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Association equilibria and association kinetics of the thiocyanate binding reaction to methemoglobin in-single crystals and
solution are studied using temperature-jump technigue and polarized absorption spectroscopy. Different kinetic constants are
found for the reaction in selution and crystal phase for the @- and 8-subunits of the methemoglobin tetramer. The reduction of
the reactivity of the a- and B-subunits in crystalline phase is 6-fold and 2.4-fold, respectively, compared to the values found in
solution. The intramolecular binding reaction of the N, of the distal histidine E7 which is observed in methemoglobin in solution
cannot be detected in single crystals. Our results suggest that crystallization of hemoglobin has little influence on small-scale
structural fluctuations which are necessary for ligands to get to the binding sites and large-scale structural motions are

suppressed.

Introduction

The structures of a great number of crystalline pro-
teins have been deduced by X-ray anaiysis (Protein
Data Bank Brookhaven) and the first time-resolved
X-ray crystallographic studies of the conformational
change of a protein was recently published [1]. These
studies give valuable insight into the structural and
dynamical basis of protein function. However, the
structures and dynamic properties in crystals may be
influenced by a sum of different intermolecular inter-
actions. Since these interactions change between crys-
tal and solution state, the conformational properties
and the dynamics of the proteins may also change.
Thus, for a correct interpretation of solution state
behavior it is necessary to correlate crystal phase and
solution phase structures and dynamics., Furthermore,
calculations of thermodynamic properties by means of
molecular dynamics simulations start from the basis of
the crystal coordinates [2]. A comparison of the resuits
with the parameters determined from experiments in-
cluding crystallized proteins will be of interest. There-
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fore, one of us has developed temperature-jump tech-
niques which are applied to study the reaction kinetics
in protein single crystais [3,4], and we discuss the
thiocyanate binding reaction in methemoglobin single
crystals in the present paper.

Several observations on hemoglobin and myoglobin
indicate that structure and dynamics are different in
crystal and solution phase. Azide binding to horse
methemoglobin and myoglobin is up to 22-foid slower
in crystals than in solutions {5,6]. Structure and kinetics
of CO binding is altered in the crystalline state [7,8].
Spectra of poiycrystalline methemoglobin with high
spin ligands, F~ and H,0, show distinct differences to
the spectra of solved methemogiobin [9,10].

The reaction of thiocyanate with methemoglobin in
solution shows biphasic kinetics [11,12] with different
reaction rates for the - and B-subunits. In the present
paper the equilibrium constants and reaction rates of
this reaction in methemoglobin single crystals are de-
termined and compared to the values found in solu-
tion. The problem of ligand diffusion in the crystal is
discussed in detail. The association equilibria and re-
laxation kinetics are detected by means of polarized
absorption spectroscopy which allows the determina-
tion of transition moment directions in the heme ab-
sorption region and of changes of the relative orienta-
tions of the heme planes in the hemoglobin molecule
due to the ligand binding to the heme iron.
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Materials and Methods

Preparation of methemoglobin crystals and solutions

The preparation of the oxyhemoglobin from fresh
horse blood foilowed the methods of Benesch et al.
[13]. The oxidation of the hemoglobin to methemo-
globin (methb) was achieved by the addition of a 3-fold
amount of K (Fe(CN),). The sample was desalted by
running through a column of Sephadex G-25. Single
crystals were prepared by mixing the solution of met-
hemoglobin with buffered ammonium sulfate solutions
according to the method of Perutz [14]. Spectroscopy
and temperature-jump measurements of the crystals
were performed with ammonium sulfate replaced by
1.2 M Na,S0,.

Optical clean crystals were selected from the prepa-
rations and washed several times with 1.2 M Na,S50,
solution. The pH of this solution was adjusted to 7.0
with phosphate buffer. At a wavelength of 633 nm the
maximum crystal extinction coefficients have values of
4000 M~! cm ™. The heme concentration in the crystal
calculated from the dimensions of the unit cell [15] is
about 0.038 M. A peak optical density of about 1
requires a crystals thickness on the order of 50 pm.
Crystals of this size have lateral dimensions of about
200 X 200 gm?. '

Ligand binding kinetics in sclution and in single
crystals were performed in 1.2 M Na,50, and 0.5 M
phosphate buffer, pH 7.0+ 0.1, and T=2040.2°C
unless otherwise stated. The heme iron concentration
in the solution measurements was approx. 30 pM.

Temperature-jurnp apparatus and detection system

Temperature-jumps were achieved in the sample
using two different heating techniques, heating by a
laser beam and dielectric heating. The whole apparatus
with experimental and theoretical considerations of the
heating and detection systems is described in detail in
[3,4]. In the first case the temperature rise in the
sample is achieved by the inset of absorption of fo-
cused continuous radiation of a HeNe laser. The laser
1s simultaneously used as the detecting light source.
The f{inal temperature and steady state is reached
when the heat dissipation in the sample equals the
laser power absorbed by the crystal. In the experimen-
tal setup used here typical temperature-jump ampli-
tudes are AT =6 K and the steady state is reached
within a time of At = 50 ms. Thus, chemical relaxations
with relaxation times between 100 ms and several 10° s
can ,e_'studicd using this technique.

In order to achieve shorter heating times dielectric
heating by microwave absorption was applied [4]. The
crystal is placed in a sample cell in the center of a

tunable TE 101 cavity. An adjustable short circuit

allows the cavity to be matched to the frequency of the
microwave source, a low cost 2M186 magnetron oper-

ating at 2.5 GHz. The sample cell covers a volume of 2
mm® filled with the crystal and the covering Na,SO,
solution. Microwave pulses with pulse lengths of 50 us
deliver temperature rises of 1 K. The amplitudes of the
temperature-jumps were calibrated utilizing the known
temperature dependence of the pH of Tris buffer with
litmus as an indicator. Heating pulses longer than 350
ps caused artefacts, most probably due to convection
flows and movements of the crystal. For temperature-
jumps less than 1 K the temperature was sufficiently
constant for some hundred ms after the heating pulse
and relaxations in the time range between 100 us and
0.2 s can be studied using this dielectric heating tech-
nigue. The application of a high power magnetron
would further decrease the heating time. A HeNe laser
operating at A = 633 nm was used as detecting light
source.

Ligand-binding kinetics in solution was determined
with a temperature jump apparatus built according to
the scheme of Eigen and DeMaeyer [16] equipped with
an interference filter of A = 424 nm.

The microspectrophotometer

Stationary crystal spectra were recorded using a
home-made microspectrophotometer, built similar to
the scheme given by Eatonr and Hofrichter [17]. A 150
W halogen bulb serves as a light source. The beam is
chopped by a revolving ten sector disk and passes a
monochromator (Bausch and Lomb H:igh Intensity
Grating Monochromator). The wavelengtn drive con-
sists of a stepping motor, which is coupled to the
monochromator and controlled by a personal com-
puter. After polarization by a calcite prism the light
beam illuminates a field diaphragm. The image of the
field diaphragm is focused within the boundaries of a
uniform region of the sample, thus optically masking
the observed field [17]. The sample, a methemoglobin
single crystal, is contained in a 1-mm cuvette filled with
buffered 1.2 M Na,S0, sclution and the desired
amount of NaSCN. This cuvette is mounted on a
rotating microscope stage. The crystal can be observed
by a modified microscope as visual control. After cor-
rect adjustment the image of the crystal is reoriented
onto a receiver diode (BPX 65). The diode signai is
amplified by a lock-in amplifier and recorded after
A/D conversion (Analog devices, 16 bit) in a personal
computer. The light source was sufficiently stable so
that a reference beam was not used. The intensities
with and without sample, Ié)l) and I{A), are recorded E:;
in consecutive manner, the extinction E{A)=
—log{I(A)/,(A)} was calculated subsequently.

Theory

Polarized absorption technique
Dichroism is a property of well-ordered structures.
Absorption of polarized light is maximized with the



incident light beam polarized parallel to the electric
dipole transition moment and vanishes for perpendicu-
lar directions. In methb crystals dichroism appears due
to the regular orientation of the porphyrine planes of
hemoglobin, which produce the entire absorption spec-
trum in the visible region.

There are two hemes in each asymmetric unit of the
crystal, one «- and one B-heme. The angles between
the heme axes, denoted x and y within the heme
plane and z perpendicular to it, and the crystal axes a,
b and ¢ are well known from X-ray data [18]. Qur
experiments have been carried out on the monoclinic
(space group C2) form of methb, which grow in a platy
habit flattened on (001). The (001) face contains the a
and b axis of the crystal.

The crystal extinction coefficients with the incident
light polarized parallel to the a or b axis, £, and g,
can be written in terms of the molecular extinction
coefficients £ determined from solution measurements
and the orientation of the heme groups relative to the
crystal axes. For a perfect x,y-polarized transition {z,
=g,=3/2 &, g, =0) we have

i _
£, = T(Slnzzaa +sin’zza)

3 @
£y = -Z—(sinzzab +sin’z50)

and for a perfectly z-polarized transition (g, = e, =0,
£, = 3&)

=22 fcos?s g+ cos
s,—?(cos T8 +cos 25a)

¥, 2
s= (cos*z,b +cos?zgh)

Here z,k is the angle between the z-axis of the i-sub-
unit within the unit cell and the k-axis of the mono-
clinic crystals. €,, £, and g, are the heme molecular
extinction coefficients. The squared direction cosines
for heme normals of horse methb obtained from X-ray
data are given in Tabie 1.

From Eqgs. 1 and 2 and the values of the direction
cosines (Table I) the polarization ratio, PR=¢,/¢,,
may be calculated: PR =2.9 for x,y-polarized transi-
tions and 0.3 for z-polarized transitions. For methbH,O
(pH 7) the experimentally observed transitions are

TABLE I
Squared direction cosines for heme normals of horse methb calculated
from X-ray data [17,18]

Heme cos’za cos’zh
>3 0.7341 0.1949
B 0.7346 0.2572

-
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nearly completely x,y-polarized as it can be seen from
the PR spectrum, 2.2 < PR <2.5 in the wavelength
range 350 nm < A < 680 nm (Ref. 17 and cf. Fig. 3).
The difference between the caleulated value[ﬁ; the PR
and the values determined from experiments is not
elucidated yet.

The heme molecular extinction coefficients and con-
sequently the crystal extinction coefficients change as a
result of a chemical reaction of the heme iron with
ligands. A different behavior in the change of ¢, and
g, and consequently a change of the PR can be ob-
served, if the ligand binding results in a reorientation
of the heme planes with respect to the crystal axes or if
a z-polarized absorption band is rised.

Diffusion of ligands and chemcial relaxation

The mother liquor covering the single crystal in the
sample cell serves as a great buffer of ligands. The
association or dissociation of ligands in the methemo-
globin crystals due to the temperaturejump will lead
to a concentration gradient of ligands between crystal
and covering mother liquor. The influence of ligand
diffusion and possible convection flows in the sample
volume on the observed rates of the chemical process
will be discussed in this section.

For a reaction scheme

A+L=B 3
with the equilibrium constant

‘g ky
cacy k_y

the change of the concentration of A near equilibrium,
Ac,, with time ¢ due to the binding of the ligand L is
given by the usual rate equation [19]

ddc, /dt=—fk (e +ca QY+ k_} (53

In deriving this equation the temperature-jump is con-
sidered as a step function perturbation. The parameter
Q allows for the diffusional process of the ligands
between crystal and covering mother liquor and is
given by

Q=(C(ZJ:!)_CI)/(Ci‘_Cf) (6)

c(z’, t)is the ligand concentration in the crystal, whose
initial concentration has been ¢,, while its final concen-
tration is c,.

if the diffusion of the ligands is fast compared to the
rate of change of Ac, we have Q = 0. Integration of
Eqn. 5 gives

Acy = Aca(t = 0)-exp(—t /1) (N
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Tk +k_, ) (8)

In the limit of very slow diffusion compared to the
rate of change of Ac,, we have Q =1, and

T =k (oL Fe ) F (5)

If the chemical reilaxation rate is comparable to the
diffusion rate the time dependence of Q has to be
taken intQ account in the integration of Egn. 5. To get
an idea of the order of magnitude of the diffusion rates
the behavior of () with time is calculated for the
different heating techniques and boundary conditions
in the next section.

Ligand diffusion in the case of temperature-jump by
dielectric heating

For the following estimations the crystals are ap-
proximated by thin plates of thickness 2/ and infinite
lateral extensions in the a,b-plane. One-dimensional
diffusion zlong the axis perpendicular to the a,b-plane,
defined as z'-axis, is considered. The vaiue of the
diffusivity, D, is chosen according to the value found
for SCN~ ions in water, D =1.3-10"? mm? s~ . This
approximation may be justified due to the high water
content of the crystals of 53% [15], the resulting diffu-
ston rates will be considered as upper bounds. We have
to consider two different boundary conditions for the
ligand concentration near the surface of the crystal. In
the absence of any convection flows in the solution
covering the crystal, concentration gradients are neu-
tralized by diffusion in the whole sample volume. The
dimensions of the volume of the covering mother liquor
are much greater than the crystal thickness 24, so that
the ligand concentration far apart from the crystal
surface, c{z’ = h), may be regarded as time-indepen-
dent.

The solution of the diffusion equation in this case is
given by [20]

‘1)=05 rf(h+z,) rf(h_z,) 10
Q(Z,!)— .{e W +e. 2\/5; } (10)

with the notation

erf x = 2{{;[0 df-exp(—--fz)

The behavior of & averaged over the whole crystal
thickness 2k is shown in Fig. 1 for h =20 um. After a
delay of 400 ms the difference between the concentra-
tions in the interior of the crystal and in the covering
mother liquor is reduced to 45%.

If convection flows in the covering mother liquor
ensure that the concentration of the ligand at the
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Fig. 1. The change of the normalized concentration difference be-
tween crystal and covering mother liquor, @, with time ¢ due to
diffusion. Q' is averaged over the whole crystal thickness of 40 .m.
Calculations have been performed with { )} and without (- —-)
consideration of convection flows in the covering mother liquor for
the case of microwave heating. A least squares fitting of an exponen-
tia to (¢}, e.g., in the case of convection flows {-—-~-}, shows that
the characterization of the diffusion rate by the time constant of an
exponential is justified. Temperature-jump by absorption of laser
radiation {+----- ) with a beam diameter of 22 um leads to compara-
bly fast equilibration of the ligand concentration.

0

crystal surface, ¢(z'=h), is constant with time, the
behavior of @ is given by [20]

, (=D - D(2n+ 1Y%
Q"0 =4/m L, (2n+1)e"p( 4h? )

n=0
2n+wz’
e

The relation of Q to time 7 according to Egn. 11
averaged over the whole crystal thickness 2/ is also
shown in Fig. 1. Now the concentration difference is
less than 3% after 400 ms.

A single exponential fitted to the time courses of {
is used to characterize the diffusion rates. The example
displayed in Fig. 1 shows that this may be regarded as
an appropriate way of characterization. We get a relax-
ation time T of 500 ms and 110 ms in the cases with
and without convection flows, respectively. Evidence
for convection processes have been observed in our
experiments. Under certain conditions inhomogeneous
heating due to the finite penetration depth of the
microwaves into the sample results in temperature
gradients. Thus, for large temperature-jump ampli-
tudes movements of the crystals have been detected,
probably caused by convection fiows in the mother
liquor.

The value of D for the diffusion of SCN~ ions in
bulk water is used as a first approximation in the above
calculations. A decrease of D due to restricted diffu-



sion of the ligands in the crystal will further increase
the diffusion relaxation time. The values of 7, given
above are, therefore, regarded as a lower bound. Thus,
if we deal with chemical reactions with relaxation times
less than 100 ms Eqns. 9 is a good approach for the
behavior of the apparent relaxation rates with ligand
concentration.

Ligand diffusion in the case of temperature-jump by
irradiation with a laser beam

When the temperature-jump is achieved by laser
beam irradiation the volume of the irradiated crystal
element may be approximated by a sphere of radius w,
where w is the radius of the laser beam at the e™?
points {3]. This approximation is valid, if the absorption
coefficient is sufficiently large so that the main part of
radiation energy is absorbed within a distance w in the
crystal. For methemoglobin single crystals this require-
ment is fulfilled for w> 20 um and the incident light
beam polarized parallel to the b-axis or w40 pm
and the incident light beam polarized parallel to the
a-axis. The average normalized concentration differ-
ence is now given by [20,3]

E""'C( 6 =2 1 a2 5
=-— —zexp(—v wDt fwT) (12
¢ T -

0=
v}

A least-squares fitting of an exponeantial to the time
course of O with w = 22 pm yields the relaxation time
of diffusion, 7 =40 ms. In the experimental section
this temperature-jump method is used when the chemi-
cal relaxation times expected are much greater than
7. In this case Eqn. 8 is appropriate and the kinetic
constants are calculated from the slope and the inter-
cept of the plot of the relaxation rates, !, versus
ligand concentration, ¢, .

Relaxation amplitudes
The relaxation amplitude

X=AE /(E-AT 1 AE 4K 13
=AE/( )_E Ak AT (13)

is deduced for the general case that the association
constants and kinetic constants of the ligand-binding

reaction to the «- and B-subunits are different. The
ratio AK/AT is calculated from

K=exp(— 4AHY/RT + 45°/R) (14)
and yields

AK /AT =K-AH®/RT? (15)

where the symbols have their usual meanings. The
concentration of the ligand L, ¢, does not change

5

since the greater volume of mother liquor covering the
crystal serves as a buffer of L, and we shall determine
the amplitudes in a time interval where the concentra-
tion gradients have been neutralized by diffusion. The
overall extinction of the crystal E; with the incident
light polarized parallel to the crystal axis, i=a, b, is
composed of the extinctions of the liganded and unli-
ganded o- and B-subunits and is calculated in terms of
¢ and the equilibrium constants of the reaction, X_
and Kg:

E=eipcpd ((VKy e +1)/(1+ K, e.)
+{(VKg-cL +1)/(1+ Kp-ep )} i

where V=s,5/¢,, £;5 and 5;, are the extinction
coefficients of the liganded and unliganded hemes, the
respective values are assumed to be equal for a- and
B-subunits. ¢, is half of the concentration of the hemes
in the single crystal and 4 is the crystal thickness. The
derivation with respect to Kﬂ, for example, and divi-
sion by E; yields

AE; /(E;-AKg)

_ CI_(V—I)/(I+KBCL)
(V-Rge, + 1)+ (VK e + DA+ Kgc )/ (1+ K ep )

(I7)

If the equilibrium constants K, and K, are well
separated, the temperature-jump experiment can be
performed in concentration ranges of ¢, where K c
is either much less or much greater than unity and X_
can be eliminated from Eqn. 17. Multiplication of Eqn.
17 with Eqgn. 15 yields the desired relaxation ampli-
tude.

Resalis

Association equilibria

The value of the polarization ratio, PR, was deter-
mined for 48 crystals at A = 633 nm, varying the thio-
cyanate concentration, [SCN~], between 0-(.128 M.
Results are shown in Fig. 2. The PR decreases with
increasing [SCN~]. Data for thiocyanate concentra-
tions much greater than 0.1 M could hardly be ob-
tained because of the reduced stability of the met-
hemogiobin single crystals. The ligand binding reaction
of thiocyanate in solution shows biphasic kinetics, re-
quiring two association constants to adequately de-
scribe the results [11,12}) Thus, the dependence of PR
on two association constants, XK, and K,, and ligand
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Fig. 2. The polarization ratio, PR, of methb as a function of the
thiocyanate concentration, [SCN]. The solid line is a least-squares
fitting of Eqn. 18 to the experimental data points with parameters

K, 5 shown in Table IL.

concentration ¢, was calculated:

Kyeq,
1+ Kgey

PR= {PR‘“”( Keer )

I+ K, ey

' ©
+ PR L.
e+ Kge, 1+ K0

Kfe
X{( P
1+ Kgey,
-1

£® 1 1 8
+— +
e},‘”’(l-i- Kgep 1+ K,,c,_) (18)

PR®™ and PR, £ and ¢ are the polarization ratios
and the extinction coefficients for methbSCN~ and
methbH , O with the incident light polarized parallel to
the a-axis of the crystal, respectively. The value of
PR was determined to 2.38 + 0.01, and the extinction
coefficient £, did not change significantly with increas-
ing thiocyanate concentration so that we set &%/
= 1. The fitting procedure of Eqn. 18 with the parame-
ters, PR®, K, and K, to the experimental data
points yields two well separated values of the equilib-
rium constants which we refer to the binding of the
ligand to the «- and the B-heme, respectively. The
behavior of Eqn. 18 is shown in Fig. 2, the values of K,
and K, are given in Table II. (The lower value of K is
attributed to the a-subunits in accordance with the
results found in solution, see below.)

A decrease of PR due to the thiocyanate binding
may be the consequence of a reorientation of the heme
plane or the rise of a z-polarized absorption band. To

KncL
1+ K, cq

decide which of these mechanisms is the dominant

process the polarization ratio is studied as a function of

the wavelength A. A reorientation of the heme plane ~

would reduce the value of PR independent of A,
whereas a z-polarized transition should obey a distinct

TABLE II

Association constants, K, g, (T =293 K, pH 7.0, 1.2 M Na,S0,) for
the thiocyanate binding reaction to methemoglobin in single crysials
and in solution, determined by different methods

Phase Solution Crystal
at, L
- method ky/k.g PR X X P

g1ty m3 =l

log(Kp /M™1) 19£01 25£02 (28+03) 23£03 -
log(K, /M~!) 1501 12408 (12%L1) - 15+01

* ky/k_: K, g determined from kinetic data according to Eqns. 4
and &
PR: K, g determined from PR vs. [SCN] measurements according
to Equ. 18.
X, K, g determined from the fitted titration curve to the behav-
ior of the amplitude of the us-relaxation vs. [SCN],
Xt Ky calcuiated from the amplitudes of the ms-relaxation
according to Eqns. 17 and 15.

dependence on A and, therefore, the change of PR
will not be uniform. The relations of PR to A for
methb single crystals covered with a buffered Na,S0O,
solution (pH 7), containing 0 and 64 mM SCN are
shown in Fig. 3. The value of PR of the methbH,O
crystals varies between 2.2-2.5 in the wavelength range
430 nm < A < 650 nm. These values are in good agree-
ment with those reported for methb in the Soret re-
gion, PR =2.47 [17}. The slight deviations of PR from
a constant value may be due to transitions that are not
x,y-polarized. The variation of PR with A for the
methbSCN sample is by far more pronounced. Thus,
this spectrum can be explained if we assume the exis-
tence of a z-polarized absorption band. An additional
reorientation of the heme plane, however, cannot be
excluded.

Association kinetics

Thiocyanate binding kinetics in solution. The relax-
ation transients of the SCN-binding kinetics in 1.2 M
Na, SO, solution (pH 7.0), are well fitted by a superpo-
sition of two exponentials. No deviations from linear
dependency of the two relaxation rates on the ligand

PR e ——————————— .
25 “/_’/__/\/\‘
20} ) ]
Wb . Pt
10
A S S Lo —
500 550 600 A/nm

Fig. 3. The dependence of the polarization ratio, RR, on waveleneth
A for methbH, 0 ( } and methbSCN (- -~} (pH 7.0).




TABLE I

Kinetic constants for the SCN-binding reaction to methemoglobin in
solution and in single crystals, T=293 K, pH = 7.0, 1.2 M Na,50,

kot k_/ Kig/ kog/ss!
Mg 57! (103 M~1s™h)
Solution 240420 75+15 22+0.1 30 +10
Crystal 30+ 2 134+02 09+01 45+ 25

concentration are observed in the range 2 mM < [SCN]
< 100 mM. From linear-least squares regression analy-
sis we calculated the kinetic constants k; and k_, and
equilibrium constants K=4k,/k_; for the observed
reactions, the corresponding values are shown in Table
II and Table II. Our resuits of a biphasic reaction are
in agreement with the resuits of other authors [11,12).
The velocity constant for this reaction with the isolated
ferric a- and B-subunits was different, being higher for
the B-chains [11]. Therefore, we consider the fast and
slow relaxation as the ligand reactions with the 8- and
a-chains respectively.

Thiocyanate binding kinetics in methemoglobin single
crystals. Different relaxations on different time scales
can be observed in methbSCN single crystals. Typical
transients for AE /(EAT) =X are shown in Fig. 4. The
transients recorded with the incident light polarized
parailel to the a- and b-axes of the crystal differ signifi-

=3 =1

-x/10°K
ai h
3
2 L
1
ok
b |
0 L
-1t
o 50 100 150 0 tims
(o] \
0 £ 3
=
3 % .,
> ™.
= \\‘—h——__ﬁ____.__,_

o5 10 5 20 25 tis

Fig. 4. Relaxation transients of methb single crystals after a tempera-
ture-jump at T =293 K, AT =1 K, {a) Extinction exchange X, =
AE, /(E,AT) recorded with the incident light beam potarized paral-

lel to the a-axis of the crystal; dielectric heating, [SCN]=3 mM. (b}

Experimental conditicns as in (a) with the incident light beam
polarized parallel to the b-axis of the crystal. {c) Temperature-jump
by absorption of a laser beam and detection of X, [SCN]=30 mM.
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cantly. The temperature-jump is accompanied by a
decrease of the extinction, the - time course of this
us-relaxation cannot be resolved and a relaxation rate
greater than 10° s~ has to be assumed. The dielectric
properties of the crystals and the covering mother
liquor are different leading to different temperatures
in the crystal and the covering mother liquor during
the dielectric heating process [4]. At the end of the
microwave pulse the crystals cool down to the tempera-
ture of the covering mother liquor, these temperature
relaxations depend on the crystal thickness and have
half-lives of between 1-4 ms for the crystals used here.
The extinction change due to the us-effect follows this
temperature refaxation without any delay. A second
relaxation with relaxation times in the ms time range
can be resolved in the transient of AE,/E,. The
amplitude AE,/E_ of this relaxation with the incident
light polarized paralle! to the z-axis is by far less and
cannot be separated from the background. Using the
laser heating techmique a third relaxation with relax-
ation times in the s-range can be resolved, an example
is given in Fig. 4¢c. In the following sections we shall
deal with these three relaxations and show that the
information about the thiocyanate binding kinetics can
be extracted from the amplitudes and time courses of
the ms- and s-relaxation. i

The ps-relaxation

The amplitudes of the ps relaxation, AE, /(£ AT)
=X, and AE, /{E,AT)=X,, are identical within ex-
perimental error for crystal samples without SCN lig-
and added, X, , = —(2.15£0.20)-107% K~ A similar
relaxation is found for methbF,O in solution with the
amplitudes depending on the detecting wavelength A
[21]. For A =633 nm we have X= —(22 +(0.2)- 10~
K1 reflecting similar behavior for methbH,O in crys-
tal and solution phase. Relaxation times could not be
resolved in the present and in former studies and fast
multistep-equilibria cannot be excluded [21]. After ad-
dition of SCN the amplitude X, remains unchanged
within experimental error. However, the relaxation am-
plitude | X, | decreases monotonically with increasing
SCN concentration as shown in Fig. 5. This behavior
does not reflect the binding kinetics of the ligand
because in this case we expect a bell-shaped depen-
dency of X on [SCN™] {cf. Egn. 17). A titration curve
with two equilibrium constants, K, 5, and the parame-
ter X, ({SCN] — o), fits the experimental data well, the
decrease of the amplitude X, is linearly correlated
with the amount of water ligands which are replaced by
thiocyanate ions. The two constants Ka,ﬂ determined
from the fit are shown in Table 2. They coincide with
the values determined from the PR measurements. In
spite of the large error estimates on K_ we regard this
result as a second hint that the us-relaxation does not
reflect the ligand binding kinetics. The temperature
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Fig. 5. Relaxation amplitudes X, (x) and X, (0) of the us-relaxa-

tion as a function of thiocyanate concentration, [SCN]. The line is a

least-squares fitting of a titration curve with two equilibrium con-
stants to the experimental data points of X,.

dependence of this relaxation found in solution [21]
and the different behavior of X, and X, give evidence
that we are dealing with a fast multistep mechanism
and we do not try to further interpret the underlying
mechanisms. The study of the two remaining relax-
ations in the next sections will completely characterize
the thiocyanate binding kinetics and equilibria.

The ms-relaxation

The time course of the ms-relaxation could be re-
solved with concentrations of SCN between 0.5-64
mM with the incident hight polarized parallel to the
B-axis of the crystal. The amplitude X, of this relax-
ation is again less than 5-107°*/K and cannot be
resolved from the background. However, the ampli-
tudes X, depend significantly on [SCN} as shown in
Fig. 6. We get a bell-shaped curve with its maximum
for a thiocvanate concentration of about 4 mM. The fit
of Eqns. 17 and 15 to the experimental data points
shows good agreement with the experimentally deter-
mined behavior and delivers the parameters AH? and
K. Here we set V=g, ,/putdeBl=0.76. The equilib-
rium constant determined from this kinetic experiment
is shown in Table II and coincides with the values of
K, determined from the studies of PR([SCN]. From
this result we conclude that the ms-relaxation reflects
the kinetics of the ligand binding reaction to the 8-
hemes. The value of AH? is calculated from the fit to
(—34 £ 4} kJ /mol which is in good agreement with the
value found for this reaction in solution, AH"= —31.3
kJ/mol [11].

The relaxation rates, 7; !, calculated from the time
course of X, are shown in Fig. 7. Since the apparent

concentration of hemoglobin in single crystals, ¢,, is .

not known we renounce a plot of the rates vs. free
ligands and free binding sites and display the values of

Xy 10K
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Fig. 6. The dependence of the relaxation amplitudes of the ms-re-
laxation with the incident light beam polarized parailel to the crystal
b-axis, X3, on thiocyanate concentration. The bell-shaped curve
shows the behavior of Eqns. 15 and 17 with the parameter K 5 given

in Table II.

the rates versus ligand concentration, ¢, . The thick-
nesses of the single crystals used in this experiment
range from 40 to 100 pwm. Hence, the values of Tp Are
much less than the lower bounds of the relaxation
times of the diffusional process of the ligands in the
crystals (cf. Fig. 1) and we have to take Fqn. 9 to
determine the velocity constant k,:

Tal=kg (o oo /(1+ Koe )+ 1/K) (19)

where ¢, =c¢, +cp. To reduce the number of parame-
ters we set K to the value found for K, from the
studies of the PR behavior and relaxation amplitudes
(cf. Table II), Kz =200 M™" and fit k,; and c,. The
behavior of a least-squares fitting of Eqn. 19 to the

0 - : S 0
0 002 004 006 008 010 [SCNI/M

Fig. 7. Relaxation rates 7' (W) and 777 (#) of the thiocyanate
binding reaction to methb single crystals. The solid line is calculated
by a linear least-squares regression analysis to the experimental data
points of v} according to Eqn. 8. The broken line is a least-squares
fitting of Eqn. 19 to the experimental data points of =5 t




experimental data points is shown in Fig. 7. The graph
deviates from linear dependency for small ligand con-
centrations due to the high hemoglobin concentration
in the crystals {cf. Eqn. 19} and is in agreement with
the experimental data, The value of ¢, results to
{60 £ 16) mM which agrees with the concentration of
heme iron of the 8-subunits with regard to the amount
of free water in the crystals. The value of k,; for
T =293 K is given in Table IIL

From the measurement of the temperature coeffi-
cient of the relaxation rates we calculate the energy of
activation of this reaction, AH ¥ = (73 + 6)kJ /mol. This
value is too large to account for a diffusion limited
relaxation, for which we would expect AH* =26
ki /mol. Hence, the observed relaxation rates are due
to the association of the ligand and there is no evi-
dence for a contamination of the results by systematic
errors due to ligand diffusion..

The s-relaxation

The study of the transients for times longer than 200
ms resolves a third relaxation with relaxation times
between 200 ms and 1 s depending on thiocyanate
concentration. Fig. 4c shows a plot of X}, vs. time of a
methb single crystal with 30 mM SCN™., For ¢ > 005 s
the experimental data points are excellently fitted by a
single exponential over an amplitude range of about
two decades (not shown). For ¢ < 0.05 s the data points
deviate from this exponential. These deviations are due
to the ms-relaxation discussed in the preceding section.

The relaxation rates, v, ! obtained for the s-relaxa-
tion are shown in Fig. 7 as a function of thiocyanate
concentration, ¢, . The relaxation is not interfered by
the diffusional process in this experiment since the
relaxation times are at least 10-fold the typical diffu-
sional time constants. According to Egn. 8, which has
to be applied in this limit of diffusion and relaxation
rates, the chemical relaxation rates, r[', appear to
depend linearly on the ligand concentration, ¢;. The
values for the rate constants obtained from the graph,
Fig. 7, are given in Table III and the value of the
resulting K=k ,/k_, is shown in Table II. Good
agreement is obtained with the values of K calculated
from PR studies and, thus, we associate the present
s-relaxation process with the ligand binding reaction to
the a-hemes.

Discussion

Temperature-jump studies of the thiocyanate bind-
ing reaction to methemoglobin in single crystals with
volumes less than 2- 1073 mm?> and in solution have
been performed. Temperature and ligand diffusion in

the crystal have been taken into account in the analysis

of the experimental data. The thiocyanate binding re-
action is at least biphasic and the results suggest that
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there is one fast reaction in which the ligand does not
participate. We have analyzed the biphasic reaction on -
the assumption of two heme types which react inde-
pendently and with different reactivities. The assump-
tion is supported by the observation that the time
course of the binding of SCN to methemoglobin in
sofution is heterogeneous (Refs. 11, 12, and this paper).
Correspondingly, the velocity constant for this reaction
with the isolated ferric chains was different in solution,
being higher for the B-chains [11). We associate the
ms-effect and s-effect observed in the single crystal
relaxation transients with the reaction of the B-hemes
and the a-hemes, respectively. A comparison of kinetic
and thermodynamic results {cf. Table II) yields good
agreement so that there is no reason to treat the data
in 2 manner other than that used here.

Comparison of the thiocyanate — methemoglobin reac-
tion equilibrium and kinetics in crystal and solution
phase

The equilibrium constants determined for the reac-
tion of the a-chains in crystal and solution are shown
in Table II and appear to be identical within experi-
mental error. However, the respective values for the
reaction of the B-chains seem to indicate an enhanced
affinity of methemoglobin to thiocyanate in the crys-
talline state. This may be regarded as a first hint that
structural differences between solution and crystal
phase cannot be excluded.

The velocity constants found for the ligand binding
to the a- and B-subunits in the crystals are significantly
less than the values found in solution (cf. Table III).
Hence, the ligand association reaction to methemo-
globin is altered by crystallisation, the association (on)
rates of this reaction with the «- and B-subunits are
reduced by a factor 6 and 2.4, respectively, compared
to the values found in solution. These observations are
in agreement with the results of the reactions of sus-
pensions of crystals of horse hemoglobin with azide [6].
The crystailine material reacted with azide in a bipha-
sic process, the steps of which are 2.5- and 22-times
slower than the monophasic reaction found for the
soluble methemoglobin in 40% ammonium sulfate so-
lution. The authors [6] concluded that intermolecular
conttacts decreases the accessibility of one pair of hemes
with respect to the other pair. Later experiments on
isolated ferric chains and the methemoglobin tetramer
[11] have shown that the time course of the combina-
tion with azide is also heterogeneous in solution; corre-
spondingly, the velocity constant for the combination
of this ligand with the isolated ferric chains is different,
being higher for the 2-chains. Therefore, the observed
factors of reactivity reduction, 2.5 and 22, are related
to the ratios k‘{g“‘i""/ gkl"}',“‘“‘ and kﬁ;‘“‘i” kRl re.
spectively, and no data are available in the literature to
deduce the value of k$oution spenvstsl The figands used
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in [6) and in the present studies are of similar dimen-
sions and k3§ 9" /k§3**! found in our éxperiments for
the thlocyanatc bmdmg reaction agrees well with that
given in [6] for thetexide binding reaction. Qur results
suggest that crystallization influences the properties of
the ga-subunits to a greater extent than those of the
B-subunits.

X-ray analysis shows that the distal histidine (E7)
blocks the access to the heme pocket [22]. Ligands
cannot leave or enter unless the side chain of the distal
histidine swings out of the way, which it can do only by
elbowing the helix E away from the heme. Thus, ligand
binding relies on the dynamic of the globin [23]. From
O, binding kinetics in native hemoglobin and
hemoglobin where the distal histidine is replaced by
glycine it is concluded that histidine E78 must be
swinging in and out at least 10 times per second, while
in the a-subunits that rate appears to be about a
100-times :lower [23]. These dynamic properties may
be restricted in hemoglobin single crystals due-to inter-
molecular interactions and greater rigidity of the pro-
tein structure. Qur results show that these restrictions
are more pronounced for the a-subunits.

The relaxation transients of methbH,O and methb-
SCN following a temperature-jump have been studied
in a time range between ~ 100 us and 100 s. There is
no evidence for other reaction equilibria than those
presented in the preceding sections. Especially a relax-
ation in the ms-range which is found in methH,O in
solution even in the frozen phase [21,24,25] cannot be
detected in methbH, O single crystals. The correspond-
ing reaction has been attributed to the intramolecular
binding of the N, of the distal histidine E7 to the heme
iron and requires large scale movements of parts of the
E-helix of about 0.2 nm [24). We conclude that these
large-scale fluctuations are suppressed in the crystal
phase. However, the factor of the overall decrease of
the association rates for the thiocyanate reaction in
methemoglobin single crystals is less than one order of
magnitude for both «- and B8-subunits compared to the
values found in solution. This is an indication for the
hardly reduced ability of the crystallized protein to
perform small scale structural fluctuations.
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