1840 Biochemistry1996, 35, 1840-1847

Interactions of Substrate and Product with Cytochrome R450

Shakunthala Narasimhulu*
Harrison Department of Surgical Research, School of Medicineyéfgity of Pennsylania, Philadelphia, Pennsyhnia 19104
Receied December 20, 1994; Rsed Manuscript Receeéd September 19, 1995

ABSTRACT. Interactions of the substrate(s) benzphetamine and the product (P) desmethylbenzphetamine
with cytochrome P45§, were studied by difference spectrophotometry. A two-sites model in which
site 1 binding, causing Type | transition (low- to high-spin) must precede site 2 binding, causing Type Il
transition (high- to low-spin), gave an acceptable fit to the spectral titration data. The equilibrium
association constant of substrate for siteKl) (was greater than that for site K4), and theK; for the

product was greater thafy,, indicating that the substrate binds preferentially to site 1 and the product
prefers site 2. In addition, competition between P and a strong Type Il ligand (1-benzylimidazole) and
a noncompetitive type of interaction between S and the same Type Il ligand was observed. This indicates
that P binds to the same site as the Type Il ligand and S binds to a different site. The observed high-spin
maxima for both P (EP'Sna) and S (E$'Sway) Were similar to those calculated using tke and K»

values obtained from the curve-fitting procedure, indicating that the equilibrium concentration of the high-
spin species is controlled entirely B and K,. Simultaneous presence of the substrate and product
decreasel; of the substrate ani¢, of the product, indicating that there is interaction between the substrate-
preferred and the product-preferred sites. A possible functional significance of the differences in the site
preferences of the substrate and product is discussed.

In principle all cytochrome P450s share a common reaction substrate-free low-spin p450s generates new low-spin species
cycle with regard to structure and redox states of the heme.with the added ligand at dposition (Holm et al., 1976;
The cytochrome has two ferric states which differ in optical Collman & Sorrell, 1977; White & Coon, 1982; Yoshida et
spectra, spin state, coordination number, and ability to al., 1982; Dawson et al., 1982; Dawson & Sono, 1987). Itis
undergo enzymatic reduction (White & Coon, 1980; Narasim- thought that Type Il transition is a result of a Type Il ligand
hulu, 1993b). In the absence of exogenous ligands, mostreplacing the native & ligand. This requires that the
P450s are low-spin and hexacoordinated with their Soret €xogenous ligand has higher affinity for thetosition than
absorption band around 42419 nm. It has been known the native Iigaljd. Many subs.trat.e—free low-spin P450§ are
for a long time that exogenous ligands can elicit two major StaPle, suggesting that the nativgligand may not be easily

types of spectral changes in cytochrome P450s (Remmer ef€Placeable by all exogenous Type Il ligands. A second

al., 1966). These have been referred to as Type | and TypepOSSi_b_i”ty is that a Type I Iigar_1d can also elicit Type |
Il. The Type | complexes are high-spin with their Soret transition, converting the low-spin heme to the pentacoor-

absorption peaks around 38894 nm, and Type Il com- dinated high-spin state, and that this transition precedes

plexes are low-spin with their Soret absorption around-417 gglsdimngagdtrt]e ?ggl?g%%sgfnaggut:etggtms't'gg -of-lt—rhaarfs?tions
426 nm (Mitani & Horie, 1969a,b; Whysner et al., 1969, 9 ype ol lig yp

. o is indicated by studies reported on camphor binding to
1970; White & Coon, 1982). The addition of substrates P45Q,, (Mardeyn & BonHan? 1987), as welllgas bindinggof

(Type | ligands) shifts the Soret absorption peaks of P450s ¢ ,pctrate and product to P4§p(Narasimhulu, 1994). At
from 417-419nm to 388-394nm. The Type | spectral shift |5, concentrations camphor converts low-spin P45@0
is indicative of transformation of the heme from a hexaco- high-spin state, and at high concentrations it converts high-
ordinated low-spin to a pentacoordinated high-spin state. ThISspin back to a low-spin state (Lang et al., 1977; Marden &
transition is probably brought about by substrate interacting gonHoa, 1987). Marden & BonHoa (1987) proposed a
with mainly the protein moiety (Raag & Poulos, 1989), and three-state model in which at low concentrations camphor
it reflects bimolecular substrate binding reaction (Griffin & binds, converting the heme to high-spin state, and then at
Peterson, 1972; Marden & BonHoa, 1987; Narasimhulu, high concentrations a second molecule binds, forming a
1991, 1993a). Various types of spectroscopic investigationsternary complex converting the high-spin back to a low-spin
have shown that addition of Type Il ligands to substrate- state. These authors concluded that R4&€ontains a low-
bound or substrate-free high-spin P450s or their addition to affinity second substrate binding site. They did not consider
product binding. No further reports regarding the two sites
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position. The products are hydroxylated and some final Data Analysis The curve-fit programs used were the same
products are amines formed by oxidative dealkylation. This as those in previous studies (Narasimhulu, 1993a). The
raises a question as to whether or not the product of a P450-standard error of estimate, randomness of distribution of
catalyzed reaction has significant affinity for thgposition residuals, reduceg?, and the standard deviations of the
and whether or not it can play a role in the regulation of individual parameters of the model were considered in
P450 activity via Type Il interactions. evaluating the goodness of fit.

In the present study, spin-state transitions in B450 Temperature-Jump Relaxation Measurementhe T-
caused by the substrate benzphetamine and the produciimp relaxation measurements were made using the ap-
desmethylbenzphetamine have been investigated. In thisParatus manufactured by Dialog (Germany), which has been
paper the Type | ligand binding site will be designated as Previously described (Drobnies, 1979; Rigler et al., 1974).
site 1, and the Type Il ligand binding site as site 2. Results The temperature jump was from 23 to Z5. The relaxation
indicating the following are presented: (a) site 1 is preferred time at each concentration of the substrate represents an
by substrate and site 2 is preferred by product, and (b) the@verage of 10 jumps at 2500 V. This apparently did not
relative association constants of a given ligand to the two cause any damage to the enzyme as indicated by the absence
sites K1/K,) determine the equilibrium concentration of the Of significant amounts of P420 as determined from the CO
high-spin state. Little attention has been paid to proguct difference spectrum of the dithionite-reduced enzyme.
P450 interactions. Therefore a hypothesis regarding possible

functional significance of produetP450 interactions is also RESULTS

discussed. Absolute SpecttaThe UV—visible spectrum of substrate-
free P45z, was that of low-spin with the Soret peak at 417

MATERIALS AND METHODS nm ando. andf bands at 533 and 571 nm (Figure 1A, curve

1). The Soret band decreased considerably when desmeth-
ylbenzphetamine was added (curves 2 and 3). There was
little or no shift in the Soret peak (416117 nm). There
were small shifts and intensity changesdrand § bands.
Similar Soret peak positions and decreases in peak intensities
have been reported for low-spin complexes of P450s with

Glycerol, benzphetamine hydrochloride, and most other
chemicals were purchased from Sigma Chemical Co. Highly
purified phenobarbital-induced rabbit liver P4p0was a gift
from Drs. Alfin D. Vaz and M. J. Coon. Desmethylbenz-
phetamine was a gift from Drs. Steve Pernecky and M. J.

Coon. Dilaurylphosphatidylcholine (DLPC) was from Avan- certain nitrogen donor ligands. These ligands are probably

u CO'. _ . coordinated to k positions of P450s (Dawson et al. 1982,
Purity of Benzphetamine and Desmethylbenzphetamine whjte & Coon, 1982; Yoshida et al., 1982). A small increase
The purities of benzphetamine and desmethylbenzphetamingp, absorption in the high-spin region (390 nm) could be
were ascertained by mass spectrometric analysis. Both wergpserved at the concentrations of the product shown in the
100% pure as reflected by the abscence of any other peaksigyre (curves 2 and 3). The high-spin absorption could be
on the gas chromatographic tracing. observed more clearly in the difference spectra (Figure 1C).
SpectrophotometryAll spectra were obtained with a split- Difference Spectra The shape of ligand-induced differ-
beam Perkin-Elmer spectrophotometer, Model 277, equippedence spectra of P45 depended on the ligand and its
with electronic baseline corrector and a head-on photomul- concentration as well as on the experimental conditions. In
tiplier, or a Model U-3000 Hitachi spectrophotometer. the presence of the phospholipid DLPC, benzphetamine

Determination of Ligand Binding ParametersSpectral ~ (Substrate) produced normal Type | spectra at the concentra-
titrations were performed as follows: Microliter volumes of tions shown (Figure 1B). The peakAA(388-406 nm)]
aqueous solutions of either benzphetamine hydrochloride orto trough NAA(406-420 nm)] ratios remained essentially
desmethylbenzphetamine hydrochloride were added to thethe same, indicating that only the two spectrally well-
experimental cuvette and equal volumes of water were addedseparated species (substrate-free low-spin and substrate-
to the reference cuvette. The stock solutions were eitherbound high-spin) are probably involved in producing these
0.05 or 0.025 M. Enzyme dilution (no more than 10%) was SPectra. Desmethylbenzphetamine (product) elicited a much
taken into account for calculations. No visible turbidity was Smaller distorted Type I spectrum with loss of the isosbestic
observed. In addition, blank titrations were also performed Point (Figure 1C). Similar substrate-induced normal Type
with the substrate as well as the product in order to detect ! Spectra and product-induced distorted spectra have also been
any ligand-dependent scatter changes. After each additionoPserved with another P450 (Kominami et al., 1980).
the difference spectrum was scanned from 360 to 500 nm. Ligand Binding ParametersDepending upon experimen-
The AA at the desired wavelengths were obtained from the tal conditions theAAA versus substrate/product concentration
digital readout as well as from the difference spectrum. The data could be fit to the two-sites model (egs 1 and 2)
AAA(388-470 nm) orAAA(470-420 nm) values were used  satisfactorily by the criteria indicated under Materials and
for analysis. In addition, titrations were performed in a low- Methods.
noise and high-sensitivity dual-wavelength filter photometer
by a semimicro technique (Narasimhulu, 1976). In this
technigue the sample is constantly stirred with a magnetic
stirring attachment during titration, and thé\A is recorded
with a strip chart recorder. By this technigA@A between  Subscripts 1 and 2 refer to sites 1 and 2=LS (substrate)
selected pairs of wavelengths could be obtained more or P (product)K: andK; are apparent association constants.
precisely, whereas the former technique allowed examination Binding of Benzphetamine to P45Q Figure 2A shows
of the entire difference spectrum. a AAA(388—-470 nm) versus benzphetamine concentration

K1 Kz
E°+L<EL™ EL™+L<ELL" ()
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Ficure 1: Effects of Substrate and Product on Spectrum of B450rhe reaction medium contained 100 mM potassium phosphate buffer,
pH 7.3, 50ug/mL DLPC, 20% glycerol, and 1.BM P450. (A) Curve 1, absolute spectrum; curves 2 and 3, in the presence of 110 and
440 uM desmethylbenzphetamine. Panels B and C show difference spectra. (B) Cur8da the presence of 44, 133, and 2281
benzphetamine. (C) Curves-B in the presence of 5QaM, 600uM, and 1.2 mM desmethylbenzphetamine. Temperature was approximately
25°C.

curve in the absence of DLPC. The solid line is the Table 1 shows benzphetaminB450 binding parameters

theoretical curve for eq 2: obtained under different experimental conditions. A decrease
in temperature resulted in a decreas&iras well as inK,.
(AA; = AA) = IEK [(€g1y — €pro T € — €L + Since the substrate has very low affinity for site 2, there
(e — €eLLn + €00 — GEJ)KzLZ]/(l + KL+ K1K2L2) was little transformation of the high-spin back to low-spin
) state. Therefore there was little change in the maximum

high-spin species (ES,.). However, omission of the lipid
e represents difference extinction coefficients of the various considerably decreaséd and increase#.. This probably
species. The different species are indicated by subscriptsresulted in a decrease in the maximum high-spin. The
The subscripts are followed by the numeral 1 or 2 which observed E¥n.. values were reasonably close to those
representsl; or A,. The association constak (1803 + calculated according to eq 3, using the valuesfoandK;
95 M%) was greater thai; (810 + 41 M), indicating ~ obtained by the curve-fitting procedure:
that the substrate has much higher affinity for site 1 than
for site 2 (Table 1). The’s of the free enzyme would be HS E K, (1K K,
zero. TheAes at 388-470 nm for ESS and for ESS® were EL hax= 7
65.44+ 2 mM~t cm™! and negligibly small, respectively. 24 Ky(1KK,)
Figure 2B shows simulated curves fotSE ESHS, and
ESSHS, using theK; andK; values obtained by the curve- Binding of Desmethylbenzphetamine to P450The AAA
fitting procedure. versus product concentration curves obtained using the two

()
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Ficure 2: Titration of P45@s4 with Benzphetamine in the Absence of Lipid. The reaction medium was 100 mM potassium phosphate
buffer, pH 7.3,+ 20% glycerol. Er (total enzyme)= ~0.7 uM P45Q0;,. (A) The solid line is the theoretical curve of eq 2. (B) Solid
curves are simulated curves using eandK; values obtained by the curve-fitting procedure (Table 1). The dots are concentrations of
the ESHS complex calculated usindAeE of 62 mMt cm™! (Table 1). ES = E/denom; ESS = EfK;Sdenom; ESS = ErK K,
denom. Denonme= (1 + KiS+ KiK,S). Temperature was about 28.

Table 1: Parameters of benzphetamiRa50s, Binding under Then the decrease in the 388-nm absorption and increase in
Different Experimental Conditiofis the 420-nm absorption upon addition of product to the
association ESS subst.rateP.450 complex is indicative_ of transformation of
tem constant (M%) (M) SEE the high-spin P450 back to a low-spin state. The decrease
additions (°C)p K. Ko obs calc (% MedianY) in the relativeAA/AAnmax m'ag_nltude of .the substrate—lnduceq
Type | spectral change with increase in product concentration
igtgg g? i?%i gggg iggi ;g 8'22 8'28 gg remained essentially the same at all substrate concentrations
+DLPC 14 6766+675 137+ 19 0:58 0:50 3:2 tested (Figure 4B). A two-sites model (eq 4) in which the
0 26 1803+95 810+41 0.32 0.29 31 ke K
aln all instancesAAA(388-470 nm) obtained from difference ES=So ES]_HS ESlHS + P ES].PZLS (4)

spectra versus benzphetamine concentration was used for analysis as

described under Materials and Methods. Theifference extinction . . . .
coefficients of ESS varied from 65 to 70 mMt cm-! and those of  Substrate (S) binds to site 1 and the product (P) binds to site

ESSS were negligibly small. 2 was found to give an acceptable fit (S.E#£E.7.7% of
medianyY) to the data (Figure 4B). Sind&, > K, when L
ineq 1 was S, an#, > K; when L was P, it was assumed
that binding of substrate to site 2 in the presence of the
product and binding of the product to site 1 in the presence
of the substrate were negligible at the concentrations of S
and P studied. Therefore, when both S and P were present
i d - simultaneously (eq 4X.* and K;* were considered as the
The difference extinction coefficient at 38870 nm of  gpparent association constants for binding of substrate to site
EPS (85 mM™* cm™*, Table 2) was considerably greater 1 and product to site 2, respectively. Then in ed.2yas
than that of E'® (65 mM™* cm™), indicating that E8'® is replaced by [S] andl2 by [S][P]. The difference extinction
probably not spectrally identical to EF. As with the coefficient at 388-470 nm for ESHS was 62 mM?® cm2,
substrate, the calculated BRa«was similar to the observed  gnd that for ESP,'S was negligibly small. The values
value. SinceK; > K; (Table 2) for the produqt ani; > obtained fork.* (2834 + 435 M-1) andK,* (1026 + 194
Kz (Table 1) for the substrate, the concentration of &R M~1) at 330uM substrate were considerably less than those
was only 12-16% that of ESSnax when P450 was titrated with substrate or product alone
Binding of Product to SubstrateP45Q4 Complex The (Tables 1 and 2). Apparently, presence of the product
addition of the product to substrat®450 complex decreased decreased the free energyAG) of binding of the substrate
the 388-390-nm absorption and increased the 420-nm to site 1 from—6 to —4.7 kcal M™%, and the presence of the
absorption, and the normal Type | spectrum (Figure 4A, substrate decreased theAG of binding of the product to
curve 1) was replaced by a distorted spectrum (Figure 4A, site 2 from—5.6 to —4.1 kcal M™%, suggesting interaction
curve 2), similar to that produced by product alone (Figure between the two sites.
1C). As indicated earlier, the Soret bands of substrate-free Since relatively high (millimolar) concentrations of the
low-spin ferric P450s are around 41419 nm and those of  product (P) were used in experiments shown in Figure 4, it
substrate-bound high-spin P450s are around-388l nm. was important to find out whether or not the substrate-

pairs of wavelengths, 38870 nm and 407420 nm, are
shown in Figure 3. The parameter valuds, @nd Ky)
obtained at both pairs of wavelengths (Table 2) were similar.
K, was much greater thal;,, indicating that the product
has much higher affinity for site 2 than for site 1.
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Ficure 3: Titration of P45@g, with Desmethylbenzphetamine. The reaction medium was 100 mM potassium phosphate buffer, pH 7.3,
+ 20% glyceroH 50 ug/mL DLPC. Er = 1.5uM. (A) AA(388-470 nm) versus [Pk26 °C; S.E.E= 9% of mediany. (B) AAA(407—

421 nm) versus [P] data obtained by the more precise technique (Materials and Methods)°&t 24t& error bars indicate the constant
error input for each data point in the curve-fitting procedure; SE.E7%. The solid lines are theoretical curves of eq 2, assuming that
the difference extinction coefficient of the free enzymeE'S) is zero. The parameter values are shown in Table 2.

Table 2: Parameters of DesmethylbenzphetamP¥50Q5, Binding Reaction: Results of Analysis ofAA versus Ligand Concentratidn

[EPy" max (uM)

A1—22 (nm) parameter (M) e(MM~tcmY) obs calc
(388-470y Ky 211+ 17

Kz 12730+ 1130

AeEPL — AcEP, 85+ 4 0.1 0.09
(407-421y Ky 124+1

Kz 14828+ 143

AeEP, — AcEP, 66+ 0.4 0.07 0.06

aThe goodness of fit of the data to the two-sites model (eq 2) is indicated by S.E.E. (% nygdiady?. They were 9 and 1.04 fob) and
3.7 and 1.06 ford). The difference extinction coefficients for the free enzymeE) would be zero. TheAcEPP. — A¢EPR) at the selected
wavelengths were negligible. The curves are shown in Figure 3.

dependent absorption at 38890 nm can be restored when
the product is removed. The enzymisuffer mixture
containing the P450 (1.4m), the substrate (0.6 mM), and
the product (2.5 mM) was diluted stepwise with the buffer

earlier there may be interaction between the two sites, and
the two sites may be influenced differently by different

experimental conditions. Therefore the values for the various
parameters reported are applicable only to the ligand and

containing only the substrate. Spectral evaluation after eachenzyme concentrations used and the present experimental
addition and dilution showed that the substrate-induced 390-conditions. Factors influencing the interactions of the
nm absorption was completely restored, indicating that the substrate and the product with P450are beyond the scope
product-induced decrease in the 390-nm absorption is prob-of this paper.
ably not due to any irreversible changes. In addition, a It should be pointed out that models in which binding of
number of data points sufficient for analysis were obtained the product to the P45@substrate complex releases the
by the more precise technique at much lower product substrate failed to fit the data.
concentrations (0.041 mM). The same two-sites model (eq  Effects of Benzphetamine and Desmethylbenzphetamine on
4) gave an excellent fit (S.E.E= 0.45% of mediary) to the Binding of 1-BenzylimidazoléThis was investigated by
the data, confirming the results obtained at the higher the more sensitive technique. The benzylimidazole is a
concentrations. Considering the difference between thestrong Type Il ligand to P45, with a Ky of about 1uM
precision of the two techniques, the values gt and K>* [White and Coon (1982) and the present study]. Binding of
were not significantly different from those indicated above. Type Il ligands to high-spin P450s decrease the high-spin
The possibility of formation of several complexes has to absorption (388390 nm). The LineweaveitBurk plots of
be considered in the simultaneous presence of the substratdecrease iMAA(390-470 nm) versus the imidazole con-
and the product. These are £8 EP,FS, ES S!S, ESP,'S, centrations obtained in the presence of the product as well
ESP:'S, and ERP,'S. Therefore, it is possible that more as in the presence of the substrate were linear with correla-
species than those in eq 4 must be taken into account whertions between 0.997 and 0.9999. In the presence of the
concentrations of the substrate and product are outside theproduct (0.9 and 1.9 mM) thgintercept remained the same
concentration ranges used in the present experiments. Fowhereas the«-intercept decreased and the slope increased
example, contributions made by high concentrations of with increase in the product concentration. Such intercept
product (relative to that of substrate) competing with and slope effects are consistent with competitive inhibition
substrate for site 1 and high concentrations of substrate(Dixon and Webb, 1979). In the presence of the substrate
(relative to that of product) competing with product for site (0.99 and 1.47 mM) thg-intercept remained essentially the
2 will have to be taken into account. In addition, as indicated same whereas théintercept as well as the slope increased
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Ficure 4: Effect of Desmethylbenzphetamine on the Benzphetamine-Induced Difference Spectrum.i.P#56 reaction medium was

100 mM potassium phosphate, pH 74320% glycerol+ 50 ug/mL DLPC. Er = 1.4uM. (A) Curve 1: Difference spectrum induced by
approximately 33uM substrate. Curve 2: Curve-t 2 mM product. Temperature was about 26. (B) Plots showing that 388-nm

peak and 420-nm trough of the substrate-induced difference spectrum decrease disproportionately when titrated with the product, and that
the curves obtained in the presence of 10 (O), 330uM (@), and 880uM (x) substrate were essentially the same.

with increase in the substrate concentration. Such effectsthe decrease ikops (Figure 5) is due to binding of ligand to
are consistent with a noncompetitive type of interaction site 2 (Lg). It is possible that the hexacoordinated low-spin
(Dixon and Webb, 1979). However, it should be emphasized P450 may not exhibit any relaxation similar to the native
that due to interaction between the Type | and the Type Il low-spin P45@z4 (Narasimhulu, 1993a). It is also possible
sites, the present graphic picture is expected to be applicablehat relaxation due to binding of exogenous ligand to site 2
strictly to the concentrations of S, P, the imidazole, &d  changes the absorption in the opposite direction (high-spin
(0.6 uM) used in this study. Precise effects of S, P and the to low-spin), annihilating the relaxation due to site 1 binding.
imidazole interactions on the parameter values are a subjecturther studies are needed to find out the mechanism of the
for another paper. However, since the plots were linear decrease itkops

within a wide range (0.48 uM; 1520 data points) of the The transient amplitudes observed with substrate and
imidazole concentrations, the present graphic picture is product at comparable relaxation rates in the initial phases
considered as supportive evidence for the two-sites modelof their k,ps versus concentration curves are shown in Table
and the site preferences of the substrate and the product. 3, The measuring wavelength was 390 nm. This absorption
TemperatureJump Relaxation ExperimentsThe bipha- increased with increase in temperature<{23 °C), which
sicity of the interactions of the substrate as well as the productis indicative of increased Type | binding. The maximum
with P45Qg, were also observed in the time scale of the transient high-spin amplitude observed with the product was
T-jump relaxation technique. This is shown for the substrate about 50% of that observed for the substrate at comparable
benzphetamine in Figure 5. The measuring wavelength wasrelaxation rates. Depending upon the product concentration
417 nm. The T-jump (2325 °C) decreased the 417-nm the amplitudes varied from 30% to 60% of the maximum
absorption (Figure 5, top), which is indicative of increased observed with the substrate (around 100). These values
substrate binding. This is consistent with the positive are considerably greater than the-16% observed for
enthalpy of substrate binding to P459observed in static  EP"S;/ES"Snax in static titration experiments (Tables 1
titration experiments (Taniguchi et al., 1984; Narasimhulu, and 2). This suggests that product binding to site 1 may be
1993a). TheKqs (1/7) versus [enzymet substrate] con-  sufficiently faster than binding to site 2 to reveal more of
centration curve exhibited a clear maximum (Figure 5, the product-produced high-spin form than in the static
bottom). Although thek,,s versus the [enzyme- product] titration experiments. At present this can only be inferred
curve was also biphasic, the addition of the product<{0.1 from the amplitude observed in the presence of the product
1.2 mM) in the presence of the substrate (1.12 mM) relative to that observed in the presence of the substrate at
decreased thie,,s exhibiting only the second phase. Thisis the same P450 concentration under the same experimental
also similar to the results of static spectral titration experi- conditions and the same relaxation rates. More direct
ments (Figure 4B), in that only the second phase was evidence for the precedence of site 1 binding must come
observed when the substrate450 complex was titrated with  from a more detailed kinetic analysis which will be the
the product. Considering the overall resemblance of thesesubject for another paper. The purpose in presenting these
results of relaxation experiments and the static titration data is to indicate that (a) biphasic effects of substrate and
experiments (Figures-24), it is reasonable to assume that product on P450 spin state were observed in static titration
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Ficure 5: T-Jump Relaxation Data Obtained at 417 nm. The

reaction medium contained 180 mM potassium phosphate buffer,

pH 7.4,+ 50 ug/mL DLPC+ 5% glycerol+ 2 uM P45Q;gs. The
temperature jump was from 23 to 2&. (Top) Represenative
relaxation trace obtained in the presence of ABObenzphetamine.
The measuring wavelength was 417 nm. Upward deflection of the
curve indicates decrease in absorbance. (Bott&gp) versus
[enzyme+ substrate] plot. The error bar represeiits standard
deviation.

Table 3: Comparison of Benzphetamine and
Desmethylbenzphetamine with Respect to Temperature-Jump
(23—25 °C) Relaxation Transient Amplitudes Observed at 39¢ nm

amplitude
ELHS:00 _ ELHSt:D
Kobs (57%) (uM)
benzphetamine (170M) 700+ 60 0.04+ 0.004
desmethylbenzphetamine (14®) 7304+ 40 0.02+ 0.0003

2The reaction medium was 0.18 M KR®uffer, pH 7.4,+ 5%
glycerol + 2 uM P45Qss The concentrations of the high-spin
complexes were calculated using absolute extinction coefficients
(mM~Ycm™) of 116 for ES™S and 135 for EP'S. Corrections were

Narasimhulu

the preferential binding of the substrate to sitk1 £ K;),

the preferential binding of the product to site (> Kj),

and formation of the ternary complex-£450-P observed

in the present study are novel findings. The present results
indicate that the two sites may behave as two separate sites,
rather than parts of a single site as currently viewed. The
results also show that the maximum equilibrium concentra-
tion of the high-spin complex (EtSyay) that can be observed

in the static spectrum entirely depends upon the relative
affinities of the ligand to the two site&({/K;). Due to their

site preferences, the substrate forms predominantly high-spin
complex, and the product forms predominantly low-spin
complex. As a result the product-produced high-spin P450
(EP"Shay was only 12-16% of that produced by the
substrate (ESS..), as observed in the static spectra.
However, the T-jump relaxation amplitudes apparently
revealed more of EPS (50% of ESMS) which is consistent
with the two-sites model (egs 1 and 2) in that site 1 binding
must precede site 2 binding regardless of the ligand’s site
preference. The competition between the product and the
Type Il ligand (1-benzylimidazole) and noncompetitive
interaction between the substrate and the same Type Il ligand
indicate that the product binds to the same site as the Type
Il ligand, and the substrate binds to a different site. This
then strongly supports the two-sites model and the site
preferences of the substrate and the product.

The P450 spin state in the simultaneous presence of the
substrate and product are relevant to function because both
are present under the turnover conditions. From the forego-
ing discussion, it is reasonably clear that the substrate is
predominantly a Type | ligand whereas the product is
predominantly a Type Il ligand, and the ternary complex
S—P450-P is formed when S and P are both present.
However, the presence of the substrate apparently decreased
the free energy of binding of the product to site 2, and the
presence of the product decreased the free energy of binding
of substrate to site 1, suggesting interaction between the two
sites. Itis possible that the decreased free energies are more
relevant to catalysis. This would be in line with the currently
favored hypothesis that destabilization of ES complex is
absolutely essential for enzymatic catalysis (Jencks, 1987).
Assuming that the observed decreases-inGs for ES™S
and ER'S complexes are due to increases in their Gibbs
energies, it is conceivable that these increases may contribute
toward destabilization of ESand ER complexes.

The existence of substrate-preferred and product-preferred
sites may have functional significance. A reasonable hy-
pothesis is as follows: Substrate may lose its affinity to site
1 upon hydroxylation and the product formed may gain

made for the spectral overlap of the substrate-free low-spin enzyme affinity to site 2. While substrate binding to site 1 controls

usinge (MM~ cm™?) of 55 at the measuring wavelength (390 nm).

experiments as well as in the time scale of the T-jump
technique, and (b) although relative £FES,"S values are
probably not precise, the relaxation amplitudes may be
revealing more of the EPS than the static spectra.

DISCUSSION

The spectral titration data revealed two different ligand
binding sites in P45Q,. The site 1 binding elicited the Type

conversion of nonreducible (low-spin) P450 to the active
reducible (high-spin) intermediate of the catalytic cycle
(Narasimhulu, 1971a,b, 1993b), dissociation/release of prod-
uct from site 2 controls the hydroxylation rate, keeping the
system fully coupled. This is explained as follows: When
substrate accepts the active oxygen at thedsition, forming

the hydroxy product, the hydroxyl group of the product may
be coordinated to the iron as before the product dissoci-
ates. Produetsite 2 complex, then, would be similar to the
Type Il complexes of P450 enzymes. The present results

| spectral change and site 2 binding elicited the Type Il indicate that desmethylbenzphetamine, which is the N-
spectral change, indicating that the two sites are none otherdemethylation product of benzphetamine, binds preferentially
than the well-known Type | and Type Il sites. However, to site 2. Obviously product formed in the first cycle must
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