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ABSTRACT: The spectroscopic characterization of the H172A mutant of peptidylglycihgdroxylating
monooxygenase (PHM) was undertaken to determine the importance of thisg@uad in the catalytic
mechanism of PHM. Mutation of this histidine reduced the activity of the enzyme over 300-fold with
little effect on the structure of the oxidized form. However, the reduced enzyme showed a decrease in the
average CuN(His) distances from 1.96 A in wild-type PHM to 1.89 A in H172A associated with a
change in the structure of Guirom distorted T-shaped planar in the wild type to 2-coordinate in the
mutant. Binding of CO was retained at theyCsite (similar to wild type), and peptide substrate binding
continued to activate a second site for CO binding. Confirmation of this substrate-induced CO binding
site at Cy was obtained through the observation that loss of the H172liGand causé a 3 cnt?! blue

shift in thev(CO) for this copper carbonyl. Possible mechanistic roles for the H172 ligand are discussed.

Many bioactive neuropeptides are amidated at the C- Scheme 1
terminus. The enzyme peptidylglycin@-amidating mo-
nooxygenase (PAM,EC 1.14.17.3) carries out this post- (a)

2 Ascorbate 2 Semidehydroascorbate
translational modification in a two-step reaction corresponding +0; * Hz0
to separate enzymatic activitiek, @), which are located in H E i W
separate domains of the bifunctional enzyme PAM, or as Peptide ~N~g~COO" pepﬁde/u;/c/coo.
separate enzyme8, (). The first of these enzyme activities, JEAN PHM WS\
termed peptidylglycinea-hydroxylating monooxygenase s He §
(PHM), is responsible for the hydroxylation of the peptide Pentidvialvei Peptidyl
substrate at the-carbon of a C-terminal glycine (Scheme epreyiglyeine o-hydroxyglyeine
1) in a copper-, ascorbate-, and molecular oxygen-dependen H
manner $—9). The product of this reaction is then converted I
to the amidated peptide and glyoxylate by the zinc-dependent ————» Peptide~N~H 4+ Hc—cOO
enzyme peptidybi-hydroxyglycineo-amidating lyase (PAL) PAL I
(10' 11)' Amidated peptide glyoxylate

Recombinant cell lines have made it possible to produce
a truncated form of PHM termed PHMct3). This 35 kDa ( )
protein consists solely of the residues necessary for mo-

\)\/’ .‘Y318

40 Q170
nooxygenase activity, and crystal structures of the oxidized, \ \) H108
reduced, and substrate-bound/oxidized forms of PHMcc have diiodo-YG
been publishedl3—15). These three structures are similar, (substrate) @,.
with a root-mean-square deviation of €oordinates of-0.2
A and show that the copper centers reside in different 242 % H\(\l@
H107
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zSrﬁtggﬂgogfoégﬁ;%g%‘zu%”geiﬂﬁir(‘:eeer:tigg- subdomains. The N-terminal subdomain containg Ghe
1 Abbreviations: DW, DebyeWaller: dYVG, dansyl-Tyr-Val-Gly: histidine site), coordinated by three histidine ligands: H107,

ET, electron transfer; EXAFS, X-ray absorption fine structure; FT, H108, and H172. The C-terminal subdomain containg Cu
Fourier transform; HPLC, high-pressure liquid chromatography; IR, (the methionine site), coordinated by two histidines and a
infrared; PAL, peptidylo-hydroxyglycinea-amidating lyase; PAM, — mathjonine residue: H242, H244, and M314. The two copper
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YVG, a-N-acetyl-Tyr-Val-Gly. with no through-bond connecting pathway shorter than 240
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A. The peptide substrate-N-acetyl-diiodo-Tyr-Gly binds reduction, structure/reactivity studies of theQrenter and

in a pocket close to Gu leading to the proposal that its protein-derived ligands offer a promising approach to
dioxygen binds to the Gusite as previously suggested for distinguishing between the proposed mechanisms. In the
the related enzyme dopamifienonooxygenase on the basis present study, we report a detailed structural characterization
of spectroscopic and kinetic data6( 17). In this scenario, of the H172A mutant of PHMcc to determine the importance
the second electron required to hydroxylate theHCbond of this Cu, ligand in catalytic activity. Our results show that

must be transferred from the distant,Ceenter 9, 18, 19), mutation of this histidine reduces the activity to less than
which poses intriguing questions relating to the mechanism 1% of that of the wild-type enzyme, with little effect on the
and pathway of electron transfer. oxidized structure. Reduction causes significant structural

The only major changes among oxidized, substrate-bound,changes related to a change in the ligand geometry at the
and reduced forms of PHMcc detected by crystallography Cuy site. Further, the CO chemistry of H172A provides
were the positions of two residues, Q170 and H108 (a Cu evidence to support our previous assignment of the peptide-
ligand). In reduced PHMcc, Q170, and H108 are hydrogen- induced CO binding site to Gu These observations have
bonded, whereas in oxidized PHMcc, a water molecule led us to propose possible roles for H172, which include
bridges the two residues. Additionally, Q170 is connected that of an active site base in a modified superoxide
to the peptide substrate through a water molecule in the channeling mechanism..
substrate-bound form. Although no crystal structure exists
for the reduced substrate-bound form, the combination of MATERIALS AND METHODS
data from other forms suggests a possible through-bond . .
connectivity between Guand Cuy, mediated by the binding Punﬂcat;on of the Mutant Enzymdhe Chinese .hamster
of the peptide substrate, which could provide a viable ©Vary cell line expressing the mutant PHMcc protein, H172A,

electron-transfer pathway through residues H108, Q170, a'Vas constructed as describerP). Cells were grown in a
water molecule, and the peptide substraté (5). Cellmax 100 1.1 rhhollow-fiber bioreactor (Spectrum) on

X-ray absorption spectroscopic (XAS) analysis has led to CSFM as previously described, except that Ehe complete
a different proposal for the electron-transfer mechanism. serum-lfree med'(;’.m was supp-lem(ra]nted with 0'3/0 Fetal Clone
X-ray absorption fine structure (EXAFS) studies of oxidized Il (Hyclone). Medium containing the expressed enzyme was

and reduced forms of PHMcc indicate that major changes coII.e.cte(_j daily, ar_1d 7 days W‘?T‘h was combined for each
in the coordination spheres surrounding each copper ac_pur|f|cat|on. Proteins were purified by column chromatog-

company reduction of the enzyme by ascorbate in solution "aPNY. which was controlled by a Pharmacia LCC-500 fast
(20). The Cuy center loses its solvating water ligands, and protein liquid ch.romat.qgra.phy. (FPLC) instrument. The
the coordination number is reduced from 4 to 2, with one of protocol for protein purification incorporated a two-column

the histidine ligands becoming undetectable by EXAFS, process, which resulted in95% pure enzyme. Complete
implying that it has lengthened by more than 0.3 A. The deta!ls of cell culture and enzyme isolation were reported
Cuy center also loses coordinated water, with the coordina- Previously €1).
tion number dropping to 3. More significantly, the M314  Calculation of Copper and Protein Concentrationss
ligand, which is not detected in the EXAFS of the oxidized isolated, H172A contained<0.3 Cu/protein. Following
enzyme, becomes visible at 2.25 A along with two histidine purification, the protein was dialyzed for 2 days in 0.05 M
residues, signaling a movement of the methionine ligand by potassium phosphate, pH 7.5, containing®6Cu*" as Cu-
0.3-0.5 A. (NO3),, with a change of buffer after the first day. Following
Redox-induced changes in conformation and solvation are this procedure, the Cu:protein ratio was typically in the range
not characteristic of metal sites designed for rapid electron 1.1-1.9. Protein concentrations were determined using the
transfer and are most often seen where the metal center igoreviously determined extinction coefficient for PHMég4
involved in reactions with exogenous ligands such as = 0.98 fora 1.0 mg/mL solutionp(l). Copper concentrations
dioxygen. Indeed, our previous studies on the wild-type Wwere determined by flame atomic absorption on a Varian-
enzyme have demonstrated that both copper sites are reactivéechtron AA5 spectrometer against standard copper solutions
toward CO and, by inference,,@21). Whereas the wild- ~ spanning the range 5 to 2aM; all protein samples were
type enzyme binds a single CO assigned to g-€tarbonyl diluted to be within this range. In most cases, protein and
with a frequency of 2092 cm, binding of peptidylglycine ~ copper analyses were performed on the same 1 mL sample
substrates induces a second CO frequency (20621)Cm of enzyme, which eliminated dilution errors from the
believed to arise from a Ggrcarbonyl, the CO stretching ~ determination of copper-to-protein ratios.
frequency of which is strongly dependent on the identity of ~ Specific Actiity MeasurementsEnzyme activity was
the peptide. Upon the basis of the assumption that bindingdetermined from the rate of oxygen consumption using a
of CO indicates a potential inding site at Cy, we have Strathkelvin Instruments 1301 oxygen electrode interfaced
proposed a mechanism for electron transfer that differs with a model 781 oxygen meter, or from the rate of
substantially from the substrate-mediated electron-transferhydroxylation of [29]-Ac-Tyr-Val-Gly. For the G assay,
model (4, 15). In this mechanism, we suggest that dioxygen the reaction mixture consisted of 0.251 H172A PHM, 150
is first reduced to superoxide at the Ceenter and that the mM MES buffer, 13,000 U/ml catalase, 501 Cu?*, 1.65
subsequent electron transfer is mediated by a superoxidenM ascorbate, 0.25 mM peptide substrate, and in some cases
molecule, which channels from Guo Cuy (21). various concentrations of imidazole up to 10.5 mM. All
Both mechanisms have interesting and compelling argu- reagents except peptide substrate were equilibrated 1€ 37
ments in their favor, and neither can be ruled out at this time. in the cell fitted with the oxygen electrode until a flat baseline
However, if Cw is indeed involved in dioxygen binding and was achieved. The reaction was initiated witiN-acetyl-
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Tyr-Val-Gly (YVG) and allowed to go to completion. (BL 9.3) operating at 3.0 GeV with beam currents between
Specific activity, defined as micromoles of, ©@onsumed/ 100 and 50 mA. An Si220 monochromator with 1.2 mm slits
min/mg of enzyme, was calculated from the initial rate of was used to provide monochromatic radiation in the-8.8
oxygen consumption. The concentration of oxygen dissolved 10 keV energy range. Harmonic rejection was achieved either
in air-saturated buffer at 37C was taken to be 178M, by detuning the monochromator 50% at the end of the scan
calculated from tabulated data in the Handbook of Physical (9731 eV, BL 7.3) or by means of a rhodium-coated mirror
Chemistry. Wild-type PHM was used as a control for activity with a cutoff of 13 keV placed upstream of the monochro-
measurements in this study and had activities ranging mator (BL 9.3). The protein samples were measured as frozen
between 15 and 20 micromoles of @onsumed/min/mg. glasses in 2630% ethylene glycol at 1114 K in fluores-

For comparison of specific activities and determination cence mode using either a 13-element (BL 7.3) or 30-element
of Ky andVmax using [24]-Ac-Tyr-Val-Gly, purified PHMcc (BL 9.3) Ge detector. To avoid detector saturation, the count
(18.5 mg/mL) and PHMcc H172A (23.5 mg/mL) were first rate of each detector channel was kept below 110 kHz, while
diluted 10-fold into 20 mM sodium TES, 10 mM mannitol, the rise in fluorescent counts through the edge was kept
pH 7.0, for analysis by SDSPAGE. Samples were further  below 20 kHz per channel. Under these conditions, no dead-
diluted for measurement of catalytic activity using assay time correction was necessary. A Soller slit assembly fitted
diluent (20 mM sodium TES, 10 mM mannitol, 1% Triton with a 6 u Ni filter was used in conjunction with the 30-
X-100, 1 mg/mL bovine serum albumin, pH 7.0). Assays element detector of BL 9.3 to decrease the elastic scatter
were carried out in 75 mM sodium MES, pH 5.5, 0.1 mg/ peak and further reduce detector saturation. The summed data
mL catalase (Boehringer Mannheim), @Bl cupric sulfate for each detector channel were then inspected, and only those
and 0.5 mM ascorbate, with concentrations of Ac-Tyr-Val- channels that gave high-quality backgrounds free from
Gly ranging from 1 to 5&M and approximately 15 000 dpm  glitches, drop outs, or scatter peaks were included in the final
129-labeled Ac-Tyr-Val-Gly. When the same amounts of average. Data analysis was performed as previously described
PHMcc and PHMcc H172A were assayed, PHMcc H172A in detail 20, 22). First, a blank data file collected under
appeared to be completely inactive. Therefore, to determineidentical conditions and detector geometry was subtracted
whether PHMcc H172A possessed any catalytic activity, an from the summed experimental data. This procedure removed
increased amount of mutant protein was assayed. In theseany residual Ni K fluorescence which was still present in
experiments, each 40L assay tube contained 235 ng of the detector window, and it produced a flat preedge close to

PHMcc H172A or 0.0925 ng of PHMcc. zero. Background subtraction was carried out using the
CO Binding.Binding of CO to H172A PHM was carried = PROCESS module of EXAFSPAK39) using a Gaussian
out in the following manner. Between 50 and 15D of preedge and fourth-order spline fit wikA weighting in the

purified H172A (approximately 1 mM) was added to a postedge region. ThE, (start of the EXAFS) was chosen

conical vial fitted with a rubber and silicone septum and kept as 8985 eV, and th&-weighted data were Fourier trans-

on ice. In some experiments, Ac-Tyr-Val-Gly was then added formed over the rang& = 2.6-12.8 A"l Simulations

to achieve a final concentration of 3 mM. The vial was made (including the calculations of phases and amplitudes) were

anaerobic by gently vacuum flushing with argon no less than performed by curve fitting using the program EXCURVE

eight times with three successive repeats over a period of(curved-wave small atom approximatiodf as previously

40 min. The mutant protein was reduced with a 2-fold excess described Z0, 22). This allowed for inclusion of multiple

of ascorbate per copper. Anaerobic conditions ensured thescattering pathways between the copper center and (a) the

absence of any monooxygenase activity. Carbon monoxideatoms of imidazole rings of histidine residues and (b) the

was introduced by vacuum flushing, and the H172A mutant near linear CO coordination. Coordination numbers of protein

sample was allowed to sit under a CO atmosphere for 20 derived residues were fixed at their crystallographic values.

min. At this time, it was assumed that binding of CO was Parameters refined in the fits were distances and Debye

complete and samples could be removed for infrared andWaller (DW) factors for Cu-ligand interactiong;, a small

EXAFS analysis. correction to the threshold ener@y, was also refined but
FT-IR Analysis.Solution IR spectra were recorded on a was constrained to take the same value for all shells of

Perkin-Elmer System 2000 FT-IR with a liquid nitrogen- scatterers. The amplitude reduction factor was set at 0.90.

cooled mercury cadmium telluride detector. Protein solutions The goodness of fit was judged by a fitting parameker,

were injected into a 0.050 mm path-length transmission IR defined as

cell fitted with Cak, windows and placed into a constant

humidity sample compartment kept at 0. Temperatures 5 IR 5

below ambient were employed to inhibit the formation of F*=—> k’(Datg — Model)

bubbles in the IR sample due to the outgassing of carbon Ni=

monoxide during data collection. Each sample spectrum ) )

consisted of 200 scans, compiled, and background-subtractedvhereN is the number of data points.

using the program Spectrum for Windows (Perkin-Elmer). RESULTS

Subtraction of a water spectrum from the protein spectrum

eliminated the large water absorption at 2140 &nThis Copper Binding Stoichiometrylable 1 lists the copper
procedure was completed using the interactive polynomial binding stoichiometry for a number of individual preparations
baseline subtraction routine of the Spectrum program. of H172A. The average copper-to-protein ratio was 1.4:1,

X-Ray Absorption (XAS) Data Collection and Analysis. which can be compared with values in the range-R3,
XAS data were collected at the Stanford Synchrotron typically found for wild-type PHMcc prepared and measured
Radiation Laboratory on beam lines 7.3 (BL 7.3) and 9.3 under identical condition®2(). The crystal structure of wild-
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Table 1: Copper: Protein Stoichiometry for Independent
Preparations of H172A PHMcc 2092
preparation  [Cu] (mM)  [protein] (mM) Cu:protein ;J

1 3.300 1.700 1.9 =

2 1.500 0.971 15 s (@

3 0.403 0.300 1.3 2

4 0.175 0.179 1.0 < 2065

5 1.365 1.000 1.4 (b) Y

AN
average 1.4 0.3
N . . 1900 2000 2100 2200

type PHMcc implicates H172 as an importantdigand,
and removal of this ligand would be expected to disrupt Wavenumber (em1)
copper binding at this site. Interestingly, there appears to beFicure 1: Infrared spectra of CO binding to H172A (a) in the
partial or complete retention of copper binding todn absence and (b) presence of the peptide substrate Ac-Tyr-Val-Gly.

H172. One explanation is that H172 may be a weak coppermﬁ ?‘l?eu?jgtr]j:n Sﬁg)i(tim;n é?)zv(\)/gz fgnt:jy go%%i%?rf] rGezlJZiitﬁlrélpeakS

Ilganq n wild-type PHM. and may m_ake only a limited Spectralqinten);ities are corrected for concen’tratio% differ)(/ances

contribution to the stability of Gubinding. Another pos-  petween the protein samples.

sibility is that some other molecule or residue is recruited to

substitute for H172 and stabilize copper binding at this site.
Steady-State Aciity of H172A and Lack of Rescue by

Imidazole.Wild-type PHM consumed 2% 3 uM Oz/min/

mg with saturating amounts of Ac-Tyr-Val-Gly substrate,

while the H172A mutant measured in the same way time

had a specific activity 0<0.065uM O /min/mg (<0.3%).

A similar result was obtained using?fi]-Ac-Tyr-Val-Gly

to follow the conversion of Ac-Tyr-Val-Gly into Ac-Tyr-

Val-a-hydroxyglycine: theK, values measured for PHMcc

(11.5uM) and for PHMcc H172A (18.3:M) were similar,

but theVmax values differed by a factor of 1000; the mutant

had~0.1% of the wild-type activity. Thus, mutation of H172 R(A)

causes almost complete loss of PHM activity without

significant loss of copper binding at Guestablishing an w0 (b) 5

essential role for H172 in catalysis. An attempt to rescue )

turnover in H172 by the addition of an excess of imidazole

was unsuccessful. Theoretically, if the reactivity of (Cu

toward oxygen were solely reliant upon the coordination of

a third histidine ligand, addition of exogenous imidazole

would increase the activity of H1728). However, addition

of imidazole had no effect on the rates of oxygen consump-

tion or product formation by the H172A mutant. 0.0 -
FT-IR Spectroscopy of CO Binding to H172A with and 1 2 3 4 5 6

without Bound YVGBinding of the oxygen analogue, CO, R(A)

to H172 was studied using infrared spectroscopy. Infrared GURE 2- mparison of the Fourier transforms and EXAF

speqtra of CO bound H172A in the presence 'and' absence of(:irfsuets) for(iﬁe %317520 A (c;hitzkelinglsj) Zné a:/vi?dotypse a(trﬂn |ines)S

peptlde SUbS'[I’ate AC'Tyr'VaI'GIy are ShOWﬂ N F|gure 1.1n PHMcc. (a) Oxidized and (b) reduced proteins_

the absence of Ac-Tyr-Val-Gly, H172A binds CO with a

stretching frequency of 2092 crh(Figure 1a). An identical Quantitation of IR bands, and calculation of molar

CO stretching frequency at 2092 chwas found in wild- absorptivity from integrated intensities, was complicated by

type PHM-CO and half-apo PHM-CO, and this frequency uncertainty in the site occupancy of the copper centers. As

was assigned to a coppecarbonyl at the methionine-ligated shown in Table 1, the H172A mutant has a decreased affinity

copper, Cw (21, 24). Assuming that the Guicenter remains  for copper and exhibits Cu/P binding ratios less than 2. This

intact in the H172A mutant, the 2092 cmCO stretch can  means that differences in intensity could arise either from

also be assigned as a fgdcarbonyl. differences in molar absorptivity or from differences in site
Addition of Ac-Tyr-Val-Gly activates a second CO binding occupancy. For this reason, quantitation of IR bands was

site in H172A with an IR stretching frequency of 2065¢m  not attempted.

without loss of CO binding at Gu (Figure 1b). A similar X-Ray Absorption Spectroscopy of the Oxidized H172A

result was observed for wild-type PHM where binding of Mutant. Figure 2 compares Fourier transforms and EXAFS

substrate activated a CO binding site with an IR frequency of H172A with those of the wild-type enzyme. For the

of 2062 cn! (21). Mutation of H172 gives rise to 3 cmh oxidized enzymes (Figure 2a), the spectra are essentially

blue shift of the substrate-activated CO stretching frequency, superimposable, indicating that removal of the H172 imi-

suggesting that H172 is involved in this CO binding site or dazole side chain causes no detectable perturbation in

at least influences its frequency. EXAFS-sensitive structural elements. Figure 3 shows the

1.0 - (a)

Kl
n

0 2 4 6 8 10 12
k@A™

Fourier Transform

0.0 ¢

0.5 0 2 4 6 8 10 12

k(@A™

Fourier Transform
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shell at 1.96 A, indicating that the average-€Ni distance

is shortened by 0.07 A in H172A, with either one or both
copper sites being affected by the mutation. Because the
coppers are separated by 11 A, it seems unlikely that
mutation at the Cu site should have a great effect on the
Cuy site.

In the wild-type enzyme, we showed that more meaningful
simulations could be achieved by simulating the reduced
EXAFS data with a split histidine shell, which allowed the
contribution from each copper to be fit separat®)( We
therefore applied this approach to the H172A data, and the
RA) results of the split imidazole shell fits are also listed in Table

2 (S398B, S799B, S200B). The two-site model is seen to fit
e vane o e AR (o o toed 5 PR Ol Wi wo midazols at 53: 001 A, and Ci, wih
Parameters used to simulate the spectra are given in Table 2. two imidazoles at 1.96 .0'02 A and one S(Met) a@ 2.24

0.02 A. However, these fits are of comparable quality to those
experimental versus simulated data for oxidized H172A, and without the split histidine shell (the goodness of fit parameter
Table 2 lists the first shell parameters used to simulate thewas within 10% of that with a single shell) and thus do not
data of two independent preparations (the fits also include necessarily establish the validity of the simulation approach
single and multiple scattering contributions from outer shell since of necessity they increase the number of variable
atoms of histidine-derived imidazole rings at structurally parameters in the fits. Interestingly, copper ligand distances
consistent positions). The spectra were fit with an average at the Cu site are essentially unchanged from those found
of four O/N first shell scatterers at a distance of 1496.01 in the wild type, while Ce-N(His) distances at Guare
A. The single, strong absorption in the Fourier transform at significantly shorter (1.83 vs 1.88 A in the wild type) and
1.96 A is typical of the histidine/solvent coordination seen are at or below CttN bond lengths expected for 2-coordinate
in oxidized wild-type PHM 20). Simulations, including a  complexes Z5).
first-shell S(Met314), were excluded because they gave no Like the wild type, reduction of the mutant enzyme with
improvement in the fit index, indicating that the €8 bond ascorbate appears to shorten the-SMet) bond, indicated
must be weak and/or long in oxidized H172A. The EXAFS by the appearance of a distinct sulfur EXAFS contribution
spectra provide an averaged structure for all coppers in theat 2.24 A which is unaffected by utilizing the split imidazole
protein, and therefore it cannot be determined whether (a) model. However, the DW value for the €% bond is high,
the Cwy center has been eliminated, leaving a 4-coordinate >0.015 & for a copper site with a single Gt bond
Cuy center, or (b) whether the data represent the average ofdistance. Large DW terms for this shell have also been
both sites. Since the samples of H172A used for XAS had observed in reduced wild-type PHM at pH 7.31), sug-
Culprotein ratios>1.2, there is more than one copper site, gesting the coexistence of different “methionine-on” and
and interpretation (b) is strongly favored. The structure of “methionine-off” conformations. The CO complex of the
the oxidized mutant enzyme is indistinguishable from H172A mutant exhibits a better-defined €8(Met) shell
oxidized wild-type PHM via EXAFS, where we used a and a 0.07 A increase in the €8 bond length to 2.31 A
process termed first shell contour mapping to generate (Figure 4b). In addition, simulations indicate the presence
surfaces describing the variation of least-squares fitting of 0.5 Cu-C(CO) at 1.81 A and 2 CuN(His) at 1.96 A.
parameterF with the first shell N and O coordination These metrical parameters are close to those previously
numbers 20). This analysis discriminated in favor of reported for the wild-type enzym@&1) and are characteristic
4-coordination but (as expected) was unable distinguish of a 4-coordinate Gu—carbonyl. Thus, in keeping with the
N(imidazole) from O(water) better thag1. A similar IR data, the CO binding chemistry of H172A appears to be
analysis of the H172A oxidized data (not shown) gave only minimally perturbed in the mutant.
identical results. Therefore, we conclude that, like oxidized EXAFS data for reduced and carbonylated H172A deriva-
wild-type PHM, oxidized H172A has two 4-coordinate tives were also recorded in the presence of Ac-Tyr-Val-Gly.
copper sites ligated only by histidines and water, suggestingIn all cases, peptide binding caused no change in the spectra
that H172 is replaced by a water molecule in the oxidized (data not shown).
derivative. X-Ray Absorption Edgest is possible to distinguish 2-

XAS of Reduced H172Aor H172A, as for wild-type  and 3-coordinate Cu(l) sites by the position and intensity of
enzyme, dramatic structural changes occur following reduc- the edge feature in the X-ray absorption near edge structure
tion (compare Figure 2b to Figure 2a). In addition, the FT (XANES) region of the XAS spectrum. Model compounds
and EXAFS data of reduced H172A differ significantly from of Cu(l) complexes have been used to assign the intense
those of the wild-type enzyme (Figure 2b). Figure 4a shows feature at 8983 eV to a ks 4p transition and to show that
the best fit simulations of the mutant data with first shell variation in this peak can be correlated with the copper ligand
fits for three independent preparations listed in Table 2. The geometry and coordination numb&6( 27). The amplitude
simplest analysis treated the spectra as an average of thef this peak was found to be directly dependent on the
copper coordination (2 N and 0.5 S), and the first-shell data geometry, with linear 2-coordinate complexes having the
are fit with 2 N(His) at 1.8+ 0.01 A and 0.5 S(Met) at  highest intensity of the 8983 eV peak. Figure 5a shows the
2.23 + 0.01 A (Table 2: S398A, S799A, S200A). For absorption edge data for reduced H172A compared with that
comparison, the reduced wild-type enzyme has thelCu  of the reduced wild-type enzyme (Figure 5b). The edge

1.0

0.5

Fourier Transform

0.0




Peptidylglycinea-Hydroxylating Monooxygenase Biochemistry, Vol. 41, No. 44, 20023279

Table 2: EXAFS Fitting Parameters for a Number of Different Preparations of the Oxidized and Reduced H172A Mutant of PHMcc and
Derivatives with Bound C®

N(His)/O(water) S(Met) C(CO)
sample no distance DW no distance DW no distance Dw F
H172A Oxidized
S799* 2 His 1.96 0.012 0.167
20 1.96 0.012
S200 2 His 1.96 0.008 0.213
20 1.96 0.013
H172A Reduced
S398A 2 His 1.90 0.013 0.5 2.23 0.020 0.379
S398B 1 His (H) 1.83 0.002 0.5 2.24 0.017 0.380
1 His (M) 1.95 0.002
S799* A 2 His 1.89 0.013 0.5 2.23 0.015 0.547
S799* B 1 His (H) 1.83 0.002 0.5 2.25 0.013 0.523
2 His (M) 1.96 0.002
S200A 2 His 1.89 0.011 0.5 2.23 0.022 0.376
S200B 1 His (H) 1.83 0.002 0.5 2.23 0.022 0.389
1 His (M) 1.94 0.002
H172A CO
9799* 2 His 1.97 0.007 0.5 231 0.012 0.5 1.81 0.002 0.730

aDistances are quoted in A and DW factors i Boordination numbers for histidine and methionine shells were fixed at their crystallographically
determined values either averaged over both copper sites (A) or with histidine coordination numbers refined as two separate shells corresponding
to each copper center (B). Errors in exogenous ligand coordination numbesgs@QOMlare typically+=25%, while errors in distances ate).02—
0.03 A (estimated from fits to a number of independent samplesdfers to the goodness of fit parameter defined in the text. The fits shown in
Figures 3-5 are marked with an asterisk.

1.5

-
=]
L

Intensity

| (@)

Absorption
o
N

(b)

0.0

8960 8980 9000

Energy (eV)

FIGURE5: X-ray absorption edge data for (a) H172A and (b) wild-
\/\ A type PHMcc. The increased intensity of the 8983 eV edge feature

NIV ) indicates a lower average coordination number in the H172A
mutant.

oxidized H172A reconstituted under identical conditions as
used previously for the wild-type enzyme. The average of
the data falls at the low end of the range of copper binding
ratios generally found for the wild-type enzyme and thus
suggests that the strength of copper binding is comparable
in the H172A mutant. XAS analysis of the oxidized wild-

1 2 3 4 5 6 type enzyme previously determined that@ia 4-coordinate

R (4) center with H107, H108, H172, and water as ligan2§ (

FIGURE 4: Experimental (thick line) vs simulated (thin line) Fourier  28)- Since H172 is a Guligand in the wild-type oxidized

transforms and EXAFS (inset) for (a) reduced H172A and (b) €nzyme, the retention of copper binding in the H172A mutant
H172A plus CO. Parameters used to simulate the spectra are givermust be the result of recruitment of another ligand, probably

in Table 2. a second water molecule, to maintain the preferred 4-coor-
L ) . dinate geometry.
feature of H_172_A is significantly more |nte.nse, suggesting  ExAFS analysis of the oxidized H172A protein is in
lower coordination for the copper centers in H172A. agreement with this premise. The data are almost superim-
posable on those of the wild-type enzyme. The ability of

DISCUSSION EXAFS to distinguish between O from solvent and N from
Structure of the Copper Centers in H17ZFhe results imidazole is limited to analysis of the outer shell scattering

from copper-to-protein stoichiometry measurements (Table from the G and C/N, atoms of the imidazole ligand. The

1) show copper binding ratios between 1.0 and 1.9 for precision of such measurements seldom exce&f9, and
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replacement of an imidazole by a water ligand af; @Gunot
expected to be detectable by EXAFS. The fit to the oxidized
H172A EXAFS data shown in Table 2 utilized two imida-
zoles and two waters, which is entirely consistent with our

Jaron et al.

CO adducts. In this scenario, only two candidates appear
possible: Y79 and the peptide substrate itself.

Functional Role of H172What then is the role of the
H172 residue in catalysis? Activity is reduced more than 300-

conclusion that the site occupied by H172 has been replacedold, but not eliminated, by this mutation. Exogenous

by an O-donating ligand, most probably solvent.

The EXAFS data for the reduced protein are also consistent
with the premise that copper remains bound to the histidine
site in the reduced enzyme. Previous XAS on wild-type
enzyme provided compelling evidence that one of the three
histidine residues at Gus only weakly bound in the reduced
enzyme 20). The data supporting this conclusion were (a)
a short 1.88 A CuN bond length for one set of Gu
imidazole distances when the €imidazole shell was
allowed to split in the refinement and (b) an intense 8983
eV edge feature characteristic of 2-coordination in the M314I
mutant which was shown to contain only the &ite. The
analysis of the H172A XAS data shows that removal of
H172A enhances this trend and causes thegiia to become
rigorously 2-coordinate. This firmly establishes that the
weakly bound histidine in wild-type enzyme is indeed H172.

CO Binding to H172ACarbon monoxide has proven to
be a useful molecule for probing oxygen binding to the active
sites of PHM. Studies on the wild-type enzyme and a-Cu
depleted “half-apo” derivative established that in the absence
of substrate, CO bound only at the methionine site with a
Cuy—CO frequency of 2092 cnt (21, 24). However, in the
presence of peptide substrate, a second binding site becam
available for CO, whose frequency was dependent on the
nature of the bound substrate. N-Ac-Tyr-Val-Gly induced
this second band at 2062 cf while benzoylglycine and
benzoylalanine gave bands at 2075 and 2070 cnespec-
tively. We assigned this substrate-dependent band to CO
binding at the Cy center. In the present study, the substrate-
induced CO frequency was found to blue-shift by 3éito
2065 cnrt, Although small, this shift is highly reproducible
and contrasts with the Gu-CO frequency at 2092 cn,

imidazole was unable to restore catalytic activity. Imidazole
rescued the catalytic activity of heme oxygenase mutants
lacking the heme proximal histidine (H25A43) and restored
the spectroscopic signature of the H117G mutant of azurin
(32). In contrast, imidazole cannot substitute for the proximal
histidine of cytochrome peroxidase, rescuing less than 5%
of its activity. This suggests that the release of steric restraints
imposed by the endogenous proximal histidine eliminates
critical interactions between protein, ligand, and metal
essential for function32, 33). The inability of exogenous
imidazole to rescue PHM activity in the H172A mutant
indicates that the interplay between protein structure and
metal coordination is likewise critical.

The essential role of H172 could be due to a humber of
factors. First, it could poise the redox potential for the;Cu
site at the appropriate value for optimum electron transfer
(ET) rates between Guand Cuyy. In the H172A mutant, the
data suggest that the oxidized form recruits a solvent
molecule to replace the imidazole ligand, while the reduced
form is 2-coordinate. The former is expected to decrease the
potential, while the latter may increase it due to the increased
stability of 2-coordinate Cu(l) systems. Given these two
opposing effects, it is not clear how much the potential would
Be perturbed in H172A. However, the amount of ligand
rearrangement accompanying redox would certainly increase
(since two solvent molecules are expelled on reduction as
opposed to one in the wild-type @uaite), thus slowing down
the rates of ET. On the other hand, if the only role for H172
is to poise the redox potential of the site, one might expect
that imidazole would rescue catalytic activity, at least
partially. If the oxidized site easily recruits a water molecule,
why not imidazole?

A second possibility is that H172 might provide a steric

which shows no observable shift in the absence or presence.qnstraint on the Gusite critical for orientating the ET

of substrate. We conclude that the 2062 ¢peptide-induced
band in the wild-type protein is therefore influenced by the
H172 residue more than the 2092 cniband, supporting a
Cuy—CO assignment.

The 3 cm? shift in the CO frequency of the mutant protein
is unusually small if H172 is a ligand to Cu(l) in the Gu
CO complex of the wild-type enzyme. A large number of
studies on CO complexes of Cu(l) model complexes have
established that Cu(hcarbonyls are overwhelmingly 4-co-
ordinate, with 3-coordination being a rare exception and
usually exhibiting CO frequencies in the 2092110 range
(29). Only one example of a 3-coordinate Cu{Barbonyl
exists with a frequency low enough to be considered a
reasonable model for the 2062 cimPHM band B80).
Interestingly, the two ligating N-donors in this complex are
sterically constrained by the macrocycle in a fashion similar
to the two Né coordinating histidines of the contiguous

pathway through the neighboring H108 ligand, as suggested
in the substrate-mediated ET mechanism, or alternatively via
some other ET pathway, such as the Y79 residue which
forms a stacking interaction with H172. While this option
cannot be ruled out, the weakness of the HiT2y
interaction and the facile movement of the residue on
reduction suggest significant conformational mobility rather
than steric anchoring.

The facile ligand dissociation and rearrangement chemistry
demonstrated for the Gicenter may be more suggestive of
substrate reactivity than simple electron transfer. If, Gere
designed for dioxygen chemistry, then two further possibili-
ties emerge. The first scenario parallels reaction chemistry
discovered in the bis dimethylimidazole Cu(l) model system
by Sanyal and co-worker&2%). Here, the 2-coordinate [(1,2-
Me,Im).Cu(l)]" was found to be unreactive to dioxygen, but
addition of exactly one additional equivalent of 1,2-)\fe

H107 and H108 residues in PHM, where constraints of the ligand generated a 3-coordinate complex which reacted
B secondary structure also impose steric restrictions on thereadily with G at —90 °C to form a meta-stable dioxygen
positions of these residues. Thus, it is possible that the Cu complex. However, whereas binding of the third imidazole
carbonyl is a 3-coordinate species similar to the model in the model system was well-defined by XAS spectroscopy,
complex. On the other hand, it is possible that another ligand we have failed to detect any change in structure of either of
is recruited to satisfy the tetrahedral preference of Cu(l) the copper sites in PHM when substrate bin28).( Also,
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since only the 3-coordinate model precursor is reactive to
CO ((CO) = 2069 cn1?), binding of CO by the H172A
mutant which lacks the third imidazole should be inhibited,
contrary to observations.

An alternative hypothesis is that H172 fulfills the role of
active site base. The PHMcc catalytic reaction exhibits a pH
maximum at 5.5-5.7. This profile suggests the participation
of two ionizable groups: one a deprotonated group wikh p
in the range 46 and the other a protonated group witk,p
in the range 57. With the exception of the coordinated
histidine or water ligands, no potential candidates have been
identified by the crystal structure. The discovery that H172
is dissociated, and therefore partially protonated at the pH
optimum, might suggest a role for this residue in the
protonation of the putative Cu(Hsuperoxide intermediate
formed when dioxygen reacts with Gurransfer of a proton
to the developing superoxide intermediate would leave a
deprotonated imidazole ligand ready to coordinate to the
copper, thus stabilizing the developing Cu(ll) center as
required by the preferred 4-coordinate geometry of cupric
ion. Interestingly, H172 forms a stacking interaction with
Y79 in the crystal structures and thus may be stabilized in
the protonated “off” configuration by a cationinteraction
(34), as recently suggested for the weakly coordinated
histidine residue at the Guenter of heme copper oxidases
(35—37). This mechanism would imply that dioxygen binds
to an essentially 2-coordinate Gaenter, with the protonated
H172 residing nearby in an uncoordinated configuration.
Interestingly, Tolman and co-workers have recently reported

Biochemistry, Vol. 41, No. 44, 20023281

the structure of a Cu(lfysuperoxo (or possibly Cu(llt)
peroxo) complex formed from the reaction of dioxygen at
—80 °C with sterically hindere@-diketiminate Cu(l) com-
plexes containing only two N-donor ligand38{ 41). This
chemistry suggests that,@an indeed react at Gdike
2-coordinate centers to generatenonucleareduced oxy-
gen intermediates. A modified superoxide channeling mech-
anism that incorporates this hypothesis is shown in Scheme
2. We note that the proposed reactivity of H172 as an active
site base should be observable at some level in the pH
dependence of the spectroscopy of the €ite. Such studies
are currently underway in our laboratory.
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