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ABSTRACT. The electrochemical properties of an engineered heme-copper center in myoglobin have been
investigated by UV-visible spectroelectrochemistry. In the cyanide-bridged, spin-coupled heme-copper
center in an engineered myoglobin, the presence of Zn(ll) in thed@ater raises the heme reduction
potential from—385 to 49 mV vs NHE. However, in the cyanide-free, spin-decoupled derivative of the
same protein, the presence of Zn(ll) in thes@enter exerts little influence on the heme reduction potentials
(77 and 80 mV vs NHE, respectively, in the absence and in the presence of Zn(ll)). Similar trends have
also been observed when copper ion is present in thed€nter, although on a smaller scale, due to
reduction of Cu(ll) to Cu(l) prior to heme reduction. These results show that the presence of a metal ion
in the designed Gicenter has a significant effect on the redox potential of heme Fe only when the two
metal centers are coupled through a bridging ligand between the two metal centers, indicating that spin
coupling plays an important role in redox potential regulation. In addition, the presence of a single positively
charged Cu(l) center in the @wcenter resulted in a much lower increase (16 mV) in heme reduction
potential than that of two positively charged zZn(ll) (118 mV). Therefore, the heme reduction potential
must be lowered after the first electron transfer to reduce herfieGig?" to FE™-Cug™. To raise the

heme reduction potential to make the second electron transfer (i.e., reductiof"e€lg to Fe'-

Cust) to be favorable, most likely a proton or decoupling of the heme-copper center is needed in the
heme-copper site. These findings provide a strong argument for a thermodynamic driving force basis for
redox-regulated proton transfer in heme-copper oxidases.

The heme-copper center (Figure 1A) is at the heart of the
terminal oxidases, generally called heme-copper oxidases
(HCO) ! that catalyze reduction of Qo H,O and transform
the energy from the reaction into proton gradients for ATP

A D B
synthesis1—4). The catalytic cycle is believed to start from
the oxidized state (stat®@), where the heterobinuclear center
remains in oxidized forms, heme FeCus?*. One electron
reduction of state) leads to statd= with a mixed valent

binuclear center. State can exist in the form of heme Fe
Cug™, heme Fé&"-Cug?t, or a form in which an electron is

distributed between hensg and Cu in rapid equilibrium. _
Ficure 1: (A) Crystal structure of heme-copper center of bovine

The second electron reduction of st&gields stateR, the U= -
fully reduced form (heme E&-Cus*) which can bind @ II?/Iebért @O (10). (B) The active site of a computer model of &2u

and produce statd. The decay of statd forms statePy
(or Pr), with a ferryl heme iron and cupric GuThe state Pum (or PRr) is then converted to stafé by the transfer of
electron. Finally, another electron reduces stat® state
T This material is based on work supported by National Institutes of 0, completlng the (_:atalytlc cycla{-4). This four_ele.Ctron
Health Grant GM62211. reduction process is coupled to proton translocations; four
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this question is through metal ion substitution, an approach A
that has been shown to be successful in addressing similar,,
questions in other proteind1—13). By comparing redox 06
properties of the heme when the site is metal-free, or g 04
occupied by either redox-active or redox-inactive metal ions < o
of different oxidation states, one can reveal the subtle role . =
the Cw center plays in the heme-copper center. Unfortu- 400 500 600 700 400 500 600
nately, it has been difficult to define reduction potentials of Wavelength (nm) Wavelength (nm)
each metal center in heme-copper oxidases due to the g,

presence of several redox-active centers and their interactions.
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by other metal ions have been prepared (for recent examples,g 04
see refsl4 and15), the role of Cw in influencing reduction <02
potentials of the heme center remains to be addressed. 00

An alternative approach to addressing the above question 400 500 600 700 400 500 600 700
is through the study of model heme-copper systems where Wavelength (nm) Wavelength (nm)
the dinuclear center is free of other redox-active centé8s ( Ficure 2: Spectroelectrochemical titration in 50 mM MOPS, pH
18). A successful example of using the metal substitution 8 at 25°C for (A) WTswMb (0.2 mM); (B) CgMb (0.2 mM); (C)
approach has been reported for a heme-copper syntheticCeMb in the presence of 2 equiv of Cu(ll) (0.4 mM) and (D)
model systemX9). Interestingly, the study showed that the CugMb in the presence of 2 equiv of Zn(ll) (0.4 mM). (Inset) Nernst

e g plot for the dependence of the absorbance at 431 nm on the applied
presence of a positively charged copper ion resulteddd  oiential, The sweep potentials were applied in the negative
mV of heme reduction potential increase in this synthetic direction.
model system. On the other hand, it has been reported that
the presence of charged amino acid residues in the hemesalt bridge to connect the Ag/AgCl (3 M KCI) reference
binding pocket can change the reduction potentials of the electrode to the bulk solution containing the working and
heme by up to 200 mV20Q). auxiliary electrodes. Generally, the redox titration was

To gain a deeper insight into this question of the role of performed using~0.6 mL of working solution containing
metal ion in the Cu center on the reduction potential of 0.2 mM protein, 4Q«M phenazine methosulfate, and 4M
heme, we carried out spectroelectrochemical studies of ananthraquinone-2-sulfonate as mediators. The working solu-
engineered heme-copper center in sperm whale myoglobintion was purged gently with Ar for at least 30 min to remove
(F43H/L29HswMb, called CsMb, Figure 1B) @1). Myo- O, before being transferred to the OTTLE cell.
globin (Mb) is one of the most well-characterized heme A model 362 potentiostat from Princeton Applied Research
proteins. It has been proposed that several states in HCOswas used to control the potential of the working electrode.
such as oxy statéd, have analogous counterparts in Mb. After potential (typically with 25 mV increments) was
Therefore, we engineered a g£center in the corresponding  applied, the UV-vis spectra were recorded using a Cary 3E
location of sperm whale Mb and demonstrated that the Cu spectrophotometer until no further spectral changes occurred.
and proton play important roles in the HCO activiti@R)( The Ag/AgCI (3 M KCI) reference electrode was calibrated
This model heme-copper protein is valuable because it iswith a SCE electrode and found to be 200 mV (vs NHE).
easy to construct, purify, and crystallize the protein, its  Data Analysis.The spectroelectrochemical titration data
mutants, and other variants where the heme grc@mter is for the entire spectra were analyzed by global analysis using
substituted by other types of heme or metal ions, respectively.singular value decomposition (SVD) and nonlinear regression
Here we report further study of this model protein by modeling with SpecFit/32 (Spectrum Software Associates,
spectroelectrochemistry. Results from this study indicate that, nc). With the exception of redox titrations of Chbridged
while a metal ion in the Gusite exerts only a small influence  CugMb—CN—Cu, all the data were fit with a model of A
on the heme reduction potential when it is not coupled to < B because a Nernst plot at a single wavelength (e.g., 431
the heme iron center, it can dramatically increase the hemenm) is linear (see Figure 2). For redox titrations of GN
reduction potential when it is coupled to the heme iron. This bridged CgMb—CN—Cu, a Nernst plot at a single wave-
metal ion-dependent redox control could be a key factor in |ength (e.g., 431 nm) is nonlinear (see Figure 3C). Therefore,
proton coupled electron transfer at the heme-copper centera model of A< B <= C was used. The reduction potential

of each protein was then obtained from the Nernst plot by
EXPERIMENTAL METHODS plotting the applied potential vs the logarithm of the ratio of
the oxidized to reduced forms of the protein from the global
Ganalysis of the entire spectra described above. Data analysis
using a single wavelength (such as 431 nm) instead of the
entire spectra resulted in the same reduction potential within
the error of the analysis (typically:3 mV).
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The WTswMb and CgMb proteins were expressed and
purified as described previously. Phenazine methosulfate an
anthraquinone-2-sulfonate were obtained from Sigma. The
reduction potentials were measured by a spectroelectro-
chemical method using an optically transparent thin layer
cell (OTTLE) as described in detail by Crumbliss, A. L., & ReSULTS AND DISCUSSION
al. (23). The working electrode is made from a piece of 52
mesh platinum gauze. A 1-mm diameter platinum wire was The spectra from spectroelectrochemical reduction of
used as the auxiliary electrode, while a piece of Pasteur pipetWTswMb in 50 mM MOPS at pH 8 are shown in Figure
filled with agar gel containing 0.5 M KN®was used as  2A. On the basis of a Nernst plot for the dependence of the
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Ficure 3: Spectroelectrochemical titration of (A) gb—CN; (B) CusMb—CN—Zn; and (C) CgMb—CN—Cu solutions (CgMb, 0.2

mM; KCN, 10 mM; Cu or Zn; 1 mM) in 200 mM MOPS, pH 8 at 2& using phenazine methosulfate (4®) and anthraquinone-2-
sulfonate (4Q:M) as mediators. (Inset) Nernst plot from the dependence of the absorbance at 431 nm on the applied potential. The sweep
potentials were applied in the negative direction.

Scheme 1: Redox-Coupled Proton Transfer Reactions in Hegrei Center of HCO

X/)uz" X/Cu+ HX/Cu* HX/Cu* cut
S e R R
(o] E
Low E° High E°

absorbance at 431 nm on the applied potential (Figure 2A, Table 1: Reduction Potentials of Heme in the Heme-Copper Center
inset), the midpoint potential of WTswMb was found to be of CusMb

37 mV (vs NHE). This potential is similar to that obtained Eun(Fe"/Fe") (mV, vs NHE) CN-free CN-bound
by oxidation-reduction titration of WTswMb (40 mV vs no M(ll) 77 —85
NHE) (23, 24). Under identical conditions, the spectra from Cu(ll 80 —69
spectroelectrochemical reduction of copper-free meshdu Zn(1l) 80 49

were obtained (see Figure 2B). The midpoint potential of

copper-free CegMb was found to be 77 mV (vs NHE), o o
indicating that mutation of L29 and F43 to histidines in cyano-free derivative, redox titration of cyanomets@lib

swMb led to an increase of 40 mV in the heme reduction N the presence of Zn(ll) showed a dramatic increase in heme
potential. Interestingly, addition of Cu(ll) to GMb resulted ~ Potential from—85 to 49 mV. In the presence of Cu(ll), the

in a very similar midpoint potential of the heme center (80 SPectroelectrochemical titration of cyanomeigfab showed
mV) (Figure 2C). This result is consistent with the previous & nonlinear Nemst plot (Figure 3C). Two reduction potentials
observation in a synthetic model systef®), Because the ~ With Ex =45 mV andE, = —69 mV were obtained by fitting
copper ion is redox active and may play a role in redox the data from the entire spectra to a system involving two
titration of the heme, we carried out the same experiment in cONSecutive electron-transfer reactions. The higher reduction
the presence of Zn(ll), a redox inactive mimic of Cu(ll) Potential &) can be assigned to the reduction of Cu(ll) to

(Figure 2D). The same reduction potential (80 mV) was CuU(l) in the CN-bridged heme FeCN—Cu center, while
obtained. the lower reduction potenti&, can be assigned as the heme

To probe further the role of metal ions in the gtenter Fe midpoint potential, because the Cu(ll)/Cu(l) redox couple
on the reduction potential of the heme when a diatomic ligand Normally possesses a higher reduction potential than heme
is present, we measured reduction potentials of the heme ini? Mb. In addition, from the spectra changes displayed in
cyanometMb. As shown in Figure 3A, the reduction potential Figure 3C, the heme is not fully reduced until the second
of heme Fe in the copper-free cyanomegMib was process is complete, supporting the assignment that the first
determined to be-85 mV (vs NHE) from the Nernst plot at redox process is not Q|r<e_ctly linked to heme reduction. This
431 nm. This potential is~265 mV higher than that of ~heme midpoint potential in the presence of coppedq mV
cyanomet-WTswMb €350 mV vs NHE, measured in this VS NHE) is lower than that in the presence of Zn(ll) (49
work under identical conditions). In wild-type horse heart MV vs NHE), and yet s still higher than that in the absence
myoglobin, introduction of a histidine group (V68H) in the ~Of metal ions -85 mV vs NHE).
heme distal pocket was shown to increase the heme reduction S0 why do zinc and copper ions exert little effects on the
potential by 128 mV in the cyanometMb (from385 to reduction potentials of heme in the cyanide-free meii
—257 mV vs NHE) 25, 26). This increase in reduction  Wwhile they have significant effects in the cyanomeizRib?
potential was attributed to stabilization of the reduced form Spectroscopic studies have shown that the engineergdiCu
of cyanometMb by the histidine2p, 26). In CusMb, two binds a single copper ion in the gaenter in both cyano-
more histidine residues are present in the heme distal pockefree- and cyanomet-Gb (21). The spectroelectrochemical
in comparison to WTswMb, making the reduced form of titrations in this study were carried out under saturating
cyanomet-CpMb even more stable. Therefore, such a large concentration of Cu(ll), Zn(ll), and cyanide. Therefore, lack

increase in reduction potential in cyanometz®ib is of metal ion binding or difference in metal-binding affinity

reasonable. can be ruled out as the difference in heme reduction
The most interesting results from this investigation are the potentials.

strong influence of metal ions in the gaoenter on the heme A previous report has shown no spin coupling between

reduction potentials in the cyanomet#Mb. Unlike the Cu(ll) and heme in cyanide-free met-gMb and strong
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coupling in the cyanomet-GWb, indicating that the copper  spin coupling in regulating reduction potentials of the heme-
or zinc ions interact with heme only through space in the copper center. Furthermore, since the singly positively
cyanide-free met-GiMb, while they interact with heme charged Cu(l) results in much less increase of reduction
through the CN-bridge in the cyanomet-GWb (21). Since potential of heme than the doubly positively charged Cu(ll),
Zn(ll) is redox inactive, the formation of GMb—CN— the redox-coupled proton transfer may be crucial to regulating
Zn(Il) places two positive charges near the heme center ofthe reduction potential of hensg during enzyme catalysis.
CusMb—CN, increasing the heme potential (see Table 1).
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