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ABSTRACT. The function of the stacking tryptophan, W290, a second-coordination sphere residue in galactose
oxidase, has been investigated via steady-state kinetics measurements, absorption, CD and EPR
spectroscopy, and X-ray crystallography of the W290F, W290G, and W290H variants. Enzymatic turnover
is significantly slower in the W290 variants. T, for p-galactose for W290H is similar to that of the

wild type, whereas th&, is greatly elevated in W290G and W290F, suggesting a role for W290 in
substrate binding and/or positioning via the NH group of the indole ring. Hydrogen bonding between
W290 and azide in the wild typeazide crystal structure are consistent with this function. W290 modulates
the properties and reactivity of the redox-active tyrosine radical; the Y272 tyrosyl radicals in both the
W290G and W290H variants have elevated redox potentials and are highly unstable compared to the
radical in W290F, which has properties similar to those of the wild-type tyrosyl radical. W290 restricts
the accessibility of the Y272 radical site to solvent. Crystal structures show that Y272 is significantly
more solvent exposed in the W290G variant but that W290F limits solvent access comparable to the
wild-type indole side chain. Spectroscopic studies indicate that the Cu(ll) ground states in the semireduced
W290 variants are very similar to that of the wild-type protein. In addition, the electronic structures of
W290X—azide complexes are also closely similar to the wild-type electronic structure. Azide binding
and azide-mediated proton uptake by Y495 are perturbed in the variants, indicating that tryptophan also
modulates the function of the catalytic base (Y495) in the wild-type enzyme. Thus, W290 plays multiple
critical roles in enzyme catalysis, affecting substrate binding, the tyrosyl radical redox potential and stability,
and the axial tyrosine function.

Over the past 20 years, there has been a growingof Escherichia colribonucleotide reductase, where alteration
appreciation for the catalytic utility of protein-derived free of the hydrophobic environment of the tyrosyl radical by
radical cofactors in enzyme4~3). Free radical chemistry = mutation of second-coordination sphere residues dramatically
is harnessed to catalyze bond activation and molecularlowers radical stability, is especially pertinerit9( 20).
rearrangements in a wide variety of enzymes, including Additionally, substantial evidence now indicates that second-

ribonucleotide reductasd<7), DNA photolyase ), cyto- coordination shell effects in metalloproteins may profoundly
chromec peroxidase9), pyruvate-formate lyase.(), lysine- influence the reactivity and electronic structure of active site
2,3-aminomutasel(), prostaglandin H synthas#3), glyoxal metal ions, while weak interactions (such as hydrogen bonds)
oxidase 13), and galactose oxidasé4). have been strategically manipulated to control reactivity in

It is becoming increasingly clear that the environment of proteins and model complexe®1(-28).
a protein-based radical can play a significant role in  We have initiated a systematic investigation of the
modulating its properties and reactivity5—18). The case influence of the active site microenvironment on the structure
and reactivity of the tyrosyl radical ¢Yin the copper radical
T This work was supported by a grant from the National Institutes enzyme, galactose oxidasz9(30). A notable feature of the

of Health (GM27659 to D.M.D.) and from the Biotechnology and Ve anti A ~ u :
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and W290H have been deposited in the Protein Data Bank as entries . . .
2EID, 2EIC, and 2EIB, respectively. of the tyrosyl radical (Y272) in galactose oxidase and,
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A growing number of enzymes have been found to have
cofactors derived from post-translationally modified amino
acids @2). Galactose oxidase catalyzes the stereospe8Bc (
two-electron oxidation of primary alcohol to the correspond-
ing aldehyde, reducing Qo hydrogen peroxide (eq 1). The 272
enzyme haKy values in the millimolar range30, 34) and FiIGURE 1: Active site of wild-type galactose oxidase at pH 7.0
a broad substrate rang®8y 36). The precise biological roles  (1GOG). The copper is shown as a green sphere, and the ligand
of galactose oxidase and related enzymes are not known bubonds to the copper are shown as solid lines. Figure produced using
may be associated with peroxide formati@,(39). Insight (Accelrys).

The structure of galactose oxidase has been determined

: lecular weight were confirmed by SBPAGE. Wild-
by X-ray crystallography to 1.7 A resolutio1, 39) and mo . . .
tr?/e ch e>r/ni st)?y of i?s :fctK/ e site studied ext en:(sivel)y. v272 type and W290F galactose oxidase were alternatively isolated

the site of the free radical in the oxidized form of galactose via aPlchla_pastorlsexpressmn system_le, 49). Galactosg .
oxidase 40), is modified by a thioether cross-link to C228 oxidase purified fram the yeast EeXpression s_yste_m had kinetic
and W290 ,“stacks” over this unit (Figure 1). In mode’I and structural properties essentially indistinguishable from

systems, thioether substitution of the tyrosyl radical stabilizes those of the enzyme |solgted from the fungal expression
the one-electron oxidized state by540 mV relative to an system. Protein concentrations were calculated usirgsan

1 —1 i
unsubstituted tyrosyl radical(41). The coordinated O of :.L04 900 M cm (50). The concentrations of W290
can be displaced by acetate and azide or by alcoho| Variants were corrected by multiplying B/1s to account

substrates, suggesting that this is the site of substrate binding{,f;r the lowered tryptophan content. Th|oether bond formation
(42). The axial ligand Y495 may act as a base to accept a as assessed by S BSAGE analy5|§, t[akmg advantqge O.f
proton from the bound alcohol substrate, activating the the anomalous migration chgracterlstlc of the protein with
alcohol for oxidation and dissociating from the copper ion the tyrosine-cysteine cross-link30).
(43, 44). Copper Analysis by Atomic Absorption Spectromefhe
Previous studies had suggested that W290 influences thecopper content of each galactose oxidase protein was
redox properties and reactivity of the tyrosyl radical and may analyzed using a Buck Scientific model 210VGP atomic
play other roles in catalysis. The W290#yrosy! radical absorption spectrophotometer. Protein samples were prepared
redox potential is 730 mV46) compared to 430 mV inthe ~ at a concentration of 1 mg/mL using 50 mM potassium
wild-type enzyme 41), and the radical of W290H appears Phosphate (pH 7.0) as a background control.
unstable at pH 7.02Q, 30). Modeling studies suggested that  Enzyme KineticsThe specific activity was determined as
W290 may be involved in binding-galactose and perhaps described previously via detection 06® using a coupled
in stabilizing the transition state for oxidation of this substrate assay 80). Suitably diluted enzyme was added to 1 mL of
(39, 46). W290 might also modulate the reactivity of the assay buffer containing 600 migalactose, 0.8 mM ABTS,
catalytic base, Y4954(). and 20 units/mL horseradish peroxidase (HRP) in 100 mM
This paper seeks to define the role(s) of W290 in galactose sodium phosphate (pH 7.0). The absorbance change at 415
oxidase by comparing the properties of the wild-type enzyme nm was recorded on an HP8453 spectrophotometer at 25
to those of three W290 mutational variants (W290F, W290H, °C. Specific activity was calculated from the rate of
and W290G). The crystal structures of these variant proteinsproduction of the ABTS radical catior44s = 31 300 M
have been determined, and the reactivity and electroniccm™) assuming two molecules of the ABTS radical cation
structure have been defined through spectroscopic and kineticare produced from every molecule of hydrogen peroxd@s. (
methodologies. The roles of W290 are discussed in light of One unit of specific activity of galactose oxidase corresponds
these new findings. to 1 umol of H,O, produced min* mg.

EXPERIMENTAL PROCEDURES Keat and Ky, Determir)ation Keat an_d Km valueg forp-
galactose were determined as previously descriBed4Q)
Enzyme PurificationWild-type, W290H, and W290G. via coupled specific activity assays containing HRP and
graminearumgalactose oxidase were purified from the ABTS, performed over a-galactose concentration range of
Aspergillus nidulan®verexpression syster@). Purity and 2.5-907.5 mM. A substrate-depleted assay mixture was
supplemented witb-galactose to the required concentration.
! Abbreviations: wild type, wild-type galactose oxidase; W290F, The amount of protein present ',n each assay was as
W290F galactose oxidase; W290G, W290G galactose oxidase; W290H,follows: 1.16 x 107 umol for the wild type, 9.46x 10°°

W290H galactose oxidase; 2MP, 2-methylene-1,3-propanediol; 8CNMO, ymol for W290F, 6.8x 105 umol for W290G, and 2.8&

cesium octacyanomolybdate; LMCT, ligand-to-metal charge transfer; 4 ; e
LLCT, ligand-to-ligand charge transfer; ABTS, 2&zinobis(3-ethyl- 1(.)_ ””."0' for W290H. .Nonlmear curve fitting to the
benzothiazoline-6-sulfonic acid), diammonium salt; HRP, horseradish Michaelis—-Menten equation was used to determijeand

peroxidase. Keat (OriginLab).

W290
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Kinetic parameters for 2-methylene-1,3-propanediol (2MP) Table 1. Crystallographic Statistics for W290F and W290G
were determined via oxygen consumption assays (0.680 mL)Galactose Oxidase Variants and the Wild Tygeide Complex
using a Clark-type oxygen electrode (Instech). Reaction wild type—Ns
buffer [15 units/mL horseradish peroxidase in 100 mM W290G W290F  complex
potassium phosphate (pH 7.0)] was added to the I’eaCtiOlISpace group P6.22 2 P2.:2,2,
chamber, followed by substrate (from 2 to 500 mM) and ypit cell dimensions ~ a=89.88A a=97.77 Aa=59.31 A

finally enzyme. The amounts of protein present in these b=89.88A b=88.80 Ab=89.25A
assays were as follows: 756 10712 mol for the wild type, c=41533 Afé: ??-71‘;'& c=134.37A
12 9 = .
6.9 x 1072 mol fgr W290F, 5.13x 10-° mol for W290G, resolution (A) 1022 30-2.8 39-18
and 9.44 x 10° mol for W290H. k.5 and K., were wavelength (A) 0.864 0.864 0.864
determined as described above. no. of observed reflections 33161 42956 682200
X-ray Crystallographic Data Collection and Structure no. of unique regleCtlonS 12672 14432 65987
Determination Crystals of W290F and W290G were grown gmp'(eo/tsness (%) . 84'6 8 29'3 4 ?7'0
from protein as isolated, using hanging (_jrop vapor diffusion RC;:?%) 19.1 17.7 19.2
from 1 to 2 M (NH,),.SO, and 0.1 M sodium acetate at pH  Ryee (%) 22.7 23.3 20.9
4.0-5.0. To prepare the azide complex, wild-type galactose no. 0(}‘ atpfps 5341 5096 5373
H H H rms aeviation
oxidase was dialyzed into 50 mM PIPES (pH_?.O) for 2 h, bond lengths (A) 0.013 0.010 0.011
before addition of 20 mM sodium diethyl dithiocarbamate  ,3ng angles (deg) 1.60 1.55 1.62

(DDC). The copper chelator DDC promotes the formation
of orthorhombic crystals, which have more favorable crystal (55) was used as a starting model, and refinement proceeded
packing for substrate soaking experiments. The copper-freein a manner similar to that of W290F to &hof 19.1% and
protein was crystallized in 13.5% PEG 8000, 200 mM anRyee0f 22.7%. Data collection, processing, and refinement
calcium acetate, and 100 mM MES (pH 6.3). The crystals statistics are listed in Table 1.

grew to full size (approximately 400m x 75um) in 2—3 All structures were superimposed using LSQMABBY
weeks and were loaded with copper via addition of 250 mM to fit C, atoms of the refined models for W290G, W290F,
copper acetate to the crystallization mother liquor for 4 h. W290H, and the azide complex to the wild-type structure
After the sample had been washed with mother liquor to (1GOF). Solvent contact surface areas (in square angstroms
remove excess copper acetate, a suitable crystal was transen the van der Waals surface of protein atoms contacted by
ferred to mother liquor containing 10 mM azide, before the a sphere with a radius of 1.4 A) for galactose oxidase proteins
transfer to a cryoprotectant comprising mother liquor, 10 mM were calculated using AREAIMOL5Q), utilizing the Lee
azide, and 20% PEG 400 followed by flash-cooling in liquid and Richards method{). Hydrogens, waters, and nonpro-
nitrogen. Crystals of W290F and W290G were briefly tein atoms, but not the copper ion, were excluded from the
transferred to cryoprotectant, comprising mother liquor and calculation. Solventprotein contact surface representations
25% glycerol, before being flash-cooled in liquid nitrogen. were produced using PyMOL (DelLano Scientific, San
Diffraction data for all crystals were collected at 100 K on Carlos, CA). This is the surface traced out by the surface of
station 9.6 at the Daresbury Synchrotron Radiation Sourcea water atom (van der Waals radius of 1.4 A) in contact

(SRS), using an ADSC quantum IV CCD detector. with the protein molecule represented by atomic spheres with
Diffraction image data for W290F and the azide complex van der Waals radii.
were integrated using MOSFLMbY) and processed with Generation of Oxidized and Semireduced Galactose Oxi-

programs from the CCP4 suit®2). W290F crystals dif- dase As isolated, galactose oxidase is a mixture of the
fracted to only 2.8 A but were isomorphous with the original oxidized and semireduced fornis, so treatment with redox
galactose oxidase structui@d, and phase information was agents is required to obtain homogeneous redox states of
obtained from the wild-type galactose oxidase model (LGOG) the enzyme prior to spectroscopic experiments. Fully acti-
with F290 modeled as alanine. Following rigid body, vated enzyme samples [Cu(ll)]¥vere prepared by oxidiz-
positional, andB-factor refinement with CNS, water mol-  ing galactose oxidase (2 mg) with either a 500-fold excess
ecules were added, F290 was built into the model, and of potassium ferricyanideE(’ = 424 mV) (8) for the wild
refinement continued untik equaled 17.7% ané.. equaled type and W290F or a 12-fold excess of cesium octacyano-
23.3%. The wild-type azide complex crystal diffracted to molybdate (BCNMQO)E®' = 892 mV) (9) for W290G and

1.8 A and was isomorphous with a previously determined W290H variants. 8SCNMO was synthesized as previously
orthorhombic wild-type structurés@). An azide ligand was  described 29). The concentration of 8CNMO solutions,
added to this model at the copper site, and only minor prepared immediately before use in double-deionized water,
changes to the protein and water molecules were neededvas determined using aRg of 1339 Mt cm™1. Enzymati-

before refinement to aR of 19.2% and arRyee of 20.9%. cally inactive semireduced galactose oxidase [Cu(ll)-Y] was
Coordination distances to copper were subjected to weakprepared by reduction with a 500-fold excess of potassium
restraints to standard values in all structures. ferrocyanide. Enzyme samples were in 100 mM potassium

W290G crystallized in space groupgs22, with a very phosphate (pH 7.0). The oxidant or reductant was rapidly
long c axis, requiring the detector to be moved further from removed by gel filtration using a 10 mL Bio-Gel P-6DG
the crystal, limiting the resolution of the data to 2.2 A. The column equilibrated with either 100 mM sodium phosphate
diffraction images were integrated using the HKL suBid)( (pH 7.0) or 50 mM sodium acetate (pH 4.5). Typically, the
scaled and merged in SCALEPACK, and subsequently concentration of eluted protein was-185 uM. The time
processed with CCP4. The structure of another variant, from the addition of oxidant or reductant to data collection
Y495K, that had been determined in the same crystal form was consistently between 2 and 3 min.
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Tyrosyl Rad'cal_ DecayOxidized galaCtose oxidase Was  Tapje 2: Kinetic Parameters for the Wild Type and W290 Variant
prepared as described above. Following the removal of excessorms of Galactose Oxidase

oxidant by gel filtration, the stability of the tyrosyl radical

specific

was measured by the decrease in absorbance at 445 nm (pH activity Ko Keat KealKin
7.0) or 455 nm (pH 4.5). The rate of radical decay was (units/mg) (mM) (s (M~ts
determined using nonlinear curve fitting methods (OriginLab) b-Galactose

with the following equations:y = A, exp(—kt) + A, for wild type 3214+ 6.7 82+15.6 503+ 16.2 6374- 709
the wild type, W290H, and W290G (monophasic fit) and ~ W290F 96.6-4.3 2950+ 473.4 371+43.0 129+ 14

- A » G W290G  1.09+ 004 1686+ 457.3 1.66+0.28 1.0+ 0.2
= Avexp(—kit) + Az exp(kat) + A for W290F (biphasic  \0590" (a5 002~ 45445 024+ 0004 5.4L0.3

fit).
. - 2-Methylene-1,3-propanediol
Spectroscopy of Semireduced and Oxidized Galactoseyiidtype 221+ 23 y 574+ 4_1p nggi 70 4965+ 377
Oxidase Optical absorption spectra were recorded using a W290F 149+ 6 29+ 3.6  166+6.4 5800+ 763
HP8453 or Cary 6000l spectrophotometer. Circular dichroism W290G ~ 0.0050.001 NI ND# ND?

(CD) spectra were recorded on a Jasco J-710 spectropolaV290H  no measurable

rimeter using either a cylindrical cell or a masked 1 mL
rectangular quartz cell (path length of 1 cm). Baseline
adjustments were made by subtracting the buffer CD
spectrum. X-Band EPR spectra were recorded on a Bruker(M: ~ 68 kDa) @0). Therefore, the SDSPAGE results
EMX EPR spectrometer at 10 K using an Oxford cryostat. indicate that the thioether bond is completely formed in the
Semireduced enzyme samples (209 in 100 mM potas- W290 variants. Copper analysis of the wild type and W290
sium phosphate buffer (pH 7.0) in quartz EPR tubes were variant confirmed full copper loading: 12 0.08 mol of
flash-frozen in liquid nitrogen prior to insertion into the Cu/mol of protein for the wild type, 0.9& 0.09 mol of
cryostat. Spectral baseline correction was applied using Cu/mol of protein for W290F, 1.6- 0.06 mol of Cu/mol of

WInEPR, and the spectra were simulated using SimFonia protein for W290G, and 1.2 0.1 mol of Cu/mol of protein
(Bruker). for W290H. Wild-type and W290F galactose oxidase were

Interactions with AzideOxidized or semireduced galactose ©%idizeéd to Cu(ll)-Y by potassium ferri.cyanideE(” =424
oxidase was prepared as described above. After the opticafmV), Whereas oxidation to W290H'\£"’i”ﬂ W290G-Y
and CD spectra of the enzyme had been recorded, sodiun{€duired cesium octacyanomolybdate®( = 892 mV).
azide was added to a final concentration of 5 mM and the Fotassium ferroc_yanlde treatment was sufficient to reduce
optical and CD spectra were recorded immediately. Azide @l the W290 variants to the Cu(ll)-Y form.
dissociation constants were determined by titration of _ Kinetic Properties Using p-galactose as a substrate, the
semireduced proteins with aliquots of freshly prepared 50 thr(_ee_ W290 variants exhibited significantly lower specific
mM sodium azide in 50 mM potassium phosphate buffer activities (by factors of3.€_s720, Table 2) compared to that
(pH 7.0). Dissociation constants were determined from plots ©f Wild-type galactose oxidase. The wild type and W290H
of Ags— A, Versus azide concentration via nonlinear curve €Xhibited saturation kinetics, withkgs/Kr for W290H 1000-
fitting using a hyperbolic function (OriginLab), whereis fold lower than that of the v_wld type, whergas the activity of
the absorbance corresponding to the N= Cu(ll) ligand- W290F and W290G exhibited an almost linear dependence
to-metal charge-transfer band occurring in the range 0370 ©N substrate concentration and could not be saturated with

383 nm. Solvent proton uptake by galactose oxidase u|Oongalactose. Values fde,:andKy, could be reliably determined

azide binding was assessed via thymol blue-mediated titra-"0r Only the wild type and W290H; approximate values were
tions of the “as-purified” proteins at pH 8.@43, 44). All estimated for W290F and W290G obtained using the same

solutions were C@free. Galactose oxidase (8M) and data fitting method (Table 2). ,

thymol blue (80xM) in 50 mM NaCl (final volume of 1 Activities with 2-methylen§a—1,3—propa}nedlol (ZMP) were
mL) were transferredota 3 mLgastight cuvette containing ~ &/S0 €xamined. On the basis of modeling analysis, 2MP is
a microstir bar (25C). Small aliquots (510 L) of 1 mM unlikely to hydrogen bond to W290, as predicted for

NaOH were added until the change in absorbance at 6opd@lactose binding 39, 46), allowing the impact of this
nm became linear. The rate of uptake of protons was thenPossible interaction to be assessed. Kinetic parameters are

measured by the change in absorbance at 600 nm after thdiSted in Table 2. Note that tumover of 2MP by W290H could

addition of two aliquots of sodium azide. The concentration N0t be detected and that saturation kinetics were observed

of azide added was based on g for azide previously ~ for only the wild-type enzyme and the W290F variant. It

determined for each protein (JN] added= 10Kp). should be n_oted that the low a_ct|V|t|es of the V\_/2_90G and
W290H variants may be due, in part, to the difficulty of

RESULTS generating the tyrosyl radical under direct assay conditions,
because of their elevated redox potentials.

Biochemical Properties of the Mutational Variant Proteins Comparison of Crystal Structures of W290G, W290F, and
W290F, W290G, and W290H galactose oxidase were the Wild Type-Azide Complex to Structures of the Wild Type
isolated in a pure form as determined by SEFRAGE. Each and W290H Crystallographic data for W290G, W290F, and
W290 variant migrated as a single band with an anomalousthe wild type-azide complex are listed in Table 1. All refined
electrophoretic mobility (appareM, ~ 65 kDa) similar to well, but the more limited resolution of W290F, and lower
that of the mature wild-type galactose oxidase, and in contrastcompleteness for W290G, render these structures less ac-
to the mobility expected for a protein identical in size to the curate than the wild typeazide complex, W290H30), and
wild-type protein but lacking the C228/272 thioether bond  wild-type structures39). Least-squares superposition of the

activity

a2 Not determined.
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Ficure 2: Active site of the W290 variants superimposed with wild-type galactose oxidase: (A) W290H, (B) W290F, (C) W290G, and

(D) the wild type-azide complex. The structure of wild-type galactose oxidase is colored green, and that of the variant or azide structure
is shown superimposed in atom-based color. The positions of the exogenous ligands in each structure are also shown. The figure was
generated using SPOCKY).

C, atoms of W290G, W290F, and the azide complex with Table 3: Crystallographic Coppetigand Distances in Galactose
the wild-type structure (LGOF) give rms deviations of 0.37, Oxidasé

0.25, and 0.33 A, respectively, showing the structures exhibit €X0genous
no significant overall changes. Notably, all the structures temp Y272-Cu Y495-Cu ligand—Cu
indicate that the thioether bond is fully formed and that (K) Q) Q) (A, ligand)
copper is present at high occupancy, consistent with the wild type atpH 4.5 293 1.9 2.7 2.3, acetate
SDS-PAGE and atomic absorption data reported above. As Wild typeatpH7.0 293 19 2.6 2.8, water

: i : : - 90H 293 1.8 25 2.7, acetate
previously reported, the histidine ring in W290H superim- y554¢ 100 51 57 4.1 acetate
poses well on the position of the five-membered ring of the 290G 100 2.1 2.8 3.2, water
tryptophan side chain3(). Additionally, the H290 ring wild type—azide 100 1.9 2.9 2.5, azide
nitrogen atom hydrogen bonds to the copper-bound acetate complex
(2.92 A, Figure 2A), suggesting the imidazoleHNgroup a2 Errors in the coordination distances are difficult to estimate but

would be available for interaction with substrates, as are likely to be at least 0.1 A for atoms in Y272 and Y495 and larger
proposed for the stacking tryptophan W290. H290 also for water, azide, and acetate.

occupies an alternative flipped (abgy) conformation in

which N, points away and interacts with a water molecule. glycerol to bind, which partly occupies the position of the
This result suggests that H290 displays greater mobility thantryptophan side chain in the wild-type enzyme. The bound
W290. W290F lacks a ring NH group, which precludes glycerol also encroaches on the site of the acetate ion, which
hydrogen bonding to coordinated acetate. Acetate is observechas been replaced with a water molecule (Figure 2C). In the
in the W290F structure but interacts with R330 (Figure 2B). W290 variants, the axial tyrosireopper distance is not
The phenyl ring of F290 shields the Y272228 radical site  significantly perturbed compared to the wild-type structure
about as effectively as the indole ring of W290 and more (Table 3) 89).

completely than histidine. The absence of the side chain in Replacement of W290 has implications for the solvent
the W290G variant permits a molecule of the cryoprotectant accessibility of the active site. In the wild-type enzyme, the
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Ficure 3: Solvent accessible contact surfaces of (A) the wild type,
(B) W290F, (C) W290G, and (D) W290H. The copper ligands are
shown with the solvenrtprotein contact surface represented in gray.
Contact surface area forkc228’272] in the wild type (1GOF) is
1.69 A2, in W290F 2.02 &, in W290G 9.28 A&, and in W290H
2.42 R, The figure was produced using Pymol (DeLano Scientific).

radical site is protected from solvent by the hydrophobic
indole side chain, and this is also true for W290F, since the
phenyl ring is strongly hydrophobic and almost as large. In

W290G, however, the absence of the side chain leaves Y272

exposed to solvent. This can be clearly seen in Figure 3,
which shows a view of the solvent contact surfaces of the
wild type and variants, looking into the active site from the
solvent. While solvent accessibilities to the Y272228
cofactor in the wild type (Figure 3A) and W290F (Figure
3B) are broadly similar, W290G exhibits a dramatic opening
of the cleft above the copper (Figure 3C), allowing solvent
direct access to Y272, and this is where glycerol is observed
to bind in the structure. H290 is calculated to shield the
Y272—C228 cofactor (Figure 3D) more substantially than
anticipated considering the instability of the W290H tyrosyl
radical (vide infra).

In the wild type-azide complex (Figure 2D), N directly
coordinates to the copper ion in bent, end-on geometry, with
a copper-nitrogen distance of 2.5 A and an angle of 1&#lI
within the range displayed by Cu(#N3;~ complexes of other
copper-containing proteins. The terminal nitrogen atom of
N5~ hydrogen bonds (3.25 A) to W290.\ which may
influence binding of azide to the wild-type enzyme. Bond
distances to the equatorial and axial tyrosines (Table 3) are
consistent with an increase in the length of the Cu(M}%95
bond in the azide complex, as previously obserddl Only
small variations in the coordination geometry are evident in
the various structures, and these are mostly below the
significance level at the current resolution.

Stability of the Tyrosyl RadicaRates for the Cu(ll)-Y
— Cu(ll)-Y reaction in the W290 variant proteins varied
widely (Table 4). At pH 7, W290F-Yhad stability compa-
rable k= 0.2 h?) to that of the wild typeK = 0.172 h'Y),
whereas W290G decayed more rapidty= 2.72 h'%). The
tyrosyl radical in W290H was the least stable, decaying
rapidly at pH 7.0 kK = 16.88 h'%).

Biochemistry, Vol. 46, No. 15, 2004611

Table 4: Tyrosyl Radical Decay Rates for Wild-Type Galactose
Oxidase and W290 Variants

decay rate (h)
phosphate buffer (pH 7.0) acetate buffer (pH 4.5)
wild type 0.172+ 0.0017 3.95¢ 104+ 1.0x 104
W290F 0.20+ 0.02 1.06x 105+ 2.7x 104
W290G 2.72+0.16 0.372£0.13
W290H 16.88+ 1.656 1.908+ 0.216

While the kinetics of radical decay in the wild type,
W290G, and W290H were monophasic (Figure 4 and Table
4), biphasic kinetics were observed for W290F (fast phase
at 2.35 h%; slow phase at 0.2#). The decay rate of the
second phase for W290F+¥ comparable to that of the wild
type and represents 65% of the total absorbance change. The
chemical nature of the initial fast phase has not yet been
identified. Radical lifetimes were extended by rapid buffer
exchange from pH 7.0 to 4.5. Although the tyrosyl radical
in W290G and W290H is stabilized at pH 4.5, the decay is
still faster than that of the wild type at pH 7.0. The W290F
radical appears to be slightly more stable than wild-type
galactose oxidase at pH 4.5. It should be noted that in
addition to a pH shift, the acidic buffer also contains acetate
that can bind to the copper ion.

Spectroscopy of Oxidized and Semireduced W290 Variants
As isolated, both the wild-type and W290F proteins display
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A Optical and CD Spectra for the Semireduced Protein

6000 B States The electronic transitions of the semireduced enzymes

2 s are generally less intense than those associated with the

.S 4000 radical copper site. Two bands are observed in the absorption

% spectrum of the wild-type enzyme at 441 nm [assigned as a

2000 i phenolate— Cu(ll) LMCT transition] and 630 nm (mixed

azide copper ligand-field transition and LMCT)4Q, 43, 62).

0 ‘ . complex Spectra of the W290 variants are generally similar (Figure

400 600 800 6) to those of the wild-type enzyme, especially the spectra

Wavelength (hm) of W290F. The exception is W290G, with the most

B prominent ligand-field absorption band observed~&00

6000+ nm, reminiscent of the low-temperature or anion-bound forms
of semireduced galactose oxida$a,(64).

As is frequently the case, the different selection rules for
CD spectroscopy permit additional electronic transitions to
be resolved §5). Remarkably, the CD spectra are more

similar among the proteins than the absorption spectra,

oxidized

4000+ W290F

2000+

£ (M'em™)

azide . . .
complex indicating that the electronic structure of the Cu(ll) center

400 600 800 is not grossly perturbed by second-coordination shell varia-
Wavelength (nm) tions at W290. More specifically, the most prominent CD

band at 625 nm has been assigned &,a—~ 2B, (de-y» —
dy,) transition, assuming effectiv@,, symmetry for the Cu-
(II) complex @3, 66). This assignment predicts additional
ligand-field transitions to both higher and lower energy,
which is consistent with the CD spectra. Note the positive
CD feature in the semireduced spectra~&14—325 nm,
) which is assigned as an MY imidazole— Cu(ll) LMCT
azide .. T .
complex arising from the histidine ligands.
400 600 800 1000 Inspection of Table 5 shows that the three Cu(ll) ligand-
Wavelength (nm) field transitions (at 510, 625, and 785 nm in the wild type)
Ficure 5: Optical spectra of oxidized galactose oxidase (black) vary in energy by approximately 670790 cnt* (or 4-5%)

and azide complexes (red) in 100 mM potassium phosphate (pHamong the W290 proteins. Clearly, variation of the second
7.0) for the wild type (A), W290F (B), and W290G (C). coordination sphere at W290 produces a modest but measur-

able effect on the Cu(ll) electronic structure. The properties

thermochromic behavior (color changes from blue-green at of the azide complexes (see below) provide additional
298 K to dusky pink at 193 K). In contrast, W290G and evidence for this effect.
W290H were purple-pink and orange, respectively, at both EPR SpectroscopyX-Band EPR spectra of the semire-
temperatures. Note that as-isolated wild-type and W290F duced W290 variants at 10 K (data not shown) are closely
proteins are mixtures of the oxidized and semireduced statessimilar, which is evident from the simulategt, g, andA,
whereas the W290G and W290H variants are probably in parameters presented in Table 6. Theg,, andA, values
the semireduced state exclusively, because of their highercorrespond to an axial type 1l copper center, in a tetragonal
tyrosyl redox potentials. coordination geometry with aad,? ground stateg7). Except

Optical Spectra for the Oxidized Protein Statééld-type for a somewhat decreaségseen for W290G, the parameters
Cu(ll)-Y* has a distinctive electronic absorption spectrum, for the three W290 variants are closely similar to those
with two intense bands in the visible-near-infrared region: obtained for the wild-type protein, indicating that the
a peak at 445 nm attributed to overlapping phenotat€u- electronic ground state is not significantly affected by
(1N ligand-to-metal charge transfer (LMCT) and X — xz* variations in the second coordination sphere at W290 at 10
transitions and an intense low-energy transition at 810 nm, K. Collectively, the electronic and magnetic data are
assigned as a ligand-to-ligand (LLCT) charge transfer consistent with a common first coordination sphere for Cu-
transition 60), or ar — x* transition of the radical §1). (1) in the four proteins and indicate that variations in the
The optical spectra of the oxidized W290 variants are second coordination shell at W290 have a measurable, but
comparable to that of the wild-type enzyme (Figure 5 and relatively minor, impact on the electronic structure of the
Table 5). The spectra of W290F-¥re most similar to that ~ Cu(ll) center. Variability in equatorial copper coordination
of the wild-type protein, whereas the energies of the (water, acetate, or no ligand) seen in the crystal structures
characteristic electronic transitions are perturbed to a greater(Figure 2) likely results from the different crystallographic
extent in W290G and W290H. Note that the smaller buffer conditions that were used.
extinction coefficients of the W290G bands at 437 and 825 Azide Binding Binding of azide to either oxidized or
nm may be attributable, at least in part, to the lower stability semireduced galactose oxidase generates an absorbance band
of this variant. Given the rapid decay of oxidized W290H, at ~380 nm attributed to an N — Cu(ll) LMCT band
only the band at-455 nm could be reliably detected; Sykes (Figures 5 and 6, summarized in Table 5). The energy and
and co-workers observed the transition at 828 nm in a intensities of the B — Cu(ll) LMCT transitions are
transient kinetic experimen4§). consistent with equatorial coordination of the anion in all
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Table 5: Comparison of Optical and CD Spectra of the Wild Type and W290 Variants of Galactose Oxidase

Optical
wild type W290F W290G W290H
A (nm) e(Mtcm? A (nm) eMtcm?) A (nm) eMtcm?) A (nm) e(Mtcm?
Cu(ll)-Y* 445 6436 445 6311 437 1290
810 4133 815 3582 825 2515
Cu(ll)-Y*—N3~ 385 5437 394 4920 384 2062
500 4894 500 4054 500 1486
570 3993 567 1348
650 2945 665 2121 660 1070
900 1782 910 474
Cu(ll)-Y 441 887 430 1257 493 2029 480 1395
630 1112 610 1425 630 914
Cu(ll)-Y —Ns~ 380 2049 385 2396 370 3593 370 2239
565 736 552 1035 510 1940 535 951
775 539 745 352 720 397
CD
A (nm) Ae (M~1cm?) A (nm) Ae (M~cm™) A (nm) Ae (M~tecm™) A (nm) Ae (M~tcm™)
Cu(ll)-Y 314 4.79 325 1.62 320 1.85 318 2.23
365 -0.14 358 -0.9 359 0.008
422 0.97 420 1.27 399 1.47 400 1.16
510 0.42 515 0.42 497 0.83 495 0.73
625 —2.89 625 —4.40 606 —3.47 600 —3.03
785 0.69 745 1.44 752 2.12
Cu(ll)-Y —Ns~ 320 0.87 335 0.027 355 0.006
412 —1.48 404 —2.06 407 —0.78 395 —1.30
555 —3.32 560 —3.14 511 —1.82 530 —-1.67
597 —1.42
750 1.56 740 1.24 722 0.83 720 1.03

cases, as observed in the crystal structure of the azidemM for W290H < 0.1464 0.007 mM for the wild type<
complex of the wild-type enzyme. Collectively, the shiftsin 0.730+ 0.006 mM for W290F< 1.69 4+ 0.057 mM for
the energy of the N — Cu(ll) LMCT transition induced W290G. Clearly, variations in the second coordination sphere
by the substitution at W290 are relatively minor, spanning significantly perturb binding of azide to Cu(ll), with the
~600 cnr! (~2% shift compared to that of the wild-type largest perturbation (W290G) resulting in an order of
enzyme) in the oxidized complexes ar@00 cn! (~3%) magnitude decrease in the affinity for the azide anion. Azide
in the semireduced complexes. Loss of th&00 nm band binding induces dissociation of the axial tyrosinate (Y495)
in the azide complexes of the oxidized proteins may reflect and proton uptake. The Huptake stoichiometries were as
protonation (and dissociation from copper) of Y495 induced follows: 0.864 0.003 proton/mol for the wild-type protein,
by azide binding (Figure 5), as detailed previoud$)( The in agreement with previous reportd3 44); 0.57 £ 0.01
band at 500 nm may be assigned, in part, as-ax* radical proton/mol for W290H> 0.41 £ 0.009 proton/mol for
transition, indicative of the persistence of the tyrosyl radical W290F > 0.244 0.006 proton/mol for W290G. According
in the W290 variants upon anion bindinggj. to the proposed mechanism of proton uptef®),(these data
At first inspection, the CD spectra for the semireduced suggest that thely of the axial tyrosine (Y495) has been
azide complexes are quite similar, with perturbations of the perturbed significantly by side chain variation in the W290
Cu(ll) ligand-field bands on azide binding being comparable position. This finding concurs with the previous assignment
in magnitude. However, there is some variation in the energy of a pK, of 6.9 to the protonation of Y495 in the W290H

and intensity of the CD bands (Figure 6 and Table 5). As variant, compared to aig of 7.9 in the wild-type enzyme
anticipated, the CD for W2906N3™ is the most similar to (45).

that of the wild-type complex. The persistence of a weak
negative CD feature around 597 nfe(= —1.42 Mt cm™?) DISCUSSION
in the spectrum of W290@®I;~ suggests the presence of
uncomplexed enzyme, consistent with the lower affinity of ~ As discussed here, our data demonstrate that mutation of
the variant for azide (vide infra). The shift of the 625 nm W290 in the second coordination shell of the copper active
band to a higher energy in the wild-type enzyme has beensite in galactose oxidase produces substantial changes in
interpreted as a change in copper geometry from squaresome enzyme characteristics (radical stability and kinetic
pyramidal to tetragonal initiated by the protonation and/or parameters) while only slightly perturbing others (geometry
dissociation of the axial tyrosine ligand by either anion and ground-state electronic structure). Structural, spectro-
complexation, low pH, or low temperaturé4). This shift scopic, and kinetic analyses establish that the predominant
of the ligand-field band to a higher energy is also evident in factors are likely to be the altered solvent accessibility of
the spectra of the variants. the [Cu(ll)-Y*] site, although subtle second-shell electronic
Cupric azide dissociation constank&J were determined  effects may also contribute to modulating reactivity. An
using semireduced protein in 50 mM potassium phosphateadditional effect is that loss of the W290 ring NH group
buffer (pH 7.0). The&p values are as follows: 0.13D0.006 apparently decreases the affinity forgalactose.
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Ficure 6: Optical (a) and CD (b) spectra of semireduced galactose
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stantial changes in structure between the the wild type and
W290X variants (Figure 2), apart from the change in residue
at position 290. The crystal structures also established
unambiguously that the thioether bond in the C22272
cofactor is present in all the variants, substantiating the-SDS
PAGE analysis30). A key structural change during process-
ing of the precursor protein is a 6.3 A movement of the W290
C. atom that moves this residue into its stacking location
over the thioether bond@). Our data clearly show that the
side chain of W290 is not absolutely required for this
structural reorganization. Apparently, the indole side chain
of W290 is not obligatory for the processing steps leading
to thioether bond formation, although further study would
be needed to establish whether the rates of these processing
steps are affected. Furthermore, the copper analysis results
establish that W290 is not essential for metal incorporation.
The results from copper analysis were supported by the
protein crystallography, which revealed strong electron
density at the metal site in all variants. Consequently, altered
catalytic properties of the W290 variants compared to those
of the wild-type enzyme are not due to substoichiometric
copper incorporation or incomplete processing.

However, the resolution of the structures, especially for
W290F and W290G, does not allow evaluation of perturba-
tions in the bonding and electronic structure, such as
electronic coupling between Cu(ll) and the singly occupied
orbital on Y%, which requires a higher degree of accuracy.
Spectroscopic data are more informative in this regard.

Tyrosyl Radical Generation and Stabilitiprevious work
(45) has established the redox potential for the [Cu(If}-Y
[Cu(l)-Y] couple to be~730 mV for W290H. We observed
that a strong oxidant, cesium octacyanomolybd&® &

892 mV), is required for generation of the activated states
of W290G (and W290H), whereas a weaker oxidant,
potassium ferricyanideE' = 424 mV), was sufficient to
oxidize the wild-type and W290F proteins. Remarkably,
substitution of H or G at W290 has a larger effect on the
cofactor tyrosine (Y272) redox potential than does removal
of the coordinating copper, which increases the redox
potential to only 570 mV {0). Thus, it appears that
hydrophobic aromatic residues lead to lower redox potentials
whereas smaller polar residues or the absence of a side chain
leads to higher redox potentials. These results indicate that
W290 plays a significant role in controlling the redox
potential of the free radical site. Model systen7d)(had
not revealed this effect, which is clearly dependent on the
chemical nature of the stacking residue at position 290.
The stabilities of the radical site in the wild type and

oxidase (black) and azide complexes (red) in 100 mM potassium W290F are comparable at pH 7, and the decay rates are a

phosphate (pH 7.0) for the wild type (1), W290F (2), W290G (3),
and W290H (4).

Table 6: X-Band EPR Simulation Parameters for the Wild Type
and W290 Variants of Galactose Oxidase at 10 K

Oline width || line width
gi g A (MH2) (G) (G)
wild type 2.274 2.0570 518 60 50
W290F 2.270 2.0565 510 58 40
W290G  2.274 2.0570 488 60 50
W290H 2.274 2.0574 518 58 50

Structural Characteristics and Act Site Biochemical
Properties of the Mutational VariantsThere are no sub-

factor of 10-1000-fold slower than for W290G and W290H,
suggesting that a hydrophobic residue at position 290
increases radical stability and lowetS. EPR experiments
(14, 67, 72, 73) indicate that spin density is not delocalized
over W290 in the wild-type enzyme, but this does not
preclude an electronic stabilizing effect from a stacking
aromatic ring {4). It is reasonable to suppose that a radical
site exposed to solvent (e.g., the W290G variant) would be
less stable than a site protected by a hydrophobic, aromatic
“lid”. Solvent contact surface representations show that Y272
in the W290F and W290H variants appears slightly more
exposed than in the wild type and that W290G provides little
protection for the radical (Figure 3). The unexpectedly low
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solvent contact surface area to the C23872 cofactor the wild type (503 s'), reinforcing the conclusion that
calculated for W290H (2.42 A does not appear to correlate  W290F can be a competent catalyst when the substrate
with the highly unstable character of the tyrosyl radical in concentration is high.
this variant, which is less stable than the tyrosyl radical in  Although the specific activity of W290H with-galactose
W290G. However, H290 apparently occupies two conforma- as a substrate is very low, thg, (45 mM) is more favorable
tions in the crystal structure, consistent with increased sidethan that of the wild type. The observation of a H-bond
chain mobility; together with its increased polarity and between H290 and coordinated acetate (2.92 A, similar to
H-bonding capability, these characteristics of H290 may that observed for the wild-type enzyme) supports the
enhance solvent accessibility, which could partly account for hypothesis that H-bonding from position 290 is important
the accelerated decay of W290H-Rlternatively, instability to p-galactose binding. The low specific activity in W290H
of the tyrosyl radical in W290H may reflect enhancement may be attributed to the protein being predominantly in the
of specific radical decay pathways by the imidazole ring. enzymatically inactive semireduced state. Although the
It is striking that the stability of the radical site in the wild presence of peroxidase in the coupled assay (see Experi-
type and W290F increases dramatically—@ orders of mental Procedures) is sufficient to support oxidization of the
magnitude) when the pH is lowered from 7.0 to 4.5 (Table wild-type enzyme and W290F, the elevated redox potential
4). At pH 4.5, the red absorption band (at 810 nm) of of the free radical site in W290H precludes this. Note that
oxidized galactose oxidase is lost, possibly resulting from the value ofK, determined for W290H is an accurate
dissociation of Y495 from the copper ioh3 29). Enhanced  estimate since, unlikk.,, it does not require that the enzyme
radical stability at pH 4.5 may result from disruption of an be fully activated. W290G also displays a low specific
electronic interaction between Y495 and Y27ediated activity that may be attributed to the high redox potential
by Cu(ll), perhaps by abolishing a radical decay pathway required to activate this site.
via Y495. Notably, the radical in both W290G and W290H Spectroscopic Studies of the W290 Variaftsermochro-
also displays increased stability at pH 4.5, but by ap- mic behavior of wild-type galactose oxidase has been
proximately 1 order of magnitude. This attenuated difference modeled as an equilibrium involving the transfer of a proton
in stability may reflect partial dissociation of Y495 at neutral from Cu(ll)-H,O to Y495, leading to dissociation of Y495
pH for the latter variants (vide infra). At pH 4.5, the from copper at low temperature€3). Investigation of the
exogenous copper ligand is acetate from the buffer, and wethermochromic properties of the as-isolated W290 variants
cannot fully discount the possibility that this may also (largely in the semireduced state) suggests that the axial
contribute to the increased stability of the radical at this pH ligand Y495 is coordinated to copper in W290F at 298 K,
despite the observation that addition of acetate at pH 7.0whereas Y495 is mostly dissociated from copper in W290G
did not improve the stability of the radical in the W290H and W290H. Such an outcome is relevant to the interpretation
variant. of the spectroscopic results and the proton uptake results
Sequence alignments suggest that the stacking tryptophardiscussed below. Note that for crystal structures based on
of galactose oxidase may be replaced with histidine in data collected at 100 K, the Cu()495 O distance is
glyoxal oxidase. While the degree of sequence similarity is anticipated to reflect at least partial dissociation.
less than 20%, the key active site residues are conserved The spectroscopic data establish that the perturbations of
(13). The glyoxal oxidase radical has a redox potential of the electronic structure of the galactose oxidase active site,
0.64 V (galactose oxidase, 0.43 1) and is 43-fold less  induced by side chain variation at position 290, are relatively
stable than the galactose oxidase radids, (/5). These modest, in both the semireduced state and the catalytically
differences between galactose oxidase and glyoxal oxidaseémportant oxidized state. The EPR spectra for the semire-
further illustrate the modulating effects of the residue stacked duced forms of the wild type and W290 variants are
over [C228-Y272]. essentially identical and indicate that there are no major
Kinetic Properties Immediately evident from Table 2 is  differences in the geometry of the copper centers at 10 K.
the fact that substitution at W290 has substantial effects onAt this temperature, Y495 is expected to be completely
galactose oxidase catalysis. Although the catalytic ability of dissociated for all samples such that the EPR parameters
the W290F variant is reduced, it is clearly the most competent reflect only equatorial bonding and a tetragonal geometry,
catalyst among the variants, whereas W290G and W290Hwhich must then be essentially identical for the wild-type
are severely compromised. Further, g for p-galactose enzyme and the W290 variants.
in W290F is strikingly elevated>1000 mM) compared to Interactions with AzideAzide coordination mimics the
that of the wild type (82 mM), implying a role for W290 in  binding behavior of galactose oxidase substrat2s43) and
bindingp-galactose, probably by hydrogen bonding. Indirect thus serves as a model for this reaction. The crystal structure
evidence of the role of W290 in substrate binding may be of the azide complex (Figure 2D) establishes that the ligand
inferred by a hydrogen bond between W290 and the acetatecoordinates in an equatorial position, with the expected bent,
copper ligand (2.84 A from W290 Ato acetate O; 1GOF).  end-on geometry, and that Y495 has moved to a greater
In contrast, the acetate nearest the copper ion in the W290Fdistance from the copper. The terminal nitrogen atom of the
crystal structure is 4.08 A away and is hydrogen bonded to azide anion is hydrogen bonded to W290, further suggesting
R330. A closer correspondenceldp values for 2-methylene-  a role for the residue in substrate binding. Electronic spectra
1,3-propanediol as a substrate, where such H-bonding toof the azide complexes, for both the semireduced and
W290 is not possible, supports this inference. Model building oxidized states, of the wild type and W290 variants confirm
studies 89, 46, 76) have also predicted a H-bonding equatorial azide coordination. In the oxidized complex, the
interaction between W290 amdgalactose. The value &fa absence of the red band @810 nm would be consistent
for W290F (371 st) is comparable in magnitude to that of with protonation of Y495 and its dissociation from copper.
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Despite the close similarities in the electronic structures optimized environment, and changing any one of amino acids
of the azide complexes of the wild-type enzyme and the in the active site would affect this balance.
W290 variants, th&eq for binding of azide to Cu(ll) in the
semireduced forms of the proteins is substantially altered ACKNOWLEDGMENT
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