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Abstract: Galactose oxidase is a mononuclear copper enzyme which oxidizes primary alcohols to aldehydes using
molecular oxygen. A unique type of cross-link between tyrosine 272, an active site copper ligand, and cysteine 228
provides a modified tyrosine radical site which is believed to act as a one-electron redox center. Galactose oxidase
is highly selective in its processing of hexopyranose substrates. Turnavegaddictose is stereospecific for cleavage

of the pro-Shydrogen. b-Galactose is an excellent substrate but its C-4 epivglucose is not a substrate and will

not even bind i1 M concentration. Any proposed mechanism for galactose oxidase should be able to account for
these stringent hexopyranose substrate specificities. In this paper we report molecular modeling studies of active
site binding of postulated radical carbehydrogen bond cleavage transition stateoafalactose ano-glucose.
Differences in specific enzymesubstrate interactions provide convincing explanations optieeS and galactose
specificities. In addition, a previously unconsidered concerted radical mechanism appears to be just as plausible as
the more standard stepwise radical mechanism via a ketyl radical anion intermediate. Regardless of whether a stepwise
or concerted mechanism is operating, the active site appears to be well designed to bind radical transition states and
perform radical enzyme catalysis. The detailed models developed here for ground state and transition state enzyme
substrate interactions provide insight to guide mechanistic studies using both radical-probing substrates and site-
directed mutagenesis.

In recent years evidence has been accumulating that many Galactose oxidase (GOase) from the filamentous wheat-rot
enzymes proceed through radical mechanisnhdost of these fungus Fusarium spg. catalyzes the oxidation of primary
reactions involve redox cofactors for which radical intermediates alcohols with Q, producing aldehydes and,@&, (RCH,OH +
are quite plausible based on model studies of cofactor chemistry.O; = RCHO + H0,).8 It is a single polypeptide with a
New types of mechanisms have been proposed recently involv-molecular mass of 68 500. For many years a single copper was
ing protein radicals, mostly on amino acid side chaibat even the only known redox center in GOase. This caused problems
on the protein backbone as in pyruvate formate lyaseatom in the formulation of mechanisms for two-electron catalysis for
abstraction from a substrate by a protein-derived radical is likely an enzyme which had been believed to possess a single copper
to occur in the mechanisms of several of these protein radical One-electron redox center. One proposed mechanism involved
enzymes including the various types of ribonucleotide reductasesa shuttling between Cu(lll) and Cu(l) oxidation statesnother
(binuclear iron+ tyrosyl radical, adenosylcobalamin {B + proposed mechanism used a shuttling between Cu(ll) and Cu(l)
protein radical, binuclear manganeserotein radicaly, several ~ Oxidation states for sequential one-electron transfers A&’ O
B2 enzymes,and prostaglandin H-synthase (mononuclear iron For a brief time it was believed that GOase might contain

+ tyrosyl radical) in prostaglandin biosyntheSis. pyrroloquinoline quinone (PQQ) as a redox cofactorSpec-
troscopic evidence and, especially, high-resolution X-ray crys-
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Scheme 1.Two Possible Radical Mechanisms for Galactose Oxigd&tepwise Catalysis via a Ketyl Radical Intermediate
versus Concerted E2-like Oxidation of the Alcohol, Either Mechanism Using Tyrosine 272 and Copper as One-Electron Redox
Centers
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tallographic evidence show that this proposal is incorréiuere strates!®> we proposed a more detailed mechanistic sch¥me.
is no PQQ in GOas&13 Whittaker subsequently refined the mechanism furtivee

It is now established that GOase contains two one-electron proposed that the alcohol is deprotonated by a nearby histidine
redox centers, the well-known mononuclear copper center andacting as a base, but spectroscopic studies of anion binding to
a tyrosine center covalently cross-linked (at the ortho position galactose oxidase lead Whittaker to propose that tyrosine 495
to the —OH) to a cysteine (i.e.; Tyr 272 and Cys 228 cross- could act as the bad@. Although there are some minor
link).1213 The unusual Tyr 272 is one of the equatorial ligands differences in the proposed mechanisms, the central feature of
of the square-pyramidal copper center. GOase can exist in threehem all is that enzymic catalysis is proposed to proceed by a
distinct, stable oxidation staté$. These can be assigned as stepwise radical mechanism with a substrate derived ketyl
highest oxidation state: Cu(ll) and tyrosine radical, intermedi-  ragjcal as a key intermediate (Scheme 1). In the course of our
ate oxidation state= Cu(ll) and tyrosine (in equilibrium with  on4ing studies on the mechanism of galactose oxidase using
Cu(l) and tyrosine radical), and lowest oxidation stat€u(l) radical-probing substrat¥swe were led to consider the pos-
and tyrosine. Spectroscopic evidence strongly indicates that asibility of a concerted mechanism (Scheme 1). The concerted
tyrosine radical is the radical center, that the tyrosine radical is mechanism may at first appear to be unusual but it is simply a
directly coordinated to the copper center, and that the higheStradical analog of an E2 elimination reaction, and thus might be
oxidation state of GOase is the catalytically active form of the - S . -

called an g2 reaction, a concerted elimination reaction with a

2,14
enzyme radical starting material and a radical product. Note that both

X_Eﬂefc();rre sa':aslr (;u?;uﬁlcrggggvc\);hﬁtgsjf ?scggne% Zvr?g\?vb':e féo(;? the stepwise and concerted mechanisms are consistent with
y Lry grap ’ prop yp mechanistic evidence from kinetic studies including (1) an

radical mechanism utilizing the tyrosine-like protein radical that L . : L
gthe ty P ordered binding mechanism with substrate bindings and product

he had detected based on extensive spectroscopic evitfence. —_
Taking advantage of the structural data from X-ray crystal- releases occurring in the order shown and (2) cleavage af the
C—H bond as the fully rate-determining step (known from the

lography® and kinetic evidence with radical-probing sub-
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nearly full primary deuterium isotope effect when th@osition o-

is substituted with deuteriumy. I
We were interested in whether the topology of the active site o

is consistent with the proposed radical mechanisms in Scheme

1. Since cleavage of the C—H bond is fully rate determining, Cys 228‘_,-'""\ _S

it is possible to compare experimental results of known substrate S Oe H. C Andle = 155°

specificities with molecular modeling results of proposed 2 s g

mechanisms for €H bond cleavage. Such molecular modeling

studies might allow one to rule out, or at least disfavor, one of

the proposed mechanisms. For example, the concerted E2-like A

mechanism might seem less plausible if the enzysubstrate Tyr272

fit was inconsistent with the stringent stereoelectronic orbital

alignment (orbital overlap) requirements of a concerted E2-like

mechanism. At the very least, molecular modeling studies could

indicate that both mechanisms were plausible and worthy of geometry parameters based on simple hybridization considerations.

continued consideration. There is only one force constant each for bonds, angles, and inversions,
Previously a computer graphic study of manual docking of and only six different values for torsional barriers. This approach was

substrates into the active site structure of GOase was used tgshown to lead to accurate geometries and reasonably accurate energies

gain insight into possible important enzyrmeubstrate inter- for various organ_ic systen?s. For the hexopyranose_ ligands, an all-

actions!® The chair conformation off-p-galactose, a good atom representation was employed. For the protein, the united-atom

- or extended-atom approximation was u3&dith explicit representation
substrate of GOase, was shown to have a high degree of Shap%f hydrogens only when attached to heteroatoms. The energetics of

and electrostatic complementarity to the active site. Manual g stretching, angle bending, dihedral angle torsions, van der Waals,
dOCkIng OfD-g|UCOS€‘ N the aCtIVG Slte |nd|cated that UnfaVOI’ab|e and hydrogen bond|ng interactions were modeled using Standard
steric clashes and loss of hydrogen bonding interactions parameters of the program unless explicitly stated otherwise. In all
(compared tm-galactose) could explain why-glucose is not cases, Coulombic calculations were excluded due to the difficulty in
a substrate. The manual docking studies examined enzyme modeling the electrostatics of the copper ion in its coordination sphere,
substrate interactions, not enzynteansition state interactions. ~ So that the van der Waals repulsion of atoms involved in hydrogen
They were also qualltatlve |n that no energy Calculatlons were pondlng IS not Oﬁsetby an e|eCt.I’OSt.atIC term. The eXp“Clt CHARMM-
performed. Good arguments can be made that such studies aréke hydrogen-bonding potential itself underestimates the overall
often sufficient to understand the main points of enzyme strength of a hydrogen bond, so that hydrogen bonding is a relatively
substrate interactions but they are probably not sufficient to minor factor during minimization. The minimum is largely determined

. . . ! by the bonded terms of the ligand itself and shape complementarity to
examine detailed mechanistic questions. the protein active site.

In this paper we use molecular mechanics calculations of  Transition State Geometry for H-Atom Transfer from Alcohol
binding of radical hydrogen atom transfer transition structures a C—H to Tyrosine 272. A fixed nonlinear geometry of the H-atom
in the GOase active site to examine whether radical mechanismsransfer was used with the-€H---O bond angle at 155 the G--O
are consistent with known substrate specificities of GOase. distance at 2.5 A, and the-@H distance at 1.2 A (Figure 1). This
Although GOase will process a wide variety of primary alcohol results in a ©--H separation of 1.36 A. This particular geometry was
substrates, it is highly selective in its processing of hexopyranosetaken dl_rectly from transmgn state _mO(_jeIs of intramolecular H-atqm
substrates. There are two especially significant examples of 20stractions by alkoxy radicals, which in turn were based on detailed
hexopyranose substrate specificity which can be used to examineab initio_calculations carried out for t®H + CH, reaction:* A

: . . . justification of this choice of transition state geometry is given in the
possible radical mechanisms. (1) Turnoverpefalactose is Results and Discussion section.

Figure 1. Fixed H-atom transfer transition state geometry used for
molecular mechanics calculations.

stereospecific for abstraction of tho-S hydrogen'® Is the Choice of Fixed Distance from Copper to the Oxygen of the
pro-S stereospecificity far-galactose consistent with either or  Alcohol Substrate. The distance of O to copper was constrained to
both of the radical mechanisms shown in Scheme (27 2.3 A, equal to the oxygencopper distance found for acetate in the

Although p-galactose is an excellent substratg:(as high as crystal structure. The other three equatorial coordination distances are
700 st at pH 7.0 and 25C for a high-quality preparation of ~ 1.9,2.1,and 2.2 A for ©of Tyr 272, N2 of His496, and K¢ of His581
enzyme), its C-4 epimav-glucose is not a substrdfeand will respectively, close to the 2.3 A constraifit. _ _

not bind to the enzyme at concentrations as high as? M. Protem Coorqll_nates. GOas_e co_ordlnates were kindly pr_owded to
the high selectiity for b-galactose as an excellent substrate us by Simon Phillips of the University of Leeds prior to public release,

. . . . . : and are now deposited in the Brookhaven National Laboratory Protein
and against its .C_4 eplmer-glucose cons_lstent with either or Data Bank®®> Coordinates are available for the native structure at pH
both of the radical mechanisms shown in Scheme 1?

4.5, which has been refined to 1.7 A resolution, the native structure at
. pH 7.0, which has been refined to 1.9 A resolution, and the apoenzyme
Materials and Methods with the copper removed, which has been refined to 212 Ahe three
structures are essentially identical, and the coordinates for the native
structure at pH 4.5, the highest-resolution structure, are used here.
Hydrogens were added to all heteroatoms, using the united atom
approximatior?® Water and acetate molecules present in the structural
dnodels derived from X-ray crystallographic studies were excluded from
all calculations.

Molecular Mechanics Computations The inter- and intramolecu-
lar interactions were modeled by the DREIDING-II force fRéld
(Biograf version 3.21 modeling software by Molecular Simulations,
Inc.) on a Silicon Graphics Indigo workstation. This force field uses
a restricted set of parameters consisting of general force constants an

(18) Maradufu, A.; Cree, G. M.; Perlin, A. £an. J. Chem1971, 49, The protein itself was held completely rigid during all mechanics
3429-3437. calculations, since it was assumed that the enzyme does not undergo a
(19) Ito, N.; Phillips, S. E. V.; Yadav, K. D. S.; Knowles, P.F.Mol.
Biol. 1994,238 794-814. (23) McCammon, A.; Harvey, S. @ynamics of Proteins and Nucleic
(20) Amaral, D.; Kelly-Falcoz, F.; Horecker, B. IMethods Enzymol. Acids Cambridge University Press: Cambridge, 1987; p 41.
1966 9, 87—92. (24) Dorigo, A. E.; Houk, K. NJ. Org. Chem1987 53, 1650-1664.
(21) Wachter, Rebekka, unpublished observation. (25) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F.,

(22) Mayo, S. L.; Olafson, B. D.; Goddard Ill, W. Al. Phys. Chem. Jr.; Brice, M. D.; Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; Tasumi,
199Q 94, 8897-8909. M. J. Mol. Biol. 1977, 112, 535-542.
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Hs each structure, the difference in bond, angle, torsional and van der Waals

OH Hr
OH or:{ 0':1 energies between the free and bound ligand was calculated (Table 1).
HOZ o e on AN Lo To analyze potential hydrogen bonding, a statistical analysis of
HO HO HO stereochemical hydrogen bonding preferences in proteins was con-
OH OH

p OH 12 3 sulted?® Average hydrogen bonding distances for Arg, Trp, and Tyr,
ga 9a 9a the polar amino acids lining the active site of GOase, were reported to
be 3.0 (0.2), 3.0 (0.2), and 2.9 (0.3) A within protein structures (standard

fs o ta deviations in parentheses). The coordinate error in the GOase structure
HO—7'5 Ha Hi—7 SHs Hs—7 SOH was es_timated to be 0.16 A,s0 that potential_ hydrogen bonding
HOS oH HOD OH HOS OH interactions were selected based on a cutoff distance of 3.4 A for the
oH oH ) non-hydrogen atom separations.

glct glc2 glc3 ° In the case of Arg and Trp as hydrogen bond donors, any
N—H-++Oacceprorangle between 140and 180 was accepted since the
average angle of this type in proteins was reported to bé, 1#h
90% occurring between 14@&nd 180. In the case of either tyrosine
or sugar hydroxyls as donors, the-O-++Oacceporangle was examined
conformational change to bind galactose. This appeared reasonablednd fell within one standard deviation of the publ?shed statistics in all
since no structural rearrangements were observed crystallographicallyrnOdelecj structures. The average angle for tyrosine was reported to be
when changing pH or removing coppérand since the protein was 119"(14").2_8 _The sugar hydroxyls were assumed to be subject to the
reported to be activeni6 M urea, a typical protein denatur@ht.The same statistics as serines and threonines, yvhere the average a_ngl_e was
active site, a shallow indentation of the protein surface with the copper réported to be 11%18). Based on these distance and angle criteria,
bound at the bottom of the groove, is rich in aromatic residues, with a the number of hydrogen bonds for each tested conformation was listed
large number of aromaticaromatic stacking and edge-to-face inter- (Table 1). .
actions?” This factor together with the covalent cross-link between ~ Close van der Waals contacts or steric clashes of sugar hydroxyls
Tyr 272 and Cys 228 is thought to render the active site rather rigid. With @ hydrophobic surface were tabulated if the hydroxyl hydrogen
Though some “breathing” of the active site is likely to occur, these bondl_ng potential appeared to be unsatisfied by the pro_teln (Table 1).
kinds of motions cannot be included in the calculations performed here. TO this end, a cutoff b4 A for the non-hydrogen atom distance was
Modeling Procedure. f-p-galactose ang-p-glucose were drawn (?hosen?ﬁ)v30 The position of the O%_S in relation to the other equatorial
in vacuo in the chair conformation. Both hexopyranoses were ll9ands was analyzed by tabulating the angle between the plane of
minimized in all three staggered rotational conformations around the NHis 496, N?His 581, and @Tyr 272 and the plane of ®His 496,
C5—C6 bond, resulting in a total of six structures, named gall, gal2, O"TYr 272, and O6 of the hexopyranose ligand (Table 1).
and gal3 for the galactose rotamers, and glcl, glc2, and glc3 for the . .
glucose rotamers (Figure 2). Gall, gal2, and gal3 had essentially theR€SUlts and Discussion

same bond, angle, torsional, and van der Waals energies in the Choijce of Transition State Geometry. Calculations have
DREIDING force field, though it has been reported that the most paen done on the transition state geometries of several H-atom
favorable conformation is gall, withteanstorsion angle around G5 abstractions by alkoxy radicals, all leading to similar geometries

C5—-C6—06 (Figure 2)8 In the case of glucose, glc2 and glc3 had dl fh h X doth . ticul
essentially the same energies as the galactose conformers, whereas degaraless or how exothermic or endothermic a particuiar

glc1 slightly higher bond, angle, torsional, and van der Waals energies "€action is. The highly exothermic reaction of H@ith CH,
were calculated. Glcl was also the only hexopyranose structure in (AH = —14 kcal/mol, based on standard bond energies) has
which an intramolecular H-bond was recognized by the program, been calculated to have the-€H---O bond angle at 171 the
lowering the total energy below that of the other galactose and glucose C-+-O distance at 2.5 A, and the-& distance at 1.21.3 A24
structures. In contrast, the endothermic reactionpafitrosophenoxy radical
Each conformer was manually docked into the active site so that with ethane AH = at least+12—13 kcal/mol, based on standard
06 was positioned at the “empty” equatorial copper coordination site, phond energies) has been calculated to have th¢4&-O bond
occupied by solvent-derived acetate in the crystal structure. This was angle at 169 the G--O distance at 2.5 A and the< distance
accomplished by overlaying O6 onto the acetate oxygen. The hexo- ;3 3 831 The somewhat exothermic intramolecular reaction

pyranose was then manually rotated as a rigid body so that either the . . . —
pro-Sor thepro-R hydrogen of C6 pointed at the oxygen of Tyr 272, ©f an alkoxy radical with primary or secondary-@l (AH =

The intention was fo position the ligand close to a binding mode that — 48 kcal/mol, based on standard bond energies) has been
would allow reaction to occur at only one of the two hydrogens of C6. Ccalculated to have the-€H---O bond angle at 155the G--O
Manual docking was carried out only to find a conformation consistent distance at 2.5 A, and the-GH distance at 1.2 &* This last
with the chemical reaction under consideration, with close proximity geometry was used in the studies reported here because the
of the hydrogen in question to the oxy radical. The overall fit of the reaction of the tyrosine radical in galactose oxidase with a
substrate into the active site was not considered at this point. copper-coordinated alkoxide should be only slightly endo-
Each bound structure was then energy-minimized, allowing the ligand thermic, and possibly slightly exothermic, due to the weakening
to be flexible while maintaining a series of constraints forcing the o the G-H bond in the alkoxide due to the oxyanion effétt.
reacting atoms into the desired transition state geometry. The positions The main difference in these different calculated transition

of the reacting atoms were then fixed in place with no energetic terms tat tries is in the €H-+-O bond le. Inall struct
associated with them: (1) a fixed nonlinear geometry of the H-atom stale geometries Is in the ondangie. In all structures

transfer was used with the hexopyranose C6 10y 272 distance at ~ €xamined, we found that molecular mechanics minimizations
2.50 A, the C6-H-+-O"Tyr 272 bond angle at 185and the C6-H using a C--H---O bond angle of 15°5prOV|deq a regsorjable
distance at 1.2 A, and (2) the distance of O6 to copper was fixed at 2.3 O6:--C6***H angle (angle at alcohol undergoing oxidation) of
A. The structures were then reminimized to give the final geometry (28) Ippolito, J. A Alexander, R. S.. Christianson, D. WMol. Biol,

used for analysis. 199Q 215 457-471.
Analysis. The resulting structures were named according to the  (29) Zou, J.; Flocco, M. M.; Mowbray, S. L1. Mol. Biol. 1993 233

hydrogen transferred, e.g., gallS denoting the gall rotamer modeled739-752.

Figure 2. Galactose and glucose conformations used as starting
structures for molecular mechanics minimization of active-site-bound
transition states.

into the active site with thero-Shydrogen in the transition state. For (30) Spurlino, J. C.; Lu, G.-Y.; Quiocho, F. Al Biol. Chem.1991
266, 5202-5219.
(26) Kosman, D. J.; Ettinger, M. J.; Weiner, R. E.; Massaro, Brdh. (31) Korzekwa, K. R.; Jones, J. P.; Gillette, J. R.Am. Chem. Soc.
Biochem. Biophysl974 165 456-467. 199Q 112 7049-7046.

(27) For a review on weakly polar interactions in proteins, see Burley, (32) Steigerwald, M. L.; Goddard, W. A., lll; Evans, D. &.Am. Chem.
S. K.; Petsko, G. AAdv. Protein Chem1988,39, 125-189. Soc.1979 101, 1994-1997.
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Table 1. Energetic Analysis of a Series of Test Structures Obtained by Modeling the Transition State for Reaction of Galactose Oxidase with
Galactose and Glucose

no. of equatorial plane
structuré Abond® Aangle AtorsioP AvdWP  H-bond§  philicphobid  amino acids contactéd  anglé€ (deg)
galls +0.075 +1.14 +0.12 —11.2 5 none 7.7
gallR +0.135 +4.98 +1.19 —2.01 1 none 6.2
gal2s —0.382 +0.954 +1.294 —6.36 2 04 Phe464, Phel94 11.5
05 Tyr495
gal2R +0.406 +5.12 +3.46 +1.36 0 03 Phel94 11.5
o4 Phel94, Phe464
gal3s +0.499  +1.58 +1.82 —-5.78 2 04 Phe194 14.5
05 Phe464
gal3rR —-0.003  +2.81 +0.30 ~7.00 2 none 20.3
glcls —0.38 +1.92 —0.65 —13.05 2 04 Tyrd95, Phe464 1.8
glclR +0.31 +2.70 +1.81 +5.51 3 03 Phe464 0.25
04 Phe464, Phel194
glc2Ss +0.51 +2.05 +1.17 —7.45 2 04 Tyr495, Phe464 0.65
glc2R +0.32 +5.40 +1.39 +3.06 0 03 Phe194 12.4
04 Phel94, Trp290
glc3S +0.57 +3.29 +2.15 —2.16 2 04 Phe464 51
glc3R +1.66 +8.14 +2.24 +6.94 2 05 Phe464, Phel194 1.9
gallS-binding  +0.091 +1.64 +0.27 —-12.22 7 none 2.1

a gal denotes galactose, glc denotes glucose, the numeral denotes the particular hexose rotamer used in the model (see Figure 2), S or R denotes
the pro-Sor pro-R C6 hydrogen positioned to react; all represent transition state models except gallS-binding, which represents a model of the
Michaelis complex? Calculated change in bond length, bond angle, torsional, and van der Waals energy from free to bouné Rigmdial
hydrogen bonds between sugar hydroxyls and protein functional groups predicted based on statistical geometric preference' (seedext).

Waals contacts{4 A between non-hydrogen atoms) of non-hydrogen bonded sugar hydroxyls with a hydrophobic surface consisting of the specified
amino acids® Angle between the equatorial coordination plane defined by the three amino acid ligand atoms and the plane defined by the sugar
06 and two of the amino acid ligand atoms (see text).

105> whereas the use of a-GH---O bond angle of 169 conformation by tabulating the energetic differences between

provided an unreasonable ©€6---H angle of 79 to 82° and the bound and free state of the ligand for each structure (Table
the use of a &+H:--O bond angle of 180 provided an 1).
unreasonable O6C6---H angle of 73 to 76°. It may be an Molecular Modeling of Radical Carbon—Hydrogen Bond

overinterpretation of the results but it is interesting to imagine Cleavage as the Rate-Determining Step for GOase Is
that the galactose oxidase active site might be optimal for radical Consistent with either a Stepwise or a Concerted Mecha-
catalysis and that the best fit of a transition state geometry in nism. The energy-minimized structure for a radicat-8

the active site (€-H---O bond angle of 159 provides some cleavage of thero-SC—H bond of galactose is best represented
insight into the best transition state geometry for H-atom transfer Py the gallS structure in Table 1 (for a detailed discussion of
(i.e., the best transition state model from molecular mechanics @ll test structures, see below). A three-dimensional representa-
studies of the enzyme substrate complex is similar to the tion of gallS (Figure 3) shows clearly that this structure is

transition state model for intramolecular hydrogen atom trans- Consistent with either a stepwise or a concerted mechanism. This
fer). might not seem that surprising since so many constraints were

imposed on the transition state geometry. However, these
constraints seem fully justified for either a stepwise or a
concerted mechanism. The fixed nonlinear geometry for
H-atom transfer would be expected to be essentially the same
for either stepwise or concerted mechanistns., there is only

. y ne proper way to line up the bonds for efficient bond-making
that glucose is not a substrate was so surprising that we neede nd bond-breaking in either mechanism. Likewise, the fixed

to confirm it ourselves. We also tested whether glucose qg 4, copper distance of 2.3 A would be reasonable for either
competes with galactose for binding to the active site by echanism since 06 should be directly in the coordination
assaying galactose turnover in the presence of increasingsphere of copper for either mechanism.

concentrations of glucose. Galactose turnover is not decreased Tpe gne striking feature of the structure in Figure 3 that might

in the presence of glucose at concentrations up to Ve fay0r one mechanism over the other is the almost perfect orbital
conclude that glucose is not only not oxidized by the enzyme, ajignment for the concerted E2-like radical mechanism. In the
it also is not a competitive inhibitor, and so does not even bind {ansition state in Figer 3 a pseudo-five-membered ring is
to the active site. The three low-energy rotational conformers formed from the copper, 06 af-galactose, C6 ap-galactose,

of f-p-galactose and the three low-energy conformerg-of thepro-SH on C6, and the phenoxy O of Tyr 272. Remarkably,
glucose (Figure 2) were aligned in the active site each in two these five atoms are essentially coplanar with dihedral angles
orientations, so that either tipeo-Sor thepro-Rhydrogen was ~ near O, optimal for a concerted syn elimination type of
poised to react. All 12 conformations were then energy- mechanism.

minimized while keeping the reacting atoms in the proposed Other structural features indicate that the active site of
transition state geometry, as shown in Figure 1. The resulting galactose oxidase appears to be highly evolved for catalysis of
structures were named according to the hydrogen transferred a radical mechanism, either stepwise or concerted. The incipient
e.g., gallS denoting the gall rotamer modeled into the active O—H bond between the tyrosine O and {h®-SH is aligned

site with the pro-S hydrogen in the transition state. The to have nearly optimal orbital overlap with theelectron system
structures were then analyzed to find the most favorable in the aromatic ring of Tyr 272 (i.e., it is perpendicular to the

Hexose Substrates Used in This Study-p-Galactose and
P-D-Glucose. Our test compounds consisted of two hexose:
fB-D-galactose, a good substrate of the enzyme, reported to b
stereospecific toward thpro-S hydrogent® and 5-b-glucose,
which is not turned over by the enzyme at?ll.The result
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Phe464 Phe464

Gln4:6§
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Figure 3. Stereoview (direct view) of a model of the transition state for abstraction gbritxS hydrogen of galactose by galactose oxidase.

aromatic ring in Tyr 272 and thus lined up with a dihedral angle  Molecular Modeling of Radical Carbon—Hydrogen Bond

near 0 for overlap with ther system). The sulfur of Cys 228  Cleavage (Stepwise or Concerted Mechanisms) as the Rate-
should also be able to participate in thelelocalization. The Determining Step for GOase Explains the Fact that Galac-
delocalization of electron density in the transition state should tose Is an Excellent Substrate whereas Glucose Is Not a
provide additional stabilization to facilitate either a concerted Substrate and Does Not Even Bind to the Active SiteLittle

or stepwise reaction. Finally, the stacking of the electron-rich strain is introduced into the ligand structure in both the gallS
indole ring of tryptophan 290 over the electron-deficient tyrosine and glc1S structures. In both cases, the van der Waals energy
radical on Tyr 272 may provide somestacking and/or charge-  change upon binding, a measure of shape complementarity, is

transfer stabilization. significantly more favorable than in the others (Table 1). It
Molecular Modeling of Radical Carbon—Hydrogen Bond appears that gallS and glc1S fit into the active site quite well.
Cleavage (Stepwise or Concerted Mechanisms) as the Rate- The difference in number of hydrogen bonds is significant (5
Determining Step for GOase Explains the Known Stereo- vs 2), but this fact alone is not sufficient to give a satisfactory
selective Cleavage of thepro-S C—H Bond at C6 in explanation for the observed inability of glucose to bind. In

Galactose. The most striking difference between the gallS the most favorable glucose structure, glclS, a steric clash
transition state structure and all others is the number of hydrogenbetween 04 and a ring carbon of Tyr 495 is observed (Table
bonds. When using a cutoff of 3.4 A, five hydrogen bonds are 1). This unfavorable steric interaction was predicted previously
predicted to occur in this conformation, and when using a cutoff in a qualitative manner when simpdgound statebinding was
of 3.5 A, seven H-bonds are predicted. All other galactose modeled by manual docking technigués.t is thought to
conformations give between 0 and 2 hydrogen bonds, indicating contribute toward discrimination against glucose binding.

preferreq energetics in the gallS conformation (Tablie 1). The Analysis of close hydrophilie hydrophobic contacts leads to
change in substrate bond energy from free to bound ligand does; ather striking observation (Table 1). The only conformations

not vary significantly. The change in angle energy is positive oyt such electrostatically unfavorable contacts are galls,
in all cases, but s.mallest in the gqlls and gal2S conformatlons.gauR, and gal3R. All others, including all glucose structures,
Disfavorable torsions are lowest in gal1S among the galactosey, 4, e sugar hydroxyl groups O3, O4, or O5 in close van der

structures. GallS, also having the most favorable van_de_r WaaIS\NaaIs contact with a hydrophobic surface consisting of Phe
energy among the galactose structures, apparently fits into the464’ Phe 194, Trp 290, or Tyr 495. These hydroxyls have no

active site quite well. potential protein hydrogen-bonding partners in their vicinity,

The last column (Table 1) lists the angle between the planesand 04 and O5 are sequestered well away from bulk solvent
formed by two sets of equatorial ligands, one of them including after binding.

the hexopyranose O6, and so is a measure of equatorial planarity We propose that the three glcS conformations, though they

in the presence of ligand (see Materials and Methods). This h ¢ bl der Waal h q i i
angle is 6.8 for the acetate ligand bound in the crystal structure, show a favorable van der Yvaals energy change, 0o not représen
and 7.7 for the gallS structure. The position of the acetate wabrl]e dstrucltures due (;0 crlloze C%ntSCt be]Eween the hydror;h;]hc
. - 04 hydroxyl group and a hydrophobic surface consisting of the
oxygen is only 0.3 A away from the proposed position of axial copper ligand Tyr 495, and Phe 464. This appears to be

galactose O6 in the transition state of gallS. In comparison, | strat db bohvdrate-bindi tei
all other galactose structures give considerably larger angles,a more general strategy used by carbohydrate-binding proteins
to achieve a high degree of specificity toward anomer and

resulting in distortion of equatorial coordination symmetry that . L2 o0 o d . . L
epimer recognitiod®33 From an energetic point of view, it is

is not consistent with the crystal structure. . . .
In summary, a qualitative analysis of binding energetics entlre!y reasonaple. For example, V\{hen serines and threonmes
predicts thab-galactose binds as the gall rotamer, as previously Were introduced into the hydrophobic core of T4 lysozyme, it
was found that the protein structure adapted in all cases to avoid

proposed by Ito et d° Favorable interactions, in particular e - it
hydrogen bonding and van der Waals contacts, are maximizedthe Presence of unsatisfied hydrogen bonding potetttidinis
is consistent with the view that buried polar groups that lack a

by positioning thepro-S hydrogen to react with the protein
radical. Transition state modeling based on a radical mechanism (33) Vyas, N. K.Curr. Opin. Struct, Biol 1991 1, 732740,

gives a very satisfying explanation for the observed stereo- (34) Blaber, M.; Lindstrom, J. D.; Gassner, N.: Xu, J.; Heinz, D. W.:
specificity of the enzyme. Matthews, B. W Biochemistry1993 32, 11363-11373.
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hydrogen-bonding partner are very destabilizing to protein
integrity.
In summaryp-glucose is predicted not to bind due to a severe

hydrophilic-hydrophobic clash, and also some steric interference.

This prediction is born out by experiment, and so lends further
support to the proposed transition state geometry.

Analysis of Predicted Transition State Protein-Ligand
Interactions of GallS Setting the cutoff distance for hydrogen
bonding at 3.4 A results in the prediction of 5 hydrogen bonds
(Figure 5). Galactose O1 is a hydrogen bond donor to the O
of Tyr 329, O3 is a hydrogen bond acceptor to tHé df Arg
330, O4 is both acceptor to"Rlof Arg 330 and donor to Oof
Tyr 495, and O5 is acceptor to<Nf Trp 290. If the cutoff
distance is set to 3.5 A, O3 is predicted to also be involved in
a donor interaction with the Oof GIn 406, and O4 to be
involved in an acceptor interactions, with/Nof Arg 330. If

Wachter and Branchaud

H
Arg 330 NZ Tyr 495
\C/ o V/ 4
[© 2
! k Trp 290
N /N
s ~
Ha ke
F o
3.00A

O—H------ O —Tyr 329

Gln 406

Figure 4. Schematic representation of keyound stateGOase-
galactose interactions.

Arg 330

this was the case, the complete hydrogen-bonding potential of
04, i.e., two acceptor and one donor interaction, would be
realized, resulting in cooperative hydrogen bondihgThese
interactions would be lost in the case of glucose, giving special
importance to the axial position of this hydroxyl in galactose.
With the higher cutoff, the W of Arg 330 would be a bifurcated
H-bond donor to both O3 and O4. In either case, Arg 330 would .
be a bidentate hydrogen bond donor to both O3 and O4. o"/
Overall, the hydrogen-bonding scheme is completely con- “
sistent with other carbohydrate-binding proteins, where an c
overwhelming preference of a sugar hydroxyl to accept a  ain w05 \NH2
hydrogen bond from NH groups and to donate a hydrogen bond rigyre 5. Schematic representation of keyansition stateGOase-
to oxygen atoms has been nof&dA bidentate interaction with galactose interactions.
adjacent axial and equatorial sugar hydroxyls is also common. . . .
The scheme is reasonable since the only hydroxyl without a constraint kept in place was the €406 distance of 2.3 A to
protein hydrogen-bonding partner is 02, which is exposed to model coordination to copper during _blndlng, W|th t.he. enpre
bulk solvent at the protein surface. O1 is close to the protein Sugar monomer now allowed to be flexible during minimization.
surface as well, so that the sugar may bind in an oligomeric 1€ following changes are observed when comparing the
form without interfering with the above described interactions. Mmedel for simple ground state binding (Figure 4) with the
Oligosaccharides have previously been found to increase thetansition state model (Figure 5). (1) A hydrogen bond between
catalytic rate 2- to 6-fold as compared to galactose turn&ver. O3 and O of GIn 406 in the binding model would be decreased
When the galactose electrostatic van der Waals surface isi" Strength in the transition state model. (2) A hydrogen bond
modeled (not shown), it is obvious that the B-face is consider- P&tween O3 and N of Arg 330 would be gained in the
ably more hydrophobic than the A-face. The A-face of a sugar transition stat? based ;)n an improved angle. (3) In the binding
is defined as that for which the numbering of the carbon atoms model both N and N _Of Arg 330_(_jonate a hy(_jrogen _bond
is clockwise, and the B-face counterclockwi8eA much larger ~ €dually to O4, whereas in the transition state théihteraction
area of apolar €H groups protrude from the B-face than from with O4 is weakened and the’Ninteraction is much improved
the A-face of galactose. The A-face contains the axial O4. The due to. closer 'approach. (4) The OS5 to Np 290 hydroggn
stacking of aromatic residues against the faces of sugars ha ond_ IS considerably shorter, and so much stronger in the
been found in all but one of the protetisarbohydrate complex transition state. (5) _The hydrogen bond be_tween 04 ‘?‘T“’fo
structures determined so f#3 In the gallS conformation, Tyr 495 is also considerably strengtheneql in th_e transition state
the B-face is involved in close contact of sugar carbons C3 and que to much gloser a'pprogach. A th.ree-dlmensmn.al rgpre§enta-
C4 with Phe 464, with a €-C distance of 4.2 A in both cases. tion of these interactions is shown in the stereoview in Figure
The A-face is involved in close approach of sugar C5 with one
of the carbons of Trp 290, with a-€C distance of 4.5 A. The
distances cited are somewhat larger than the 4-A cutoff

employed for similar analyses of other carbohydrate-binding &'€ improved in the transition state, mainly by the action of
proteins2930 This is reasonable since some types of interactions "9 330, Trp 290, and Tyr 495, stabilizing the transition state

typically found in proteins involve atoms separated by 4.5 A, by optimi.zirllg. hydrqgen-bonding interactio_ns. In th?s scengrio,
well outside normal van der Waals conta®sAlso, a com- Arg 330 is initially involved in a weaker bidentate interaction
pletely rigid active site has been assumed here. Small move-With O4, the_n forms astrong hyd_r_ogen bond to 04 with _mostly
ments of protein side chains upon binding are conceivable. one of Fhe nltrpgens in the t.ransmo.n state, whlle_lnvolylng the
The Transition State Structure Exhibits Increased Sta- ot.her hitrogen in a separate interaction. Arg.330, in conjunction
bilization over the Proposed Michaelis Complex. Simple W'th. Tyr 495 and Trp 290, is thought to famh_tz_ate catalysis by
binding without transition state constraints was also modeled pulling the s_,ubstrate further tow_arql the transition state, paying
for binding of 3-p-galactose in the gallS conformation (Figure the energetic cost .Of clos.e proximity of reacting centers in the
4). Working “backwards”, the transition state geometry was transition state by improving hydrogen-bonding interactions. It

“loosened” by relaxing all mechanistic constraints. The only Is Interesting to note that all thre_e amino acids p_roposed to be
intimately involved in the formation of the transition state are

also participating in stacking and edge-to-face interactions with

!
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We speculate that initial binding is based on sugar interactions
with both polar and aromatic residues, and that these interactions

(35) Flocco, M. M.; Mowbray, S. LJ. Mol. Biol. 1994,235 709-717.
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other aromatics. Trp 290 is stacked onto Tyr 272, the site of gave results consistent with experimental observations of
the protein radical, and also forms an aromaticomatic edge- stereospecificity toward thero-Shydrogen ofb-galactose and
to-face interaction with Tyr 329 with an interplanar angle of strict discrimination againgi-glucose as a substrate or ligand.
26°, close to the 2Doptimum described” Tyr 495 forms an The modeling studies cannot discriminate between stepwise or
edge-to-face interaction with Phe 464 at an interplanar angle concerted mechanisms although stereoelectronic considerations
of 82°, close to the 90optimum described” Arg 330 is stacked of orbital overlap make a concerted mechanism especially
onto Tyr 405, based on thes lgf Arg 330 being centered in the  attractive. Regardless of whether a stepwise or a concerted
middle of the aromatic ring of Tyr 405, with Ndistances to mechanism is operating it is clear that the active site of galactose
the tyrosine ring carbons ranging from 3.6 to 4.9 A. This type oxidase is highly evolved to catalyze the radical oxidation of
of interaction is often found in locations critical to the function alcohols to aldehydes. Significant differences are found in
of proteins, and is thought to serve to orient the arginine side comparisons of the transition state model versus the ground state
chain without interfering with its ability to form hydrogen bonds model for galactose, suggesting again that galactose oxidase is
elsewheré® In summary, the above aromatiaromatic inter- designed to bind radical transition states and perform radical
actions are thought to function in keeping all groups essential enzyme catalysis.

for catalysis in a rigid, properly oriented conformation. ) )
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