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Activation thermodynamics of the binding of carbon monoxide
to horseradish peroxidase

Role of pressure, temperature and solvent
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The kinetics at 423 nm of the binding of carbon monoxide to ferrous horseradish peroxidase were studied as a function of three
parameters: pressure (1-1200 bar), temperature (34 to —20°C) and solvent (water, 40% ethylene glycol, 50% methanol) using a
high-pressure stopped-flow apparatus. By using transition state theory the thermodynamic quantities AV¥, AS* and AH* were
determined under these different experimental conditions and were found to be greatly modulated by the physico-chemical
parameters of the media. The results suggest that the macroscopic thermodynamic response is mainly controlled by the solvent. By
adjusting two variables (among 7, P, solvent), it is possible either to amplify or to cancel out the effect of the third.

1. Introduction

An enzyme reaction pathway involves several
elementary steps, each of which is described by
two kinetic constants. By studying these in terms
of transition state theory [1], it is possible to
obtain information about the thermodynamic
parameters pertaining to the activated states that
allow for the transition between successive com-
plexes (see, for example, ref. 1).

With enzymes, the most commonly exploited
thermodynamic variables are temperature and
pressure, such studies leading to the thermody-
namic activation parameters: AG* (variation in
standard free enthalpy), AH* (enthalpy), AS*%
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(entropy) and AV# (volume) (for reviews, see refs.
2-7, and for recent works, see refs. 8§-13). A
problem with these parameters is that, when taken
separately, their interpretation is not easy [2].
However, as pointed out by Low and Somero
[14,15], one can gain information by perturbing
the system, e.g., by varying the physicochemical
properties of the medium (solvent, salt, pH, etc.).

Here, we studied the properties of the elemen-
tary rate constants describing the binding of
carbon monoxide to horseradish peroxidase under
various conditions of temperature (T), pressure
( P) and solvent (for a recent paper on this system,
see ref. 16). To increase the precision of the data,
we covered wide ranges of temperature and pres-
sure by employing specially constructed, rapid-re-
action equipment [17,18]. By using cryosolvents
(40%, v/v, ethylene glycol; 50%, v/v, methanol)
we were immediately able to extend the tempera-
ture range to subzero conditions [6,19] and to
perturb the system.
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This work is an extension of our previous ther-
modynamic studies on horseradish peroxidase with
peroxides as substrates [20] and on certain other
systems [21-25]. It adds to several studies on the
effects of pressure on the binding of oxygen
and/or CO to heme proteins [26-29]. Although a
quantitative interpretation of the results remains
premature, it is only by collecting data on various
systems that we might obtain a description of the
activation parameters with respect to solvent ef-
fects. Interestingly, we show that by adjusting any
two of the three variables (T, P and solvent), it is
possible either to amplify or to cancel out the
effect of the third.

2. Materials and methods
2.1. Enzyme reagents and solutions

Horseradish peroxidase (HRP; EC 1.11.1.7, type
VI, from Sigma, St. Louis) consisted almost exclu-
sively of the C isoenzyme [30]. Concentrations
were calculated using €,; =102.3 mM™! [31].
Solutions of CO were prepared by diluting a
saturated solution in water taken to be 1.0 mM at
20°C under atmospheric pressure. Tris-HCl was
chosen as buffer, since its H* concentration is
almost pressure-independent [32]. The paH (activ-
ity of H* in hydro-organic buffer) was estimated
according to procedures published elsewhere [33].

To reduce HRP, a small aliquot of a
concentrated protein solution was mixed with
buffer solution deoxygenated by bubbling with
oxygen-free argon for 15 min. The protein was
then reduced by addition of solid sodium di-
thionite. This solution was transferred anaerobi-
cally using a syringe to one of the two driving
reservoirs of the stopped-flow apparatus (see be-
low) previously deoxygenated by bubbling with
argon for 30 min and treatment with sodium
dithionite. The second driving reservoir was filled
with CO solution previously deoxygenated with
dithionite.

2.2. Kinetic measurements

Kinetic measurements at atmospheric pressure
were made with a stopped-flow apparatus adapted

to cryoenzymic conditions and constructed in this
laboratory [34]. Experiments at high pressures and
low temperatures were performed using a high-
pressure device recently developed in this labora-
tory [17,18). Both devices, which have a ‘dead
time’ of mixing of less than 5 ms, were connected
to an Aminco DW?2 spectrophotometer. The data
were absorbance changes recorded vs. time in the
dual-wavelength mode of the spectrophotometer:
specifically, the difference in absorbance at 423
and 500 nm, where the difference between the
values of the absorbance of the HRP-CO com-
pound is greatest [35]. Data were stored in a
Datalab DL901 transient recorder connected to an
Apple II microcomputer and analysed using the
Kinfit program [36]. Rapid-scan absorption spec-
tra were recorded under atmospheric pressures
using the stopped-flow apparatus [34] adapted to
a Union Giken RA 415-RA 401 (Osaka, Japan)

fast-response spectrophotometer.

3. Results and discussion

3.1. Pathway of the CO binding process: solvent and
temperature effects

The general ‘induced-fit’ theory implicitly im-
plies that the binding of the ligand CO to the
protein is a two-step process: formation of a colli-
sion complex (rapid attainment of equilibrium)
followed by an isomerization step:

K, k,
E+CO<-E-CO=E*.-CO

k_y

Spectroscopic measurements of the formation
of E* - CO provide the first-order kinetic constant
ks =k_, + k,[CO]/K, +[CO], where K, is the
dissociation constant. When [CO] is increased a
plateau for k_,, must be reached.

The kinetics (at 423 nm) were studied at pH 7.5
(or paH) in either aqueous solution (4-34°C),
50% methanol (20 to —20°C), or 40% ethylene
glycol (20 to —10°C). Under all conditions, the
resulting curves were clearly first order and the
rate constants obtained (k_,,) were linearly de-
pendent on the concentration of CO (up to 0.5
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Fig. 1. Kinetics of formation of the (HRP-CO) complex in 0.2
M Tris, paH 7.5 in 40% (v/v) EGOH at different pressures as
indicated. Temperature: — 10 ° C. For the sake of clarity, curves
have been offset on the absorbance ordinate. Inset, dependence
of kg, on the concentration of CO, at —10°C, in 40%
EGOH. 1 bar (@), 1200 bar (a).

mM) (fig. 1). Rapid-scan spectra (not shown) indi-
cated that, under hydro-organic conditions, the
absorption spectra had the same characteristic
shape as when determined in the absence of
organic solvent.

The linearity of k., as a function of CO con-
centration (fig. 1) means that K, and k, remain
too high for the maximum CO concentration al-
lowed (0.5 mM), For other systems, such as myosin
ATPase [37] or the HRP-peroxide system [20], the
use of an organic cosolvent and/or subzero tem-
peratures permitted us to obtain saturation curves.
We did not succeed with the HRP-CO system,
probably because k, and/or K; remain too high.
Finally, we obtained only the second-order con-
stant k, =k,/K, (the slope in M~! s71), the
values of which are summarized in table 1. In
addition, under the same conditions, extrapolation

Table 1

Values and activation volume for &, under different experi-
mental conditions

Values (means + S.D.) were obtained by computer fitting of In
k., as a function of pressure.

Temperature © k, (X1073) AV*
(°C M 's™hH (mlmol™1)
Water 34 6.2 +0.6 -236 %1
20 2.7 +04 -23.7 +1
42 1.0 +0.1 —-269 +1
40% 20 2874002 —6.9840.02
EGOH 0.5 0.57+0.01 —10.5 +0.6
-10 0.2 +0.01 -14.6 +0.8
50% 20 56 +0.1 -94 102
methanol 10.3 34 102 -6 402
42 1.5 +£0.1 ~55 402
0 1.3 $+0.1 -52 +1
-938 0.6 +0.1 —23 +03
—20 0.25+0.1 —1.6 104

of k., to zero concentration gave its value to be
close to zero, which implies a very small k _,.

The main feature concerning these results is the
small solvent effect on k_ which, for example, at
20°C, varies by less than a factor of 2 for the
three solvents. In comparison, in the hydroxyl-
amine oxidoreductase-CQO reaction, the presence
of 40% ethylene glycol increased the velocity of
the binding rate constant by a factor of 2.5-3 [25]).
Further, we observed an increase in to a factor of
10 for the binding of peroxides to HRP [20].

Table 2

Thermodynamic parameters for k, under different experimen-
tal conditions

Values (means + S.D.) were obtained by computer fitting,

Thermo- Pres- Medium

dynamic sure o ter 40% EGOH 50% MeOH
parameters (bar)

AGE (20°C) 1 531401 52 +1 5112
(kJmol™') . 1200 50 +2 51.6+01  50+1
AHY 1 417401 55 #1 4742
(k¥ mol™1) 1200 34 +2 457401 5341
Ast 1 —-372+02 8 +4 —13%8

(Jmol"'K~1) 1200 —-52 +6 —202+05 1114




240 C. Balny, F. Travers / Pressure, temperature and solvent effects on HRP-CO

The question remains as to the thermodynami-
cal significance of this constant k,. The equi-
librium constant K, is dealt with by using the
Van’t Hoff equation AG, = —RT In(KX,) for the
complete transformation of 1 mol E+1 mol CO
at a concentration of 1 M to give 1 mol complex
(E-CO) (standard conditions). The rate constant
k, is interpreted in terms of the activated state
theory of Eyring et al. [1] which postulates that
there is a transition state (E-CO)* between (E -
CO) and (E*-CO) the properties of which are
described by AG= —RT In(hk,/kT) for the
transformation of 1 mol (E- CO) to (E- CO)* (h
and k denote the Planck and Boltzmann con-
stants, respectively).

The AG* associated with the overall constant
k, is equal to AG} — AG, = —RT In(hk,/kT).
This is symbolized by the energy diagram shown
in fig. 2. Finally, AG* describes the thermody-
namic properties of the activated complex (E-
CO)* with reference to the ground state (E + CO),
independently of the properties of the collision
complex (E - CO). We can have a situation where
the last complex is very sensitive to the conditions
of the medium (7T, P or solvent) but where (E-
CO)* is not: K, and k, fluctuate simultaneously
but k,/K, remains relatively constant. Such a
situation has been observed with the myosin
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Fig. 2. Energy diagram of the reaction scheme: (E + CO) — (E-
CO) = (E*-CO), E representing HRP. Values are those in
water at 20°C and 1 bar. Dashed curves represent the un-
known values.
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Fig. 3. Plot of AG} vs. T for k. in water (8), 40% EGOH (a)
and 50% methanol (M) at atmospheric pressure. For details, see
text.

ATPase [37] but not for the HRP-peroxides reac-
tion [20).

The variations of AG? as a function of temper-
ature at atmospheric pressure and in different
solvents are demonstrated in fig. 3. The relation-
ship AGY = AH% - TAS% gives AH! and ASE
the values of which are summarized in table 2.

3.2, Pressure effect

The influence of pressure on the binding of CO
was studied in the three solvents and at different
temperatures. Under each condition, k_, re-
mained first order and linear as a function of
[CO], from which k_ is obtained. According to
transition-state theory, the pressure dependence of
k, is given by: (8ln k. /8P),= —AVI/RT
where AV = AV} - AV,

A plot of In k, vs. pressure should be linear.
This is the case under all conditions investigated
(in the pressure range 1-1200 bar) and the slopes
of the lines give AV}, assuming R = 82 cm® atm
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Fig. 4. (A) Dependence of &, on pressure and (B) dependence of AV.f_ for k, on temperature. Water (®), 40% EGOH (a) and 50%
methanol (W). Temperature: 20 ° C. The lines were computer fitted.

Table 3
Temperature coefficients of activation volume and pressure coefficients of activation entropy and enthalpy for &, in different media

Values (means + $.D.) were obtained by computer fitting.

Coefficients Medium
Water 40% EGOH 50% MeOH
(SAV*/BT)P 0.11+ 0.05 024+ 005 -019+0.02
(mlmol~1 K1)
(8A5%/8P), —-010+ 005 —0.24+ 0.02 0.21+0.01
(ml mol~! K~1)
(SAH*/8P), —-55 %10 -78 £ 5 52 2
(m! mol 1)
AV —T(8AV*/8T),
(ml mol 1)
Temperature (° C)
34 -58 +15
20 -56 =+15 —78 +15 47 +6
4.2 —-58 13
0 -77 413 47 15
—98 48 45
—10 -79 +13

—20 48 +£5
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K~! mol™! with 1 atm = 1.013 X 10° Pa (see fig.
4A). The values obtained are listed in table 1.

The linearities observed in fig. 4A for the three
solvents deserve further comment. First, curvature
of the plots can be a consequence of a change of
the rate-limiting step at high pressures, as ob-
served, e.g., in the fumarase reaction [13]; the
linearity obtained validates the reaction pathway
proposed. Second, interpretation of the data does
not necessitate reference to Kramers’ equations
[38] which are required when the ranges of tem-
peratire and pressure are large compared to those
used here [29). This shows that variations in the
viscodity under our conditions remain slight and
in this case transition-state theory appears as an
approximation of that of Kramers as developed by
Butz et al. {13]. Third, it means that the com-
pressibility Ak = (8AV#/6P), remains small in
extent. (<107% ml mol™! bar™!) [39]. In ad-
dition, variations in AV} as a function of temper-
ature are linear as shown in fig. 4B.

The AV observed is the sum of several compo-
nents: the binding of CO, then a subsequent con-
formational change occurring in the protein, and
the associated reorganization of the solvation shell.
In fact, these events are interconnected and thus
difficult to analyse independently. However, at
this stage we point out that the large variations
observed in AV} under different conditions sug-
gest that solvent reorganization is the predomi-
nant factor [14,15] and that this drives the re-
sponse of the system.

3.3. Thermodynamic considerations

Finally, we obtained values for AH¥, AS* and
AV'* which describe the properties of the activated
state (HRP-CO)? in relation to the ground state
(HRP + CO) as a function of the three parameters
P, T and solvent composition. Table 3 lists the
calculated values for derivatives of AH¥, AS%
and AV} with P and T as variables. These values
give rise to an accurate fit to Maxwell’s relation-
ships: (84V}/8T), = —(8AS%/8P); and
(8AH/8P), = AVE — T(8AV}/8T)p. A similar
behaviour has been observed for other biochem-
ical reactions [25,28]; this merely shows that the
results are internally consistent: the correlation is

a mathematical consequence of the definitions of
thermodynamic functions as recently pointed out
by Hamann [40].

An interesting point is that all these parameters
vary widely as a function of the experimental
conditions. For example, alterations in tempera-
ture cause significant changes in AV}: —24 ml
mol~! in water at 34°C and —1.6 ml mol~! at
—20°C in 50% methanol. AV¥ increases with
decreasing temperature when the solvent is water
or 40% ethylene glycol but decreases in 50%
methanol. Also, AS? is very sensitive to the con-
ditions, in particular to pressure (see table 2).

When AG? is plotted as a function of P at
various temperatures in 40% ethylene glycol (fig.
5A) and in 50% methanol (fig. 5B), straight lines
are obtained which appear to converge towards a
zone where (8AG*/8T), =AS* =0 for 350 + 50

53L @

+ -1
3G}, kd.mol

49 1 1 1 1 1 L
1 ‘400 800 1200

Pressure, bar

Fig. 5. Dependence of AG on pressure at selected tempera-
tures as indicated. (A) In 40% EGOH and (B) in 50% methanol.
The lines were computer fitted.




C. Bainy, F. Travers / Pressure, temperature and solvent effects on HRP-CO 243

bar in 40% ethylene glycol and 750 + 50 bar in
50% methanol. At these points, AS¥ for the pro-
cess is close to zero. For another system [25], a
stationary point was observed for AH* where the
temperature was without effect:at higher pres-
sure, the temperature effect was inverted and de-
creasing temperature led to an increase in the rate
of reaction.

At —30°C, in 50% methanol, the pressure ef-
fect is slight (A¥¥ = 0) and at 0°C and 300 bar,
compared with pure water, methanol has no effect
on k, as with 40% ethylene glycol at 20°C and
100 bar.

These results show that by adjusting two varia-
bles, one can minimize the effect of the third.

We must point out that despite the fact that the
nature of the observed phenomena always remains
the same, with identical spectral variation and
rather similar values of the rate constants, certain
thermodynamic values such as AV* vary dramati-
cally or even change sign, for instance, AS* or
8AV*/8T. As already suggested by various authors
[3,7,14,21,41,42), it is probably an indication that
the thermodynamic macroscopic response of these
systems is mainly controlled by solvent reorgani-
zation. We observe little change in AH* and 45*
by varying the solvent (table 2) but it seems that
there is a compensatory effect: when AH? in-
creases the term — TAS? decreases. The ampli-
tudes of these variations are too small for one to
verify quantitatively the theory on the compensa-
tion, however, this qualitative aspect also helps
one to explain the predominant part of the solva-
tion in the phenomenon under study [43]. Further
investigations necessitate a physical model for the
protein-solvent system, A recent preliminary ap-
proach [44] has attempted to draw a parallel be-
tween the structural transitions observed in pro-
teins and those observed in macroscopic gels as a
function of the physico-chemical parameters of
the medium. A compilation of results such as
those presented here might test this hypothesis.

Acknowledgements

We should like to acknowledge very stimulating
discussions with Professor A.B. Hooper, Dr. D.

Arciero (University of Minnesota) and Dr. T.
Barman. We thank the Compagnie Rhone-Pou-
lenc, Department of Silicones, for the gift of
Rhodorsil oil 0.65 Cst used as pressure trans-
mitter, The authors are grateful to Dr. N. Dahan
and Mr. J.L. Saldana for helping with the design
of the high-pressure stopped-flow apparatus. This
work was supported by grants from La Fondation
pour la Recherche Médicale Frangaise and the
DRET.

References

1 S. Glasstones, K.J. Laidler and H. Eyring, The theory of
rate process (McGraw-Hill, New York, 1941).
2 E. Morild, Adv. Protein Chem. 34 (1981) 93.
3 R. Jaenicke, Annu, Rev. Biophys. Bioeng. 10 (1981) 1.
4 K. Heremans, Annu. Rev. Biophys. Bioeng. 11 (1982) 1.
5 R. Jaenicke, Prog. Biophys. Mol. Biol. 49 (1987) 117.
6 P. Douzou, Q. Rev. Biophys. 12 (1979) 521.
.7 G. Weber and M.G. Drickamer, Q. Rev. Biophys. 16 (1983)
89.
8 T. Seifert, P. Bartholmes and R. Jaenicke, Biochemistry 24
(1985) 339.
9 K. Ruan and G. Weber, Biochemistry 27 (1988) 3295.
10 J.A. Kornblatt, G. Hui Bon Hoa and K. Heremans, Bio-
chemistry 27 (1988) 5122.
11 G. Dreyfus, H. Guimaraes-Motta and J.L. Silva, Biochem-
istry 27 (1988) 6704.
12 P.T.T. Wong and K. Heremans, Biochim. Biophys. Acta
956 (1988) 1.
13 P. Butz, K.O. Greulich and H. Ludwig, Biochemistry 27
(1988) 1556.
14 P.S. Low and G.N. Somero, Proc. Natl. Acad. Sci. U.S.A.
72 (1975) 3014.
15 P.S. Low and G.N. Somero, Proc. Natl. Acad. Sci. U.S.A.
72 (1975) 330s.
16 C. Bohne, 1.D. MacDonald and H.B. Dunford, J. Biol.
Chem. 262 (1987) 3572.
17 C. Balny, J.L. Saldana and N. Dahan, Anal. Biochem. 139
(1984) 178.
18 C. Balny, J.L. Saldana and N. Dahan, Anal. Biochem. 163
(1987) 309.
19 P. Douzou, Cryobiochemistry, an introduction (Academic
Press, New York, 1977).
20 C. Balny, F. Travers, T. Barman and P. Douzou, Eur.
Biophys. J. 14 (1987) 375.
21 T. Barman, F, Travers, C. Balny, G. Hui Bon Hoa and P.
Douzou, Biochimie 68 (1986) 1041.
22 C. Balny, F. Travers, T. Barman and P. Douzou, Proc.
Naitl. Acad. Sci. U.S.A. 82 (1985) 7495.
23 P. Masson and C. Balny, Biochim. Biophys. Acta 874
(1986) 90.



244 C. Bainy, F. Travers / Pressure, temperature and solvent effects on HRP-CO

24 P. Masson and C. Balny, Biochim. Biophys. Acta 954
(1988) 208.

25 C. Balny and A.B. Hooper, Eur. J. Biochem. 176 (1988)
273.

26 G. Hui Bon Hoa, P. Douzou, N. Dahan and C. Balny,
Anal. Biochem. 120 (1982) 125.

27 EF. Caldin and B.B. Hasinoff, J. Chem. Soc. Faraday
Trans. I, 3 (1975) 515.

28 B.B. Hasinoff, Biochemistry 13 (1974) 3111.

29 H. Frauenfelder and P.G. Wolynes, Science 229 (1985) 337.

30 S. Marklund, P.L. Ohlsson, A. Opara and K.G. Paul,
Biochim. Biophys. Acta 350 (1974) 304,

31 G.R. Schonbaum and S. Lo, J. Biol. Chem. 247 (1972)
3353,

32 R.C. Neuman, W. Kauzmann and A. Zipp, J. Phys. Chem.
77 (1973) 2687.

33 P. Douzou and C. Balny, Adv. Protein Chem. 32 (1978) 77.

34 J.L. Markley, F. Travers and C. Balny, Eur. J. Biochem.
120 (1981) 477.

35 D. Kertesz, E. Antonini, M. Brunori, J. Wyman and R.
Zito, Biochemistry 4 (1965) 2672.

36 1. Knack and K.H. R6hm, Hoppe-Seyler's Z. Physiol. Chem.
362 (1981) 1119.

37 T.E. Barman, D. Hillaire and F. Travers, Biochem. J. 209
(1983) 617,

38 H.A. Kramers, Physica 7 (1940) 284.

39 K. Gekko and Y, Hasegawa, Biochemistry 25 (1986) 6563.

40 S.D.-Hamann, Aust. J. Chem. 37 (1984) 867.

41 G.8. Greaney and G.N. Somero, Biochemistry 18 (1979)
5322.

42 G. Hui Bon Hoa and M.C. Marden, Eur. J. Biochem. 124
(1982) 311.

43 R. Lumry and S. Rajender, Biopolymers 9 (1970) 1125.

44 P. Douzou, Proc. Natl: Acad. Sci. U.S.A. 84 (1987) 6741.



