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Thermodynamic and kinetic studies on the ¥ NCS-, N3~, and CHCO,~ replacement of 1D/OH™ at the Cll
exogenous site of the tyrosyl-radical-containing enzyme galactose oxidase (G@aseFusarium(NRR 2903),
have been studied by methods involving bwis spectrophotometry (25C), pH range 5.58.7,1 = 0.100 M
(NaCl). In the case of N and CHCO,~ previous X-ray structures have confirmed coordination at the exogenous
H,O/OH™ site. From the effect of pH on the UWis spectrum of GOaggunder buffer-free conditions, acid
dissociation constants of 5.7Kp; coordinated HO) and 7.0 (K25 HTTyr-495) have been determined. At pH
7.0 formation constantk(25 °C)/M~1 are NCS (480), N~ (1.98 x 10%, and CHCO,~ (104), and from the
variations inK with pH the same twolg, values are seen to apply. N&p is observed when Xis coordinated.
From equilibration stopped-flow studies rate constants at pH 7.0 for the formation rela(@6AC)/M~1 s~1 are
NCS™ (1.13x 10% and Ny~ (5.2 x 10°). BothK andk: decrease with increasing pH, consistent with the electrostatic
effect of replacing HO by OH". In the case of the GOaseTyr495Phe variant iy, is again 5.7, but noky, is
observed, confirming the latter as acid dissociation of protonated Tyr-495. At pH Tdd,the reaction of four-
coordinate GOasgTyr495Phe with NCS (1.02 x 10PM 1) is more favorable than the value for GOgs&ffects

of H*Tyr-495 deprotonation oK are smaller than those for the;®/OH~ change. The I, for GOasgem; is

very similar (5.6) to that for GOase(both at Cl), but pKza is 8.0. At pH 7.0 values oK for GOasemi are
NCS (270 M%), N3~ (4.9 x 10°), and CHCO,™ (107).

Galactose oxidase (GOase; EC 1.1.3.9) is a single Cu- Tyr-d95
containing two-equivalent oxidase (MW 68.5 kDa; 639 amino
acids)>2 which in the active state uses Cand a coordinated His496 His-581
tyrosyl radical (Tyt) as redox-active componerits® The two- NGO
equivalent oxidase activity with primary alcohols R&MH can 4 NS
be expressed as in (1), and three GOase oxidation states defined X Tyr-272
was incorporated at the Xsite at pH 4.5. Crystals obtained
RCH,OH + O, ~ RCHO+ H,0, (1) from Pipes buffer at pH 7.0 have = H,O or OH",” and the

_ _ structure with X = N3~ has also been determinédzrom
as in (2). X-ray crystal structures at resolutions down to 1.7 A EXAFS data it has been concluded that there is no significant
change in the active site structure of GQasmd GOasgm;®

Cu”—Tyr'i‘ Cu"—Tyri‘ Cu—Tyr 2) In the catalytic cycle two-electron reduction of GOgseith
GOasg, ¢ GOase,, ° GOasgy RCH,OH is followed by the reaction with £ (3) and (4).
k.
have demonstrated that the 'Cuas a square-pyramidal geom- RCH,OH + GOaSQX—l’ RCHO+ GOasgH, (3)
etry, with the radical forming Tyr-272, His-496, His-581, and ‘
the exogenous ligand"Xgiving a square-planar geometry, and GOasg H, + O, = GOasg, + H,0, (4)

Tyr-495 as the axial ligant-8 In the first structure acetate buffer

The reaction sequence is referred to as a “ping-pong”
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and is accessed via a channel. Reactions are stereoselective witlvere stored~1 day at 4°C to avoid microbial growth. The pH of
respect to RCHOH, and whereas reaction witlrgalactose is solutions was checked using a Russell CWR-322 glass electrode and

observed, there is no reaction witiyalactosé2 From stopped- ~ Radiometer PHM62 m. _ _ _ _
flow studies with five substrates, differekt values (1.12.9) None of the experiments with sodium acetate (Sigma Chemicals)
% 10* M1 s 1 at pH 7.0, and a singl value of 1.01x 107 were in the pH range where acetate functions as a buffer. Experiments

1l . with sodium hydrogen phosphates were included as a check on
M~1s1 independent of pH 5:59.0, have been determinéd. interactions with the GOase active site?® Experiments with NCS,

Saturation kinetics for (3) have been studied witgalactose - and CHCO,~ in which 10 mM phosphate was used as buffer

andp-raffinose when MichaelisMenten kinetics giveKy = were repeated using Mes or lutidine at 10 mM. At this level the
0.15 (and 0.07)/Mkear = 5500 (and 4200) s at pH 7.0, with agreement ofK values was satisfactory and within 5% of values
p-raffinose values in parenthesgsvalues of 1Ky give small obtained using phosphate buffer. It was also possible to exchange 50

substrateKying Values (corresponding t€ in the present work) mM phosphate by 50 mM lutidine buffer at pH 7.5 with good agreement
of 6.7 (14.3) M'%, respectively, consistent with GOase function- (~2%). However, effects of phosphate on rate constants for the
ing as an extracellular enzyme. In vivo it has been Suggestedautoreductlon of GOasggto GOase:miare observed as will be reported

. . 7
that GOase reacts with the primary alcohol group of carbohy- elsewheré!

TR, Preparation of Enzyme Solutions. Combined GOasg and
drates a_nd plays Spme part in lignin degradatfofite release GOasesmiconcentrations were determined from the UV absorbance at
of H,O; is also believed to be relevalt.

. . L . 280nm g =1.05x 10° M~* cm),}” and the amount of catalytically
In the present paper active site substitution is modeled using competent Cu-containing protein was determined from the absorbance

X~ =NCS", Ng7, and CHCO,™ as nonredox active reagents,  at 450 nm ¢ = 8600 M- cm %) for GOasey at pH 7.0. Newly prepared
(5). ThermodynamicK) and kinetic k andky) parameters are  protein gave a Cu content 6f90% as determined by the biquinoline
colorimetric method® Stored GOase samples were a mix of GQase
GOasg, + X~ = GOasg,, X~ (5) and GOasgmi(dominant form) due to autoredox processes. To convert
the mix to GOasg or GOase.m;, an excess of f{Fe(CN)] (Sigma)

. . L. orKy[Fe(CN)]-3H,O (BDH Analar) respectively was added im-
reportgd. The pH dependenmgs help provide new n_15|ghts andmediately prior to use. Excess of reagent and product were then removed
establish further the properties of the active site. Some iy 1—2 min on a desalting P-6 DG column (Bio-Rad). Such rapid
comparisons are made with GOagg although there is no  desalting techniques allow effects of WT GOgsmutoreduction to be
evidence for this form being involved in the catalytic cycle (3) minimized?” However, loss of Cu is observed on treating with
and (4). Unlike NCS, protonated forms of azide and acetate [Fe(CN)]*"*~ (10-20% for each redox cycle depending on the
are known, with relevant acid dissociatioKqvalues 4.64 for procedure adopted and time taken), as has been observed previously
HN; at 25°C, | = 0.10 M (KCI),** and 4.58 for CHCO,H at for the Tyr495Phe variarit Alternative redox reagents, e.g., [Co(terby)

25°C, | = 0.10 M (KNO).15 (ClOy)3 as oxidant (terpy= 2,2;6’,2“_—terpyridine) or sodium ascorbate
as reductant, can be used to avoid such effects.
Methods and Materials To prepare reactant soll_Jtions, typigad 2 _mLenzyme sample (35
. . . mg/mL) was dialyzed against the appropriate buffer (10 mM»f&6
Isolation of Enzyme.GOase from the fungal souréeisarium(strain h at 4°C with ionic strength adjusted o= 0.100 M using NaCl. The
NRRL 2903}%'” was obtained using aAspergillus nidulangstrain dialysis solution was changed three times. Protein instability was

G191/pGOF101) expression system by a procedure already destrBed.  observed at pH<5.5. All studies described were in air.
The Tyr495Phe variant was obtained from a similar expression system. Titration Procedures for the Determination of K. Thiocyanate
Final purification was achieved using phosphocellulose column chro- selutions (up to 0.100 M) were prepared from NS~ (Fluka).

matography and confirmed by FPLC analysis. Equilibrium constants K/Mt for (6) were determined at 254 0.1
Buffers. The following buffers were obtained from Sigma Chemicals

or as stated: 2N-morpholino)ethanesulfonic acid (MesKp= 6.1, - K -

pH 5.5-6.7); sodium hydrogen phosphateK{p= 6.68 average for GOasg, + NCS == GOasg,NCS (6)
H,PQ,~,?? pH 5.5-8.2); 2,6-dimethylpyridine, Fluka, (lutidinekp 6.75,

pH 5.7-8.0); 2-(N-cyclohexylamino)ethanesulfonic acid (Chek,p.3, °C by titration of NCS from a Gilson micropipet into GOageBuffer

pH 8.6-10.0). All buffer solutions were prepared on the day of use or levels were 10 mM, and the ionic strength was retained at
0.100(1) M (NacCl), except as stated. HVis absorbance changes were
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(14) Athanansiou-Malaki, E.; Kouparis, M. A:alanta1989 36, 431. = + ©)
(15) Sigel, H.; Malini-Balakrishnan, R.; Haring, U. K. Am. Chem. Soc Abs™ Ao K(A, —AJINCST As—A

1985 107, 5137.

16) Amaral, D.; Kelley-Falcoz, F.; Horecker, B. Methods Enzymol 96 . . .
(16) 9, 87. y v é final (A.), and monitored A.p9 absorbance values. Corrections of

(17) Tressel, P.; Kosman, D. Anal. Biochem198Q 105 150. concentrations for dilution effects were made. Plots/A,{— Ao)™*
(18) Baron, A. J.; Stevens, C.; Wilmot, C.; Seneviratne, K. D.; Blakeley, against [NCS]~*were linear. From the ratio of intercept/slope values
V.; Dooley, D. M.; Phillips, S. E. V.; Knowles, P. F.; McPherson, M. of K were evaluated. Good agreementivalues (variations<6%) at

J.J. Biol. Chem 1994 269, 25095. f : .
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M. J.; Sykes, A. GJ. Biol. Inorg. Chem1997, 2, 702. (23) Whittaker, M. M.; Ballon, D. P.; Whittaker, J. VBiochemistryL99§
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restricted by the instability of the protein at pkb.5. No effects on
UV —vis spectra were observed on replacing 0.100 M levels of CI 124
with ClO,™.

Procedure for Kinetic Studies. The reactions of GOagewvith NCS~
and N;~ were studied under the same conditions as for the determination
of K. With GOasemiand GOasg Tyr495Phe absorbance changes were
too fast/too small for the reaction to be monitored. An Applied
Photophysics SX-17MV stopped-flow reaction analyzer (dead time 1.2
1.5 ms) was used to monitor equilibration reactions with NG&5
nm) and N~ (450 nm), present i~ 10-fold excess of GOase. Rate
constants were obtained using SX-17MV software. Equilibration rate
constantsk) are an average of at least five traces for each run. pH-
jump mixing was used at the lower pH’s.

Electrospray Mass Spectrometry. The molecular weight (MW) of
wild-type GOase used in these studies has not previously been checked.
To do this, all traces of buffer were removed using a desalting column
as above. Acetic acid (1%) was added immediately prior to introduction
into a Micromass Autospec M spectrometer. The mobile phase was
aqueous acetonitrile (60%), and cesium iodide was used as calibrant.
A high nozzle skimmer cone voltage of 96.2 mV was required for
detection. Mass spectra were obtained in the positive-ion mode, and
analyzed using Micromass Opus software to give a mean MW of
68 653.6 Da, standard deviation 2.26. From X-ray crystallography the
MW is reported as 68.5 kD&’

Glassware. Standard cleaning procedures were employed using
concentrated nitric acid followed by extensive rinsing with single-
distilled water, further purified by deionizing on a Sanyo Fistreem
column. Glassware cleaned by alternative procedures, including hexane
followed by hot concentrated nitric aciéigave identical results.

Treatment of Data. Computer fits, with parameters as indicated in PH4.0 T
the Results section, were used to draw the curved lines in Figures 5, 6,

O T T T
7,10, and 11. 400 600 800

Results A/ nm

UV —Vis Determination of pK, Values. Solutions of GOa- Figuore 1. Effect of increasing pH from_4.0 to 9.1 on UWis spectra
s@y (~15uM) in 10 mM buffer were desalted, the unbuffered (25 °C) for WT GOasg (~10 uM) with no buffer present. Two
solution first adjusted to pH 4 by addition of 0.100 M HCl, Separate FI’H ranges A angl 1%05‘{\7 |'r\1‘d|é?ted definifg.@nd Kza
and then titrated with 0.100 M NaOH (Gilson micropipet) to respectively (see inse9)= 0. (Nac).

pH 9.1,1 = 0.100 M (NaCl). Absorbance changes were rapid, =
'TA-—A'/W;"/“/‘

and it was possible to complete titrations within 20 min. Checks 5.04
A 850nm

were carried out to ensure that no denaturation had occurred.
Thus at the end of each titration the pH was adjusted to the

5 75 10
pH

8-.—-—-—-“4’;—;‘.“:

10 3%/M'em™’

pH 65

10°:/M "cm™"

w
=}

starting pH and the absorbance checked. For GQasell-
defined isosbestic points at 466 and 549 nm were observed for
the pH range 4.66.5, and from the absorbance changes at a
fixed wavelength K1,= 5.7(1), Figure 1A. Absorbance changes
at higher pH’s (6.59.1) gave no isosbestic points andp=
7.0(2), Figure 1B. Similar procedures were adopted for GOa-
s&emiand gave K1 = 5.6(2) and K23 = 8.0(2), Figure 2. No
pKia Was observed for GOagewith NCS™ (0.4M) or Ns~ “’\\(
(5mM), when>98% anion coordination at the exogenous site A e
is observed (see three sections below). For the variant GQase
Tyr495Phe, Ki1a = 5.7(1), but no Kz, was observed.

Reactions of GOasg with NCS~. UV—vis absorbance 0.01— .
changes on titrating GOasavith NCS™ are illustrated in Figure 400 600 800
3. At pH 7.5 isosbestic points were observed at 390, 506, and
549 nm. From linear plots ofps — Ag) "t vs [NCS]74, eq 6, A/ nm
the ratio of intercept/slope gives equilibrium constaKtst Figure 2. Effect of increasing pH from 3.9 to 9.4 on the UVis
different pH's (Table S1 of the Supporting Information). At pH absorbance spectrum of WT GOagg(~30.M) with no buffer present
7.0,K = 0.49(2) x 10°* M1, with standard deviations-{@%) at 25°C, | = 0.100 M (NaCl). Two pH ranges are apparent defining
typical of individual determinations. PKia and oo

Stopped-flow studies with NCSin >10-fold excess gave  yijth (9), Figure 4, and givé (slope) andk, (intercept) values.
equilibration rate constantis, Forward and back rate constants

10%c/M 'em™!
[4,]

o

pH 9.4

N
(6, ]
1

10 %¢/M 'em ™

$

pH 4.4

are as defined in (8). Linear plots k,vs [NCS'] are consistent keq= KINCS] + Kk, (9)
- - Variations ink; andk, (inset) with pH are illustrated in Figure
GOasg, + NCS T GOasgNCS 8) 5, and values are listed in Table S2 of the Supporting
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D

107°%/Mem™

600 800

Alnm
Figure 3. UV-—vis spectra (25°C) for the titration of NCS
(microsyringe) with WT GOasg at pH 7.5, = 0.100 M (NacCl).
Equilibration is rapid on addition of each aliquot of NCS

400

200+

0 :
0 10
10° [NCS]/M

Figure 4. Dependence of equilibration rate constakig25 °C) on
[NCS™] for the stopped-flow reaction of NCSwith WT GOase at
pH 5.5 @); 6.5 @); 7.9 (a); | = 0.100 M (NaCl).
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Figure 6. Variation of equilibration constant§(25 °C) with pH, | =
0.100 M (NaCl), for the reaction of NCSwvith WT GOase from (a)

UV —vis titrations as in Figure 3&) and (b) kinetic studiesX). Both
pKia and Kz, are influential. The inset shows an enlarged version of
the region which definesky..

6- 3.0
e =

_ S15
s °
< 3 A 00
o 6 8
o o+ pH
) Kv«;.,\%

0- . ..f‘@i.ﬁr\.
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pH

Figure 7. Comparison of equilibrium constant§(25 °C) for the
reaction of WT GOasg (@, O) as in Figure 6, and WT GOaggi(+)
with NCS-, | = 0.100 M (NaCl). The inset shows the variation of
equilibrium constants K for the corresponding reaction of GQase
Tyr495Phe M) with NCS™. Only pKi, is observed in the latter case.

25 Scheme 1
31 z H* Tyra95 H* Tyr495
Ne K/NCS™

Yo | §/C4‘\ kéb Ne=zo ks

' ~

= 3 H,0-----0 sb--2o

x“- /]

B 1 PKyg +H”[—H+

0 H* Tyrdgs H Tyra95
5 6 7 8 NCS
pH N\CI"N\, — N uf..“i\
Figure 5. Variation of formation and back rate constaritsand k, l-\lo/‘ ----0 SC;N{' ----0
(25°C), respectively, with pH for the reaction of NC®ith GOaseg,
| = 0.100 M (NaCl). 4
PKag +H*|}-H*

Information. In the case d§ both K1, and K, are seen to be
influential. The variation ofk, with pH is attributed to the Tyrdgs Tyr495
process Kz (there is no coordinated 4@, and therefore no
pKig). Values of K (=ki/ky) alongside those from UWvis Ne<Z-F: Nes? Nez 2 - N
titrations are also shown in Table S1, and the pH dependence N /CU" s ~ Ny LN
of all K values is illustrated in Figures 6 and 7. Scheme 1 HO™ =~~~ o SCN~ "~~~ ©

summarizes these different reactions. At pH Kdpr kinetic
studies is 0.47(5x 10° M1, in excellent agreement with the
value (0.49x 10° M~1) from titration procedures. The higher
standard deviations faK values from kinetic studies (in this
study ~10%) are due to the small intercefdsin (9). From

these variationslf, is 5.8(3) and K24 is 7.0(2) in agreement
with the spectrophotometric values of 5.7 and 7.0.

UV —vis absorbance changes for titration of the GQase
Tyr495Phe variant with NCSwere carried out, an{ values
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10%¢/M'em™

400 600 800
A/ nm

Figure 8. UV—vis spectra (25C) for the titration of N~ (micro-
syringe) to a solution of WT GOagg~18 uM) at pH 7.5,1 = 0.100
M (NaCl). Equilibration is rapid on addition of each aliquot of N

200-
‘Tm
+° 100
0 100 200
10°IN,;1/M

Figure 9. Dependence of equilibration rate constakig25 °C) on
[N37] for the stopped-flow reaction of N with WT GOase at pH
6.0@),70@), 7.9 (&), | =0.100 M (NaCl).

obtained, Table S1. The variation Kfwith pH gives K15 <

Wright et al.

8
s
X 44
¥
=
0 r T T
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pH

Figure 10. Variation of equilibration constants§(25 °C) with pH, |
= 0.100 M (NacCl), for the reaction of N with WT GOase, from (a)
UV-—uvis titrations @) and (b) kinetic studiesd). Two pKJ's are
indicated. The region which define&g is shown enlarged in the inset.
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Figure 11. Determination ofK(25 °C) from UV—vis spectrophoto-

metric changes on titration of GOage(~10 uM) with acetate

(microsyringe) at pH= 7.5,1 = 0.100 M (NacCl). Inset shows the
variation of K with pH.

at pH 7.0. The pH variations & from both UV—vis and kinetic
measurements are illustrated in Figure 10. IndividGaialues
are ~40 times greater for it than NCS, Table S4 of the

6.0 in keeping with the spectrophotometric value of 5.7, assigned Supporting Information. From the variationskwith pH, pKia

as acid dissociation of coordinated®t see the inset to Figure
7. No variations corresponding t&p, were observed. On this

< 6 and Kya = 7.2(2).
Effect of Coordinated NCS™ and N3~ on pKz, for GOaseyy.

and other evidenc¥,pK,, can be assigned as acid dissociation From K(25 °C) values for the coordination of NCSand Ny~

of Tyr495H". The axial Ci—O (Tyr-495) bond of wild-type
GOasgy is long due to a JahnTeller distortion®~8 Substantial
catalytic activity of GOasg is retained at pH 5.5 when
protonation of Tyr-495 is approaching completidi! Since
GOasegx Tyrd95Phe does not exhibit catalytic activity, this

suggests that protonation of Tyr-495 does not result in its

dissociation from the Cu

Reaction of GOasgy with N3~. From X-ray crystallography
N3~ is known to coordinate asXat the substrate binding site.
It has been demonstrated thagNand the dihydroxyacetone
substrate bind at the same dite&lV —vis absorbance changes
are illustrated in Figure 8 for the titration of GOgg@ith N3~.

to GOasg,, Figures 6 and 10, it was calculated that 0.4 M NCS
or 5 mM N;~ gives >98% anion binding at the D site on
Cu' at all pH's relevant to this section. GOgassolutions at
pH 5.76 and 8.05 were prepared, and the anion concentration
was adjusted to the required levels. On changing the pH from
5.76 to 8.05 or vice versa, no change in Y¥s absorption
corresponding to reequilibration was observed. Therefote H
is not able to leave or access the Tyr-495 site when one or the
other of the anions is in place.

Reaction of GOasgy with CH 3CO,~. From X-ray crystal-
lography acetate is also known to coordinate at the substrate
binding site X The pH range 5.68.0 studied was outside the

At pH 7.0 isosbestic points are observed at 411, 483, and 650buffering range for acetate. In this range the acetate anion is

nm, and using the same procedure as for NGS= 1.92(4)
x 10* M~1, where the standard deviation 42%. Stopped-
flow studies with N~ in >10-fold excess gave equilibrium rate
constantskeq From the graphical treatment, Figurekp(slope)

present. From UVvis scan spectra with increasing acetate there
are no isosbestic points, Figure 11. Valueoivere obtained
from absorbance changes at a fixed wavelength, and from the
variations with pH, Table S4 of the Supporting Information,

andky, (intercept) values were obtained at pH 6.00, 7.00, and pKi, = 5.8(1) and K24 = 6.9(2). At pH 7.0 a value oK(25
7.92, and are listed in Table S3 of the Supporting Information. °C) = 104(4) M~1 was obtained, indicating standard deviations

At pH 7.0, the kinetidk (=k/ky) is 2.04(3)x 10* M~1, in good
agreement with the titration value. Whikgis 45 times bigger
than that for the NCSreaction ky is very similar (6% bigger)

of ~4%.
Reaction of GOasgmi with NCS~. The same UW-vis
spectrophotometric procedures were used to deteriiffier
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Figure 12. UV —vis spectrophotometric changes for the titration of
N3~ with GOase:mi(82uM) to determine the equilibrium constafg25

°C) at pH 7.56. Initial and final spectra only are shown for clarity. The
variation of K with pH is also shown (inset).

GOaseen at different pH’s. At pH 7.0 an isosbestic point at
395 nm was observed, and at pH #0= 2.7(1) x 1 M1,
Values ofK are included in Table S1, and in Figure 7 alongside
those for GOasg. Differences irK for GOasg, and GOas&nmi

are small, indicating a controlling influence of the'Gn each
case. On pH titration of GOagg, (no buffer present), acid
dissociation constants ar&Kp, = 5.6(2), and K., = 8.0(2),
Figure 2. The response &¢f to pKia is clearly illustrated in
Figure 7. The response tKp, is less well defined, possibly
because absorbance changes are small in the pH range 6.8
8.0. Stopped-flow kinetic studies were attempted, but proved
too fast for the small absorbance changes.

Reaction of GOase.mi with N3~. The same procedure as
above was used to determiieat different pH’'s. At pH 7.56
two isosbestic points are observed, Figure 12. Valuds afe
included in Table S5 of the Supporting Information. At pH 7.0,
K = 0.50(2) x 10* M~1. The variation ofK with pH is shown
in the inset to Figure 12, which define&p, < 6 and [Kza =
8.1(1). Both [Ky's are in accordance with values determined
by UV—vis spectrophotometry, Figure 2. The value &&pis
ascribed to protonation of the axial Tyr-495 ligand. Stopped-
flow rate constants could not be determined.

Discussion

In this work it has been demonstrated from Ywis spec-
trophotometry that the GOageand GOasgnactive sites have
two acid dissociation constants;, and Ky, Distinguishing
features in the case of GOggare the retention of two isosbestic
points in UV—vis spectra at pH 4:16.5, which help define
the acid dissociation constafi, (hence [K15). Over the second
part of the pH range 6:59.1 no isosbestic points are observed,
and the pH changes defineKp, The [Kia process is not
observed when Xis present, and is assigned as acid dissociation
of the coordinated kD, (10). No K24 value is evident for the

I Ka A +
Cu'—OH,==Cu'-OH™ +H (10)

Tyr494Phe variant, andi, is assigned to HTyr-495, (11).

Il g+ _K_Zi I +
Cu —H Tyr495== Cu —Tyr495+ H (11)

Noninteracting buffers, i.e., Mes, lutidine, and CHasgere used,
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Figure 13. Summary of different reactions occurring at the GQase
and GOasgn active sites.

Table 1. Acid Dissociation Constants (2%°) for GOasgx and
GOase:my Where K12 Is Assigned to the Coordinated,® and
pKaza to H Tyr-495

protein procedure Kra pKza
WT GOasey UV —vis? 5.7(1) 7.0(2)
UV —vis 6.7(2y
K(NCS") 5.8(1) 7.0(2)
K(N3) <6.0 7.0(1)
K(CHsCO2") 58(1)  6.9(2)
Tyr495Phe GOasg UV —vis® <6.0
K(NCS") <6.0
WT GOaseumi UV —vis 58(1) 8.1(2)
UV —vis® 7.9(2)
K(NCS) 5.8(1)
K(N3) <6.0 8.1(1)
K(CHsCOz") 57(1)  7.9()
redox kinetics 8.0(2y
Trp290His GOasgmi UV —vis® 6.9(3)

2 The procedures referred to are BVis buffer-free pH titrations,
conventional pH titrations with buffers present, the variations of
formation constant& with pH for NCS", N3~, CH;CO,~, and rate
constant redox studies with pH, = 0.100 M (NaCl). Standard
deviations are indicated in parentheseBuffer-free titrations pH
variations in the presence of buffers, studies carried out prioKi@ p
assignment? Reference 19 Average of values in range 7$.1.
fReference 20.

Table 2. Summary of Equilibrium Constants and Rate Constant
k; andk, Data (25°C) for the Reactions of NCS, N;—, and
CHsCO,— with Different GOase Forms at pH 7.0= 0.100 M
(NaCly

reaction

WT GOaseg + NCS~
WT GOasex + N3~

KM~ kiM~1s1 ko/s7t

0.47(5)x 10° 1.13(4)x 10* 24(2)
2.04(3)x 10* 5.20(2)x 10° 25.5(3)

WT GOase, + CH:CO,~  104(4)
Tyr495Phe GOasg+ NCS™ 1.0x 10° b b
WT GOasg.mi+ NCS™ 0.27(1)x 16* b b
WT GOase.mi+ N3~ 5.02)x 1 b b
WT GOase.mi+ CHCO,~  107(5)

a Standard deviations are indicated in parentheSgast process with
small absorbance changes.

that K1, occurs, (10), and is followed by anion displacement
of OH~ with concomitant H uptake.

UV —vis spectrophotometric changes are observed for the
complexing of X’ = NCS-, N3~, and CHCO,™ to GOasey,
and formation constants have been determined. From X-ray
crystal structures it and CHCO,~ are known to complex at
the CU' substrate binding sit&;? and with NCS the corre-
sponding reaction is assumed to occur. The various reactions
are summarized in Figure 13. As the pH is varied, bdthp
and Ko are seen to influenck and provide a further means
of determining the K4's. Table 1 provides a summary oKp,

and with phosphate amounts were kept at low levels. Previously and g,,for GOasg, and GOasgmifrom different procedures,

the reported uptake of 1 equiv oftHon binding NCS and
N3~ to GOasegy, and Ny~ to GOase:m;, was explained by an
accompanying protonation of Tyr-495However, at pH>6.0

(a pH of 8.0 was used in ref 24) an alternative explanation is

and Table 2 provides a summary Kfvalues for different X
ligands. The scheme for GOaget NCS™ applies also to
GOase.miand for all three anions. Whereds$;pcan be regarded
as identical for GOasgg(5.7) and GOaseni(5.6), which is not
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unreasonable since €is present in both casesKpg, shows a
significant shift from 7.0 to 8.0. This indicates an influence of

Wright et al.

give >98% complexing at the Cluactive site over selected pH
ranges. On changing the pH of such solutions from 5.76 to 8.05

Tyr-272 (and whether it is present as a radical) on the extent of (and vice versa), negligible change in the bWs spectrum

protonation of Tyr-495. Such an observation is in keeping with
the ~800 nm absorbance of GOggewhich has been assigned
as an interligand Tyr-495> Tyr-272 (radical) charge-transfer
band?

Values ofK/IM~1 at pH 7.0 for NCS (480), Ns~ (1.98 x
10%, and CHCO,~ (104) indicate a 40-fold more effective
reaction of N~ as compared to NCS From literature stability
constant data for hexaaqua'Gthere is no clear indication that
formation constants for reactions withyNare more favorable
than those for NCS3° The decreased affinity of NCSor the
Cu' of GOase is possibly due to the greater difficulty NCS
(with its bigger S-atom) has in accessing the active site via the
~8 A channel. The carboxylate of GHO,™ is also bulkier
and has less affinity for Cuat the active site. The 200-fold
bigger K for the GOasg Tyr495Phe reaction with NCSat

was observed, indicating that~Xblocks protons leaving or
accessing the Tyr-495 site.

The enzyme mechanism requires updating in the light of these
new findings, in particular the unusually smaKgpobserved
for the acid dissociation of the exogenougtH A key part of
the mechanism of the 2-equiv reduction of primary alcohols
RCH,OH /103334 js the initial interaction of GOasg with
substrate, when bottpa and fKza are able to exert an influence.
Stage 1 involves the coordination of R@PH, possibly as
RCH,O~ (depending on theKy)3:32to the CU. If Tyr-495 is
not protonated, some proton transfer from ROH may occur.
In other words a total of zero, one, or two protons can be
attached at the Tyr-495 and R@bt sites depending on the
pH at the outset. Stage 2 involves H-atom transfer from the
substrate Chito the coordinated (unprotonated) Tyr-272 radical

pH 7.0 is attributed to the smaller coordination number of 4 and further transfer of an electron to the'GéIsotopic labeling
instead of 5 when phenylalanine is present. Crystals of the with a-galactopyranoside as substrate indicates a large isotope
Tyr495Phe variant have been produced which diffract to 2.8 effect ku/kp ~ 20), consistent with homolytic cleavage of the
A.21 The difference map as compared to the wild-type struc- methylene G-H bond and H-atom transfer to the radical at Tyr-
tureé®’ shows a slight shift in the Tyr-495 ring position, a 27225 Proton uptake by the active site prepares the way for a
compensating movement in the ring of His-495, and small shift change in Cucoordination number to 2, 3, or 4 (all of which
of Tyr-272. Values ofK/M~1 for p-galactose (6.7) and- are more acceptable than 5 for & &n).
raffinose (14.3) at pH 7.0 are smal,which can also be To summarize, agueous solution properties of Ggleaed
attributed to size and (depending on thi€;pf the alcohol GOaseem have been studied. A number of different GOase
RCH,OH group) the absence of a favorable negative charge. reactions and side reactions have been quantified. Processes
In work of Kimura and colleagueskp values of~7.4 have identified include the active site acid dissociatioKp (of
been reported for ligands with a pendar®H,OH group3!-32 coordinated HO) and Kz, (of HTyr-495), both effective in
and are a guide as to values expected for the IHH the pH range 5.59.0. Side reactions include autoredox inter-
substrates. Not surprisingh andk; for anionic species such  conversion of GOagg and GOasgm; to be addressed else-
as NCS or N3~ are both smaller on replacing the 'Gu  where?® which is effective over-4 h periods. In addition, the
coordinated HO by OH~, due to the less favorable electrostatic use of [Fe(CNg]®~ to generate GOagsg and [Fe(CNgJ*~ for
interactions. Whereas decreases further on deprotonation of GOase.m; results in the removal of Cu{10% for each cycle)
Tyr-495, in keeping with the decrease in net charge of the active with formation of an apo-GOase component. The main reactions
site, k, increases possibly due to the decreased electrostaticstudied have been the determination of 1:1 formation and rate
attraction for the coordinated anion. Rate constéyikd 1 s constants for the reactions of NCN3;~, and CHCO,~ with
at pH 7.0 for NCS (1.13 x 10% and Ny~ (5.2 x 1CP) are similar GOasgx and GOasgmi The studies provide information
to values obtained for five primary alcohol substrates, which relevant to substrate binding and processes occurring in the
are in the range (1-12.9) x 10* M~ts 1 at pH 7.5 and abov¥. GOase catalytic cycle. Coordinated anions are found to block
Values ofk, for NCS™ and Ns~ are essentially the same, which  protonation and deprotonation of Tyr-495.
in terms of a dissociative process suggests simildr-Cubond
strengths. Although GOaggihas been less extensively studied,
there are strong similarities i values to those for GOage
(Table 2), largely determined by the presence of @uboth
cases.

From knowledge ofK values it is possible to calculate
concentrations of NCS(0.4 M) or N5~ (5.0 mM) required to
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