Biochemistry

© Copyright 1998 by the American Chemical Society Volume 37, Number 26 June 30, 1998

Articles

Understanding the Role of the Essential Asp251 in Cytochrome P450cam Using
Site-Directed Mutagenesis, Crystallography, and Kinetic Solvent Isotope Effect

Momcilo Vidakovic} Stephen G. Sligar* Huiying Li,% and Thomas L. Poulog*

Department of Biochemistry and the Beckman Institute farafded Science and Technology,
University of lllinois at Urbana-Champaign, Urbana, Illinois 61801, and
Department of Molecular Biology and Biochemistry, whvisity of California at lwine, Irvine, California 92697

Receied January 26, 1998; Resed Manuscript Receed April 23, 1998

ABSTRACT. Proton transfer in cytochromes P450 is a critical step in the activation of molecular oxygen.
Extensive study of the P450cam active site has identified several residues that play a central role in
dioxygen bond scission. A highly conserved carboxylate, aspartate-251 in P450cam in the distal helix I,
participates in a series of hydrogen-bond/ion pairs near the molecular surface and has been implicated in
the catalytic mechanism. Mutation of Asp251 is known to lower activity by 2 orders of magnitude and
change the rate-limiting step in the catalytic cycle, suggesting a role for an acid functionality in generation
of iron—oxygen reactive intermediates. The turnover rates of the Asp251Asn mutant in various protium-
deuterium mixtures have been determined and show a significantly larger kinetic solvent isotope effect,
with an overall magnitude of 10 compared to 1.8 for the wild-type P450cam. In addition, a much larger
number of protons are involved in the rate-limiting step for the Asp251Asn mutant than in the wild-type
enzyme. These results indicate that Asp251 is an essential part of the normal proton delivery machinery
required for O-O bond scission. The crystal structure of the Aps251Asn mutant obtained from data
collected at cryogenic temperatures has been refined to 1.9 A. Key hydrogen bonds required to hold
Asp251 in position have been broken which allows the mutant Asn251 side chain to swing out and away
from the Q binding site leading to a more open active site. This change could allow easier access by
water and thus contribute to the observed kinetic solvent isotope effects.

Cytochromes P450 are heme containing monooxygenasedirst soluble P450 to be purified in large quantitidy and
found throughout the biosphere that catalyze the monooxy- have its sequenc@(3) and X-ray structure determined)(
genation of a wide variety of hydrophobic substrates. Much Many of the studies on P450cam have focused on elucidating
of the detailed P450 structuréunction work has focused  the structural and mechanistic details of the catalytic cycle
on the bacterial P450cam, primarily because this was theoutlined in Figure 1. The intermediatds-3 have been
characterized, including determination of the crystal struc-
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1 HO 2 3 O/O'S with a magnitude of 1.8. On the basis of this evidence, it
SH SH H H H ;
e+0 was proposed that a proton transfer event, which is partially
rate limiting in the wild-type P450cam, facilitated dioxygen
|
S H,0 S

bond cleavage and formation of a high-valent iraxo

|
s
intermediate 4¢). Extensive mutagenesis studidsl( 12,
so»‘\‘ ‘e' 14—16) suggested that Asp251 and Thr252 serve as a proton
4 _o delivery conduit involving the participation of solvent water
+ 0" su which leads to oxygen activation. To shed more light on
S reiy the mechanism of proton transfer in cytochrome P450cam,

we have applied the KSIE methodology to mutation at the
acidic active site residue implicated in the proton delivery
event along with the analysis of 1.75 A wild-type and 1.9 A
2H+ Asp251Asn mutant crystal structures obtained from X-ray
intensity data collected at cryogenic temperatures.

EXPERIMENTAL SECTION

Enzyme AssaysWild-type and mutant P450cam, puti-
daredoxin, and putidaredoxin reductase were expressed in
E. coli and purified using published procedurds) All
For example, the active oxygenating species(Figure 1), ~ Kinetic assays were performed undéfa, conditions. A
shown as an oxyferryl center with an organic cation radical, typical NADH oxidation reaction consisted of a reconstituted
is analogous to the well-known peroxidase compound | systems with AM P450cam, 12M putidaredoxin, 2.2M
intermediate. Nevertheless, it is not known if this is the true putidaredoxin reductase, and %00 1R-(+)-camphor in
electronic structure odc. o 50mM phosphate buffer at the appropriate pH. Oxidation

Various attempts have been made to identify the expectedyf NADH was followed at 340 nm using an extinction
intermediates shown in Figure 1 ranging from site-directed cpefficient of 6.22 mM! e, Product was analyzed using
mutagenesis to the use of various anal.og_u.es of the naturabas chromatography. Reaction volumes of 4D@onsisting
substrate, camphor, to alter the rate-limiting step of the of the reconstituted system were quenched at various time
reaction (0). However, manipulation of the P450 system, points with 2M potassium hydroxide. Upon addition of
especially by mutagenesis, often leads to uncoupling (Figure ende3-bromocamphor, which served as an internal standard,
1) where reducing equivalents derived from reduced pyridine yeaction mixtures were extracted with three volumes of
nucleotides are shuttled into the unproductive formation of ~noroform and dried with magnesium sulfate under a stream
water and/or peroxide. For example, the conserved residuept gry nitrogen. Gas chromatographic analysis was carried
Thr252 that forms part of the LObinding site has been oyt ysing a cross-linked 5% methyl pheny! siloxane column
postulated to play a key role in a proton delivery system to ith a single ramp temperature prograii Signals with
the iron-linked dioxygen which is required for cleavage of retention times of 7.8, 11.4, and 12.3 min corresponding to
the O-O bond (Figure 1). Converting Thr252 to other 1R.()-camphor,exo5-hydroxycamphor, aneéndo5-bro-
residues results in uncouplind ¥-13), which makes it pocamphor, respectively, were integrated and used to define
difficult to assess the role that Thr252 plays in the productive product concentration. Previous work had shown that the
pathway leading to hydroxylated product. This has proven fiame jonization of the internal standard aexib5-hydroxy-
to be long-standing general problem in attempts to identify camphor are identical.
transient intermediates in the P450 reaction cycle. o Kinetic Sobent Isotope MethodsBuffer solutions were

A mutant or set of mutants that changes the rate-limiting prepared by lyophilizing potassium phosphate buffers and
step in the reaction cycle without leading to uncoupling is a then dissolving the dry residue in;0. Stock solutions of
highly desirable goal. In this way, short-lived intermediates the proteins were equilibrated prior to each experiment in
will build up, allowing their identification by various the freshly prepared 4#0/D,O buffer mixtures before mea-
biophysical probes. Shimada et dl4( and Gerber and Sligar  syring enzyme activities. The pL of the buffer was deter-
(15, 16 have identified a mutant with these properties. mined using the equation pt pHops + 0.311 + 0.0766¢
Conversion of Asp251 to Asn lowers the overall rate by 2 \yherex represents the fraction of deuterium in solutia@)(
orders of magnitude with little uncouplind§, 17. Most Catalytic turnover rate constants and product formation
importantly, a new spectral intermediate builds up under rates were analyzed using a nonlinear regression analysis.
steady-state conditions with a visible absorption spectrum Experimental points from the product formation rates in

that clearly does not resemble the ferreasy complex.  various isotopic mixtures were fitted to the following
Benson et al. 17) suggested that this intermediate is most equation:

likely 4a in Figure 1 and that protonation cfa is rate

Ficure 1: Schematic diagram of the P450cam catalytic cycle. SH
represents the substrate, camphor.

limiting in the mutant. These results have lead to the pro- k/k,=TI(1— x+ x¢i)T3/1‘[(1 — X+ x¢>j)RS 1)
posal that conversion of Asp251 to Asn disrupts the proton
delivery machinery required for cleaving the-@ bond. where x is the atomic fraction of deuterium used in the

Recent studies of the oxygen activation process in the wild- experiment, angy andg; are the isotopic fractionation factors
type P450cam using a kinetic solvent isotope effect (KSIE) and represent the respective fraction of deuterium bound at
approach 18) revealed the second electron transfer as the sites i and j relative to the fraction of deuterium present in
only step in the catalytic cycle to display a discernible KSIE bulk solvent. ¢ is thus a measure of the relative affinity of
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Table 1: Summary of Data Collection Statistics and Crystallographic Refinement

wild-type Asp251Asn mutant

data collection system Siemer4.000 2 crystals SSRibeam line 7-1 1 crystal
cell dimensions(A) a=106.3 a=106.6

b=103.3 b=103.2

c=36.5 c=36.6
total observations 179 587 98 277
unique reflections 37112 31326
Reyn? 0.058 0.049
% completeness total 89.7 96.0
% completeness 97.9 (21.9A)
highest resolution shell 54.7 (19.75 A) 96.6 (1.93-1.90 A)
I/s(l) in highest resolution shell 1.6 5.8
reflections used for refinmei>2s(F) 32995 (10.6-1.75 A) 29283 (10.61.9 A)
Re factor 0.21 0.20
Riree 0.26 0.27
RMS* deviation bonds (A) 0.009 0.009
RMS deviation angles (degrees) 1.5 15

2 SSRL, Stanford Synchrotron Radiation L&Rsym = SI; — M/Sk, whereli is the intensity of théth observation andCis the mean intensity.
CR= Y |Fo— F¢l/3|Fol; Rree = free R factor based on 5% of the reflectiorfsThe RMS deviations of bond parameters represent the root-mean-
square deviations from ideal values.

1.2

the site for deuteriumk, andky are the measured rates in
D,0O/H,O mixtures and KO alone, respectively, and TS and
RS refer to the transition state and reactants, respectively.
The goodness of fit and the number of protons in flight in
the transition state were analyzed by an iterative multicom-
ponent least-squares process. 2

~

Crystallography. Crystals were grown according to the ”
established capillary free interface methad)( The mutant
crystals rapidly decayed under the X-ray exposure at room
temperature. Therefore, cryogenic data were collected using
20% glycerol plus 10% sucrose as cryoprotectants. Crystals
were transferred stepwise to the artificial mother liquor (40% 0 I ] | I
saturated ammonium sulfate, 250 mM KCI, 208 cam- 0 0.2 0.4 0.6 0.8 1
phor, 50 mM KPi, pH 7.0) containing increasing amounts X
of cryoprotectants (5% increment) before being flash frozen Ficure 2:  Proton inventory for wild-type P450cam and the
in a cold stream of nitrogen gas at 100 K. The Asp251Asn Asp251Asn mutant. The fraction of deuteriur) is plotted against
mutant data set was collected at the Stanford Synchrotronthe ratio of steady-state activity measured in th®HD,O mixture
Radiation Facility (SSRL) beamline 7-1, which is equipped gfg)sttc;itﬂ:; ;ﬁteeg(eas_ure N (). The solid lines represent the

¢ ] : - perimental data to eq 1. Standard measurement
with a Mar imaging plate and a monochromatic X-ray source errors are given in Table 2.
at 1.08 A. The wild-type cryogenic data were collected using RESULTS
a Siemens X-1000 area detector with a copper rotating anode
and Supper double mirror focusing optics. Kinetic Sobent Isotope EffectsThe overall rate-limiting

The wild-type data were processed with XD&L), and step in the P450cam catalytic cycle is the second electron-

then reflection intensities were converted to structure factor trans_fer step3 to 4 _(Fl_gure 1) en. _Sln_ce spectral inter-
amplitude format for XPLORZ2) through CCP423). The mediates charac_terlstlc db and 4c_|n Figure 1 have not
Asp251Asn mutant data were reduced using DENZO and . obser\_/ed in a fully reconstituted P450ce_1m system,
SCALEPACK @4), and again CCP4 to generate structure Eflleir; tr;?g\lﬁgof)s ;':gpﬁ Ott)eltivr\r/]?ﬁ: gba(fll.(htg ghn?yresstgggiﬁt?;i
factors. The sqbsequent modgl bU|Id|ng. and rgfmement P450cam cycle to display a significant KSIE is the second
gi/z;tliec}; V&’;fg‘?gﬁ%gggg%)s;&o; glr_a(g)lglcrseégilgt?vgsrk- electron-transfer ste,to 4 in Figure 1 (.8). The KSIE=

) ) / X 1.8 for this step shows that proton transfer is involved in
Due to the unit cell shrinkage in the cryogenic data, the room- ¢ rejatively slow second electron-transfer step. Since the

temperature P450cam model had to be repositioned by asp251Asn mutant shows a build-up of a new intermediate
running molecular replacement with AMoR@§). Ad- thought to beda in Figure 1 (L7), it was reasoned that the
ditional water molecules in the cryogenic data were added ney rate-limiting step in the mutant might be the transfer of
by hand based on Fo-Fc density maps contoured at 3.0 3 proton todato give4b. To explore this possibility, KSIE
FreeR factors were monitored during the water picking to experiments were carried out and are summarized in Figure
avoid overfitting. The statistics of data collection and refine- 2 and Table 2. The effect of deuterium on the NADH
ment for both data sets are summarized in Table 1. The oxidation kinetics in the P450cam reconstituted system was
atomic coordinates of both structures have been depositednvestigated in mixed isotopic waters. The catalytic turnover
with Brookhaven Protein Data Bank (filenames 5CP4, 6CP4). of substrate was initiated by addition of NADH to the
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Table 2: Summary of NADH Oxidation, Product Formation Rates, and K&liEthe Wild-Type and Asp251Asn Cytochrome P-450cam

NADH oxidation kinetics product formation rates
P-450cam (nmol mint nmol~* heme) KSIE (nmol mintnmol* heme) KSIE
wild-type® 809 1.5+ 0.15 (1.8+ 0.05F 820 1.7+0.15
Asp251AsH 22 59+0.2 26 10+ 0.2

aThe pH dependence of isotope effects follows the trend of pH dependence on the steady-state rates for NADH oxidation in the wild-type and
Asp251Asn reconstituted systerb6f. ° 50mM potassium buffer, pH 7.0.Single-turnover experimentd ). ¢ 50 mM potassium buffer, pH 5.9.
Kinetic assays and KSIE experiments were performed at different pH values due to the following: (i) The only reasonable rates of NADH kinetics/
product formation catalyzed by the Asp251Asn mutant are obtained at low pH values (e.g., at pH 7 the rate of NADH oxidation catalyzed by
Asp251Asn is over 2 orders of magnitude slower relative to that of wild-type); (ii) Actual coupld@@9% at pH 7 and pH 5.9 for wild-type and
Asp251Asn mutant, respectivelyRates were corrected for background NADH oxidation.

reconstituted system in the presence of excess camphor, and 0.70 _
the progress of the reaction was monitored by-tiNs spec- ~ r--o---
trophotometry as a change in the absorbance at 340 nm cor-
responding to the oxidation of the reduced form of NADH. __
Separate experiments were made at increasing content of &  0.65
deuterium oxide in the solvent using precisely the same
enzyme stock solutions throughout. Although a decrease in
the NADH oxidation rate was observed for both wild-type
and Asp251Asn in the presence of deuterated solvent, the
magnitude of the overall effect was significantly different
for these two proteins. The Asp251Asn mutant exhibits a
much larger KSIE for NADH oxidation (5.9) relative to that
for the wild-type protein (Table 2). Notably, the rates of
exae5-hydroxycamphor formation for the Asp251Asn recon-
stituted system in protium oxide are much slower relative
to those for the wild-type protein. The overall KSIE of 10
at pL= 5.9 obtained from corresponding product formation
rate assays in various protium-deuterium mixtures is sig-
nificantly larger than that observed by monitoring the rates Number of protons

of NADH oxidation under the same conditions. This sug-

gests that the rate-limiting step or steps for NADH oxidation FIGURE _31 Fractionation factqr description of KSIE data. The
kinetics are partially masked. solvent isotope effect data for wild-type P450cam and the Asp251Asn

- . mutant are analyzed according to the Schowen equa®@h (
Pmt?” Inventory AnaIySIS.The catalytic rates for product assuming the reactant state contribution of one. The sum of squared
formation for both wild-type and the Asp251Asn mutant are residuals is presented as contours in a two-parameter fit using the
a strong function of solvent deuterium content and exhibit intrinsic fractionation factor and the number of protons “in flight”
isotope effects of 1.8 and 10 for the wild-type and Asp251Asn in the quantitated transition state. The dotted lines indicate the

: ; P S number of protons assuming an expected range of fractionation
reconstituted systems, respectively. The solid lines in F'gurefactors between 0.63 and 0.69. Dark shaded areas correspond to

2 represent the best fit obtained through nonlinear regressione parameter space with the squared residuals of 0.0047 and 0.0031
analysis of experimentally measured catalytic rates at in- for wild-type and the Asp251Asn protein, respectively.

creasing atomic fraction of deuterium. A dramatic increase

in the magnitude of the KSIE is observed for the Asp251Asn protein is far larger than the corresponding number partici-
mutant reconstituted system and suggests that proton transfepating in the wild-type protein. For a range of expected
becomes the rate-limiting process in the catalytic cycle. This fractionation factorsZ8, 29 the minimum number of protons

is consistent with the suggestion of Benson et l) that a involved in the transition state appears to be five. It has
key intermediate, potentially a peroxoon complex, is been postulated that at least two protons in flight in the
observable in the Asp251Asn mutant of P450cam. The transition state of the reaction lead to oxygen bond activation
characteristic bowl-shaped curvatures of the experimentalin the wild-type P450caml1@). The results of this study
data points suggest that the conversion from the initial provide evidence supporting the proposed charge relay model
(reactant) state to the transition state involves multiple proton (15) which involves a proton transfer from Asp251, when
transfer 28). Proton inventory and nonlinear regression positioned in a favorable rotamer conformation, to the distal
analysis of the experimental KSIE data with a mathematical oxygen of twice reduced dioxygen complex through partici-
model (eq 1) provides the opportunity for quantitative pation of bound water3Q). In the transition state, this
evaluation of proton transfer during oxygen activation. complex is believed to be stabilized by hydrogen bonding
Figure 3 shows a contour plot of the sum of squared residualsto residue Thr252 through an intervening water molecule
obtained from the analysis of the KSIE data for the wild- (4, 11-13). In the absence of a polar side chain, Thr252
type and Asp251Asn mutant proteins assumgit§ = 1. mutants exhibit loss of catalytic activitd{, 12 with the
There is clearly a large difference in the proton coupling for 10-fold increase in autoxidation rat&2).

these two proteins in the rate-limiting step observed in these pH Effects. A large change in catalytic activity with proton
environments. This analysis indicates that the number of concentration has been reported for the wild-type protein and
protons participating in the rate-limiting step of the mutant a number of mutants1g). While the activity of the

D251N

0.60

0.55

Fractionation factor

0.50
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30 T T r T r r Wild-Type Structures at Cryogenic Temperaturéde

P~ Asp251Asn mutant crystal structure was determined to see
Q25| - whether the hydrogen-bonding pattern thought to be required
a for the proton delivery mechanism has been disrupted. Since
=20 | - the instability of the mutant crystals required data collection
g at cryogenic temperatures, it was first necessary to refine
g 15 |} - the wild-type structure against a cryogenic data set as a basis
E for comparison. The wild-type structure refined against 1.75
=10 } - A cryogenic data essentially is the same as the structure
g reported in 19874). The overall rms difference in main
g s} - chain backbone atoms is 0.2 A between the room-temperature
e and cryogenic structures. The most notable changes are in

0 — 1 I ] ! ] the solvent structure. A total of 408 solvent molecules have

0O 0.2 0.4 0.6 0.8 1 1.2 1.4 been located in the cryogenic structure compared to 204 in

[H'] x 10° the room-temperature structure. Three cryoprotectant solvent
Ficure 4: Effect of [H"] on product formation in the Asp251Asn molecules, glycerol, also have been Iocated: _
mutant. Standard error limits are within the space of the symbols. ~_Another notable feature in solvent structure is the definitive
identification of the cation binding site (Figure 6). Previously
11 T T T T T (4), the cation location was based on the rather low
10 k- % D251N temperature factor when this site was modeled as a water
molecule and the fact that the site was surrounded by oxygen
- ligands. At that time, however, it was not possible to
definitively assign this site as a cation since peaks in Fo-Fc
difference maps were not large enough to distinguish between
. a low-temperature factor water, ammonium ion, or something
larger. In contrast, the cryogenic structure shows extra
positive Fo-Fc density atdright on the water oxygen atom
- that has been modeled in the room-temperature structure. In
addition, the temperature factor for the water refines to 2.0
A2, the minimum allowed by XPLOR. Clearly, something
larger than water occupies this site. When modeled as a
. potassium ion, the cation temperature factor refines to 22
pL A2 indicating that potassium is a reasonable model. The
Ficure 5: Effect of pL on the kinetic solvent isotope effect in the ligands consist of four peptide ,Carbonyl oxygen atoms and
Asp251Asn reconstituted system. two water molecules arranged in octahedral geometry. The
average liganetcation distance of 2.73 A agrees well with
Asp251Asn mutant at high pH is almost indistinguishable that expected of oxygerK* distances and is much larger
from the background level of putidaredoxin reductase and than the 2.4 A distance expected for Nar Ca* (31). It
putidaredoxin autoxidation, and over 2 orders of magnitude Should be noted that the catiotigand distances and
slower than the wild-type, a significant portion of activity interactions were not restrained during the refinement. One
(roughly an order of magnitude) is recovered by decreasing final reason for suspecting potassium is the functional
the pH from 8 to 5. One interpretation offered by Gerber connection between potassium and ;ubs'Frat_e binding since
and Sligar is that the carboxylate side chain of Asp251 camphor.blnds more readily to the actlv_e site in the presence
provides important catalytic (chemical) functionality for Pf potassium§2). Note that one of the ligands to thg cation
efficient proton transfer which is necessary for dioxygen bond IhS tge calrbonyl %ro dup of Tﬁr% dand't::art]the 'll;yr96 side Ch?:n
scission. From the results reported here, mutation of Asp251 |¥ roxy6gro_:_JE Ej/ roggen- on t'S W'L i € Sﬁ Iztrate_zli cgrgp or
to Asn, a nonionizable side chain, abolishes this proton( igure 6). € direct connection between 1ans, 1yr=o,

donating capabilities and forces the protein to utilize an and substrate binding has been demonstrated using site-

it i i Si th i £ th bst tdirected mutagenesis3d, 349. As concluded earlier, it
alternative proton source.  since Ine rates of the substra eappears that the cation helps to stabilize Tyr96 in a confor-
turnover linearly scale with the proton concentration (Figure

) ) mation that favors the Tyr96substrate hydrogen-bond)(

4), the alternative source of protons could be provided by Asp251Asn StructureFigure 7 shows an initial Fo-Fc
internal solvent molecules communicating with the bulk gactron density map around the site of mutation. The map
water. Figure 5 shows the pL profile of the KSIE we observe cjearly indicates movement of Asn251, Lys178, Asp182, and
for the Asp251Asn mutant of P450cam. Interestingly, the arg186. Changes are confined to this region of the structure.
magnitude of the solvent isotope effect decreases with The overall root-mean-square difference in backbone atoms
increasing pL. A potential explanation is that at higher pH petween the mutant and wild-type cryogenic structures is
(pL) values the concentration of the “proton transfer viable” 0.17 A. In the wild-type structure, Asp251 forms a set of
species (i.e., BD/H;O™) is depleted and therefore fewer sites  hydrogen-bond/ionic interactions with Thr185, Arg186, and
become available within a proton-transfer pathway that is Lys178 (Figure 8). In the Asp251Asn mutant, these interac-
critical for dioxygen activation. This would then resultin a tions are disrupted (Figure 8). The Asn251 and Lys178 side
smaller observed KSIE. chains rotate toward the surface and are atoA further

KSIE
W A B a2 ® e o
T

w
(9}
)}
()
wn
|
|
w
-
o0
wn
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FIGURE 6: Stereo diagram showing the cation binding site in the wild-type cryogenic structure superimposed on the Fo-Fc omit electron
density map contoured at &0The two small spheres are water molecules coordinated to the cation and the remaining ligands are peptide
carbonyl oxygen atoms.

FiGURE 7: Stereo diagram of the initial 1.9 A Fo-Fc electron density map contoured i superimposed on the wild-type structure.
Phases were taken from the refined wild-type cryogenic structure and the amplitudes from the Asp251Asn mutant data set.

apart than in the wild-type structure and hence no longer Overall, P450cam appears to have several possible routes
form a hydrogen-bond. The hydrogen-bond with Thrl85 of proton delivery. An analogous path to that described
also is lost. However, the new position of Asn251 allows a above involves the highly conserved Glu366 and an array
new hydrogen-bond to form with Asp182. The rupture of of highly ordered solvent molecules that connects this residue
the 251-185 hydrogen-bond and rotation of the Asn251 side into the active site with an additional highly conserved
chain toward the surface provides a new opening to the activealcohol functionality contributed by Thr252. This hydrogen-
site pocket that is not present in the wild-type structure ponding network is very similar to the one observed in
(Figure 9). P450eryF, except P450eryF uses a water molecule in place
DISCUSSION of the P450cam Thr252 to directly interact with boun_d

) ) ) ) dioxygen. Based on the results of the molecular dynamics
_ One of the primary goals in understanding theadtiva- gimylations, Harris and Loevg) proposed this network to
tion reaction in P450s is the identification of the chemical be the proton donor in P450eryF and, by inference, that in
functional_ity that delivers a proton 0 the iron—linkgd dioxy—_ P450cam. However, whereas mutations of other active site
gen. Un!lke other enzymes, there is no.strateg[cally POSI* residues thought to be involved in proton transfer resulted
tioned acid-base catalyst such as the His in peroxida3s} ( in drastic effects on activity, only a moderate decrease in

Lh;st It?e?ar;lor?gézl;i;?o{ge %SSEB;tCe atgggg rgi;guﬁéaltgzte?g’t(;tﬁhe rate of NADH oxidation was observed in a reconstituted
: ary 10 postu er complicated protof, «iom with the mutant Glu366GIn in P450cad8)( This
delivery mechanisms for which only indirect evidence is

available. The closest structural evidence to date on thepreliminary result, together with a lack of ohserved water

identity of the proton delivery group is with PA50en8]. connectivity from Glu366 to the solvent surface in P450cam,
In this structure, a water molecule is positioned only 3.8 A casts some doubt on the role of this residue in catalytic proton

from the iron and hence is in an ideal position to deliver a transfer.

proton to the iron-linked dioxyger87). P450cam, however, Another water exit pathway was recently propos4@) (
does not have a similarly positioned water visible in electron which extends from the propionate A side chain and Arg299
density maps, so it has been necessary to postulate thdo the protein surface. This path could offer an attractive
presence of a water in the oxy complex that serves as theway of water molecule displacement from the active site
proton donor. upon substrate binding. Moreover, since this internal water
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Wild Type

Mutant

Ficure 8: Stereo diagrams showing the wild-type and Asp251Asn mutant structures in the vicinity of the mutation site. Hydrogen-bonding

interactions are shown as dotted lines.

for oxygen bond scission. The bi-directional role of this so-
called aqueduct is, however, complicated by the position of
the Arg299 side chain which needs to assume different
rotamer conformations in order to allow communication be-
tween the active site and surface solvent molecules. Ad-
ditional experiments involving mutagenesis and solvent iso-
tope effects are needed to fully assess the possibility of proton
transfer by this route.

The third proposed route of proton entry involves Asp251
(Figure 10). In this scheme Asp251 serves as a “carboxylate
switch” that shuttles protons from the surface accessible
catalytic triad (R186, K178, D182) to a bound water in the
active site 15). Mutation of Asp251 to Asn disrupts this

FiIGURE 9: Space filled diagrams comparing the interaction between highly specific proton delivery mechanism, forcing the

Asp251 and Thrl85 in the wild-type and mutant structures. For ; - ; :
residues 251 and 185, the side chain atoms are shaded in th rhotelln to .ﬂnd an allte:?;t:;/e. mﬁthOd for prOtor.] dellvery'd
following order (light to dark): carbon, nitrogen, oxygen. The € large Iincrease In In the mutant protein reporte

surrounding atoms from other residues are all in white, while the herein, together with the proton inventory analysis, indicates
heme is black. Note that the disruption of the Asp25hr185 that a much larger number of protons are involved in the
hy(tirog;n-bon? in ﬂt]r? m“ifi”t a,?dISUbsequeptgﬁtalt'On of Asn251 transition in the Asp251Asn mutant. This could be explained
out and away from the active site leaves a slightly larger opening e : :

above the heme pocket. by _addmonal solvent molecules, pOSS|b_Iy five to seven,

fulfilling the role of the Asp251 proton delivery machinery.

cluster communicates with the bulk water, it could, in  The mutant crystal structure is consistent with this view.
principle, also be responsible for proton delivery necessary The Asp251Asn mutant structure shows that the array of
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Ficure 10: Proton delivery model for wild-type P450cam. Asp
251 serves as a “carboxylate switch” allowing communication
between solvent accessible residues (Lys178, Asp182, and Arg186
and the catalytic water molecules in the active site. Calculated KSIE
for two protons “in flight” with expected functional group
fractionation factors of 0.6918, 29 yields overall isotope effect

of 2.1, in good agreement with the experimentally measured value
of 1.8 (18).

hydrogen-bond/ion pairs involving Asp251 is disrupted. Most
importantly, the new Asn251 amide side chain no longer
favors hydrogen-bonding with Thrl85, but instead rotates
out and away from the active site to form a new hydrogen-
bond with Asp182. Asn251 still interacts with Arg186, but
the Aps251-Lys178 interaction is lost. It is interesting to
note that conversion of Lys178 to GIn does not have a large
effect on activity {4). This glutamine could still hydrogen-
bond with Asp251, but even if it does not, a disruption of
the Asp25%-Lys178 interaction should not alter the position
of Asp251. Rather, itis the Thr185Asp251 hydrogen-bond
that may be the key in orienting Asp251 “in” toward the
active site. This further suggests that the “in” orientation
of Asp251 is important for acidbase catalysis. The “out”
orientation in the mutant structure opens the active site which
would make bulk solvent more accessible to the iron-linked
dioxygen, thereby providing the alternate solvent-based
proton delivery pathway indicated by the KSIE results.

An important result from this investigation is that it still

is necessary to postulate the existence of new catalytic waters

in the active site (Figure 10) and, possibly, conformational
changes that enable Asp251 to participate in a pretein
solvent hydrogen-bonding network that shuttles protons to
the iron-linked dioxygen. Fortunately, there is some crystal-
lographic evidence that supports such movement. Poulos
and Howard 41) determined the structure of a series of
inhibitors bound to P450cam. One of these, 2-phenylimi-
dazole, binds with the phenyl moiety close to the heme and
the imidazole group close to Asp251. A new water moves
into the heme pocket that serves as a hydrogen-bonding
bridge between Asp251 and the imidazole group. In
addition, the entire I-helix, of which Asp251 is a part, slides
closer to the inhibitor, and Thr185 rotates around such that
its side chain hydroxyl function hydrogen-bonds with the
new water. Overall, the motions and presence of a new water
observed in the inhibiterP450cam complex are similar to
what is required by the mechanism shown in Figure 10. It

also appears that water operating as the direct proton donor

Vidakovic et al.

to the iron-linked dioxygen will be a general feature shared
by all P450s 87). The specific pathway and set of residues
employed may differ, however, and will depend on the size,
shape, and electrostatic properties of the active site which,
in turn, depends on substrate specificity requirements.

An alternative interpretation of the isotope effect data in-
volves the participation of the reactant state in the observed
KSIE (R. L. Schowen, personal communication). The cor-
responding model would include twice-reduced iron-ligated
dioxygen with an estimated fractionation fac{t® ~ 0.43.
The overall isotope effect originating from the transition state
would then increase, necessitating the participation of three
protons “in flight”. However, this interpretation does not
rule out the proposed model in Figure 10 since a three proton
model with¢™ = 0.63 andpRS = 0.43 would result in total
KSIE of 1.72. Furthermore, by the same analysis the number
of protons involved in the substrate turnover catalyzed by
Asp251Asn mutant is augmented to nine, suggesting that the

echanism of proton transfer is indeed different in these two
proteins.

In conclusion, it appears that P450cam has evolved to
maintain a highly specific proton delivery mechanism in
order to avoid the unwanted production of hydrogen peroxide
via nonspecific electron donation to dioxygen. The use of
“carboxylate switches” as a means of specific proton delivery
may not be unique to P450cam. Similar mechanisms have
been suggested for proton pump proteins such as bactero-
rhodoposin 42, 43 and cytochrome oxidasé4).
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