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ABSTRACT: Peptidylglycine monooxygenase is a copper-
containing enzyme that catalyzes the amidation of neuro-
peptides hormones, the first step of which is the conversion of
a glycine-extended pro-peptide to its a-hydroxyglcine inter-
mediate. The enzyme contains two mononuclear Cu centers
termed CuM (ligated to imidazole nitrogens of H242, H244
and the thioether S of M314) and CuH (ligated to imidazole
nitrogens of H107, H108, and H172) with a Cu—Cu
separation of 11 A. During catalysis, the M site binds oxygen

and substrate, and the H site donates the second electron required for hydroxylation. The WT enzyme shows maximum catalytic
activity at pH 5.8 and undergoes loss of activity at lower pHs due to a protonation event with a pK, of 4.6. Low pH also causes a
unique structural transition in which a new S ligand coordinates to copper with an identical pK,, manifest by a large increase in
Cu-—S intensity in the X- ray absorption spectroscopy. In previous work (Bauman, A. T., Broers, B. A, Kline, C. D., and
Blackburn, N. J. (2011) Biochemistry 50, 10819—10828), we tentatively assigned the new Cu—S interaction to binding of M109
to the H-site (part of an HHM conserved motif common to all but one member of the family). Here we follow up on these
findings via studies on the catalytic activity, pH-activity profiles, and spectroscopic (electron paramagnetic resonance, XAS, and
Fourier transform infrared) properties of a number of H-site variants, including H107A, H108A, H172A, and M1091. Our results
establish that M109 is indeed the coordinating ligand and confirm the prediction that the low pH structural transition with
associated loss of activity is abrogated when the M109 thioether is absent. The histidine mutants show more complex behavior,
but the almost complete lack of activity in all three variants coupled with only minor differences in their spectroscopic properties
suggests that unique structural elements at H are critical for functionality. The data suggest a more general utility for the HHM
motif as a copper- and pH-dependent conformational switch.

Mononuclear copper monooxygenases represent a small but
important group of metalloenzymes involved in neuro-
transmitter and peptide hormone biosynthesis. They include
the enzymes dopamine S-monooxygenase (DBM)' and
tyramine f-monooxygenase (TBM)? involved in catecholamine
biosynthesis, and peptidylglycine monooxygenase (PHM)
which catalyzes the amidation of neuropeptide hormones, the
first step of which is the conversion of a glycine-extended pro-
peptide to its a-hydroxyglcine intermediate.” The active sites of
these enzymes appear to be homologous as determined by a
combination of crystallographic,*™® spectroscopic,”™"* ki-
netic,"*'*'> and computational studies,*'*™'® but PHM
remains the only member of the group for which crystal
structures are available. The two copper centers termed CuM
and CuH are mononuclear and are separated by 11 A of solvent-
filled channel, in contrast to the better characterized dinuclear
centers in hemocyanins, tyrosinases,”’lg_21 and oxygen
activating models***® in which the Cu—Cu distance is 3—4
A. A Cuy-superoxo intermediate has been suggested on the
basis of additional crystallographic** and biochemical data,'**®
while in silico studies’®'” have validated Cu(I)-O,*” as a
probable reactive oxygen species. It has been further suggested
that the large spatial separation of the Cu centers in PHM
prevents immediate formation of the peroxide and thus allows

-4 ACS Publications  © 2013 American Chemical Society

2586

the potent electrophilic reactivity of the mononuclear Cu(II)-
superoxo species to be fully expressed in the form of H-atom

14,16,17
to form a mononuclear

abstraction from the substrate
hydroperoxo species at Cuy; and a substrate radical.

The M-site is considered to be the catalytic locus and is
coordinated by H242, H244, and solvent ligands in the oxidized
form with a weak EXAFS-indetectable interaction with the
thioether of M314; on reduction, the solvent ligands dissociate
and the thioether S from M314 binds to the Cu(I).'*'*?*¢ A
structure of reduced PHM cocrystallized with a slow substrate
has allowed the visualization of a “pre-catalytic complex”
involving a dioxygen molecule bound at CuM, the bond length
of which is consistent with a Cu(II)-superoxo species. The O—
O bond is oriented away from the C—H bond of the substrate
which binds nearby, but a facile rotation about the Cu—O bond
could bring the distal O and the substrate C—H bond into
alignment.”* The M314 ligand plays a critical role in optimizing
the M-site for catalysis since mutation to His, Cys, or Asp
results in ~95% loss in activity.””’” Whereas the M-site is the
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catalytic center, the H-site is believed to be an electron transfer
center responsible for supplying the second electron necessary
to complete the monooxygenation reaction. In the resting
oxidized protein, Cuy is unremarkable with a [(His);(OH,)]
ligand set, but reduction again induces loss of solvent and
generates a Cu(I) site with Cu—N(His) distances more typical
of a two-coordinate system (1.88 A).*****° The similarity of
the extended X-ray absorption fine structure (EXAFS) of the
reduced protein in the WT and H172A derivatives suggests that
of the three copper-coordinating His residues (107, 108, and
172), H172 is only weakly bound in the reduced protein.
Nevertheless, mutation to alanine has a dramatic effect on
catalysis with the k., decreasing by 3 orders of magnitude."
Furthermore, crystallographic analysis reveals a structural
interaction between the M and H sites, with the M314I
inducing dissociation of the H107 ligand from the H-center,
some 11 A distant. H172 forms a stacking interaction with the
conserved Y79 residue, and it has been suggested from studies
on the related enzyme TBM™ that the H172 ligand might form
the exit pathway for the electron as it transfers from H to M
using Y79 and oriented water molecules as additional elements
of the ET pathway.*'

WT PHM shows maximum catalytic activity at pH 5.8 and
undergoes loss of activity at lower pHs due to a protonation
event with a pK, of 4.6. Low pH also causes a unique structural
transition in which a new S ligand coordinates to copper with
an identical pK,, manifest by a large increase in Cu—S intensity
in the XAS. In previous work we tentitatively assigned the new
Cu-S interaction to binding of M109 to the H-site (part of the
HHM conserved motif common to all but one member of the
family), induced by protonation of one of the H-site histidine
residues.”” These data suggested that the H-site is also
conformationally mobile and hint at allosteric gating of ET
via long-range structural perturbations. In the present paper we
follow up on these findings via studies on the catalytic activity,
pH-activity profiles, and spectroscopic properties of a number
of H-site variants, including H107A, H108A, H172A, and
M109L. Our results establish that M109 is indeed the
coordinating ligand and confirm the prediction that this mutant
should show no decrease in activity at low pH. The histidine
mutants show more complex behavior, but the almost complete
lack of activity in all three variants coupled with only minor
changes in spectroscopic properties suggests that unique
structural elements at H are critical for functionality.

B MATERIALS AND METHODS

Buffers and ascorbate were obtained from Sigma-Aldrich at a
minimum purity of 99%. Beef liver catalase was acquired from
Roche. Substrates Ac-Tyr-Val-Gly (Ac-YVG) and dansyl-Tyr-
Val-Gly (dansyl-YVG) were purchased from Peptide Interna-
tional and American Peptide Co, respectively.

Construction of PHMcc CuH site Mutants. WT, H172A,
and HI107A PHMcc were constructed as previously re-
ported.**** PHMcc mutants (H108A and MI109I) were
individually introduced into pBS.AProPHM382s (obtained as
a gift from Betty A. Eipper and Richard E. Mains) using
Splicing by Overlap Extension (SOEing).**** Sense and
antisense oligonucleotide primers (Table S1) encoding about
1S bases downstream and upstream of the mutation were used
for site-directed mutagenesis and paired with primers upstream
and downstream of two restriction enzyme sites, Clal & Xbal.
PCR products were purified on agarose gels. Final PCR
products were phenol-chloroform extracted, digested using
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restriction enzymes (NEB), fractionated on agarose gels,
purified via Qiagen PCR kit, and then ligated into the
pCIS.2CXXNH expression vector (also a gift from Betty A.
Eipper and Richard E. Mains). Sequence analysis was
performed on mutant clones, and Qiagen midi prep was used
to ensure 20 pg/20 puL of recombinant DNA for transfection.

Screening PHMcc CuH Site Mutants. CHO DG44 cells
were transfected with the recombinant DNA using Lipofect-
amine 2000 (Invitrogen). The transfected cells were sub-
sequently selected for Dhfr cell lines in a-minimum Eagle’s
medium containing 10% dialyzed fetal bovine serum.>*** Only
those cells that retained the Dhfr gene (colocated with PHM
on the plasmid) were capable of growth under these conditions.
Monoclonal cell lines were created by serial dilution into 96-
well plates, in order to select for wells which contained single-
cell colonies. These were passed individually into a fresh 96
well, grown to confluence, and screened via Western blot for
PHMcc production under similar conditions. The strongest
producers were inoculated into a Hollow Fiber Bioreactor with
S MWCO (Fibercell Systems, Inc.).

Western Blot Analysis. CHO DG44 cells were incubated
in DMEM/F12 containing 0.5% Fetal Clone II (FCII, Fisher)
for at least 24 h before a sample was collected, which was then
combined with SDS, and heated for 5 min at 100 °C. Each
sample was separated by 8-25% SDS-PAGE and then
transferred to an Immobilon P membrane (Millipore) using
the PhastSystem. PHM proteins were visualized using rabbit
antibody 246 [rPAM(116—131)]*° diluted 1:1500, and
secondary antibody-antirabbit IgG (Sigma) diluted 1:1000,
followed by an AP Conjugate Substrate kit (Bio-Rad
Laboratories).

PHMcc Expression and Purification. Variant cell-lines
WT, H107A, and H172A (kindly provided to us by Richard E.
Mains and Betty A. Eipper), and H108A and M109I
(constructed in house) were grown as described previously.”**’
Briefly, the stably transfected cell lines were thawed from
freezer stock into a T7S flask with 20 mL of DMEM/F12
medium containing 10% FCII serum (Fisher). At 80%
confluence the cells were passed into five NUNC triple flasks
(500 cm?® area per flask) which were also grown to confluence.
Cells were trypsinized and resuspended in 50 mL of medium
with 10% FCII serum prior to inoculation into the extra-
capillary space (ECS) of a Hollow Fiber Bioreactor (Fibercell
Systems 4300-C2008, MWCO S kD, 3000 cm?” surface area)
precultured with 2 L of 50 mM PBS pH 7.35 and 2 L of
DMEM/F12 10% FCII serum.***"

Individual bioreactors containing each of the variants were
fed with DMEM/F12/10% FCII serum for a month, after
which the serum level was reduced to 0.5% FCII serum.*® At
this point, the bioreactors were fed with 0.5% serum-containing
medium every other day, and spent medium (20 mL) from the
ECS was collected and frozen at —20 °C for later purification.
About a month’s worth of bioreactor harvest (300 mL) for each
variant was purified as previously described.*®

PHMcc Copper Reconstitution. Purified enzyme was
dialyzed against 20 mM sodium phosphate buffer, pH 8.0, and
then reconstitution with cupric sulfate by slow addition of 2.5
mol equiv Cu(II) per protein followed by two cycles of dialysis
to remove unbound cupric ions. Concentrations were
determined using OD,5,(1%) 0.980 on a Cary S0
spectrophotometer. Copper concentrations were determined
using a Perkin-Elmer Optima 2000 DV inductively coupled
plasma optical emission spectrometer.
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Specific Activity Measurements. Enzymatic activity was
measured by monitoring oxygen consumption in a Rank
Brother’s oxygen electrode at 37 °C, as previously reported.*”
Each reaction was performed in a water-jacketed vessel in 2 mL
of total volume containing 100 mM MES pH S.5, 200 yL of 2 6
mg/mL catalase solution (47 000 units per mg), 100 uL of 100
uM Cu(II) solution, 10 uL of 2 M stock ascorbate, and 80 uM
dansyl-YVG substrate. In some cases, various concentrations of
imidazole up to 10 mM were added in an attempt to rescue
activity. The reaction was allowed to equilibrate for
approximately 1 min, the reaction vessel was capped, and a
baseline was measured for 50 s prior to initiation of the
reaction. The reaction was initiated by addition of 10—20 uL of
enzyme (concentrations varied depending on the activity of the
particular variant) through the cap using a Hamilton syringe.
The oxygen consum;)tion was monitored and analyzed as
previously reported.””** Steady state kinetic measurements
were performed as above, varying concentrations of dansyl-
YVG between 2.5 and 400 uM. Kinetic constants were
determined by fitting raw data to the Michaelis—Menten
equation using nonlinear regression. Similar assay conditions
were used for the measurement of pH—activity profiles in the
pH range 3—9, except that a mixed buffer system was employed
containing equal volumes of 100 mM each of MES, HEPES,
CHES, and formic acid adjusted to the desired pH with sodium
hydroxide.

Coupling of Oxygen and Product. Coupling of oxygen
consumption to product formation was determined for each
mutant using HPLC to determine substrate consumed, and the
O,-electrode to determine oxygen consumed at 37 °C. A
reverse phase HPLC Varian Pro Star solvent delivery module
was utilized to separate and quantify substrate consumption
and product accumulation as previously reported.”” Reactions
were performed in a water-jacketed glass reaction vessel, under
similar reaction conditions as for the specific activity measure-
ments (substrate and enzyme concentrations were adjusted for
each experiment). The reactants were allowed to equilibrate for
1 min prior to initiating the reaction with enzyme. An aliquot of
200 uL from the reaction vessel was removed and quenched
with 20 pL of 20% TFA after 150—200 s of reaction time. (In
the case of M109], an aliquot of 200 uL from the reaction
vessel was removed and quenched with 200 uL of 20% TCA in
order to quench the reaction.) Substrate and product were
separated via HPLC, and concentrations were determined using
a standard curve of 10—250 uM dansyl-YVG run under the
same conditions.””** Micromoles oxygen consumed were
determined by subtracting the O, concentrations at the time
of sampling from the value immediately before reaction
initiation.

XAS Samples. Oxidized samples were prepared in a single
step by S-fold dilution of 2 mM protein in 20 mM phosphate
pH 8.0 (4 mM in Cu (II)) with the appropriate mixed buffer
containing 20% ethylene glycol.”” Reduced protein samples
were prepared under anaerobic conditions by 5-fold dilution of
a 2 mM protein (4 mM in Cu(Il) sample of the oxidized
enzyme with the appropriate buffer containing S mM ascorbate
and 20% ethylene glycol. Samples were transferred to an XAS
cuvette via a syringe and flash frozen in liquid nitrogen. Final
PHMcc copper concentrations ranged from 600 to 1200 yM.

Collection and Analysis of XAS Data. Copper K-edge
(8.9 keV) extended X-ray absorption fine structure (EXAFS)
and X-ray absorption near edge structure (XANES) data were
collected at the Stanford Synchrotron Radiation Lightsource
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operating at 3 GeV with currents between 300 and 450 mA
maintained by continuous top-up. Samples were measured on
beamline 7—3 using a Si[220] monochromator and a Rh-coated
mirror upstream with 13 keV energy cutoff in order to reject
harmonics. Data were collected in fluorescence mode using a
high-count rate Canberra 30-element Ge array detector with
maximum count rates per array element less than 120 kHz. A
Z-1 nickel oxide filter and Soller slit assembly inserted in front
of the detector was used to reduce elastic scattering relative to
the Cu Ka fluorescence. Four to six scans of a sample
containing only buffer were averaged and subtracted from the
averaged data for each protein sample to remove the Ni Ky
fluorescence and produce a flat pre-edge baseline. Samples were
measured as aqueous glasses in 20% ethylene glycol at 10 K.
Output from each detector channel was inspected for glitches
and dropouts before inclusion in the final average.

Data reduction and background subtractions were performed
using the program modules of EXAFSPAK.*® Spectral
simulation was carried out using EXCURVE version 9.2*'~*
as described previously.”® Simulations of the EXAFS data used
a mixed-shell model consisting of imidazole from histidines
residues and S (Met) coordination. The threshold energy, E,,
was chosen at 8985 eV, and refinement of structural parameters
included distances (R), coordination numbers (N), and
Debye—Waller factors (20%), and included multiple scattering
contributions from outer-shell atoms of imidazole rings.

CO Binding. Purified PHMcc was concentrated to
approximately 2 mM (4 mM in copper) in 20 mM phosphate
pH 8.0, and pH-adjusted with 4 vol of 50 mM mixed buffer
MES/HEPES/CHES/formate at either pH 3.5 or 7.5 in a
septum-sealed conical vial. Samples were purged with CO
before the addition of a S-fold excess (5 mM) of anaerobic
buffered ascorbate and then incubated under an atmosphere of
pure CO for 10—1S5 min. The carbonylated protein solutions
were loaded into the IR cell (SO micron pathlength) at a final
concentration of S00 M (1 mM in copper). After the protein
data were collected, the cell was flushed with buffer and
remeasured to collect a baseline. FTIR data were recorded on a
Bruker Tensor 27 FTIR spectrometer at room temperature
with a sample chamber that was continuously purged with CO,-
free dry air. Samples were equilibrated inside the instrument
sample chamber for 15 min to allow purging of water vapor and
CO, prior to data collection. One thousand scans were
collected for each sample and buffer spectrum from 2250 to
1900 cm™' at a nominal resolution of 2 cm™'. Baseline
subtraction and spectral analysis were performed using the
GRAMS Al Spectroscopy Software (Thermo).

B RESULTS

Steady State Kinetics. The catalytic activity of all three
variants (H107A, H108A, and M1091) was measured under
saturating conditions of ascorbate and atmospheric O,, as a
function of peptidylglycine substrate (dansyl-YVG), and the
data fit by nonlinear regression to a standard Michelis—Menton
equation. Kinetic constants are compared with data for the WT
enzyme in Table 1. The H107A and H108A have low activity
which can be seen to be primarily the result of a large decrease
in k. The effect on K is different for the two mutants, with
H108A binding the peptide substrate more tightly than WT,
and H107A binding three times more weakly. Given the fact
that the substrate binds in the vicinity of the M center, the
effects on Ky, induced by His to Ala mutation at the H center
are intriguing. At the pH optimum for catalysis (5.8), the
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Table 1. Kinetic Parameters, Oxygen Coupling Ratios, and
Copper Binding Stoichiometry of PHM H-Site Variants
Compared with the Wild-Type Enzyme“

A K, kEﬁt specific [dansyl YVG]
variant ~ (uM)  (s7) activity per [O,] Cu:PHM
WT 8.2 13.8 25.7 0.90 + 0.08 2.02 + 0.15
M1091 11.8 4.6 13.7 1.01 + 0.19 2.08 + 0.14
HI107A 33 0.08 0.25 0.97 + 0.05 2.01 + 0.01
HI108A 194 0.11 0.38 0.97 + 0.13 2.04 + 0.23

“Estimated errors in kinetic constants are +4%. Values for oxygen
coupling in the WT protein are from ref 15.

MI109I substitution is not expected to have any effect on H-site
copper coordination. However we consistently observed the
somewhat puzzling result of a significant decrease in specific
activity, with the major effect on k. Addition of imidazole to

the His to Ala mutants up to a concentration of 10 mM was
unable to rescue catalytic activity.

M09~
W
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Figure 1. Active site structure of oxidized WT PHM (pdb file 10PM).
The substrate di-iodo-tyrosyl-glycine (I-YG) is shown in green. The
H-site shows the relative orientation of the H'*H'*® M'® motif in the
active conformation, with the Met residue pointing away from the
copper.

Copper Binding. One possibility for the dramatic decrease
in catalytic rate of the H107A and H108A variants would be a
loss of copper due to the loss of a critical histidine residue.
Measurement of copper binding stoichiometry showed that this
was not the origin of the loss of activity, since both His to Ala
mutants bound Cu(II) at a ratio of close to 2:1 (Table 1). This
result is comparable to that for the H172A mutant which
bound Cu(II) with a ratio between 1 and 2.'**® The data
suggest that loss of either H107 or H108 can be compensated
by coordination of an additional ligand to complete the
expected four-coordinate geometry for a cupric ion. Never-
theless, the higher binding ratios for the H107A and H108A
mutants relative to H172A may indicate that H172 is more
important for stabilizing the H-site structure. The contiguous
positioning of H107 and H108 on the same f-strand constrains
these ligands to coordinate via their N6 donor atoms, which
may introduce strain into the four-coordinate (His);(OH,)
ligand set in the WT. Therefore, replacement of either H107 or
H108 with a solvent ligand may result in a lower energy
structure than a similar substitution at H172. The non-
coordinating M1091 variant reconstitutes with two Cu(Il) per
protein as predicted for the presence of all three coordinating
His residues.
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Characterization of the Cu(ll) Centers by XAS and
EPR. To gain further insight into the effects of the substitutions,
we carried out EPR and XAS studies on the oxidized forms. X-
band EPR spectra for WT, H107A, H108A, and M109I at pH
5.5 are shown in Figure 2. All four spectra are extremely similar

2600 2800 3000 3200 3400
Magnetic Field (G)

Figure 2. Comparison of the EPR spectra of WT PHM with its H-site
variants H107A, H108A, and M1091. Red lines represent experimental
data, and green lines represent simulated data using SIMPIP.
Parameters used in the fits are listed in Table 2.

and despite the 11 A separation are typical of isolated
mononuclear cupric centers with little or no dipolar coupling
as found previously for members of this family of
enzymes.”'>'¥** Simulations using the program SIMPIP*~*
gave the best fits when two axially symmetric sites were
included in a 1:1 ratio, as expected for the two nonequivalent H
and M sites in PHM. The g- and A-values for each site are listed
in Table 2. The two sites differ slightly, with site 1 being more
axial and having higher g, and A, values than site 2. Site 1 is
most likely assigned to the M-center as the higher g- and A-
values suggest more O-donor ligands (solvent) and fewer N-
donors (His) than site 2. In line with this assignment, site 1 for
the H107A and H108A variants does not change significantly,
while the g, and A, values for site 2 increase slightly, as
predicted by the substitution of a histidine by solvent.
Alternatively, the vacant position which results from the His
to Ala substitution could be occupied by an endogenous
protein ligand such as a main-chain amide O group.
Notwithstanding these subtle changes suggested by the
simulations, the EPR parameters for the His to Ala variants
are remarkably similar to WT, and rule out large changes in
coordination geometry as the result of histidine removal at the
H-center.

The copper coordination was also explored using X-ray
absorption spectroscopy (XAS). Figure 3 (top) shows a coplot
of the EXAFS of the WT and all three variants. The spectra
overlay exactly, with differences less than the level of noise in
the data. Simulations of the spectra (Table S1) confirm the
result obtained by inspection of the four data sets, namely, that
they give rise to almost identical parameters and correspond to
the average coordination of 4N/O li%ands per Cu(Il) center,
reported previously for DBM,'® PHM,*® and TBM.” This is not
unexpected since distinguishing features arising from the
substitution of one histidine in five (averaged over both copper
centers) would only be observable in the shape and/or intensity
of the outer-shell features at R = 2.8—4.3 A, which are the
signatures of imidazole coordination. Figure 3 (bottom panel)
shows a comparison of the Fourier transforms of the WT

dx.doi.org/10.1021/bi4002248 | Biochemistry 2013, 52, 2586—2596
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Table 2. EPR Parameters Derived from Simulations to the X-Band EPR Spectra of WT, H107A, H108A, and M1091I at pH 5.5

8« & &
WT- site 1 2.051 2.069 2310
site 2 2.042 2.083 2279
H107A- site 1 2.051 2.069 2.309
site 2 2.044 2.082 2.289
H108A-site 1 2.052 2.070 2.312
site 2 2.043 2.085 2283
MI109I- site 1 2.051 2.069 2.308
site 2 2.041 2.082 2279

Aly) A) W(xy) W(2)
18 533 49 106
25 510 49 94
18 526 49 105
25 521 49 93
18 536 49 128
25 528 49 110
18 531 49 107
25 510 49 96

“Instrumental parameters were as follows: Microwave frequency 9.400, modulation amplitude 4 G, microwave power 2 mW, temperature 100 K. No
account was taken of differences in nuclear magnetic moments of 63- and 65-Cu isotopes. Line shapes were Lorenzian in all cases.

8 WT
—— H107A
6 —— H108A
\ M109l
4 {
£ 2 \ m \ al
P ] I
w 0 { a i l
x \ ? ! ! |
o 2 Y w
£ ] ‘ g
-4 \\}
-6
-8
0 2 4 6 8 10 12 14
k (A
40
£
= 30
Q
7]
g
= 20 -
F o
2
5 101
(o]
[N
0 4
0 1 2 3 4 5 6
R(A)

Figure 3. Top, overlay of the experimental EXAFS of oxidized PHM
variants. Black trace, WT; blue trace, H107A; red trace H108A; green
trace M1091. Bottom, overlay of experimental Fourier transforms
color-coded as for the EXAFS above. The inset shows an expanded
view of the imidazole outer-shell region of the transform.

protein with the three variants, from which it is evident that the
intensities of the shell around 3 A do appear to correlate with
the loss of imidazole intensity in the HI107A and HI108A
mutants. However, the trend is much less obvious in the 4 A
shell, where multiple scattering contributions dominate,*® and
small differences in imidazole orientation can result in greater
intensity shifts than coordination numbers themselves. The
EXAFS data therefore confirm conclusions derived from EPR,
that the H-site His residue in H107A and H108A is replaced by
coordinated solvent or an endogenous protein O/N ligand and
does not perturb the coordination geometry of the site in an
observable fashion.

XAS Studies on the Reduced Proteins. Copper
coordination in the reduced proteins was probed by XAS.
Figure 4 (top panel) compares the Fourier transforms for WT,
H107A, and H108A at pH 7.5. The data show more complex
behavior than predicted solely on the basis of histidine shell
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Figure 4. Comparison of the Fourier transforms of ascorbate-reduced
PHM H-site variants. Top panel pH 7.5; bottom panel pH 3.5. Spectra
are color coded as follows: black, WT; red, H107A; blue H108A; green
H172A.

occupancy with both intensities and peak positions changing,
albeit with shell occupancy decreasing by less than the
predicted 20%. These data can be simulated (Table 3) with
the expected histidine coordination numbers, and Cu—N bond
lengths ranging between 1.95 A for the WT and 1.88 A for the
H108A variant and are broadly consistent with the trend
toward a two-coordinate site at Cuy. A similar trend was
observed previously in a study of the HI72A variant **
(included in Table 3 for comparison) where the average Cu—
N(His) bond length also decreased toward the value (1.87—
1.89 A) expected for a two-coordinate bis-imidazole Cu(I)
complex.”” However, in contrast to H172A, the absorption
edges of the H107A and H108A (Figure S) do not show the
expected increase in intensity of the 8983 eV edge feature
associated with a linear two-coordinate Cu(I) complex29’49_51
suggesting that the two-coordinate H-centers in H107A and
H108A are significantly distorted from linearity. The data all
show the presence of 0.5 Cu—S due to M314 coordination at
the M-center, but interestingly, the Cu—S$ distance appears to
decrease by ~0.04 A in H107A and H108A relative to the WT
protein. This may suggest that intersite cross-talk may influence
H and M individual site structure in subtle ways that are
difficult to extract from the average coordination as determined
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Table 3. Parameters Used in the Simulation of the EXAFS of the H-Site Variants of PHM

No® R (A)° DW (A?) No® R (A)° DW (A?) No? R (A)° DW (A?)
E* Cu—N(His)? Cu—O/N° Cu—S$ —E,

Oxidized Proteins pH 7.5

WT 0.318 2.5 1.97 0.0123 1.5 1.97 0.0123 4.69

H107A 0.316 2.0 1.96 0.0123 2.0 1.96 0.0123 521

H108A 0.447 2.0 1.97 0.0129 2.0 1.97 0.0129 4.95

H1724" 0.167 2.0 1.96 0.0120 2.0 1.96 0.0120

M1091 0.287 2.5 1.97 0.0137 1S 1.97 0.0137 —4.30
Reduced Proteins pH 7.5

WT 0.373 2.5 1.92 0.0175 0.5 2.24 0.0123 0.34

H107A 0.487 2.0 1.88 0.0156 0.5 2.20 0.0123 —0.57

H108A 0.360 2.0 191 0.0152 0.5 2.20 0.0101 —0.03

H1724" 0.379 2.0 1.90 0.0130 0.5 2.23 0.0200

M1091 0.373 2.5 1.95 0.0150 0.5 221 0.0094 0.26
Reduced Proteins pH 3.5

WT 0.327 2.5 1.95 0.0182 1.0 2.26 0.0102 —0.66

H107A 0.860 2.0 191 0.0194 0.6 223 0.0120 —0.26

H108A 0.629 2.0 191 0.0147 0.5 2.22 0.0120 0.24

H1728" 0.659 2.0 1.88 0.0165 0.6 222 0.0124 —0.67

M1091 0.280 2.5 1.93 0.0159 0.5 221 0.0139 -0.15

“F is a least-squares fitting parameter defined as F* = 1/N Y ,¥ lkG(Data — Model)2. bCoordination numbers are generally considered accurate to
+25%. “In any one fit, the statistical error in bond-lengths is +0.005 A. However, when errors due to imperfect background subtraction, phase-shift
calculations, and noise in the data are compounded, the actual error is closer to +0.02 A. “Fits modeled histidine coordination by an imidazole ring,
which included single and multiple scattering contributions from the second shell (C2/CS) and third shell (C3/N4) atoms respectively. The Cu—
N-—C, angles were as follows: Cu—N—C2 126°, Cu—N—C3 —126°, Cu—N—N4 163°, Cu—N—C5 —163°. “Distances of the Cu—N(His) and Cu—
N/O (non His) shells were constrained to be equal in fits to the oxidized proteins. fData from ref 28.
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Figure 5. Comparison of absorption edges of ascorbate-reduced PHM
H-site variants at neutral and low pH.

by EXAFS analysis. Notwithstanding these uncertainties, it is
clear that all the H-site single His variants adopt a two-
coordinate configuration with variable degrees of distortion
from linearity. Fits to the EXAFS and FTs of these variants at
pH 7.5 are given in Table S2 (Supporting Information).

For the WT protein, M109 does not coordinate at pH 7.5 so
that the H-site of M1091 is expected to be similar to that of WT
at this pH. The EXAFS and FT of M1091 at pH 7.5 is shown in
the top panel to Figure 6, and the spectral parameters extracted
from simulations are listed in Table 3. These data confirm that
MI09I can be simulated with all three His ligands coordinated
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Figure 6. pH dependence of the EXAFS and Fourier transforms of the
MI09I variant. Black traces are experimental data, and red traces are
simulated data. The top panel represents data collected at pH 7.5, and
the bottom panel is data collected at pH 3.5.

at the H-site (average 2.5 over both copper centers), with a
longer Cu—N(His) bond length of 1.95 A similar to the WT
protein. However, the Cu—S bond length has decreased to 2.21,
which may signal some perturbation at the M-center, as the
result of removal of the methionine side chain. While the
decrease in R¢,_g is close to the limit of detection, we note that
this intriguing result could be related to the unexpected ca. 40%
decrease in catalytic activity also observed for this variant.

pH Dependence and the Role of M109 in the Low-pH
Transition. Our previous studies have suggested that the
decrease in activity at low-pH is due to a conformational
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change induced by a protonation event with pK, of 4.6—4.7
which results in the coordination of an additional Met ligand at
one or other of the two coppers.”” On the basis of observation
of similar behavior in the homologue TBM, and sequence
comparisons between PHM, TBM, and DBM, we proposed
that M109 was the likely origin of the low-pH Met ligand and
that the conformational change was initiated by protonation of
one of the His ligands at the H-center. The hypothesis leads to
two predictions (i) M109I should show no decrease in catalytic
activity at low pH, and (ii) the Met-off to Met-on transition
should be absent in M109I These predictions were tested by
measuring the pH dependence of both the catalytic activity and
the EXAFS-derived H-site coordination of the M1091 variant.
Figure 7a compares the pH—activity profile of M109I with
that of the WT enzyme. Differences in catalytic rate were

>
Z| wma, M1091 z H108A
< : o
- <
& 3
: 3
5 - £
z n 2
25 4.5 6.5 85 25 45 6.5 85
pH pH
2
2 s
3 <
< o
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Figure 7. pH-rate profiles for PHM H-site variants M1091, H108A,
H172A, and H107A. Rates were measured using the standard assay
conditions at the different pHs as described in the text. To aid in
comparison to the WT protein, all rate data have been normalized to
unity, despite large differences in activity (as shown in Table 1). The
solid trace in each panel is the simulated rate profile for the WT
enzyme as determined in ref 27.

factored out by normalizing the rate to unity at the pH
optimum of the WT enzyme so that changes in pH-dependence
of the rate profile were directly comparable. In the figure, the
data for WT are represented by the solid black line which
corresponds to the simulation of the WT rate versus pH data
published previously.”” The data provide a dramatic con-
firmation of the prediction, viz that in M109I the rate remains
high as the pH decreases below 5.5, and may actually increase
in the pH range 5.5-3.0. In a second set of experiments, we
compared the EXAFS of M1091 at pH 7.5 and 3.5 as shown in
Figure 6. The spectrum at pH 3.5 (Figure 6 bottom panel) is
identical to that at pH 7.5 and lacks the increased intensity at
2.3 A due to the additional Cu—S(Met) ligand, which is the
hallmark of the low-pH structural transition (see Figure 4
bottom panel and ref 27). These data confirm our second
prediction, namely, that the low-pH Cu—S(Met) interaction is
eliminated in the M109I variant. Therefore, we can state with
confidence that M109 coordinates via its thioether S atom in
the low-pH form.

An unanswered question is the origin of the group which
protonates. Previously we argued that a pK, of 4.6 was
consistent with protonation of the coordinated Ns/N, of the
imidazole side chain of a histidine ligand. This in turn leads to
the prediction that mutation of the protonatable His residue
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might also induce the conformational change and result in a
species which exhibited the met-on form at all pHs. The
EXAFS of H107A and H108A at pH 7.5 (Figure 4 top panel)
do not show this behavior. Perhaps surprisingly, the mutations
also abrogate M109 coordination at pH 3.5 as shown in Figure
4 (bottom) and Table 3. Additionally, it might be anticipated
that mutation of the protonatable His residue would also
abrogate the decrease in activity at low pH, producing instead
an enzyme form with minimal activity over the entire pH range.
Data on the pH-—activity profiles of the H-site His to Ala
variants are shown in Figure 7. H172A shows behavior almost
identical to WT, while H108A shows a slight shift in pH
optimum to lower pH values. H107A, on the other hand, shows
a pH-rate profile that more closely resembles that of M109L
This would imply that H107 is the ligand that protonates since
its absence abrogates M109 coordination and the associated
decrease in catalytic rate, although it is still unclear why the
other His variants do not show M109 Cu—S interaction in their
low-pH EXAFS spectra.

CO Binding to WT and M109I at Low pH. CO binds to
WT enzyme at pH 5.5 and above to generate an M-site
carbonyl complex which has been characterized by FTIR'"’
and crystallography.” The C=0 stretching frequency is 2092
cm™" which is consistent with a binding site comprised of two
His, one S(Met), and CO."""**" To gain further insight into
the coordination changes at low-pH, we used FTIR to compare
the CO-binding chemistry of the WT and the H-site variants at
pH 7.5 and pH 3.5. These data are shown in Figure 8. As
expected, all proteins show the 2092 cm™ band associated with
the M-site carbonyl at both pHs. However, a new band is
observed at 2110 cm™ in the WT protein that is absent in
M109], and we therefore assign this band to an H-site carbonyl
coordinated by the thioether of M109, two His residues, and
the CO. This ligand set is identical to that of the M-site CO
complex, yet its £(CO) is 20 cm™" higher, suggestive of weaker
back-bonding into the 7* orbitals on the CO ligand. At present
we have no explanation for the differences in frequency, but the
low-pH carbonyl and its absence in M1091I adds confidence to
the assignment of M109 as the coordinating ligand in the low-
pH H-site structure. The IR of the H107A and H108A variants
at pH 3.5 also shows some intensity at 2110 cm ™", but of much
lower intensity than the WT protein. This may suggest that a
small population of H107A and H108A molecules exists in the
thioether-bound conformation or that CO induces a small shift
toward this conformation.

B DISCUSSION

Our data establish that mutation of any one of the three His
residues at the H-center of PHM reduces activity to detectable
yet extremely low levels. Most of the loss is associated with k.,
although Ky varies by a factor of 3 with H107A having the
highest affinity and H108A the lowest. This loss of activity is
not due to inability to bind Cu in either the oxidized or reduced
states. Furthermore, the structures as visualized by EPR and
EXAFS spectroscopy appear similar in all cases to those
observed in the WT fully active enzyme. In the oxidized mutant
proteins, solvent appears competent to bind in place of
imidazole to generate four- or five-coordinate H-site structures,
whereas in the reduced proteins any two histidine residues
appear competent to bind Cu(I), albeit with some indication
from absorption edge intensities of different degrees of
distortion from linearity. Since H107 and H108 are contiguous
residues on the same f-strand, they are constrained to bind in a
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Figure 8. FTIR spectra of the CO complexes of WT PHM and its H-
site variants in the C=O stretching region. (a) Comparison of IR
spectra at pH 7.5 for WT (black), H107A (cyan), H108A (red), and
M1091 (magenta); (b—d) comparison of IR spectra at pH 3.5 for WT
(black) and H107A (cyan) (b); WT (black) and H108A (red) (c);
WT (black) and M109I (magenta) (d). Spectra are normalized to the
intensity of the WT 2092 cm™" band.

trans-configuration via their N6 imidazole N atoms and hence
are likely most stable in linear two-coordinate geometry.*’ This
was previously noted in an earlier study of the H172A variant
where a significant increase in absorption edge intensity
(characteristic of two-coordinate linear geometryzg’so) was
observed. For the H107A and H108A variants, the 8983 eV
intensity was not significantly increased above that found in the
WT protein, suggesting that these variants may be unable to
reorient so as to adopt the thermodynamically preferred linear
structure. This observation, coupled to the almost complete
loss of activity in single H-site variants, may suggest that the H-
site is built on a fairly rigid scaffold where precise orientation of
His ligands is an essential element of function.

It is puzzling that solvent readily substitutes for the missing
imidazole side chain, yet exogenous ligands do not appear to
bind at H. Azide, nitrite, and peroxide bind exclusively to the
M-center in the oxidized protein, while CO binds to M in the
reduced form.”®"' '3 Likewise addition of imidazole to any
of the H-site His to Ala mutants fails to rescue activity (ref 28
and this work). This may be due to a lack of reactivity (similar
to azide), but it may also support the hypothesis advanced
above that H-site reactivity is intimately involved with the
connectivity of the His ligands to the protein scaffold, which
either completes ET circuitry or organizes other key elements
of structure. It is noteworthy that the X-ray crystal structure of
the M-site M314] mutant shows a highly perturbed H-site
structure with H107 completely dissociated.® The cross-talk
between H and M implied by this structure is also manifest in
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changes in the Ky for substrate binding of H-site mutants, even
though the substrate binds at a site many angstroms distant.
Thus, subtle changes in the H-site structure may propagate
through the scaffold to M, where they could inhibit the enzyme
from achieving critical conformations necessary for H-
tunneling,*>**

The pH dependence of catalytic activity gives further insight
into protonation/deprotonation events that interconvert active
and inactive states. In this study, we have focused on the
protonation event that generates an inactive state with a pK, of
4.6 Our earlier work advanced the hypothesis that pH
induced a conformational switch between a catalytically
competent active state of the H-center and an inactive state
containing a new Cu—S ligand. We further speculated that the
new S residue was derived from the side chain of M109, which
is part of the H-site conserved HHM motif but points away
from Cuy on the opposite side of the f-strand (Figure 1). The
hypothesis allowed us to make two predictions (i) that the
absence of a thioether at residue 109 would prevent the M109
S(Met) coordination thereby attenuating the driving force for
this conformational switch, and (ii) that its absence would
therefore eliminate the loss of activity at low pH. Both of these
predictions were borne out by the data. The M109I variant
showed a small increase in activity in the pH range 5.5—3.0 and
lacked the high-intensity Cu—S interaction characteristic of the
low-pH state of the WT enzyme. This allows us to conclude
with confidence that in the WT enzyme, the low-activity state
has undergone a conformational switch which flips the f-sheet,
repositioning the coordinating ligands such that M109 is in a
favorable orientation to bind to Cuy.

The observed pK, for the catalytic transition of 4.6 is within
the range expected for protonation of histidine residues
coordinated to Cu(I). Well established cases of this behavior
include the reduced forms of cupredoxins®*** and Cu/Zn
superoxide dismutases,** ** where protonation is coupled to
addition of an electron so as to keep the overall charge
constant. As noted previously,”” the C-terminal histidine ligand
of the cupredoxin site is located in a loop of sequence between
the Cys112 and Met121 (azurin numbering), and the pK, for
histidine protonation is sensitive to both the identity and length
of the sequence®” with values ranging from 2 to 6. For example,
replacement of the native loop of azurin (C'*TFPGH'"SALM,
pK,H'"” < 2) with shorter loops from amicyanin or
plastocyanin produces chimeras with pK,’s for protonation of
the corresponding histidine of 5.5 and 4.3 respectively, while
for plastocyanin, the pK,’s of the native protein and the
chimera in which the native loop (C**SPH¥QGAGM™) is
replaced with the azurin loop-sequence are 4.7 and 4.9. We
reasoned that if protonation of an H-site coordinating histidine
was responsible for the conformational switch, then its
mutation to alanine should either eliminate or at least strongly
perturb both the pH—rate profile and the structural transition
leading to S(Met) binding. The data show that H172A exhibits
the WT pH-—rate profile, while H108A has a rate profile only
slightly shifted to lower pH. H107A on the other hand has a
strongly perturbed rate profile which approximates that of
M109I showing an increase in rate between 5.5 and 4, below
which the activity crashes to zero. Additionally, close inspection
of the EXAFS data suggests an increase in Cu—S site occupancy
for H107A to 0.65 at pH 3.5, while FTIR shows evidence for
the S-coordinated H-site carbonyl (2010 cm™'). These
observations may suggest an equilibrium between M109-on
and -off states in H107A and leads us to propose that H107 is
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the residue which protonates. The inability of the HI107A
mutant to induce a complete conformational switch was at first
puzzling, as the prediction was that the absence of the
protonating residue would generate the Met109-on state at all
pHs. However, further analysis suggests that the switch may be
driven by the replacement of the coordinating histidine by its
bulky noncoordinating protonated form and is induced by a
combination of S(M109) coordination and relief of steric
crowding. In this model, the hole created by the Ala
substitution would create no steric restrictions and could
therefore be a stable entity at all pHs. We also note that HI07A
does not appear to protonate as readily in the M109I variant, as
no decrease in activity is observed with M1091 between pH 6
and 3. This observation implies that the pK, for His
protonation is coupled to the ability of the Met ligand to
coordinate: without the driving force for S ligation, Cu(I)
outcompetes the proton for histidine binding.

The M109-on state of the enzyme is catalytically
incompetent, and the obvious next question is why. Binding
of CO to the low pH inactive (S-bound) form of the WT
enzyme induces a new band at 2110 cm™, absent in the M1091
variant, which we may logically assign to a four-coordinate H-
site carbonyl with two histidines, one methionine, and CO. On
the other hand, the active state of the H-site does not form a
CO complex. These observations give hints to the possible
geometrical differences between active and inactive states.
Cu(I) carbonyls are generally formed from three-coordinate
precursors to give predominately four-coordinate tetrahedral
complexes*"**®" and react poorly if at all with two-coordinate
Cu(I) complexes. A recent study of an H-site PHM model
peptide containing the HH motif confirmed this chemistry: the
two-coordinate Cu(I)-Nj,Ny-bis-imidazole complex reacted
sluggishly with CO to generate a weak three-coordinate CO
complex with a low-intensity 2(C=0) between 2105 and 2110
cm™", However, in the presence of an additional mol equiv of
imidazole, the four-coordinate Cu(I)(His);CO species was
formed stoichiometrically and exhibited a strong v(C=O0) at
lower frequency (2075 cm™) as expected.”® With regard to the
low pH WT PHM spectrum, it is possible that the 2110 cm™ is
due to a Cu(I)(His),CO structure, but the strong intensity of
the band together with its absence in the MI109I variant
suggests that the four-coordinate Cu(I)(His),S(Met)CO
species is more likely. We believe that the assignment is
reasonable since the thioether ligand is a poor donor and hence
may have little impact on the extent of back bonding.

The question remains, if the low activity S-bound H-site
readily forms a carbonyl, why not the three-coordinate high
activity site? The answer must lie in the ability of lack thereof of
the three-coordinate precursor to rearrange on CO binding to a
tetrahedral coordination. This again suggests that a rigid
protein scaffold associated with the H-site active form may be
required for electron transfer.

Most cuproproteins including PHM and DBM are packaged
into vesicles in the TGN as folded apo-proteins that still require
metalation. This function is performed by copper transporting
ATPases®* ™ which are members of the P1B family of heavy
metal transporters found in all forms of life from bacteria to
mammals where they function in copper export across
membranes. Mammalian ATP7A resides in the TGN or
vesicular membranes and pumps copper from the cytosolic to
the lumenal side of the membrane where it is believed to
transfer copper directly to PHM without the intermediacy of a
intravesicular copper chaperone.66 ATP7A contains a lumenal
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loop rich in His and Met residues (MDHHFAT-
LHHNQNMSKEEMINLHSSM)®”%® which has been shown
to bind Cu(I) at pH 8 with two-coordinate (His), ligation and
weak additional interaction with a Met residue.”” On the basis
of in vitro data, it was postulated that that this loop binds
copper as it exits the membrane channel, and passes it onto
cuproproteins such as PHM which are also associated with the
lumenal membrane.%> As the vesicles mature, their pH drops as
the result of H" import, resulting in an internal pH of ~S§.5,
close to the pH optimum of the monooxygenases with the
consequence that the ATP7A lumenal loop is subject to the
same pH constraints as its putative PHM partner. At present,
the effect of pH on the Cu(I)-binding properties of the loop
has not been investigated, but it is intriguing that similar HM
signals appear to be present in both systems, suggesting that
HHX,M motifs may have more general utility as Cu-dependent
conformational switches that could modulate coordination in
response to pH. Further studies are underway to explore this
and other aspects of HHM chemistry.
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