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The rates of NADH oxidation during the hydroxylation of camphor by cytochrome P-450,,, were followed in the presence of co-selvents used

to increase the osmotic pressure surrounding the protein-bound waler. As a result, the measured V,,,,, decreases independently of the perturbant

tested. Roughly 28 molecules of water, involved during the catalytic cycle, are deduced from the variation of ¥V, as a function of osmotic pressure.
These molecules, in part, could be those present in the cytochrome P-450,,~putidaredoxin interface,
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1. INTRODUCTION

Cytochrome P-450,... a soluble globular hemepro-
tein, catalyses the hydroxylation of its physiological
substrate, camphor, with high regiospecificity [1]. In
substrate-free cytochrome P-450,,, six water mole-
cules, defined by X-ray cristallography, are present in
the active site [2], During the first step of the catalytic
cycle, camphor binds close to the heme and excludes
water from the heme pocket [3]. This process has been
shown to control of the enzymatic activity of cyto-
chrome P-450,,,, [4,5). Of particular interest is to define
the role that water could play in the following steps
where cytochrome P-450.,, is successively reduced,
binds dioxygen, is reduced again to, finally, hydroxylate
camphor [6-7).

The osmotic stress strategy has been used to measure
the contribution of protein-bound water during the cat-
alytic reaction. This elegant strategy, successfully used
for other systems, revealed the crucial role that this thin
layer of water plays to regulate the activity of proteins
[8,9). Co-solvents are added to the medium to increase
the osmotic pressure surrounding the protein-bound
waier, The resulting perturbation can be reflected in
characteristic parameters, such as the equilibrium con-
stant and/or kinetic constant, which change as a func-
tion of osmuotic pressure and are directly correlated to
the number of molecules of water involved. '

In this work the rate of NADH oxidation by the
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tertiary complex putidaredoxir reductase—putidare-
doxin-gcytochrome P-450_, during the hydroxylation
of camphor was followed. Three osmolytes, glycerol,
ethylene glycol and glucose, were used to increase the
osmotic pressure.

2. MATERIALS AND METHODS

Cytochrome P-450,,,,, putidaredoxin reductase and putidaredoxin
were purified as previously described [10]. The assays were performed
at 25°C in buffer (Tris-HC150 mM), with potassium chloride (50 mM)
and camphor (1 mM) to insure proper saturation of the protein by the
substrate whatever the cn-solvent concentration may be. In the condi-
tions choosen to measure the oxidation of NADH, any change of the
concentration of one of the three proteins will change the measured
rate. We kept the concentrations of putidaredoxin and putidaredoxin
reductase, which sransfert iwo electrons to cytochrome P-450,,,, con-
stant at 4,2 uM and 1.75 uM, respectively. Only the concentration ol
cytochrome P-450,,,, was varied.

The oxidation of NADH was monitored at 340 nm by using a
Uvikon 940 spectrophotometer (Kontron Instruments). An inverse
plot of the rates of consumption of NADH as a function of the
congentration of cylochrome P-450,,, gives a muximum velocity for
the oxidation of NADH, V.., and an apparent constant, &, which
corresponds to the concentration of eytochrome P-450,,, at V,../2.

The three osmolytes used to increase the osmotic pressure were
ethylene glycol and glycerol (Janssen Chimica), and glucose (Sigma).
These co-solvents were used without futher purifications. The proteins
were mixed al low temperature to prevent denaturation and the forma-
tion of P-420, an inactive form of cylochrome P-450,,. The osmotic
pressure corresponding to each concentration of perturbaut were cal-
culated as previously deseribed [8].

3. RESULTS AND DISCUSSION

The effect of co-solvenis on the spectium of feiric
sitbstrate-bound cytochrome P-450,,, was used as a
control. To minimize the effect of changes in viscosity

Published by Elsevier Science Publishers B.V,



Volume 312, number 2,3

- 0 +
3
1]
E
o
E
A
E 21
)
-3 T T T T 4 T ¥ T -
0 20 40 60 80 100

Osmotic Pressure (atm)

Fig. 1. Maximum velocily of NADH oxidation, V,,,, as a function of

osmotlic pressure. The values obtained in co-solvents are plotted rela-

tive to the value in aqueous medium, V,,;. (@) glycerol, (O) ethylene
glycol, (+) glucose.

and dielectric constant, the concentration of co-solvents
was kept below an osmotic pressure equal to 100 atm.
No change in the Soret and the a., 8 bands is detected
either in glycerol at 25% (weight percent) or ethylene
glycol at 16% or glucose at 20%. The spectra are charac-
teristic of the usual high spin form that camphor in-
duces when it binds [1,11]. We also checked that the
spectra of putidaredoxin reductase and putidaredoxin
were not affected by the addition of co-solvents (results
not shown).

The effect of increasing osmotic pressure on the rates
of NADI oxidation is shown in Fig. 1. The experiments
were performed first in glycerol until an osmotic pres-
sure equal roughly to 100 atm was reached (glycerol
25%). The V,,,, relative to the value obtained in Tris-
HCl buffer only, V,,..;» as a function of osmotic pressure
is plotted. The increase in osmolic pressure results in a
decrease of the rates of NADH oxidation. To check if
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Fig. 2. Apparent consiant, K, as a function of osmotic pressure. K

corresponds to the concentration of cytochrome P-430,,, where o,

is equal to V,./2. The vilues obtained in co-solvents are piotied

relative to the value in aqueous medium, K. () glycerol, (0) ethylene
glycol, (+) glucose.
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this effect was really due to changes in the protein-
bound water driven by osmotic pressure only, another
co-solvent, ethylene glycol, was used. Within the exper-
imental error, the data follow a linear relationship. Fi-
nally a quite different osmolyte, glucose, was tested. The
results obtained strongly suggest that the effects ob-
served are induced by changes in osmotic pressure.

An estimation of the number of water molecules im-
plicated in the reaction can be deduced irom the siope
of In(Vau/Viuxi) a8 a function of osmotic pressure
equivalent to an activation volume change, 4V*. As-
suming a partial molar volume of water equal to 18
ml/mol, the obtained value, 504 ml/mol, would corre-
spond to 28 molecules of osmutically active water in-
voived in the formation of the activated state. This num-
ber is actualiy a rough estimation. In this calculation we
used the partial molar volume of free water. We did not
take into account the change in partial molar volume
when water binds to the protein.

Which step is affected by the increase in osmotic pres-
sure? The catalytic cycle of cytochrome P-450,,, is com-
plex since three proteins are necessary to hydroxylate
camphor. One could think that the decrease in NADH
oxidation is due to an alteration of the interactions
between cytochrome P-450_,,, and putidaredoxin in an
electron transfer complex. This has been shown to be
the rate-limiting step of the caialytic cycle [12]. A plot
of K in co-solvents, relative to the value obtained in
Tris-HCI buffer only, K|, as a function of osmotic pres-
sure is reported in Fig. 2. The value of K in co-solvents
decreases with increasing osmotic pressure. If K is really
an accurate reflection of K, the decrease could be the
result of the decreased ¥, seen in Fig. 1. It should be
recalled in the two-step Michaclis-Menten kinetic de-
scription that:

Vinax= ka2 [Eq), and
Km = (k-—l + kz)/kn

where [E4] is the total concentration of enzyme and k,,
k_,, k, are elementary kinetic constants. When the os-
motic pressure is increased [E;] is constant but k, could
decrease so that V,,,, and then K, decrease. It is tempt-
ing to think that this change could be the result of
modifications of the interfacial putidaredoxin—cyto-
chrome P-450_,, interactions. While there is not yet
direct evidence for the presence of water at the interface
of this key complex, this should not be neglected. In a
recent model, the differential solvation of the C-termi-
nal tryptophan residue of putidaredoxin is proposed as
a mechanism which controls the association with cyto-
chrome P-450,,, and the subsequent electron transfer
[13,14]. Any change of water activity around this resi-
due could be responsible for the decreased V. This
would confirm the major role of water in the association
of these two proteins.
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We cannot exclude that changes in osmotic pressure
affect other steps. We have shown that the hydration
degree of the heme pocket in turn determines the ability
of cytochrome P-450_,.,, to be reduced by its physiolog-
ical partner [4], putidaredoxin, can be modified by os-
motic pressure (results not published). This effect,
probed by UV second derivative spectroscopy of Tyr-
96, is quite drastic. The addition of polyethylene glycol
400 at 50% to substrate-free cytochrome P-450,,, mim-
ics the dehydration of the active site observed when
camphor binds. The dehydrating effect of increasing
osmotic pressure on the catalytically competent com-
plex, camphor-bound protein, has also been observed.

The reduction of putidaredoxin by putidaredoxin re-
ductase niay also be altered. However, in this work, we
checked, in the co-solvents tested, that putidaredoxin
was normally reduced. It suggests that even in co-sol-
vents the reduction of putidaredoxin by its physiologi-
cal partner is not the rate-limiting step.

Recently, it was proposed that water could be directly
involved in the mechanism of hydroxylation of cam-
phor through a proton charge relay from the exposed
surface to the deeply buried heme-iron (results not pub-
lished). If true, any change of the protein-bound water
by osmotic pressure could prevent this relay performing
its function no-mally.

Obviously, water plays a criticul role during the cata-
lytic cycle of cytochrome P-450,,,,. At least two major
roles for water now appear. The first one during the
binding step of the substrate, where movements of water
in and out of the active site regulate the enzymatic activ-
ity, and the second one during the association of puti-
daredoxin with cytochrome P-450_,,,. While the first one
is well established, the other remains now to be clarified,

FEBS LETTERS

November 1992

Acknowledgments: We thank Nancy Gerber for the generous gift of
putidaredoxin and putidaredoxin reductuse. We thank Judith and
Jack Kornblatt for helpfull discussions, This work was supported by
the Institut National de la Santé et de la Recherche Médicale and by
the Institul National de la Recherche Agronomique. 5.G.S. was sup-
ported by National Institute of Health Grant GM31756.

REFERENCES

[1] Tsai, R, Yu, C.A.,, Gunsalus, 1.C., Peisach, J., Blumburg, W.,
Orme-Johnson, W.H. and Beinert, H. (1970) Proc. Natl. Acad.
Sci. USA 66, 1157-1163.

[2] Poulos, T.L., Finzel. B.C. and Howard, A.J. (1986) Biochemistry
25, 5314-5322.

[3] Poulos, T.L., Finzel, B.C. and Howard, A.J, (1987) J. Mol. Biol.
195, 687-700.

{4] Fisher, M.T. and Sligar, S.G. (1985) J. Am. Chem. Soc. 107,
5018-5019,

[5] Raag, R. and Poulos, T.L. (1989) Biochemisiry 28, 917-922.

{6] Gunsalus, 1.C., Koga, H. and Sligar, S.G. (1987) in: Four Dec-
ades of P-450, Proceedings of the Yamada Conference (R, Suto
ed.) Yamada Foundation, Tokyo, 142-149,

{7] Unger, B., Gunsalus, 1.C. and Sligar, $.G. (1986) in: Pseudo-
monas Cytochromes: The Bucteria X (J. Sokatch ed.) Academic
Press, New York, 557-387.

{8] Kornblatl, J.A. and Hui Bon Hoa, G. (1990) Biochemistry 29,
9370-9376.

[9] Cotombo, M.F., Rau, D.C. and Parsegian, V.A. (1992) Science
256, 655-639.

[10] Gunsalus, [.C. and Wagner, G.C. (1978) Methods Enzymol. 52,
166-188.

[11] Sligar, 8.G. (1976) Biochemisiry 15, 5399-5406.

{12] Pederson, T.C., Austin, R.H. and Gunsalus, [.C. (1977) in: Mi-
crosomes and Drug Oxidations (Ullrich, V., Roots, J., Hilde-
brandt, A., Restabrool, R. and Conney, A.H., eds.), 275-283,
Pergamon Press, Elmsford, NY.

[13] Davies, M.D, (1992) Ph.D, Thesis, Universily of 1llinois, Urbana,
USA.

{14] Davies, M.D., Qin, L., Beck, J.L., Suslick, K.S., Koga, H.,
Horiuchi, T. and Sligar, $.G. (1990) J. Am. Chem. Soc. 112,
7396-7398,



