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ABSTRACT. The CO stretch mode of various substrate complexes of cytochrome P-450cam-CO was
measured using FT infrared spectroscopy. At room temperature most of the complexes show a single,
but often asymmetric infrared band. The representative wavenumber of this band for the various complexes
increases when the high-spin content, induced by the substrates in the oxidized protein, decreases.
Additionally, the increase of the CO stretch wavenumber (1939 to 1956) aorrelates with the decrease

of the Soret band wavenumber (22 440 to 22 3739m |t is suggested that the polarity of the heme
pocket is modulated by the substrates due to changed accessibility of the heme environment for water
molecules. The increased water content compensates positive electrostatic potentials near the CO ligand,
which results in loosening the contact of CO to the | helix.

The CO stretch mode of the carbon monoxide ligand in cytochrome P-450cam (P-450cdrr) several papers (Jung
hemoproteins is extensively used as spectroscopic probe fo& Marlow, 1987; Jung et al., 1992, 1996; Schulze et al.,
the heme pocket. Depending on the kind of information 1994, 1996; Contzen et al., 1996) and Tsubaki et al. (1992)
required to obtain about the structural behavior of the protein, for cytochrome P-450scc. For substrate-free P-450cam we
the CO stretch mode is investigated in its function of physical have concluded that water molecules in the heme pocket and
parameters (temperature, pressure), solvent conditions (pHjn the hydration shell of the protein play an important role
cosolvent, salt effect), or interaction with other components for the substate equilibrium and the CO stretch mode
(proteins, substrates). To date, the most detailed knowledgewavenumber (Jung et al., 1992, 1996). Changed accessibility
about the physical and chemical parameters determining theof the heme pocket for water molecules by substrate binding
CO stretch mode is obtained for diverse hemoglobins andand disorder of the substrate in the heme pocket changes
wild type and mutated myoglobins. Two phenomena are the substate equilibrium (Jung et al., 1992). In the present
generally observed: (i) the appearance of several CO stretctPaper we demonstrate that at room temperature the wave-
modes with differently pronounced contribution of the single number of the CO stretch mode in P-450cam-CO bound with
bands to the infrared spectrum and (ii) a different CO stretch various substrates correlates with the high-spin content
mode wavenumber for different proteins and their mutants. induced by the substrates in the oxidized protein. Correla-
The former has been attributed to the equilibrium of tionswere also found with the wavenumber of fche Soret band
conformational substates of the proteins (Frauenfelder et al.,n P-450cam-CO and for few complexes with the redox
1991) while the latter is explained by the different local Potential which are available in the literature. Using
structure near the CO ligand in the different substates or 2dditional correlations we have already published (Jung,
different proteins. Very recently, many studies on myoglobin 1983; Legrand et al., 1995; Jung et al., 1995), we are able
mutants indicated that the wavenumber of the CO stretch 10 get an insight how substrate _blndmg changes the electronic
mode is predominantly determined by the polarity of the structure of the carbon monoxide heme complex. In agree-
amino acid residues on the distal side (Li et al., 1994; Ray ment with the studies on mypgloblns we demonstrat.e that
et al., 1994; Springer et al., 1994) rather than the Ee O also .for P-450cam the; polarity qf the heme pocket is the
angle (Ormos et al., 1988; Li & Spiro, 1988). In contrast to physical parameter which determines the wavenumber of the

hemoglobins and myoglobins, for cytochrome P-450 an CO stretch mode.
additional influence has to be qonS|dered;_ thgt_ is the binding MATERIALS AND METHODS
of substrates. Substrate binding does significantly change
the CO stretch infrared spectrum as we have shown for Cytochrome P-450cam fronPseudomonas putidax-
pressed irEscherichia coliTB1 was isolated and purified
. . according to Jung et al. (1992) until an absorbance ratio 392
TThis study was supported in part by the Deutsche Forschungsge- . .
meinschaft (Ju229/1-1 and Ju229/3-1), the European Commission"M/280 nm of approximately 1-61.3 was obtained. Sub-
(BIO2-CT94-2060), and the Agence pour l'organisation de I'accueil Strate removal was performed using Sephadex G-25 (me-

des personnalite grangees (A.P.A.P.E.) (Project 94116), and the
Deutscher Akademischer Austauschdienst (DAAD) (Project 312/pro-

bmft-gg) in the frame of the PROCOPE programme. 1 Abbreviations: P-450cam, cytochrome P-450cam, soluble hemo-
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49-30-94063329; E.mail: cjung@mdc-berlin.de. (1R)-camphor when utilized as the sole carbon source (EC 1.14.15.1)
*Max Delbrick Center for Molecular Medicine Berlin-Buch. (CYP 101) (Nelson et al., 1993)(CO), wavenumber of the carbon
§ INSERM-U310. monoxide stretch vibration;(Soret), wavenumber of the Soret band
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Ficure 1: Structure of the substrates.

dium) and dialysis as described by Jung et al. (1992). in the double-sided/forward-backward acquisition mode. The
Substrate analogues were added to substrate-free P-450caispectra were taken at 296 K. A liquid nitrogen cooled
(1-1.5 mM) in a few microliters of an ethanolic stock midband MCT detector was used. Fourier transformation
solution (700 mM) as described in Jung et al. (1992, 1995). of the interferogram was performed with the Happ-Genzel
The structure of the substrates included in the present studyapodization function and a zero filling factor of 2. A total

is shown in Figure 1. of 200 interferograms were accumulated and coadded. The
(1R)-Camphor and (3)-camphor were purchased from infrared cell consisted of two calcium fluoride windows
Sigma and Merck, respectively. RkCamphorquinone, Q- separated by a 0.1 mm thick Teflon spacer.

camphorquinone, adamantane, 1-azidoadamantane, 1-chlo- Infrared absorption spectra were obtained from the ratio
roadamantane, 1-bromoadamantane, 1-iodo-adamantanef the intensity spectrum for the CO complex to the intensity
1-chloro-3,5-dimethyl-adamantane, 1-bromo-3,5-dimethy- spectrum of the buffer. The infrared absorption spectra of
ladamantane, 8ndeborneol, adamantanone Ritfenchone, the sample were base line corrected by substracting inter-
(4)-norcamphor, and norbornane were from Aldrich. Cam- actively the absorption spectrum of the buffer (with air as
phane, (§)-endo(—)-borneolO-allyl ether (CAL), and (8- background) until a sufficiently good base line was visible.
(—)-endeborneolO-propyl ether (CEP) were synthesized by In most cases, however, a completely flat base line could

E. Gill as described by Jung et al. (1995) and by Helms et not be obtained. Therefore, a final base line correction was
al. (1996). made by fitting the left and the right sides of the spectrum,

The sample preparation for the infrared studies followed Where no CO bands appear, using a cubic polynomial
the procedures published in previous papers (Jung et a|_,funct|on. qu a precise determination of the wavenumber
1992, Schulze et al. 1994). All samples were studied in 0.1 of the experimental !nfrareq band of the CO str_etc_h mpde
M potassium phosphate buffer, pH 7, 60% (by mass) the spectrum was fitted with the log-normal distribution
glycerol, as used for low-temperature studies (Schulze et al.,function (Schulze et al., 1994).

1994; Jung et al., 1996; Contzen et al., 1996). The CEP 5

complex was in 0.1 M Tris-HCI, pH 7, 20% (by mass) E= (A/X) exp[(InX)[1 — [(In 2)/(In“ @)](In X)I[;

glycerol. The P-450 concentration was in the range-ef .5 X=[(v— vo)(a2 — 1)+ Av,,,al/(Avy,9)

mM in all studies. After adding the ethanolic substrate

solution (700 mM, except for camphane and adamantane 100yherea is the asymmetry parameter. Forx 1 the band is
mM), the final substrate concentration was about 33 MM, asymmetric at the lower-energy side while> 1 indicates
except for norbornane 64 mM and adamantane 9 mM. Thethe asymmetry at the higher-energy side of the absorption
ethanol content in the sample was less thad%. To bind band. a = 1 represents the symmetric Gaussian band.
norcamphor, the protein was dialyzed against the buffer  spectra which clearly indicated overlap of several bands
containing 85 mM water-soluble norcamphor. Complete were additionally decomposed with Gaussians using a least-
substrate binding was reached in all samples, because thgquares fitting program.

substrate concentrations are HEDO times Iarger than their The electronic absorption spectra of the CO Comp]ex as
substrate dissociation constants. well as of the oxidized P-450cam were measured directly in

The infrared spectra were recorded on a Bruker IFS66 the infrared cell on the Shimadzu PC2101 spectrophotometer.
Fourier transform infrared spectrometer at 2 émesolution The high-spin content of the P-450 substrate complexes was
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§°| B &S 6 [ Therefore, a correlation between the wavenumber of the CO
E = 11 stretch mode and the Soret band exists (Figure 3C).

S 8, o »'(CO)= (—0.17+ 0.03y(Soret)+ (5689.5+ 753.5);

T T T al T T T —
1900 1925 1950 1375 2000 1900 1925 1950 1875 2000 r=20.64

Wavenumber cm Wavenumber cm™
FiIGURE 2: CO stretch vibration infrared spectra of cytochrome The coefficient for the correlation ofSoret) with the high-
P-450cam-CO in the presence of various substrate analogues, irspin content is lower than for the correlation of the CO stretch
0.1 M potassium phosphate buffer, pH 7, 60% (by mass) glycerol; mode with the high-spin content because the Soret band shift
e o e et by ot s 1 ooy faher smal compated o the arge absolute value:of
5 P y 9 (Soret). Inindependent experiments of the pressure-induced
shift of the Soret band of P-450cam-CO, we found the same
determined by fitting the electronic absorption spectrum with correlation between(Soret), extrapolated to the pressure at
the spectra of the pure spin states as described by Jung ed MPa, with the high-spin content. The correlation coef-
al. (1991). The precise wavenumber of the Soret band in ficient was 0.663 (Jung et al., 1995).
the carbon monoxide complex was obtained by fitting the  Three P-450cam-CO complexes do not fit into the cor-
Soret band maximum with a cubic polynomial. relation ofv'(CO) with the high-spin contenty'(CO) for
substrate-free P-450cam-CO is too low considering that the

RESULTS high-spin content is only 5%. On the other hamt{CO)

Most of the substrate-bound P-450cam-CO complexes for the complexes with tetramethylcyclohexanone and 3-bro-
investigated here show at room temperature a single, but™ocamphor as substrates has almost the same value of
often asymmetric CO stretch vibration band which can be @Pproximately 19331934 cm* although the high-spin
fitted with a log-normal distribution function (Schulze et al., contents are very different and too low for these low stretch
1994) (Figure 2). The wavenumber obtained by the fitting vibration Wav_enumbers (57.9%_and 88.9%, respectively).
is taken as the representative CO stretch mode wavenumber NO correlation between the width of the CO stretch band
('(CO)) for the substrate complex. As shown earlier by and the.h|gh—sp|n content was found. Furthermo_re, there is
Jung and Marlow (1987), Schulze et al. (1994), and Jung et"° relation betweerj the Wavenum_ber and th_e width of the
al. (1996), most of the bands of the substrate complexesco stretch mode infrared band in the various substrate
investigated in this paper split in several bands at low complexes.
temp_eratures<(200 K_), mdlcatlng conformational substates. DISCUSSION
In this paper we will discuss only the room temperature
spectra. For those spectra that show a shoulder already at As derived from the crystal structure of substrate-free
room temperature, the representative CO stretch wavenumbeboxidized P-450cam which exists in the low-spin state and
was determined by the sum of the area-weighted wavenum-has a cluster of 6 water molecules in the heme pocket (Poulos
bers of the overlapping bands obtained by decomposing theet al., 1986), it is concluded that the low-spin state can be
experimental spectra into Gaussians. A similar intensity attributed to a higher water content in the heme pocket or,
averaging procedure was used by Li et al. (1994) for the generally, in the protein structure. The crystal structures of
CO stretch mode of various myoglobin mutants. P-450cam bound with the substrate analogues camphane,

Table 1 summarizes the parameters of the CO stretch modenorcamphor, adamantane, and thiocamphor which induce a
infrared bands. In Table 2 the representative CO stretch mixture of high-spin state and low-spin state population show
wavenumbers are given together with the wavenumber of a single water molecule in the heme pocket and, probably,
the Soret band for the carbon monoxide complex of disordered solvent molecules in the protein structure (Raag
P-450cam bound with the various substrates. The high-spinet al., 1991). Therefore, it is justified to assume that an
content (HS) for the oxidized state determined from the sameincrease of the low-spin state population or a decrease of
sample before reduction and CO binding is also given. The the high-spin content indicates a more polar heme environ-

representative CO stretch mode wavenumb&CQ)) and
the position of the Soret band(Soret)) in P-450cam-CO
both are correlated with the high-spin content (Figure 3A,B)

ment. This is also supported by studies of the second-
derivative spectrum of the aromatic amino acids in wild type
and Tyr96 mutant P-450cam (Atkins & Sligar, 1990).
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Table 1: Infrared Absorption Band Parameters of the CO Stretch Modes in P-450cam-CO Bound with Various Substrates

v(CO) (cnT?); width (cnt); asymmetry parameter (population)

¥'(CO)

substrates Il m v Y, (cm™)
(1R)-camphor 1939.8; 12.7; 0.93 (1.00) 1939.3
(15)-camphor 1940.7; 9.5; 1.10 (1.00) 1940.7
(19)-camphor quinone 1939.6; 9.1; 1.05 (1.00) 1939.6
(1R)-camphor quinone 1940.5; 10.6; 0.89 (1.00) 1940.5
adamantanone 1941.5; 9.0; 1.04 (1.00) 1941.5
1l-azidoadamantane 1945.5; 13.2; 1.37 (1.00) 1945.5
1-chloroadamantane 1943.8;8.3; 1.00 (0.88) 1952.6, 10.0; 1.00 (0.12) 1944.9
fenchone 1944.5; 13.8; 1.56 (1.00) 1944.5
1-bromoadamantane 1943.1; 8.4;1.00 (0.60) 1950.8; 13.1; 1.00 (0.40) 1946.2
endaborneol allyl ether 1944.0; 10.5; 1.00 (0.74) 1952.2;12.4; 1.00 (0.26) 1946.5

camphane 1941.5;15.7; 1.00 (0.60) 1955.3;10.8; 1.00 (0.27) 1961.9; 21.0; 1.00 (0.13) 1947.9
l-iodoadamantane 1943.2;9.9; 1.00 (0.16) 1954.6; 11.6; 1.00 (0.84) 1952.8
norcamphor 1946.1; 10.3; 0.98 (1.00) 1946.1
norbornane 1953.0; 10.0; 0.96 (1.00) 1953.0
adamantane 1955.0; 11.7; 0.90 (1.00) 1955.5
1-bromodimethyladamantane 1941.6;11.1;1.00 (0.20) 1955.2;10.9; 1.00 (0.80) 1952.5
3-endenorborneol 1951.5; 9.0; 0.96 (1.00) 1951.6
1-chlorodimethyladamantane 1943.4;12.2;1.00 (0.14) 1955.3;10.9; 1.00 (0.86) 1953.6

endaborneol propyl ether
(20%)

substrate free, type 1
substrate free (20%), type 1

1944.7; 8.0; 1.00 (0.20)

1939.8; 12.0; 1.00 (0.52) 1949.4; 10.4; 1.00 (0.07)
1940.4;14.1;1.00 (0.61) 1952.9;11.2;1.00(0.19) 1962.4;11.0;1.00 (0.20) 1947.2

1954.7;12.0; 1.00 (0.70) 1965.0; 12.6; 1.00 (0.10) 1953.7

1955.3; 19.2; 1.00 (0.41) 1946.8

tetramethylcyclohexanone 1933.3; 10.9; 1.16 (1.00) 1933.3
tetramethylcyclohexanone 1934.2; 10.0; 1.00 (1.00) 1934.2

(20%)
3-bromocamphor (20%) 1933.7; 10.6; 1.00 (1.00) 1934.0

a All samples in 0.1 M potassium phosphate buffer, pH 7, 60% (by mass) glycerol, except additionally indicated in 20% (by mass) glycerol.
Band assignment to Il, 1Il, IV, and V according to Jung et al. (1996). Fit of the experimental spectra with the log-normal distribution function in

the case of an apparent single band (asymmetry parameter deviates from 1) and with Gaussians for spectra with several bands (asymmetry parameter
equal to 1). v'(CO) = representative CO stretch wavenumber, population weighted in the case of several bands; data for substrate-free P-450cam
from Jung et al. (1996); data for 3-bromocamphor complex from Jung et al. (1992).

Corresponding to this assignment, the correlations of the Table 2: Spectral and Physicochemical Parameters of Cytochrome
wavenumbers of the CO stretch mode and of the Soret bandP-450cam Bound with Various Substrates at 296 K

with the high-spin content (Figures 3A,B) suggest that the

more polar heme environment in the oxidized form of P-450 N°-

is also present in the CO complex and might be the reason 1
for the increased CO stretch mode wavenumber and the 2
decreased wavenumber for the Soret band. The decrease of,
the Soret band wavenumber in a more polar heme environ- s
ment is in agreement with our recent studies on the pressure- 6
induced red shift of the Soret band for various substrate ’
analogue P-450cam-CO complexes (Jung et al., 1995). 4
Substrates that cause a larger low-spin state population in1g
the oxidized P-450 protein show a stronger Soret band red 11
shift due to the pressure-induced shift of water molecules to g
the heme environment. 1
Unexpected is the observed increase of the CO stretch1s
wavenumber and the missing systematic change of the 16
bandwidth when the heme environment becomes more polar.1
Usually, for protein-free metal carbonyl complexes, as well 1g
as heme carbonyl complexes the inverse behavior, is
observed. A polar solvent induces a decrease of the CO1°
stretch mode wavenumber and simultaneously a broadening
of the band (Beck & Lotters, 1964) due to a direct interaction
between the solvent molecules and the CO ligand. This 20
seems not to be the case for P-450cam-CO. The polarity of
the heme surrounding must have an indirect effect on the

HS AG°syn v'(CO) v(Soret) Eo
substrates (%) (kJ/mol) (cm™) (cm™) (mV)
(1R)-camphor 99.9-17.108 1939.3 22 440.4-170
(19-camphor 99.8—-15.389 1940.7 22441.9
3 (19-camphor quinone 98.8-10.920 1939.6 22433.0
(1R)-camphor quinone 98.8-10.920 1940.5 22435.9-183
adamantanone 92.8—6.334 19415 —-175
1-azidoadamantane 88.5-5.056 1945.5 22404.1
1-chloroadamantane 84.5—4.202 1944.9 22387.3
fenchone 82.2 —3.791 19445 —208
1-bromoadamantane 78.9-3.268 1946.2 22 388.9
endeborneol allyl ether  77.5 —3.064 1946.5 22443.3
camphane 74.2 —2.617 1947.9 22427.3
1l-iodoadamantane 62.7—-1.286 1952.8 22377.7
norcamphor 60.6 —1.067 1946.1 22 417.0-206
4 norbornane 454 0.457 1953.0
adamantane 44.5 0.547 19555 22380.1
1-bromodimethyl- 43.0 0.698 19525 22373.4
adamantane
7 3-endenorborneol 38.4 1.171 1951.6 22 400.0
1-chlorodimethyl- 35.7 1.458 1953.6 22 376.1
adamantane
endeborneol propyl ether 35.2 1.512 1953.7 22 393.6
(20%)
substrate-free 5.0 7.295 1946.8 22 369803

substrate-free (20%) 1947.2
tetramethylcyclohexanone 57.9-0.790 1933.3 22 442.6-242
tetramethylcyclohexanone 1934.2

(20%)

3-bromocamphor (20%) 88.9 —5.155 1934.0 22414.3

CO ligand in P-450cam.

a All samples in 0.1 M potassium phosphate buffer, pH 7, 60% (by

The effect of the environmental polarity near the CO mass) glycerol, except additionally indicated in 20% (by mass) glycerol;
ligand, corresponding to an electrostatic field acting on the HS: high-spin contentAG®spi= —RTIn [HS/(100— HS)]; +(CO) =
CO dipole, has recently been attributed to formal electronic representative CO stretch wavenumber; redox poterigiom Fisher

resonance structures for theF@—0O group (Li et al., 1994).

and Sligar (1985).
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O (—0.197) (Jung, 1980). This charge distribution results

1960 from the synergistic effect of CO ligangdonation and iron
m-back-donation (Yu, 1986) which is modulated by the
1955 proximal ligand. A possible positive electrostatic potential
at the distal side would therefore further stabilize this charge
“-g 1950 distribution and lower the CO stretch wavenumber. Indeed,
< a recent quantum chemical study (INDO) for a porphytrin
8 1945 iron—CO complex with a pyridine as fifth ligand shows that
~ a positive point charge which approaches the CO ligand
1940 along a pathway perpendicularily to the porphyrin plane
induces a decrease of the CO stretch wavenumber from
1935 approximately 1970 to 1910 crh by changing the point
0 25 5 75 100 charge to porphyrin dlst_ance from 7 to 3 A (Kushkuley &_
high-spin content (%) Stavrov, 1_996). A negative point charge causes the opposite
effect, which means an increase of the CO stretch wave-
B number. This study also shows that the electrostatic influ-
22500 ence is more important for the CO stretch wavenumber than
the bending and tilting of the Fe&C—O group or the
22460 porphyrin ring deformation.
- Thus for P-450cam, the increase of the CO stretch
g 22420 wavenumber indicates a loss of positive contributions to the
= electrostatic potential or the generation of a negative
5 22380 electrostatic potential when the water content becomes
2 higher, which is reflected in a lower high-spin content. We
23340 suggest that the higher water content compensates the
positive electrostatic potential. This may result in a weaker
22300 contact .between the CO ligand and the protein, presumably
o 25 50 75 100 Thr252 in the I-helix. Howe_ver, there seems to be no direct
. . contact between the CO ligand and the water molecules
high-spin content (%) because the width of the infrared bands does not correlate
C with the high-spin content.
1965 In general, a change of the CO stretch mode wavenumber
can also be caused by a change of the charge of the proximal
1960 cysteinate ligand. A more negative proximal ligand should
1955 induce a stronger charge donation to the CO ligand, as can
T be shown by quantum chemical calculations (Jung, 1983),
S 4050 and it should therefore decrease the CO stretch wavenumber.
§ For model complexes, this expected decrease is also observed
= 1945 (Collman et al., 1976). In hemoproteins, however, the
polarity and the interaction between the CO ligand and the
1940 amino acids on the distal side mask this proximal effect.
1035 There is a possibility to separate the proximal and the distal

effects. Recently, we have shown that for various substrate
analogue P-450cam-CO complexes tf&-NMR chemical

Y (Soret) (em?) shift of the CO ligand correlates with the CO stretch
FiGurRe 3: Correlation of the wavenumber of the CO stretch avenumber (Legrand et al., 1995). A similar correlation
vibration v'(CO) (A) and of the Soret band(Soref) (B) with the a5 found for hemoglobins and myoglobins (Park et al.
high-spin content in cytochrome P-450cam-CO bound with various . !
substrate analogues, and correlation/(8oret) withv'(CO) (C). 1991). The hemoglobin complexes, however, form another

line because of the different proximal ligand. Thus, one

A positive electrostatic potential near the oxygen atom of could conclude that all complexes along one line have the
the CO ligand should stabilize the partial negative charge atsame proximal ligand and the changes within this line result
the oxygen atom and therefore favor the formal resonancefrom distal effects. A similar explanation has been given
structure F&=C=0°". The CO stretch mode wavenumber for the different lines for the correlation between the-fx
should decrease. In contrast, a negative electrostatic potentiastretch mode and €0 stretch mode in hemoglobins and
should show the inverse effect and should stabilize the formal P-450 (Li & Spiro, 1988; Legrand et al., 1995).
resonance structure Fe-CO’* which would result in an It is discussed by Poulos et al. (1986) that the low-spin
increase of the CO stretch wavenumber. Quantum chemicalstate shows a more negative redox potentiaB@3 meV)
calculations show that the former resonance structure is validbecause of the polar water cluster in the heme pocket, while
for the carbonyl heme complexes with imidazole (model for substrate binding shifts P-450 to the high-spin state and the
myoglobin and hemoglobins) as well as cysteinate (model redox potential becomes less negativel {3 meV). Fisher
for P-450) as proximal iron ligand, however, to a different and Sligar (1985) have found a correlation between the redox
extent. The net charge distribution for the P-450 model is potential and the high-spin content. According to these
as follows: porphyrin {0.858), Fe 40.746), C (-0.026), observations and our correlations (Figure 3A), a relation

22350 22400 22450



CO Stretch Modes in P-450cam Biochemistry, Vol. 35, No. 47, 19965093

heme pocket polarity Tyr96 ... O FG-loop
100 v (cm-1) G-helix
= CO Soret
g -
1960
= 22370
90 ¢
E 1955 . % V I24;Thr185 F-helix
al Asp182
2 22390 | L Ve aetez
© 807 1950 s\ Fe _ . 0
2 C=00%+ )
g 22410 l i Thr252 low-spin
s J e H20 solvent
o 3
e 70 1940 22430 8 \
_g / high-spin
> .
60 —t—t + + + I-Helix
0O 20 40 60 80 100 Ficure 5: Sketch of the active site and the proposed electrostatic

model for the heme environment of P-450cam-CO.
high-spin content (%)
FiGuRre 4: Cross correlation of the volume fluctuation, high-spin  the protein structure (Schulze et al., 1996; Contzen et al.,
content,»'(CO) andv(Soret) for various substrate complexes of 1996). This might increase the flexibility in the I-helix

P-450cam-CO at 296 K (substrates: norcamphor, dimethylallyl- roove near Thr252 and of the salt links formed by Lys178
borneol ether, adamantane, fenchone, camphane, bromocamphOIg ’

endoborneol allyl ether, (B)-camphor, (§)-camphor, adaman-  ASP182, Arg186, and Asp251, allowing a better access of
tanone; volume fluctuation from Jung et al. (1995). this region for water molecules (Figure 5). The electrostatic

field of the water molecules present in the low-spin state
ight partially compensate the supposed positive electrostatic
potential near the CO ligand, resulting in loosening the
contact between the CO ligand and the I-helix. To date, it
is not clear where the water molecules are located in the

. protein structure and how the compensation takes place.

study and by Legrand et al. (1995)_demonstrate the 'nﬂuenceFurther studies are required to support our model.
of the substrate on the electronic structure of the heme o ) )
complex which is mediated by the substrate-induced acces- N addition, studies are also necessary to clarify why the
sibility of the heme environment for water molecules. One P-450 complexes bound with tetramethylcyclohexanone and
might expect that this higher accessibility of the protein 3-bromocamphor do not fitin the correlatiomé{CO) with
structure for water molecules is caused by a higher flexibility the high-spin content. In contrast, for substrate-free P-450cam-
of the protein in the presence of low-spin state inducing CO one could explain the failed correlation by a possible
substrates. This higher protein flexibility might be connected Network of hydrogen bonds between differently packed water
with a higher mobility of the substrate in the heme pocket. Molecules in the heme pocket which fills the space, usually
Indeed, our recent study on the pressure-induced red shiftoccupied by the substrate, and to the CO ligand. This might
of the Soret band in P-450cam-CO bound with various also cause the multiple CO stretch bands in the absence of
substrates shows that the low-spin state is more compressibléubstrates (Jung et al., 1996).
than the high-spin state (Jung et al., 1995). From the Summarizing, we conclude that electrostatic potentials in
compressibility3 determined for the different P-450cam- the heme pocket due to different substrate-modulated ac-
CO substrate complexes (Jung et al., 1995) we calculatedcessibilities of the heme environment for water molecules
the volume fluctuatiodV from AV/V = 100 (RTB/V)Y2 (%). are the relevant parameter for the CO stretch wavenumber
V is the volume of P-450cam (33 729 mL/mol (Jung et al., in P-450cam-CO.
1995)). Figure 4 showaV as function of the high-spin
content. With the decrease of the high-spin content and theACKNOWLEDGMENT
increase of the low-spin content, respectively, the volume _ ) )
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