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ABSTRACT. Cholesterol oxidase catalyzes the oxidation and isomerization of cholesterol to cholest-4-en-
3-one. An asparagine residue (Asn485) at the active site is believed to play an important role in catalysis.
To test the precise role of Asn485, we mutated it to a leucine and carried out kinetic and crystallographic
studies. Steady-state kinetic analysis revealed a 1300-fold decrease in the oXgdigrior the mutant
enzyme whereas thea./Kn, for isomerization is only 60-fold slower. The primary kinetic isotope effect

in the mutant-catalyzed reaction indicates thatBtransfer remains the rate-determining step. Measurement

of the reduction potentials for the wild-type and N485L enzymes reveals a 76 mV decrease in the reduction
potential of the FAD for the mutant enzyme relative to wild type. The crystal structure of the mutant,
determined to 1.5 A resolution, reveals a repositioning of the side chain of Met122 near Leu485 to form
a hydrophobic pocket. Furthermore, the movement of Met122 facilitates the binding of an additional
water molecule, possibly mimicking the position of the equatorial hydroxyl group of the steroid substrate.
The wild-type enzyme shows a noveHW---xr interaction between the side chain of Asn485 and the
pyrimidine ring of the cofactor. The loss of this interaction in the N485L mutant destabilizes the reduced
flavin and accounts for the decreased reduction potential and rate of oxidation. Thus, the observed structural
rearrangement of residues at the active site, as well as the kinetic data and thermodynamic data for the
mutant, suggests that Asn485 is important for creating an electrostatic potential around the FAD cofactor
enhancing the oxidation reaction.

Cholesterol oxidase (EC 1.1.3.6) is a flavoenzyme isolated precise elucidation of the atomic-level mechanism of cho-
from a variety of microorganisms. It is able to catalyze two lesterol oxidase catalysis and binding of steroid, both
reactions in one active site: oxidation of thg-Bydroxyl fundamental studies and practical uses will be greatly
of cholesterol and subsequent 1,3-allylic isomerization of the advanced.
oxidation product (Scheme 1). It is used to clinically Cholesterol oxidases fro®treptomyces sp. SA-CG@d
determine serum cholesterol levels in the diagnosis of B. sterolicumare monomeric (55 kDa) proteins (60%
arteriosclerosis and other lipid disorders. The active enzymeidentical in amino acid sequence) containing one FABr
is a potent larvicide and is being developed for commercial active site §). There is little <10%) primary sequence
applications in agriculture as a pest control agehts). similarity between cholesterol oxidase and other members
Moreover, cholesterol oxidase is utilized to study membrane of the glucose-methanot-choline oxidoreductase (GMC)
structures, especially the localization of cholesterol. With the family (7, 8. However, comparison with the tertiary
structures of GMC oxidoreductase enzymes shows that their
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Scheme 1 MA). Oligonucleotides were purchased from IDT, Inc.

v (Coralville, IA). All other chemicals and solvents, of reagent

GIL36" R = C1gHao or HPLC grade, were supplied by Fisher Scientific (Pitts-

ey (cholestane) burgh, PA). Water for assays and chromatography was

distilled, followed by passage through a Barnstead NAN-

Asn85 ] NH, O“5~0 Or;;re filtration system to give a resistivity better than 18

o MQ.

’\H\ General MethodsCD spectra were acquired on an Aviv

HN/%N H0%' 1o model 62A circular dichroism spectrophotometer. A Shi-
J:/ 34 5 ¢ madzu UV2101 PC spectrophotometer was used for assays
% g7 cholesterol and acquisition of UV spectra. Fluorescence measurements

were taken on a Spex Fluorolog 3-11 spectrofluorometer.

FAD H.O. Restriction digests and ligations were performed according
22 . H
to procedures described in Sambrook et &B).(The ABI
PRISM BigDye Terminator Cycle Sequencing technique was
FADH, O, applied to all mutated regions following the manufacturer’'s

R protocol (Perkin-Elmer, Foster City, CA), and the plasmids
N N were purified with the Wizard Plus DNA Purification System
m/ —— LI)/ (Promega, Madison, WI1) with water elution. The buffers used
o were the following: A: 50 mM sodium phosphate, pH 7.0;
B: buffer A+ 0.025% Triton X-100 (w/v); C: buffer Bt
cholest-5-en-3-one cholest-4-en-3-one 0.020% BSA (w/v); D: buffer A+ 1.0 M (NH,),SOy; E:

. ) 100 mM citrate-phosphate, pH 5.10, 0.025% Triton X-100
oxidases where the FAD cofactor is noncovalently bound to (w): F: 100 mM sodium phosphate, pH 5.90, 0.025%
the enzyme. We have proposed that a hydrogen-bondingTyiton X-100 (w/v); G: 100 mM sodium phosphate, pH 6.96,
network between these residues helps to position the substratg o2505 Triton X-100; H: 100 mM sodium phosphate, pH
relative to the FAD cofactor and coordinates general baseg 18 0.025% Triton X-100; I: 100 mM glycireNaOH, pH
and electrophilic catalysis for oxidatio®,(9). The X-ray 9.06, 0.025% Triton X-100; J: 100 mM glyciré&NaOH, pH
crystal structure suggested that His447 could coordinateg 98 0.025% Triton X-100.
general base catalysis of oxidation via Wat58110. We Construction of N485L ChoA Mutant Expression Plasmid,
showed that His447 is important for oxidation, but is not ,c0237.n addition to introducing the N485L mutation, the
essential. Replacement of the imidazole with a glutamine extraneousStreptomyce®NA between the OPA and the
amide resulted in a 100-fold reduction in the overall rate of yinqi1 site in pCO200 (1) was removed by PCR using
oxidation, and hydride transfer was no longer rate-determin- o primers. Primer 1 was a 67-base oligonucelotide that
ing.2 This suggested that additional residues might contribute corresponded to the sequence of the coding straRdg®
to catalysis of oxidation. In this work, we investigated the CTggggCCCCAACGGTAACATCATGACCYCCCgggCCAA-
role of Asn485 in the reaction catalyzed by cholesterol CCACAtgKBTAACCCCACCggCgCCC-3. This primer
oxidase by a combination of site-directed mutagenesis, a5 ypstream of Stu site that was used for subcloning the
kinetics, and X-ray crystallography. We found that this pcR fragment. Primer 2 was a 99-base oligonucleotide that
residue is crucial for defining the electrostatic environment possessed the actual mutation N485L, introducétinallll
around the FAD that determines its reduction potential. site after the TAA stop codon, and corresponded to the

anticoding strand ((gCTCACAAgCTTACgACgCCgTgAC
EXPERIMENTAL PROCEDURES gTCCTgCTTgATgAtgCgCTCgACgTTCCgCTCggCCAg-

Materials. Cholest-5-en-3-one, 4-aminoantipyrine, and C9CCITIATGgTCACGAACGGgAGgACGCCIACGd)3Us-
Triton X-100 were from Aldrich Fine Chemical Co. (Mil- N9 Xhd-restricted pCO2029) as a template, 31 cycles of
waukee, WI). Cholesterol and horseradish peroxidase werePCR were performed with Pfu polymerase at an annealing
purchased from Sigma Chemical Co. (St. Louis, MO). The €mperature of 75°C. The 500 bp PCR fragment was
plasmid for heterologous expressionSifeptomyces sp. SA- digested withStu and Hindlll, 'pu'rlfled, a}nd subclongd into
COO cholesterol oxidase, pCO202, has been describedPC0200 6) that had been similarly digested to yield the
previously (1), and is a derivative of pCO117, a generous Mutant expression plasmid pCO237.
gift from Y. Murooka (12). Restriction endonucleases, T4 Purification of Wild-Type Cholesterol Oxidageell paste

DNA ligase, calf intestinal alkaline phosphatase, and T4 ©f E. coliBL21(DE3)plysS(pCO117)1(1) was obtained from
kinase were purchased from New England Biolabs (Beverly, 1 L 0f 2 x YT—ampicillin (2004g/mL) medium grown at
28°C for 8 h after addition of IPTG (108g/mL) atAspo =
0.8 by centrifugation at 40@0for 30 min. The pellet was

8 The oxidation reaction catalyzed by chox utilizes a FAD cofactor, resuspended in 20 mL of buffer A and lysed by French press
and thus may proceed as a hydride transfer, or it may proceed as two - -
1 e transfer steps, one of which is a hydrogen atom transfer. Both at ,18 000 psi. All subsequerlt steps for W'!d'type cholesterol
mechanisms would proceed more efficiently with general base catalysis, 0xidase were conducted at°€. Cell debris was removed
and from a structural viewpoint, both are feasible. For the sake of by centrifugation at 1350@Dfor 60 min. The supernatant

simplicity, we will discuss our experiments in reference to the hydride P
mechanism, although the arguments presented apply equally well to aWas precipitated by 1.0 M (NBESQ,, and the peliet was

two-step mechanism, i.e., hydrogen atom transfer followed by fast e discarded. (NB),SO, was added to the supernatant to a final
transfer. concentration of 2 M. The pellet was obtained by centrifuga-
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tion at 400@. This pellet was resuspended in buffer A (5 cholesterol was as follows: wild type, 0.55 nM; N485L, 86
mL) and desalted using dialysis (nMWCO 6688000) nM. The concentration of each enzyme used in assays with
against buffer A. The dialysate was loaded onto a column cholest-5-en-3-one was as follows: wild type, 0.44 nM;
of DEAE-cellulose (30 mmx 25 cm, DE-52, Whatman)  N485L, 12 nM. Initial velocities were measured in one of
preequilibrated with buffer A. Fractions were collected by three ways. (1) The formation of conjugated enone was
elution with buffer A (100 mL). Typically, 15 mL fractions  followed as a function of time at 240 nna.fo = 12 100
were collected; however, fractions that appeared yellow in Mt cm™) (15). (2) The activity also was determined using
color were limited to 7.5 mL. Fractions containing cholesterol a horseradish peroxidase coupled assay to quantitate the rate
oxidase (as determined by SBBAGE) were combined and  of formation of HO,. The formation of quinoneimine at 510
concentrated by (NBL.SO, precipitation (3.0 M). The pellet  nm was followed as a function of time. The standard assay
was redissolved in buffer A to give a final concentration conditions were the same as the By, assay with addition
between 10 and 20 mg/mL protein, and (N3O, was of 1.13 mM phenol, 0.87mM 4-aminoantipyrine, and 10 units
slowly added until the solution turned slightly turbid (typi- of horseradish peroxidase. (3) The reaction was followed by
cally, 2.5 M). The precipitate formed was pelleted by excitation at 325 nm and monitoring the fluorescence
centrifugation, and the clarified supernatant was transferredemission at 415 nm (slits 1.5 nm) using an HRP-coupled
to a fresh container where it was allowed to crystallize over assay to quantitate the rate of formation 0fGd The
2 days at 4°C. The microcrystalline protein was collected standard assay conditions were the same as thédpassay
by centrifugation, dissolved in buffer A, and ultrafiltered with the addition of 1.0 mMp-hydroxyphenylacetic acid and
(YM30 membrane, Amicon, Inc., Danvers, MA) into buffer 10 units of horseradish peroxidase. Independent sets of data
A. The protein was further purified on a butyl-Sepharose were fit simultaneously to the hyperbolic form of the
column (30 mL butyl-Sepharose-4 Fast Flow, XK 16/40, Michaelis—-Menten equation using Grafit (Erithacus, London,
Pharmacia Biotech, Upsala, Sweden) preequilibrated with U.K.). Primary isotope effects were determined in a similar
buffer D. The protein was eluted by running a linear gradient fashion, fitting all the possibilities and selecting the best fit
from 100% buffer D to 100% buffer A (270 mL). Fractions (PV, PV/K, or PV andPV/K). pH profiles were determined
(4.5 mL) were collected, and the elution profile was using buffers E-J that had equal ionic strengths.
monitored atAzgp Fractions were assayed for content and  Determination of Reduction PotentialBhe redox poten-
purity by SDS-PAGE. Fractions containing pure cholesterol tials of wild-type and mutant cholesterol oxidases were
oxidase £98%) were combined and ultrafiltered (YM30 determined at pH 7.0, at 1%, using the dye-equilibration
membrane) into buffer A. Typically 38640 mg of pure method and xanthine/xanthine oxidase reduction system
cholesterol oxidase was obtained per liter of culture. described by Massey 6). Enzyme (16-15uM) was placed
Purification of N485L Cholesterol Oxidas&he mutant in an anaerobic cuvette in buffer A, together with 6®23
N485L cholesterol oxidase was prepared as described abovenM xanthine and +10 uM concentrations of safranin T
for wild type. The yield of N485L was 75 mg/L. Protein that has ark, of —276 mV. To ensure rapid equilibration
concentrations were determined by UV absorbance usingof reducing equivalents, BM benzyl viologen was added
€280 = 81 924 Mt cm ! [calculated from the molar extinc- to the enzyme solution. The closed cuvette was made
tion coefficients of tryptophan and tyrosin&4j]. anaerobic by repeated cycles of evacuation and flushing with
UV, Fluorescence, and CD Specti®olutions of choles-  argon. After anaerobiosis had been established, the spectrum
terol oxidases were prepared in buffer A. A baseline spectrumof the enzyme solution was recorded. The reaction was
of buffer A was subtracted from the sample spectrum. The initiated by adding xanthine oxidase from the sidearm, and
concentrations of wild type and N485L used were 19 and absorbance spectra were recorded (3800 nm). The
21 uM, respectively. CD spectra were recorded in the near absorbance spectra were collected until the contribution of
UV from 300 to 255 nm, and in the far UV from 250 to 185 the benzyl viologen radical became apparent.
nm. The UV/vis spectra of the semiquinone and reduced The concentrations of the oxidized, semiquinone, and
flavin enzyme species were obtained during the anaerobicreduced forms of cholesterol oxidases, and of the oxidized
titration (vide infra), and the spectra were deconvoluted by and reduced forms of the reference dye, were determined
subtracting the spectra of the other species present from thérom the absorbance values at various wavelengths (using
observed spectrum. The concentration of cholesterol oxidasesin isosbestic point for the oxidized and semiquinone enzyme
used for fluorescence spectra wagM. forms of 524.5 and 525.0 nm for wild type and N485L,
Steady-State Enzyme Kineti&ock solutions of choles-  respectively). The redox potentidk,, for the system at
terol and 3t-[?H]-cholesterol were prepared by dissolving equilibrium was calculated using the standard Nernst equa-
the appropriate sterol in propan-2-ol. The concentration of tion:
each solution was determined using cholesterol oxidase and
standard assay condition 1 (vide infra). Stock solutions of E, = E;, + (2.3RT/nF)
cholest-5-en-3-one were prepared and stored in the dark in log ([oxidized form]/[reduced form]) (1)
foil-wrapped containers because the cholest-5-en-3-one
decomposes via autoxidation in solution; TLC (15:85, The data were plotted as described previouss). Briefly,
EtOAc:hexane ratio) was employed to assay the solutionsthe oxidation/reduction potential for the couple KB Flsq
for purity prior to use each day. (Ey) was determined by plotting the ratio of the concentra-
HRP (1000 units/mL), phenol (113 mM), and 4-aminoan- tions of the oxidized and semiquinone forms of cholesterol
tipyrine (440 mM) stock solutions were prepared in buffer oxidase, and the potential for the couple &§fEFlcq (Eo)
B. Dilute enzyme stock solutions were prepared in buffer was determined by plotting the ratio of the concentrations
C. The concentration of each enzyme used in assays withof the semiquinone and reduced forms of the enzyme. The
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separation between the two single-electron transfers wasypq 1 Crystallographic Refinement Statistics
estimated from the maximal percentage of the semiquinone

. . : resolution range (A 251.5
form of the enzyme reached during a reduction experiment -, reﬂecﬂongs u(se)d in refinement 57331
in the absence of the reference dyi&)( R-factor 0.163
free R-factor 0.213 (6632 reflections)
AE,,=59mV x logK 2 rmsd bond lengths (A) 0.009
rmsd bond angle distances (A) 0.024
— 2 no. of non-hydrogen atoms
K = [EFlJ[EFI J[EF,] @3) o nor s001
o ) . ) FAD 53
Semiquinone formation was graphically determined by water 611
plotting the changes in absorbance at the maximum wave- averageB-factors (&)
length for this form (372.5 and 376.5 nm for wild-type and g}’gtre"’}'r'] atoms 1f5'86
N485L cholesterol oxidase, respectively) and for the oxidized EAD atoms 103
enzyme (390.5 and 394.0 nm for wild-type and N485L water molecules 25.5

cholesterol oxidase, respectively). T, between the

reference dye and cholesterol oxidase was determined from.qnfirmed by SDSPAGE analysis, UV/vis, and CD spec-

the value of log (oxidized/reduced) for the enzyme at the o5copy. The UV spectrum of the bound FAD cofactor for

point where the log (oxidized/reduced) for the reference dye o purified N485L cholesterol oxidase has red-shifteg's

IS ZE€ro. ) L at 394 and 472 nm compared to wild type at 390.5 and 468
Crystallographic Structure Determinatio@rystals of the nm (Figure 1). The fluorescence emision maxima for wild-

N485L mutant of cholesterol oxidase were obtained as type and N485L are the same: 338 nm (280 nm, excitation),

described previously6j. X-ray diffraction data were col- 556 nm (450 nm, excitation). The CD spectra (far and near

lected at 115 K in order to minimize crystal decay. The yv) confirm that the N485L mutant is folded identically to
crystals were transferred briefly to a cryoprotectant solution g type.

containing 20% glycerol in the crystal mother liquor. A single Steady-State KineticsThe catalytic capability of the
crystal was mounted in a cryoloop (Hampton Research, N4gs| mutant is summarized in Table 2 along with
Laguna Hills, CA) and placed in a cold nitrogen stream at yreviously obtained data on the H447Q mutant. The Michae-
115 K. The data were collected on a MAR image plate |is—Menten parameters of the active mutants using both
detector with a double focusing mirror system (Supper Ltd.) cholesterol and cholest-5-en-3-one as substrates are reported.
mounted on a Rigaku RU-200 rotating anode X-ray generator |, the wild-type catalyzed reaction using cholesterol as a

(CuKa radiation). A data set to 1.5 A resolution was g pstrate, thépsrbased assay that follows the rate of product

collected using a single crystal of dimensions &.1.1 x cholest-4-en-3-one formation and the®4based assay that
0..08 mm. The completeness of the Qata collected was 93%q(ows the rate of intermediate product,® formation
with a redundancy of 4 and a mergifigfactor of 0.045.  measyre the same steady-state rates. The rate constants for

The X-ray images were processed, merged, and scaled withysth assays of the N485L mutant are also the same. This

the HKL suite of software¥8, 19. The mutant structure  means that N485L catalyzes oxidation and isomerization; i.e.,
was solved by difference Fourier techniques using the nativej; conyerts cholesterol to cholest-4-en-3-one. However, the
structure (PDB code 1b4v) which had been modified such kealKm is 1300-fold reduced compared to wild type.

that all active site water molecules and water molecules The mutant isomerization activity using cholest-5-en-3-
located on the surface of the structure were removed. In gne a5 a substrate was compared with wild-type cholesterol
addition, the proposed catalytic residues, H447, N485, and oyigase by monitoring the rate of cholest-4-en-3-one ap-
E361, were mutated to alanines. Refinement was carried oUtyearance ‘at 240 nm. The ability of wild-type enzyme to
using SHELX-97 £0) and SIGMAA-weighted maps calcu-  ¢atalyze the isomerization of the cholest-5-en-3-one is as

lated with coefficients B, — Fc andF, — Fc. The free  efficient as its ability to oxidize and isomerize cholesterol.
R-factor was monitored during the course of the refinement 1, isomerizatiork../K, of N485L is 60-fold slower than
using a subset of 10% of the data randomly chosen from ;4 type.

the total diffraction data. The entire structure was rebuilt, Primary Isotope EffectsThe same substrate primary
and the side chains for H447 and E361 as well as the leucingyjnetic isotope effects were observed for wild-type choles-
mutation at position 485 were included in the model. Water o] oxidase and the N485L mutant using-BH]-

molecules were included where difference electron density -glesterol. The isotope effects are 2:20.1 on bothkea
above & was observed and where hydrogen bond contacts ;g KeadKin.

were made to other polar atoms. Multiple conformations were pH—Rate Profile The pH dependence of the cholesterol
included for a loop region of the structure (25860) as well  4idation reaction was measured by following the appearance
as a 10 amino acid side chain. In addition, the side chains ¢ cholest-4-en-3-one, the product of oxidation and isomer-
of nine surface residues were modeled with partial oc- jation. For wild-type cholesterol oxidase, the valuekaf
cupancy. The final refinement statistics are given in Table gecreased 2000-fold with increasing pH with an apparent
1. The coordinates have been deposited in the Protein DatapKa of 8.3+ 0.1; theK,, was independent of pH. The loss
Bank @1). of activity is reversible. In contrast, an increase in pH for
RESULTS the N485L mutant resulted in a 6-fold increase in kg
The Kq(app) forkeatis 9.5+ 0.3; againK, did not change

Physical CharacterizationThe N485L cholesterol oxidase  with pH. The isomerization activity of N485L or wild type

was heterologously expressed kn coli. The purity was did not change with increasing pH.
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Table 2: Michaelis-Menten Rate Constants for Wild-Type and Mutant Cholesterol Oxidases

turnover (oxidation and isomerization) cholestérol

isomerization cholest-5-en-3-che

(Kead Km)mu! (Keal Km)mu/
keat(S™Y) Km (uM) (Keaf Km)wt keat(S™Y) Km (uM) (KealKm)wt
wild type 44+ 2 3.0+0.4 64+ 3 6.2+ 0.7
H447Q 0.32+0.01 3.0£0.3 0.0036 8H-4 7.1£0.8 11
N485L 0.0464 0.004 42+0.1 0.00075 3.220.3 18+ 0.6 0.017

aMeasured by kD, formation with HRP coupling® Measured by cholest-4-en-3-one formation at 240 hAs reported in ).
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Ficure 1: Visible spectra of (A) native and (B) N485L cholesterol

Table 3: Reduction Potentials for Wild-Type and N485L
Cholesterol Oxidasés

max amount
of semiquinone AE E: E; Em
formed (%) (mV) (mV) (mV) (mV)
wild type 98 —112 —222+14 —-334+11 -—-278
N485L 95 —108 —300+5 —408+8 —354

aDetermined spectroscopically using the xanthine and xanthine
oxidase systeml@) in 50 mM sodium phosphate, pH 7.0 at 16.
Safranin T was used as the redox stand&gd€ —276 mV).

oxidase used in our work. Because there is no sequence or
structural information available for tHetreptomyces hygro-
scopicusenzyme, it is not possible to explain the difference
between the two. It is clear, however, that bacteria produce
multiple cholesterol oxidases with very different redox
properties. For exampl&revibacteria produce one choles-
terol oxidase that is structurally very similar to that used in
this work @, 22, and a second that is structurally distinct
with a covalently bound FAD2Q) that has an increased
redox potential 17, 24.

Crystallographic Structure Analysifs predicted from the
CD spectra, the overall fold of N485L is identical to those
of the native enzyme fronStreptomyces sp. SA-CO®)
andB. sterolicum(22). Slight differences in the main chain
atom positions between the mutant and native structures are
localized at two loop regions (2560 and 434-438). The
electron density for the loop from residues 25850
indicated a second conformation that was included in the
final model. The loop from residues 43438 forms part of
the entrance to the active site cavity of the enzyme and has
previously been observed to be poorly defined and highly

oxidases for each oxidation state as determined by anaerobicygpile 6, 22. In the mutant structure, the temperature

reduction. {-) Oxidized, FAD,; (- - -) semiquinone, FADH(— —)
reduced, FADH. All spectra were acquired in 50 mM sodium

factors for the main chain atoms in this loop region (28 A

phosphate buffer, pH 7.0. The semiquinone and reduced spectrs@€ Significantly higher than the average observed for the
were acquired under anaerobic conditions with benzyl viologen, entire protein (14 A).
xanthine, and xanthine oxidase as the reducing system, and the The substrate binding site of the native enzyme revealed

spectra of xanthine were subtracted for clarity. The semiquinone
spectrum was determined by subtracting the small amount of
oxidized species present near the midpoint of the titration and

14 water moleculesg]. All but one of these water molecules

is retained in the active site of the N485L mutant. In the

rescaled to 100%. Thina values of each species are indicated on native structure, Wat1148 lies in a hydrophobic pocket,

the spectra.

Reduction Potential of FADThe reduction potentials of

bounded by the side chains of Phe359, Trp351, Vall124, and
lle379, and makes hydrogen bond contacts to both the side
chain and the main chain atoms of Asn485 (Figure 2A). Due

the wild-type and N485L cofactors were measured spectro- to the leucine mutation at this site, this water molecule is no

scopically using the dye-equilibration method of Mass).(
The 1 e reduction potentials of the N485L-oxidized FAD

longer present in the structure, and the residues surrounding
this hydrophobic pocket are slightly repositioned to optimize

and semiquinone FAD are significantly reduced compared van der Waals interactions (Figure 2B). The side chain of

to wild type (Table 3). The midpoint potential is correspond-

ingly reduced from—278 to —354 mV. The reduction
potentials for cholesterol oxidase fragtreptomyces hygro-
scopicushave been reported previously7j. TheE, of this
enzyme is—217 mV, 60 mV higher than the cholesterol

Metl22 adopts a different conformation in the mutant
structure ¢z = 85°) compared to that of the nativgs(=
—100) (Figure 3). Interestingly, the orientation of the
methionine side chain is identical in the mutant and the
dehydroisoandosterone complex structurég).( An ad-
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Ficure 2: Stereo figure showing a CPK representation of the region around residue 485 in (A) the native enzyme structure and (B) the

N485L mutant structure.
Further changes in the active site of the mutant include a
Q repositioning of Wat541 and His447. Both have been
E361

E361 strongly implicated in substrate oxidatid®, ©). In the native

Mi22 Miz2 structure, Wat541 forms strong hydrogen bonds with the side
o Water 543 o Water 543 chains of Asn485 and His447. In the mutant structure, the

N4851. o¢ Water 541 N4851. ¢ Water 541 water molecule moves away from the side chain of Leu485,

147 H447 by 0.6 A relative to the native water position (Figure 3).

However, the hydrogen bond with His447 is still preserved

W due to a slight shift of the histidine side chain (0.3 A).
FAD FAD . . . .
Finally, changes in the active site of the mutant are

observed for Glu361. In previously determined structures of
FicURE 3: Stereo superposition of the active site residues for the the enzyme, this side chain exhibits high-temperature factors
native enzyme and the N485L mutant enzyme. The native structure g, ggesting significant mobility. Furthermore, isotope labeling
is shown in black and the mutant in gray. g . - . L .

studies and site-directed mutagenesis of this residue have
ditional water molecule (Wat543) is observed in the mutant indicated it to be essential for the isomerization reaction of
structure in hydrogen bond contact to O4 of FAD. This water the enzyme &, 25-27). In the mutant structure, this
molecule lies near position of thec@ethyl group of Met122  glutamate side chain still has relatively high temperature
in the native structures of both tiSgreptomyces sp. SA-COO factors (21.3 &), and itso carbon position has shifted by
andB. sterolicumenzymes. Furthermore, this water molecule 0.4 A relative to the native enzyme. These observed structural
lies in a similar position to the hydroxyl oxygen atom,'©Q1 changes in Glu361 place the carboxylate moiety within
of the dehydroisoandosterone steroid substrate in the complexhydrogen bond distance to both the active site water molecule
structure. (541) and Wat543 (Figure 3).
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Ficure 4: Stereoview of helix 14 in the native structure. The pyrimidine ring of the FAD cofactor and the side chains of Asn485, Pro486,
and Metl122 are shown located at the N-terminus of the helix.

DISCUSSION the general basicity of Wat541. However, the helix dipole
would not favor reduction of negative charge on the amide
oxygen. In addition, this orientation would position the

electron-rich oxygen atom in close contact with the pyrimi-

dine moiety of the isoalloxazine ring. This close interaction
is unlikely and would decrease the reactivity of the FAD

cofactor for oxidation.

The crystallographic models &treptomyces sp. SA-COO
and B. sterolicum cholesterol oxidase have revealed a
structurally conserved active site. The positions of residues
His447, Glu361, Asn485, and Wat541 suggest they play a
role in the catalytic mechanism. [It should be noted tBat
sterolicum has a second cholesterol oxidase that has a o
covalently bound FAD and is structurally distinct from the ~ Murooka and co-workers have reported that substitution
noncovalent form of the enzymda{, 23.] Previously, we of As_n48_5 with glgnlne and g!utamln_e re_:sulted in a lowering
have shown that His447 via Wat541 is the general base forOf Oxidation activity, but not isomerizatior2§). However,
oxidation of the sterol§, 9. Glu361 is the base that catalyzes they did not probe the reasons for these decreases in
the isomerization of cholest-5-en-3-one to cholest-4-en-3- 0Xidation activity. To further test our proposition about the
one @5-27). Here, we investigated the importance of importance of Asn485, we designed and prepared an N485L
Asn485 in catalysis. mutant. Because leucine is isosteric with asparagine but is

Asn485 plays a central role in forming the active site NOt polarizable or able to hydrogen bond, we expected to
hydrogen-bonding network. It is positioned at the N-terminal disturb the hydrogen-bonding network and disrupt the
end of helix 14; however, it is not involved in hydrogen assistance from heI|?< 14. I_:urthermore, this mu_tatlon wogld
bonding with the helix (Figure 4). The structures of the native gffect the electrostatic er_1v_|ronment arou_nd the |§oalloxa2|ne
enzyme from botiStreptomyces sp. SA-CG@AB. steroli- ring and hence the reactivity of FAD. This mutation allowed
cumshow the Asn485 side chain oriented such that the amideUs t0 assess Asn485’s importance for maintaining the position
nitrogen atom is within hydrogen-bonding distance of Of Wat541, for effecting general acid or base catalysis, and
Wat541 (0, 29. However, the lack of a hydrogen-bonding  for altering the reduction potential of FAD.
network involving the amide nitrogen and oxygen atoms and  Our kinetic results indicate that Asn485 plays a crucial
discrete atoms on the protein makes unequivocal conforma-role in the oxidation activity of the enzyme. When Asn485
tional assignment of the asparagine side chain impossible.was substituted with a leucine, the oxidation activity was

If the side chain nitrogen atom of Asn485 is hydrogen- greatly impaired. Steady-state kinetic analysis showskthat
bonded to Wat541, the helix dipole would increase hydrogen for N485L is 1000-fold slower than wild type in oxidation
bond donation by Asn485, and increase the general acidityand for isomerization is only 20-fold slower (Table 2).
of Wat541. This orientation might lower the activation barrier Increasing the pH of the wild-type enzyme decreases the
to form the dienol intermediate of isomerization, but would oxidation activity 2000-fold and does not affect the isomer-
simultaneously make the general-base-catalyzed oxidationization activity. In contrast, for N485L, a 6-fold increase in
more difficult. However, this side chain orientation would oxidation activity was observed upon increasing pH. Al-
position the amide nitrogen atom within close contact with though we cannot assign th&jpto a single residue or site,
the isoalloxazine ring of FAD. This interaction would the mutation of Asn485 to a more hydrophobic residue will
stabilize the electron-rich reduced form of the cofactor, thus change the electrostatic environment around the isoalloxazine
promoting the oxidation reaction. ring system of the cofactor. These changes would affect the

On the other hand, if the amide oxygen of Asn485 is pK, of the isoalloxazine N3 position which will alter the pH
hydrogen-bonded to Wat541, it would be poised to increase dependence of the oxidative activity of the enzyme. The
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presence of a leucine in place of an asparagine near thehas been altered. In addition, the mutation of Asn485 to
cofactor likely results in an increase®& pfor the isoallox- leucine and its associated structural changes result in a 76
azine N3. This altered electrostatic environment around the mV decrease in the reduction potential of the FAD (Table
cofactor in the mutant enzyme may account for the retention 3). In other words, the N485L mutant is a much poorer
of oxidative activity at high pH. oxidizing agent, and the reduction of the N485L-bound FAD
The slightly reduced isomerization rates upon mutation is not as thermodynamically favorable as that of wild-type.
are probably due to a small shift in the position of the water This is consistent with the kinetic properties that we observe,
structure in the active site. By analogy, the substrate positioni.e., a higher activation barrier to FAD reduction.
would be similarly shifted, and the substrate may no longer Thus, it appears that the most important role of Asn485
be ideally aligned with Glu361. Previously, we have observed is to form an N-H---7r electrostatic interaction to facilitate
that the position of Wat541 is important for maximal catalytic reduction of the FAD. Similar NH---7 interactions have
activity (6). This shift in position will also affect the been reported by Levitt and Perutz in studies of hemogtebin
alignment of the substrate with the FAD. However, the drug interactions 30—32) and have been analyzed by
markedly lower oxidation activity of N485L implies that the  Thornton 33—35). This is the first reported example of such
major effect of the mutation is not primarily due to the an interaction between a protein residue and a flavin nucleus.
misalignment of the substrate in the active site. Rather, it is Stabilization of the reduced flavin has been shown to involve
the electrostatics of this residue that are most important for interactions between protein atoms and discrete atoms on

catalysis of oxidation.
Although thek../Kn, for the reaction is 1300-fold slower
than wild type, 8-H transfer is still rate-determining in the

the isoalloxazine ring system of the cofactor, e.g., N1 and
N5 (36—40). Rather than an atorratom interaction between
the protein and the cofactor, cholesterol oxidase reveals an

mutant reaction. This means that mutation of Asn485 reducesatom—s interaction as providing the stabilization to the

the rate of B-hydroxy oxidation, rather than decreasing the

reduced form of the cofactor. Furthermore, the strength of

rate of another kinetic step. These primary isotope effects this hydrogen bond is amplified by the presence of the dipole

support the importance of Asn485 for FAD reduction. In
contrast, when His447 is mutatedy-Bi transfer is no longer
rate-determining9). Mutation of His447 reduces the steady-
state rate of oxidation at least 100-fold; however, eithir 3
hydroxyl deprotonation9) or FADH, oxidation becomes
rate-determining29).

We examined the X-ray crystal structure of the N485L
mutant in order to determine the effect of the mutation on

through helix 14 (Figure 4). This novel mechanism for flavin
stabilization is supported by both structural and kinetic
analysis. Empirical potential energy calculations have sug-
gested that an NH---xr interaction has a stabilization energy
of approximately 3 kcal/mol31). This magnitude is con-
sistent with a rate reduction of approximately 100-fold. The
remainder of the 1300-fold rate reduction observed may be
attributed to mispositioning of the substrate.

the active site structure. The most significant change observed We conclude that the most important roles of Asn485 are

in the mutant structure is a repositioning of Met122. In the
native B. sterolicumand Streptomycestructures, the €of
Met122 lies 3.3 and 3.0 A, respectively, from O4 of FAD,
suggestive of a €H---O contact. In the mutant structure,
the G of Met122 is repositioned due to the mutation to a
leucine, forming a hydrophobic pocket made up of Val191,

2-fold: first, to position Wat541, and consequently the
substrate &-H, relative to the FAD and Glu361 to promote
oxidation and isomerization; second, to create an electrostatic
environment around the isoalloxazine ring that favors reduc-
tion of FAD by unactivated alcohols. The combination of
kinetic, thermodynamic, and X-ray crystallographic data that

Leu485, Phe359, and Metl122 (Figure 2). This altered side we have acquired suggests that the polarity of the environ-

chain orientation recruits an additional water molecule (543)
that forms a hydrogen bond with O4 of the FAD in the

unliganded protein. Comparison of the structures of the
N485L mutant with the dehydroisoandosterone complex
reveals that, in the mutant, Wat543 is in a similar position
to the hydroxyl oxygen of the steroid substrate in the
complex. Interestingly, Met122 is in the hydrophobic pocket
and does not contact O4 of the FAD. Moreover, the side
chain Asn485 has rotated away from the pyrimidine ring of
the cofactor g1 of Asn485 is—96° and —65° for the

substrate-free and substrate-bound structures, respectively). ~

Thus, the wild-type position of the methionine methyl group
orients the amide group of Asn485 over the FAD. In addition,
this close contact is observed in the natBe sterolicum

structure as well as the E361Q and H447Q mutant structures 3

from Streptomyceg). In all of these structures, the position
of Met122 is correlated with the position of residue 485.
The structural and kinetic data for N485L suggest that
Asn485 and Metl122 are important for creating an electro-
static potential around the FAD that is favorable for oxidation
of alcohol substrates. Indeed, the UV/vis spectrum of the
FAD region of N485L is red-shifted relative to wild type,
indicating that the electronic environment around the FAD

ment surrounding the isoalloxazine ring is as important for
oxidation as a general base catalyst.
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