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Abstract

The binding of imidazole and imidazole derivatives (4- and 2-Melm) to the metMb was studiéd BMR
spectroscopy to elucidate the effects of different methyl substitution positions on the affinity and kinetics of
binding to metMb. These exogenous ligands can form stable complexes with metMb except 2-Melm. Kinetics
and equilibrium data for the binding of imidazole and 4-Melm to metMb have been obtained by 2D EXSY, and the
reasons for the different affinity are also discussed.

Introduction Materials and methods

Myoglobin, as an important£carrier in the body, has ~ Sample preparation

been the subject of intense physicochemical studies Horse skeletal muscle Mb was obtained from Sigma
to elucidate the mechanism of control of simple ex- Chemical Co. (lyophilized, salt-free power) and used
ogenous ligand binding such as CO* N\ CN~ and without further purification. A solution of metMb was
imidazole (Springeet al. 1994; Antoniniet al. 1971; prepared by dissolving the Mb sample in® and ox-

La Mar et al. 2000; Emersort al. 1990; Yamamoto  idized by adding a fivefold molar excess of potassium
et al. 1993). Through studying these ligands binding, hexacyano-ferrate (Ill). The solution was centrifuged
itis found that the amino acids in the distal pocket play to remove the precipitate, ultrafiltered to remove the
an important role in modulating the kinetics of lig- anions and finally lyophilized. The NMR samples
and binding. The imidazole ring of the distal histidine of 4-Melm-metMb, Im-metMb and 2-Melm-metMb
residue (His64) may act as a gate along the path- were prepared by dissolving weighing amounts of
way for ligand enter into and escape from the distal Ilyophilized metMb in known volumes of £D solution
pocket. Therefore we have performed a comprehen- of 4-Melm, Im and 2-Melm. The pH was adjusted
sive study of the binding reactions of imidazole deriva- to 7.0 using NaOD and DCI solutions; reported pH
tives including 4-Melm and 2-Melm to systematically values are uncorrected for isotope effect.

explore the effects of different positions of methyl

substitution in imidazole on the affinity and kinetics

of binding of imidazole and its methyl derivatives to NMR spectroscopy

metMb. Here the kinetics values and equilibrium con-

stants from 2D EXSY experiments of imidazole and All the 'H NMR experiments were performed on
4-Melm binding to metMb are presented. Based on a Brucker AM 500 spectrometer equipped with an
these data a comprehensive comparison between theAspect 3000 computer system. Typically, 16K data
binding properties of the imidazole and its methyl points over 100 KHz band width were obtained for
derivatives was made. one-dimensional spectra. The carrier was centered on
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the residual water peak, which was suppressed by pre-For the spin system involving chemical exchange, the
saturation during the relaxation delay. 2D exchange peak amplitude in 2D EXSY spectra is related to the

spectrum (EXSY) experiments was recorded using
standard 2D NOESY pulse sequence with mixing time
of 10 ms and 51X 2048 time domain data size (Bo-
denhauseret al. 1984). Zero-filling was performed

in the F1 dimension, and the time-domain data were
multiplied by phase-shifted sine bell window func-
tion in both dimensions. Chemical shift values were
referenced to 1,4-dioxane at 3.743 ppm. Data process-
ing was performed using the standard Bruker software
package XWINNMR.

Results and discussion
Kinetics of 4-Melm binding to metMb

The 'H NMR spectra of native metMb, the mix-
ture of metMb and 4-Melm-metMb, the mixture of
metMb and Im-metMb, the mixture of metMb and
2-Melm-metMb are illustrated in Figure 1. When
the concentration of 4-Melm is 7.5 mM, about 1:1
4-Melm-metMb complex and metMb formed in the
solution, the same case is to the mixture of metMb
and Im-metMb when the concentration of imidazole
is 23 mM. As to 2-Melm, only a small fraction of 2-
Melm-metMb existed in the solution even when the
concentration of 2-Melm reached 800 mM. Here we
can conclude qualitatively that the binding affinity has
the following order: 4Melm> Im > 2Melm.

The assignment of the hyperfine shifts from the
EXSY spectra (shown in Figure 2) is consistent with
previous results (Yamamotet al. 1993; Luoet al.
1998). The hyperfine shift pattern of the heme methyl
proton resonances can be interpreted in terms of the
contact shift and pseudocontact shifts. The distribu-
tion of unpaired electrons among the four pyrroles is
directly perturbed by the axial ligand orbital and re-
flects the in-plane asymmetry of the heme electronic
structure.

The ligation of metMb can be represented by the
following reaction:

1

K
MetMb+ L = L-metMb

K_1

@

The magnetization exchange between the species is a

first-order reaction:

K

AB
Mmetmb = M| -metmb
Kpa

(2)

exchange rate constakt the relaxation rate and the
mixing time by the expression (Ernst al. 1987):

A = exp(—Rty) (3)

where A is the amplitude matrix whose elements are

defined by:
A Ii/My 112/ M>
Ibi/M1 Iop/M>

the quantity/; is two dimensional peak amplitudes
measured and normalized. The chemical exchange in
our experiment is between two sites, the peak ampli-
tude of the 2D exchange spectra (based on the heme
8-CHg signal) provide the data matrix A. The integral
values of the 2D EXSY peaks were obtained by di-
rect reading from the spectra using a frame. The same
frame was used to estimate the average noise integral
value in order to remove the noise effecdd; is the
equilibrium magnetization values obtained from inte-
gration of another 2D EXSY spectrum without mixing
and also normalized. R is the dynamic matrix which
contains the parameters to be determined:

(%]

The solution to the equation (3) is given by equa-
tion (6) (Johnsoret al. 1986):

4

o —k_y

5
—ky p2 ©)

InA  X(nD)Xx?!

Tm

= (6)
Tm
R can be directly calculated in expression (5) where
X is the square matrix of eigenvector matrix and
XDX1 = A.

The relationship between the magnetization ex-
change rate constants and the substitution reaction rate
constants can be found in the equations (5) and (7).

And the apparent equilibrium constaligpp and the

equilibrium constanK of the reaction can be calcu-
lated from equation (8), whellg, is the dissociation
constant of 4-Melm. Since the concentration of 4-
Melm is known, the reaction rate constant and the
equilibrium constant can be determined.

()

ki =kas/[L], k_1=kga,

K = Kapp{1+ (IH1/ka)}
8

Kapp =ki/k-1,
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Figure 1. The comparison of the downfield hyperfine shifted portions of the 500 M#HXMR spectra of (a) the mixture of 4-Melm-metMb
and metMb (Gietmb = 7 MM, G_pmeim = 7.5 mM); (b) the mixture of Im-metMb and metMb (Getvp = 5 MM, Gy = 23 mM); (c) the
mixture of 2-Melm-metMb and metMb (Getmb = 5 MM, Co_meim = 800 mM); (d) metMb (Gretmp = 5 mM).

The association constant and dissociation rate con- Melm-metMb peaks when the concentration of ligand
stants of imidazole, 4-Melm binding to metMb and 2-Melm reaches 800 mM. Also it has been noted else-
the equilibrium constants are listed in Table 1. It where that the binding constant of 2-Melm-metMb is
is obvious that the presence of 4-Melm significantly very low (Eatonret al. 1978). So the affinities of these
leads to the formation of a very stable complex of ligands binding to heme Fe in the distal site of protein
4-Melm-metMb, wherein its reaction rate constant also conform the following order: 4-Melm Im > 2-
ki is a little higher than those of the Im-metMb. In  Melm. The kK, of Im and 4-Melm are 6.93 and 7.37,
addition, we also find from Figure 1 that 2-Melm respectively (Perriet al. 1965), which means 4-Melm
hardly binds to metMb, it only displays very weak 2- can form a more stable complex with metMb than im-
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Figure 2. Downfield hyperfined-shifted region of the 2D EXSY spectrum of the mixture of (a) 4Melm-metMb and metMb (about 1:1), (b)
Im-metMb and metMb (about 1:1) at 313K and pH 7.0 with mixing time 10 ms.

idazole. As for 2-Melm, thelg, is 7.85, which means
2-Melm should have stronger coordination ability than
Im and 4-Melm, but the methyl group of 2-Melm has
a strong steric hindrance for it closes with Hland
hinders the approach of 2-Melm to the heme and then
counteracts the formation ofi{NFe bond. So the steric
hindering effect is the most important factor effecting
the binding of 2-Melm. However, the case is differ-
ent for 4-Melm. The methyl group of 4-Melm is in
the meta position of N, where it has a little steric
effect on the formation of NFe bond, so that the
steric hindering effectis not prominent. Previous x-ray
crystal structure of Im-metMb complex has indicated
swinging of the His64 (E7) side-chain towards the pro-
tein surface creating an aperture large enough to fill
the imidazole, and the imidazole seems to keep the
His64 door in an open conformation, then forms a sta-
bilizing hydrogen bond with distal His64 (E7) (Lionett their ring planes are nearly the same. It is reason-

et al. 1991_). Acc.ording to our results, it is found that able that ligand 4-Melm also has formed a hydrogen
the hyperfine shifts of the heme methyl resonances of |, 4 \ith His64 (E7) which facilitated to form a sta-

Im-metMb and 4-Melm-metMb are similar. The angle o complex. Another factor is that 4-Melm has more
between the two heme binding ligands has been calcu-p 4ronhobic nature than imidazole which facilitates

lated for Im-metMb and 4-Melm-metMb (Bertietal.  4°\jo1m pinding to the heme, since the heme pocket
1999), through a heuristic equation (9) that correlates provides a hydrophobic environment for the heme. It

the hyperfine shifts of heme peripheral protons with s 5156 noted that the ligands enter the distal pocket

through several longer hydrophobic pathways between
the B, G and H helixes (Elbeat al. 1990). These ef-
fects outweigh the steric hindrance from the methyl

the orientation of two axial ligands,
cosB [A Sin(6; — ¢) + BcoS®; + ¢) + C]
+ Dsing 9)

whereg; is the hyperfine shifts of the ith-methyd;

is the angle between the Fe-ith-methyl direction and
the Fe- pyrrole Il nitrogen (NB) axis8 is the acute
angle between the two histidine plangss the angle
between the bisector of the angleand the Fe-NB
direction, A, B, C and D are constants, determined
by fitting data on similar systems and with known
structure. The experimental shifts of 4-Melm-metMb
provides¢ of 34° andg of 31°, and¢ andg for Im-
metMb are 32 and 33, respectively. The results of
the two complexes are very similar, which manifests
that although the steric bulk and structure of imidazole
and 4-Melm-metMb are different, the orientations of

di
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Table 1. Rate and equilibrium constants of Im, 4-Melm binding
to metMb at 313K, pH 7.0.

k1 M~1s7h) k1 (S KappM~1) K(M~Y)

Im 805 14.3 56.3 104

4-Melm 960 4.2 228 762

group of 4-Melm. Thus, the steric effect upon ligation
is not the only factor regulating the stability of the
complex, hydrogen bonding between ND1 of His64
(E7) and bound ligand NE2 atom and hydrophobic
effect are important factors regulating affinity.

Temperature dependence of methyl proton hyperfine
shifts
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lope, it was identified from EXSY spectra recorded
at different temperature. Other heme methyl chemical
shifts can be obtained directly from one-dimensional
spectrum at different temperature. As to both com-
plexes, 5-CH and 1-CH obey the Curie law, the other
methyl peaks (8-Ckland 3-CH) are abnormally ac-
cording to the law of Curie, which predicts a linear
downfield shift of the hyperfine shift with the raising
inverse absolute temperature. In addition, both com-
plexes present their methyl signals in the order of 5

1 > 8 > 3, which is different from purely high-spin
metMb whose heme methyl shift pattern is>85 >

3 > 1. This chemical shift pattern may arise from the
contribution of thermal equilibrium between the high
(s = 5/2) and low (s= 1/2) states of the heme iron,
reflecting different spin transfer mechanism (La Mar
etal.1973).
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