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ABSTRACT

The majority of NMR halide-probe studies on macromolecules
to date have dealt with the estimation of the number of available
metal-ion binding sites on proteins from 35Cl NMR linewidth
measurements. This study is designed to investigate the feas-
ibility of using 81Br and 79Br induction decay-rate measurements
to obtain fhe correlation time (TC) for reorientation of the
bound probe and the rate of exchange of halide ions (kl) at
the binding site.

A general theoretical treatment of the halide-exchange
phenomenon is presented. The inadequacy of present theoretical
models for movement of the bound probe imposes limitations on
the treatment of the gquadrupolar transverse relaxation time T2.
Two—speciés Bloch equations including the chemical exchange give
an expression relating k1 and Tc to the slope o of the curve for
titration of the protein binding sites by the probe. The impli-
cations of the three limiting regions which follow from this
equation are discussed.

Titration of four simple thiols (mercaptosuccinic acid,
cysteine, glutathione, and mercaptoethanol) with HgCl2 in 2.0

molar NaBr at pH 2, 6, and 11 revealed that formation of the

dimer RS-Hg-SR occurs under these conditions, with a distinct




iv
endpoint being observed only at the latter two pH values.
Presence of an observable concentration of mercuric tetrabro-
mide ion at acid pH indicates that the dimer is unstable un-
der these conditions. Consideration of the chemical equilibria

2=

present at acidic pH yields a third-order equation for [HgBr4

in terms of the pH and equilibrium constants of the species in-
volved. Decay rates calculated from this equation were found to
fit the observed titration curves to within experimental error.
The conformational changeé induced in equine methemoglo-
bin by basic pH were chosen as a model system for evaluating
the capabilities of the bromide-probe method. The hemoglobin
samples used were 85% hemoglobin by weight, with approximately
98% of the hemoglobin being in the ferric form. Titration of
the g-chain sulphydryl groups of this protein with HgCl2 yielded
a sulphydryl titer of 1.2-1.5 groups per molecule. o did not
change between pH 7.0 and 8.5 but decreased to half by pH 10.0,
suggesting that a conformational change occurred between pH
8.5 and 10.0 but not between pH 7.0 and 8.5. This conclusion
is in agreement with the ultracentrifuge studies of Kurihara and
Shibata. k., and To were calculated at pH 7.0 and 10.0 from the

1

dependence of o on the bromide concentration in the range 0.5-3.0

molar. kl decreased from 3.27 X lO7 liter mole_lsec 1 at pH 7.0

to 1.2 x lO7 liter mole--lsec-l at pH 10.0, suggesting that the



accessibility of the g chain sulphydryl group to free halide
ions decreased at basic pH. Ta decreased from 0.74 x 10—10

sec at pH 7.0 to 0.4 x 10—10 sec at pH 10.0, indicating that
there is enhanced flexibility of the B chain at or near the
sulphydryl site in basic medium. Since previous halide-probe
studies on proteins have dealt only with changes in ¢, the fact
that this method has proven capable of separating the contribu-
tions of ki and Tc to alterations in ¢ represents a considerable

advance in the specificity of the halide-probe technique as a

tool for the study of protein conformational changes.
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Forward and backward I have gone, and for me it has
been an immense journey....I have done all in my power
to avoid errors in fact. I have given the record of what
one man thought as he pursued research and pressed his
hands against the confining walls of scientific method
in his time. It is not, I must confess at the outset,
an account of discovery so much as a confession of ignor-
ance and of the final illumination that sometimes comes
to a man....But men see differently. I can at best report
only from my own wilderness. The important thing is that
each man possess such a wilderness and that he consider
what marvels are to be observed there.

Loren Eiseley,
The Immense Journey
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INTRODUCTION

Numerous investigations in recent years (1-5) attest to
the growing importance of probe techniques for the elucidation
of structural changes in macromolecules. 1In this method, a
specific site in the biopolymer is tagged with one or more
small reporter molecules called "probes" and an easily-obser-—
vable parameter of the probe such as fluorescence yield or ESR
linewidth is measured as the macromplecule undergoes conforma-
tional change. If the environment of the probe is altered by
this structural rearrangement, the nature of the change may be
inferred from its effect on the bound probe.

Recently there has been considerable interest (4-21) in the
application of nuclear magnetic resonance (NMR) probes to this
type of study. The work described here is an extension of the
halide probe technique developed by Stengle and Baldeschwieler
to the study of protein conformational changes. Present results
indicate that this method has great potential for the elucida-
tion of certain structural and mechanistic problems.

The NMR halide probe experiments are based on changes in the
effective halide transverse relaxation time T2 (to be discussed
in detail later) as a result of halide exchange between symmetri-

cally solvated halide ion (T2 long) and a site where the gquadru-
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polar halide nucleus is bound tightly to a specific region with-
in a protein (T2 short). The resulting relaxation time is de-
pendent on the relative concentration of each binding site and
the physical environment of the bound halide, as well as the fre-
guency with which the halide nucleus samples the two sites. 1In
the method of Stengle and Baldeschwieler (4-6), a solution of
protein is prepared in agueous sodium halide, and specific
binding sites on the protein are titrated with a mercury com-
pound which binds only to these sites. Since chloride, bromide,
and iodide form weak covalent bonds to mercury under these>con—
ditions, for these elements halide exchange can occur between the
bound mercurial and the solution. This method leads in principle
to the determination of the number of binding sites on the pro-
tein, the correlation time for re-orientation of the halogen-
protein bond, and the average rate of halogen exchange from the
binding sites. The latter two parameters are sensitive to con-
formational changes at the halide binding site. As the probe
may be tailor-made to fit any binding site, a large number of
mercury compounds are potentially useful in this application,

yet little research has been done in this field to date. 1In

most cases, the mercurial has been simply the mercury salt of the
halide concerned, with the result that a complex of the form
Protein-S-Hg-**X is created with cysteine residues in the protein.

The present work deals with a probe of this sort.



The halide probe experiment may be carried out using the
chlorine, bromine, or iodine resonance. For the most part,
chloride probes observed by broad-line NMR have been used to
date. The present study is an evaluation of the feasibility of
using pulsed NMR to observe protein structural changes by follow-
ing the T2 of bromine rather than chlorine nuclei. The use of
pulsed NMR to observe bromide resonances represents a consider-
able improvement over broad-line chloride probe techniques for
a number of reasons:

1. Pulsed NMR techniques permit observation of the shape
of the decay signal, with the result that deviations
from the ideal exponential decay will be readily de-
tectable.

2. Broad-line NMR techniques require modulation of the
resonance signal in order to obtain a usable signal-
to-noise ratio. Overmodulation may lead to modulation
distortion and an apparent increase in the linewidth.

3. Efficient signal averaging is possible with pulsed
NMR. For measurements taken over the same time inter-
val, the pulsed NMR method with signal‘averaging will

yield greater sensitivity than will continuous-wave

techniques.
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4. The theoretical treatment to be presented in this work
demonstrates that the observed T2 for the bromide probe
experiment is intrinsically more sensitive to changes
in the rate of exchange between the free and bound
sites than is the case for the chloride probe. Conse-
quently, the bromide ion is, in theory, a more power-
ful tool for examining protein conformational changes
fhan is the chloride ion.

By observing the resonance of 81Br, an attempt was made to ob-
tain information about the T2 for the bound bromide and the rate
of exchange when the bromide probe was bound to the sulphydryl
groups of equine methemoglobin. This technique has also been
applied to the study of the mercury complexes of a number of
simple sulphydryl compounds in order to gain some insight into

the stability of the mercury-sulphur complex under a variety of

conditions.




THEORY OF PULSED NMR

I. cClassical Treatment: Motion of the Magnetization

The classical description presented in this section is
mainly intended to introduce the NMR methodology used in this
study, and therefore will be brief. A more detailed gquantum-
mechanical treatment of the decay time changes observed here
will be presented in the following sections.

Consider a static magnetic field ﬁo applied to an ensemble

-
of nuclei, each with nuclear magnetic moment u and gyromagnetic
-

ratio y. Let Ho define the Z direction of a set of Cartesian co-
ordinates. Since the nuclear magnetic moment and the angular

—
momentum #I are related by

-t -t .

u = yhl (1)
and since the rate of change of angular momentum of a system
equals the torque on the system, the classical equation of mo-

tion for an individual moment may be written (22) as

=y@xH) 2)

Flen

Classically, this is equivalent to the precession of the mag-
netic vector around ﬁo with Larmor frequency w, = YHO (Fig. 1la).
For an equilibrium ensemble of moments precessing about ﬁo with
random phase, the resultant bulk magnetization vector

— — . -
M = % u, is parallel to H .
i i o



Now consider a weak radio-frequency field of frequency W
applied at right angles to ﬁo in a pulse of length t. This
sinusoidally oscillating field may be resolved into two compo-

nents of equal magnitude rotating in opposite directions about

—

HO in the XY plane, with the component rotating in the opposite
direction to u having negligible effect for large Ho. At this
point, it is best to consider M in relation to a set of axes

X'Y'Z rotating with frequency W about HO; Hl may be considered

to always lie along the X' axis. 1In this frame of reference,

the effect of Hl will be to rotate ﬁ about X' by an angle 9=YHlt-

In free induction decay studies, Hl and t are chosen so that

YH,t = g—-(90O pulse) and M is turned into the X'Y' plane per-

1

pendicular to H, (Fig. 1lb). When the pulse ceases, ﬁ will begin

1
to swing back along ﬁo and ﬁz will recover to ﬁo at an exponen-
tial rate described by the spin-lattice relaxation time Tl
(Fig. lc). Because of imperfections in the applied static field
ﬁo' and magnetic fields from other nuclei in the ensemble of
spins, the magnitude of ﬁo perceived by each nucleus may be
different, with resulting variation in the individual Larmor
frequencies of precession. This will cause the XY components of
the magnetic moments composing ﬁ to lose coherence and fan out

in the XY plane after the pulse (Fig. 1ld). Since a receiver

coil oriented along the Y axis will respond only to the vector



=

-y
sum of the XY components, that is, M = (u.) , the amplitude
Xy I i‘xy

of the detected induced signal will decay to zero with inhomo-

¥*

5 (23), or with the natural

geneous spin-spin relaxation time T

relaxation time T, if the static field is sufficiently homo-

2

geneous across the sample. T2 can never be longer than Tl' but

may be considerably shorter.



Fig. 1. Classical description of
the free induction ex-
periment.

a. Individual magnetic moment
precessing about Ho with
Larmor freguency w,. Hj
turned on and moving with
the same angular frequency.

b. X'Y' axes rotating about the
Z axis with angular frequency
Wo - Magnetization vector M
turned into the X'Y' plane
by a 90° pulse of Hj.

c. M swinging back along Ho
after end ofﬂpulse. M, re-
covering to M, at a rate
described by the spin-
lattice relaxation time T,.

d. ﬁx decreasing with spin-
spln relaxation time T, as
the X'Y' components of the
i; lose coherence and fan
out in the X'y' plane.

Wo

>4

/
\




II. OQuantum-Mechanical Treatment: Spin Relaxation

In order to put forward a meaningful theoretical treat-
ment of the halide-probe exchange phenomenon, it is first
necessary to discuss the manner in which the expression for
the transverse relaxation time T2 is derived and the limi-
tations imposed by this derivation. For the case of a sys-
tem of nuclei undergoing quadrupolar relaxation, the standard
treatment of this problem has been that of Abragam (24). This

derivation yields T, in a form suitable for halide-exchange

2
studies on proteins, but is complex. Huntress (25), in deal-
ing with small molecules, has recast this problem in a more
sophisticated formulation. The present derivation will util-
ize the latter formulation to treat the relaxation of protein-
bound quadrupolar nuclei.

Consider a system of nuclear spins described by a station-
ary Hamiltonian Kg (in angular frequency units) to which a
random perturbation expressed by the fluctuating Hamiltonian
Kl(t) is applied. The existence of Ki(t) is due to coupling
between the nuclear gquadrupole moment (aligned along the nu-
clear spin vector which is Zeeman quantized along the large
applied HO) and the electric field gradient tensor, which has

a fixed orientation with respect to a molecule~fixed coordi-

nate system. As all or part of the molecule tumbles in
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solution, random variations in the angles between the molec-

ular and laboratory frames of reference result in an inter-
action Hamiltonian which is a random function of time. 1In
the laboratory frame, this Hamiltonian may be expressed
(24, 25) as the scalar invariant of two spherically irredu-

cible tensors of the second rank:

, |
%, (6) = A(@) Fast) =E 0T AT (o0
g=-~2

(3)

Here A(I) is the nuclear spin tensor derived from the electric
3

gquadrupole moment operator, F(a,t) describes both the magni-
~

tude and symmetry of the electric field gradient and its ori-

entation with respect to the nuclear guadrupole moment, and

o stands for the three Euler angles «, B, y defining the ori-

entation of the molecule with respect to the laboratory frame.

-y
Since A(I) is both traceless and symmetric for quadrupolar

interaction, only terms of the second rank need be considered

in (3). The elements F(q)

of time.

(n,t) of F will be random functions

At this point, it is necessary to introduce the correla-

tion functions
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Gy () = P yp (I 40 (4)

(the bar indicates an ensemble average) and their Fourier

transforms -

Toqr @) = G, (r)e T

9q ar (5)

J
Equation (4) expresses the ensemble-average correlation be-
tween the value of F(q) at time t and the value of F(q')
time (t + 7). For times less than a critical time Ta (the
correlation time) the motion of the nuclei relative to each
other may be considered negligible, so that Kﬁ(t) == Kl(t + 7).
For 17 > Ta? the value of Kl(t + 1) becomes progressively less

correlated to ¥, (t) as T increases, and G (t) goes to zero,
1 qq’

as shown in Fig. 2.

Gqqt (™)

Fig. 2. Behaviour of G T) -
g qq.()

Te is generally defined (26) as the normalized area under the

correlation function:

e
-
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@

1
T = — G__,(71)ar (6)
c 2G o (0) aq

—c0

Jéq,(w) may be thought of as the spectral density of the cor-

relation function qu,(T) and will contain frequencies up to

the order of l/Tc. It may be shown (27) that

@

(0) Jqq. (w)dw (7)

G, 1
aq =57

-—C

so that the area of the spectral density curve remains fixed
as T changes. This constraint results in spectral density

curves of the type shown in Fig. 3.

J__, (w)
r___qg_\:)/'rc long

Fig. 3. Behaviour of Jéq,(w)

for three values of correlation

time. | [ \/
Y/

T short
c

If the observed nuclear transition has frequency w Jéq'(wo)

will be found to have a maximum when Tc = 1/@0. This result

is not surprising, since one would expect fluctuations at or
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near the Larmor frequency to be most effective in inducing
nuclear transitions. Iater in this discussion, the importance
of the limit 7, << l/'wo will become apparent, because it causes
Jéq,(w) to extend far above the transition frequency. This

is the "extreme narrowing limit" and

Jqq, () =3, (8)

It is now possible to use the theory of density matrices
to obtain the equation of motion for the nuclear spins which
will yield T2. The density matrix operator ¢ (the quantum-
mechanical analogue of the classical thermodynamic density
of states) is defined following Dirac (28). Consider a dy-
namical system which is at a certain time in one of a set of
discrete states labelled by the parameter m. If the proba-
bility of the system being in the mth state is Pm, then the

density matrix operator may be defined by

o =3z hn)ém(ml (9)

Since the effect of Hl will be to alter the magnitude of the ele-~
ments of o, it is necessary to consider both the value of ¢ at time

t, o(t), and the equilibrium value at t=w«, oo, and deal with the

deviation from equilibrium [o(t)—oo]. In order to remove any




-14-

time dependence due to KB, o(t) will in general be written in

the interaction representation

o' (t) = eixbto(t) éixbt (10)

which has the effect of transfarming o (t) into the set of
spectroscopic frames of reference rotating with angular velo-

cities W,g where o and B are eigenstates of H,. For the

B

same reason, Rl(t) must also be written in this representation
and, for a spectrum consisting of a single line at frequency

w
O

® (t) = ei}cot}cl (t)e—iﬁcot =qz: (_l)qF(q) (t)A(—q)e—iqwo(il)

The derivation of the expressions for T,k will begin with

2
two familiar results of density matrix theory. Firstly, giQen
some operator Q acting on the system, the ensemble average of
the corresponding observable q(t) will be given (29) by

a(t) = (Q) = tr {o(t) Q} (12)

Secondly, the equation of motion for the ensemble-averaged

density matrix may be shown (30) to be

(=]

de' _ _ R
dt = gﬂl(t),[ﬂi(t+T). o' (t) ooil daT (13)
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Substituting Kﬁ'(t) into equation (13) one obtains (25)

do' (t _ d -i(g+g')wet
dat - _Z:,(—l) © |
da.4d
. [A(—q.) (al™ @ 5 (6) -0 ]] I, (w) (14)
! ! ° aq'

If appropriate expressions for A(q)(f) and Jé(w) can be found,

it will be possible to obtain the time dependence of Ex from

(12) and (14) and therefore to obtain a relationship for T2.
Since nuclear resonance is observed in the laboratory

frame, both Q and g must be written in terms of this coordi-

(q)(i) may be obtained (31, 25) from

nate system. Suitable A
the components of the nuclear quadrupole moment operator by

means of the Wigner-Eckart theorem and will be given here with-

out further discussion of their derivation:

o 2 '
A = (e Q/4) =2
21 (21-1) [31z - I(I+lﬁ (15a)

2
(£1) _ /3 (eQ/n) padind padind
A = ST i-1) [;rZIi + IiIz] (15b)

2
(£2) _ /6(eQ/h) [ 2]
AT T reI-n |l (15¢)

-
Here I is the total nuclear spin, IZ is the operator corres-

\

- -
ponding to the Z-component, and I, and I_ are the raising

(q)

and lowering operators. Determination of the F (n,t) is a

more complex problem. The F(q) are known explicitly only in
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the molecular coordinate system, where they are simply the

components of the irreducible field-gradient tensor, denoted by

S(q). Consequently, the random time-dependence of the orien-

tation must be absorbed into the Wigner rotation matrices

D(2) (32) transforming the molecular S(q) into the laboratory

gJ.,m
coordinate system:

(@) Y% _(m) hamm (2) (m)
Y = IR —Zm:(l) D_gTh 3 (16)

(q)

Consideration of the exact nature of the § required will

permit considerable simplification of this transformation. 1In
the irreducible representation, the electric field gradient

tensor V in the molecular frame can be written (33):

~

v©) - .:5_L' v (17a)

1 .
vED T,y * 4V, ) (17b)

(£2) _ 1

v = 7%1V¥x - VYY + 21vgy) (17c)

|

/

\

If molecular axes that diagnonalize V are chosen, that is, (
|

-~

Vv _=v _=v__ =0, |v_|>|v._],|lv |, one can define |
Xz vz Xy zz XX vy |
|
i

eq = sz (18a)

= - 18b

M= Vax " Yoy (18b)

\
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(where n will be referred to as the "asymmetry parameter")

(a)

and can write the J in terms of these two parameters:

5{0) - =4 (19a)

g (19b)

g2 Zoq oy (19c)
2/6

If the field gradient in the Hg-Br bond is assumed to possess
cylindrical symmetry, that is, m = 0, the contribution from

(19c) may be neglected and (16) becomes

P ) = 32 B (20)

The required Wigner matrix elements are (25):
Dé?c)) == (3cos?p -1) =@y§(s o) (21a)
DﬂEiZO =:\/;2%— sinB cosB ‘e*ia =—‘/‘—;—i Yil(B,a) (21b)
pl2) | =VIsin’s e*21¢ <WIL 2 (8,a) (21c)

2
where the Yq(B,a) are the spherical harmonics of order two.

The correlation function now becomes

2
_ 4T [eq 2 2%
Gy g (1) == (2 ) Y (E)Y", (t4T) (22)
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If the orientation of a molecule is a at time t and n at
time (t + T), then the ensemble average in equation (22) be-

comes (34,35)

2 2% 2 2
t = .
Yé( )Y_q,(t+T) Yé(“)Y—q'(n)P(no)
P(n.oln., t)dn.d.n.o (23)
where P(“o) = 1/47 (assuming an isotropic liquid) is the proba-

bility that a molecule has orientation ny at time t, and
P(ﬂolﬂvt) is the probability that if the molecule has initial
orientation L9 then at a later time (t + T) its orientation
will be a.

Up to this point, the derivation has been quite general;
no assumptions have been made concerning the exact nature of
the molecular motion involved in the halide probe experiment.
Before proceeding to write down P(noln,t) and the correlation
functions, it is necessary to pause in order to examine the
approximations inherent in the description of the motion of the
probe. Proteins in solution may be expected to undergo three
classes of molecular movement:

1. Diffusional rotation and translation of the molecule

as a whole.
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2. Motion of the polypeptide chains relative to one
another. Free portions of the polypeptide chain may
be expected to execute random diffusional movement
with respect to the molecular coordinate system.

3. Rotation of individual bonds and side-groups on the
chain. Whether this movement is diffusional or involves
transitions between potential minima will depend upon
the steric hindrances affecting the group in guestion.

Diffusional rotation is described by the rigid-sphere model
assumed by Abragam in his original treatment of quadrupolar
relaxation; (2) and (3) have so far resisted adequate
theoretical description. Wallach (26) has put forth a gen-
eral formulation which makes provision for intramolecular
motion at the probe site but was unable to derive the exact
form of the correlation functions involved. If internal rota-
tions are absent or are much slower than the overall macromol-
ecular rotation rate, then the system may be treated as a rigid
sphere undergoing diffusional rotation. If the rate of internal
rotation of the probe is sufficiently greater than the rate

of macromolecular rotation, then the observed correlation

time will be dependent on the intramolecular rotations.
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The exact theoretical description of this case is quite
complex, particularly as the observed correlation time may be
an average over the motions of all of the bonds holding the
probe to the protein. If the rates of macromolecular tumbling
and intramolecular rotation are comparable, the expressions
for the two motions are inseparable and no guantum-mechanical
solution for Tc can be found at present. For lack of a more
satisfactory theoretical model, the present treatment will be
restricted to the assumptioh of a rigid macromolecule under-
going diffusional rotation.

Based on this assumption, an expression has been derived

(36) for P(noln,t) in terms of the spherical harmonics:

_ ¥ 1 -t/ Tc
P(_n.ol_n.,t) = ; Ym (_n.o)Ym(.n.)e (24)

Substituting (24) into (23), rearranging terms, and applying

the orthogonality properties of the spherical harmonics (37)

yields
2’ I ey
Gq'q,('T) = 750 Yq(.n.o)Ym (.n.o)dn.o .
1,m
* -
. Y2 ,(.n.)Yt (n)dne t/Te
-q m
geg)2 ~t/T
=06, q) 55" e 7€ (25)
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The delta function follows from the orthogonality of the
spherical harmonics and eliminates any cross-correlation terms.

From (6), the spectral density becomes

2 T
Jq(w) = (eq) c - (26)
10 1 + (qonc)
Unless the extreme narrowing condition J(w) = J(0) holds, it

is not possible to evaluate the commutators in (15) to obtain
an exponential decay; hence it is necessary to assume onc<<l.
In this limit, it can be shown that Tl = Té(38). Hence one may
evaluate equation (15) in terms of IZ rather than I+ or Ix'
thereby achieving some simplification of the commutatofs.
Multiplying both sides of equation (15) by Iz' applying the
condition gq' = —-q, and taking the trace gives rise to the

equation of motion of Iz in the rotating frame:

aiI )y

dtz =-J(O)qE(—l)qTr ([A(q),[A(—q),Iz]:D (0'(t)—00)

(27)

since in taking the trace the order of operations is permuta-
ble (39). The commutators are (34):

(0) . (0) -
[A A .IZ]] =0 (29a)



-22-

2
slr(2I-1)]1"»

3
-(—1sxz - 1_lgr(I+1) - 2]) (28b)

2
(262, (a0 ;) = 30 ,

8[I(21-1) %42

3

. (—161z + 12[16I(I+l)—8]) (28c)

Substituting these operators into egquation (27) yields

a{I*) 3
dtz - - 3(59% 2I+3) 30y ((I') - (1Y ) (29)
28717 (21-1) z z0°

Using the expression for J(0) derived from equation (26);
equation (29) yields the final expression for T2 in the case
of quadrupolar relaxation within the extreme narrowing limit:

2 \2
~ 1 3 (21+3 ) (e qQ)
2 T 171 20\ 2, .,/ \" c

Equation (30) predicts an R2 that is a factor of two
greater than that derived by Abragam (38). Since Abragam has
neglected to include the commutators [A(l), [A(—l),Izﬂ and
[A(z),[A(_z).Izj] as part of the sum in his equation (135),
this discrepancy appears to be the result of an error on

his part. Huntress (25, 34) has obtained the same expression
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for R2 as Abragam; however, calculaﬁion of R2 from equation
(4.26) of reference (25) yields a relation that agrees with
the present result, suggesting that Huntress is also in error.
Note that there is a typographical error in the second term

of equation (4.26). The correct commutators should be taken

from equation (3B.2) of reference (34).



-24-

THEORY OF THE EXCHANGE EFFECT

At the present time, the observation of individual groups
within a protein is a problem of considerable technical diffi-
culty, largely because of the low relative concentration of
individual nuclei within high molecular weight biopolymers.
Some means of increasing the sensitivity of present NMR meth-
ods is therefore eminently desirable. This section presents
a theoretical treatment of the manner in which the halide-
probe technique accomplishes this end.

If the effect of the rate of exchange of halide nuclei be-
tween the free and bound sites is neglected, the observed de-
cay rate R2 may be written (5) in terms of the decay rates

R2F and R2B of halide nuclei in the free and bound sites.
= P

Ry = Rrp * RopPp (31)
where PF and PB are the probabilities of a halide nucleus be-
ing found in the free or bound site. The sensitivity of the
halide probe method depends directly on the difference between
the decay rates of halide nuclei in the two sites. For chlorine
and bromine nuclei in dilute agueous solution, the solvation

of the ion is essentially symmetric and the electric field

gradient at the nucleus is small. This situation results in a
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decay rate of approximately 1400 sec_l for dilute (0.5-4.0
molar) agueous solutions of NaBr. When the bromide ion par-
ticipates in covalent bonding, the field gradient is large and
a corresponding increase occurs in the decay rate. For the
[HgBr4]2_ ion, for example, R2B is approximately 106 sec_l.
With R.2B values of this magnitude or greater, a very small con-
centration 6»10_5 molar) of a protein binding site will pro-
duce an observable effect on the overall decay rate. Hence

the exchange process functions as a chemical amplifier, per-
mitting the halide ion to be used as a probe for interesting
sites in low concentrations. A theoretical treatment of this
phenomenon which accounts for the effects of the rate of
halide exchange will now be presented.

The effect of mercuric halide-free halide exchange on
halide decay lifetimes has been dealt with extensively by
O'Reilley (40) using three-species Bloch equations. The pre-
sent theory is a modification of this derivation for the case
of halide exchange occurring between free halide in solution
and halide bound to a mercury-sulphydryl complex RS-Hg-**-

at a specific site in a macromolecule. This exchange may be

represented by the equilibrium

—% k]_ - -%
X + RS—Hg---Xﬁf==}< + RS-Hg---X (32)
-1
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Iet the free halide concentration be represented by [X] and
the bound halide concentration by [B]. A relationship will
now be derived for the observed R2 in terms of the rate con-
stants and the concentrations of the various species in the
solution.

As before, it will be necessary to consider axes X',Y'
rotating about HO with angular frequency w, = YHO where the X'
axis is defined to be the direction of Hlu Representing the
X' components of magnetization for free bromide in solution

and bound bromide by ug and uB respectively, one can write the

two-species Bloch equations in the absence of exchange:

du —-uF
— ==L 4+ @ -w)v (33)
dt T2F F (o} F
du -1
B__B -
e ng + (wB wo) vB (34)

where vF and VB are the Y' components of nuclear magnetization
and wF, wB are the Larmor frequencies of the free and bound
halides. 1If exchange occurs between the two sites, there will
be a transfer of spin magnetization between the two environ-

ments. Assuming that the rate of transfer of transverse

magnetization from a given site is proportional to the trans-
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verse magnetization at that site, one obtains

du ) -u u

F F B
(——— = —= + = (35)
dt /ex TFB TBF
(duB) -uB uF
— =—= + — (36)
dt Jex TBF TFB

where TFB and T are lifetimes for exchange out of the free
BF

and bound sites, respectively. Equations (33) and (34) now

take the following form:

duF —uF uB
= + (W_ - w )v_ 4 — (37)
dt T2F F o F TBF
duB —uB uF
=2 = = 4 (@ -ow)v +E (38)
t
d T2B B o B TFB
where T1 — T1 + T1 (39)
2F 2F FB
L., L (40)
2B 2B BF

If H1 is assumed to be rotating at the Larmor frequency
wF of the free halide, the simplifying assumption that the

second term on the right side of equation (38) is negligible

may be made. This assumption is justified by the fact that
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chemical shifts in halide compounds do not exceed one part in

7

2 (and hence T2B) is of the order of 10 se-

10° (41) and T2B

cond. Hence u_/T. >>(w_—~w )v_. Also, since T  _<<T system
p/Tag” (W5w,) vy 2B Y

2F’
B will reach a steady state in a time which is short compared
to the time for duF/dt’to reach zero; consequently duB/dt = 0,

These conditions result in considerable simplification of

equations (37) and (38):

duF —uF uB
a.  ~ 2r T T (41)
BF
- u
0 = - B TE (42)
2B FB *

Combining equations (41l) and (42) yields the equation for the

exponential decay rate R2of uF:

_F _ _ (43)
at YRRy

1 1 1 T

e (49)
2 2F FB FB BF

Referring back to the original equilibrium equation (32),
one can see that the exchange lifetimes TFB and TBF may be ex-

pressed in terms of the pseudo-first-order rate constants kl and
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k 1 Since the rates of the forward and reverse reactions

must be equal if a state of equilibrium is to exist, kl=k—l'
and therefore (15, 40)
1
T = kl [B] (45)
FB
2 - kX (46)
T 1
BF

Substituting (40) for T2B in (44) and using (45) and (46), one

obtains the expression for the observed decay rate R2:

R, = Ry + «[B] (47)

where the constant o is given by

-1 1
o = X + T2B[X] (48)
1
In the case where there are n equivalent binding sites, k1=nk_l
and T2B is replaced by (T2B/n) in eduation (48) . When spe-
cies B relaxes by a quadrupolar mechanism, T2B has the form (30)
and hence, for a spin 3/2 nucleus
-1 2
o = %_ + 10f # [xl (49)
1 2 T
e 49 app

where Tapp' the apparent correlation time, will be defined.
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The expression for T2B derived by Abragam (24) has been used
here to facilitate comparison with other data.

One further consideration is required before a general
equation for o in the presence of chemical exchange can be
obtained. Marshall (42) has demonstrated that when the ex-

change lifetime T for bound halogen becomes comparable to the

BF
actual rotational correlation time Tc of the protein, the

apparent correlation time is dependent on both terms:

+ T (50)

When Tc and TBF are comparable, two relaxation mechanisms are
operational: the expected contribution from relaxation in-
duced by reorientation of the electric field gradient at the
halide nucleus caused by molecular tumbling (expressed by Tc
in equation (50)) and an additional contribution due to the
change in the direction of the electric field gradient tensor
each time there is a change in site (expressed by T__). Equa-

BF

tion (50) is derived under the condition TBF << T2B7 however,

in the region where this requirement is not met, the term in
TBF will be quite negligible and no contradiction between the

conditions under which equations (49) and (50) are derived

will arise. A more detailed treatment of the derivation of
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the above result is beyond the scope of the present discussion.

Equation (49) may now be given in its most general form:

2
- h
« T =31 4+ 10 ( ) ([X] + k [x]z) (51)
k 2 T 1
1 e gQ C
or in terms of TBFr
-1 2

R S S 1_ 1
(a') = Ix] TBF + 10( ) . + (52)

e g0 c BF

Three limiting cases for halide exchange follow naturally

from the general equations (51) and (52):

l.

>>7 2T SLOW EXC GE IT
T2F BF ‘2B ( W EXCHAN LIMIT)
In this case, the exchange lifetime TBF is long enough

compared to T to permit all the transferred halogen

2B
nuclei to relax during the interval when they are
bound to the protein; in other words, the protein
site behaves as an infinite magnetization sink to
spins transferred from the free site. o is deter-

mined solely by the rate of exchange out of the free

site.

T <<T <
C

BF T2B (FAST EXCHANGE LIMIT)

If this condition holds, relaxation in the protein

site occurs primarily through changes in the direc-
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tion of the electric field gradient as the protein

or a portion thereof tumbles in solution; the mole-
cule tumbles quickly enough so that rotation occurs
during the interval that the halide is bound. 1In

this limit, o is dominated by T and equation (47)

2B

reduces to the form assumed by Stengle and

Baldeschwieler (4-6):

[ Protein-Hg)

Ry = Rorp t Ryp [x] (53)

T T (EXTREMELY FAST EXCHANGE LIMIT)

BF<< ¢
Here changes in site are the dominant means of relax-
ation; the exchange lifetime is so short that apprec-
iable rotation of the protein cannot occur in this
interval. Relaxation occurs because the direction of
the electric field gradient tensor is altered each

time there is a change in environment. o is again

dependent only on kl.

It is worthwhile at this point to pause and consider the

exact significance of the results of this derivation. Equation

(47) may be rewritten as

_ «'[B]
Ry = Rp + ] (54)
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which is equivalent to

= -+ '
R2 RZFPF o PB (55)

where PF ~l (provided that the concentration of protein bin-
ding sites is small) and PB = [B)/[X] are simply the relative
probabilities of finding a halide nucleus in solution or at-
tached to the protein binding site. Consider a protein dis-
solved in a solution of a halide NaX. The decay rate of this

solution will be approximately R

> if little non-specific bin-

ding of halide to the protein occurs. As HgX, is added, the

2
decay rate will increase linearly with slope o until all of

the binding sites have been filled. A sharp break in the curve
will then occur and R2 will continue to increase linearly with
a slope characteristic of « for [ng4]2— ions. From equation
(47) it is apparent that repeating the titration at a number

of different concentrations of halide and plotting @~ as a
function of the halide concentration will yield a straight

line with intercept l/kl and slope T2B' allowing calculation

of both quantities simultaneously. A notable point arising
from equation (51) and (52) is that the parameter o is isotope-

dependent via the isotopic dependence of eQ. Thus an indepen-

dent check on the separation of the contributions from kl and
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o to o can be had from measurement of the decay rates of two
halide isotopes, for example, 3501 and 37Cl, or 79Br and 81Br.
The existence of only one naturally-occurring iodine isotope,
1271, precludes this check for an ilodide probe.

A program to generate o as a function of kl and Tc was
set up on an IBM 360 computer (Fig. 4), resulting in the fami-
lies of cufves shown in Figures 5 through 10. The values (34)
of 320 MHz and 40 MHz for the quadrupolar coupling constants
of 81Br and 35Cl were used in this calculation.

It is important to be aware that the values of equ/h

used here are at best an educated guess at the guadrupolar coup-
ling constants for halides complexed through mercury to a sul-
phydryl site. The nuclear quadrupole moment eQ/% is presumably
independent of the nuclear environment, but the field gradient
g at the nucleus will be strongly dépendent on the electron
configuration about that nucleus. To date, it has been assumed
that the majority of the fieid gradient at the halide nucleus
has been due to the polarity of the Hg-Br bond (17), and that
this gradient will be relatively immune to outside influences.
For this reason, coupling constants for HgBr2 or chl2 have

been applied to calculations involving protein-bound halides.

At present it is not possible to either refute or verify
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the validity of this approximation. However, it appears like-
ly that the character of the mercury-bromine bond will change
when mercury is complexed to the sulphur atom rather than to

a second atom of bromine. As a result of this change in the
orbital structure of the bond, the coupling constant for the
sulphydryl complex will in all likelihood be different from

the value of 320 MHz calculated for HgslBr (34).

2

With these considerations in mind, Figures 5 through 10

may now be discussed. Figure 5 shows « plotted against kl for

different correlation times, a manner of presentation which

makes the three limiting cases dramatically apparent. For

slow exchange (kfﬂlOS, 106) and long correlation times

9 ~-10

Tc-10— , 10 ), « is dependent only on k., (linear portion

1
of Figure 5) and measurements of ¢ under these conditions can
only yield values for the exchange rate. The extremely fast

exchange limit (Tc long, k., large) presents a similar case

1

where only kl can be determined. In the fast exchange limit,
a is dependent exclusively on o (flat regions of Fig. 5) and
only this guantity can be determined. A different picture of
the fast exchange limit can be obtained from Fig. 6, a plot of

o versus Tc for different exchange rates. Here the dashed

line represents the dependence expected if the exchange rate
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Fig. 4. Program used to calculate the values of
o shown in Figures 5-10. A sample of the
data output is included.
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Fig. 5.

-37a-

Calculated dependence of o on the rate
of halide exchange for 2.0 molar bro-

mide. Literature values of kl and TC

(see text) for the mercuric tetrabro-
mide ion place these quantities with-
in the cross-hatched area. Note that
since this species offers four sites
for chemical exchange, the actual value
of ¢ for the tetrabromide ion will be
four times that predicted from this
graph. .
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Fig. 6. Calculated dependence of o on the correl-

ation time for 2.0 molar bromide.
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Fig. 7. Calculated dependence of o on the rate
of halide exchange for 0.5 molar bromide.
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Fig. 8.
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Calculated dependence of ¢ on the correl-

ation time for 0.5 molar bromide.
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Fig. 9.
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Calculated dependence of ¢ on the rate
of halide exchange for 2.0 molar chlor-

ide.
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Fig. 10.
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Calculated dependence of o on the correl-

ation time for 2.0 molar chloride.
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had no effect on o (that is, the dependence assumed by Stengle
and Baldeschwieler) and the fast exchange limit includes those

values of e and k, where the graph is asymptotic to this line.

1
Intermediate regions prove to be the most informative,

with measurements of o under these conditions yielding values

for both kl and Tar Bromide-mercury complexes fall between
the slow and fast exchange limits. O'Reilley et al (40) have

7 .. -1 -1

calculated values of 3.7 + 0.4 x 10 liter mole "sec for
k and 1.46 + 0.07 x lO--6 sec—l for in the [HgBr ]2~ ion

1’ .46 + 0. Ryn 9Br, .
Assuming a quadrupolar coupling constant of 320 MHz, the latter

. . ~-12

quantity places Ta for this complex at 3.6 x 10 sec. Under
the experimental conditions encountered in this work, hemoglobin-
bound bromide was found to have exchange rates which placed it in
this intermediate region also. This result is of the utmost im-
portance, as it appears possible to measure two parameters char-
acteristic of a protein binding site: the local correlation

time and the exchange rate, the former quantity providing a
measure of the rigidity of the sulphydryl side-chain and the
latter indicating the accessibility and hence reactivity of

that site to the surrounding environment. For Figures 7 and
8, it may be seen that decreasing the halide concentration

has the effect of shifting the curves to higher values of kl
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and ¢ without appreciably changing their shape.

On the basis of the calculation whose results aré shown
in Figures 9 and 10, chloride ion may be expected to be much
less liable to exchange effects than bromide. Since kl for
mercuric iodide is only twice as great as for mercuric bro-
mide, 9 x lO7 liter mole--l sec_l (40), one may reasonably
predict that mercury-chlorine complexes will also exhibit ex-
change rates close to those found for mercuric bromide. Hence,
the behaviour of chloride complexes should deviate from the
fast exchange limit only at correlation times of the order of
10—9 second or longer. The information available from bromide
exchange is therefore potentially much greater than that ob-
tainable from chloride exchange.

Since (31) ceases to be a valid description of T2B when
the extreme narrowing approximation is violated, this deriva-
tion has been limited to the consideration of correlation times
of the order of 10_9 second or less for an operating frequency
of 15 MHz. It is possible to make some correction for the
effect of wT approaching unity by including terms in i: in the
derivation of (30) and expanding the resulting expression; how-

ever, such a treatment can only extend the theory to correla-

tion times of the order of 3 x 10_9 second. Since the adjust-
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ment to ¢ in this region would be quite negligible, there is
little reason for discussing such corrections here. An ex-
tensive revision of the theory of quadrupolar broadening for

the case where wT approaches and exceeds unity will be required
before this situation can be treated theoretically in a meaning-
ful manner. An empirical study of the dependence of the decay
on the resonance frequency wo may point the way to useful ap-

proximations.
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DESCRIPTION OF NMR APPARATUS AND METHODS

The 15 MHz79Br and 81Br NMR signals were obtained as

signal-averaged phase-~detected free induction decays by stan-
dard pulse technigues. Fig. 11 shows the block diagram of the
system employed in these experiments. A Varian V3600 low im-
pedance twelve inch magnet equipped with high resolution pole
caps and field homogeneity and sweep controls, the latter oper-
ating through a v3506 flux stabilizer, was used to provide Ho’
The pulse power amplifiér was an NMR Specialties PS-60A low
power unit tuned to 15 MHz and operating from either a
Schomandl ND30OM synthesizer or an internal 15 MHz crystal os-
cillator as frequency source. A home-built high resolution
single coil probe containing a FET preamplifier was employed.
The signal from the FET preamplifier mounted in the probe was
amplified in a low-noise tube-type 15 MHz tuned IF strip and
fed to the NMR Specialities phase detector and through an RC
filter to the data acquisition system.

The 15MHz signal produced by the frequency source is ampli-
fied and fed into the probe in pulses whose rate and duration
is governed by a gating voltage from the pulse programmer. The
phase difference between the reference signal from the oscilla-

tor and the receiver output is detected and fed to the RC out-
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put circuit and thence to a Fabritek 1064 signal averager.
For the 81Br resonance from 2 molar agueous NaBr solution and
1 psec output time constant, the final signal available at
the beginning of a single free induction decay was typically
2 volts with a signal-to-noise ratio of 10:1. With signal
averaging, it was possible to obtain usable.Tz's from NaBr
solutions with concentrations down to 0.25 molar. Figure 12
shows typical raw and averaged signals from NaBr in the con-
centration range 0.5 - 2.0 molar. The samples were contained
either in Wilmad polished high resolution NMR tubes of 15 mm
O0.D. and 1 mm wall thickness or in 15 mm test tubes. Use
of the latter was quite feasible because the sample was not
spun.

The value of the bromide relaxation time could be ob-
tained to within 15% from photographs or direct display of
decay signals on a Tektronix 549 storage oscilloscope. The
precision in all relaxation time measurements was increased by
signal averaging. Usually 512-2048 scans were performed using
a Fabritek signal averager with SW-2 sweep plug-in and SD-2
digitizer operating at 10 bit resolution. These plug-ins
were limited to a minimum dwell time per channel of 50 usec,

rather more than optimum for dealing with the moderately



Fig. 12.
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Typical raw and averaged 81Br free in-
duction decays from agqueous NaBr solu-
tions. a - c: vertical scale, 1.4
volts/division; horizontal scale, 500
psec /division. d - f: vertical scale
1.25 volts/division; horizontal scale,
50 psec /channel.

a. 2 molar NaBr, raw signal.

b. 2 molar NaBr + 7 x 10_5 molar HgCl
raw signal.

2'
c. 0.5 molar NaBr, raw signal.
d. 2 molar NaBr, average of 512 sweeps.

e. 2 molar NaBr + 7 x 10—5 molar HgCl

average of 512 sweeps. 2

£f. 0.5 molar NaBr, average of 1024 sweeps.

T .



9
b 4 4
9
b
b
< L 4
b < 4
S
9
L 4
b 1 4
9 1 4
L 4
. a
[ P
+ q 4
9 q g
4 -
- b
9
9 a
b 4 .
bbb P
s PPV JYTYS FUveE IN e 4 + -
 aaaasaaa; [ -ttt 2 aaasaanasbasns RS A
\AARSRAR A \B2 RAAAS u r
L 4
L
L g
+
4+
+
r S o
v 9 '1
. * b 4 v . 3
" L 4 ‘"‘ q
4+
. . - +
< <>
< v 4+ 1 !
L 4 9 b < -
b . 4 ~
a ~ -
9
< L
4
“v
< . q v
2 9
9
— 4
= b
[ < - .
4 4 . -
s 4
S
— T {
’ L ->
[ 4
9
9 -
+ 3
I -»> 3
b . 4
4+
E -
+ 4
+ 9 B g
[ L 4
o et ls b rid (3]
 aRS2 AASAS RARAS a -1+
e >
< -
b " !
, : -™ -
< -
S 2 S
b +
S +
+
+ ]
R S 2 4
-> 4
+
- -
b
P -
.y - o =
b - -
- 2 3
- \ b -




~50-

small values of 81Br and 79Br relaxation times experienced
here (150 to 750 psec).

Errors in the measured decay rates due to HO inhomogeneity
were minimized by shimming the magnet homogeneity on the sharp
nearby Na23 resonance. The main contributions to the error in
the measured decay rates were introduced by HO drifts during
‘averaging and by small initial deviations from the exact reso-
nance condition, both of which effects introduce incipient
modulation on the phase detected decéy, reducing the observed
relaxation time. Although Ho was stabilized, drift effects
were occasionally noticed when averaging the longer decays and
may introduce some random errors in these cases. They could
not be detected over T2 decays less than 600 pusec for aver-
aging periods up to 30 seconds. The resonance condition was
set by maximizing the decay amplitude over the time interval
between one and two T.'s. Resonance tuning was quite critical

2

at long T2. The inconvenience of having fewer points for the

lBr decay at shorter lifetimes was compensated for by'the
increased linewidth, which caused the drift in Ho and the ini-
tial adjustment of the resonance condition to be less critical.
Consequently, the estimated error in the measured decay rate R

2

was 80 sec—'l or better over the range 1200 to 3500 sec-l.
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Before commencing a series of measurements, a flat base-
line on the portion of the output signal where the decay was
displayed was obtained by adjusting H0 completely off the 81Br
resonance with the sample in the probe. Under these conditions,
the signal appears as a series of pulses separated by a base-
line whose slope is dependent on the detector phase setting.
This settihg was varied until the baseline on the averaged
signal was as flat as possible, thus avoiding the necessity
for any baseline correction. Unfortunately, the probe was
detuned near the end of this series of experiments, and for
some time it was not possible to retune it to obtain a flat
baseline. Consequently, during’some of the later work it
was necessary to work with a curved baseline and subtract the
averaged off-resonance baseline signal digitally in the aver-
ager memory.

Since the bromide decay was exponential at this frequency,
T2 could be obtained from the slope of a linear plot of
1ln (Signal Amplitude) versus time (Fig. 13). This proved to
be a time-consuming process, however, and it was found that
comparable results could be obtained by calculating T2 from
the time interval between two points with known amplitude ratio

on the averaged decay curve and repeating the measurement



Fig. 13.
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Graph of 1n(Signal Amplitude) versus time

for a typical 81Br decay. In order to pre-
sent data in this form, the decay curve

was photographed and the signal voltage for
each channel measured in units of centi-
meters on the oscilloscope graticule. Each
data point corresponds to the output of one
channel. The time interval between points
was 50 psec, the minimum dwell time per
channel.
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several times, readjusting the resonance condition each time.

This method of obtaining T, is shown in Fig. 14. The present

2
data were obtained by this two-point method. Deviations from
linearity on the logarithmic plots were observed at the begin-
ning and near the tail of the decay. Consequently, the firs£

few points of the decay were excluded from the interval used

to determine T2 whenever possible. Every relaxation rate given
here is the average of several separately tuned and averaged
relaxation decays.

Measurement of T2 by this method at bromide concentrations
below 0.5 molar was made difficult by the presence of a 3 KHz
signal originating in the pulse programmer. This signal, apparent
in Fig. (12f), was synchronized with the pulse and appeared
superimposed on the decay. Accurate measurement of decay rates
under these conditions would have required graphical determin-
ation of T, on a considerable number of decays. For this reason,

experiments were not performed at halide concentrations below

0.5 molar.
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For an exponential decay:
1n (12/11) = (tl - t2)/T2

T = (tl - t2)/ln 4

(14.1 channels X 50 psec./ch.)/1n 4

509 psec.

Fig. 14. Two-point method of determining T2.
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STUDIES ON SIMPLE THIOLS

I. Introduction

In order to gain a better understanding of the capabili-
ties of the halide-probe technique, NMR titrations were per-
formed on a series of simple sulphydryl-containing compounds.

Exhaustive polarographic studies by Koltoff (43-47), with
such compounds have demonstrated that in the presence of mer-
curic ion, thiol dimers of the form RSHgSR exist in equili-
brium with small quantities of uncomplexed thiol. In the di-
mer, mercury-bromide binding cannot occur, and no chemical ex-
change will be observed as long as all available mercury is
bound in this manner. However, the thiol-dimer equilibrium has
been found to be strongly dependent on the pH and bromide con-
centration, and, under appropriate conditions, sufficient dis-
sociation of the dimer occurs to permit the presence of apprec-
iable quantities of [HgBr4]2— ion. Since the existence of
this species will be evidenced by an increase in R2, observa-
tion of the halide decay rate during the course of the titra-
tion will provide information on the stability of the dimer

under experimental conditions.
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II. Theory

From simple equilibrium theory, it is possible to predict
the dependence of R2 on the concentration of thiol and mercuric
ion under varying conditions of pH and ionic strength. The fol-

lowing equilibria will be used to describe the species encoun-

tered here:

'Hg++ + 4Br ::::[HgBr4]2- (56a)
RS~ + H' s==2RsH (56b)
++ -
Hg + 2RS &—=RSHgSR (56¢)
RSHgBR + RS ==2RSHgSR + Br (564)
Dissociation constants for (56a) - (56d) are given by

gttty et

K., =
1 [HgBrZ—] (57a)
_ [rsT1 [
K, = [RSH] (57b)
_ [Hg™*Y [rs” 22
K3 = T [RSHgSR] (57¢c)
K = [RSHgBrl] [RS ]
4 ~ [RSHgSR] [Br~) (574)

ey
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Available literature values for these constants except K4
are given in Table I. Of the compounds used in this study,

all but mercaptoethanol bore either amino or carboxyl groups

in addition to the sulphydryl group. The effect of the charge
of these species on the chemistry of the sulphydryl group has
been neglected in (56a) - (56d4), an approximation which is

valid at acid pH. Kolthoff (45) has shown that the charge of
the carboxyl groups in cysteine and glutathione has no effect

on the dissociation constants of the mercaptides. The values

of K3 for these two compounds are those of the species with pro-
tonated amino groups; the concentration of other species may :
be ignored below the pH indicated in Table I, and K3 will be
independent of pH within this range. In the case of mercapto-
acetic acid, Kolthoff (47) has shown that the effect of the
charge on the carboxyl groups must be taken into account. How-
ever, the dissociation constant for the mercaptide is constant
below pH 4.7 and hence the above approximation will be valid
within this range. Values for mercaptoacetic acid will be used
in calculations for mercaptosuccinic acid. Combining equations
(57a) - (57c¢) yields

K, [RSHgSR] [H+]2 [Br_]4

2 -
[agBr’, ] = (58)
4 KgKl [RSH]2
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The amount of mercuric ion added and the amount of RSH origi-
nally present may be defined as

[Hg]total = [RSHgSR] + [HgBr4 ] (59)

[RSH]total = [RSH] + 2[RSHgSR] (60)

Hg++ and RS , as is apparent from the equilibrium constants
of Table I, will be present in negligible amounts. For the
present, the species RSHgBr has been neglected, since the exis-
tence of this monomeric complex cannot be demonstrated polaro-
graphically (44, 45). The case where there is a detectable
concentration of monomer will be discussed later.

Solving equations (59) and (60) for [RSHgSR] and [RSH],
substituting in equation (58), and rearranging results in a

third order equation:

2
x3 + (v - 2W)x2 +<¥_§_2E) X+R(X ~wW) =0 (61)
where
2~
X = [HgBr4 ] (62a)
vV = [RSH]total (62b)
K, SR R

R = (62c)
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(624)

From equation (47), it is apparent that knowledge of « for
the binding species [HgBr4]2— pgrmits calculation of R2 for
a given mercury concentration under prescribed conditions of
pH and bromide concentration once equation (61) has been solved
for X.
Equation (61) was solved for X as a function of W for a
series of different values of ® by the program shown in
Fig. 15. The resulting family of curves is presented in
Fig. 16. Two conclusions are at once apparent from Fig. 16:
1. In order to obtain an accurate and definitive end-
point in this type of titration, conditions of pH
and halide-ion concentration must be maintained so \
that ® is less than 10—10.
2. In the region 10—10<m<1o’9, extrapolation of the por-
tion of the titration curve past the end-point to
zero concentration of [HgBr4]2— would result in a
value for the end-point which is up to 10% too low.
In this range of ®, an end-point correction or curve-

fitting would be in order if an accurate end-point was

desired.
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Fig. 15. Program used to solve equation (61).
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C CARDANC PROBLEM

IMPLICIT REAL*8 (A-1,0-2)
W= 0.002
H=z 0.l

101 Al = 0.1

100 A = Al%W
B = (W - 2%A)
C = ((W -2%A)/2)%%2 + H
D = —A¥H

102 FORMAT (/! W ='4yD10.4y" H ='"4yD10.4," A =',D010.447)

PRINT 102y WyHyA

T = CROCT{(B+Cy+D)

Al=A1+40.1

IF (Al.LE.1.001) GO TO 100

H= H*0.1

[F { HeGT.1.D-11) GO TO 101
STOP
! END

5 REAL FUNCTION CROOT#*8( B,C,D)
: IMPLICIT REAL*8 (A-1,0-2)
21 FORMAT(/' LIMITING CASE?/)
44 FORMATI(///* B =v,D16.8,% C =',D16.8,' D=',D16.8,/)
Q = B*B%B/27 - B*C/6 + D/2
P = ( 3%C - B*B)/9
DELTA = @Q*Q + P*px%p
Pl = 1.0471976
PA = 6.2831856
IF ( DELTA)1,2,3
1 ZEN = DABS(Q)
R = Q*DSQRT(DABS(P))/ZEN
FI =DARCOS(Q/R*%*3)
444 FORMAT(/' ARGUMENT FI = ?',D16.8,/)
X1 =-B/3 -2%R*DCOS(FI/3)
X2 =-B/3 +2%R*DCOS( PI-FI/3)
X3 = -B/3 +2%R%DCOS(PI + F1/3)
11 FORMAT(/' X1 =',D16.8,' X2 =',Dl6.8," X3 =',D16.8 )
PRINT 11,X19X2,X3
GO TO 35
2 PRINT 21
GC TO 33
3 BAR =-Q +DSQRT(DELTA)
ABA =DABS(BAB)

;
i
i

< BAL = -Q -DSQRT(DELTA)
: ABL =DABS(BAL)
% Cl=1./3

X11 = BAB * ABA*%C1/ABA
] X12 = BAL * ABL*%C1/ABL
é X1 = =B/3 +X11+X12
; 55 FORMAT(/' X1 =',D16.8)
PRINT 55, X1
g 35 CRIT = (X1#**3+B%X1%%2 +C*X1 +D)/D
’ 31 FORMAT(' CRITERION =',D16.8,/)
32 PRINT 31, CRIT
33 RETURN
END




Fig. 16.
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Simulated titration curves for simple
thiols at low pH produced by solution
of equation (61).
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Using the criterion that R = 10_10 and the data of Table 1,
(62c) may be used to predict the minimum pH at which thiol
titrations may be performed without end-point error. The re-
sults of this calculation are presented in Fig. 17.

The present derivation can be generalized for a system
where RSHgBr exists in a measurable guantity. In this case,

equations (59) and (60) become

(Hg]

2 -
total = [RSHgSR] + [HgBr4 ] + [RSHgBr] (63)

[RsH], | = [RSH] + 2[RSHgSR] + [RSHgBr] (64)

tal

Solving for [RSHgSR] and [RSH] as before and substituting into

equation (58) yields

3 2 V—2W2 ' V=-2W
XW + X (Y+V-2W) + ( 3 ) X + R(X+Y-W) + XY(—E——> i
Y2X
+—:‘2-— =0 (65)

where Y = [RSHgBr]. It is possible to eliminate the unknown Y
by assuming that the value of o« 1is the same for RSHgBr and

2-—
[HgBr4] (an assumption which would 1likely be valid for small

peptides) and defining the parameter P = 4X + Y, where

_ ¢ P
2 2 2F [Br~]

(66)



Fig. 17.
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Minimum pH for which the condition

R < 10_-10 can be met as a function
of bromide concentration. Curve a,
cysteine and glutathione; curve b,

mercaptosuccinic acid.
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In the case where this assumption is clearly invalid, an esti-
mation of the correlation time for the monomer may be made, and
the expression for P modified accordingly. Replacing Y by

P - 4X in (65) results in the expression

5x3 - x2 (V-2W+3P) + x{(vz'zw) (P + ‘_’2:2_"1)

"
- 3% + -2——} + R(P-W) =0 (67)

Measurement of R2 during the titration of a thiol which pro-
duces some quantity of monomer will permit calculation of P
for each point on the titration curve; once P is known, (67)
can be solved for X and the concentration of RSHgBr determined.
Solving (63) and (64) for [RSHgSR] and [RS ] and substituting

into (57d) then permits calculation of K4.

K.Y
= f———2" [V ~-2W + 2X + Y
K4 B ([Br"][H"'])( W-X-Y ) (68)

In the present study, it has been possible to account for

the observed titration curves by assuming that the tetrabromide
ion is the only exchanging species. However, application of
the present technique to the study of other peptides may re-

sult in the formation of appreciable amounts of monomer, ren-
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dering a method of determining the monomer concentration

guite valuable.



IIXI. Experimental

Crystalline glutathione (purity 98-100% claimed by manu-
facturer) was purchased from Sigma Chemical Company. Reagent
grade mercaptosuccinic acid was supplied by Eastman Organic
Chemicals. L-cysteine was a product of Matheson, Coleman, and
Bell, and reagent grade mercaptoeﬁhanol was purchased from
J.T. Baker Chemical Company. All were used without further
purification. All other chemicals were reagent grade. Twice-
distilled water was obtained from a Corning AG-10A Pyrex still
and used to prepare all solutions.

Titrations of thiol compounds were performed by preparing
a 10 ml. sample of the thiol reagent in 0.5 - 2 molar NaBr solu-
tion. At pH 6, solutions were buffered with 0.05 molar phos-
phate, while very acidic or basic conditions were achieved by
the addition of HC1l or NaOH to unbuffered sodium bromide solu-

tion. After recording the initial bromide T, decay, aliquots

2
of 0.1 molar mercuric chloride solution were added, using Ox-
ford micropipettes, and the decay was remeasured. Mercuric
chloride was used as a titrant rather than mercuric bromide
because of its greater solubility. Competition for mercury

binding sites from the small amounts of chloride added was

considered negligible. Solution temperature was assumed to be
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that of the NMR probe, 26 + 2°C.

The pH of small volumes of solution was measured with a
Fisher Accumet pH meter equipped with a Fisher 13-639-90 combi-
nation electrode; where greater accuracy was desired, a
corning model 12 expanded-scale pH meter with Corning 476022
glass electrode and Corning 470002 reference electrode was used.
Sodium error was negligible under the conditions encountered
in this series of experiments. Fisher standard buffers at

PH 2, 4, 6 and 10 were used for calibration.
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Iv. Results and Discussion

Since HgCl,_ was used as a titrant over a wide range of

2
pH, it was deemed necessary to determine the effect of pH on
the behaviour of the tetrabromide ion formed in the presence
of NaBr. Data showing the dependence of R2 on the amount of
mercuric ion added for pH 2.2 - 11.1 are presented in Fig.

(18) - (20). Values for o calculated from a linear least

squares fit of these data are given in Table II.

Table II - Values of a for [HgBr4]2— in 2 M. NaBr, 26°cC.

pH a, 1 m.—ls._l Std. peviation| Avg. o, 1 m.mls._'l
2.2| 2.71 x 10° 0.1 x 10°
6.1| 2.83 x 10° 0.06 x 10° 2.75 + 0.1 x 10°
11.1) 2.72 x 10° 0.13 x 10°

Since « is independent of pH over the range of experimental
conditions encountered in this study, it will be permissible to
use a, . in calculations involving this constant of tetrabro-
mide ion.

Titration curves for mercaptosuccinic acid, cysteine,
glutathione, and mercaptoethanol are presented in Fig. (21)
through (24). The reproducibility in the measured values of
R2 was 80 secnl over the range of 1200 < R.2 < 3000 sec—l.

Error flags have been omitted for the sake of clarity.



Fig. 18.
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Dependence of R, ©On the concentration of
mercuric ion in 2.0 molar sodium bromide

solution at pH 2.2.
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Fig. 19.
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Dependence of R2 on the concentration of
mercuric ion in 2.0 molar sodium bromide

solution at pH 6.1.

R o

i
i
|
1
i




-71b-

] | I
35F
30} 4
‘—.U
3
o 25f I
—i
>
N
= 20} ;
15F
®
10 | § 1
0 2 4 6

HgCl, ADDED x 10%, MOLES/LITER



=72a-

Fig. 20. Dependence of R2 on the concentration of

mercuric ion in 2.0 molar sodium bromide

solution at pH 1l.1l.
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Fig. 21.
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Titration of 1.2 x 10—3

molar mercapto-

succinic acid with H9C12' (e-0-o), pH

2.5; (A-A-A), PH 5.8;

(m-m-m), pH 11.2;

(----- ), no thiol present.
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Fig. 22.
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Titration of 1.2 x 10_3 molar cysteine with
ch12. (0-o-o), pPH 2.3; (A-A—-A), PH 6.0;

(m-m-m), pH 11.2; (-=—--- ). no thiol present.
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Fig. 23. Titration of 1.0 x 10_3 molar glutathione with
HgClz. (o-e-o®), pH 3.0; (A-A-A), pPH 6.1;

(W-m-m), pH 11.2; (-———- ). no thiol present.
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Fig. 24.
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Titration of 1.25 x lO-—3

ethanol with HgCl (@

x
(A-A-A), PH 5.9; (===
sent.

molar mercapto-

), no thiol pre-
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The results of this series of titrations support the con-
clusion by Kolthoff (44~47) that the final product of the re-
action between a simply sulphydryl compound RSH and mercuric
ion is the formation of the mercaptide RSHgSR. Consider those
curves obtained near pH 6 and 11. Up to the end-point, occur-

ring at

RSH originally present = 2
Total HgCl2 added

R2 is constant for all the thiol compounds studied, indicating
that the mercury in all cases exists in a form where it is in-
accessible to halide exchange. The absence of exchange and

the observed end-point suggest only one structure: the mercap-
tide Hg(RS)2 where the four unfilled 5d orbitals on mercury are
occupied in bonding to the 3p orbitals of sulphur and are not
available for coordinate bonding to free halide ions. Fur-
ther support for this conclusion may be drawn from the studies
of Shindo and Brown (48) on the infrared spectroscopy of metal-
thiol compounds. Shifts in the observed absorption maxima on

complex formation demonstrated that dimers of the type

- 2_
/S S
nc” N\ Scm
2 Hg’ | 2
H.C RS CH
27N . . /
v
o.C HyN NH \co
2 ZJ




g -78-

formed in the presence of excess RSH. Involvement of the amino
and carboxyl groups in metal-thiol bonding was indicated, but
the importance and exact nature of this type of binding is
difficult to ascertain from the data presented in this study.
The amino and carboxyl groups also appear to have some
role in interactions between the mercaptide dimer and free
tetrabromide ion. 1In the case of mercaptosuccinic acid, cys~-
teine, and glutathione, the slope of the portion of the titra-
tion curve past the end-point was greater than that found for
the addition of HgCl2 to NaBr solution. A possible interpre-
tation of this result is that the free carboxyl or amino groups
displace one or more bromide ions from the tetrabromide com-

plex to form a coordinately bound double complex,

([Hg (RS) ]n) ’(HgBr (4_n))

The resulting increase in the overall rotation correlation
time for the complex would appear as an increase in «. The
amino groups would be expected to participate more actively in
coordinate binding in the unprotonated NH2 form and hence
would bind more strongly at basic pH. The increase in a for

cysteine in going from pH 6.0 to 11.2 (Fig. 22) could be

ascribed to this type of binding. Titration of solutions of
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2 molar NaBr and 2 molar NaBr plus 2 x 10_3 molar succinic
acid with chl2 produced identical values of o, suggesting
that the contribution of carboxyl groups to complex formation
is of little importance. This view is supported by the fact
that the slope of the second phase of the titration curve of
mercaptosuccinic acid is much closer to the value found for

2 molar NaBr alone, than is the case for the two amino
compounds. Complexes of this sort were postulated by Kolthoff
(44, 45, 47), who observed formation of a compound ng(RS)2 in
the presence of excess mercury with the second mercury atom
appearing to be loosely bound. Shindo and Brown have also
observed formation of such 1l:1 complexes in several of the Ib
and IIb metals. The situatidn is somewhat complicated by the
fact that Kolthoff (45) was unable to observe the formation

of the Hg2(RS)2 complex in the presence of 2 molar chloride.
As expected, no increase in o near pH 6 is observed with a non-
complexing thiol such as mercaptoethanol (Fig. 24).

Some difficulty with decomposition of the thiol was en-
countered during the course of the titrations on cysteine and
mercaptosuccinic acid, the latter compound being the least
stable. Although titrations were performed as quickly as pos-

sible, shifts in the end-point were unavoidable with mercapto-
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succinic acid and seemed particularly prevalent near pH 6,
as may be seen from Fig. 21. 1In all cases, the end-point oc-
cured at values of [RSH]/[HgClz] slightly less than two, which
suggests that not all of the sulphydryl groups in the thiol
were active. The reason for this anomalous behaviour is not
known.

Near pH 2, the condition R < 10—10 was violated with all
the compounds studied, with the result that no definitive end-

7

point was obtained. Using the value for ¥ avG of 2.75 x 10

liter mole sec derived from Table II, an attempt was made

to fit the solutions of equation (61l) to titration curves de-
ltermined at low pH. Mercaptosuccinic acid was used as experi-
mental material rather than cysteine or glutathione to eliminate
any interference from the binding of mercury by amino groups.
The results of a series of titrations performed on this com-
pound at pH 2.0 for 0.5, 1.0 and 2.0 molar NaBr solutions are

shown in Fig. 25; values for AR.2 = R2 - R2F have been norma-

lized to those expected for 1.0 molar NaBr to remove the [Br]-l

dependence of o and to emphasize changes resulting from differ-
ences in ®. It was found that in order to have a close fit,
it was necessary to take into account thiol decomposition and

set [MSa] = 1.83 x 10“3 moles/liter in the calculation, this



!

Fig. 25.

-8la-

Dependence of the mercaptosuccinic acid
titration curve at low pH on the bromide
concentration. ( ), experimental data;
(----), theoretical relationship resulting
from solution of equation (61). Error

bars represent the error inherent in
measurement of R, at each bromide con-
centration. Values of AR, have been nor-
malized to those expected for 1.0 molar
NaBr.
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value being based on the 8% decomposition apparent in Fig. 21.
Under these conditions, an excellent fit was produced for 2.0
and 1.0 molar NaBr and a less exact fit for 0.5 molar NaBr.
Differences between the theoretical and experimental
curves at 0.5 molar géz_be ascribable to the presence of other
species such as HgBr3(OH2)-. Since the equilibrium constant

(40) for the reaction

[HgBr4]2-';===2 [HgBr3]_ + X (69)
[HgBr3] + H20 = HgBr3 (OH2) (70)
[HgBr4_] -1
is Ko = = 28.8 moles (71)

[Br 1[HgBr,]

it is apparent that in 0.5 NaBr, about 7% of the free mercuric
ion exists as HgBr3(OH2)— with one less site for exchange than
the tetrabromide ion. This may explain why experimental values
for AR2 at higher mercury concentrations are approximately

350 sec"l lower than expected. However, this is not the only
possible explanation. The clarification of the exact pheno-
mena occurring under these conditions would be an interesting

problem but is outside the scope of this work.
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A simple chemical model based only on the chemistry of
the sulphydryl group has been shown to be capable of describing
much of the behaviour of the equilibria encountered in the
study of these simple compounds. From nuclear lifetime mea-
surements on these exchanging systems, it has been possible to
draw conclusions concerning the structures of the complexes ob-
served heref The major limitation of the simple mercuric bro-
mide probe appears to be the instability of the mercury-sul-
phur bond at low pH, rendering difficult direct measurement
on the sulphydryl groups of proteins (for example, pepsin,
rennin, or pepsinogen) requiring such conditions. On the basis
of this information, the application of the probe to the study

of protein structure may now be considered.
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STUDIES ON HEMOGLOBIN

I. Introduction

To date, the majority of halide-probe studies on proteins
have dealt with methods of estimating the number and availability
of metal-ion binding sites from measurements of the 35Cl line-
width Au. Stengle and Baldeschwieler (5) have titrated the
sulphydryl groups of equine and human hemoglobin with mercuric
chloride, finding two identical sites in the native protein.

A similar study by Ellis et al. (12) revealed one and perhaps
two sulphydryl groups with different « values in bovine hemo-
globin and one group in horseradish peroxidase. Bryant (9)

has reported detecting 0.5 sulphydryl group in bovine mercaptal-
bumin and has evaluated the relative strengths of protein-

metal bonding for the Group IIb metals. In all three cases,

Av was found to be dependent on pH and the presence of denatur-
ants, presumably reflecting a structural change within the pro-
tein. However, changes in o« or Av generally did not provide
sufficient data to determine whether these effects were the
result of differences in protein flexibility near the probe site,
changes in the exchange rate, or increased binding at other
sites on the molecule. Non-specific binding of halide ions to

the protein has been observed in most studies; this phenomenon
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has been studied in carboxypeptidase A by Bryant (10) and in
several other proteins by Zeppezauer et al. (18). The binding
of zinc as a coenzyme has been demonstrated by this method for
carbonic anhydrase by Ward (17) and for pyruvate kinase by
Cottam and Ward (11). The chloride probe method has also been
used to titrate the sulphydryl groups of the erythrocyte mem-
brane (14).

Two authors have recently reported experiments wherein or-
ganic mercurials were used to study specific sites in macro-
molecules. Haugland et al. (6) have succeeded in titrating
antidinitrophenyl antibody with a mercury-labelled hapten,
while Marshall(7) has bound the inhibitor p-mercuribenzene-
sulfonyl fluoride to the catalytic site of o-chymotrypsin. In
the latter study, rotational movement of the bound probe appeared
to be hindered when a single methionine group was alkylated.
These studies represent the most promising area for future ha-
lide-exchange studies and will be discussed in detail in the
concluding section.

It is clear that the halide-probe technique is applicable
to a number of biologically important systems and has consider-
able potential for the detection of structural changes within

these systems. However, it is equally evident that a method of

determining which effect is responsible for the observed phe-
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nomena is needed before this technique can yield quantitative
information about macromolecular conformational changes. The
experiments described here will hopefully pave the way to a more
gquantitative description of these phenomena.

The method described in the section dealing with the theory

of the exchange effect for measuring k, and T, for a bound halide-

1 2

ion probe will be applied to the binding of bromide ions to the
free sulphydryl groups of equine methemoglobin. Experiments de-
signed to detect conformational changes within the hemoglobin
molecule by observing these parameters in the native and struc-
turally modified protein will be described.

Hemoglobin was chosen as the subject of this study for a
number of reasons. Present knowledge of the molecular struc-
ture of this.protein is more exact than that of any other macro-
molecule, largely due to extensive X-ray crystallographic studies
(49-52). The biochemistry of hemoglobin has been studied under
a wide variety of conditions; the review by Rossi Fanelli et al.
(53) provides a most comprehensive overview of this field. In
its native state, the protein has four sulphydryl groups that
are not involved in disulphide bridging, one at cysteine residue
Gll (#104) on each « chain and one at cysteine residue F9 (#93)
on each of the B chains (54). As may be seen from Fig. 26, §n1y

the latter two sites are accessible to the surrounding medium
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Structure of the tetrameric hemoglobin mole-
cule (from Dickerson and Geis (55)). The
free sulphydryl group on the o chain is bur-

" ied within the molecule on the G-helix, while

the sulphydryl site responsible for binding
mercuric ion to the B chain is situated on
the F-helix and is in contact with the sur-
rounding medium. Those residues which par-
ticipate in the qlBZ contacts are labelled

in bold type. Dissociation into dimers is
believed to occur through breaking of the

al—Bz and az—Bl contacts (71).
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(53) . Since free sulphydryl sites are available on the protein,
halide-exchange measurements may be performed using mercuric
jon to bind bromide to the protein, thus avoiding the synthesis
of more complex mercurials. Finally, this system has previously
been studied by steady-state chloride NMR (5); hence a comparison
of results with chloride and bromide probes is possible.
Of the many structural alterations exhibited by hemoglo-
bin in response to changes in the molecular environment, the
conformational changes induced by basic pH were chosen as a
model system for evaluating the capabilities of the bromide-
probe method. The results of the sedimentation studies of
Kurihara and Shibata (56) provide insight into the behaviour of
this system and will be summarized briefly here before discus-
sion of the NMR data. The sedimentation constant Sw,20 (extra- .
polated to zero protein concentration in water at 20°c) of |
equine hemoglobin solutions was measured between pH 7.0 and 12.5,

and was found to decrease with increasing pH, as shown in Fig.

27. All of the observed sedimentation patterns showed only a

Fig. 27. Effect of high pH on the

Sw,20 of equine hemoglo-

bin in 0.2 molar phos-

phate buffer. Sw,20 ex-

pressed in Svedberg units.
(from Kurihara and Shi-
bata (56)).

(o)
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single peak, suggesting that only a single hemoglobin type was
present.

The denaturation process may be divided into two steps:
the first step from the native molecule to the_component of 3.48
+ 0.05 S and the second step from the 3.5 S component to the
component of 2.01 £ 0.06 S which is completed above pH 11.9.
Measurement of diffusion constants at pH 7.0, 10.5, and 12.1
yielded molecular weights of 67,800, 67,300 and 35,300 respec-
tively. It was clear that the protein retained its tetrameric
structure during the first step, but dissociated into halves
in the second step. From these data, the frictional ratio
f/fo, where f is the observed frictional coefficient of the
protein and f, is the frictional coefficient for a hypotheti-
cal sphere, could be calculated (57). This quantity was found
to be 1.31, 1.58, and 1.78 at pH 7.0, 10.5, and 12.1, respec-
tively. Since the frictional ratio is related to the shape of
the macromolecule (58), it is apparent that the conformation of
the tetramer is altered by increasing pH. These changes were
found to be reversible below pH 12.

Experiments were therefore performed to measure the ex-
change rate and correlation time for the bound bromide probe at
pH 7.0 and 10.0 in an attempt to observe any conformational

changes occurring within this range. « was determined from the
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slope of the curve for titration of the two free sulphydryl
groups with HgClz. Titrations were performed at different
bromide concentrations and T2B and kl evaluated from a plot of

o versus [Br ] according to equation (48):

11, Tt ]
kl n

where n represents the number of binding sites per molecule.

To could then be calculated from the expression for T2B (38).
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II. Characterization of the Hemoglobin Preparation:

Since the hemoglobin used in this study was a commercial
preparation, experiments were performed to determine the purity
of the samples received and the effect, if any, of preparation
and storage on the protein. The results of these tests will be
described briefly before discussion of the NMR experiments.

A. Experimental

1. Materials

Twice~-recrystallized equine methemoglobin, lot
#U3770, prepared by the method of Drabkin (59) was purchased
from Mann Research Laboratories and used in the studies de-
scribed here. A similar product purchased from Pentex Inc.
was used initially but was abandoned because of variations in
the sulphydryl content. The protein was stored at 4OC in a
dessicator over anhydrous manganese perchlorate. Before NMR
studies were performed, all of the hemoglobin samples from
Mann were thoroughly mixed to ensure homogeneity of the sample.
All other chemicals were reagent grade.

2. Cyanomethemoglobin Assay

The hemoglobin content of shipments from Mann and
Pentex was determined by conversion to cyanomethemoglobin fol-

lowed by measurement of the absorbance at 540 nm (60-63).
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stock solutions for the cyanomethemoglobin assay were prepared
according to the method of Wootton and Blevin (60):
Stock Solution I: 200 mg K4Fe(CN)6 per liter

50 mg KCN

140 mg KH2P04

Stock Solution II: 0.1 molar sodium tetraborate.
25 mg of hemoglobin were dissolved in 8 ml of solution I. Af-
ter 15 minutes, 2.5 ml of solution II were added, followed by
enough solution I to make the volume up to 25 ml. No turbidity
could be detected in the resulting cyanomethemoglobin solutions.
Absorbances at 540 nm were read at room temperature-in a Cary 14
spectrophotometer using standard 10 mm path length cuvettes.
An absorptivity of 11.0 x 103 liter mole—lcm- per heme (61-63)
was used in calculating the hemoglobin content.
3. Spectra

The hemoglobin absorption spectrum was determined
by dissolving samples in 0.2 molar sodium phosphate buffer at pH
7.0 and filtering the resulting solution under pressure through
a 0.65 pum Millipore filter before recording spectra. Solutions
prepared in this way showed no signs of turbidity. Hemoglobin

concentrations were such that the absorbances were between 0.45

and 1.10 for all the samples tested. Each absorptivity is the
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average of measurements on two different samples, with the
exception of the absorptivity for the Soret peak, which is

the average of three samples. In all but one case the two

measurements agreed to within 2%.

4. Column Chromatography

Gel suspensions for gel filtration and ion-ex-
change chromatography were prepared according to instructions
in the literature supplied by the manufacturer (64,65). These
recommendations were followed in loading and eluting the col-
umns. G-75 Sephadex of particle size 40-120 ym and diethyl-
aminoethyl (DEAE) Sephadex A-~50 of the same particle size were
a product of Pharmacia Fine Chemicals Ltd. Glass columns and
accessories were a product of the same company. Columns were
run in a cold room at 800. Samples were eluted from the G-75
column with 0.1 molar NaCl or NaBr in 0.05 molar phosphate
buffer at pH 6.7. The gel column was loaded with 5.7 mg of
hemoglobin dissolved in 0.5 ml of eluant. Dimensions of this
column were 1.4 x 85 cm, and the flow rate was approximately
3 ml cm_2 hr . Hemoglobin was eluted from a 1.4 x 28 cm
column of the DEAE anion exchanger by a linear NaCl gradient.
Starting buffer was 0.1 molar tris(hydroxymethyl)aminomethane-

HCl at pH 8.5. A volume of 2 ml of starting buffer containing

20 mg of hemoglobin was applied to the column. The flow rate
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in this case was 14 ml cm-zhr—l. Before the ion-exchange col-
umn was loaded, hemoglobin solutions were dialyzed overnight
at 8°C against twenty-five volumes of 0.1 molar tris-HC1l star-
ting buffer at pH 8.5 to remove any salt present in the pro-
tein. Samples for gel filtration were not dialysed. Fractions
were collected on an ILKB fraction collector, and fraction volume
was determined from the weight of a representative number of
fractions. Spectra of column fractions were run in 22 X 2 x
10 mm microcuvettes.

pH measurements were performed as previously described.
The pH of column eluants was measured on coldrsolutions in or-~
der to minimize any effects from the temperature dependence of

the buffer pH.

B. Results and Discussion

1. Cvanomethemoglobin Assay

The hemoglobin content of shipments from Mann and Pen-—
tex was determined by conversion to cyanomethemoglobin followed
by measurement of the absorbance at 540 nm (60-63). Two por-
tions of Pentex hemoglobin contained 79 and 80% hemoglobin by
weight. Repetition of the assay on three portions of Mann hemo-
globin yielded hemoglobin contents of 83, 85, and 86%, the aver-

age being 85%. All methemoglobin concentrations reported here
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are corrected to this hemoglobin content.

2. Absorption Spectra

The absorption spectrum of the hemoglobin received
from Mann is shown in Fig. 28, together with absorptivities cal-
culated by Keilin and Hartree (66) and Scheler et al. (67).
Exact values for these guantities are given in Table III. Peak
position identified the hemoglobin as being in its ferric form.
Some discrépancies between the calculated absorptivities and
previously~published results (66,67) are apparent, particularly
at the Soret band and in the range 460-590 nm. These differ-
ences could conceivably be due to the presence of 10-20% oxy-
hemoglobin; however, addition of a 100-fold excess of ferri-
cyanide to the methemoglobin solution caused only minor changes
within this range (dotted line in Fig. 28), proving that 2%

or less of the reduced form was present. Furthermore, Huisman

al (68) have published a spectrum of human methemoglobkin

et
similar in shape to that reported here. The clarification of
these spectral inconsistencies must await future studies.

3. Column Chromatography

Methemoglobin samples were subjected to Sephadex
gel filtration and ion-exchange chromatography on DEAE anion
exchanger in order to evaluate the homogeneity and degree of

dissociation of the protein and to determine whether the 15
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Fig. 28. Absorption spectrum of equine methemoglobin.
Absorptivities at wavelengths below 450 nm
are to be read from the left-hand scale,
while values for wavelengths above 450 nm
are to be read from the right-hand scale.
The solid line represents values for the
equine methemoglobin from Mann. Absorpti-
vities found for equine methemoglobin by
Keilin and Hartree (66) and Scheler et al.
(67) are shown by the dashed line and the
crosses, respectively. The dotted line near
575 nm denotes the spectral change caused by
addition of a 100-fold excess of ferricyanide.
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weight percent impurity was the result of bound water or was

due to some proteinaceous contaminant. Gel filtration pro-

files for hemoglobin eluted from G-75 Sephadex by 0.l molar

NaBr and 0.1 molar NaCl are shown in Figs. 29 and 30 respectively.
Theoretical molecular weights were calculated from the relation-

ship (64,69)
K _==-—"" | (72)

where Kav is the partition coefficient of the protein between
the liquid and gel phases. VO is the elution volume for a sub-
stance completely excluded from the gel. Vt is the bed volume
of the column, and Ve is the elution volume for the protein. VO
was determined as the elution volume of a 1% solution of Dextran
blue. The relation between Kav and the molecular weight was
taken from the literature supplied by the manufacturer (64).
An error in the estimation of fraction volumes for Fig. 29
resulted in the values for V - VO being 5-12% too low. Since
the exact magnitude of this correction is uncertain, uncorrec-
ted values of V - VO are given in Fig. 29. The elution profile
for methemoglobin eluted from DEAE Sephadex at pH 8.5 by a linear
NaCl gradient is shown in Fig. 31.

Heme (405 nm) and prétein (275 nm) absorbance in Fig. 29

peak at the same elution volume, indicating that no signifi-
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Gel filtration of Mann equine methemoglobin on
G-75 Sephadex. Flow rate: 3.2ml cm “hr =,
Eluant: 0.1 molar NaBr in 0.05 molar phosphate
buffer, pH 6.7. Sample: 5.7 mg in 0.5 ml
eluant. Bed dimensions: 1.4 x 85 cm.

.
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Gel filtration of Mann equine methemoglobin

on G-75 Sephadex. Flow rate: 3.3 ml cm™2hr-—-.
Eluant: 0.1 molar NaCl in 0.05 molar phosphate
buffer, pH 6.7. Sample: 5.7 mg in 0.5 ml
eluant. Bed dimensions: 1.4 x 85 cm.
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Fig. 31.
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Chromatography of Mann equine methemoglobin on
DEAE Sephadex A-50 in 0.1 molar tris-HCl buffer
at pH 8.5. Flow Rate: 14 ml cm~2hr~l. Sample:
20 mg hemoglobin in 2 ml starting buffer. Bed
dimensions: 1.4 x 28 cm.
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cant amount of protein contaminant of molecular weight greater
than 7,000 was present. The 15% non-heme portion of the sample

must then be composed mostly of small organic molecules such

as 2,3-diphosphoglycerate, salts, or bound water. Allowing

for the volume error in Fig. 29, both gel profiles for the heme

T e o S ST

absorption consist of a peak at 19-20,000 molecular weight with
a shoulder at 30-34,000 molecular weight. Chromatography of a

sample of the equine hemoglobin from Pentex on this column re-

sulted in a similar elution profile.

The reason for the existence of two peaks at relatively
low molecular weight is not obvious at present. A large volume
of literature supports the view that the hemoglobin tetramer
exists in rapid equilibrium with the dimer and monomer (53),
with dissociation occurring symmetrically (70,71):

X X
QIZBZ = 20Bp == 2«0 + 28 (73)

Published studies (Table IV) suggest that at neutral pH and
low ionic strength, the tetramer should predominante. The
existence of this equilibrium causes the molecular weight es-
timated by the Sephadex method to increase towards the tetra-
mer molecular weight as the concentration of the hemoglobin

sample applied to the column is increased (73). The sample
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concentration used here, 11.4 mg/ml, is higher than the concen-
trations used in published studies (73,74), suggesting that
the molecular weights found here should be higher than the
values in the literature. Based on the fact that Sephadex
studies on hemoglobin generally show lower molecular weights
than do other methods, it appears that the molecular sieve pro-
cess encourages formation of monomer and dimer; however, mo-
lecular weight values as low as those found here have not been
reported to date. It is also possible that some adhesion of
the hemoglobin to the gel may occur, causing an increase in the
elution volume. Horse hemoglobin may be more readily dissoci-
ated than the hemoglobin of other species, but the molecular

- weights calculated by Kurihara and Shibata (56) do not support
this conclusion. Since the molecular weights of the peak and
shoulder correspond closely to those expected for the monomer
(17,000) and dimer (34,000) it is tempting to postulate the
presence of stable monomer and dimer in this sample. However,
unless £he sample has undergone drastic chemical modifications,
present knowledge of the hemoglobin dissociation process makes
this situation highly unlikely. Further studies comparing weights
calculated from gel filtration and from methods such as light

scattering that do not involve partition of the different spe-
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cies will be required to explain the low molecular weights
calculated here. The fact that peaks occur at approximately the
same molecular weights in Figs. 29 and 30 suggests that low con-
centrations of NaBr and NaCl have similar effects on the dis-
sociation of equine hemoglobin. Investigation of the effect

of high salt concentration on the elution profile was not car-
ried out because of a tendency of the protein to aggregate at
high ionic strength.

For a pure tetrameric protein in rapid equilibrium with
dimer and monomer, the elution profile from gel filtration
would be expected to be a single peak at the average molecular
weight (75). The occurrence of a peak and a shoulder is there-
fore unexpected. However, studies on the elution of equine
hemoglobin by a pH gradient from carboxymethylcellulose cation
exchanger reveal the presence of two components in the propor-
tion of 60 and 40% (68,76). Amino-acid analysis (77) reveals
that equine hemoglobin exhibits four possible components arising
from substitution of glutamine for lysine at 60« and of tyro-
sine for phenylalanine at 24«w. Only two components can be
separated electrophoretically. Perutz et al. (78) claim that
the two species should be isomorphous. Although these substi-

tutions occur at residues which are situated on the outside of
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the molecule and are not involved in the QIBZ contact (49,51),
it is conceivable that the two components may still have dif-
ferent dissociation constants Kl and K2. A difference in the
dissociation constants could cause each component to elute at
a different average molecular weight. Bovine and normal hu-
man hemoglobin were found to consist of a single component
(68) and would therefore not be expected to exhibit this type
of behaviour. These data suggest a reason why this type of
profile has not been reborted in Sephadex studies on the latter
two proteins (73,74), but they do not explain thé presence of
the single component observed for equine hemoglobin by Kuri-
hara and Shibata (56). Alternatively, if adhesion of the pro-
tein to the gel were to occur, differences in the adhesion
strength between the two components could easily cause the two
hemoglobins to elute at different volumes. Further studies
are obviously in order.

Only one peak appeared when the methemoglobin purchased
from Mann was chromatographed on DEAE anion exchanger (Fig. 31).
Apparently the anion exchange properties of the two components
are not sufficiently different to permit their separation on
this type of resin. Pharmacia claims separation of oxy- and

carboxyhemoglobin on DEAE Sephadex under the conditions shown
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in Fig. 31 (65). It is likely, therefore, that oxyhemoglobin,
if present, would separate from methemoglobin under these con-
ditions. The presence of a single peak in Fig. 31 supports the
previous conclusion based on spectral data that the amount of

oxvhemoglobin present is negligible.
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III. NMR Studies

A. Experimental

NMR titrations were performed on methemoglobin at

pH 7.0 and 10.0 in 0.5-3.0 molar NaBr in 0.05 molar sodium
phosphate and sodium bicarbonate buffers, respectively. At pH
7.0, hemoglobin solutions were not sufficiently stable for
titrations to be carried out in the manner described for the
simple thiols. At this pH, solutions became turbid after
approximately 5 minutes in 3 molar NaBr and 20-~30 minutes in
0.5 molar NaBr. Measurements were made on clear solutions
whenever possible, although the presence of a slight turbidity
did not produce any observable change in R2. In performing
the titrations at pH 7.0, separate methemoglobin portions were
weighed out for each point on the titration curve, the portion
was dissolved in the NaBr-buffer solution and mixed with the
appropriate quantity of mercuric chloride solution, and R.2 was
measured as quickly as possible. For the addition of micro-
liter gquantities of HgClz, Oxford micropipettes were used as
before. Sample volume was 10 ml in all cases.

At pH 10.0, methemoglobin solutions in 0.5 - 2.0 molar

NaBr showed no sign of turbidity for over two hours. During

this period, measurements of R.2 performed on a sample of
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- . -5 .
4.1 x 10 > molar methemoglobin made 5 x 10 molar in HgCl2

did not detect any changes in R2 exceeding the error in the

decay rate measurement. Because the protein showed no tendency

at this pH to form aggregates which might cause R2 to change
f with time, titrations were performed by adding successive por-

tions of HgcCl, to a hemoglobin solution. This procedure elimi-

2
nated errors due to weighing and mixing a separate sample for
each point on the titration curve. Protein instability pre-

cluded titrations in 3.0 molar NaBr at pH 10.0; under these

conditions, methemoglobin solutions became turbid shortly af-

ter mixing, and precipitation of the majority of the protein

.

occurred within minutes.
Two of the hemoglobin titrations reported here were per-
formed using a mixed buffer composed of 0.05 molar succinic
acid, 0.05 molar monobasic sodium phosphate, 0.05 molar Tris,
and 0.05 molar glycine with sufficient NaOH to achieve the de-
sired pH. This buffer had a practically uniform buffer capa-
city between pH 5 and 10.5 (Fig. 32) but was not used in the rate
constant measurements because of its relatively high ionic strength.
values of o used in determination of T2B and kl were cal-

culated by a linear least sguare fit of the titration data.

Measurements of R2 were performed at [chlz]/[Protein] ratios
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Titration curve of 0.2 molar mixed buffer
composed of 0.05 molar succinic acid, 0.05
molar monobasic sodium phosphate, 0.05

molar Tris, and 0.05 molar glycine with suf-~
ficient NaOH to achieve the desired pH.

Fig. 32.
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of approximately 0, 0.25, 0.50, 0.75, and 1.0. 1In order to
maintain the decay rate within the range where accurate measure-
ments could be performed, methemoglobin and HgCl2 concentrations
were made proportional to the halide concentration. 1In 3.0
molar NaBr, a methemoglobin concentration of 6.4 x 10_5 molar
was titrated with 7.5 x 10_3 molar HgCl2 solution. At pH 7.0,
two titrations were performed for each halide concentration,
with the value of R2 for each point being the average of decay-
rate measurements on two separate hemoglobin samples. Titra-
tions at pH 10.0 were repeated four times for each halide con-
céntration.

values of R2 were obtained by the two-point method. Usu-
ally 6-12 estimates of (tl—t2) were made over different portions
of the decay curve in order to average out the effect of any
spurious signals superimposed on the decay. Each decay rate
quoted here is the average of several separately tuned and
averaged decays. The estimated error in decay rates measured
by this procedure was 40 sec--1 in 2 molar NaBr and 80 sec“l in
0.5 molar NaBr.

Measurement of pH was performed as previously described.

Sample temperature was 23 &+ loc.
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B. Results

The titration curve for 3.8 x lO--5 molar methemoglobin
in 2.0 molar NaBr at pH 7.0 is shown in Fig. 33. One sample of
methemoglobin was used per point. Results of similar titra-
tions of 2.5 x 10_5 molar methemoglobin in mixed buffer at pH
7.0 and 8.5 are given in Fig. 34. Using a separate portion of
methemoglobin for each point intgoduced an uncertainty in R2
resulting from errors inherent in dissolving the individual por-
tions, with the uncertainty being greater as the amount of hemo-
globin to be dissolved increased and as increasing halide con-
centration caused the protein to be less soluble. The magni-
tude of the total possible error was estimated from the devi-
ation of individual R2 values from the titration curve and
was found to be 100 sec_l for 3.8 x 10—5 molar methemoglobin and
60 sec_l for 2.5 x lO_5 molar methemoglobon in 2.0 molar NaBr.
The titration curve for 3.8 x lO—5 molar methemoglobin in 2.0
molar NaBr at pH 10.0 is given in Fig. 35. As this experiment
was performed by adding aliquots of chl2 to a methemoglobin

solution, the uncertainty in R, was simply the error in esti-

2
mating the decay rate from the averaged signal, or 40 sec—l.
The titration curve of Fig. 33 was performed once, as were those

in Fig. 34. Two titrations were performed at pH 10.0, with the

resulting curves being identical. It is apparent that the value
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Titration of 3.8 x 10_5 molar equine methemoglo-
bin in 2.0 molar NaBr in 0.05 molar sodium phos-
phate buffer, pH 7.0. Vertical dashed lines rep-
resent the HgCl, concentration at which the first
and second sulp%ydryl groups would be titrated.
Use of a different methemoglobin sample for each
point caused Ry to be subject to errors resulting
from weighing and dissolving the individual sam-
ples. Possible error in R2 using this method is
100 sec™l.
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Fig. 34.
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Titration of 2.5 x 10—3 molar equine met-
hemoglobin in 2.0 molar NaBr in 0.2 molar
mixed buffer at pH 7.0 and 8.5. One met-
hemoglobin sample used per point. Possible

error in R, is 60 sec-1l,
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Fig. 35. Titration of 3.8 Xx 10~ molar equine met-
hemoglobin in 2.0 molar NaBr in 0.05 molar
sodium bicarbonate buffer, pH 10.0. Esti-

mated error in R2 is 40 sec™+.
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of ¢ is the same at pH 7.0 and 8.5, and approximately half that
value at pH 10.0.

Assuming a molecular weight of 68,000 for the tetramer,
the sulphydryl titer for equine methemoglobin at pH 7.0 and 8.5
fell between 1.2 and 1.5 groups per molecule, while both ti-
trations at pH 10.0 revealed the presence of 1.0 sulphydryl
group. Several titrations were carried out on the equine met-
hemoglobin from Pentex Inc. One shipment of protein exhibited
a sulphydryl content of 2.5 - 2.7 groups per molecule, while a
second shipment apparently contained only 1.3 - 1.5 groups. For
this reason, this product was abandoned in favour of the methe-
moglobin from Mann Research Laboratories. Titrations that were
performed on the second shipment of Pentex hemoglobin at pH 7.0
and 10.0 gave results similar to those shown for the product from
Mann. |

Besides halide exchange at the bound mercury atoms, hemo-~-
globin was found to exhibit non-specific binding of bromide ions,
as evidenced by the increase in the decay rate with increasing
protein concentration shown in Fig. 36. This effect has been

t al. (18) and

observed with a number of proteins by Zeppezauer
has been shown to be independent of the presence of bound metal-
lic ions. Zeppezauer et al. concluded that this phenomenon is

the result of quadrupolar relaxation resulting from interactions
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Dependence of R, on the methemoglobin con-
centration in t%e absence of mercury. Met-
hemoglobin samples dissolved in 0.5 molar NaBr
in in 0.05 molar phosphate buffer, pH 7.0.

Estimated error in R2 is 80 sec-l.
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between bromide ions and undetermined groups on the surface
of the protein. Viscosity measurements performed in this
laboratory on methemoglobin solutions showed that the increase
in viscosity with increasing protein concentration contributes
only slightly to this change in R2. It is probable that the
nonlinearity of the dependence of R2 on the methemoglobin con-
centration is due to dissociation of the tetramer at low
protein concentration.

In order to separate the contributions of kl and T2B
to the values of o found for the sulphydryl groups at pH 7.0
and 10.0, titrations were performed at different bromide con-
ceentrations and kl and T2B/n evaluated from the plots of a—l ver-
sus [Br_] shown in Fig. 37 according to equation (48). For
these experiments, the IBM 360 computer was programmed to
calculate @ and its standard deviation by a least square
fit of the titration data. Error bars in Fig. 37 represent
the greater of either the average of the standard deviations
of the individual o values or the range of values of o. A
least square fit of the data in Fig. 37 produced values of kl
and T2B/n given in Table V. Halide exchange was assumed to

occur at two sulphydryl sites per molecule of tetramer. Stated

errors represent one standard deviation. Values for the cor-
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Determination of kl and T2B for equine

globin at pH 7.0 and 10.0. Error bars
sent the greater of either the average
standard deviation of the individual ¢«
or the range of values of ¢«.

methemo-

repre-
of the
values,
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relation time of the bound halide nucleus were calculated
assuming an 81Br quadrupolar coupling constant of 320 MHz
(40) and the expression of Abragam (38) for T2B'
Several attempts were made to repeat the rate constant
measurement at pH 7.0 with 79Br as an independent check on
the calculated values of kl and (N Because of field drifts
in the magnet, reliable data could only be obtained in 2.0
molar NaBr, where the signal strength permitted short aver-
aging periods. Two titrations at this bromide concentration
yielded an average ¢ value of 0.61 + 0.06 x 10"7 liter mole

-1 79B

sec for r. Assuming that the correlation time for the

-10
bound probe at pH 7.0, 0.74 x 10 sec, 1s the same for both
81 79 C . \ .
Br and Br, i1t 1is possible to estimate the magnitude of
79
the exchange rate for Br from this value of o. The exchange
rate obtained using a value of 1.4 for the square of the ratios
79 81 . . .
of the gquadrupole moments of Br and Br is given in Table V.
9
The estimated / Br rate constant is in reasonable agreement with
the rate constant measured for 81Br. Since equation (48) pre-
dicts that different isotopes should yield the same value for

the rate constant, this result provides some verification of

the data of Table V.
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C. Discussion

It is not possible at present to put forward a satis-
factory explanation of the low sulphydryl contents found
here. Published results generally confirm the existence of
two free sulphydryl sites per hemoglobin tetramer. X-ray
structural studies (49,52) predict the existence of one ex-
posed -SH group on each B-chain. Amperometric titration
of equine hemoglobin (79) revealed 2.64 mercury-binding sites
per molecule at 0°c. Stengle and Baldeschwieler (5) found
approximately two sulphydryls per molecule in 0.5-4.0 molar
NaCl by 35Cl NMR, although no exact estimate of the sulphy-
dryl titer could be made from their data. Results of a similar
titration performed on bovine hemoglobin (12) were interpreted
in terms of two different mercury-binding sites; however, as
there was considerable uncertainfy in these data, the results
could be construed as resulting from titration of only 1.5
sulphydryl groups. This is the only published study which
could be in agreement with fhe present values. The absence
of evidence for g-gB chain contacts in the tetramer (59-52)
and the fact that hemoglobin would be dissociated into a8
dimers by the concentrated salt solutions (Table IV) and sul-
phydryl reagents (71) used in the halide-probe method, rule

out the possibility that titration of one 93p cysteine resi-
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due prevents titration of the corresponding site on the second
B-~chain via a conformational change.

It seems unlikely that the sulphydryl content has de-
creased on storage; Cole et al. (80) have kept lyophilized
human hemoglobin for two years without loss of sulphydryl con-
tent. These authors do, however, mention recording lower
sulphydryl titers with lyophilized samples that were reluc-
tant to dissolve.

The results of Kurihara and Shibata (Fig. 27) and the
NMR data in Figs. 33-35 are in excellent agreement. Kurihara
and Shibata found the protein structure unchanged between
pH 7.0 and 9.0, but by pH 10.0 observed a conformational
change occurring without dissociation. « was the same at pH
7.0 and 8.5 but had decreased by half at pH 10.0, suggesting
that the environment of the 93 sulphydryl groups had under-
gone some strﬁctural alteration. Since hemoglobin is disso-
ciated into dimers by the conditions encountered here, and
yet exhibits the same pH effects found for the tetramer, con-
formational changes induced ﬁy basic pH are apparently not
sensitive to the degree of dissociation of the tetramer.

The correlation time of 0.74 x lO_lO sec calculated
10

at pH 7.0 is in excellent agreement with the value of 10

sec estimated by Ellis (12) for the sulphydryl groups of
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bovine hemoglobin at pH 6.3. Correlation times obtained by the
NMR halide-probe method are shorter by two orders of magnitude
then those found by other methods; Haugland and Stryer (81)

for example, used depolarization of fluorescence to calculate

a rotational correlation time of 5 x 10-8 sec for anthraniloyl

chymotrypsin. It is apparent that the probe is indicating mo-

tion at the binding site rather than rotation of the macromolecule

as a whole.

Reference to Fig. 5 reveals that the values of kl and
To in Table V place bromide exchange in methemoglobin well
into the intermediate region between the fast and slow ex-
change limits, where both kl and T, may be measured. Since
other proteins may be expected to exhibit similar values for
these gquantities, it is likely that both parameters will in
general be measurable with bromide probes.

The fact that the bromide exchange rates calculated here
for protein-bound mercury are close to those found for the
tetrabromide ion (3.7 + 4 x lO7 liter mole—lsec—l) is a re-
sult of some consequence, since these rates are close to the
theorétical diffusion limit (40). In this limit, the exchange
rate will be sensitive only to steric effects limiting the

rate of diffusion to and from the binding site and will not
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depend on the chemistry of the mercury-bromide or mercury-
sulphur bond. This result implies that the rate of bromide
exchange with protein-bound mercuric ion should in general

be dependent on the configuration of the protein chains sur-
rounding the binding site. This prediction is verified by
the pH-dependent change of kl from 3.27 x lO7 liter mole-l
secnl (pH 7.0) to 1.2 x lO7 liter mole“lsec—l (pH 10.0). Ex-
change-rate measurements may therefore be expected to yield
considerable information concerning the nature of conforma-
tional changes at specific sites in macromolecules.

The data of Table V demonstrates that the changes ob-
served in o between pH 7.0 and 10.0 result from alterations in
both kl and Tc. It is apparent that basic pH causes an in-
crease in the flexibility of the environment of the 93B site
(characterized by Tc) and a decrease in its accessibility
(characterized by kl).

Since the exact nature of the conformational changes
occurring between pH 7.0 and 10.0 is unknown, interpretation
of these data in terms of the structure of hemoglobin is diffi-
cult. Hemoglobin in acid medium has been found to adopt a

highly disordered structure accompanied by the loss of o-helical

regions, but is believed to be much more stable toward alkaline
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pH (82). Optical rotary dispersion spectra for equine met-
hemoglobin show small changes in the ultraviolet between pH

6.0 and 9.5, but are difficult to interpret owing to inter-
ference from the Soret band Cotton effect (83). The decrease
of TC from 0.74 x 10—_lO sec at pH 7.0 to 0.4 x lO—lO sec at

pH 10 must result from enhanced flexibility of the polypep-
tide chain at or near the 938 site at this pH. Presumably this
enhanced flexibility reflects some disordering of the «-helix
or the removal of a steric hindrance imposed by the proximity
of another part of the protein chain.

Some general inferences may also be drawn on the basis of
the atomic model of the tetramer at neutral pH. Under these
conditions, the 938 sulphydryl group is believed to be ex-
posed to the surrounding medium. The present NMR data yield
a value for the exchange rate at this site which is close to

that calculated for free mercuric bromide ion (3.7 + 0.4 x lO7

liter mole—lsec—-l (40)), suggesting that solvated bromide ions
have free access to this group. These data are therefore in
accordance with the predictions of the X-ray model. The de-
crease in the exchange rate at high pH implies that diffusion

of the bromide ion to and from this site is in some manner

hindered. The helix HB is closest to cysteine 93g (Fig. 27)
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and could conceivably cause the observed effect by closely
approaching the FB helix and shielding the bound mercury from
the solution. Alternatively, this steric hindrance may be the
result of deformation of the FB helix near the cysteine site.
Elucidation of the exact cause of these phenomena must await
further structural studies.

The results presented here represent a preliminary
study of the 93p site of hemoglobin. According to the atomic
model, this residue occupies a strategic position within the
tetramer. Perutz (52) concludes that the salt bridge between
histidine 146p and aspartate 94B is broken on oxygenation,
with resulting alterations in the B-chain conformation near
the probe site. The chain segment histidine 97--aspartate 102
bearing five of the nine B residues participating in ale con-
tacts (Table 1 of reference (51)) is nearby and may affect the
93p site when contacts between the monomers are modified by
ligation of the heme. Recently, the sensitivity of the 938
sulphydryl site to oxygenation-dependent conformational changes
has been demonstrated with horse and human hemoglobin by the ESR
probe technique. Changes inlthe paramagnetic resonance spec-
trum of iodoacetamide spin labels attached to this group where
observed on oxygenation of either the o or B chains (84). Pro-
viding that a satisfactory solution can be found to the problem

of protein aggregation, halide-exchange studies on this site
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may also yield information regarding ligand binding. It is
apparent that the possibilities for probe studies on this sys-

tem have only begun to be explored.
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STUDIES ON OTHER PROTEINS
I. Papain

Papain (EC 3.4.4.10) is a proteolytic enzyme of molecular
weight 20,700 (85) bearing one free sulphydryl group at the
active site (86,87). Since a monomeric protein with a single
mercury-binding group would be an ideal system for halide-
exchange studies, NMR titrations were performed on this en~
zyme at the beginning of this study to determine its feasi-
bility for halide-probe experiments.

Twice-recrystallized papain was purchased as a suspension
in acetate buffer, pH 4.5, from Sigma Chemical Co. Protein
concentration was determined from the absorbance at 278 nm
using an absorptivity of 51,800 liter mole“lcm_l (88).

The initial titration, performed on a suspension of
6.4 x 10_5 molar papain in 2.0 molar NaBr in 0.05 molar ace-
tate buffer, pH 4.5, did not show any break in the curve indi-
cative of a reactive sulphydryl group and appeared very similar
to the bottom titration curve of Fig. 38. Repetition of the
titration at pH 6.0 yielded the upper titration curve of Fig.
38. The break in this curve suggests the presence of a reactive
sulphydryl group, but the change is small enough to conceivably

be the result of improper tuning of the resonance condition.



~130-

R2 was determined graphically in this case, and with this
method mistuning is often not as obvious as with the two-
point method. These experiments were performed within a
few days of the sample being opened.
Titrations were repeated on this sample two months later
under the following conditions:
(a) 3.2 x 10—5 molar papain dissolved in 0.5 molar NaBr,
PH 6.6.
(b) 6.4 x lO_5 molar papain suspended in 2.0 molar NaBr,
pH 6.0.
(¢) 6.4 x lO_5 molar papain suspended in 2.0 molar NaBr,
pH 8.3.
The titration curve from (b) is shown in the lower part of
Fig. 38. No evidence for any sulphydryl group was seen in
these experiments. These results were particularly puzzling
in view of the fact that Mensch (89) reports titrating 0.5
sulphydryl group in papain using 35Cl NMR. Correlation time
for the bound probe was calculated to be 3 + 1 x lO-_lO sec.
Recent studies on the activation of papain shed some
light on this dilemma. Cryétalline papain prepared by the
method of Kimmel and Smith (90) commonly exhibits low enzymatic

activity and a sulphydryl titer of 0.5 or less. The inactive
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Titration curves of papain. Top, titration
of 6.4 x 10~° molar papain suspended in 2.0
molar NaBr in 0.05 molar phosphate buffer,
pH 6.0. was measured by the graphical
method, causing the possible error in R, to
be 100 sec™l. The titration was per formed

a few days after the sample was opened.
Bottom, titration performed under the same
conditions two months later. R, was mea-
sured by the two-point method (See text) and

the possible error in R2 is 80 sec™+.
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form of the protein has been shown (91,92) to exist as a di-
sulphide formed between papain and free cysteine present in the
last steps of the purification procedure. Activation frees

the bound protein sulphydryl group. In the presence of cys-
teine, activated papain has been found to undergo rapid oxi-
dation by air to the inactive form (91). The experiments re-
ported by Mensch were apparently carried out on a partially
active preparation of the enzyme; hence the low sulphydryl
content. If the results shown in Fig. 38 (top) are indica-

tive of the presence of one free sulphydryl group, then the
disappearance of this group may be ascribed to air oxidation of
the enzyme in the vial after breaking the seal. If the apparent
break in this curve is attributed to experimental error, then
the enzyme was obviously in the inactive form when received.
Since further NMR studies would require activation of all sam-
ples of the enzyme followed by careful removal of the activa-
tor, and since the presence of traces of free cysteine could re-
sult in variations in the sulphydryl content of the protein,

halide-probe studies on this system were abandoned.

II. Ovalbumin
Ovalbumin is a globular protein of molecular weight

45,000 bearing three free sulphydryl groups (93). One ti-
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tration performed on a solution of 5.9 x 10—5 molar ovalbumin
in 2.0 molar NaBr at pH 7.0 revealed that this protein binds
approximately two equivalents of mercury at sites where ex-
change with bromide ions in the solution does not occur. Pro-
tein concentration was calculated from the sample weight and
no effort was made to determine the purity of the sample. Twice-
recrystallized, lyophilized, and salt-free ovalbumin was a pro-

duct of Sigma Chemical Company.
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Titration of 5.9 x 10—5 molar ovalbumin
in 2.0 molar NaBr in 0.05 molar phos-
phate buffer, pH 7.0. was determined
graphically.and has an estimated error
of 100 sec .
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GENERAL CONCLUSIONS
The halide-exchange technique described here has proven
to be a method capable of detailed probing into the structural
and dynamic properties of proteins and peptides. On the ba-
sis of experience with this method, it is possible to draw
some conclusions regarding the use of Br as an NMR probe
and to suggest promising avenues for extension of the present

studies.

I. Comparison of Chloride, Bromide, and Iodide as NMR Probes

As the magnitude of AR increases with the square of the
quadrupolar moment Q, it would seem that I would be a super-—
ior probe to Br , and Br to Cl . However, comparison of the
decay rates for aqueous NaCl and NaBr reveals that R2F is
50 secml for the chloride nucleus but 1200 sec-.l for bromide
nuclei. Solvation asymmetry obviously has more drastic ef-
fects on the nucleus with the greater quadrupole moment. For

this reason, observed changes in R2 relative to R2F for Br are

actually smaller than is the case for chloride. In this sense,
iodide would probably be the least sensitive of the three probes,
with chloride being the best. Also, the shorter the decay time,

the more difficulty is encountered in accurately determining R2.
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Since the correlation times estimated by Mensch (89)
for papain and Ellis (12) for bovine hemoglobin are of the
same order as those measured here, 10_10 sec, it seems likely
that this is a typical value for sulphydryl-bound halide probes.
If the halide-exchange rate is 9 x 107, 4 x 107, and approx-

-1 (40) for 1, Br_, and Cl1 re-

imately 107 liter mole—lsec
spectively, this correlation time would situate bromide and

iodide exchange well into the intermediate region between the
slow and fast exchange limits (Figs. 5 and 40) while placing
chloride exchange nearly at the fast exchange limit (Fig. 9).

a would therefore depend mostly on L with chloride probes.

It is probable that only with bromide and iodide probes can

both k. and TC be measured for sulphydryl groups by this method.

1

Other halide probes than mercuric ion (see next section) may
exhibit quite different correlation times and it may be nec-

essary to use a different halide to measure both k. and Tc in

1
each case.

II. Improvements to the Spectrometer and Data Acquisition

System

Several modifications to the present equipment would re-

sult in considerable saving of time and some improvement in
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Fig. 40. Calculated dependence of ¢ on the rate
of halide exchange for 2.0 molar iodide.
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the accuracy of this method. Use of a signal averager with

a minimum dwell time of 1 psec would permit measurements of

R2 to be made on the off-resonance beat signal, thus elimi-
nating the necessity for critical resonance tuning and the
consequent danger of off-resonance modulation effects. R2
could be accurately determined from one measurement under
these conditions. Better field stabilization is definitely
in order if long averaging periods are to be used. The prac-
ticality of the bromide-probe method would be greatly enhanced

by such technical improvements.

III. Other Possible Probes

Extension of this technique to the study of more com-
plex and informative probes suggests attractive possibilities
for future research. Since mercury is a popular heavy-metal
label for X-ray crystallographic studies, a number of organo-
mercury compounds suitable for halide-probe studies are now
available. The review by Blake (94) presents an excellent
summary of recent pfogress in this field. Marshall (19) has
recently bound a series of these bromomercurinaphthalenesulfonyl
chloride inhibitors (I) to the essential serine in the active

site of o—-chymotrypsin. Complexes of the enzyme with inhibi-
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tors bearing mercury at different

sites exhibited different 35Cl and
81

ClHg 0.Cl
Br linewidths, the results being

(1)

interpreted as variations in the
correlation time of the bound label. In theory, titrations
performed with these probes could yield values of kl and Tc
for each site on the inhibitor. These results might then yield
detailed information regarding the fit of the inhibitor into
the active site.

Several sulfonamide inhibitors (II-IV) used in X-ray

studies on carbonic anhydrase require only complexing of the

mercury to a halide atom for halide-exchange studies:

CH, —Hg~8—CH,—CO—NH—SO, «Q—Nﬂ, (I1)

SO,NH,

cm—ﬂz—s—cm~co—NH~®-80.m (111)

—N
|

N
l
cn,——u;—s—cu,—co——m—@—so,—— ﬁl\s)\so,mi, (IV)
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Analogues of these inhibitors prepared with the substituents
meta and para to each other would be expected to fit differ-
ently into binding sites and be sensitive to different con-
formational changes. Probes with varying lengths of carbon
chain between the mercuric halide and the protein-specific
group could act as biochemical rulers. Measurement of the
length of probe required to increase the halide exchange rate
to the value for free tetrabromide ion (that is, the chain
length required to leave the mercury atom outside the protein)
might permit estimation of the depth of buried active sites.
More sophisticated experiments utilizing the findings of
Huntress (25,34) might permit some estimate of the anisotropy
of the movement of these probes. It should be possible to
synthesize NMR probes to fit any given site. The flexibility
of this method appears limited only by the imagination with

which it is applied.
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