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Redox interconversions between the GQas€Cu', Tyr) and tyrosyl radical containing GOagdCu', Tyr)
oxidation states of the Cu-containing enzyme galactose oxidase (GOasd}uisamumNRRL 2903 have been
studied. The inorganic complexes [Fe(GN) (410 mV), [Co(pherg®" (370 mV), [W(CN)]3~ (530 mV), and
[Co(dipic)]~ (362 mV) E*' values vs NHE; dipie= 2,6-dicarboxylatopyridine) were used as oxidants for GQase

and [Fe(CNy]*~ and [Co(phenj?" as reductants for GOage On oxidation of GOasgn;a radical is generated

at the coordinated phenolate of Tyr-272 to give GQas&he one-electron reduction potenttl' (25 °C) for

the GOasg/GOase:micouple varies with pH and is 400 mV vs NHE at pH 7.5, the smallest value so far observed
for a tyrosyl radical. The reactions are very sensitive to pH, or more precisel{togues of GOasgmiand
GOasegy, and the charge on the inorganic reagent. For example, with [FgJCNJs oxidant, the rate constant
(25°C)/M~1s10of 0.16 x 1C® (pH ~ 9.5) increases to 4.8 10° (pH ~ 5.5), while for [Co(phen®" a value

of 4.9 x 10° (pH ~ 9.5) decreases to 0.04 10° (pH ~ 5.5),1 = 0.100 M (NaCl). From the kinetics a single
GOase:m acid dissociation processKp = 8.0 (average), has been confirmed by this spectrophotometric
studies (7.9). The corresponding value for GQase 6.7. No comparable kinetic or spectrophotometric pH
dependences are observed with the Tyr495Phe variant, indicating the axial Tyr-495 as the site of protonation.
Neutral CHCO,H and HN; species bind at the substrate binding site of GQas¢hus mimicking the behavior

of primary alcohols RCKDH, the natural substrate of GOase. On coordination, loss of a proton occurs, and
inhibition of the oxidation with [Fe(CN]3~ is observed.

Introduction His-581 in addition to the exogenous®i (or acetate/azide) at
osition X, Figure 1. Bond lengths can be regarded as normal
or Cu', except fora and b, which are long, as indicated in

Figure 1. The same structure is obtained for crystals grown in

solutions of the oxidant [Fe(Ch§~. Exafs data have indicated

that there is no significant change in the active site structure
for the GOasgmand GOasg forms!! In the catalytic cycle

the two-equivalent reduction of GOag&ith RCH,OH primary

alcohol/substrates (eq 2) is followed by the reaction with O

Galactose oxide (GOase; EC 1.1.3.9), in the present case fro
the Canadian wood-rot funglusariumNRRL 2903 (previ-
ously referred to asPolyporus circinatusand Dactylium
dendroide}! is a single type 2 Cu-containing enzynid, (68
kDa; 639 amino acids)-* In its active form GOase is now
known to contain a coordinated tyrosyl free radfcdland three
oxidation states can be defined as in eq 1. X-ray structures

Cuz+—Tyr'-§—Cuz+—Tyr~f—::—Cu+—Tyr ) (eq 3)12 Accordingly GOase is a two-equivalent oxidase in
GOase, GOasgn = GOasgy RCH,0H + GOasg, — RCHO+ GOasg,  (2)
have been reported on crystals obtained from “native” GQase GOase,+ 0, — GOasg, + H,0, A3)

GOasg.mienzyme mixes, with kD (resolution 1.9 Ap acetate
(1.7 A)89 and azide (1.9 AP coordinated at the substrate
binding site. The Clihas a square-pyramidal geometry and is
coordinated by Tyr-272, Tyr-495 (axial ligand), His-496 and

contrast to, e.g., the four-equivalent ascorbate oxidase, laccase,
and cytochromec oxidase, which convert Oto 2H,0.413
Although the precise physiological function of GOase is not
clear, it has been suggested that it may play some part in lignin
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Figure 1. The CU active site of GOase, crystal structure bond lengths
aandb from refs 8-10, and U\~vis spectra at pH 7.5 (10 mM Hepes).

T
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extensively in earlier studig€§;1” prior to identification of the
radical in 1988

In the present paper we study reactions with a range of
inorganic redox partners, and the effect of pH on the intercon-
version of GOasgmiand GOasg. The latter has a radical on
the phenolate side chain of Tyr-272, which is covalently bonded
at its ortho position to the cysteinyl S-atom of Cys-228, forming
a unique thioether link. The bond is overlaid by the indole
ring of Trp-290, giving an unusually stable tyrosyl radical of
low reduction potentialE°’). Variations ofE*" with pH are
reported as a part of this work, and effects of pH on the kinetics
have been assigned using the Tyr495Phe variant.

Experimental Section

Isolation of Enzyme. GOase was initially isolated from the native
fungal sourcérusarium(strain NRRL 2903}81° Subsequently it was
obtained from a\spergillus nidulangstrain G191/pGOF101) expres-
sion system by a procedure already descri§edhe enzyme is strongly
basic (p = 12)%? with a charge balance from Glu, Asp (negative) and
Lys, Arg (positive) residues of+9 for GOasemiat neutral pH. Final

(16) Hamilton, G. A. InCopper Proteins: Metal lons in Biologyspiro,
T. G., Ed.; Wiley: New York, 1981; Vol. 3, p 193.

(17) Kosman, D. J. IrCopper Proteins and Copper Enzymesntie, R.,
Ed.; CRC Press: Boca Raton, FL, 1984; Vol. 2, p 1.

(18) Amaral, D.; Kelley-Falcoz, F.; Horecker, B. Methods Enzymol.966
9, 87.

(19) Tressel, P.; Kosman, D. Anal. Biochem198Q 105 150.
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purification was performed by phosphocellulose column chromatog-
raphy?® The same procedures were adopted for purifying the Tyr495Phe
variant?>2?® Yields of enzyme were-35 mg/L of culture, where 5 L
was generally used per preparation.

Buffers. The following buffers were obtained from Sigma except
as stated: 2N-morpholino)ethanesulfonic acid (Mes, pH 56.7, Ka
= 6.1); NaHPO, and NaHPO, (pH 5.5-8.2, K. = 7.00); 2,6-
dimethylpyridine (lutidine, pH 6.68.0, Ka = 6.75; Fluka);N-(2-
hydroxyethyl)piperazindd '-(2-ethanesulfonic acid) (Hepes, pH 6.8
8.2, Ko = 7.5); and 2--cyclohexylamino)ethanesulfonic acid (Ches,
pH 8.6-10.0, K, = 9.3). All buffer solutions were prepared on the
day of use or were stored ovetl day periods at 4C to avoid microbial
growth. The buffers phosphate and Hepes have been shown to interact
at the active site of the Trp290His GOase variant, with no similar effects
of Mes, lutidine, or Che%> No effects were observed with wild-type
(WT) and Tyr495Phe GOase as used in these studies, except over long
times>1 h with Hepes, when small changes were noted.

Enzyme Concentrations. These were determined for wild-type and
Tyr495Phe GOase forms from the UV absorbance at 280rm1(.05
x 10 M~t cm™).24 The buffers Mes, Hepes, phosphate, and Ches
have negligible absorbance at 280 nm, and corrections were made for
the absorbance of lutidine a300 nm.

Preparation of Enzyme Solutions. Typically a 2 mL enzyme
sample (3-5 mg/mL) was dialyzed against the appropriate buffer (10
mM) for ~16 h at 4°C. The dialysis solution was changed three times
during this period. In order to oxidize or reduce native GOase, an
excess of [Fe(CN)®~ or [Fe(CN)]*~ was added, and it was removed
by Amicon ultrafiltration immediately prior to use. To avoid contribu-
tions from autoredox processes during b¥s studies, measurements
were carried out with 2 equiv of [Fe(CNJ~ (to GOasg,) or [Fe(CNjJ*~
(to GOase:m) added (5L aliquot), also immediately prior to use. No
effect of [Fe(CN)]3>~ complexation on the spectrum of GOgseas
observed. UWV-vis spectra of GOasgn and GOasg at pH 7.5 are
shown in Figure 1.

Inorganic Complexes. Potassium hexacyanoferrate(lll),s[Ke-
(CN)g] (Sigma), and potassium hexacyanoferrate(IlJA€¢(CN)]-3H0O
(BDH, Analar), were used as supplied. Samples of tris(1,10-phenan-
throline)cobalt(l11) as [Co(pheg]Cls-7H,O were prepared according
to a procedure describégiwith minor modifications. Characterization
was according to the UVWvis absorbance spectrum, pealdam (¢/

M~t cm™1) at 330 (4660) and 350 (3620). Solutions of tris(1,10-
phenanthroline)cobalt(ll) were obtained by adding a 5:1 ratio of 1,10-
phenanthroline monohydrate to Ce®H,0. Solutions prepared under
anaerobic conditions were used immediately after preparation. The
complex CgW(CN)g] -2H,0, peak positions 357 (1700), was obtained
by a literature procedufé. Ammonium bis(pyridine-2,6-dicarboxylate)-
cobalt(lll), NH[Co(dipic)]-H-O, was prepared as describ@dbsor-
bance peak at 510 (630). In recent papers we have quoted the reduction
potential €°") of 747 mV for the [Co(dipicj] >~ couple determined

by Williams and Yandalf® In response to a referee comment we have
now checked this value by electrochemical methods. In cyclic
voltammetry experiments the oxidation step was not clearly defined.
Using square-wave voltammetry on [Co(dip]c)(7.4 mM) at pH 7.5

(20) Baron, A. J.; Stevens, C.; Wilmot, C.; Seneviratne, K. D.; Blakeley,
V.; Dooley, D. M.; Phillips, S. E. V.; Knowles, P. F.; McPherson, M.
J.J. Biol. Chem 1994 269, 25095.
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Knowles, P. F.; McPherson, M. Biochem. Soc. Trand 995 23,
5103.

(24) Ettinger, M. JBiochemistryl974 13, 1242.

(25) Saysell, C. G.; Barna, T.; Borman, C. D.; Baron, A. J.; McPherson,
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Sect. B: Struct. Crystallogr. Cryst. Che®7Q B26, 684. (b) Leipoldt,

J. G.; Bok, L. D. C.; Cilliers, P. XZ. Anorg. Allg. Chem1974 407,
350. Bok, L. D. C.; Leipoldt, J. G.; Basson, S. . Anorg. Allg.
Chem 1975 415, 81.

(28) (a) Mauk, A. G.; Coyle, C. L.; Bordignon, E.; Gray, H. B. Am.
Chem. Soc1979 101, 5054. (b) Mauk, A. G.; Bordignon, E.; Gray,
H. B. J. Am. Chem. S0d 982 104, 7654.

(29) Williams, N. H.; Yandell, J. YAust. J. Chem1983 36, 2377.
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(10 mM Tris), | = 0.100 M (NacCl), a reduction potential of 362(4) 3
mV (22 °C) was determined. This value is in agreement with a value
of 400 mV used in earlier papers from the Gray gréut is moreover
similar to the value for the [Co(edtafj~ couple of 380 mV (also
CoOiN; coordination). The smalleE®’ does not affect the outcome
of our studies, except thats20-fold excess of [Co(dipig)~ is required

for reactions to proceed t890% completion.

Kinetic and Thermodynamic Studies. Protein solutions were
dialyzed to the required pH, as described above. The protein is unstable
at pH < 5.5, and an upper limit for pH in the range-20 was used.

In most kinetic experiments the pH-jump method was employed, with
the protein at low buffer concentration (10 mM), and the redox reagent
made up in 100 mM buffer which was pH controlling. In this way the
final pH (55 mM buffer) could be varied over 2 pH units, using a single
protein solution and different solutions of redox reagent. Some check
experiments were carried out with both the GOase and redox reagent
made up at the same pH. The ionic strength was adjusted 1©.100

N
|

fem!

10°€/M

-
|

4 0.001 M using NaCl, except for studieslat 0.40 M (NaCl) or in 0 ‘ T T
the presence of acetate= 0.40 M (CHCO;Na). Contributions of 400 600 800
the enzyme £10°° M) to the ionic strength were assumed to be A/nm

negligible. The temperature was 25:0.1°C. When phosphate was ) )

used, maximum (final) concentrations35 mM only were attainable ~ Figure 2. The effect of pH on the UVvis spectrum of GOasgni (25

due to the higher ionic strength contributions of the salts used. Dionex ~C): UPPer spectrum at pH 9.34 (Ches), middle at pH 7.70 (Hepes),
D-110 and Applied Photophysics stopped-flow instruments complete 2nd lower at pH 5.95 (Mes),= 0.100 M (NaCl). The inset shows pH
with kinetic software fitting packages were used. All rate constants VS € @t 450 nm {-4—) and 635 nm {-@—).

indicated are an average from at least five stopped-flow traces. A ]
Shimadzu 2100PC UWvis spectrophotometer was employed for some in =10-fold excess. At selected pH's<3 for each reaction)
[Co(dipic)] ~ runs, and for the spectrophotometric determination of the a first-order dependence &f,s on oxidant concentration was

pKa for GOaseem: demonstrated, allowing second-order rate constagtkco, kw,
andkeop respectively to be determined. The dependence of such
Results rate constants on pH (listings in Supporting Information) are

illustrated in Figures 3 and 4. To explain the variations observed

UV—Vis Determination of pKa for GOasesemi. UV—vis the reaction sequence-8 is proposed. The expression 9 can

spectra of GOasggniare dependent on pH, Figure 2. A color

change to a more intense green-blue is observed with increasing K

pH. Absorbance changes vs pH at optimum wavelengths (450 GOasg,mH+ = GOasg, + H* (6)
and 635 nm) are shown in the inset to Figure 2. The acid

dissociation consta, is defined in eq 4. For this equilibration K

eq 5 can be derived, which relates absorbance readings for ~ GOasg,,H" + oxidant— GOasgH" + reduced (7)
equilibrated solutionsApy to those for GOasemi(Ao) and the

protonated form GOagg,H* (An). _ K
GOaseg,,,; + oxidant— GOaseg, + reduced (8)

i K .
GOasgH " = GOasg,y, + H (4) be derived for the rate constdt with [Fe(CN)]3~ as oxidant,

+ which gives a good fit using an unweighted nonlinear least-
1 S L0 B ®) squares program. With [Co(dipi$), the oxidant of smallest

Aps— A)  KlAo—A) (A~ AY

_klH ] + kK,

Ka+ [H7] ©

The ratio intercept/slope ratio from a plot dfg6s — Ay) 1 vs Kee

[H*] gives K, The K, values obtained average 7.9(2). The

corresponding value determined for GOgade 6.7(2)° . .
UV—Vis Studies on the Tyr495Phe Variant. The GOa- charge, bothky andk cllearly contribute, Figure 4, .and both

saemiand GOasg forms of the Tyr495Phe variant have spectra terms are therefore retaln(?d for thg other three studies, qltho.ugh

that are different from those of the wild type protein. The One Fern} in each case is suff|C|entIy.smaI.I to question its

differences are particularly marked for GOgséor which there contribution. The rgsglts are summarized in Table 1. The

is no 810 nm peak, and the 450 nm peak is less intense. Both@Verage Ka of 8.0(2) is in good agreement with the value 7.9-

these observations are in keeping with Whittaker's assignments(2) determined by UVvis spectrophotometry.

for WT GOase® The effect of changing the pH from 5.0 to With two of the oxidants, [Fe(CN)*~ and [Co(phenj3*,

9.0 on the U\~vis spectrum of Tyr495Phe GOasg at the rate constants were also determined with the Tyr495Phe variant

610 nm peak is negligible{4%) compared to the effect in the  of GOase.mi(Supporting Information), and these results are also

case of WT GOaseni With Tyr495Phe GOaggthe changes indicated in Figure 3. It is concluded that there is no pH

are also small, and again no protonation is evident. dependence in the reaction with [Fe(GN), and with [Co-
Kinetic Studies on the Oxidation of GOase.m Four (phen)]3* the slight upward trend does not relate to a specific

reactions were studied with [Fe(C§B~ (410 mV), [Co- change at the active site.

(phen}]®* (370 mV), [W(CN)]3~ (530 mV), and [Co(dipic)] ~ Kinetic Studies on the Reduction of GOasg. It is possible

(362 mV) as one-equivalent oxidants. The reactions required to study the reductions of GOagevith [Fe(CN)]*~ and [Co-
stopped-flow monitoring, with the slower [Co(dipit) reaction (phen}]? (present in >10-fold excess). First-order rate
studied in part by conventional UWis spectrophotometry.  constant&.psagain give linear dependencies on the concentra-
First-order rate constankg,swere determined with the oxidant  tion of reductant, and second-order rate constianisandk_co
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Figure 3. (A, top) The variation of second-order rate constdgts

(25 °C) with pH for the [Fe(CNy|*>~ oxidation of GOasgmi (a) and
Tyr495Phe GOasgni (@), | = 0.100 M (NacCl), and (B, bottom) the
variation of second-order rate constakgs (25 °C) with pH for the
[Co(phen)]®* oxidation of GOasgmi (o) and Tyr495Phe GOas

(@), 1 =0.100 M (NaCl). The insets show respectively the dependence
of first-order rate constantkes for the oxidation of GOasgni on
[Fe(CN)*] at pH 5.50 |), 6.99 @), 8.02 @), and 8.60 ¥), and on
[Co(phen)*™] at pH 6.10 W), 6.94 @), and 8.40 @).
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Figure 4. The variation of second-order rate constakis (25 °C)
with pH for the [Co(dipic)]~ oxidation of GOasgn, | = 0.100 M

(NaCl). The inset shows the dependence of first-order rate constants

kobs ON [Co(dipicy ] at pH 5.66 W), 6.94 (a), and 8.50 @).

were determined. The variations with pH are illustrated in
Figure 5 (listing in Supporting Information). Two effects of
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Table 1. Summary of Rate Constants (26) ky (Low pH) andko
(High pH) and GOase Acid Dissociation Constaltsfor WT
GOase and a Comparison witiKpValues from Spectrophotometry

reaction

knp/M~1s71 ko/M~1s71

pKa

GOasgemi+ [Fe(CN)|3~

43(1)x 10°

0.16(12)x 10° 7.8(1)

GOaseemi+ [Co(phen)]®"  0.04(10)x 10° 4.9(1)x 10° 7.9(1)
GOasgemi+ [W(CN)g]3~ 5.5(1)x 10* 0.38(1)x 10*  8.0(1)
GOaseemit+ [Co(dipic)] ™ 51(1) 16(2) 8.1(1)
spectrophotometry GOaggi 7.9(2)
spectrophotometry GOase 6.7(2p

2| = 0.100 M (NacCl) unless otherwise indicatédSee ref 15.
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N
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Figure 5. The variation of second-order rate constaats. (25 °C)
with pH for the [Fe(CNj]*~ reduction of GOasg The inset shows
the corresponding variation of the [Co(phg#) reduction of GOasg,

| = 0.100 M (NaCl). The broken lines are an extrapolation indicating
the influence of the spectrophotometrikjof ~6.7.

pH appear to contribute. One of these is determined by the
GOasegy pK, of 6.7 15 and the second, effective at lower pH, is
due to a further protonation which we are not at present able to
assign. The [Fe(CN)*~ reduction of Tyr495Phe GOas@ives
no variation in rate constant over the range pH-R%, but
again at low pH the unassigned effect appears to contribute.
Rate constants for the corresponding reaction with [Co-
(phen}]?t, inset Figure 5, show a 29% decrease with increasing
pH from 5.9 to 9.1, and again these do not appear to relate to
a single protonation step (listing in Supporting Information).
Reduction Potential of the GOasg/GOaseaemi Couple. It
is possible to determinE®’ (vs NHE) from rate constants for
redox studies involving the [Fe(CN¥ /[Fe(CN)]*~ (E> = 410
mV) and [Co(pher)3™/[Co(phen}]?" (E* = 370 mV) couples.
Thus eqgs 10 and 11 apply, ardE®" can be defined as in eq
12. Values oE for the GOasg/GOase-.micouple are in good

k e -
GOasg, + [Fe(CNY* <= GOasg, + [Fe(CN)]*
(10)

keo
GOasg,,;+ [Co(phen)]* <= GOasg, + [Co(phen)]**
(11)
AEOI

0.059 (12)

l0g,o(kedk ) OF 10G;4 (Ked/K o)
agreement and are dependent on pH as shown in Figure 6.
Correspondinde®' values for the Tyr495Phe variant have been
obtained and give no dependence on pH in the rang®, 6
Figure 6.



4524 Inorganic Chemistry, Vol. 36, No. 20, 1997 Saysell et al.

0.6 12
4 —
,;,) /
EO'/V ™ o o5 1 15 2 28
E [Fe{CN)s*)/mM
~% %
w
0.2 x 2
@
o
0 T T T AT -
5.5 6.5 75 85 95 oloccaom "
T T
pH 5.0 7.0 9.0
Figure 6. The variation of reduction potenti&' vs NHE (25°C) for pH

the GOasg/GOase.mi couple with pH for wild-type enzyme~) and

the Tyr495Phe variant{ — —), | = 0.100 M (NaCl). TheE*' values Figure 8. Variation of second-order rate constakgs (25 °C) with

were obtained from rate constants for the [Co(pHéh¥+ reactions pH for the [Fe(CNy]3~ oxidation of GOasgm (®) and with (1.56-

(®, wild-type; v Tyr495Phe) and [Fe(CNF* (a, wild-type; O, 5.0) x 102 M azide added{A—), | = 0.100 M. The inset shows the

Tyr495Phe). dependence of the first-order rate constapt on [Fe(CN}]®~ in the
presence of azide at pH 5.9H); 6.98 @), 7.97 @).

dependences on pH, from which a single prot&n pf 8.0 (av)
is obtained, indicating a common process. The sakid’p.9)
is obtained from UV~vis spectrophotometric studies on GOa-
saeemi NO pH effects are observed with the Tyr495Phe variant,
and protonation is therefore assigned to the axial Tyr-495.
Crystallographic distances reported for the axidl-€0 (Tyr-
495) bond of 2.60 A (O form)8 2.70 A (acetate® and 2.95
A (azide)? indicate long bonds appropriate to the square
pyramidal structure. It is not clear whether in these structures
the Tyr-495 is protonated. The rate constants obtained with
low charged [Co(dipig]J~ as oxidant, Figure 4, indicate
contributions to the reaction from badkh (protonated GOasg.)
andko (unprotonated GOagg) with aku/ko ratio of 3.2, Table
1. With the two 3— oxidants the corresponding ratios are
5.0 70 9.0 [Fe(C?N)a]3* (27) and [W(CN)i]3* (15), but with [Co_(pherz;]3+
H a ratio ko/ky of 123 is obtained, andy makes little or no
P contribution. The variations in rate constants with pH indicate
Figure 7. Variation of second-order rate constahis (25 °C) with an extreme sensitivity to oxidant charge. With anionic oxidants
pH for the [Fe(CN)J*" oxidation of GOasgni (®) and the effect of 1o GOasg, benefits from protonation at Tyr-495, and with
gu%igé?ﬁe'\é')Oiﬁe;ﬁt?o‘@éiiln tﬁélgr%ye'nzgeo}"é_eé?Tﬁ’gig{f@fme the cationic oxidant the opposite holds. The high sensitivity
0.400 M (NaQCCHy). of reactions to protonation at the axial Tyr-495 is consistent
with its close proximity cis to the substrate binding site.
Effect of Acetate and Azide on the [Fe(CNgJ*~ Oxidation Rate constants have also been determined with pH for the
of GOaseemi Similar behavior is observed in both cases, [Fe(CN)]4~ and [Co(phenj?' reductions of GOagg when
acetate 80 mM) and azide (1.52.0 mM), with little or no the Tyr-495 K, is 6.715 Here the sensitivity of reactions is
effect at high pH, and approaching a switch-off in reactivity at not as extreme, and an additional pH effect appears to contribute
low pH, Figures 7 and 8. Rate constants were also determinedgt pH <6.5, Figure 5. From the ratio of rate constants for the
at the higher ionic strength of 0.40 M (with acetate to 0.37 M) redox reactions with [Fe(CNJf~/4~ and [Co(phenj3+2*, the
to give more extensive complexing at the substrate binding site, reduction potentialE®') for the GOasg/GOaseemicouple has
inset to Figure 7. With CECO,™ coordinated instead of 40, been determined, Figure 6. The redox change involves forma-
reaction with [Fe(CNg*~ is less favorable. This effect is  tion of the radical at Tyr-272. Th&® varies from 0.380 V
dominant over any advantage resulting from protonation at Tyr- (pH 8.5), to 0.500 V (pH 5.5), and at pH 7.5 it is 0.400 V.
495. No effect of acetate (0.08 M) is observed with [Co- There is good agreement with previoE® values determined
(phen}]®" as oxidant for GOaseniat pH 5.8, 7.2, and 8.8. Acid  py thin layer electrochemisti?, but in the latter study the
dissociation [, values for CHCO,H (4.55F%and HN; (4.44* reaction was incorrectly assigned as a'/@Qu change. The
suggest that protonation of coordinated acetate or azide is60 mV/pH unit variatio®? arises from the Tyr-495Ky, values
unlikely. for GOaseemi (8.0) and GOasg (6.7). In the case of the
Tyr495Phe variant th&®' of 0.425 V is independent of pH.
Values forE®’ with pH from 0.380 to 0.500 V are small bearing
Rate constants for the oxidation of GOasgwith [Fe(CN)]*, in mind the magnitude d&®’ for other tyrosyl radical systems.
[Co(phen)]3t, [W(CN)g]®~, and [Co(dipic)] ~ as oxidants show  Thus reduction potentials for the T§FyrH couple in a

®

10° ke /M's

Discussion

(30) Kolat, R. S.; Powell, J. Hnorg. Chem 1962 1, 293. (32) Johnson, J. M.; Halsall, H. B.; Heineman, W.Btochemistry1985
(31) Bergman, S. G.; Cotton, F. Anorg. Chem 1966 5, 1208. 24, 1579.
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Table 2. A Summary of Self-Exchange Rate ConstaktgM ! s™*
(25 °C) and Reduction Potenti@d® (V) for Redox Couples Used in
These Studiés

reagent E” (V) ki/M st kM is? ref
[Fe(CNX*~ 0410 26x10" 2.0x1C 36,37
[Co(phem]**2+ 0370 12 35<10° 26
[W(CN)g]*##~ 0540  4x 10 30x 100 27
[Co(dipic)y] >~ 0.362 1x 105 40 this work

2 The rate constants, were those determined at pH 7.5, see Figures
3—6.°1In ref 28 a value 400 mV is used.

nonprotein environment are substantially larger (6384 V)33

Inorganic Chemistry, Vol. 36, No. 20, 1994525

Cu'—0 (H,0), 2.80 & is considerably shortened to 2.30 A
(acetate$?and is 2.45 A for the Cl-N (azide)!© The crystals

with acetate incorporated were grown at pH4.5? and those

with azide by soaking the latter in azide at pH ORate
constants obtained with [Fe(C§8~ as oxidant for GOaggni

in the presence 0f0.080 M acetate at pH 7.5 are close to
those obtained in the absence of acetate, suggesting that anionic
CHsCO;,™ has difficulty in binding to the Cu. A similar situation
applies also with azide~2.0 x 10°3 M), for which more
detailed studies have been carriedufit the lower pH’s CH-

CO:H and HN; (by analogy with substrate RGBH) are able

to access the active site and coordinate more extensively in place

and in the case of ribonucleotide reductase the most recentof H,O. However, on coordination, acid dissociation to

estimate is~1.0 V34 The value for GOase is the smallest so
far obtained for a tyrosyl radical and is accounted for by the
coordination of the phenolate of Tyr-272, as well as additional
structural features including the bonding of the S of Cys-228
at the ortho position of the phenolate, and the overlaying of
this bond by the indole ring of Trp-290. Variant GOase forms
in which Cys-228 is remove#,and Trp-290 replace®,exhibit
decreased reactivity which can be explained by laEjevalues.
Electron self-exchange (ese) rate constakit§ &nd reduction
potentials E®') for the inorganic couples used in these studies
are listed in Table 26-28.36.37 The [Co(dipic}]~ reaction is
slow because of the low driving force and small. Whether
a single ese rate constat4) can be obtained for galactose
oxidase has been examined briefly. Rate constdmsdt pH
7.5 are listed in Table 2. Using the Marcus equation g83J,
ese rate constantif) for the GOasg/GOase:miexchange were
calculated, wher&;, is the thermodynamic driving force (Table
2), and the constaritis assumed to be unity for reactions of
small driving force as in the present case. With the cyano
ki, = (k11k22K12f)1/2 (13)
complexes as oxidantg,/M~1 s71 values are~1(?, but with
[Co(phen))®™ and [Co(dipic)]~ these are~10° and ~1CF,
indicating the need for other factors to be taken into acc&unt.
From the structure coordinafethe closest possible approach
of the two exchanging phenolate Tyr-272 O atoms is similar to
that of the two Cu atoms and is16 A.

CH3CO,~ and Ny~ occurs, and the charge (and size), ciOH

are not as conducive to reaction with [Fe(GNR). The
inhibitory effect and eventual close to switch-off behavior
observed with [Fe(CN)3~ at low pH is surprising in view of
the essentially nil effect observed with [Co(phgf). As a
possible explanation, inner-sphere binding of [Fe(§N)to

the Cu has been considered. However, contrary to earlier
reportst we find no UV—vis spectrophotometric evidence for
interaction of [Fe(CNyJ®~ (2.4 mM) with GOasg; (8 uM).
Moreover, in crystallographic studies carried out on crystals of
GOase soaked in 100 mM [Fe(CG#¥ 2 no change in the active
site structure was observed.

To summarize, studies on the redox interconversion of
GOase:m and GOasg with inorganic complexes are able to
target the formation and decay of the tyrosyl radical at Tyr-
272. TheE® for the one-equivalent GOas&sOasg:micouple
of 400 mV (pH 7.5) is small for a process involving tyrosyl
radical formation and is independent of the inorganic redox
couple used. Rate constants for the oxidation of GQasme
sensitive to the charge on the oxidant as well as pH, the latter
stemming from the protonation of Tyr-495Kp 7.9). The
smaller K, in the case of GOasg(pKa 6.7)'°is in accordance
with the higher positive charge of the active site. With
[Fe(CN)]*~ and [Co(pheng?" as reductants for GOase
protonation effects are also observed. With negatively charged
acetate or azide at the&1 site of GOasgnm, the reactivity with
[Fe(CN)]3~ decreases.
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