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Profiling the Active Site of a Copper Enzyme through Its Far-Infrared

Fingerprint**
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Pierre Flament, Dorothée Berthomieu,* and Catherine Berthomieu*

Present in all eukaryotic cells, the Cu,Zn-superoxide dismu-
tase enzyme (Cu,Zn-SOD) plays a key role in the protection
of cells against aging caused by superoxide and deriving
reactive oxygen species. Dismutation of superoxide (O,™)
into dioxygen and hydrogen peroxide is catalyzed by Cu,Zn-
SOD at one of the fastest enzyme rates (around 10°ms™!).=3!
Dismutation of O, directly involves the redox Cu"/Cu'
center [Egs. (1) and (2)]. Dismutation mechanisms were

[Cu"]+ 0, — [Cu'] + O, (1)
[Cu']+ O, +2H' — [Cu'] + H,0, 2)

proposed from high-resolution structures of the reduced/
oxidized enzyme,*! but the mechanism of the reduction step
[Eq. (2)] is still under debate!*** because characterizations of
the active site diverge about the coordination sphere of the
Cu' center.®*'"! Characterization of the active sites remains
an experimental challenge for all enzymatic issues and puts
two questions: how can the molecular motifs of the active site
be distinguished from the rest of the protein and how can
these motifs be characterized in each reactive state of the
protein in solution? In this study, we show how infrared (IR)
spectroscopy in the low-frequency domain, targeting metal—
ligand bond properties, can address these general issues in the
case of Cu,Zn-SOD.
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Properties of the Cu',Zn-SOD active site were barely
studied in solution by spectroscopy, excepted by NMR
spectroscopy.l""* The diamagnetic Cu' state is not accessible
to ESR spectroscopy, and does not absorb in the visible
domain, which prevents UV/Vis and Vis/resonance Raman
spectroscopies. In principle, bonds of the Cu,Zn-SOD active
site could be characterized with vibrational spectroscopy, but,
in practice, IR spectroscopists face two difficulties. First, most
of the metal-ligand vibrations contribute in the far-IR region
(below 500 cm™") and cannot be caught with conventional
FTIR spectroscopy. Second, because literature has never
reported far-IR vibrational spectra of copper proteins, spectra
of Cu,Zn-SOD have to be assigned from scratch.

Herein, we present the first far-IR investigation on a
copper protein, Cu,Zn-SOD. We specifically probed the
Cu,Zn-SOD active site by coupling FTIR spectroscopy to
the electrochemical switch between Cu™ and Cu' states: this
high-resolution technique provides difference spectra that
keep only vibrational signals sensitive to the Cu"/Cu" switch.
Up to recently, far-IR data on metalloproteins were reported
for light-induced FTIR difference spectra on photosystem II
down to 300cm™! and on the Rieske protein.'*?! Qur
electrochemically induced far-IR difference spectra were
recorded in aqueous solution down to wavenumbers of
50 Cm—l.[22,23]

Besides this experimental accomplishment, our study
aims at defining reliable IR marker for the active site and
for tracking structural changes of this active site upon
conversion of the Cu"/Cu' redox states and changes of the
pH value.

In Cu",Zn-SOD, the copper cation is coordinated to four
histidines (His) arranged in a distorted tetragonal shape.["->*%!
A water molecule forms a Cu" pseudo-ligand, and one
histidine (His;) acts as a bridging ligand between the copper
and zinc centers (Figure 1). The other ligands of the zinc
center are two histidines and a monodentate aspartate.”-*+>]

In Cu',Zn-SOD, the bridging role of Hisy was studied:
maintenance of the bridge was observed in some crystal
structures and in the presence of anions”>! but data recorded
in solution and obtained from crystallographic studies showed
that His, solely coordinates the Zn center.**712230 We also
studied the influences of the Cu"/Cu' switch and the pH value
on the water pseudo-ligand connected to a network of water
molecules in the access channel of superoxide that may play a
determining role in the reduction of superoxide.®

Electrochemically induced far-IR difference spectra of
Cu,Zn-SOD (Figures 2-5) show well-defined and highly
reproducible bands in the whole domain from 680 to
50 cm™'. In the spectra, positive bands correspond to the
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Figure 1. Structures 1E9Q and TQOE from the protein data bank of
a) Cu",Zn-SOD and b) Cu',Zn-SOD active sites. The gray sticks are H
atoms, blue spheres are C atoms, large yellow spheres are Cu atoms,
red spheres are O atoms, green spheres are N, big dark-blue spheres
are Zn atoms.
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Figure 2. Low-frequency FTIR difference spectrum of the reduced
minus oxidized (Cu'/Cu") Cu center recorded for Cu,Zn-SOD at pH 9.3
in H,0.

Cu'state and negative bands correspond to the Cu" state.
Only bands influenced by the Cu"/Cu' switch are observed,
that is, the IR contributions of aqueous medium and protein
backbone are annihilated.

We assigned the difference spectra by a dual experimental
and theoretical approach, supported by a thorough study of
the isotopic shifts. FTIR spectra were recorded on Cu,Zn-
SOD in H,0, D,0, and H,"®0 to probe contributions from the
exchangeable protons and from the water pseudo-ligand of
the Cu" center. Complementary FTIR spectra were recorded
on Cu,Cd-SOD to probe metal-ligand vibrations influenced
by substitution of Zn" by Cd". The experimental frequencies
were compared with those predicted from DFT modeling on
Cu",Zn-SOD and Cu',Zn-SOD optimized cluster models (see
the Supporting Information). The accordance of experimental
and theoretical frequencies was supported by the accordance
of experimental and modelled isotopic shifts induced by
exchanges of H,0/D,0 and H,0/H,"0. The vibrational
modes were analyzed through their potential-energy distri-
bution (PED), which gives the relative contribution of each
internal vibrational coordinate to the normal modes (see
Tables S2 and S3 in the Supporting Information).

Histidine side chains provide two ring torsion modes that
identify histidine-metal interactions. These modes are
obtained from PED analysis, in agreement with data obtained
from free and coordinated imidazole (see Table S2 in the
Supporting Information).*3!*I These modes are intense,
sensitive to the Cu valence state, and appear at 669, 661, 653,
and 629 cm ™! for the Cu" state and at 636 and 622 cm™! for the
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Cu' state (Figure 2). Because the calculated IR modes of Nyt
and Nt coordinated histidine are found in the same spectral
range, these modes cannot be used to discriminate Nr- from
Nrt-metal coordination.

The Zn-O,,, metal-ligand bond contributes to two IR
modes localized at 475 and 364 cm™! (Cu'") and at 466 and
371 cm™! (Cu'). Experimentally, these bands shift to lower
frequencies upon substitution of Zn" by Cd" (Figure 3), and
this observation supports the assumption of a contribution
from the Zn" coordination sphere. These bands correspond to
the modes calculated at 473, 398, 394 cm™ (Cu") and at
375 cm™' (Cu') involving the ¥(Zn-0,,,) stretching vibration
(see Tables S2 and S3 in the Supporting Information).
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Figure 3. Low-frequency FTIR difference spectra of the reduced minus
oxidized (Cu'/Cu") Cu center recorded for a) Cu,Cd-SOD (red line) and
Cu,Zn-SOD (black line) in H,O at pH 9.3, b) difference calculated from
spectra of Cu,Zn-SOD and Cu,Cd-SOD.

Modes involving large contributions from v(Cu-His) and
v(Zn-His) vibrations are calculated below 350 cm™'. Our
discussion focuses on the informative IR marker mode of the
bridging Cu™-Hisy-Zn motif. Assignment of the residual
modes of the spectrum is detailed in the Supporting Informa-
tion.

The bridging Cu-Hisg-Zn motif can be clearly assigned to
an IR mode of the Cu" state. This mode is the negative band
detected experimentally at 323 cm™' with a shoulder at
314 cm™! (Figure 2). Indeed, a part of this band shifts to
lower frequency upon substitution of Zn" by Cd" (Figure 3).
This mode corresponds to the most intense calculated Cu"
mode in this spectral region, predicted at 301 cm™' and
involving contributions of 23 % from v(Cu-Nt(Hisy)) and
13% from v(Zn-Nn(Hisg;)). From the calculations, bending
modes involving Cu and its His ligands may also contribute to
the broad experimental band at 323-314 cm™ (see Tables S2
and S3 in the Supporting Information), which explains the
downshift of only part of the band upon exchange of Zn by
Cd.

The present far-IR investigation suggests that the Cu-
Hise;-Zn bridge is broken in the Cu' state because the Cu-
Hise;-Zn marker mode appears solely for the Cu" state. In this
spectral range, no positive band corresponding to the Cu'
state was found that is sensitive to exchange of Zn" by Cd".
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The present results are in agreement with extended X-ray
absorption fine structure (EXAFS), NMR, and UV-Raman
spectroscopic observations showing that the Cu-Hisg-Zn
bridge is broken when Cu",Zn-SOD turns into Cu',Zn-SOD
in solution,[11:28:30:33]

The modes of the water pseudo-ligand are especially
informative about the properties of the Cu-water interac-
tions. First, the modeling of these water modes gives insights
in the properties of the Cu-OH, bond, and second, one of
these modes provides a useful IR marker mode to track
changes in this bond upon switching Cu' to Cu" state and
upon pH variation.

Modes involving the »(Cu—O) vibration are predicted to
be found in the IR spectrum below 200 cm ' (see Table S3 in
the Supporting Information). These calculated frequencies
are lower than those reported for various metal-water
complexes which are located at 490 to 310 cm™'.**3% Because
the »(Cu-0O) frequency mode correlates with the strength of
the Cu-O bond, the lower predicted frequencies indicate that
in Cu",Zn-SOD, the Cu-water interaction corresponds to a
weak ionic interaction. This is consistent with coordination of
water to Cu" in axial position with a long Cu-OH, bond.
Unfortunately, the »(Cu-O) mode was not identified in the
present far-IR spectra of Cu,Zn-SOD probably because of its
weak intensity: experimental data below 300 cm™' do not
show significant shifts neither upon H,O/D,O nor upon
H,"O/H,"®0O exchange (see Figure 4 and Figure S3 in the
Supporting Information), whereas calculations predicted
downshifts by 4-10 and 2-3 cm™', respectively, for modes
involving the v(Cu-O) vibration (see Table S3 in the Sup-
porting Information).

In contrast, IR modes indicative of water molecules
bound to the active site of Cu,Zn-SOD are provided by the
torsion and bending frequencies involving the water pseudo-
ligand at around 520 cm™! (Figure 2). The experimental bands
at 533 (Cu') and 518 cm™ (Cu") shift largely to lower
frequencies upon H,0/D,0 exchange to 410 or 347 cm™!
(Cu") and to 449 cm ™' (Cu"™) (Figure 4), respectively. Because
no other IR mode downshift so largely in this spectral range
(see the Supporting Information), we propose that these
bands correspond to the calculated modes at 597 cm™! (Cu')
and 449 cm™' (Cu"), which shift by —159 cm ' and —119 cm™!
upon H,0/D,0 exchange (see Table S2 in the Supporting
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Figure 4. Low-frequency FTIR difference spectra of the reduced minus
oxidized (Cu'/Cu") Cu center recorded for Cu,Zn-SOD at pH 9.3 a) in
H,0 and b) in D,0.
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Information), respectively. The calculated mode at 597 cm™

(Cu") involves T(H-O-Cu-Ny;,) torsion, and the mode at
449 cm™! (Cu") involves 8(H-O-Cu) wagging and t(H-O-Cu-
Nyis) torsion (see Table S2 in the Supporting Information).
The correspondence between experimental and calculated
modes is supported by H,'O/H,"®0 exchange, which does not
induce any shift either in experiments (see Figure S3 in the
Supporting Information) or in calculations (see Table S3 in
the Supporting Information). The experimental bands at 533
(Cu') and 518 cm™' (Cu") are thus assigned to contributions of
the water pseudo-ligand. These results are in agreement with
literature data on metal-water complexes exhibiting wagging
modes of water molecules with significant intensity in the
range of 650-500 cm~!.[3+38]

The far-IR modes assigned to the Cu,Zn-SOD active site
were used for tracking structural changes upon increasing pH
value. Indeed, water IR signals are highly sensitive to
hydrogen bonding interactions to neighboring groups. In
Cu,Zn-SOD of bovine erythrocyte, the water molecule is
included in a well-defined network of hydrogen bonds, other
water molecules, and amino acid side chains.>**! This
network may explain the large difference between experi-
mental and calculated frequencies, because only the first
coordination sphere of the Cu'" center is taken into account
in our theoretical models.

At high pH value, the Cu,Zn-SOD activity drops with a
pK, value around 10.5, but the effect of the pH value at
molecular scale are still a matter of investigation. The overall
shape of the far-IR difference spectrum is preserved at
pH 11.6, and the structural changes mainly impact modes
assigned to the water pseudo-ligand at 532 cm™' (Cu') and
522 cm™ (Cu"), the properties of the histidine torsion modes
at 652 (Cu™) and 636 cm™' (Cu'), and a band at 277 cm™
(Cu'") in the absorption range of vibrations assigned to metal-
histidine bonds (Figure 5). The IR band assigned to the water
pseudo-ligand of Cu" shifts from 518 cm™" at pH 9.3 to around
522 cm™! at pH 11.6, whereas the frequency of the character-
istic IR modes of His side chain at 653 (Cu™) and 636 cm™'
(Cu") is altered, reflecting an impact of the pH value on a
histidine ligand both in the reduced and oxidized states.

The present FTIR data are in agreement with NMR
results pointing to changes at the histidine ligands and at the
water pseudo-ligand of the Cu™ center. For the reduced

SOD, 'H NMR titration suggested that His,; was deproton-
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Figure 5. Comparison of the FTIR difference spectra of the reduced
minus oxidized (Cu”") Cu center recorded for Cu,Zn-SOD at pH 11.6
(red line) and at pH 9.3 (black line; a.u.=absorption unit).
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ated at a pK, value of 10.8**! and our observation of bands
increasing at 652 and 277 cm™' between pH 9.3 and 11.6 is
consistent with the perturbation of an histidine ligand. For the
oxidized SOD, NMR investigations showed an enhancement
of the '"H and O relaxation rates of water at alkaline pH
value,”™ together with a weakening of the His,—Cu
interaction. This perturbation of His, is consistent with our
observation of alterations in the range of the torsion modes of
histidines. These NMR results were also interpreted as
signature of an hydroxide anion binding at the Cu" center
at alkaline pH value!"!! or as an increase of the interaction
between the apical water pseudo-ligand and the Cu" center.”!

Our FTIR results revisit these interpretations by ques-
tioning the deprotonation of the water pseudo-ligand. We
observe that the increase in pH value results in an upshift by
4cm™' of the far-IR mode assigned to the water pseudo-
ligand. We however do not observe any specific IR signature
of a Cu—~OH™ bond. Thus our FTIR study suggests that at
pH 11.6, the water pseudo-ligand is still coordinated to the
Cu" center, rather than deprotonated into a hydroxide anion.
The upshift of the far-IR mode indicates changes in hydrogen
bonding of the coordinated water within the water network of
the access channel of superoxide at high pH value. The loss in
Cu,Zn-SOD activity at high pH value may result from these
structural changes, together with a lower efficiency of
electrostatic guidance of the O* radical anion towards the
Cu site.[*4]

In conclusion, this study shows that electrochemically
induced FTIR difference spectroscopy provides unique far-IR
markers to track structural changes of redox-active sites for
proteins in aqueous solution. This approach broadens access
of far-IR spectroscopy to a large range of proteins bearing
redox metal centers. This method enables thorough analysis
of the properties of metal-ligand bonds, notably metal—
histidine interactions often found at active sites of enzymes
and absorbing below 500 cm ™. For Cu,Zn-SOD, well-defined
bands were detected in the far-IR region. Characteristic bands
were assigned from comparison of experimental data and
theoretical approach. This provides ligand side-chain and
metal-ligand IR modes that characterize the metal-ligand
interactions. In particular, specific signatures were identified
for the Cu"-Hisy-Zn" bridging motif and the water pseudo-
ligand of copper. These IR modes were investigated to refine
earlier mechanistic hypothesis on the conversion of the O*™
radical anion by Cu,Zn-SOD: 1) when Cu" is reduced into
Cu', Hisy, decoordinates from copper and is solely bound to
Zn, and 2) at alkaline pH value, the loss in catalytic activity
may result from a perturbation of the network of water
molecules and of the electrostatic guidance of the superoxide
radical anion. This study exemplifies how this original far-IR
difference technique can be used for studying the influence of
various stimuli (redox potential, pH value, salinity) on
metalloenzyme active sites and more generally on metal
sites in solution.

Experimental Section
The complete details of the materials and methods are reported in the
Supporting Information. Bovine erythrocyte Cu,Zn-SOD was used at
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8 mM concentration. The electrochemical experiments were per-
formed using a transmission electrochemical cell equipped with
wedged CVD diamond windows (diameter of 10 mm and thickness of
250-350 pum).*?! The spectra were recorded at a resolution of 4 cm™,
with a Bruker 66 SX spectrometer equipped with a globar as IR
source, a 6 uM mylar beam splitter (Bruker) and a Si bolometer
(Infrared Laboratories) provided with a 690-20 cm™" filter. Single
beam spectra recorded before and after a change of the applied redox
potential were subtracted to calculate the difference spectra. Results
obtained with 10 to 40 electrochemical cycles on the same sample
were averaged to improve the signal-to-noise ratio.
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