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Ligand Binding to Heme Proteins: Relevance of Low-Temperature Data’
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ABSTRACT: Binding of carbon monoxide to the 8 chain of adult human hemoglobin has been studied by
flash photolysis over the time range from about 100 ps to seconds and the temperature range from 40 to
300 K. Below about 180 K, binding occurs directly from the pocket (process I) and is nonexponential in
time. Above about 180 K, some carbon monoxide molecules escape from the pocket into the protein matrix.
Above about 240 K, escape into the solvent becomes measurable. Process I can be observed up to 300 K.
The low-temperature data extrapolate smoothly to 300 K, proving that the results obtained below 180 K
provide functionally relevant information. The experiments show again that the binding process even at
physiological temperatures is regulated by the final binding step at the heme iron and that measurements
at high temperatures are not sufficient to fully understand the association process.

’Ee binding of dioxygen and carbon monoxide to heme
proteins has been studied by many groups, both experimentally
(Gibson, 1956; Antonini & Brunori, 1971; Austin et al., 1975;
Alberding et al., 1978; Alpert et al., 1979; Dudell et al., 1979;
Beece et al., 1980; Chernoff et al., 1980; Dudell et al., 1980;
Friedman & Lyons, 1980; Lindqvist et al., 1981; Doster et al.,
1982; Dlott et al., 1983; Henry et al., 1983) and theoretically
(Hinggi, 1978; Case & Karplus, 1979; Agmon & Hopfield,
1983a,b; Young & Bowne, 1984). Many of the experiments
quoted above have only been performed in a small range of
temperature. Such limited data are not sufficient to develop
a model that describes all features in a consistent way. In our
own work we explored the binding process over a wide range
in temperature (2-300 K) and time (30 ps to kiloseconds) and
constructed a model that is consistent with the data in the
entire temperature and time domain. However, a number of
specific questions are still unsolved. One problem, in partic-
ular, has been stated by Henry and collaborators: “This
comparison points to the need for further experiments to
demonstrate the correspondence between the ligand rebinding
processes observed at high and low temperatures” (Henry et
al., 1983). In the present paper we address this issue, the
relevance of low-temperature experiments and the validity of
the extrapolation to high temperatures. The experimental
results verify the validity of the extrapolation and demonstrate
that low-temperature data are relevant for the understanding
of function.
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MODEL, ASSUMPTIONS, AND QUESTIONS

We have shown in a series of papers (Austin et al., 1975;
Beece et al., 1980, Doster et al., 1982) that the photodisso-
ciation and binding of a small ligand to a heme protein can
be described by

S = M = B8

Ay

=y A [§D]

solvent matrix pocket heme iron

Here a ligand coming from the solvent (S) migrates through
the protein matrix (M) to the heme pocket (B) and overcomes
a final barrier at the heme to bind covalently to the heme iron
(A). In a flash photolysis experiment, the system starts in well
A in which the ligand is bound to the heme iron, for example,
BACO.! The laser flash breaks the iron—CO bond, and the
system rapidly moves to well B, where the CO molecule is in
the heme pocket. At temperatures below about 180 K, the
ligand cannot escape from the pocket and rebinds directly. We
call the geminate recombination from the pocket process I.
Figure 1 shows process I for the binding of CO to 84, the
isolated @ chain of adult human hemoglobin. AA(?) is the
observed change in absorbance as a function of time after
photodissociation and is proportional to N(¢), the fraction of
proteins that have not rebound a CO at the time ¢ after
photodissociation. The maximum change in absorbance,
corresponding to complete photodissociation, is given by A4
= 0.56 OD. The values of A4 shown in Figures 1 and 3-5
must be multiplied by 1.8 to obtain N(f). As Figure 1 shows,

! Abbreviations: Hb, human hemoglobin; Hb*, adult human hemo-
globin; HbZH, abnormal human hemoglobin Ziirich; 8*, separated 8
chains of human hemoglobin; %Y, separated 8 chains of hemoglobin
Ziirich; Mb, sperm whale myoglobin; CO, carbon monoxide; FTIR,
Fourier transform infrared spectroscopy; EGOH, ethylene glycol. Pro-
cesses I, M, and S are defined in the text, along with wells A, B, M, and
S. N(t) denotes the fraction of proteins that have not rebound a ligand
at the time ¢ after photodissociation. Nj denotes the fraction of photo-
dissociated proteins that rebind the ligand via process I. Similarly, Ny
and Ng are the amplitudes of process M and S, respectively. Hp, is the
enthalpy of the barrier that is crossed in the rebinding step B — A (in
kJ/mol). Ag, is the corresponding preexponential (in s™!). k; is the rate
coefficient for going from well i to well j, where wells / and j can be A,
B, M, or S. A, is the pseudo-first-order rate coefficient characterizing
the exponential solvent process. Py is the occupation factor of well B.
g(Hg,) is the fraction of proteins with the B — A barrier height in the
range Hy, to Hy, + dHp,. HE:X is the barrier height at which the
distribution g(Hp,) has a maximum value.
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FIGURE 1: Recombination of CO with 84 in 75% (v/v) glycerol-water
mixture buffered at pH 7.0, over the temperature range 40160 K.
AA(r) is the observed change in absorbance at the monitoring
wavelength (436 nm), at time ¢ after photodissociation. AA(?) is
proportional to N(¢), the fraction of protein molecules that have not
rebound CO at time ¢ after photodissociation. AA4(0) = 0.56 OD
corresponds to N(z) = 1. The solid lines are fits based on eq 3 by
using the enthalpy distribution in Figure 2 and the preexponential
factor in Table I.
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FIGURE 2: Activation enthalpy spectrum of the innermost barrier
(Hgy) for B4 CO. The spectrum peaks at HEZX = 3.6 kJ/mol.

process [ is not exponential in time but can be approximated
by a power law (Austin et al., 1975):

N@ =@ +t/1)" (2)

where ¢, and n are temperature-dependent parameters. We
explain the nonexponential time dependence by postulating
that there is a distribution of barrier heights, g(Hg,), over the
ensemble of protein molecules. N(¢) can then be expressed
as

NO) = [ dHyug(Ha) expl-kon(Hon D] (3)

Above about 40 K, the rate coefficient kg, for the step B —
A is given by an Arrhenius relation:

kpa(Hpa,T) = Apa €xp[-Hpa /(RT)] 4

From N(t) measured between 40 and 160 K, g(Hpg,) can be
deduced (Austin et al., 1975). We have determined g(Hpg,)
and Ay, with increasing sophistication (Alberding et al., 1978;
Dlott et al., 1983). The latest fit on the basis of the model
of Young and Bowne (1984), drawn as solid lines in Figure
1, yields the distribution shown in Figure 2. The fit gives a
preexponential Ag, = (3.0 £ 0.5) X 10° 57! and a peak value
for the distribution at HE2K = 3.6 £ 0.2 kJ/mol. HEZ* and
Ap, depend only weakly on the choice of parametrization. The
earlier techniques yield very similar values. We use here the
form of g(Hpg,) suggested by Young and Bowne because it
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FIGURE 3: Rebinding of CO to 8* in 75% glycerol-water at 200-300
K. The solvent process becomes observable at 240 K.
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FIGURE 4: Expanded plot of the data in Figure 3. A linear N(¢) vs.
log time plot emphasizes the break between I and M particularly at
280 and 300 K.
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FIGURE 5: Decomposition of the recombination kinetics at 260 K into
processes I, M, and S.

gives the best fit to the experimental data.

At temperatures above 180 K, the rebinding kinetics after
photodissociation become more complex as is shown in Figures
3and 4. N(#) can be decomposed into three components, as
done in Figure 5 (Dlott et al., 1983). In our model the three
components have a straightforward explanation. The fastest
component, process I, still corresponds to the direct rebinding
from the heme pocket. A fraction of the ligands leave the
pocket and escape into the protein matrix and eventually into
the solvent. Process M is interpreted as the geminate recom-
bination from the matrix or hydration shell. The solvent
process S is a CO-concentration-dependent, nongeminate re-
combination process characterized by a pseudo-first-order rate
coefficient A,.

In a rigid protein, a CO molecule in the pocket could not
pass through the matrix into the solvent (Perutz & Matthews
1966; Case & Karplus 1979). In order for matrix and solvent
processes to take place, the protein must fluctuate. Recently
(Frauenfelder, 1985; Ansari et al., 1985) we have classified
internal protein fluctuations. In Mb, and presumably also in
B4, four tiers of protein motions can be distinguished. Only
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relaxation of tier I, which occurs above about 200 K, meas-
urably affects the distribution of barrier heights g(Hg,). The
distribution and the temperature dependence of the relaxation
are not yet well-known, and consequently, we characterize it
by an average relaxation rate A,. At temperatures well below
200 K, X, is small compared to rebinding rates, each protein
is frozen into a particular substate with a corresponding barrier
height Hp,, and rebinding is nonexponential in time. At high
temperatures A, becomes large compared to A, and a protein
molecule will change its conformation rapidly on the time scale
of the solvent process. The relevant theory has been treated
in an earlier paper (Austin et al., 1975) with the central result
that rebinding from the solvent becomes exponential in time
if X, > A, (and if [CO] >» [Mb]). In this limit A, can be
written as (Doster et al., 1982; Young, 1984)?

Nen(T) = Kpa(T)Pa(TINS(T) )
with
ksa(T) = [ dHpag(HoaDka(Hpa ) (6)

Here kga(T) is the average rate coefficient for the step B —
A. Pg(T) is an occupation factor which, in the limit kg, —
0, is the probability of finding the system in well B. Ng(T)
is the fraction of systems initially in well B that move to well
S, and g(Hga,T) is determined from the low-temperature
g(Hp,) either by assuming temperature independence of
g(Hpg,a) throughout the entire temperature range (Austin et
al., 1975) or by using a model, for instance that of Young and
Bowne (1984). Equations 1-6 provide a consistent description
of ligand binding. Establishing their validity is consequently
important. Equations 4-6 rest on four assumptions (Dlott et
al., 1983): (i) The sequential reaction eq 1 describes binding
and photodissociation. The path through the matrix (M),
however, can be complex and may involve many sequential
and parallel pathways, some of which may be dead-ends. (ii)
The covalent binding step, B — A, is present at high tem-
peratures; regardless of the path through the globin, a ligand
can only bind by overcoming the final barrier at the heme. (iii)
Computation of the rate coefficient kg, with eq 4 and 6 is a
good approximation even at high temperatures. (iv) At high
temperatures protein relaxation is fast compared to ligand
association (A, 3> Ayy).

We have justified assumptions i, ii, and iv in earlier papers,
and we summarize the main arguments under Results and
Discussion. Assumption iii, however, has been questioned.
Henry et al. (1983), for instance, suggest that the final binding
step could be much slower than predicted by eq 6. In the
binding of CO to the isolated 8 chain from hemoglobin Ziirich,
the rate for process I levels off at about 200 K rather than
increases as expected (Dlott et al., 1983). In the present work
we explore the binding of CO to 8* in the time range from
about 100 ps to 1 s and the temperature range from 40 to 300
K and show that assumption iii is correct for 8*. In addition,
we have extended the studies of 87H to the picosecond regime
and find a faster component of process I that is consistent with
assumption iii. The slow component of process I in 8%H can
be due to the specific structure of 829, which differs from g4
by the replacement of the distal histidine (E7) by an arginine.
The replacement leads to an opening of the heme pocket to
the solvent, and ligand dissociation induces drastic confor-
mational changes on the distal side (Tucker et al., 1978;
Phillips et al., 1981). In 8” the heme pocket is not open to
the solvent, and it is therefore more suitable for testing as-
sumption iii.

2 In earlier papers, we have denoted Ng by Noy,.
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MATERIALS AND METHODS

Isolated 8* and BZH chains were prepared in the carbonyl
form under 1 atm of CO as described elsewhere (Giacometti
et al., 1980; Doster et al., 1982). The samples were stored
in liquid nitrogen until immediately before use.

Flash photolysis measurements in the nanosecond to second
range were performed as previously described (Doster et al.,
1982; Dlott et al., 1983). For the picosecond studies we used
the pulse—probe method where a 75-ps pulse from a fre-
quency-doubled Nd:YAG laser was split into two, with an
intensity ratio 20:1. The stronger pulse photolyzed the sample
while the weaker pulse served as the probe. The probe pulse
was delayed with a corner-cube reflector on a motorized
160-cm delay line that provided up to 10.2 ns of delay. The
relative delay was adjusted so that the probe pulse sampled
before, during, and after photolysis. The signal from the
photodiode was detected with a lock-in amplifier operating at
the laser repetition rate of 200 Hz. The probe signals were
averaged over about 50 sweeps of the delay line with a com-
puter.

RESULTS AND DISCUSSION

The experimental results are summarized in Figures 1 and
3-5. These data, together with our earlier results, yield an-
swers to a number of questions concerning ligand binding in
heme proteins:

Decomposition of N(t) into Three Processes. The decom-
position of AA(¢) [=0.56 N(?)] into three processes as shown
in Figure 5 is essential for the following discussion. The
validity of the decomposition is consequently important. The
solvent process S is easily distinguished and subtracted; it is
nearly exponential in time, and the characteristic rate coef-
ficient A,, is proportional to the CO concentration in the
solvent. The difference, N(f) — Ng(#), can in principle be fit
by a sum of exponentials at each temperature, but the number
of exponentials required for a good fit is so large that no
unambiguous decomposition with smooth temperature de-
pendence is obtained. Figures 3 and 4 and many similar curves
in other heme proteins (Austin et al., 1975; Alberding et al.,
1978; Stetzkowski et al., 1985) suggest the presence of two
processes, I and M, besides the solvent process. The break
between I and M is seen clearly in Figures 3 and 4. The two
are nonexponential in time below about 260 K and vary
smoothly with temperature. We consequently decompose N(t)
- Ng(?) into the components I and M for temperatures above
180 K. We define N((r) as the fraction of photodissociated
ligands that contribute to process I and that have not yet
rebound at a time ¢ after photodissociation. The nonexpo-
nential process I can still be approximated to a power law so
that Ny(t) is given by

Ni(t) = Ni(1 + t/15)™ (7

where N; is the amplitude of process I. Below about 180 K
N; =1 and N(¢) = Ni(t). The amplitudes NV}, Ny, and Ng (the
fractions of photodissociated proteins that rebind a ligand via
process I, process M, and process S respectively; N} + Ny +
Ns = 1) are given in Figure 6 as functions of temperature. We
interpret the three processes I, M, and S as rebinding after
photodissociation from the pocket, the matrix (globin and/or
hydration shell), and the solvent.

Validity of the Sequential Model. We have justified the
use of a sequential model earlier (Austin et al., 1975), and we
repeat and extend the arguments here. The three processes
observed above 240 K, with differing temperature dependences,
can be sequential or parallel. S must be in sequence with I
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FIGURE 6: Relative amplitudes of process I (/Vj), matrix process (Ny),
and solvent process (Ng) for 84 CO in 75% glycerol-water.

and M because it corresponds to binding from the solvent. The
simplest model, supported by theoretical arguments (Case &
Karplus, 1979), then is the one given in eq 1, with all three
processes in sequence. The most important ingredient of this
model, the fact that the barrier B — A operates at all tem-
peratures and is always the last step in binding, is supported
by three experimental observations: (a) Process I can be seen
up to 300 K in 8* (Figures 3 and 4) and %2 (Dlott et al.,
1983). (b) The pH dependence of A, at about 300 K in Mb
and in 8* is explained entirely by the pH dependence of kg,,
measured at low temperatures and extrapolated to 300 K
(Doster et al., 1982). (c¢) The pressure dependence of kg, in
the binding of CO to Mb has been measured at low temper-
atures (Sorensen, 1980) and at room temperature (Hasinoff,
1974; Caldin & Hasinoff, 1975). The reaction rate at all
temperatures increases with pressure, and the activation
volumes are approximately equal. This observation again
implies that the innermost barrier B — A is still operative at
room temperature. While schemes more complicated than eq
1 can also explain these observations, we have not found one
that is as simple as the sequential barrier model. Since this
model explains all data in the temperature range from 4 to
300 K and the time range from about 30 ps to ks, we consider
assumptions i and ii to be verified.

Determination of kg,. The treatment of the binding at high
temperatures, in particular the application of eq 5, requires
the knowledge of kzs. We obtain kg, above 180 K in two
steps: We first determine kg, (T) from 40 to 160 K and then
extrapolate to temperatures above 180 K. Here we discuss
the first step. We determine kg, (7) from 40 to 160 K in two
different ways: (a) We find empirical values for kg,(T) by
noting that, at time ¢ = 0, immediately after photodissociation,
all molecules are in well B and all contribute with equal weight
to rebinding so that at all temperatures

kgpo = -dN/dt (¢ =0) (8)

If data at very short times are available, eq 8 can be used
directly. Since we do not yet have data of sufficient accuracy,
we use the empirical fit eq 7. Below about 180 K N(z) = Ny(?)
and eq 7 and 8 together give

kpa = Nin/t, 9)

Below about 180 K, V; = 1 and values of n and ¢, can be
extracted directly from the measured N(#). The resulting
coefficients kg (T) are given in Figure 7. (b) We fit N(¢)
at all temperatures between 40 and 160 K to the model of
Young and Bowne, obtain the temperature-independent dis-
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FIGURE 7: Plot of kpa vs. 10?/7 for ACO in 75% glycerol-water.
The solid lines are based on the model of Young and Bowne as
described in the text, and the circles are given by eq 9. The dashed
line is an empirical fit to the points given by eq 9. An expanded plot
of kga vs. 10°/T for high temperatures is shown in the insert. The
circles are given by eq 9. k,y, the rate coefficient for the relaxed
process I, as predicted by Agmon and Hopfield, is shown in the insert
as a dashed line.

tribution g(Hpg,) given in Figure 2, and compute kg, (T) with
eq 6. The result is shown as solid lines in Figure 7. The two
lines correspond to two different fits; the upper line follows
from a g(Hy,) that fits the lower temperatures (40-80 K) best,
the lower one reproduces the higher temperatures (100 to 160
K) best. The two lines indicate the error involved in deter-
mining g(Hp,). The two methods yield values for kg, that
differ by less than a factor of 2. In the absence of good
picosecond data, method b is more accurate because it in-
corporates all data into a single distribution.

Extrapolation of the Low-Temperature Data. We ex-
trapolate kg, to temperatures above 200 K in two different
ways: (a) The values of kp,(7) obtained with eq 9 can be
extrapolated without a model. Because kp,(T) is not expected
to follow an Arrhenius relation over the entire temperature
range (Austin et al., 1975), we use only the data above about
80 K with the result indicated as the dashed line in Figure 7.
(b) The model of Young and Bowne predicts how g(Hg,)
changes with temperature above about 200 K. Inserting the
predicted g(Hp,,T) into eq 6 yields the two solid lines drawn
in Figure 7 for the two different fits described. The difference
between methods a and b is less than a factor of 2.

To test the extrapolation, we determine the average rate
coefficient kg, above 180 K by using eq 8 which is valid at
all temperatures. In the limit kyp << kpy the slope dV/d¢
(¢t = 0) is approximately equal to the slope dV;/d¢ (¢ = 0),
and eq 9 still follows from eq 7 and 8. Since processes I and
M are well separated in time, the above inequality is a rea-
sonable assumption. We therefore fit eq 7 to the subtracted
nonexponential process I and use eq 9 to obtain kg,. Above
260 K in 75% glycerol-water solution, process I is approxi-
mately exponential, Vi(¢) = N} exp(~t/t;). Equation 8 then
gives kg, = N/t;. The experimentally determined values of
kga are plotted in the insert in Figure 7. The agreement
between the extrapolated and the measured rates is very good.
The experiment consequently verifies assumption iii for 8.

The characteristic rate coefficient for process I, X, can be
defined as

_1 dNI

A= E?(t =0) (10)
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Table I: Parameter for Binding of CO to Four Heme Proteins in 75% Glycerol-Water?

low-temperature data
ak

data at 300 K

A =
system (kJ /mol) log Aga (s71) Gpa (kJ/mol)  -TSpa (kJ/mol) kps (X106s71) Ay, (X10%s7H) Ng Py (X107%)
BgACO 3.6 9.5 24 330 4.6 0.38 40
MbCO 10.7 9.1 35 8 0.5 ~1 60
g#HiCo 23 9.2 22 1700 23 0.5 30
LbCO 6.7 9.6 28 120 6.8 0.84 70
a-TSg, is the entropic contribution to the barrier at the heme.

Equation 10 together with eq 7 gives A; = n/t,. Therefore, 1O 1 T T T
in the limit kyp < k

MB BM— ) 1, BZhCO

M = kpa/ N an 75% gly

When the amplitude of process I is less than 1, the charac-
teristic rate coefficient for process I is larger than the average
rate coefficient for the step B — A. Although this increase
may seem counterintuitive, eq 11 can be alternatively obtained
with eq 1. Above 180 K the CO molecule has a finite prob-
ability of moving into the matrix (Figure 6). In the limit kyg
<< kgm, Ap is equal to the characteristic rate coefficient for
depletion of well B. The opening of a second reaction channel,
viz., B— M, increases the rate coefficient for depletion of well
B, which is now given by the sum of the individual rate
coefficients. Therefore

A = kpa + kpm (12)

In the simplest model the ratio kg, /kgy is equal to the
fraction of proteins that recombine via process I to that which
recombine via process M and S:

kea/kpm = Ni/(Ny + Ns) = Ny/(1 - N (13)
The characteristic rate coefficient A; then becomes

A = kgall + (1 - N)/Nj] = kga/N, (14)

and we regain eq 11.

Agmon and Hopfield have introduced a model in which the
average barrier between wells B and A increases as the protein
relaxes (Agmon & Hopfield, 1983b). Their model predicts
for 8* an activation energy of 13.8 kJ/mol and a preexpo-
nential factor of 6 X 10 s™! after relaxation. The corre-
sponding rate coefficient k.1, shown in the insert of Figure
7, is too slow to fit process I and too fast to characterize process
M (Figure 3). Moreover, the observed processes I and M are
nonexponential in time below about 280 K, whereas Agmon
and Hopfield have a unique k,y, indicating that the relaxed
process is exponential. The model of Agmon and Hopfield
does not describe CO binding to 84

We can now also discuss the question raised by Henry et
al. (1983) quoted in the introduction. Henry et al. studied
the binding of CO to Mb at room temperature and saw a
process with an amplitude ¢ = 0.037 and a rate coefficient
kgem = 5.6 X 10 57!, They discussed two different models,
one essentially the one given in our eq 1 and the other one with
only two barriers. In the latter model k,,,, characterizes direct
binding to the heme and consequently would correspond to
our A;. With eq 11 the relevant rate coefficient kg, would then
become kga (293 K) = akger, = 2.1 X 10° 57!, about 40 times
slower than the extrapolation of the low-temperature MbCO
data (Table I). With eq 5, this value implies that Pg(T) would
be about 40 times larger than in our model (Doster et al.,
1982). Assuming that the ligand is not bound in the pocket
(Alben et al., 1982), Py(T) is a measure of the volume V3 from
which the last binding step occurs. Since our model implies
a pocket volume V3 = 20 A3, the two-barrier model would
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FIGURE 8: Semilogarithmic piot of CO binding to 82H at 240 K in
75% glycerol-water. The matrix and solvent processes have been
subtracted from the recombination kinetics. The resultant process
I has been scaled by its amplitude /V;. Process I shows two components,
I; and I,, The dashed line is the fast component at 240 K after
subtracting out I,.

imply 800 A3 for Vg, much larger than found by X-ray dif-
fraction. A second argument indicates that the two-barrier
model leads to an unlikely value of the enthalpy barrier be-
tween B and A. As shown previously, the two-barrier model
implies a value kg, = 2.1 X 10° s™! at room temperature.
Assuming an Arrhenius relation and 4, = 10° 57, this value
gives an activation enthalpy Hy, = 21 kJ/mol. Such a high
value is in disagreement with the temperature dependence of
the association rate at room temperature (Austin et al., 1975).
Considering all the evidence together we conclude that in gA
and Mb the model eq 1 describes the observed phenomena well
and that the low-temperature data can be extrapolated to room
temperature. In this model, the process observed by Henry
et al. and characterized by k., describes the matrix process.

B?H Revisited. The agreement between the extrapolated
and the observed values for the rate of process I at high tem-
peratures for 8* raises the question as to why the same pro-
cedure appears to fail in 822, To answer the question, we
extended the binding data for 32H to shorter times. The data
in Figure 8 show that process I at 240 K is biphasic. The fast
component I; is in the time range expected by extrapolation
of process I from low temperature while the slow component
I;, already discussed in our earlier paper (Dlott et al., 1983),
is significantly slower. Low-temperature recombination data
for B8 CO in two different solvents (Figure 9) show a strong
solvent dependence; process I is much faster in 60% EGOH~
water than in the 99% glycerol-water solvent. Leghemoglobin
also has an open pocket, and the solvent affects ligand binding
at low temperatures (Stetzkowski et al., 1985). Observation
of the CO stretching frequency with the FTIR technique
described earlier (Alben et al., 1982) also indicates more
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FIGURE 9: Recombination of CO with 8%H in two different solvents,

both buffered with phosphate to pH 7 at 300 K: 99% glycerol-water;
60% ethylene glycol-water.

complexity in 82 than in 84, The normal 8 chain shows only
one band at 1951 cm™; in #%H a new band at 1970 cm™!
appears above 250 K in addition to the main band at 1959
cm™. With increasing temperature the new band increases
at the expense of the main one. Room temperature IR
spectroscopy measurements on carbonyl-Hb?H tetramer also
show two bands at 1950.5 and 1958 cm™, in contrast with the
single peak at 1951 cm™ observed in carbonyl-Hb” (Caughey
et al.,, 1978). These observations are most likely connected
with the presence of solvent in the pocket and with a large
conformational change on deligation (Tucker et al., 1978;
Phillips et al., 1981). The existing data are not sufficient to
decide if the slow component of process I is due to the solvent
in the pocket or conformation relaxation (Agmon & Hopfield,
1983a,b).

Time Dependence of kg,. Equations 5 and 6 together are
valid if kga(T) at fixed 7 is independent of time after pho-
todissociation. In the case of hemoglobin, Eaton and co-
workers have pointed out that conformational relaxation may
produce a time-dependent rate coefficient for ligand binding
(Henry et al., 1984; Hofrichter et al., 1985). Friedman,
Rousseau, and collaborators have studied the behavior of
Raman bands in Hb and Mb (Friedman et al., 1982a—c;
Friedman, 1985). They find that kg, increases with vg,_g;,
the iron-histidine stretching frequency near 230 cm™ observed
in the deoxy species. Moreover, they show that in most heme
proteins v*p._y;. the stretching frequency observed 10 ns after
photodissociation, is larger than vg. p;. Near 300 K v*ge g
evolves toward vg._y;, in microseconds to milliseconds. Taken
together, these observations imply that kg,(7) may not be time
independent but may decrease with time after photodissocia-
tion as predicted by Agmon and Hopfield (1983). The effect
is small for Mb and the monomeric 8*: In Mb, vp,y; and
v* reis are essentially identical, Within a few nanoseconds,
the Soret peak in photodissociated 8* and deoxy-8* (Lindqvist
et al., 1980) and in photodissociated Mb and deoxy-Mb
(Henry et al., 1983) are nearly identical, while they differ
considerably in the tetrameric photodissociated Hb* and Hb.
Support for a nearly time-independent kg, in 84 comes also
from the data in Table I. The values of Pg in Table I are
calculated with kg, assumed to be only a function of T, but
not z. The resulting values of Pg, 60 X 107 for Mb and 40
X 107 for B4, imply similar effective pocket volumes for Mb
and B4, in agreement with X-ray data. If kg, in 8* were to
decrease drastically after photodissociation, the observed A,
would predict a much larger pocket volume for 3* than for
Mb. The extrapolation procedure used in the present paper
is consequently justified for the cases of Mb and 8A. The
situation may be different in tetrameric cooperative hemo-
globin where a time-dependent kg, could be important for the
function (Friedman, 1985).
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FIGURE 10: Expanded plot of the data in Figure 3. The solid lines
are a fit to the data by using eq 15. The deviation at long times is
a result of the recombination from the matrix which has not been
incorporated in eq 15.

Conformational Relaxation. We assume that the average
conformational relaxation rate X, is faster than the solvent
process rate A, on the ground that the solvent process is
observed to be exponential within experimental error. We can
explicitly verify this assumption in 84: the data indicate that
process I in 75% glycerol-water is nonexponential in time at
260 K but is close to an exponential at 280 K. This observation
implies that, in 75% glycerol-water, the relaxation rate
coefficient X, is of the order of 10% s™! at 280 K. Since Ay, =~
10 s7! at 280 K, assumption iv, X, > A, is satisfied.

Influence of Protein Motion. We have stated earlier that
the ligand could not move through the protein matrix if the
matrix were rigid. The protein must fluctuate in order for the
matrix and the solvent processes to take place. The migration
through the globin should not be pictured as motion of the
ligand in a fixed potential but a dynamic process in which the
potential itself changes randomly in time. The activation
energy for the motion B — M is consequently not expected
to be unique but should be given by a distribution. This idea
can be tested by a simulation of N(?).

A complete treatment of the motion of the ligand is difficult.
We only fit the data up to a time ¢’ = 1/kyp, where kyp is
the rate coefficient for return to the pocket from the matrix.
We neglect return from the matrix so that our model eq 1
reduces to

kpa

k
M——B—A (15)

The barrier Hy, is distributed as shown in Figure 2. If we
assume a unique value for Hyy, We cannot fit the data. For
simplicity we assume the barrier Hgy to be correlated with
Hg, so that eq 13 holds. The barrier height distribution
g'(Hpy) then has the same shape as g(Hg,). This assumption
is not without justification because both barriers involve motion
of the residues around and near the pocket, and a particular
conformation of the protein may allow for more flexibility at
the pocket than another. The important point, however, is that
correlated distribution is the simplest assumption that does
not involve additional parameters. More complicated models
will fit the data if this simple one does. With this model the
data can be fit well as shown in Figure 10. The fit corresponds
to a preexponential Agy = 5 X 103 57, and HEE¥ [the barrier
height for which g/(Hgyy) has a maximum value] = 25 kJ/mol.

Control at the Heme. Relevant data for the binding of CO
to four heme proteins are collected in Table I. HE2 and Agy
are measured at low temperatures. The Gibbs activation
energy Gga = HESX — TSy, and the rate coefficient kg, are
obtained by extrapolation of the low-temperature data to 300
K. To calculate Ggy, we assume an “attempt frequency” of
1013 57!, For 8 the experimentally determined and the ex-
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trapolated values of kg, agree.

The Gibbs energy barrier at the heme is large because of
a large entropic contribution. The entropic component, how-
ever, varies little among the four systems. The variable con-
tribution comes from the small enthalpic component. This
component, in turn, is most likely dominated by the proximal
side of the heme (Doster et al., 1982).

Comparative investigations on the kinetics of the reaction
of various monomeric heme proteins with isocyanides (Dilorio,
Winterhalter, Anderluzzi, and Giacometti, unpublished ob-
servations) also show that the equilibrium distribution of the
ligand between the solvent and the heme pocket, characterized
by Pg, is not significantly influenced by changes in the primary
structure of the protein as long as major changes in the heme
pocket geometry are excluded.

We return to eq 5, Ao, = kgaPp/Vs, and the data in Table
1 to discuss the regulation of the physiologically significant
association rate A,,. The coefficient kg, describes the rate of
covalent bond formation between the heme iron and the ligand
and is determined by the properties of the heme group and
its surrounding (Doster et al., 1982; Friedman, 1985). Pgand
N are determined by the overall protein structure. Table I
shows that the product PN varies by a factor of 4 for the
heme proteins listed, whereas kg, changes by over a factor
of 200: Regulation of the association process is dominated
by the covalent binding step at the heme. This step, in turn,
is mainly determined by the barrier height Hg,. In order to
understand the structure—function relationship, it is conse-
quently necessary to study the dependence of Hg, and also
Apa on protein structure. Such studies are most efficiently
performed at low temperatures where the step B— A can be
explored directly. While in principle some of the information
could also be obtained near room temperature, such studies
yield at best kg, and do not provide information about the
enthalpy distribution g(Hg,), the fingerprint of each pro-
tein—ligand system.

Many of the results of the present and earlier work can only
be obtained from data extending over wide ranges in tem-
perature and time. The existence of at least three separate
and distinct processes, I, M, and S, is not obvious from data
taken only at room temperature. On cooling we see the distinct
processes clearly. The temperature and time dependence of
these processes permits the construction of the sequential-
barrier model. Diffusion in the solvent is not rate limiting;
the main regulation is at the heme during the covalent binding
step. This crucial step can be characterized in great detail
at low temperatures. At least in the monomeric heme proteins
studied, the low-temperature rate can be extrapolated to room
temperature. A consistent model for the binding of small
ligands to heme proteins is the final result of these experiments.
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Human von Willebrand Factor: A Multivalent Protein Composed of Identical

Subunits’
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ABSTRACT: A large-scale method for the isolation of von Willebrand factor (vWF) from human factor VIII
concentrates was developed in order to study the structure of this protein and its platelet binding activity.
vWF is composed of a number of glycoprotein subunits that are linked together by disulfide bonds to form
a series of multimers. These multimers appear to contain an even number of subunits of 270K. Two minor
components of M, 140K and 120K were also identified, but these chains appear to result from minor
proteolysis. The smallest multimer of vWF contained nearly equimolar amounts of the 270K, 140K, and
120K subunits, while the largest multimers contained less than 20% of the two minor components. Amino
acid sequence analysis, amino acid composition, and cleavage by cyanogen bromide indicate that the 270K
subunits are identical and each is a single polypeptide chain with an amino-terminal sequence of Ser-
Leu-Ser-Cys-Arg-Pro-Pro-Met-Val-Lys and a carboxyl-terminal sequence of Glu-Cys-Lys-Cys-Ser-Pro-
Arg-Lys-Cys-Ser-Lys. Platelet binding in the presence of ristocetin was 8-fold greater with multimers larger
than five (i.e., containing more than 10 subunits of 270K) as compared to multimers less than three (containing
less than six subunits of 270K). However, partially reduced vWF (M, 500K), regardless of whether it was
prepared from large or small molecular weight multimers, gave platelet binding similar to that of the smallest
multimers. Likewise, partial proteolysis by elastase, thermolysin, trypsin, or chymotrypsin produced small
“multimer-like” proteins with platelet binding properties similar to either partially reduced vWF or to the
smallest multimers. We conclude that human vWF contains identical 270K subunits assembled into a
multivalent structure. Disassembly by either partial reduction or partial proteolysis produces essentially
monovalent protein with platelet binding properties similar to that of the smallest multimers. Multivalency
is likely the primary factor responsible for the increase in biological activity with multimer size.

Human von Willebrand factor (vWF)! is a large glyco-
protein that circulates in plasma as a series of subunits or
multimers linked by disulfide bonds. A very small amount
of vWF is also complexed with factor VIII, a trace protein
absent or modified in hemophilia' A (Hoyer, 1981). vWF is
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also involved in platelet adhesion to subendothelium, leading
to the formation of the platelet plug during vascular damage
(Tschopp et al., 1974; Meyer & Baumgartner, 1983). Ac-
cordingly, individuals lacking vWF may have low factor VIII
coagulant activity resulting in impaired fibrin formation as
well as prolonged bleeding time due to poor platelet plug
formation. Biological activity of human vWF is measured in
vitro by its ability to promote platelet aggregation or to bind
to specific receptors on the platelet membrane (Kao et al,,
1979). Both measurements require the presence of a cofactor,
such as ristocetin (Harrison & McKee, 1983). Thrombin,

! Abbreviations: vWF, von Willebrand factor; NaDodSO,, sodium
dodecy! sulfate; Tris, tris(hydroxymethyl)aminomethane; EDTA, eth-
ylenediaminetetraacetic acid; V,/V,, elution volume at the protein peak
(V) divided by the total volume of packed column bed (V).
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