and the intensity of the 1-Me proton resonance is kept constant. The NOE build-up rate for H2®is Jarger than that for H2®¢, clearly indicating
that the former proton is closer to the 1-Me. The peaks in the diamagnetic region result from the spin diffusion. Build-up of H2* would be attributed
to secondary NOE and decoupler pulse-power spillage; NOE to 8-Me is also clearly observed
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Analysis of the hyperfine shifts for the H?®® and H2®
resonances provides another estimate for 0. The orientation of
the principal magnetic axes with respect to haem in shark met-
cyanomyoglobin in solution was reported previously.!® With
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the principal magnetic axes, the metal-centred dipolar field can
be quantitated and hence the pseudo-contact shift for a given
nucleus can be calculated from its coordinates with respect to
the principal axes. The difference in the calculated pseudo-
contact shift between the H2?° and H?™ resonances is plotted
against 0 in Fig. 6. At 35 °C the difference in the hyperfine shift
between these resonances is —0.13 ppm [8(H?®") — §(H2*)].
Assuming that this difference arises solely from the pseudo-
contact-shift contribution, this value corresponds to the ©
values of —36 and + 10° in Fig. 6. Consequently, a 0 value of
about —40° satisfies the results from both NOE and hyperfine-
shift analyses and these results give strong support to the
contact-shift contributions for H2#* and H2® being similar.
Thus the haem 2-vinyl group in the myoglobin complex appears
to point toward the proximal side with 8 about —40°.

Determination of the Haem Propionate «-CH, Conformation.
—The NOE difference spectra upon saturation of the haem
propionate H® signal at § 12.9 for a variety of times at 45 °C
are illustrated in Fig. 7(a). Saturation of H®* results in
NOEs to 5-Me and the other haem propionate «-CH proton,
H®, at § 7.4. Analysis of the pseudo-contact shifts for H®* and
HS* signals based on the orientation of the principal magnetic
axes!® indicated that the difference in their pseudo-contact
shifts should be < =2 ppm for a given ¢ value. Furthermore,
since pseudo-contact and contact shift contributions shift these
resonances up- and down-field, respectively, it is concluded that
the contact shift for H®* is larger than that for H®*". The NOE
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Fig.7 Time-dependent NOE. (a) Observed upon saturation of the H®® signal for the indicated time at 45 °C. In the difference spectra the intensity of
this resonance is kept constant. The time evolution of the NOE observed on H®" and 5-Me is in the inset; that for 5-Me is multiplied by 10. The initial
build-up slopes provided o values of —0.47 = 0.01 and —0.020 * 0.005s™! for H®* and 5-Me, respectively. (b) Observed upon saturating the 5-Me
signal for the indicated time at 45 °C. The y scale of the difference spectra in the inset are expanded by a factor of 5 relative to that of the spectrum at
the bottom and the intensity of the 5-Me proton resonance is kept constant. The fact that the NOE build-up rate for H®* is larger than that for H®*

indicates that the former is closer to 5-Me


http://dx.doi.org/10.1039/DT9950003281

J. CHEM. SOC. DALTON TRANS. 1995

(@)

14.0 . 10.0 8.0

-NOE (%)

0 |
0 200 400
Saturation time / ms
t/ms HP
150

20

3285
)
240 H¥
W
Q20
] He
0

0 200 400
Saturation time / ms

180

100

75

50

40

20

N

15

£

Fig. 8 Time-dependent NOE. (a) Observed upon saturation of the proximal His F8 H* signal for the indicated time at 30 °C. The intensity of H* is
kept constant. The time evolution of the NOE observed for the His F8 H? and H® protons is illustrated in the inset and the initial build-up slopes
provide o values of —0.58 + 0.01 and —0.81 * 0.01 s™* for H? and H", respectively. Comparison of these o values yields 0.95 *+ 0.01:1 for the
ratio of the (H*~H®) and (H*-HP®) distances, R, /R, p. (b) Observed upon saturation of the proximal His F8 HP signal for the indicated time at
30 °C. The time evolution of the NOE observed for the His F8 H* and H are indicated in the inset. The initial build-up slopes provided o values of
~0.63 + 0.03and —6.8 * 0.1 57! for H* and H?, respectively. Peaks indicated by an arrow are due to secondary NOE

build-up curves for 5-Me and H®* are shown in the inset. The
initial NOE build-up slopes provide o values of —0.020 £ 0.005
and —0.47 + 0.01 s! for 5-Me and H®, respectively from
which, using the known distance for geminal protons, a distance
of 0.30 £ 0.01 nm for 5-Me-H®* is calculated. The former
distance corresponds to ¢ values of about —70 and +10° in
Fig. 3(b). The saturation of 5-Me results in NOEs to both H®*
and H® [see Fig. 7(b)] and the NOE build-up to H®* is quite
slow. These results indicate that H* is closer to 5-Me than
H®*". The NOE build-up rate for H®* should be 33 and 10% of
that for H®* with the ¢ values of —70 and + 10° respectively
obtained from the NOE analysis. The results in Fig. 7(b)
support the value of +10° for ¢. Thus the plane consisting
of C® C, and C, atoms in Fig. 2(c) appears to be close to
orthogonal to the haem plane.

Contact shifts for the H5* and H* signals can be interpreted
in terms of the ¢ value.'®2® The larger contact shift for H®®
than for H® indicates that the s orbital of H* interacts with the
p. orbital of C® more than that of H%*. Hence, the value of
+10° for ¢ obtained from the NOE analysis is completely
consistent with the conformation predicted from the analysis of
the hyperfine shifts for the H®* and H®' signals. As long as the
haem propionate «-CH, proton resonances exhibit a sizable
shift difference, for example, > &2 ppm, the ¢ value can be
uniquely determined from the combined analyses of both
interproton distances and hyperfine shifts.

Similar ¢ values for the haem 6-propionate group have been
reported for other myoglobins and haemoglobins,?-14:33-35
The orientation of the haem propionate groups with respect to
the haem in haemoproteins appears to be determined and
stabilized by hydrogen-bonding interaction between the
propionate carboxyl oxygen and an amino acid side-chain. In
the crystal structure of sperm whale myoglobin, ! 112 the side-
chain of Arg CD3 is hydrogen bonded to the haem 6-
propionate. In shark myoglobin, Arg CD3 is replaced by Lys
CD3 3¢ and the ¢-NH; " of the Lys residue is likely to donate a
proton to the haem 6-propionate to form a hydrogen bond.
Thus, as has been pointed out,'* a ¢ value close to 0° for the
haem 6-propionate group in haemoproteins may be indicative
of the presence of a hydrogen-bonding interaction between it
and an amino acid residue at position CD3.

Determination of the Proximal His F8 C ~C ; Conformation.—
For the analysis of the proximal His F8 C_—C, conformation
measurements were carried out at 30 °C due to the signal
overlap as shown in Fig. 4. The NOE difference spectra
upon saturation of the proximal His F8 H* for a variety of
times are shown in Fig. 8(a). The NOE build-up for His F8
H® and H* is plotted in the inset. The plots yield o values of
—0.58 £ 0.01 and —0.81 £ 0.02 s for His F8 H* and
H*®, respectively. Using equation (3), these values yield
0.95 £ 0.01:1 for the ratio of the H*~H® and H*-H® distances,
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which corresponds to the y values of —75 + Sand +130 * 5°
in the plot of y versus R, /R, 4 in Fig. 3(d).

The NOE difference spectra upon saturation of the proximal
His F8 HP signal for a variety of times are illustrated in
Fig. 8(b). The NOE build-up curves for His F§ H* and H¥
are shown in the inset. The initial build-up slopes provide
o values of —0.63 £ 0.03 and —6.8 + 0.1 s™* for H* and H®',
respectively. These provide a value of 0.26 £ 0.1 nm for the
He*-HP* distance, which corresponds to a y value of about * 80°
in Fig. 3(c). Consequently, the value y ~ —80° satisfies the
results from the analyses of the two sets of time-dependent
NOE data in Figs. 8(a) and 8(b).

In the crystal structure of sperm whale myoglobin? the v
value is about + 140°. Hence, the present study indicates that
there is a large difference in the His F8 side-chain conformation
between shark and sperm whale myoglobins. The observed
shifts for the His F8 H*, H® and H*® proton signals for shark
met-cyanomyoglobin at 35°C are 9.1, 12.6 and 8.5 ppm,
respectively, and the corresponding values for sperm whale are
7.4,11.2 and 6.2 ppm, respectively.! The significant differences
in these shifts suggest the presence of considerable differences
in the orientation of these three protons with respect to both
haem and His F8 imidazole. Although haem methyl-proton
hyperfine-shift patterns in the 'H NMR spectra of met-cyano
complexes of these two myoglobins suggest a possible difference
in the orientation of the His F8 imidazole with respect to the
haem,®’ the conformation of the His F8 side-chain defined by y
in Fig. 2(c) is not directly correlated to the orientation of His F8
imidazole relative to the haem. A more detailed structural
analysis is needed to interpret the observed large difference in w
between the two myoglobins.

Conclusion

In spite of its lack of physiological significance, the met-cyano
complex is useful for NMR determination of the active-site
conformations in haemoprotein. Taking advantages of
paramagnetism, the well resolved resonances and large peak
separation provide an ideal system for measurements of NOE
difference spectra. Although spin diffusion influences NOE
measurements, detailed time-dependent NOE analyses enable
us to differentiate between primary and secondary NOEs.
Interproton distance information provides two possible
conformations for each fragment considered in the present
study. The analysis of hyperfine shifts independently yields
structural information complementary to the NOE results.
Consequently, the specific conformations of the haem vinyl,
haem propionate «-CH, and proximal His F8 C,-C fragments
in myoglobin can be determined through combined analyses of
cross-relaxation and hyperfine shifts. As has been demon-
strated,’® time-dependent NOE measurements can also be
performed by a series of NOESY experiments using a variety of
mixing times.
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