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Reaction Kinetics of the Ferrimyoglobin Azide System”

Donald Duffey.t Britton Chance. and Georg Czerlinski

ABSTRACT: Rate and equilibrium constants for azide
binding by whale ferrimyoglobin have been determined
and interpreted over essentially the entire pH range
within which the myoglobin and its azide complex
are stable. Kinetics of azide ferrimyoglobin (sperm
whale) reactions measured over the range pH 4.5-7.0
gave the same rate constants at each pH whether de-
termined by flow or relaxation techniques. Rates of
formation and dissociation of the azide complex are

Early studies on the binding of azide by ferrimyo-
globin (Kiese and Kaeske, 1942) showed the system
to follow a simple mass action law. It was not clear
from this work, however. whether one form of the
ligand was bound preferentially. Among other un-
charged Bronsted acids and their conjugate bases
that are known to act as ligands with hemoproteins.
particularly ferrimyoglobin, fluoride is reported to
be very much less reactive than hydrofluoric acid
(George and Hanania. 1954) whereas cyanide (Coryell
et al., 1937; Chance, 1952) and phenolate ions (George
et al., 1961) are said to bind somewhat faster than
their conjugate acids.

In some cases the conclusions concerning relative
reactivities are based on equilibrium studies and in
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highly pH dependent in this range. The dependence
coincides with about a 300-fold preferential binding
of hydrazoic acid (A = ~10% M~! sec™!) compared to
azide ion.

In the range pH 7-10 rates determined by stopped
flow showed much less sensitivity to pH. Binding is
comparatively slower for freshly redissolved whale myo-
globin crystals but faster for redissolved crystalline seal
myoglobin.

others on kinetic experiments. Reconciliation of
results from both approaches has generally been difficult
although Goldsack er al. (1965, 1966) have lately ac-
complished this to a limited extent with azide, cyanate,
and hydrogen sulfide. To elucidate some details of
ligand binding to ferrimyoglobin we have utilized
equilibrium measurements as well as the intrinsically
different kinetic techniques of stopped-flow and chemi-
cal relaxation in a study of the well-known azide fer-
rimyoglobin reaction.

Though the reaction of azide with crystalline met-
myoglobin is much slower, and hence possibly quite
different, than with dissolved metmyoglobin (Chance
et al., 1966), the over-all process in the solid state
may be clearly pictured from X-ray diffraction results
(Stryer et al., 1964) to consist of a net isomorphous
replacement of water by hydrazoic acid at the sixth
coordination position of the heme iron(III) ion.

Experimental Section

Reagents. Solubilized sperm whale skeletal muscle
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TABLE I; Ferrimyoglobin-Azide Equilibrium Dissociation Constants,

pH 4.5 5.0 5.5 6.0
Kapp) (uM) 36+4 204 2244

24+ 3

6.5 7.0 7.6 9.0 10.0
24+4 271 40+5 1327 310+40

myoglobin obtained from Seravac Laboratories was
generally used without additional treatment after it
was found that chromatography on Sephadex G-25
had no detectable effect on the rate or equilibrium
constants. As expected, absorbance in the Soret band
was slightly lower than the values obtained by Theorell
and Akeson (1955). At pH 7.6 the molar extinction
coefficient was 13.6 X 104 M~ cm~! or only 859 of
that of Breslow and Gurd (1962). Crystalline ferrimyo-
globin was obtained out of 759 ammonium sulfate
solution and washed with this solvent before redissolv-
ing in solutions of low ionic strength. Seal myoglobin
crystals were kindly provided by Dr. N. Rumen of
Johns Hopkins University. Practical grade sodium
azide (Matheson Coleman and Bell) was generally
used without further purification after it was found
that recrystallization caused no appreciable alteration
in the kinetic constants. Other chemicals used were of
reagent grade. Citrate buffers were used over the pH
range 4.5-6.0, phosphate buffers from pH 6.0 to 7.6,
and glycine buffers at 9.0 and 10.0. Ionic strength ad-
justments were made with potassium sulfate.

FEquilibrium Constants. The dissociation constants
were determined by following titrations of the myoglo-
bin by azide spectrophotometrically at 409 and 422
myu, the strongest visible maxima of ferrimyoglobin
and its azide compound, respectively. Myoglobin
concentrations of about 10 uM were used most com-
monly, but a 20-fold variation in concentration at this
level produced no change in the equilibrium constant.
The ionic strength was adjusted to 0.2. Contributions
of both species to the total absorbance at each wave-
length were calculated from the molar extinction co-
efficients measured at zero and “infinite”” azide con-
centrations at each pH. The equilibrium constants
were then computed according to eq 1

(HN; + N;)Z(Mb))
2(Cy)

M

K(app) =

where Z(Mb; is the sum of the concentrations of all
ferrimyoglobin species not containing azide and Z(C;)
is the sum of the concentrations of forms containing
bound azide. Five to ten intermediate azide concentra-
tions over about a 100-fold range provided the values
and mean deviations for the equilibrium dissociation
constants of whale ferrimyoglobin azide shown in
Table 1. The titrations were carried out on Beckman
Model DB, Zeiss PMQII, and Cary Model 15 spectro-
photometers.

Kinetic Methods. Apparent rate constants over the
pH range 4.5-7.0 were obtained both by stopped-flow

or, for faster processes, continuous-flow methods
(Chance, 1964, 1965) and chemical relaxation follow-
ing a small, rapid temperature increase (Czerlinski,
1962). Some of the dissociation rate constants were
also measured by means of a regenerative stopped-flow
apparatus (Chance and Legallais, 1954) using a 25-fold
dilution ratio and concentrations such that the associa-
tion reaction could be neglected. These reactions were
carried out in the double-beam spectrophotometer
using wavelengths of 630 and 600 my (Chance e al.,
1966). In all other kinetic studies reported here narrow
pass interference filters with maximum transmission
at 424 mu (9-my half-width) were used. At pH 9.0 the
dissociation rate constant was small enough to be de-
termined from rapid mixing experiments in a cuvet
where a 50-fold dilution was used.

In stopped-flow experiments to measure the apparent
association rate constants the azide concentrations
were made sufficiently large to give pseudo-first-order
kinetics. A characteristic oscilloscope trace for this type
of experiment is shown in Figure 1B, and typical
experimental results are given in Table II.

TABLE 11: Stopped-Flow Mixing Reaction of Myoglobin
and Azide.¢

Azide
Concn after f1
Mixing (uMm) (sec)
37 9.0+1.4
75 7.5+£0.3
150 46+0.3
310 26=x0.1
630 1.5+0.1
1250 0.94+0.07
2500 0.67 +=0.05

¢ Whale ferrimyoglobin (7.5 uM) after mixing; pH
9.0, 0.03 M glycine, 0.2 u.

The chemical relaxation studies were done by
Joule’s heating of 0.5-3.0° attained within about 50
usec. In some experiments equal analytical concentra-
tions of myoglobin and azide were used. and in these
cases the relaxation time constants were related to the
rate constants by eq 2. In other relaxation experiments
a large excess of azide was used, and in these instances
eq 3 was applicable.
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FIGURE 1: Relaxation trace (A) and stopped-flow trace
(B). (A) 15 um ferrimyoglobin; 15 um azide; pH 5.5;
0.1 sec/horizontal division; 20 mv/vertical division.
(B) 15 um ferrimyoglobin mixed with 1.25 mwM azide;
pH 9.0; 1 sec/horizontal division, 0.5 mv/vertical di-
vision.

772 = 4dkokica® + k® 2
Tl o= kel + Kk 3)

In these equations 7 is the time constant, k., and k;
are the apparent association and dissociation rate
constants, respectively, and c.® is the analytical con-
centration of azide. The origin and limitations of these
equations have been discussed by Czerlinski (1964).
The relaxation time constants were evaluated analyti-
cally using at least three points at the early, middle,
and late stages of the process. The time constants so
obtained in a given experiment showed mean deviations
of 1097 or less. Equal consistency was obtained in the
flow experiments.

An oscilloscope trace of a relaxation process is
shown in Figure 1A. In this and all other chemical
relaxation experiments the concentration of the com-
plex was seen to decrease with increasing temperature.
The base temperature for all equilibrium and kinetic
measurements was the room temperature of 22 + 2°.
A characteristic set of results from the relaxation
experiments is given in Table III. The error ranges
indicated in this table and in Table II include reproduci-
bility as well as the error estimate for a single experi-
ment.

Both phosphate and citrate buffers were used at
pH 6.0 and gave essentially the same rate constants

BIOCHEMISTRY

TABLE 111: Chemical Relaxation of Ferrimyoglobin

Azide.s
Azide
Concn (uM) T (msec)
40 2000 == 300
80 1500 = 200
120 1100 £ 200
200 790 = 40
400 450 = 20
800 230 &+ 40

= Myoglobin (18 um); pH 7.0, 0.03 M phosphate, 0.2 u.

in both media. Ionic strength effects were also found
to be negligible in the range 0.01-0.20. At pH greater
than 7.5 the reactions were too slow for measurement
by the chemical relaxation apparatus before the onset
of cooling and convection schlieren (about 20 sec).

Results

The apparent second-order association rate constants
over the pH range 4.5-10.0 for the whale ferrimyo-
globin azide reaction are shown in Figure 2. The
apparent first-order rate constants are presented in
Figure 3. The line lengths in both figures represent the
ranges of values observed in from three to ten experi-
ment sets at each pH except pH 10.0 where only two
sets of stopped-flow experiments were performed.
Variation of the room temperature probably accounts
for a significant but not major portion of the latitude
in the results. In fact the correspondence of results
from temperature-jump experiments where equal
analytical concentrations and those where excess azide
was used is within experimental error. Of greater im-
portance, however, is the agreement between flow and
relaxation results over the range pH 4.5-7.0. Experi-
ments of all three types are included in this pH range
(Figures 2 and 3). Below pH 4.5 all methods gave only
erratic results, apparently attributable to denaturation
(Hermans and Rialdi, 1965; Breslow and Koehler,
1965). Alkaline denaturation above pH 10 precluded
experiments in quite basic solutions.

The effects of crystallization on the reaction of sperm
whale ferrimyoglobin with azide was studied cursorily
at pH 7.6 where the redissolved crystals after only a
few minutes in solution reacted only about half as fast
as lyophilized material that had been dissolved for
several hours. Redissolved crystals of seal ferrimyoglo-
bin on the other hand react considerably more rapidly
with azide at pH 7.5 than does the whale myoglobin,
though the dissociation constants are quite similar
(cf. Table IV).

Discussion

In a given relaxation experiment the time constant

BRITTON CHANCE, AND GEORG CZERLINSKI
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FIGURE 2: Dependence of Ay, on pH. Solid-line curve calculated from set 1 parameters. Dashed line from set 1I,

self-consistent parameters.
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FIGURE 3: Dependence of k1, on pH. Solid-line curve from set I, dashed curve from set II, self-consistent parameters.

TABLE Iv: Qbserved Constants for the Reaction of Seal
Ferrimyoglobin with Azide.

10~ %,
pH K (um) (M1 sec™l) ky (sec™?)
7.5 21 £ 2 1.0 =0.3 =0.5
9.0 13015 0.24=0.03 0.21 =0.02

when evaluated analytically at several points between
about 10 and 75% reaction completion or better varied
from the mean value by 109 or less. This constancy
is good evidence that a single relaxation process was

being observed (Hammes, 1966, and references therein).
Since observations were made on the changes in the
Soret band it seems probable that the process being
followed is the attachment of azide to the iron of heme
(Caughey et al., 1965). From the close correspondence
of apparent rate constants obtained by flow and relaxa-
tion methods, it is evident further that the spectroscopi-
cally observed reaction constitutes the rate-limiting
step and that any other steps that affect the reaction
with azide are considerably faster at least from pH 4.5
to 7.0.

In the relaxation experiments at high azide concen-
tration such that virtually all of the ferrimyoglobin
was in the form of its azide compound, a very fast
relaxation (r <100 usec) was observable at 424 mpu
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FIGURE 4: Dependence of K, on pH. Solid curve, set I. Dashed curve, set II, self-consistent.

but was not accurately separable from the heating time
constant. This process was seemingly independent of
pH and not detectable for ferrimyoglobin itself at this
wavelength. A possible explanation of this fast step is
the temperature-dependent equilibrium between dif-
ferent spin states of ferrimyoglobin azide (Beetlestonz
and George, 1964).

We have reported previously (Duffey er al., 1965)
that the variation of the association rate over the
range pH 4.5-6.5 can be described by preferential
binding of hydrazoic acid by ferrimyoglobin with a
specific rate constant of 8 (£4) X 105 M~! sec™l.
Goldsack er al. (1965) have recently found a similar
value from temperature-jump experiments in the range
pH 5.1-7.5. At higher pH, however, reaction with azide
ion appears to predominate. In addition, values of
kyewopy at pH 9 and 10 reveal appreciable apparent
reactivity of the hemic acid ionization product with
azide ion. These general features of the azide ferrimyo-
globin system are explicitly contained in the reactions
of setI.

Set I
Ka
HNa -— Naa -+ H+

kn
Mb; + HN; T”—=C + H*
ku

ko2
Mb;, + Ny —C
k12

Ku
Mb, — Mb, + H*
ko3
Mb, + Ny” —C + OH-

ki3

where Ky and Kg are the dissociation constants of
hydrazoic and hemic acid. The experimentally accessible
rate and equilibrium constants are related to the

parameters of set I by eq 4-6 in which simple proton
transfers are assumed to occur much faster than the
ligand-binding steps.

b D! + keKaH) + knKaKe
o [(H) + Kall(H) + Kzl

Kiaop = ku(H) + ki + k(li-ﬁw 5)
Kopy = kul(H) + Kill(H) + Kx] ©

ka(H)

Reaction of Mb, with hydrazoic acid is excluded from
set I because an association rate constant larger than
10% M~ sec~! would be required for an appreciable
contribution to ksapyy at pH 10, and such a large rate
constant alone would give more than the observed
binding rate at pH 9.

The parameter values in Table V for set I are suffi-
cient for a good qualitative description of the ferrimyo-
globin azide system as shown by the solid line curves
of Figures 2-4, but it would seem likely that protonic
processes on the protein may have some effect on the
ligand-binding reactions even though they appear to
affect the secondary structure of ferrimyoglobin very
little (Breslow ef al., 1965; Samejima and Yang, 1964).
Hence when two ionizations on the protein are included
in the reaction scheme as in set II with values of the
parameters such as shown in Table V under *‘Best Fit,”
it is not surprising that the calculated values of kyapm
and ky.pp fall within the experimental ranges at every
pH (except pH 10).

Goldsack er al. (1966) using our earlier data in the
lower pH range as well as their own have in fact already
shown graphically that protein ionizations affect the
kinetics appreciably, thus excluding set I as a complete
description of the azide ferrimyoglobin system. These

AND GEORG CZERLINSKI
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TABLE V: Kinetic Parameters for the Sperm Whale
Ferrimyoglobin Azide System.

Set 11
“Best  Self-Con-

Constant Set I Fit” sistent
105K 42 (M) 2 4 2
105Ks (M) — 1.8 2.7
108Kc (M) — 0.66 2
10°Kg? (M) 1 1 1
10Kp (M) — 0.35 2
108Kq (M) — 0.25 3
10784 (M~1sec™1) 1.1 1.5 2
1078ky " (M~ 1sec™t) — 0.8 1.2
1078ky " (M~ 1sec™?) — 0.4 1
1073k (M~ 1sec™) 4 5 2
10733 (M~ sec™1) 2 — 2
1073k (M~ 1sec™?) 7.5 3 3
1073, (M~ 1sec™)) — 7 6
1075k " (M~ tsec™ ) — 20 10
k2 (sec™?) 0.04 0.07 0.04
10735 (M~ tsec™?) 2 — 2

« International Critical Tables gives 1.8 X 10~ at
20°.® George er al. (1961) gives 7.4 10-1% at 10°.

Set 11

kot
Mb, + HN; — C, + H~

ki
Kr
kEll d

Mby’ + HNy —> C,’ + H*
+ ki’ +
H* H+

Kn

M

Kc
Mb,’ == Mb,’’ + H*

ko'’
Mb,’’ + HN; —> C,+ H*

ku't
koo
' =
Mb,"" 4+ N;- - C,
k12

Kq
C'—=C,+ H*

Ku
Mb,’’ == Mb, + H*
ks
Mb, + Ny == C, 4+ OH~

1

workers have, however, considered only the binding
rates in their quantitative interpretation over only a
portion of the pH range available. Nevertheless, they
found it necessary to include two ionizations on the
protein to obtain an accurate fit of their apparent
association rate data. Our somewhat lower temperature
and considerably higher ionic strength would appear

to account for the minor differences in apparent
rates.

On the other hand when the experimentally accessible
equilibrium dissociation constants are compared with
values of K,y calculated from the “Best Fit” param-
eters, the agreement is little better than obtained
with set I. A more serious objection to the *“‘Best Fit”
parameters is that they are not fully consistent with all
conditions imposed by set II, e.g., ko' '/ki'' = kKl
ki, ~ 2. The dissociation constant of hydrazoic acid is
again termed Ka.

Adequate self-consistency is obtained with the param-
eters in Table V under “Self-Consistent,” but in
Figures 2-4 the dashed lines show this case to be
little improvement over the results obtained using set 1.
It is significant that considerable variation in Ks and
K¢ or K, and Kq may be allowed without causing much
change in the rate parameters or improving the agree-
ment with experiment provided internal consistency is
maintained.

Equations 7-9 relate the observable quantities to the
parameters of set I1.

ko'Ks | kan''KsKo

ky + +
D G M (L
(arp Ky + (H) Ky KsKc | KpKcKu
1+ =+
(H) (H)? (H)?
kn(H) + k:3Kn ™
H) + Ku
,/KpK
Kitappy = {kn(H) + ku'Ky + kl—l(i)—q +

f:KoKe k”K"K"K“'}{1+’§> ’iv_KQ}_l (®
(H)* (H)? (H)y (H)?

K(app) =

" 111K
ko' {Ks + (H)}{KBKC -+ K Ty (H)a}

1 1 1
o {KPKQ Txaw T aﬁ}‘
©)

Seemingly the only other likely alternate reaction
scheme for the ferrimyoglobin azide system consists of
modifying the right-hand sides of the ligand-binding
reactions of set IT as shown below.

ka
Mb, + HN; /= C, + H,0

ku

23]
Mb,'’ + Ny~ — C, + OH~

ke

These modifications would result, however, in no change
in the calculated values of k.(app) and would require

AZIDE FERRIMYOGLOBIN KINETICS
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ky» to be greater than 102 M~! sec™! or beyond the
normal diffusion-controlled limit for solution reactions
(Eigen, 1965).

Of the most likely reaction sequences, therefore, set
I appears to offer a simple, fairly accurate description
of the azide ferrimyoglobin system. Incorporation of
as many as two protonic dissociations on the protein
does not lead to significant change in the agreement
between experimental and calculated values. Where
discrepancies exist they are perhaps most easily attrib-
uted to dielectric changes stemming from protein ioni-
zations that alter the effective value of K. and the
heme environment.

In conclusion it is interesting to note that though
hydrazoic acid is the second most reactive ligand toward
ferrimyolglobin yet studied, being exceeded only slightly
by cyanic acid (Goldsack et al. (1965) report 1.8 X
108 M—! sec™1), its rate of combination is still consider-
ably less than the rate with which oxygen combines
with ferromyoglobin (Millikan, 1936 ; Gibson, 1959).
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