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ABSTRACT. Adduct! (Amax at ~430 nm) formed in the reaction of 2-hydrazinopyridine (2HP) and the
TPQ cofactor of wild-typeEscherichia colicopper amine oxidase (WT-ECAOQ) is stable at neutral pH,

25 °C, but slowly converts to another spectroscopi

cally distinct species with.at ~530 nm (adduct

II') at pH 9.1. The conversion was accelerated either by incubation of the reaction mixturéCab60y

increasing the pHX13). The active site base mutant
changes similar to WT when incubated at 80. By

forms of ECAO (D383N and D383E) showed spectral
contrast, in the Y369F mutant adductvas not

stable at pH 7, 25C, and gradually converted to addukt and this rate of conversion was faster at pH
9. To identify the nature of addudt, we have studied the effects of pH and divalent cations on the
UV —vis and resonance Raman spectroscopic properties of the model compound of §dd&irikingly,

it was found that addition of Cu to 2 at pH 7 gave a product3) that exhibited almost identical

spectroscopic signatures to addiictThe X-ray crystal

structure &shows that it is the copper-coordinated

form of 2, where thet-2 charge of copper is neutralized by a double deprotonati@ Difiese results led

to the proposal that addudt in the enzyme is TPQ2HP that has migrated onto the active site?Cu

The X-ray crystal structure of Y369F adduttconfirmed this assignment. Resonance Raman and EPR
spectroscopy showed that adduicin WT-ECAO is identical to that seen in Y369F. This study clearly
demonstrates that the hydrogen-bonding interaction between O4 of TPQ and the conserved Tyr (Y369)
is important in controlling the position and orientation of TPQ in the catalytic cycle, including optimal

orientation for reactivity with substrate amines.

Copper amine oxidases (CAGshare a high degree of
structural similarity despite low sequence identity. (The
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active site is located in a largkesandwich domain containing
Cuw?" coordinated by three His residues and two waterg (W
and W in a distorted square-pyramidal geometry) and the
2,4,5-trihydroxyphenylalanine quinone (TPQ) cofactor. In the
structures obtained at 100 K from crystals grown under
conditions where CAOs are active{4), the TPQ cofactor

is not directly ligated to the Ctl. In these active site
structures, the C5 carbonyl group of TPQ is directed toward
the proposed substrate binding pocket, close to the conserved
catalytic base (D383 in ECAO) where O2 of TPQ is hy-
drogen bonded to Wand O4 of TPQ is hydrogen bonded
to the hydroxyl group of a conserved Tyr (Y369 in ECAO)
as shown in Figure 1. In structures obtained at room tem-
perature, TPQ is in the active conformation, but the elec-
tron density for TPQ suggests some limited mobility (i.e.,
pivoting) along the C1 and C4 axi§,(6). Y369 appears to
play a key role in anchoring TPQ in the catalytically active
conformation via a short hydrogen bond to the C4 oxoanion
of TPQ @, 7—10). In the structure of the 2-hydrazinopyridine
(2HP) bound form of ECAO addutt(Figure 2A) (1), this
hydrogen bond is even shorter (2.3 A) than it is in the resting
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(T‘__dpmw actions between the hydrazone and protonated D383 and
N between the C4 oxoanion of TPQ and the hydroxyl group
P of Y369 (Figure 2A). In contrast, the corresponding model
His524 @\ L. A Tyr3s1 compound 2, Scheme 2) isolated from the reaction of a TPQ
Vi 'Y \\tf’ model (1) and 2HP exists predominantly as the azo form
e J‘ w2 ‘ T where a strong intramolecular hydrogen-bonding interaction
(His689 f @-——q s Wi between the hydroxyl group at C4 and one of the azo ni-
2 a N wa A Asp383 trogens was observed (Figure 2B). In WT-ECAO, the equi-
L e L S librium of the hydrazone form and the azo form is controlled

/7 YHiss2s L4 by the protonation state of D383 (Scheme 1). i pf 9.7
WC. < TP-Q-Iﬁﬁ was determined for D383 in the addlidbrm, and this value

is ca. 4 pH units elevated when compared to that of D383
Ficure 1: Superimposed view of the active sites of WT-ECAO in the underivatized resting form of the enzyme. In the
(yellow) and Y369F-ECAO (cyan). Highlighted in red is the key D383N and D383E mutants, there were no detectakils p

hydrogen-bonding interaction that is present in WT-ECAO but not i ;
in Y369F. Water molecule W5 observed in the WT-ECAO structure gﬁtwﬁmﬁgd%ﬁgg PH 10, confirming the assignment of the
a .

has been lost to a new water, W4, in the Y369F structure. The o .
copper ion is represented as a magenta sphere, and water molecules WWhen hydrogen-bonding interactions between FR@IP

| is not stable and gradually converts to a new species with

are represented as blue spheres. and active site residues in adducare disrupted, either by
deprotonation of D383 (pH 9.7) or by denaturation with 8
A o TPQ2HP B 1 M urea at pH 7.0, an immediate blue shift in thgax
(10—15 nm) indicative of the conversion of the hydrazone
) to the azo tautomer is observed. This azo tautomer of adduct

Y369
Q¢1 a Amax at ~530 nm (adductl) in an isosbestic manner. In
?/%E%Lf the Y369F mutant, adduttis much less stable than it is in

T4 J‘t@yw WT and the D383N and D383E mutants, and a slow

%’ * conversion to the addutit form was observed even in pH

7 solution at room temperature.

WT-adduct | Model-adduct | (2) Previously, adductl had been proposed to be the azo
Ficure 2: Ball and stick representation of the active site of tautomer of TPQ2HP where the tautomerism is “catalyzed”
WT-ECAO adductl (A) and 2 (B). Key: gray spheres, carbon; Vvia a proton abstraction of the hydrazone tautomer (adduct
red spheres, oxygen; blue spheres, nitrogen. Dashed lines represent py D383 (L3). This proposal was based on the role of
hydrogen-bonding interactions. D383 during the catalytic turnover which abstracts a proton
. from the substrate Schiff base (SSB) intermediate to form
form (2.7 A). It has also been proposed that Y369 is involved the product Schiff base (PSB). Analogies were made between
in a proton shuttle from the substrate-reduced TPQ cofactor 5yq,ctl and the SSB and between addilcand the PSB.
to dioxygen in the catalytic cycler(12). In the preceding papeR6), we have shown that adducts

Mutation of Y369 to eliminate the hydrogen-bonding actually a tautomeric mixture of hydrazone and azo forms
interaction (Y369F) did not affed(r, for S-phenylethylamine  where both are monoanions. The only titratable proton in
significantly, whilek. is decreased 40-fol®). The X-ray  the adduct structure was assigned to D383.
crystal structure of Y369F-ECAO was solved to 2.1 A |n this paper, we describe the detailed characterization of
resolution at 100 K (Figure 1@J. In the Y369F structure,  adductll in both WT and mutant forms of ECAO (Y369F,
C5 and O5 of TPQ are well refined and O5 of TPQ is close D383N, and D383E). To identify the nature of adduict
to W,. The O2 atom of TPQ in Y369F interacts via a water the effect of divalent cations on the UWis and rR spec-
molecule, W4, with the carboxylate oxygen of the catalytic troscopic properties of model compoudtias been studied.
base, D383. The O4 oxoanion of TPQ makes a hydrogen strikingly, it was found that stoichiometric addition of €u
bond (2.4 A) with a water molecule, W2, which is found in  to 2 at pH 7 gave a product that was essentially identical to
all reported WT structures of CAOs. Removal of the adductll, leading to the proposal that addudt in the
hydroxyl group of Y369 gives TPQ more flexibility to adopt  enzyme is the product of the ligation of TPQHP to the
alternative conformations in the active site (Figure 2) ( active site C&". A model compound for the Gu-coor-
In the crystal structure, a majority of TPQ occupies the dinated form of TP@2HP, 3, has been synthesized and its
catalytically inactive conformation. However, the sub- structure determined, which revealed a novetGzomplex
stantial activity of Y369F observed in solution at room jth TPQ-2HP. Y369F forms addudt in a facile manner
temperature and the full complement of TPQ (1.95 TPQ/ under mild conditions, allowing for its full structural char-
dimer) suggests that TPQ has the conformational freedomacterization. We present Uwis, EPR, and rR spectroscopic
in this mutant to adopt an Optlmal orientation dUring turnover and X-ray Crysta”ographic structural characterizations of
(2, 6). Y369F adductl and of model compoun8. We confirm
In the preceding papeR6€), we have shown that adduict  that adductl is the fully deprotonated azo form of TPQ

formed from the reaction of WT-ECAO and 2HP exists as 2HP which is ligated to the active site €u This result
a tautomeric mixture, where the hydrazone form is favored supports the proposed role of Y369 in controlling the
over the azo form (Scheme 1). The stabilization of the mobility of TPQ in the active site 3, 7—10). Further, the
hydrazone tautomer is achieved by hydrogen-bonding inter- formation of adductl in this study shows that both SSB
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Scheme 1: Formation of Adduttin WT-ECAO
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and PSB in the catalytic cycle have the potential for as previously described using a coupled assay gAphen-
considerable motion within the active site as originally ylethylamine as substrat®)(
proposed for the active site mutants of HPA®D 14-16). Adductll Formation of WT-ECAOFormation of adduct
Il in WT-ECAO by thermal conversion was performed by

EXPERIMENTAL PROCEDURES incubating adduct at 60°C for 30 min or until no further

Materials.4-(2-Pyridylazo)-6tert-butylresorcinol ) was ~ absorbance changes were observed by-\M¥ spectroscopy.
prepared as previously described [see preceding papgr (  Sample buffers were 20 mM sodium or potassium phosphate
Dichloro(1,10-phenanthroline)copper(ll), 0.1 M sodium meth- (PH range 6.9-7.2) and 20 mM 24(-cyclohexylamino)-
oxide solution, and anhydrous methanol were purchased fromethanesulfonic acid (Ches, pH-80). All buffers were
Aldrich and used without further purification. adjusted with NaCl to give an ionic strength of 0.1 M. Protein

General *H and 3C NMR spectra were obtained on concentrations ranged from 2 10 to 4.5 x 10°¢ M.
Bruker AM-400 and AM-500 spectrometers. Unless stated Conversion of addudt at high pH was completed by adding
otherwise, all U\-vis spectra were obtained on a HP8452A a small aliquot of potassium hydroxide (final concentration
diode array spectrophotometer equipped with a temperature2.85 M, pH~15) to adduct of WT-ECAO at pH 7.0. Other
controlled cell holder. methods for adductl formation appear elsewhere in the

Protein Purification and Enzyme AssayWT-ECAO, Experimental Procedures.
Y369F, D383E, and D383N were prepared and purified as  Adductll Formation of WT-ECAO, D383E, and D383N
previously reported?, 8). The enzyme used in this study by Urea Treatmenidductl samples of D393E (0.097 mM)
was purified to>95% homogeneity as determined by SBS  and D393N (0.101 mM) in 0.1 M potassium phosphate, pH
PAGE. The enzyme concentration was determined from 7.2, were prepared by the addition of a 5-fold excess of 2HP.
absorbance at 280 nm adjusted by a gravimetrically derived Each derivatized sample (8.) was further diluted with 95
correction factor of 0.76 to give concentration in milligrams uL of 8 M urea prepared in 0.1 M potassium phosphate, pH
per milliliter (¢ = 2.1 x 1° M~ cm™?) (13). All experiments 7.2, and immediately monitored by UWis spectroscopy
were performed aerobically. Enzyme activity was measured at room temperature for 30 min. As a control, 110 of
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WT-ECAO (0.009 mM) was derivatized with /4 of 2HP a refinedB-factor of >50 A2 were rejected from the final
(0.045 mM) and allowed to react for 1 min before the sample model.

was diluted to 60QL with 8 M urea prepared in 0.1 M Effect of Dvalent Cations on UV Vis Absorption Spectra
potassium phosphate, pH 7.2. of 2 at Neutral pH A 36 uL aliquot of the stock solution

Adduct Il Formation of Y369F-ECAO, X-ray Crystal- ([2] = 0.56 mMin 30% methaneimilliQ H0) was diluted
lographic Data Collection, and Structure Analyssl mL ~ With 944uL of a 0.02 M sodium phosphate buffer, pH 7.3
aliquot of 7 mg/mL Y369F ECAO was reacted with 10 molar (¢ = 0.2 with NaCl), in a quartz cell. A 20L aliquot of a
equiv of 2HP at 37C, pH 8.0. The progress of the reaction StoCk solution of a divalent metal ion (V] = 10 mM in
was followed by scanning UMvis spectroscopy using a milliQ H,0) was added to the cuvette. The spectra were taken

Shimadzu 2401 spectrophotometer. During the first 20 s, the IMMediately after the dilution. Metal salts used were CySO
characteristic absorbance of TPQ-a490 nm was lost, and 2120, MgSQ-7H:0, CaCl-2H,0, ZnCh, NiCl+6H0, and

. ; CoChL-6H;0.
a highly colored peak at 420 nm formed, corresponding to 2 o .
adductl. Following a further 90 min incubation, the 420 UV-Vis Spectroscopic Titration @with CL#* at Neutral

nm absorbance was lost and a new absorbance at 530 nnﬁ)H' A 36 uL aliquot. O.f the stock SO'P“O” q = 0.56 mM
developed (adductl). After adduct Il formation was in 30% methanet milliQ H0) was diluted with 944.L of

complete, the protein sample was dialyzed against 5000%0(':?2 .M sod|urp phﬁsE)ruate buffer, pg! UChS O'th'ig::
volumes of 20 mM Tris-HCI (pH 8.0). An aliquot was ta k)7 ml iiq#aréafe_- ) rihcjloirr:erfqﬂﬁn |I_r:goan\:voun c(i)d du
removed and subjected to electrospray mass spectrometr ock solutio (cu] = . Q H20) as adde

: . o the solution of2 to make the final concentration of &u
on a Q-TOF instrument (Micromass U.K. Ltd., Manchester, as 2-18 uM. The spectra were taken immediatelv after the
U.K.) to determine the molecular weight of the 2HP- HVL P y

g L . . dilution.
derivatized protein in comparison with Y369F. The mass .
increase in the 2HP-derivatized protein was80.0 amu. Synthesis of [(Phen)C(2)] (3). Compound2 (100 mg,

The derivatized protein crystals were grown in1l4 M 0.37 mmol). and a molar equivalent of di_chloro(l,lo-
sodium citrate and 20 mM Hepes (pH 6:8.3) at 18°C phenanthroline)copper(ll) were suspended in 20 mL of
using the sitting drop vapor diffusion methbd These cr);stals anhydrous met'hanc_>l. Subsequently,. 0.37 mL of 0.1 M
were transferred to a crvoprotectant soluti ' taining 15% sodium r_nethOX|de (in meth_anol s_olutlon) was _added to the

; . yoprotectant soiution, con g;unmg °suspension, and the reaction mixture was stirred at room
more sodlum citrate thap Ll mother liquor and 20% glycerol, temperature overnight. The solvent was evaporated to
before cooling to .100 K.m a cold nitrogen gas stream (Oxford dryness, and the resulting mass was dissolved in a minimal
Cryosystems). Diffraction dat'a were collected. at the Dares- amount of hot methanol. The solution remained at room
bury SRS (Synchrotron Radiation Source) with a 300 mm

. temperature overnight, following which the copper complex
MAR CCD detector, at a crystal to detector distance of 200 (3) crystallized as dark green tablets: IR (KBr) 1598 (s),

mm. The protein crystallized in &2,2,2; orthorhombic 1502 (m), 1478 (m), 1450 (w), 1378 (s, br), 1310 (w), 1292
lattice, the same as all other ECAO crystals used for structure(w) 1225 (vs, br), 1187 (vs, br), 1145 (s), 1064 (w), 1014

determination. The cell dimensions were also typical for (W), 965 (W), 888 (w), 859 (w), 821 (w), 777 (W), 742 ().
ECAO crystals:a=135.12Ab = 167.13 A, andt = 79.64 X-ray Crystallographic Structure Determination 8f A

A. Programs from the CCP4 suitdq) and DENZO (8§) fragment of a dark green tablet crystal{HfCuQ;NsCarHoa,
were used to process and refine the data. Rigid body haying approximate dimensions of 0.350.20 x 0.06 mm
refinement was used initially to fit the WT-ECAO model a5 mounted on a glass fiber using Paratone N hydrocarbon
(8) into the calculated electron density. The entire molecule | Diffraction data were collected on a SMART) CCD
was then scanned residue by residue to assess the quality Qfith graphite monochromated Md o radiation. The struc-
the fit of the model into the density. The majority of the yre was solved by direct method20f and expanded using
molecule was rebuilt during this process. Prior to positional Fouyrier techniques2(t). The copper complex was refined
and B-factor refinement using the CNS suite of programs, anjsotropically, while the water oxygens were refined iso-
the side chains of active site residues Y369, TPQ466, D383, tropically. Hydrogen atoms were included in the calculated
M699, and Y381 and all of the solvent molecules were positions but were not refined. All calculations were per-
removed from the model. Following 20 cycles of positional formed using the teXsan crystallographic software package
and B-factor refinement, B, — Fc maps were calculated,  (Molecular Structure Corp.). Full details of the X-ray
and the difference density in the active site was used 10 structure determination can be found in the Supporting
systematically replace the residues that had been removedinformation.

To refine the structure of the derivatized TPQ moiety, afull  Resonance Raman (rR) Spectroscopy of ECAO Adtuct
dictionary was prepared by adapting files available at http:// and of Model Compoundédduct| samples were prepared
alpha2.bmc.uu.sc/hicup. Refinement of the TPQ adduct wasas described in the preceding pap&6)( Conversion of
carried out with no restrictions on the dihedral angles acrossadduct to adduct! (as monitored by UV-vis spectroscopy)
the TPQ-2HP ring system. This was to allow the rings to in WT, D383E, and D383N took place by heating the
adopt any conformation during refinement. Due to the lack samples £100uL) between 35 and 45C in an Eppendorf

of clarity in the electron density in the active site, several tube for~1—3 days. For Y369F, conversion from adduict
models were tested and refined before the final model wasto adductil occurred at room temperature. Protein concen-
accepted as being the majority species. Finally, the positionstrations ranged from 0.048 to 0.091 mM in 0.1 M potassium
of ~800 solvent molecules determined using WATPEAK phosphate, pH 7.2. Samples of model compo@naere
(17) were placed in the model and subjected to further prepared by addition of a 1:1 stoichiometry of Cu@F
positional andB-factor refinement. Solvent molecules with CoCl (prepared in deionized @) to 2 in 0.1 M potassium
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phosphate, pH 7.2. A sample 8fwas prepared by adding A 0.10
1 uL of acetonitrile to a small amount &fand then diluting

to 1.5 mL with 0.1 M potassium phosphate, pH 7.2. The
model at high pH{11) was prepared by diluting L of

2 (0.2 mM) to a small amountfd M NaOH (<100xL). rR
spectra were collected using a Spex Triplemate spectropho-
tometer equipped with a liquid nitrogen cooled CCD detector.
Excitation at 514.5 nm was provided by a Coherent 400
argon laser. Data were typically collected over 5 min at 40
mW. Raman frequencies were calibrated relative to an aspirin
standard, and data analysis was carried out using GRAMS 0.00
software (Thermo Galactic) and Origin (OriginLab Corp.). 7300 400 500 600 700 800

Electron Paramagnetic Resonance Spectroscopy (EPR). Wavelength (nm)
EPR data were collected on a Bruker EMX, X-band B
spectrometer at 77 K. WT-ECAO (0.115 mM) and Y369F 0.10
(0.0845 mM) samples in 20 mM sodium phosphate, pH 7.2,
were prepared by placing150uL of underivatized protein
in an EPR tube. A 10-fold excess of 2HP was introduced
into the EPR tube by a gastight syringe. Visible absorbance
spectra of the sample in the EPR tube were collected before
and after the addition of 2HP. Samples turned yellow (adduct
I) upon mixing and were frozen immediately in liquid
nitrogen for data collection. After data collection, samples
were thawed. The EPR tube containing WT-ECAO adduct 0.00 T ,
| was incubated overnight at 48, leading to the formation 300 &?0 lenth (500) 600
of adductll . The conversion of Y369F adduttto adduct C avelength (m
Il was achieved by incubating the sample at°&0for 45
min. Samples turned pink upon heating, characteristic of 0.06 1
adductll formation. Compoun@ was prepared by dissolving
a small amount~+2 mg) of the compound in 150L of
methanol.

0 24 48 72 9 120 144
Time/hours

Absorbance
o
o
W
1

0.05 1

Absorbance

0.04 1

Absorbance

RESULTS
0.02

Corversion of Adduct to Adductll in WT-ECAOWT-
ECAO adductl is stable at neutral pH, 25C. However,
incubation of adduct at pH 9.1, 25°C, led to the slow 0.00 00 P 00
conversion i, ~ 12 h) to a new species with/a,.x at 525 Wavelength (nm)
nm (termed adducti ) in an isosbestic fashion (isosbestic 0.25
point at 460 nm) as shown in Figure 3A. The conversion
was accelerated by heating the solution to 8D and
completed within 30 min (Figure 3B). While adduktis
stable at room temperature at pH 6.9, incubation at®0
for 30 min induces spectral changes similar to those seen at
pH 9.1, although the conversion does not go to completion
(Figure 3C). A similar 100 nm red-shifted species can also
be formed immediately upon room temperature incubation
of adductl at high pH (pH>14; Figure 3D). The spectral
shift seen in these highly basic conditions is analogous to
the “purple shift” observed for the phenylhydrazine and 300 400 500 600
p-nitrophenylhydrazine derivatives of TPQ in CAG22]. Wavelength (nm)

This high-pH species is likely to be the fully deprotonated

form of TPQ-2HP adduct which forms during denaturation  Ficure 3: (A) UV—vis spectra showing the conversion of adduct
of the enzyme, an assignment supported by the pH titration! to adductl in WT-ECAO (2uM) in 20 mM Ches, pH 9.1 at 25
of 2 [see preceding papez(). e o or o e ek

Corversion of Adduct to Adductl in D383E and D383N.  ghows a plot of the absorbance change of adlgl_(dzo nm,m)

As in WT-ECAO, adduct in D383N exists as a tautomeric  vs adductll (520 nm, O) over time. (B) UV-vis spectra of
mixture where the hydrazone form is stabilized over the azo the adductl conversion to adducli in WT-ECAO at pH 9.8,

_ ina i i ida 60 °C (C), at pH 6.90, 60C, and (D) after the addition of KOH
form by the hydrogen-bonding interaction between the amide to a final concentration of 2.85 M. Protein concentrations ranged

group of N383 and the pyridine nitrogen of the 2HP moiety from 2.2 to 4.4uM. Reactions were initiated by a stoichiometric
[see preceding papek)]. In D383E, the extra methylene  addition of 2HP. Key: ®) WT-ECAO, (—) adductl, and (- - -)
in the side chain of Glu compared with Asp helped to adductll.

Absorbance
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Absorbance

460 560
Wavelength (nm)

Absorbance

400 500
Wavelength (nm)

300

Ficure 4: UV-—vis spectra showing conversion of adducto
adductll in ECAO active site mutants D383E (A) and D383N (B)
after the addition b8 M urea. Key: (- - -) hydrazone form of adduct
I, (—) azo form of adduct, and @) adductll . Protein concentra-
tions were 4 and &M, respectively, in 0.1 M potassium phosphate,
pH 7.2 at 25°C.

produce a shorter, stronger hydrogen bond, further shifting

the equilibrium of the addudttoward the hydrazone form.

In contrast to the observation with WT-ECAO, neither

D383E nor D383N addudtforms converted to addudt at
pH 9.1 (data not shown). Upon denaturatign®M urea at
pH 7.2, both D383E and D383N addukttexhibited an
immediate blue shift ofmax Characteristic of conversion to

Mure et al.

0.15

0.10+

Absorbance

0.054

0.00

500 550 600

Wavelength (nm)

400 450 6350

Ficure 5: UV—vis spectral changes associated with the conversion
of adductl to adductll at pH 9.0 in Y369F of ECAO over time.
Key: (—) resting form, ®) t = 2 min after the addition of 2HP
(22 uM), (---) t = 6 min, @) t = 18 min, and =) t = 90 min.

The protein concentration was 3«1 in 20 mM sodium phosphate

at 25°C.

of Y369 plays a prominent role in controlling the conversion
of the adduct to adductll and that D383, while involved,
has a lesser influence.

Effect of Dvalent Cations on the U¥Vis Spectroscopic
Properties of2 at Neutral pH.When2 was treated with an
excess (200 molar equiv) of a divalent cation such a& Cu
or Cot at pH 7.3, the color of the solution changed
immediately from yellow to pink. This is reflected in the
appearance of an absorption band at 504 nm and a decrease
in absorbance at 414 nm (Figure 6A)2Nand Zrf" produce
similar spectral changes, but the conversion to the species
absorbing at 504 nm was not complete?Cand Mg* (data
not shown) did not alter the spectral characteristic of
probably due to their preference for oxygen coordination
(from solvent water and phosphate) over nitrogen coordina-
tion. The Amax of 504 nm is~10 nm red shifted when
compared with that of the species observed at highp1B]
in the UV—vis spectroscopic titration o [see preceding
paper 26)]. The binding of2 to M?* (see below) can lower

the azo tautomer, which was not stable and gradually the Kaof the 4-hydroxyl group, allowing for deprotonation
converted to addudt (Figure 4). The spectral changes of to occur at neutral pH, indicating that the electronic properties
WT-ECAO adduct! under denaturing conditions were of the metal ion have some influence on the electronic
identical to that observed in the D383 mutants (data not Structure of2. The small red shift in themax around 500
shown). This observation is consistent with a common "M as the divalent cation is varied is consistent with this

mechanism for addudt formation in the WT and D383
mutants and supports the inferencettBavl urea disrupts

inference.
Because the active site of ECAO contains copper, the

the active site hydrogen-bonding interactions in both effect of C#* on the UV-vis spectroscopic properties f

WT-ECAO and the D383 mutants.
Cornversion of Adduct to Adductll in Y369F-ECAOQOIn
contrast to the WT and D383 mutants of ECAO, adduat

was examined. Figure 6B shows the spectral changes
observed upon titrating with Cu?*. Figure 6C shows a plot
of As14 and Asps as a function of the:CuZ™ molar ratio at

Y369F is not stable at room temperature, pH 7.0, and PH 7.3. Cd" binds to2 forming a 1:1 complex with no

undergoes conversion to addutt (ty» ~ 3.5 h; data not

further increase in the absorbance at 506 nm observed upon

shown). At pH 9.0, the conversion is faster and is completed addition of excess Cu.

within 90 min (Figure 5). The pH dependency observed most

likely reflects the K, of D383 [see preceding pape26),
pKa ~ 9.7]. The rate of conversion is still faster for Y369F
adductl at pH 7.0 than WT addudtat pH 9.1, suggesting

X-ray Crystallographic Structure Determination of Adduct
Il in Y369F.In Figure 7A, the active site of addudt in
Y369F from a crystal structure solved at 2.3 A resolution is
shown. Adductl is shown to be the copper-coordinated form

that the hydroxyl group of Y369 remains protonated in the of TPQ—-2HP, which exists as the fully deprotonated azo
latter. Even though D383 is protonated at pH 7.0 and tautomer where the charge is neutralized by'Cin good

hydrogen bonded to the 2HP moiety in addudhis is not
enough to prevent conversion to addlicin the absence of

agreement with the structure 8f The O4 of TPQ-2HP is
2.9 A from the C&" and is within hydrogen-bonding distance

Y369. These results clearly show that the hydroxyl group of a water molecule (W2) lying 3.3 A from the €u The
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041 A A F369
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::5 Y381
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3 H689
2 014 >D383
0.0- T Owy
300 400 500 600 700 TPQ-2HP
Wavelength (nm) adduct IT
" H526
9 B
2 H524
f§ TPQ-2HP
3 adduct II
2 H689
300 400 500 600 700
Wavelength (nm) FiGUrRe 7: Active site structure of Y369F addutit (A) and the
05 copper site of Y369F adduttt (B) (magenta sphere, copper; blue
C spheres, water).
0.4 o . .
1 o Copper coordination geometry of addukttin Y369F is
® 03 o P00 shown in more detail in Figure 7B. The active site?Cin
% ' ECAO is five coordinate, where one of the His ligands
-g 02 ° (H689) and the two water ligands are displaced by #PQ
F o 2HP to form a distorted square-pyramidal geometry. The
< o © 0000 coordination sphere of Ctiis known to be relatively labile
- (20), changing from five to four coordinate by losing one of
° the water ligands. Cti is in a rough plane comprising N1
00 00 05 10 15 20 and N3 of the azo moiety and the nitrogens of H524 and

H526. O4 of TPQ-2HP sits on the JahnTeller axis.

X-ray Crystallographic Structure Determination 8f To
further characterize the complex formed betweef*Gund
2, [(phen)C(2)] (3) was isolated from a methanolic solution
containing2, CuClh, and 1,10-phenanthroline in the presence
of NaOMe, and its structure was determined by X-ray
crystallography. There are four molecules of the copper
complex in the unit cell of the primitive, monoclinic space
group P2,/a. Associated with each molecule of the copper
] ) complex are four waters of crystallization. These waters form
02 of TPQ-2HP interacts via another water molecule, W4, hydrogen bonds to each other throughout the lattice and to
with a carboxylate oxygen of D383 as seen in the resting the coordinated oxygen O4, the hydroxyl oxygen 02, and
form of Y369F. In comparison to the structure of adduct gne of the azo nitrogens, N2, forming a three-dimensional
in WT-ECAO (Figure 2A), the orientation of the pyridine  hydrogen bond network. The water molecules are located
ring with respect to the TPQ ring is altered, and the two in a channel which runs perpendicular to thie plane. The
rings are now coplanar, indicative of the azo tautomer. The copper has a distorted five-coordinate square-pyramidal
pKa of D383 in the resting form of Y369F is determined to  geometry and is bonded in a rough plane to 04, N1, and
be 6.5, ca. 0.8 pH unit elevated from that in the WJ. (N3 of the azo moiety and one of the nitrogens, N4, of the
Assuming the K,s of D383 in the resting form and Y369F  1,10-phenanthroline ligand (Figure 8). The distortion from
adductll are not significantly perturbed under the crystal- a square-pyramidal geometry is due to the bite angle of the
lization conditions (pH 6.97.3), approximately 76% of  1,10-phenanthroline ligand. The bond from2€uo N5 is
D383 would then be in the deprotonated state. W4 (seesignificantly longer (2.23 A) than to the other phenanthroline
Figure 1) could buffer the negative charge on D383 to reduce nitrogen, N4 (2.03 A), due to JahiTeller effects. The planes
the repulsion with the anionic O2 of TPQ both in the resting of the phenanthroline and the 2HP ring systems are almost
form and in adductl of Y369F. orthogonal to each other. CompouBctrystallized with a

TPQ2HP/Cu®t

Ficure 6: (A) Effect of divalent cations on the UWis spectrum
of 2 at 25°C, pH 7.3. Key: €) 2, (H) 2 + Cw#', (O) 2 + Cc?t,
(A) 2+ Ni2*, (- - -) 2+ Zn2*. (B) Spectra showing the titration of
2 with CW#*. Key: (—) 2, (- - -) 2+ 0.2 molar equiv of C&r", (O)

2 + 0.4 molar equiv of C#", (l) 2 + 0.6 molar equiv of C#r,
(a) 2 + 0.8 molar equiv of Ct&rr, and @) 2 + 1 molar equiv of
CU?". (C) Plot showingAs14 (O) decrease andsos (@) increase as
a function of Cé@" addition to2.
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1,10 phenanthroline

Ficure 8: Crystal structure o8 (gray spheres, carbon; red spheres,
oxygen; blue spheres, nitrogen; green sphere, copper).
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Raman Shift (cm'l)

Ficure 9: Resonance Raman spectra of adduicin (A) WT-
ECAO, (B) D383N, (C) D383E, (D) Y369F, and (E) model
compound2 with Cl?* (200 uM in 0.1 M potassium phosphate,
pH 7.2). Protein concentrations ranged from 48 ta:®in 0.1 M
potassium phosphate, pH 7.2. Data were collected using an
excitation wavelength at 514.5 nm.
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Scheme 3: Resonance StructuresSof
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net neutral charge, so that the two hydroxyl groupg afe
deprotonated in order to cancel th€ charge on Cu. This
explains the analogous effect of the divalent cations to
deprotonation on the U¥vis spectrum of2 (see above).
The low K, of the 2-hydroxyl group of the TPQ2HP

Mure et al.

1200 1400 1600
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Ficure 10: Resonance Raman spectra2of200 uM) after the
addition of (A) CuC}, (B) CoCh, and (C) NaOH. Metals were
added to2 in a 1:1 ratio. At high pH, 1QiL of 2 (200 uM) was
added to 10Q:L of 1 M NaOH to give a final pH of~11. Data
were collected at 514.5 nm excitation.

1000

A

1200 1400 1600

Raman Shift (cm” l)
FicURE 11: Resonance Raman spectra3qfA) and 2 with Cu2+
(B) prepared in 0.1 M potassium phosphate, pH 7.2. Data were
collected using a 514.5 nm excitation wavelength and 40 mwW
power.

1000

the rR spectra of the model compouBdfter the addition

of (A) CuCl, (B) CoCh, and (C) NaOH. Each of those
conditions caused the sample2ofo turn pink, characteristic

of adductll formation. The rR spectrum o2 after the
addition of CoC} (B) shows some peak assignments similar
to that of 2 with CuCk (A) specifically in the region from
~1400 to 1600 cm!. However, dramatic changes in peak
intensity and frequencies occur in the region between 1120
and 1320 cm?, suggesting that the coordination environ-
ments of the TP@2HP complexes of Ci and C3" are
somewhat different. This conclusion is supported by the
observation that the 1120.320 cn* region is substantially
different in the rR spectrum ¢ at high pH in the absence
of a metal ion (Figure 10C). Indeed, the rR spectra wfith

ligand in3 suggests that it exists as a resonance hybrid whereCuCl, (Figures 9E and 10A) and the species formed at high

the negative charge can be localized on the nitrogen
coordinated directly to Cti (Scheme 3).

Resonance Raman Spectroscopy2ofith MCl, (M =
CW" or Co?"), 3, and Adductl . Figure 9 compares the rR
spectra of addudt in WT, D383N, D383E, Y369F, and
with CuCh. All spectra shown in Figure 9 are closely similar,
suggesting that the mutation of D383 and Y369 does not
affect the electronic nature of TRQHP in adductl . These

pH (Figure 10C) have practically no features in common,
suggesting that metal ion coordination is required for adduct
II formation. Collectively, the rR spectra in Figures 9 and
10 establish that addu¢t is a C#* complex. Figure 11
compares the rR spectra of model compo@nand model
compound2 with CuCkL where the former contains 1,10-
phenanthroline which is absent in the latter. The spectra are
nearly superimposable, indicating that the electronic transi-

results contrast with the clear influence of mutations on thesetions and principal vibrational modes of both models are

residues seen on the WWis and rR spectroscopic properties
of adductl [see preceding pape2)]. Figure 10 compares

dominated by the TPQ2HP—Cuw?* unit and are insensitive
to the nature of the other Culigands.
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Ficure 12: EPR spectra at 77 K of (A) WT-ECAO, (B) WT adduct
| (C), WT adductll (D), Y369F (E), Y369F addudt (F), Y369F

adductl , and (G)3. Conditions: frequency modulation, 9.31 GHz;
modulation amplitude, 12 G; microwave power, 2.00 mW.

Table 1: EPR Simulation Parameters for the Resting Form of WT,
Y369F-ECAO, and Their 2-HP Adducts along wish

o] A (MHz) go

coordinatiord

WT 2.292 492 2.0574 3N, 20
WT adduct 2.294 480 2.0590 3N, 20
WT adductll 2.230 447 2.0400

Y369F 2.280 510 2.0500 3N, 20
Y369F adduct 2.290 488 2.0574

Y369F adductl 2.237 452 2.0500 4N, 10
3 2.234 524 2.0580 4N, 10

aFrom the crystal structure.

EPR of WT-ECAO and Y369F Addudtsaand II. EPR
spectra of the resting, addutt and adductll forms of
WT-ECAO along with the EPR spectrum 8fare shown in
Figure 12. The spectra were simulated assuming gieh-

Biochemistry, Vol. 44, No. 5, 200581591

of the model compoun® does not exhibit reducedy,
compared to Y369F addutit, probably as a result of the
different geometry and bond lengths in the model compound.
In 3, the copper ion has a distorted five-coordinate square-
pyramidal geometry (due to the bite angle of the phen ligand),
and the Cu-N5 bond is significantly longer (2.23 A) than
the other phen N ligand (2.03 A).

DISCUSSION

The species formed by alkaline treatment of WT-ECAO
adductl displays a U\-vis spectrum very similar to that of
adductll at pH 7 and compoun@ at pH 14 (where? is
fully deprotonated), which might suggest that adduicts
structurally related to the fully deprotonated form 2f
However, adduct in the enzyme is a monoanion at neutral
pH (Scheme 4), raising the question as to how the second
deprotonation can be induced by thermal incubation at 60
°C. Further, it is not immediately obvious why such a
deprotonation should be time dependent and irreversible.

To explain the nature of the thermally induced addiict
formation, we proposed that specific interactions between
the TPQ-2HP moiety and D383, Y369, and Y381 in adduct
| [see preceding pape2)] are disrupted, thereby increasing
the mobility of the complex. This is consistent with the pH-
dependent nature of adducto adductll conversion. The
increased mobility could allow for new interactions with
other active site residues to facilitate the full deprotonation
of TPQ—2HP. An alternate proposal is that, at 80, the
TPQ—-2HP moiety has a sufficient range of motion to directly
move on to the active site €Yy where Cé" can act as a
Lewis acid to stabilize the dianionic form of TRQHP. The
first possibility was shown to be unlikely as the secoid p
of TPQ—2HP is>13 [see preceding pape2q)] and there
are no active site residues sufficiently basic to facilitate this
deprotonation. The second possibility is consistent with the
X-ray crystallographic structures of WT addlicnd Y369F
adductll (Figure 13). Such an active site rearrangement for
2HP-inhibited ECAO is remarkable given the steric demands
of the derivatized TPQ within a specific wedge-shaped cavity
in the active site § (Figure 14). This wedge cavity was

sors and corresponding hyperfine tensors (Table 1). Thediscovered by inspection of the van der Waals surfaces of

g-value patterng, > go > 2.0, of the resting form of WT
and Y369F-ECAO is indicative of a,d,? ground state,

active site residues such as V367, Y369, D383, N465, and
A491, surrounding the TPQ cofactor in the crystal struc-

consistent with the square-pyramidal geometry observed inture of WT-ECAO 8, 10). This cavity is found in all four
the crystal structures of those forms. The values are com-CAOs whose structures have been determined, and the

parable with those of other amine oxidas2®) (Furthermore,
the simulatedy, andA, values support the mixed N,O copper

ligation (24) as observed in the crystal structures of WT-

ECAO, WT-ECAO adduct, Y369F, and Y369F addutk.
The g-values andy, for adductl in WT-ECAO and Y369F

residues forming the sides of the wedge, V367 and N465,
are conserved in all four species. Formation of addiuat
WT-ECAO requires relatively severe conditions in order to
break the H-bonding and hydrophobic interactions within the
active site. This meant that there was no reasonable way of

(Figure 12B,E) are comparable to the resting forms, indicat- generating crystals of 2HP-derivatized WT-ECAO with a full
ing that the copper ion has not been significantly perturbed. complement of addudi . An obvious way to break those
Similar behavior is observed when derivatizing amine oxi- hydrogen bonds under mild conditions is by site-directed

dase from bovine serum with phenylhydrazi@g)( The EPR
spectra of addudt in WT-ECAO and Y369F are character-
ized by reduced and hyperfine coupling constants in com-
parison with the resting forms or adductspectra. Com-
parison of Peisach and Blumberg diagra24) Gupports the
interpretation that changes in tlgevalues and hyperfine

mutagenesis. Y369F proved to be the appropriate system to
generate addudt in high yield at neutral pH without the
need for thermal incubation at high temperature. Conse-
qguently, we were able to obtain a crystal structure of adduct
Il in Y369F-ECAO. The spectroscopic data, especially the
rR and EPR spectra (Figures 9 and 12), unequivocally

coupling constants reflect a change in equatorial coordinationestablish that addu¢t in the WT-ECAO and in the Y369F
geometry from 3N, 10 to 4N. Note that the EPR spectrum variant are identical. Thus, the structure of the GtTPQ—
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Ficure 13: Crystal structures of WT-ECAO adduc{A) and Y369F adductl (B) (magenta sphere, copper; blue spheres, water).

Scheme 4: Hydrazone to Azo Conversion of Adduct

+H+ H -H+ pK,=9.7

OH

/] Y369
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Azo

2HP complex shown in Figure 8 must also be the structure wedge-shaped cavity that is evident in the crystal structure

of adductll in WT-ECAO.

of WT-ECAOQO (5, 8). There is a “wall” comprised of the

Comparisons among the ECAO enzymes and the modelpeptide backbone at one face of TPQ such that movement

compound® and3 provide additional confirmation of this
key point. A simple reaction betweéhand Cd" produced
a spectral change that matched that of the addtecadduct

of the side chains along the other face of TPQ, where there
is an opening in the wedge, is likely to be the thermally
accessible path for rearrangement. Further inspection of the

Il conversion, strongly supporting the second proposal. In active site structure of WT and Y369F shows that the
addition, we were able to obtain the crystal structure of a hydroxyl group of Y369 acts as a “bar” across the open side

model compound3, whose UV-vis and rR spectra showed
an excellent match with those of adduktand to those of
the product of the reaction & with Cw?*. These results
confirm that adductl was indeed the Cu-coordinated form

of TPQ-2HP.

The observation that addudlt is a copper-coordinated

of the wedge. Heating the solution to 60 or denaturation
with 8 M urea will help the wedge to “breathe” so that TPQ
2HP can swing out from the cavity through the opening in
the wedge in WT-ECAO. Alternatively, breaking the interac-
tion between O4 of TPQ and the hydroxyl group of Tyr369
by site-directed mutagenesis (Y369F) also provides adduct

TPQ-2HP species is both unprecedented and surprising. To! With enough range of motion to swing out of the wedge
our knowledge, this is a unique rearrangement in the (Figure 14B). This shows that TPQ is held in position by a
coordination chemistry of metalloenzymes and a novel combination of the wedge and by the hydrogen-bonding
mechanism for irreversible inactivation of an enzyme. To interaction involving Tyr369. Disrupting either of these

accommodate the large movement of TPZHP in the active

interactions increases the degree of mobility of HZpIP

site, there must be a series of concerted movements of theVithin the active site.
active site residues (Figure 14). There appears to be only The flexibility of TPQ has been highlighted in the crystal

one direction in which TPQ2HP can relocate from the

structures of the underivatized resting forms of WT-ECAO
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Ficure 14: (A) Side view of a space-filling model showing the
specific wedge-shaped cavity where the FPZHP (yellow) is
located in ECAO addudt Important active site residues surround-
ing TPQ are labeled. (B) Same view as in (A) depicting the dramatic
movement of the TPQ2HP (yellow) to the on-copper conformation
in Y369F adductl .

(8), D383A (8), and Y369F 2) where the cofactor can adopt
a variety of conformations. The precise orientation of TPQ

in these samples varies depending on the mutant being

Biochemistry, Vol. 44, No. 5, 20051593

short hydrogen-bonding interaction between D383 and the
pyridine nitrogen of the 2HP moiety observed in the crystal
structure of WT-ECAO addudtis the reason for this high
pKa value of D383. It might seem more likely that thikp

of 9.7 is due to deprotonation of the hydroxyl group of Y369
since it is well above thely, of Asp383 in the resting form
(5.7). However, this latter possibility is considered unlikely
since (i) adductl formation in Y369F is faster at pH 9 when
compared to pH 7 and (ii) the pH effect on the adduict
formation is absent in D383E and D383N; it is not possible
to induce adductl formation in these active site base
mutants below pH 10, suggesting that the hydroxyl group
of Y369 remains protonated.

CONCLUSIONS

We have unambiguously shown that the adductorm
of 2HP-inhibited ECAO is a novel Ct-coordinated form
of the complex where TPQ2HP exists as the fully depro-
tonated azo tautomer. The hydrogen-bonding interactions
within the active site of WT-ECAO at pH 7, 2%C, are
sufficient to suppress the conformational flexibility of TRQ
2HP and can stabilize the hydrazone tautomer. In Y369F,
where the hydrogen bond between the hydroxyl group of
Y369 and O4 of TPQ is eliminated, TPQHP has increased
mobility and is able to undergo facile migration to the’Cu
site. We were able to trap the €ucoordinated conformation
due to the excellent chelating properties of TPZHP. The
present study strongly supports the proposal that the essential
role of Y369 is to keep TPQ and the reaction intermediates
in an optimal conformation during the catalytic cycl® (
7—10).
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