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Abstract: The interaction of the monooxygenating type-3 copper enzyme Tyrosinase (Ty) from Streptomyces
antibioticus with its inhibitor p-nitrophenol (pnp) was studied by paramagnetic NMR methods. The pnp
binds to oxidized Ty (Tymer) and its halide (F~, CI~) bound derivatives with a dissociation constant in the
mM range. The Cu, bridging halide ion is not displaced upon the binding of pnp showing that the pnp does
not occupy the Cu, bridging position. The binding of pnp to Tyme: Or TymeCl leads to localized changes in
the type-3 (Cu—His3), coordination geometry reflecting a change in the coordination of a single His residue
that, still, remains coordinated to Cu. The binding of pnp to TymeCl causes a decrease in the Cu, magnetic
exchange parameter —2J from 200 cm™* in the absence to 150 4+ 10 cm™! in the presence of pnp. From
the *H and ?D NMR relaxation parameters of pnp bound to Tyme, a structural model of pnp coordination to
the Ty type-3 center could be derived. The model explains the absence of hydroxylase activity in the closely
related type-3 copper protein catechol oxidase. The relevance of the experimental findings toward the Ty
catalytic mechanism is discussed.

Introduction developed from an ancient ancestor that was possibly involved

Tyrosinase (Ty) catalyzes the ortho hydroxylation of monophe- in scavenging of (toxic) oxygen in a predominantly anaerobic
tmospheré.The type-3 proteins contain a binuclear copper

nolic substrates (monophenolase activity) and the subsequenfj1 ) . . X
oxidation of the diphenolic products to the quinone analogues 2Ctive Sité thatis comprised of two closely spaced copper atoms

(diphenolase activity). The reactions are rate limiting in the e_ach_coo_rdinated by 3 histidine r(_asidues. AItho_ugh the dinuqle_ar
biosynthesis of melanin pigments, that fulfill various roles in Sit¢ i highly conserved as witnessed by its characteristic
different organisma The enzyme is widely distributed through-  SPECLroscopic signatures, by sequence gggnologlesmand by the
out the phylogenetic scale and occurs in organisms ranging from@vailable crystal structures for several Ficsand CO,” the
bacteria to man. In mammals, Ty is responsible for skin and functionality of the Tys, Hcs, and COs is different. While Hes
hair pigmentation and defects in the enzyme are related to afunction as oxygen carriers and oxygen storfage proteins in
range of medical conditions such as type | human oculocuta- arthropods _and molluscs, the COs oxidize dlphenols t_o_the
neous albinisr. In fruits and mushrooms, the enzyme is corresponding quinones butllac.k the Ty hydroxylation activity.
responsible for the economically undesirable browning that The Ty type-3 §|te can e>§|st in four forms. The) feduced
occurs upon bruising or long-term storage, while in plant [CU()) Cu(l] species (Tid) b|n2ds molecular oxygen to render
products such as cocoa, raisins and green tea, the action of Ty€ ©) oxygenated [Cu(IfrOx*"—Cu(ll)] species (Tiy), in
gives rise to distinct organoleptic propertfeshe enzyme has ‘_Nh'Ch mg!ecz:ulgr OXygen IS *?0””0' to gl]e fnenter as perox_lde
further been reported to catalyze the dehalogenation of xeno-" @ #7°7° side-on bridging mode: The Ty form is
biotic fluorophenol,a reaction potentially applicable in biore-  COMPetent to react with monophenols and diphenols and is

mediation. Consequently, the enzyme poses considerable interesfharacterized by a strong Ligand to Metal Charge Transfer
from medical, agricultural, and industrial points-of-view. (LMCT) band centered around 345 nm. Upon reaction ofjTy

Ty is a member of the type-3 copper protein family, that with mono- or diphenolic substrates, tt@ ¢xidized [Cu(ll)—

further includes the hemocyanins (Hcs) and the catechol (s) van Holde, K. E.; Miller, K. 1.; Decker, HJ. Biol. Chem2001, 276 15563~

i - i 15566.
oxidases (COs). The type-3 copper proteins are thought to have (6) Cutf. M. E.: Miller, K. 1.5 van Holde, K. E.; Hendrickson, W. AL Mol

Biol. 1998 278 855-870.

T Lel_den UanQfSltY- (7) Magnus, K. A.; Hazes, B.; Ton-That, H.; Bonaventura, C.; Bonaventura,
* University of Padua. J.; Hol, W. G.Proteins1994 19, 302-309.
(1) van Gelder, C. W.; Flurkey, W. H.; Wichers, H.Bhytochemistry1997, (8) Perbandt, M.; Guthohrlein, E. W.; Rypniewski, W.; Idakieva, K.; Stoeva,
45, 1309-1323. S.; Voelter, W.; Genov, N.; Betzel, ®iochemistry2003 42, 6341-6346.
(2) Oetting, W. SPigment Cell Res200Q 13, 320-325. (9) Volbeda, A.; Hol, W. G.J. Mol. Biol. 1989 209, 249-279.
(3) Seo, S. Y.; Sharma, V. K.; Sharma, Bl. Agric. Food Chem2003 51, (10) Klabunde, T.; Eicken, C.; Sacchettini, J. C.; KrebsN&t. Struct. Biol.
2837-2853. 1998 5, 1084-1090.
(4) Battaini, G.; Monzani, E.; Casella, L.; Lonardi, E.; Tepper, A. W.; Canters, (11) Solomon, E. |.; Sundaram, U. M.; Machonkin, T.Gem. Re. 1996 96,
G. W.; Bubacco, LJ. Biol. Chem2002 277, 44606-44612. 2563-2605.
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OH~—Cu(I)] met species (Tyey is formed, which is competent
to react with diphenols only. The Fy:form is the predominant

A critical event is the binding of phenolic substrate ta,Jy
It is generally assumed that phenolate coordinates axially to

species in the absence of substrate and can bind a range obne of the copper atoms in the Ty active site but experimental

organic and inorganic ligands that yield complexes in which
the enzymatic activity is inhibitett~15 The Cu(ll) ions in native
Tymetare bridged by a hydroxide ion that can be replaced by a
halide ion (X = F~, CI, Br7),’3*and they are antiferromag-
netically coupled to yield a diamagnetic ground-state. Finally,
(d) a half-oxidized [Cu(l) OH-Cu(ll)] species (Tai—me) Can
be prepared in which only one of the two coppers occurs in the
oxidized form, which is, thus, EPR active.

The interaction of Tyet With exogenous ligands is difficult

to probe due to the scarcity of suitable spectroscopic methods.

The Tymet enzyme is devoid of strong transitions in the UV/
Vis and cannot be studied by EPR methods. However, it has
been shown that the Ty paramagnetic triplet state is partially
populated at room temperature, rendering the site amenable t
paramagnetic NMR studl. Although paramagnetic NMR is
usually not feasible for copper systems due to the inherently
large widths of the NMR signals, Ty, a Cu-substituted
aminopeptidasé&, and some antiferromagnetically coupled di-
nuclear Cu(ll) complexes (e.g., refs -180) appear to give
remarkably sharp paramagnetically shifted NMR signals due
to fast electronic relaxatio:?!

evidence for this is scarce. The binding of the phenol is further
thought to activate the bound peroxitleDue to their transient
nature, the complexes of Ty with monophenols are difficult to
study. However, wittp-nitrophenol (pnp), the presence of the
strongly electron withdrawing nitro group sufficiently deacti-
vates the phenolic ring to prevent its hydroxylation. In fact, pnp
acts as a simple competitive inhibitor in the conversion of
L-DOPA with an inhibition constant in the mM range.

Here, we report on a paramagnetic NMR study of the
interaction of pnp with Tyerand its fluoride and chloride bound
derivatives, which is aimed at providing insight into the binding
mode of monophenols to the Ty active site. The results have a
direct bearing on the understanding of the substrate inhibition

9 the monophenolase reaction and they provide further insight

into the hydroxylation mechanism in the monophenolase reac-
tion.

Materials and Methods

A. Protein Isolation and Purification. The enzyme was obtained
from the growth medium of liquid cultures &treptomyces antibioticus

Since the paramagneﬂsm is on'y sensed by the protons C|Osé1arb0ring the p|J703 Ty eXpreSSiOn plasfgfﬁahe protein was pUriﬁed

to the metallic center, paramagnetic NMR provides a powerful
and selective probe of the coordination geometry of the active
site and the changes that occur upon ligand bindinghe
method has previously been used to study inhibitor binding to
Tymet??18 It was also demonstrated th&t antibitioticusTy
contains a classical type-3 site in which the two copper ions
are coordinated by six histidine residues through their N
atoms!® as in the Hcs and COs.

according to published proceduf@®urity was checked by SDS-PAGE
and exceeded 95% in all preparations. Protein concentrations in pure
samples were determined optically using a value of 82 e for

the extinction coefficient at 280 nii.The protein was stored at80

°C at a concentration of 1 mg/mL in 100 mM Pi buffer at pH 6.8
containing 20% glycerol as a cryoprotectant. Prior to further experi-
ments, glycerol was removed from the storage buffer by repetitive
dilution and concentration by using Amicon ultra-filtration over a 10
kDa cutoff membrane.

Although the mechanism of the enzyme has been addressed g paramagnetic!H NMR Measurements. NMR Tyme: samples

by a wide variety of (bio)chemical, spectroscopic, and theoretical

(~0.6 mM in 100 mM NaPi at pH 6.80) were prepared as described

methods, its structural details remain obscure to date. The crucialbeforé® and contained 5% D for the lock signal. In standard titration

and rate-limiting step in the rather complex kinetic mechafism
is the Ty, catalyzed hydroxylation reaction that comprises
fissure of the peroxide ©0 bond and oxygen transfer to the

experiments, the [pnp] was varied by stepwise additionloAmounts
of a 20 mM pnp stock solution made up in the NMR buffét.spectra
were recorded at 600 and 300 MHz and &t4using a Bruker DMX-

bound phenolic substrate and for which various mechanisms 600 or DPX-300 spectrometer with the application of a°’t86-90°—

have been proposed (reviewed in, e.g., refs24).

(12) Bubacco, L.; Vijgenboom, E.; Gobin, C.; Tepper, A. W. J. W.; Salgado,
J.; Canters, G. WJ. Mol. Catal. B: Enzymol200Q 8, 27—35.

(13) Tepper, A. W.; Bubacco, L.; Canters, G. \l.. Biol. Chem.2002 277,
30436-30444.

(14) Tepper, A. W.; Bubacco, L.; Canters, G. \l.Biol. Chem.2003 279,
13425-13435.

(15) Wilcox, D. E.; Porras, A. G.; Hwang, Y. T.; Lerch, K.; Winkler, M. E;
Solomon, E. I.J. Am. Chem. S0d.985 107, 4015.

(16) Bubacco, L.; Salgado, J.; Tepper, A. W.; Vijgenboom, E.; Canters, G. W.
FEBS Lett.1999 442 215-220.

(17) Holz, R. C.; Bennett, B.; Chen, G. C.; Ming, L.dJAm. Chem. So4998
120, 6329-6335. Lin, L. Y.; Park, H. I.; Ming, L. 3J. Biol. Inorg. Chem.
1997 2, 744-749.

(18) Asokan, A.; Manoharan, P. Thorg. Chem.1999 38, 5642-6554.

(19) Brink, J. M.; Rose, R. A.; Holz, R. Anorg. Chem.1996 35, 2878~
2885.

(20) Murthy, N. N.; Karlin, K. D.; Bertini, I.; Luchinat, CJ. Am. Chem. Soc.
1997 119 2156-2162.

(21) Clementi, V.; Luchinat, CAcc. Chem. Red.997, 31, 3351-361.

(22) Bertini, I.; Luchinat, C.Coord. Chem. Re 1996 150. LaMar, G. N.,
Horrocks, W. deW., Holm, R. HNMR of Paramagnetic Moleculps
Academic Press: London, 1973.

(23) Sanchez-Ferrer, A.; Rodriguez-Lopez, J. N.; Garcia-Canovas, F.; Garcia-
Carmona, FBiochim. Biophys. Actd995 1247 1—-11.

(24) Karlin, K. D.; Tyekla, Z. Bioinorganic Chemistry of Coppp€hapman &
Hall: New York, 1993.

(25) Solomon, E. I.; Chen, P.; Metz, M.; Lee, S.-K.; Palmer, AABgew. Chem.,
Int. Ed. 2001, 40, 4570-4590.
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ta super-WEFT pulse sequenen interpulse delay time of typically

55 ms and a 87 repetition rate. Depending on the required signal-
to-noise ratio, 4000 to 64 000 free induction decays were recorded and
Fourier transformed using exponential apodization and -a640Hz
line-broadening function to increase the signal-to-noise ratio. The
spectra were baseline corrected in the program Mestre-C (Cobas, J.
C., Cruces, J., and Sardina, F. J., Universidad de Santiago de
Compostela, Spain) using its spline based semiautomatic fitting
procedure. All spectra were calibrated on the water signal.

C. NMR Measurements of the Bulk pnp SignalsThe NMR shift
and relaxation parameters of a free ligand in the bulk solution contain
information on the ligand bound to the (paramagnetic) protein, provided
that the ligand exchange between the free and the protein-bound states
is sufficiently fast® The equations for the observed paramagnetic
contributions to the chemical shift and the transversal and longitudinal
relaxation rates (for all exchange conditions) are givett by

(27) Conrad, J. S.; Dawso, S. R.; Hubbard, E. R.; Meyers, T. E.; Strothkamp,
K. G. Biochemistryl994 33, 5739-5744.

(28) Jackman, M. P.; Hajnal, A.; Lerch, Biochem. J1991, 274 (Pt 3), 707
713.

(29) Inubushi, T.; Becker, E. Dl. Magn. Reson1983 51, 128-133.

(30) Swift, T. J. INNMR of Paramagnetic Moleculesa Mar, G. N., Horrocks,

W., Jr., Holm, R. H., Eds.; Academic Press: London, 1973; pp&3
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where Awp, Ryp (= Tp 1) and Ryp (= Tip ) are the paramagnetic
contributions to the shift (in rad™), theR; (in Hz) and theR; (in Hz)

of the bulk ligand, respectively, andwwm, Rom, and Riv are the
corresponding parameters for the ligand bound to the prdtedenotes
the molar fraction of ligand bound at the paramagnetic centerrgnd
is the lifetime of the ligand in the metal-bound state. When a solution
of Ty is titrated with a solution of pnp, both the pnp and Ty

concentrations change during the experiment. To facilitate interpretation

of the data it is convenient to exprefgsin terms ofR, defined as the

ratio between the total pnp and Ty concentrations, as given by eq 4

(4)

The latter equation is valid provided thRt> 1. Ty, represents the
[Tyme{ at the start of the experiment and prmppresents the [pnp] in
the added stock solution.

The measurements were performed using eitheor 2D NMR.
While the absolute shifts (in ppm) of the two pnp signals in the fully
TYmet bound form are the same féiH and?D pnp, theAww in egs 1
and 2 is proportional to the gyromagnetic ratio of the nucleus under
investigation and, as a consequence 2éwy amounts to 0.152 the
H Aww. WhenRom < Awn andty ™t < Aww (slow exchange), eq 1
simplifies toAwp ~ fu/tmv?Awwm. This means that the shifts of the bulk

pnp signals for the protonated and deuterated pnp obey the relation

Ao Aon® = AwPIAwy. Therefore, toward the slow exchange limit,
the observedD shift measured in ppm amounts to 44 times tHe
shift. For fast exchangej~* > Aww), on the other hand, equal shifts
(in ppm) are expected for bofid and?D. As for the relaxation rates,
the paramagnetiB.y scales with the square of the nuclear gyromagnetic
ratio, meaning that théD T.uv should be 44 times that of tHél Tow.

An evaluation of theD T,y values, however, should also include

the quadrupolar relaxation contribution that depends on the rotational

correlation timerg and may dominate th& when the ligand is bound
to a protein with slow molecular tumbling.
T: values of*H pnp were measured by standard inversion recovery

coordinating His residues, each contributing three protons.
Figure 1A shows H paramagnetic NMR spectra of a sample
of 0.7 mM of the native Tye enzyme in the presence of
increasing amounts of pnp from 0 to 1.77 mM at@ and pH

6.8. As the [pnp] is increased, signa@sandc appear to shift
toward signab at ~30 ppm, which is accompanied by severe
line-broadening, while the remainder of the spectrum is much
less sensitive to the presence of pnp. Signelas previously
assigned to a solvent exchangeable Higpkbton while signal

b was attributed to two overlapping His’(C¢ proton signals.
The similarity in the behavior of these signals indicates that
they correspond to the same His residue. Establishment of NOE
connectivity between these signals was prevented by signal
overlap, large signal line widths and fakt relaxation of the
native Tynet tH signals.

That signalc shifts downfield shows that the corresponding
His residue is not detached upon pnp binding. In that case, an
upfield shift toward the diamagnetic region of the spectrum
would have been observed.

2. Titration of Fluoride Bound Ty net. In the absence of
pnp, the spectrum of the fluoride bound form of EMTYmef)
is much better resolved than the spectrum of nativged bix
sharp solvent exchangeable signals have been identified before
13 and assigned to the coordinating Hi-protons (labelea-f
in Figure 1B), while the remaining broader signals were assigned
to the His-C and His-C protons of the coordinating histidines.
Under the experimental conditions (200 mM,R °C, pH 6.8),
Tymetis fully saturated with fluorideKy 3 mM 13), while fluoride
itself is in slow exchange on the NMR time scaltg(< 12 s71
14

).

Upon addition of pnp large changes in the paramagretic
NMR spectrum of Tyef are observed, demonstrating the
binding of pnp to the Tyef form. Throughout the spectrum,
an increase in [pnp] induces signal shifts and severe line
broadening. Since these changes occur gradually with increasing
[pnp], the pnp exchange must be intermediate to fast on the
NMR time scale.

The large line-broadening observed upon pnp binding and
the presence of signal overlap precluded a quantitative analysis
of the line widths as a function of [pnp]. Yet, for the majority
of signals the amount of signal broadening appears related to

using at least 16 values for the interpulse delay time. After baseline the observed shift. For example, signalsand f shift by a

correction, signal intensities were measured using peak areafk;The
values of the pnpH or 2D signals were determined from the resonance
line-widths by line-shape simulation using the line fitting module in
the Mestre-C program. The obtained line-widths were corrected for
the contribution introduced by the LB function, after which Bevalues
were calculated from the relatioR, = wAv where Av denotes the
line-width at half-height. Thd1, R;, and signal shifts of the bulk pnp

signals were corrected for the diamagnetic contribution, the latter being

obtained by measuring thE, Ry, and shift of the pnp bulk signals
after reducing paramagnetic Jy to diamagnetic Tyq with excess
hydroxylamine®® at the end of the titration experiment.

Results

A. Titrations of Native TY met, TYmetF, and TymeCl with
p-Nitrophenol Followed by Paramagnetic 'H NMR. 1.
Titration of Native Ty met. The paramagnetitd NMR spectrum
of native Tynetis characterized by several broad and partially

relatively small amount and are still clearly observed at the
highest [pnp] used in the titration, while sigreaalready shifts
by a substantial amount at low [pnp] and seems to vanish
completely upon further increase of [pnp]. This observation is
compatible with exchange being the cause for the observed line-
broadening. For signalin Figure 1B, no clear shift is observed
while its intensity decreases with increasing [pnp]. This can be
explained by assuming that this signal shifts by a relatively large
amount in comparison to the other signals, causing it to be in
slow exchange on the NMR time scale. An exchange contribu-
tion to the line-width is confirmed by a marked sharpening of
the majority of the signals upon a relatively small increase in
temperature (Fig. S1).

3. Titration of Chloride Bound Ty met. Figure 1C shows
selected spectra of FgCl in the absence and in the presence
of various amounts of pnp at€ and pH 6.80. The spectra of

overlapping signals between 50 and 13 ppm, which integrate 0 to 9.0 mM pnp were recorded during a standard titration

to a signal intensity of 18 2 protons accounting for six

experiment, while the spectrum containing 18.5 mM pnp was

J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005 569
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A B

2.90 mM 18.5 mM

1.40 mM
5.75 mM

1.36 mM 1.07 mM
4.30 mM

0.73 mM

1.93 mM

no pnp no pnp no pnp

50 40 30 20 10 50 40 30 20 10 50 40 30 20 10
&(ppm) S(ppm) S (ppm)
Figure 1. Titrations of (A) native Tyhe, (B) fluoride bound Ty and (C) chloride bound Tyl followed by paramagnetitH NMR. Spectra in panels

A and C were recorded at 600 MHz resonance frequency while the spectra in panel B were recorded at 300 MHz. In all cases;-[Iy]mstsin 100
mM Pi at pH 6.80 at £C. The various [pnp] are indicated under each trace. See text for details and signal labelings.

recorded on a different sample whereyEywas concentrated  sponds to 17% of spin in the triplet state at@. To produce
in a buffer containing 18.5 mM pnp. In contrast with the pnp an average increase of 12% in shift, the population of the
titrations of native Tyerand Tymef, changes in the paramag- paramagneti&= 1 level has to increase to 19%, corresponding
netic *H spectrum of TyCl appear less drastic, while much to a—2J value of 156-10 cnt?! for the TymeCl—pnp ternary
higher concentrations of pnp are needed to produce significantcomplex. A direct measurement of2J for the ternary
changes. Little broadening is detected upon addition of pnp Ty.Cl—pnp complex from the temperature dependence of
while all signals appear to gradually shift downfield with paramagnetic!H shifts is precluded by the temperature-
increasing [pnp], consistent with the pnp ligand being in fast dependent equilibrium between free and pnp boungeTy
exchange on the NMR time scale. (affecting shifts) and the difficulty that TyCl cannot be
The absence of large broadening effects allowed us to satyrated with pnp due to the higta and limited solubility of
accurately determine the signal positions of the 6 shaity N pnp. Since both the shifts and the line widths are proportional
signals as a function of [pnp] (Fig. S2). Modest saturation is o the fractional population of the paramagneie- 1 level, a
detected in the data even up to 18.5 mM pnp (close to the pnpchange in—2J should also be reflected in the line widths.
solubility limit), indicating that theKq for the TymeCl-pnp Indeed, for the signah, for which the line width could be
complex is much higher than the FyCl concentration ém-  yetermined with reasonable accuracy, a broadening of around

ployed and justifying the use of the simple two-state ligand 1q4 is found for the fully bound form.

binding relation given by eq 5 An exception to the observed trends is signiakhich shifts

AS = AS, . [pnpl/([pnpH-K,) (5) mgch more (b}/ a fractlon' of 0..2.3) upon pnp pmdmg. SlnF:e the
shift is primarily contact in origin, a substantial change in the
contact coupling parametéx must occur upon pnp binding.

pnp complex. Equation 5 was used to simultaneously fit all shift From previous work?it was established that the’N signalc
data where a value fokdmax Was determined for each signal  Shows NOE connectivity to signgl which, therefore, belongs

using a single value for th&y. Setting theKq as a shared (0 the same His residue. Due to signal overlap, the position of
parameter between all data sets during the fitting procedure Signalg could not be determined precisely as a function of [pnp],
allowed for accurate values to be determined (Table S3). ~ butits position could be measured in the absence of pnp (29.26
We also calculated the fractional differences between the PPM, see Figure 1C) and in the presence of 18.5 mM pnp (31.72
TymeCl and the estimated TCl—pnp shifts (assuming a  PPmM). By using the experimenttl; value of 18.0 mM and eq
diamagnetic shift of 8 ppm for all signals; Table S3). With the 5, itis estimated tha\dmax amounts to 4.85 ppm for signel
exception of signat, all signals shift downfield by a relatively ~ Using this value to calculate the fractional increase in shift yields
constant factor of 0.120.14 of the original shift upon the a value of 0.23, i.e., the same value as was found for the
binding of pnp. This indicates that the singtétiplet spacing corresponding RH signal. Furthermore, signalat 22.27 ppm
parameter-2J decreases upon the binding of pnp, causing the in the absence of pnp consists of overlappingiGnd CH
fractional population of the paramagnefie= 1 level to increase  signals. Upon addition of pnp, this signal becomes resolved and
and, as a consequence, causing the signals to shift farthercomponenty shifts to 24.05 ppm in the presence of 18.5 mM
downfield. The—2J value for TyneCl of 200 cn1! 16 corre- pnp. This difference in shift yields a fractional increase of 0.24,

where Admax represents the shift for the fully bound JaClI-

570 J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005
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25 B Table 1. pnp Dissociation Constants Ky and Values for Tiu@°?,
A [\ Rom@P, and Awp?PP (Expressed as om@P in ppm Units) Determined
_JL < 20 4 from the Data Represented in Figure 22
n__\_| B
_JL ; Ky pnp pnp Ta®P Ron™® OpeP
H _JL e 15 1 species (mM) protons (ms) (kHz) (ppm)
" 10 4 native Tymet 7.2 meta 8.4 1.2 1.3
jLLA 8 ortho 2.8 38 16
e N 5 TymeF 6.2 meta 8.0 1.5 1.5
] ortho 3.6 45 2.0

8.0 7.8 6.6

6 (ppm)
1000 100

o

4 0 10 20 30 40 50

a Standard errors are less than 20% for all parameters.

o
w)

Ry, (ms)
@
Py
[ )

ening of the ortho and meta pnp protons, the broadening of the
former being the largest. The experimental valuesRgf™,
Rep %, and Awpt as a function ofR are presented in Figure
2B-D.
According to egs £3, Awp %, Ryp 1, andRypt are directly
0 - 0 R proportional tofy 1, meaning that the dependence/d,?,
0 10 20 30 40 50 0 10 20 30 40 50 Rop 1, andRy, 1 on R allows for estimation of the dissociation
constanty and Row®P, Rim@P, and Awy®PP. Accordingly, the
R R aly
Figure 2. Induced shift and relaxation enhancements of the Bidlnp data in Figure 2B-D were simultaneously fitted to eqs-3
signals as a function dR (= [pnp]/[Tyme]) for the native Tyhe protein. whereKy was set as a global parameter for all datasets. Equal
(A) *H NMR spectra normalized by total peak area witk= 6.9 (bottom) weight was given to all data. Good fits were obtained, in
to R = 43 (top). The pnp ortho protons resonate~®.55 ppm, while the accordance with the binding of a single pnp pegdiynolecule
meta protons resonate-a¥.85 ppm. Panels BD show the measured shift d firmina that the ob d ch Rin R dA
differencesAw,™2, the longitudinal relaxation rate enhancemehgsand and connrming that the observed changesig Rip, andawp )
the transversal relaxation rate enhancemégiss R for the pnp ortho©) relate to one and the same exchange process. The determined
and meta protons@®), respectively. All data in panels D were parameters are listed in Table 1 (witkiwy2PP presented as
simultaneously fit yielding the parameters denoted in Table 1. Measurements A\ in ppm)

were made in 100 mM Pi at pH 6.80 and@. Typ was 177uM. . . .

The titration was repeated for fluoride boundEywhere
similar to signalsc andg, suggesting that sign#, originates 200 mM F~ was present in both the T and pnp stock
from the same His residue. For sigrtal (assigned to a ¢ solutions. The overall behavior was found to be remarkably
signal coupled to NH signale®), a fractional increase in shift ~ similar to that observed for native iy (not shown). The
of 0.12 is calculated, which puts it in the same class as all the determined parameters for theqJey pnp binding are presented
other signals. in Table 1 and do not differ significantly from the parameters

Thus, similar to the situation of native fy the binding of ~ determined for native Tye:
pnp to TyneCl apparently causes a change in coordination of ~ Since theTyy@Pis a simple function ofy and Tyw (eq 3),
one His residue while the remainder of the His residues seemthe differentT;®"P values determined for the pnp ortho and
to be less sensitive to the binding of pnp. Using the highest meta proton signals immediately demonstrate that the exchange
Admax Value found (signat, 7.9 ppm), and given that pnp isin  contribution toTy, is dominated by thd@iy term in eq 3. Thus,
fast exchange at 600 MHz on the NMR time scale, an upper the experimentalT;y*P values closely correspond to the
limit of the exchange timey can be estimated am < 2 x paramagneticliy relaxation times of the pnp protons when
104 s. bound to Tyhetandzy must be smaller than the shortdst,2PP

B. NMR of the pnp Signals in the Bulk Solution. 1. determined, i.ezy < 3:1073s, for both native Tyerand Tynef
Protonated pnp. The observation that the pnp ligand appears According to egs 1 and 2, theum?* and Awum®P are complex
to be in fast exchange with native Jy on the NMR time- functions of Rem, Awm and 7y, each of which is not known
scale, as well as the absence of signals originating from the explicitly and cannot be solved from the data presented in Figure
bound nitrophenol in the paramagnetid Tyme: Spectra (not 2B—D. It is therefore impossible to state whether the calculated
shown), prompted us to investigate & NMR signals of the ~ values forR,»?°P and oy?PPin Table 1 correspond tBxm and
pnp in the bulk that contain information on the ligand bound to owm (i.e., Awy) values in egs +3 without further knowledge
the protein (see Materials and Methods). of the exchange conditions.

The values for thdp %, Ryp 2, andAwp* of the pnp ortho 2. Deuterated pnp. To obtain insight in the exchange
and meta proton signals have been determined as a function ofconditions, the shift and broadening parameters ofthsignals
R in 100 mM Pi buffer at pH 6.80 and 279 K b4 NMR of completely deuterated pnp were determined as a function of
titration experiments. Selected spectra recorded in an experimen{Tyme{ (See Materials and Methods). Figure 3A shows selected
where a 174M solution of Tymer was titrated with a 18 mM °D spectra recorded during a titration of deuterated pnp with
solution of pnp are shown in Figure 2A. In absence of,&y native Tynetwhere [pnp] was kept constant at 5 mM throughout
the 2 equiv ortho protons resonate at 6.53 ppm, while the 2 the experiment. All spectra were recorded &C4in 100 mM
equiv meta protons give rise to the signal at 7.82 ppm. Apart Pi buffer at pH 6.80 at 92.124 MHz resonance frequency.
from the pnp resonances, no other signals become detectable As in the case ofH pnp, small shifts are observed for both
even after prolonged incubation of pnp with large amounts of 2D signals (Figure 3A). The measured shift is the largest for
enzyme, showing that pnp does not react with Ty under the the pnp ortho protons next to the hydroxyl group. The measured
experimental conditions. The presence of,diyynduces broad-  shifts vs [Tyne{ are plotted in Figure 3C. The data were fit to
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500 -

R, (ms)

250 A
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Figure 3. Induced shift and relaxation enhancements of the BDIpnp
signals as a function of native [y]. (A) 2D NMR spectra of pnp (5 mM)

0

160

normalized by total peak area recorded in the presence of increasing amount:

of Tymet from 0 (bottom) to 158:M (top). Panels B and C show the
measured shift differences and thenkyinduced line-broadening vs [Fy]
for the pnp ortho ©) and meta protons®), respectively.

a linear function and from the corresponding slopes andthe
of 7.2 mM (Table 1), it is estimated that tld?PPin the fully
Tymetbound form amount to 3.3 and 1.9 ppm for the ortho and
meta deuterons, respectively. For the ortho position2Ehé, 2P

is about twice that of théH oy2PP, while the2D/H 2P ratio

is £1.5 for the meta position. These relatively small ratios,

together with the observation that a larger ratio is measured for

the protons with the largehy2PP, indicate that the pnp is in the
fast (for2D) to intermediate (fofH) exchange regime on the
NMR time-scale. Thus, the estimatéd 6y2°° of pnp should
equal the paramagnetic shiftsy, in the fully bound Typetform.
With increasing [Tyed, Severe broadening of tH® signals

is observed where the broadening is equal, within the experi-
mental error, for both the pnp ortho and meta deuterons. Line

widths were measured by line shape fitting and the resulting
Rop values vs [Tyhe are represented in Figure 3B. From the
slope of a linear fit to the data and the experimeriabf 7.2
mM, the Ry2PP values for the?D signals are estimated at 7.9

kHz for both the ortho and meta deuterons. Comparison of this

value with the values measured fét (Table 1) shows that the
broadening is larger in the case &P, meaning that the
quadrupolar relaxation significantly contributes to the observed
line width. Indeed, with an estimated quadrupolar coupling
constant of 193 kH%Z and a rotational correlation timg of
15-20 ns¥ a quadrupolarR, between 5 and 7 kHz is
calculated®® which accounts for most of the experimentdl
Rom®PP. Factorizing out the quadrupolar relaxation contribution
from the observed line widths would require knowledge of the
exact value ofr; and the quadrupolar coupling constant. From
the?D dy, thelH RyuPP, thelH oy@PPvalues (Table 1) and eqs

(31) Ando, M. E.; Gerig, J. T.; Weigand, E. B. Am. Chem. S0d.982 104,
3172-3178.

(32) Cantor, C. R.; Schimmel, P. Biophysical Chemistry, part. Il, Techniques
for the Study of Biological Structure and Functjdgtreeman, W. H.: New
York, 1980; pp 539-590.

(33) Sudmeier, J. L.; Anderson, S. E.; Frye, JC8nc. Magn. Resori99Q 2,
197-212.
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1 and 2, it is now possible to estimate the lifetime of the pnp-
Tymet cOmplexty yielding a value of 2x 107* s.

Discussion

A. Nitrophenol Does Not Occupy the Cu-X—Cu Bridging
Position in Tyme and TymeCl. The experiments in which
Tymef and TynCl were titrated with pnp demonstrate that a
ternary Tyner—halide—pnp complex is formed. It was previously
demonstrated that halides bind at the bridging position between
the two Cu(ll) ions, replacing the bridging hydroxide in native
Tymet'>14 The pnp must therefore bind at a site other than the
bridging position. Furthermore, the values for the dissociation
constantKy, as well as the values for the paramagnetic shift
and relaxation times of the Ty:bound pnp protons (see below)
do not strongly differ between native and fluoride boung,dy
This shows that the presence of fluoride in the active site does
not markedly influence the binding of pnp, compatible with
different binding sites for fluoride and pnp.

The dissociation constant increases to 18 mM in the case of
TymeCl. Little broadening is detected for the paramagnetically
SEaffected signals of TyeCl upon pnp binding, demonstrating
that pnp is in fast exchange on the NMR time scajg € 2 x
1074 s), contrary to the case of fyF where pnp exchange is
slower. Thus, the higheKq measured for the TpeCl—pnp
complex is at least partly due to a larger pnp off rate, possibly
related to steric hindrance by the larger chloride ion.

In previous studies on Tyi—mes it was found that a signal
assigned to an equatorial hydroxide or water molecule is lost
upon pnp binding, while the Cu(ll) remains 4-coordinate (3N/
10). It was concluded that the phenolic hydroxyl displaces the
hydroxide or water ligand from the paramagnetic Cu(ll) ion.
The reasons for the different behavior observed igelgnd
Tynat-met @re unclear but may reflect, for example, a more
spacious active site or a weaker binding of the equatoriat/OH
H>0 ligand in Tyarr-mes rendering this ligand more prone to
dissociation.

B. Binding of pnp Weakens Antiferromagnetic Coupling
in Ty metCl. In TymeCl, pnp binding causes a decrease in the
antiferromagnetic exchange coupling paramet2d from 200
to 150 cnt!, meaning that the two Cu(ll) ions become less
strongly coupled. Variations ir-2J in bridged dinuclear Cu
systems have been explained in terms of changes in the Cu-X-
Cu bridging angle, smaller angles inducing weaker couplings
(e.g., refs 34,35). A correlation between th&J value and the
size of the bridging ion has been observed for the halide
complexes of Tet (TYmef (—2J 260 cnTl) > TyneCl (—2J
200 cnml) > TymeBr (—2J 160 cnTl); unpublished results).
The lower—2J value for the Tyq,Cl-pnp complex may therefore
reflect a decrease in the €CI~—Cu bridging angle connected
with a decrease in CuCu distance.

For native Ty, there are no systematic upfield or downfield
shifts of the paramagnetically shifted signals observed upon pnp
binding and no change ir2J had to be invoked to explain the
changes in the paramagnetid NMR spectra. However, the
—2J value of 77 cm! estimated for the native species much
lower thankgT (~200 cntl), meaning that the paramagnetic
triplet state is close to full population at ambient temperatures.
So, a further decrease in2J will not significantly alter the
fractional population of the triplet state and, consequently, the
magnitude of the hyperfine shifts.
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Figure 4. Superposition of the type-3 center of sweet potato catechol
oxidase in the native oxidized form (dark gray; PDB entry 1BT1) and with
PTU bound (CPK color coding; PDB entry 1BUG). Upon binding of PTU,
His244, and Phe261 are displaced while CuB adopts a trigonal bipyrimidal
coordination geometry. The position of the PTU aromatic ring is fixed by
Phe261. The copper ions and the,Quidging sulfur atom of PTU are

the signal shifts of the Gibridging phenolate ring protons are
smaller than the shifts of the signals from the coordinating
imidazole or pyridyl proton219.36

E. Structural Model of pnp Binding. The longitudinal
relaxation times Tiv) for the ortho and meta ring protons of
pnp bound to native Tyer and Tynef (Table 1) do not differ
much and will be discussed together. They are dominated by
the dipolar contributiod® which is proportional to the inverse
sixth-power of the distance between the resonating nucleus
and the paramagnetic center. This, in principle, allows for the
calculation of H-Cu distances. However, since the paramagnet-
ism is spread over the whole unpaired spin wave function, a
guantative evaluation of dipoldrs requires the integration of
the dipolar interaction over the total wave function. The latter
is not available. Therefore, a simplified model for the spin
distribution allowing for a semiquantitative analysis will be used.

First, it should be noted that thig values found for the pnp
ortho protons are smaller than for the meta protons, in line with
the hydroxylic moiety being oriented toward the active site Cu
and the ortho protons being closer to Cu than the meta protons.
Furthermore, the experimentdly values for the pnp ortho

shown as spheres (with arbitrary radii). The overlay was generated using protons (Table 1) are similar to those of the H&’H and His-

the all-atom least-squares superimposition fitting algorithm implemented
in the Swiss-PBD Viewer program. Hydrogen atoms of coordinating His
residues are omitted for clarity.

C. Binding of p-Nitrophenol Affects Only One His Residue
in Native Tymet and TymeCl. In the absence of a structural
model of Ty, it is customary to use G®and HE° structures
as models for Ty. An all-atom rmsd minimized superposition
of the active sites of CQ (pdb 1BT3) and phenylthiourea
(PTU) bound CQet (pdb 1BUG) is depicted in Figure 4. Apart
from a larger Cu-Cu distance found in the PTU bound G

C<H protons, which are located a3.4 A from Cu [Ty ~3 mg9)

in native Tymet and Tymef. This is compatible with a CuH
distance of 3-4 A for the pnp ortho protons, again consistent
with pnp coordination to Cu through the phenolic hydroxyl
group.

For a semiquantitative analysis, a model is used in which
single magnetic point dipoles are placed on the two Cu atoms.
Keeping in mind that there are two ortho and two meta protons
and that the measurels are the averages both for the meta
(Tam) and for the orthoTyo) protons, theT /Ty, ratio is given

. o y
the structures superimpose well and the positions of 5 of the 6

coordinating His residues remain nearly unchanged upon PTU

binding. The interaction with CuB however induces a displace-
ment of His244, while the PTU aromatic ring acquires-ar

interaction with the same His residue. The CuB goes from
distorted tetrahedral in the native met form to almost perfectly
trigonal bipyramidal in the PTU bound fofhwith His240,

His244, and the PTU sulfur atom in the equatorial plane and
His274 and the PTU nitrogen atom in the two axial positions.

T
T_lm = er:lis—Clﬁ/Zr;iCq

1o 1 L)

(6)

with i,j = 1 and 2. The experiment@h/T1, ratios are~3 and
~2 for pnp bound to native Ty and Tyref, respectively.

As a starting configuration for the semiquantitative analysis,
the CQnet With bound PTU was taken, in which the PTU was

In our case, it appears that one His residue is particularly feplaced with phenol without adjusting the position of the

sensitive to the binding of pnp in native fyand TyneCl. Thus,
signals b and c for native Ty (Figure 1A) and signals c, g,
and h for TymeCl (Figure 1C) may well correspond to a His
similar to His244 in CQet

D. p-Nitrophenol Is Coordinated to the Type-3 Copper.
From the'H/2D titration experiments, it was found that the pnp
is in fast exchange on théD NMR time scale. The shift
differenceson between free pnp and pnp in the Jeybound

aromatic ring. Subsequently, the phenol was moved along its
long axis until the CuB-O distance amounted to 1.9%The
Cu—Cu distance was set at 2.9 A as in GQThis configuration
yields aTi/ Ty, ratio of 13 (eq 6), which does not correspond
to the experimental ratio of-23. The situation could not be
improved by allowing the aromatic ring to move in its original
plane and/or to rotate around the-AD bond. A lowerT1/T1o

ratio could only be achieved by allowing the aromatic ring to

form amount to 3.3 ppm (ortho) and 1.9 ppm (meta). Since the '_tilt tqward CUA (see Figure 5_). The_particular str_ucture drawn
paramagnetic shifts are dominated by the contact contributionin Figure 5 does not result in steric clashes with any of the

in Tymes'® the nonzerody values are consistent with direct
coordination of pnp to the metal center.
A comparison of the experimentaly values with the

paramagnetic shifts of the coordinating histidines indicates that

coordinating His residues and has a calculatgdT:, ratio of
3.5, which brings it within the bandwidth of the experiment

(34) Komaei, S. A.; van Albada, G. A.; Haasnoot, J. G.; Kooijman, H.; Spek,
A. L.; Reedijk, J.Inorg. Chim. Actal999 286, 24—29.

the contact couplings of the pnp ring protons are weak. This is (35) Rodriguez-Fortea, A.; Alemany, P.; Alvarez, S.; Ruiz,liorg. Chem.

2002 41, 3769-3778.

because the pnp protons are one bond further away from Cu(3e) Maekawa, M.; Kitagawa, S.; Munakata, M.; Masudalridrg. Chem1989

than their His imidazole counterparts. A similar observation has
been reported for several small dinucleap Complexes where

28, 1904-1909.
(37) Ito, N.; Phillips, S. E.; Stevens, C.; Ogel, Z. B.; McPherson, M. J.; Keen,
J. N.; Yadav, K. D.; Knowles, P. Mature 1991, 350, 87—90.
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There has been considerable debate regarding the origins of
the different activities of Hcs, COs and Tys. It is generally
believed that these originate from variations in protein structure
that modulate the accessibility of substrates to the type-3 center.
For example, in octopus Hc, a capping domain is present that
shields the type-3 site from the access of potential substrates.
A homologues domain is found in a latent form of CO, which

PhenolinTy e

inhibits CO activity?? Indeed, proteolytic removal of the capping
. . domain from octopus Hé2 induces weak phenolase activity,
CuA CuB while several Hcs show diphenolase activity upon mild

denaturatiort*—46

To explain the absence of hydroxylase activity in COs, it is
been suggested that in Ty phenolic substrates interact with
CuA 114447.48while diphenolic substrates would interact with
CuB. Access to CuA in CO would be blocked by Phe261,
leaving CO with diphenolase activity onf§#*8 For S. antibi-

oticus Ty, however, experimental data suggest that pnp and

Figure 5. Model of phenol coordination to the oxidized tyrosinase type-3 pidentate inhibitors both interact with Cl8
center. The drawn structure is based on the X-ray structures of oxidized ’

sweet potatoe catechol oxidase (1BT1 and LPTU) and explains the presented 1he present and previotisresults are consistent with pnp
NMR data of pnp binding to Tye: (see text for details). The position of  binding to CuB, where the pnp aromatic ring is tilted toward
PTU in ca}techol oxidase is fixed in place by Phe261 (as shown in Figure tha noncoordinating CuA as depicted in Figure 5. In this
4). In Ty, instead, the ortho protons of the bound phenol can approach the _ . . _—
Cu, bridging peroxide present in oxygenated Ty because there is no aromatico”entatlon’ one of the ortho protons 9f the phenolic ““9 V_VOUId
residue at the equivalent position in Ty. Both the copper ions and the be oriented toward the bound peroxide inskya prerequisite
briéi_?riarllrg ;’i;girir; (8 n?li;],e Z_rb r%;t%‘r)inargngerégisrgmggnbyosgpErgioxvig;e for efficient oxygen atom transfer. In contrast, the PTU aromatic
zrrmlwn ¥0r the.bour¥d pnp and PTU, ?espectively. Theghydrogen atoms of ”_ng_ IS tlghtly hgld in place by P.he?61 n G prevgntlng a
coordinating His residues are omitted for clarity. similar orientation of the aromatic ring and precluding a direct
approach of the aromatic ortho protons toward the bound
peroxide. An aa sequence alignment of various Hcs, Tys, and
COs->49shows that a Phe analogous to Phe261 in CO is absent
in Tys. We, therefore, suggest that the difference in the
monophenolase activity between Ty and CO is due the blocking
activity of Phe261 in CO, preventing a direct approach of the
substrate to the bound peroxide.

The presented and previous results allow for the proposal of
a reaction mechanism as outlined in Scheme 1 (see scheme
legend for details), which includes features of previous proposals
(e.g., refs 11,23,47). The modifications include the following:
(1) phenol coordinates to CuB in an orientation allowing for

cally relevant complex is that between monophenols ang,Ty oxygen transfer to the phenolic ortho position; (2) t.he diphenol
- . coordinates to CuB in Ty, Where one of the phenolic oxygens

Monophenol binding to Tye: results in a dead-end complex. bridges the two Cu ion383% (3) proton transfer from a

Still, the present results may be relevant for a better understand- 9 ' P

. . . . phenolic hydroxyl to the Gubridging OH" ion assists in
ing of the interaction of Ty, with phenols. It has been observed . b 14 e
that the active site His residues in oxidized and oxygenated diphenol binding to Tye; * and (4) a second base assists in

Limulus He nearly exactly superimpose (rmsd 0.20 A). This :[Sk;reatdezargonatlon of both monophenolic and diphenolic sub-
supports the idea that the positions of the His ligands need not | th. d i h the total ch f th
be largely different for the oxy and the met forms of a type-3 n the proposed reaction scheme, tne lotal charge ot the

Cu center. The recognition of exogenous substrates, therefore,complex cycles betweest3 and+2 during all stages of the

need not differ either between the oxy and met forms. mechanism, which limits both destabilizing fluctuations in net

From spectroscopic evidence it has been concluded that ther charg(tahanci n tthe ﬂl:cxc(g prc:jtc?ns from and tohthe2(c|‘.enter. |
is a 3 His coordination around each Cu ingky*° The current rom he structure o and from sequence homology, a role

results demonstrate that all six His ligands remain bound to thefor proton uptake has been suggested for a conserved Glu

Cup site upon pnp binding to Ty These results are at variance residue that is present in the CuB site of most COs and®Tys.
with suggestions that the Ty active site only contains five His (41) Siegbahn, P. E1. Biol. Inorg. Chem2003 8, 567—576.

ligands or that a sixth His ligand, if present, detaches from Cu (42) Gerdemann, C.; Eicken, C.; Galla, H. J.; Krebs] Bnorg. Biochem2002

indindl 89, 155-158.
upon phen0| bmdmg' (43) Salvato, B.; Santamaria, M.; Beltramini, M.; Alzuet, G.; Casella, L.
Biochemistry1998 37, 14065-14077.

(38) Bubacco, L.; Van Gastel, M.; Groenen, E. J.; Vijgenboom, E.; Canters, G. (44) Decker, H.; Tuczek, FTrends Biochem. Sc200Q 25, 392—397.

considering the simplicity of the model used for the calculation.
For the drawn configuration, the G®—Ar angle is 114,
which is similar to the CttO—Ar angle of 127 for the tyrosine
coordinated to Cu in galactose oxid&$éNe note that this
ensures maximum overlap between the oxygen lone pair of the
phenolic hydroxyl group and the CuB:arbital (the Cu g2
orbitals being oriented in the G&X—Cu equatorial plarfé).
Furthermore, the coordination geometry of the phenol in Figure
5 would be compatible with the proposed binding mode of
diphenolic substrates in Fy, 133839

F. Mechanistic Implications. While the present study has
addressed the binding of monophenols ta,&ythe mechanisti-

W. J. Biol. Chem2003 278 7381-7389. (45) Decker, H.; Ryan, M.; Jaenicke, E.; Terwilliger, N.Biol. Chem 2001,
(39) Van Gastel, M.; Bubacco, L.; Groenen, E. J.; Vijgenboom, E.; Canters, G. 276, 17796-17799.
W. FEBS Lett.200Q 474, 228-232. (46) Decker, H.; Rimke, TJ. Biol. Chem.1998 273 25889-25892.
(40) Longa, S. D.; Ascone, |.; Bianconi, A.; Bonfigli, A.; Castellano, A. C.;  (47) Olivares, C.; Garcia-Borron, J. C.; SolanoBfochemistry2002 41, 679—
Zarivi, O.; Miranda, M.J. Biol. Chem1996 271, 21025-21030. 686.
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Scheme 1. Schematic Representation of the Ty Reaction
Mechanism?
R
HO' CBH
| e
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aThe monophenolase pathway starts with the binding 00T yreq to
render Tyyy. phenolic substrate then binds to CuB ofoly where the
aromatic ring is oriented toward the bound peroxide. During binding, the

structural principles underlying the different activities observed
for Hes, COs and Tys.

We find that the pnp forms a ternary complex with halide
(F~, CI") bound Tyne; Showing that the pnp phenolic oxygen
does not take up the Gubridging position. Furthermore, the
experimental pnpKy values as well as the shifts and the
relaxation parameters of the pnp protons bound to native do
not significantly differ between Tye: and Tynef (Table 1).
Thus, the presence of gbridging fluoride does not notably
influence the binding of pnp. Additionally, the pnp is shown to
directly coordinate to Cu, while the typical (€tisz), coor-
dination is maintained upon pnp binding. The pnp, therefore,
must be bound to an open coordination position of one of the
Cuions. This is in agreement with earlier proposals for the Ty
hydroxylation chemistry (e.g., ref 11) and the binding mode of
phenylthiourea in the X-ray structure of CO.

The pnp is in fast exchange with JyCl on the NMR time
scale. The titration data of pnp binding toJ&Cl (Figure 1C)
are explained by a decrease in the antiferromagnetic coupling
parameter2J upon pnp binding, indicating an decrease in the
Cu—CI~—Cu bridging angle and the GtCu distance. If a
similar situation applies to the binding of monophenol t@,Jy
it may influence the reactivity of the bound peroxide. Further-
more, the binding of pnp to native Ty and Tyl affects

phenol transfers a proton to a base B, promoting charge transfer from theone His residue in the (CtHissz), coordination sphere, which

phenolic oxygen to Gy weakening the ©0 bond and poising one of the
022~ oxygens for electrophilic attack on the phenolic ortho position. After

oxygen transfer, the diphenolic product is bound to CuB where one phenolic

oxygen bridges the Cu(ll) ion'$:38:3% Diphenol may dissociate from this
complex, leaving Tye, or may be oxidized further rendering the quinone
product and Ty The diphenolase pathway involves the oxidation of two
diphenol molecules by Tyy and Tymet Subsequentl§?

In this regard, we add that in all Tys and COs a conserved
noncoordinating His residue is present that is sequentially
positioned directly adjacent to a His residue coordinating
equatorially to CuB (His274 in sweet potato CO) making this

residue another possible candidate as the proton acceptor. Th

imidazole ring of this (buried) His residue is in direct contact
with the imidazole group of His244 that interacts with the bound
substrate in CO.

Summary and Conclusion

We have presented a paramagnetic NMR study of the
interaction between the monophenolic inhibifenitrophenol
(pnp) and the oxidized form ofStreptomyces antibioticus
tyrosinase (Ty) in its native and halide bound forms. The study
was aimed at providing insight into the binding mode of

monophenolic substrates and has implications toward the

understanding of the Ty hydroxylase mechanism and the

(48) Decker, H.; Dillinger, R.; Tuczek, FAngew. Chem., Int. EQ200Q 39,
1591-1595.
(49) Gerdemann C.; Eicken, C.; Krebs, Bcc. Chem. Re2002 35, 183—

(50) Elcken C.; Krebs, B.; Sacchettini, J. Curr. Opin. Struct. Biol1999 9,
677—683.

is tentatively assigned to the Ty analogue of His244 that interacts
with the PTU inhibitor in CQet.

The exchange of pnp between the free and thgeflyound
forms allowed for the measurement of thevalues of the pnp
ring protons bound to Tye: and Tywef (Table 1). From this,
we were able to deduce a structural model for phenol coordina-
tion to Tymet (Figure 5). In this model, the phenol is axially
coordinated to CuB with its aromatic ring tilted toward CuA.
In the delineated orientation, the ortho protons of the bound
phenol are oriented toward the bound peroxide igl allowing
or the hydroxylation of the phenol. In CO, instead, a similar
orientation of phenol is prevented by Phe261 that shields the
active site and locks the bound substrate in its place (Figure 4),
thereby explaining the absence of hydroxylase activity in CO.
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