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ABSTRACT. Ferrous-carbon monoxide bound form of cytochrome P450cam (CO-P450cam) has two infrared
(IR) CO stretching bands at 1940 and 1932 énThe former band is dominant-@5% in area) for
CO-P450cam free of putidaredoxin (Pdx), while the latter band is domir@%9 in area) in the complex

of CO-P450cam with reduced Pdx. The binding of Pdx to CO-P450cam thus evokes a conformational
change in the heme active site. To study the mechanism involved in the conformational change, surface
amino acid residues Arg79, Arg109, and Arg112 in P450cam were replaced with Lys, GIn, and Met. IR
spectroscopic and kinetic analyses of the mutants revealed that an enzyme that has a larger1932 cm
band area upon Pdx-binding has a larger catalytic activity. Examination of the crystal structures of R109K
and R112K suggested that the interaction between the guanidium group of Arg112 and Pdx is important
for the conformational change. The mutations did not change a coupling ratio between the hydroxylation
product and oxygen consumed. We interpret these findings to mean that the interaction of P450cam with
Pdx through Arg112 enhances electron donation from the proximal ligand (Cys357) to-theb@nd of
iron-bound Q and, possibly, promotes electron transfer from reduced Pdx to oxyP450cam, thereby
facilitating the G-O bond splitting.

Cytochrome P450cam (P450cdng a heme-containing  accepts one electron from reduced putidaredoxin (Pdx),
monooxygenase that catalyzes the hydroxylation pef yielding a substrate-bound ferrous form. Subsequent binding
camphor in Pseudomonas putidgl, 2). The ferric p- of O, to the ferrous form produces e-camphor-bound
camphor-free enzyme first bindscamphor to give the ferric ~ ferrous-Q derivative (oxyP450cam). Upon a second one-
p-camphor-bound state. This substrate-bound form thenelectron reduction by Pdx, the oxyP450cam derivative
proceeds to the-camphor hydroxylation reaction, yielding
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Table 1: Kinetic and Spectroscopic Properties of Wild-Type P450cam and Its Mutants

O, consumption rate

coupling rati@

band Il intensity

protein (uM min~t (uM enzyme)?) (%) kP (s7Y) (arbitrary unit) KR (uM)d KN™ (uM)e
WT 1400 (100%) 100 169 0.9 0.09 22 12
R109K 500 (36%) 100 126 0.18 0.06 79 47
R109Q 100 (7%) 100 66 0.02 0.09 916 208
R112K 200 (14%) 88 87 0.16 0.02 38 76
R79Q 1480 (106%) 100 N.D. 9 N.Df N.D/
R112M 1.7 (0.1%) 86" i i N.D. N.D/

a Ratio between the hydroxylated productg$e-hydroxy camphor) and £consumed® Apparent rate constants for breakdown of oxyP450cam/
Pdx complex¢ Band Il area of CO-P450cam/Pdx complex relative to the whole band area. Data aré: isteadard deviatiorf. Apparent dissociation
constants calculated from IR titratiohApparent dissociation constants calculated from kinetic analysis of breakdown of oxyP450cam/Pdx complex.
fNot determined? Addition of 5-fold excess amount of reduced Pdx gives almost identical spectrum of wild-type CO-P450cam/Pdx complex.
h Data from Unno et al.Z0). ' OxyR112M in the presence of 200-fold excess of reduced Pdx does not decay over 300onsgynificantvco
spectral change was observed even when 20-fold excess of reduced Pdx was added.

results have established unambiguously that Pdx bindingreduced Pdx were measured at°@ by monitoring the
produces significant changes in the structure of the hemespectral changes of oxyP450cam from 380 to 540 nm on a
active center in P450cam. However, the molecular mecha-Unisoku stopped-flow/rapid-scan spectrophotometer, model
nism by which the conformational change occurs and the RSP-601 (Osaka, Japan) as described previol®lyThe
significance of the conformational change remain unclear. reaction between oxyP450cam and reduced Pdx is shown
In the present study, we examined effects of mutation at as follows:
the presumed Pdx-binding site of P450cam on the confor-
mational change as well as the catalytic properties of
P450cam; Arg79, Argl109, Argl12 are the residues in the ) ) .
presumed Pdx binding sitd§). Among them, Arg109 and In this reaction scheme, species A and B represent
Arg112 mutants showed significantly decreased catalytic ©XyP450cam and reduced Pdx, respectively. Species C shows
activities together with decreased binding affinities to Pdx. the oxyP450cam/Pdx complex and D represents the product
X-ray crystallographic and IR spectroscopic studies indicated Proteins, ferric P450cam and oxidized Pdx. The bimolecular
that the overall structures of 109 and 112 mutants are notassociation is, as shown in the previous studg),(suf-
eminenﬂy different from that of the W||d_type P450cam. f|C|ent|y faSter than the breakdOWn Of the 0XyP4500am/PdX
However, both mutants exhibited much less conformational cOmMplex. An excess amount of Pdx over P450cam was used
conversion than that occurring in the wild-type P450cam for this experiment. In such a case, the observed rate
upon complex formation with Pdx, presumably due to the constantsKsg are expressed as eqdd)
lack of hydrogen bonding between Arg112 and Pdx. On the - .
basis of these results, the molecular mechanism and func- Kaps = kPAX/(Kg" + [Pdx]) (i)
tional significance of the conformational change are dis-
cussed.

k2
A+B=C—D

wherek; is the apparent rate constant for the breakdown of
the oxyP450cam/Pdx complex" is the apparent dis-
sociation constant for the oxyP450cam/Pdx complex, and
[Pdx] is the initial concentration of reduced Pdx, which is

Enzyme Purification and Assayhe mutagenesis of the  sufficiently larger than the P450cam concentration.
P450cam gene was performed as previously described ( Measurement of IRvc_o Spectra. CO-P450cam was
17). The wild-type P450cam and its mutants were expressedprepared as follows: 80100uL of P450cam or a mixture
in Escherichia colistrain IM109 and purified according to  of P450cam and Pdx in buffer A in a 3-mL vial sealed with
the procedures described previouslg) Purified PA50cam  a vaccine cap was made anaerobic by passingds into
with an RZ value (Pse/Acgg) greater than 1.5 was used in  the vial through the vaccine cap. Then sodium dithionite in
this study unless otherwise stated. Pdx and PdR were alsaalkaline buffer was added to reduce the protein. After
expressed ifcscherichia colstrain JM109 and were purified  reduction of the sample, the atmosphere of the vial was
to a homogeneous state according to the methods describedhanged to CO using the procedure described above. The
by Gunsalus and Wagnet9). Catalytic activity of PA50cam  protein was anaerobically transferred to an IR cell (Specac,
was determined by measuring simultaneously oxygen con-England) with 0.05-mm path length Camindows. IR
sumption and NADH oxidation at 28C in a reconstituted  spectra were measured at 20 with a PerkinElmer FT-IR
system composed of 3GIM NADH, 14 uM Pdx, 0.12uM spectrophotometer, system 2000 (Buckinghamshire, England)
PdR, and an appropriate amount of P450cam in 50 mM with an Hg/Cd/Te detector. A 1000 scan interferogram was
potassium phosphate, pH7.4, containing 50 mM KCl and 1 collected in a single beam mode with 2 chresolution.
mM p-camphor (hereafter designated buffer 8)18). The Buffer A spectra obtained under identical conditions were
activity of the wild-type P450cam and its mutants, R79Q, used as reference spectra. Yusible absorption spectra
R109K, R109Q, and R112K was measured in this work and were measured before and after IR spectral measurements
presented in Table 1, while that of R112M was presented and no difference was found. A baseline of the spectra was
elsewhere Z0). corrected with a cubic spline function.

The rates for degradation of oxyP450cam into ferric ~ Analysis of IR SpectrdR vc—o spectra of CO-P450cam
enzyme and ®xohydroxycamphor upon reaction with were decomposed into single bands of Gaussian st2ge (

EXPERIMENTAL PROCEDURES
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Table 2: Data Collection and Structure Refinement Statistics and Crystal Parameters

data set wild type R109K R112K
resolution range (A) 15:62.0 15.6-2.0 20.0-2.0
a=109.12 a=109.16 a=104.18
unit cell dimensions (A) b=104.33 b=104.33 b=104.13
c=236.18 c=36.14 c=36.65
reflections 163,126/27,250 118,057/27,413 158,280/25,273
measured/unique
completeness 95.1/79.8 95.1/79.8 88.4/67.4
overall/outer shell
(2.11-2.00)
Runerge (%0)2 3.2/6.1 3.3/5.4 9.0/41.3
overall/outer shell
(2.11-2.00)
redundancy 3.9 3.2 4.3
Refinement Statistics
resolution range (A) 15:62.0 15.6-2.0 20.0-2.0
o cutoff 0.0 0.0 0.0
reflections used 27,215 27,370 24,998
R factor (%) 17.3 16.6 17.9
Riree factor (%Y 22.9 22.1 23.2
no. of water molecules 187 180 175
RMS deviations from ideal
bond length (A) 0.007 0.007 0.006
bond angles (degree) 1.134 1.129 1.126
Ramachandran plot
residues in most favorable 91.1 91.1 90.8
regions (%)
residues in favorable 8.9 8.9 9.2
regions (%)
residues in disallowed 0.0 0.0 0.0

regions (%)

8 Rmerge= 2 |li — <I>|/Z]li], wherel; is the intensity of an observation ard > is the mean value for that reflection and the summations are
overall reflections® R factor= Zy||Fo(h)| — |Fe(h)||/Zn|Fo(h)|, whereF, andF; are the observed and calculated structure factor amplitudes, respectively.
Riree factor was calculated with 5% of the data.

24) with a minimal number of bands to obtain flat residuals described under Experimental Procedures. The oxygen
(the differences between the observed and sums of compo-consumption rates and coupling ratios of oxygen consump-
nental bands). The decomposition was performed by usingtion to the b-camphor monooxygenation @chydroxy-

a multipeak fitting function of IgorPro software (Wave- camphor/Q consumed in %) are listed in Table 1. The
Metrics, Inc., Lake Oswego, OR). When Pdx-binding mutations of Arg109 and Argl12 at the presumed Pdx-
induced spectral changes were analyzed, the area of eachinding site reduce the @onsumption rate to less than 40%
componental band at the end point of titration and dissocia- of the wild-type enzymeThe values for R112K mutant were
tion constants K\') were determined by fitting the data in good agreement with the previously reported val@s. (
using a least-squares minimization procedure of an equationThe mutation at Arg79 had no effect on the enzymatic

corresponding to reversible binding of a 1:1 complex. activities to wild type, suggesting that this residue is not
R important for activity. Although all the 109 and 112 mutants
AS=AS{L+Ky +E~— of P450cam investigated herein exhibit reduced oxygen

[(L+ K:jR +E? - 4EL]}1’2/2E (ii) consumption activities, they all catalyze the monooxygen-
ation ofpb-camphor with a good coupling ratio (88.00%),

In this equationAS is the change in componental band indicating that oxyP450cam decomposes stoichiometrically
area for a total Pdx concentratian AS, is the maximum  into ferric P450cam, kD, and Sexchydroxycamphor. This
Change of Componenta| band area, &rid the total P450cam phenomenon is in contrast with the case of the Ala mutation
concentration. at Thr252, which reduces the coupling ratio to 6¥8)(

Crystallization and X-ray CrystallographyR109K and Reaction of oxyP450cam with Reduced Pdde next
R112K mutants of P450cam were crystallized according to measured rates of decomposition of oxyP450cam with
previously published procedures$, (25) and the X-ray  reduced Pdx for wild-type and mutant enzynféigure 1A,B
crystallographic analysis was performed as described previ-shows time courses of the reactions of reduced Pdx with
ously ). P450cam samples with &Z higher than 1.6 were  wild type and R112K, respectively. As shown, the experi-
employed for the crystallization. The data collection and mental data fitted well to a single-exponential curve as
refinement statistics and crystal parameters are given in Tablereported previously for the wild-type enzym20f. Time
2. courses of the reaction catalyzed by wild-type P450cam as
RESULTS well as by its mutants always followed the first-order kinetics

under different Pdx concentrations. Figure 2 shows plots of

Catalytic Actiities. The catalytic activities of the wild-  apparent first-order rate constak§,) as a function of Pdx
type enzyme and all mutant enzymes were measured asoncentration. Rate constantk,)(for breakdown of the
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FIGURE 3: IR vc_o spectra of CO-P450cam of wild type and
M mutants. The spectra are 500 P450cam in 50 mM K phosphate
047 =7 buffer, pH 7.4, containing 50 mM KCI and 1 mbtcamphor and
] ' ' ’ ‘ 20 °C. Traces in panel A and B are of wild type (a), R109K (b),
010 50 ) 3040 R109Q (c), R112K (d), and R112M (e). In panel A, the wild-type
ime fms _ spectrum is shown as dotted lines in tracessbPanel B shows
Ficure 1: Stopped-flow analysis of the reaction between decomposed single spectra for each spectrum. CO-P450cam was
oxyP450cam and reduced Pdx. The reaction was followed by prepared as described in Experimental Procedures.
monitoring the changes in absorbance at 420 nm of P450cam after

mixing oxyP450cam with reduced Pdx. Panel A represents the datapdx concentration examined akghs for the mutants were
for wild type, and panel B represents the data for R109K. The final R109K > R112K > R109Q In each profile, the rate constant

concentrations of the reaction components after mixing were as .
follows: [P450cam}= 1.0 «M, [Pdx] = 10 M, [metyraponel= reaches a plateau as the concentration of Pdx exceeds 20

5 mM. The reaction was performed at@ in 50 mM K phosphate ~ #«M for the wild-type P450cam and 80M for the three
buffer, pH 7.4, containing 50 mM KCI and 1 mbtcamphor. The mutants. It is of note that R112M oxyP450cam did not
solid line through the experimental data points represents a Si”9|edec0mpose in the presence of 200-fold excess of reduced
ngggreerét'glsfge?cﬁﬂ,ifﬁiae'vgﬁgﬁocam and reduced Pdx were oy, ¢ over 500 ms, suggesting that the observed rate
constants Kop9 for R112M were less than 1% of the wild

. type in the whole Pdx concentration range examined. Thus,
] the introduction of neutral side chain at 112 drastically
retarded the rate of breakdown of its oxy form. That the
mutations at position 112 significantly reduced the rate for
breakdown of the oxyP450cam with Pdx and its affinity for
Pdx indicated that Ag112 is a critical residue required for
P450cam-Pdx interaction and the monooxygenation reac-
tion. In addition, Arg109 also turned out to be a critical
residue. From the present and previous res@iis 46, 27),
we conclude that Arg109 and Argl12 are the constituents
of the Pdx-binding site for oxy-ferrous and ferric states of
P450cam.

IR vc—o Spectra.We measured IRc—o spectra of CO-
| | | | | | P450cam in the absence and presence of reduced Pdx, as a
20 40 60 80 100 120 140 stable mimic of oxyP450cam. Spectra of the wild-type

[Pax] /uM enzyme and its mutant in the absence of Pdx are shown in

FIGURE 2: Observed rate constanky for the reaction of  Figure 3. The spectrum of the wild-type P450cam (trace a
oxyP450cam in the presence of a varying concentration of reduced;, Figure 3A) exhibits an almost symmetri¢_o band at

Pdx. Rate constants were obtained from a single-exponential fitting 1 . .
to the time course data of the reaction such as those shown in Figure- 940 CT* as reported previousiyig, 28, 29). Decomposi-

1. kopsvalues are shown for wild type (open circle), R109K (closed tion of the spectrum into single bands revealed that, in
circle), R112K (open square), R109Q (closed square). The reactionaddition to the main band at 1940 cha minor band at
was performed at 4C in 50 mM K phosphate, pH 7.4, containing 1932 cn! was present in the spectrum of the wild-type
?O mM KCl and 1 mMp-camphor. Initial oxyP450cam concentra- enzyme (trace a in Figure 3B). The main and minor bands
ion was fixed at 1.Q:M. .

(bands I and 1, respectively) account for 95 and 5% of the
complex formed between oxyP450cam and Pdx and apparententire band area. The spectra of R79Q, R109K, and R109Q
dissociation constantsKE'“) of oxyP450cam/reduced Pdx mutant P450cam were almost identical to that of the wild-
complex were obtained from curve fitting of the eq i to the type enzyme (traces b and c in Figure 3A; spectrum for R79Q
experimental data (Table 1§, for the wild-type enzyme  not shown). Decomposition of these mutant spectra also
was larger than that for the mutants over the whole range of yielded two bands with the same band area and frequencies
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1.0 a concomitant increase of band II, although the band
A 0.8 e e frequencies did not shift. The areas of bands | and Il were
@ & 061 plotted as a function of Pdx concentration (Figure 4B). From
(® the best-fitted titration curve obtained by assuming a 1:1
© /\ 049 complex, wild-type CO-P450cam was shown to have bands
@ \¥~ 0-2-&, — I and I!, which ha\(e rel'at|'ve intensities of 3 and' 97%,
() 0.0 respectively. The dissociation constai{{) of the wild-

0 100 200 300 400 500 type P450cam for reduced Pdx was determined to he\22

1.0
c ﬁ ogl TE—e—a which is in good agreement with the value derived from
\ ' D NMR titration (10, 11) and that from current kinetic analysis
% 0.6 (K&™ in Table 1). Decomposition of R112K spectra (Figure
:) 0.4 4D) also revealed that band Il intensity increased while band
d | decreased as Pdx concentration was raised. However, the

2 0.21 oo _ o - . .
g - 2 ool change is remarkably small compared with that of the wild
§ 0 500 1000 1500 type (Figure 4B): CO-P450cam/Pdx complex of R112K
S| c g 10 exhibited bands | and Il with relative band intensities of 80
< s 08 \\F\”A\AA— and 20%, respectively. Analysis of the profile of the band
(@) S 0.6 intensity vs [Pdx] revealed that the dissociation constant of
(b) 0.4 the R112K was 3&M (Table 1). Likewise, both R109K
'4(5) — and R109Q mutants had a less intense band Il in the CO-
(@) 021 oo P450cam/Pdx complex and had largdf values than wild-
Ul 0-0'3“ S e 30 type enzyme (Figure 4EH and Table 1). R112M mutant
0, . showed little spectral change even in the presence of 20 equiv
¢ 0.8 H ° of reduced Pdx (spectra not shown). Hence, although all the
(@) 109 and 112 mutations decreased the binding affinity of
(b) 061 P450cam to reduced Pdx, their most prominent effect was
,i/\,‘ 041 the remarkable decrease of the conformational change at the
W 0.2 active site resulting from Pdx binding.
(@) 0_0_?/@?——"’———0'——" X-ray Crystal StructuresTo gain further insight into the
1960 1940 1920 0 1000 2000 3000 4000 effects of mutations on the interaction between Pdx and

[Pdx] / pM

Wavenumber / cm’ P450cam, we analyzed the X-ray crystal structures of the

FIGURE 4: IR vc—o spectra of CO-P450cam in the presence of a wild-type, R109K, and R112K mutant enzymes at 2.0-A
varying concentration of reduced Pdx. (A) 48V wild-type resolution (Table 2 and Figure 5). The two mutant enzyme

E;A)'S?é;ig‘zggsﬂ [ggfgf agﬁc)j' [?3%)((52' g(()a()C)éég(()b()d)é;(?((jC?Q%40 structures have overall root-mean-square differences of 0.06

(d), 1390 (e), and 1740M (f). (E) 320 uM R109K and [Pdx]= and 0.16 A, respectively, in main chain atoms from the wild-
0 (a), 210 (b), 420 (c), 630 (d), 840 (e), and 1089 (f). (G) 320 type enzyme. Such small root-mean-square differences
uM R109Q and [Pdx}= 0 (a), 800 (b), 1200 (c), 2000 (d), and indicate that the overall structures of the mutant proteins are

?—?40#';(' ©). (3[23”‘]365 in bandstléo_pen trieﬁngée)gng I (c(;jpﬁnfcircl% essentially identical to that of the wild-type enzyme. The
intensities vs X| are presented In panels b, D, F, an or wi . . . . .
type, R112K, R109K, and R1090Q, respectively. The other measure_dlstal side structure including-camphor and Thr252, which

ment conditions are as indicated for Figure 3. is a critical residue for a proton supply leading te-O bond

) o scission 8—7), is essentially unchanged by the mutations
as found for the wild type (traces b and c in Figure 3B; (gjgyre 5B,C). As found for wild type, Lys109 is projected
spectrum for R79Q is not shown), indicating that the o qyard away from the surface of the molecule. The R109K
mutations had little effect on the IR spectra. The mutation mation caused no significant change at the proximal side
of Arg112 to Lys caused a slight reduction of the intensity gcrure. In contrast, the R112K mutation significantly
of band | while causing a subtle broadening at the lower 4jiareq the conformation of the loop including the proximal

energy side of the band as shown in trace d of Figure 3A. jigang: the backbone atoms of Leu358 moved toward the
These small changes were ascribed to changes in areas Qigme py 0.6 A.

bands | and Il to 90 and 10%, respectively, without shifting
the frequencies (trace d in Figure 3B). The R112M mutant p|SCUSSION
shows more changes (trace e in Figure 3A). In addition to

the bands | and Il (band area 90 and 7%, respectively), Conformational Change and Breakdown of oxyP450cam.
the spectrum exhibited an extra band at 1947 cgband To date, numerous spectroscopic studies have been carried
area= 3%) (spectrum e in Figure 3B). out to elucidate the role of conformational changes on

Next, we measured IRc-o spectra of CO-P450cam in  P450cam induced by Pdx binding. However, no quantitative
the presence of a varying concentration of Pdx. Wild-type evaluations have been made in terms of the relationship
P450cam showed spectral changes as the concentration dpetween the conformational changes and oxygen activation
Pdx was raised as shown in Figure 4A. In the presence ofof P450cam Current IR spectroscopic and kinetic data
about 3 equiv of Pdx and more, itg_o changed to an  provide significant insight into this relationship.
asymmetric band centered at 1932 érftraces d and e in Mutations at 109 and 112 notably changed intensity
Figure 4A). Decomposition of these spectra revealed that distribution of bands | and Il of the CO-P450cam/Pdx
band | decreased as the concentration of Pdx increased witlcomplex. Relative band Il intensities are 97, 18, 16, and 9%
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Ficure 5: Crystal structures of ferrio-camphor-bound forms of P450cam. Panel A illustrates the active site and presumed Pdx-binding
site of wild-type P450cam. The hemm,camphor, the proximal ligand (Cys357), Leu356, Arg112, and Arg109 are shown in a yellow-
colored stick model. Red, blue, brown, and green spheres represent oxygen, nitrogen, iron, and sulfur atom, respectively. Arg109 at the C
helix extends toward the bulk water from the molecular surface, while Arg112 extends its side chain from the C helix toward the loop
preceding the L helix forming hydrogen bonds (dashed line) with the heme 6-propionate and the main chain O atom of Leu356. Parts of
the main chain are presented as a gray ribbon model. Panels B and C show the overlaid proximal side and the mutation site structures.
Yellow, cyan, and green stick models show wild type, R109K, and R112K, respectivelyp-tamphor, heme, main chain atoms of
Leu356-GIn360, and side chains at 96, 109, 112, 251, and 252 are shown. The hydrogen bonds from Arg or Lys112 are drawn as dashed
line. Open arrowhead indicates Arg112 ldtom which is expected to hydrogen bond to Pdx. Figures were prepared by MOLSCR)PT (

and RASTER3D 41) or PYMOL (42).

for the wild type, R109K, R112K, and R109Q, respectively, Pdx increases the intensity of the high-frequency band and
decreasing in the same order as in rates of decompositiondecreases the low-frequency band, supporting the Pdx-
(ko) of oxyP450cam with reduced Pdx (Table 1). Further- binding induced increased electron donation from the
more, the oxy form of R112M, which does not decompose proximal ligand, Cys357, to the heme irorl5f. The

to products in the presence of a 200-fold excess of reducedenhanced electron donation from Cys357 would be caused
Pdx over 500 ms, shows little spectral change when 20 equivby the alteration of the proximal side structure including
of reduced Pdx is added. These results indicate significantArg112 as discussed below.

positive correlation between the conformational change and Conformational Change Caused through Arg1Agy112
decomposition of the oxyP450cam/Pdx complex to products, extends its guanidium group to the loop preceding the L helix
implying that the conformational change promotes to form hydrogen bonds with heme propionate and the main

camphor hydroxylation by P450cam. chain carbonyl of Leu356 next to the proximal ligand.
Enhanced Electron Donation from Proximal Ligand.-o According to the model structure of the P450cam/Pdx

and vre—co can shift lower and higher, respectively, by complex reported by Pochapsky et 46), Arg112 hydrogen

increased back-donation from the heme ir@0)( This bonds to Pdx Asp38 that is located next to the redox center,

inverse back-donation correlation is linear for the same a 2Fe-2S cluster. The critical role of the Asp38 for the
proximal ligand to heme. According to the back-donation interaction with P450cam is demonstrated by the lower
correlation of P450cam3(, 32) together with 8 cm! affinity of the Asp38— Asn mutant for P450can84). Thus,
downshift ofve—o, vre-co is expected to upshift ca. 5 crh in the P450cam/Pdx complex, as we proposed previously
However, we have previously shown that-co upshifts only (35), two metal centers interact with each other through the
2 cn ! upon Pdx binding33), which is significantly smaller ~ hydrogen bond network connected by the guanidium group
than the expected value. The small shifvef co is explained of Arg112. In the R112K mutant, Lys112 is hydrogen bonded
in terms of enhanced electron donation from Cys ligand to to the active center as found for Arg112 (Figure 5A,C).
the heme; the enhanced electron donation from a proximal Although IR titration showed that R112K forms a 1:1
ligand compete witho-donation from the distal ligand, complex with Pdx and its overall structure was essentially
resulting in net lowering or smaller increasei1@f-co (15). unchanged, Lys112 would not be able to form a hydrogen
Consistently,vees in ferric substrate-bound form upshifts bond with Pdx because its side chaipdtom is 2.7 A closer
ca. 3 cm! upon complexation with Pdxl@). Furthermore, to the active site (i.e., might be further away from Pdx) than
NO-P450cam has tweee-no bands and binding of reduced the N, of Arg112 which is expected to hydrogen bonds to
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Pdx. Therefore, the amino acid substitution of Arg for Lys resulting in enhanced electron donation from the proximal
at 112 is expected to cause a loss or weakening of theligand to the heme iron. The enhanced electron donation
interaction with Pdx through the side chain at 112. In fact, increases electron density in ther(&e) orbital and the
the mutation causes a decrease in the binding affinity towardz-back-donation from the iron to{igand, which facilitates
reduced Pdx (Table 1). Furthermore, it is very interesting to cleavage of G-O bond to give an active oxygen species,
note that the mutation significantly decreases the degree ofoxo-ferryl z-cation radical species called compound I.
the conformational change. Hence, a hydrogen bond networkSimilar enhancement of ©O bond scission is also observed
around Argl12 has a primary role in the conformational for the mutant P450cam, L358P, which has shown to have
change. Such a role of Argl12 can also be envisaged instronger electron donation than wild type in the absence of
P450cam in the absence of Pdx as indicated by the differentPdx 36, 37).
band Il/band I ratio for wild type and 112 mutants (traces d It has recently been proposed that the Pdx binding induced
and e in Figure 3B). On the other hand, the mutation of conformational changes prevent uncoupling of oxygen
Arg109, which has no direct interaction with the proximal consumption to the substrate hydroxylation by enforcing a
side of the heme, to Lys or GIn does not cause the conformation of P450cam that prevents loss of substrate and/
conformational change in P450cam in the absence of Pdxor intermediates prior to turnovel @) or by relocation of
but instead assists in the interaction between Pdx andp-camphor closer to the reactive oxygen atom of compound
P450cam via Arg112 by docking the two proteins in a proper | (11). However, the 109 and 112 mutants, which all showed
orientation as shown by the limited conformational change very limited conformational change, utilized almost all the
of the 109 mutants upon Pdx binding. The 109 and 112 oxygen consumed to hydroxylatecamphor as wild type.
mutations thus alter the hydrogen bond network including Therefore, contrary to their proposal, IR detectable confor-
Arg112, heme propionate, and proximal heme ligand, result- mational change is not related with the coupling of dioxygen
ing in an increase in electron donation from Cys357. In fact, reduction to the substrate monooxygenation although the
mutations at the proximal site, such as Leu358ro and current data do not preclude the occurrence of the structural
GIn360— Leu or Pro significantly altered the hydrogen bond change at the distal site.
network around Cys357 and, subsequently, changed the In the breakdown of oxyP450cam, electron transfer is one
electron donation properties of the proximal liga)( of the critical steps. It is possible that Pdx binding modulates
As to the effects of Pdx binding on the structure of the redox potentials of the two metal centers, thereby
P450cam, we must also consider the previously proposedchanging the electron-transfer rate. However, as already
mechanismX4): electron donation is enhanced by shielding mentioned, two other ironsulfur proteins, beef adrenodoxin
of positive charges by acidic residues of Pdx at the proximal and spinach ferredoxin, which have lower redox potentials
face of P450cam. According to the mechanism, a mutation than Pdx, cannot donate an electron to oxyP450cam to yield
that removes surface positive charge is expected to cause @he reaction products]. Therefore, it is less likely that the
downshift of band | and/or increase in a ratio of band Il/ change of the redox potential induced by Pdx binding, if
band | of CO-P450cam in the absence of Pdx. Contrary to any, promotes breakdown of oxyP450cam. On the other
this expectation, R109Q and R79Q showed neither downshifthand, electronic coupling and/or reorganization energy, which
of band | nor increase of band Il/band | ratio (spectrum for are other critical parameters for electron-transfer rate, could
R79Q not shown). These results are not compatible with the be changed as follows.
mechanism, suggesting that shielding of positive charge is We have already reported that EPR spectra of reduced Pdx
not a primary cause for the conformational conversion. Thesealso changed upon binding of CO-, NO-, or-fbund
arguments again lead us to suggest that Pdx binding cause®450cam, suggesting that the structure around the 2Fe-2S
structural change around the proximal ligand through Arg112, cluster is changed by hexacoordinated P450cam bin8)g (
resulting in changes of various spectroscopic properties The 109 and 112 mutants, as found for IR spectroscopy, also
including current IR data. Consistently, the R112K mutation, show less spectral changes. Therefore, the conformation of
which altered the conformation of the proximal side loop intervening residues and, possibly, water moleculeg8) (
including Cys356, increased the band Il/band | ratio. between the two metal centers changed simultaneously upon
Significance on Oxygen Acttion. Similar to the results ~ complex formation. It is of interest to note that the mutations
obtained with CO-P450cam, an increase in a lower band at 112 drastically decelerate the electron transfer from
and concomitant decreases in highey_o bands upon reduced Pdx to ferric P450car@q). It would thus be possible
complexation with Pdx have been report&®)( Another that the conformational change modulates an electronic
similar spectral change is that the inverse correlation doescoupling between the two metal centers as shown in Zn
not apply tovee-xo/vx—o (X = C or O) of both CO-P450cam  cytochromec/plastcyanin complex3Q) or reorganization
and oxyP450cam. This unusual relationship would be energy to increase the electron-transfer rate.
explained by an enhanced electron donation from the ConclusionsWe have found significant positive correla-
proximal ligand and a-competition effect15) as discussed  tion between the Pdx-induced conformational change of CO-
above. These similar spectroscopic properties indicated thatP450cam and the breakdown rates of oxyP450cam/Pdx
essentially the same conformational change is taking placecomplex to give the reaction products. Contrary to the
upon Pdx binding irrespective of the ligand bound to ferrous previously proposed role of the conformational change, no
P450cam. These arguments allow us to discuss how oxygersignificant relationship between the conformational change
activation by P450cam is promoted by the conformational and the coupling ratio was observed. Pdx binding would
change. modulate the conformation of the intervening residues
As already mentioned, Pdx-binding changes the proximal between the two metal centers through Arg112, resulting in
side hydrogen bond network by interactions via Argl12, the enhancement of electron donation from the proximal
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ligand to the heme iron and, possibly, electron transfer from 17. Kramer, W., Drutsa, V., Jansen, H. W., Kramer, B., Pflugfelder,
Pdx to oxyP450cam to activate molecular oxygen.

The breakdown of oxyP450cam into the reaction products
is a composite of several processes such as proton transfer,

electron transfer, ©0 bond cleavage, and oxygen transfer

to the substrate. Thus, to fully understand the roles of the
conformational changes on the P450cam monooxygenase 20-
system, further studies on the effects of Pdx on each partial

reaction and on the structure of the oxyP450cam/Pdx
complex are necessary.
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