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We have carried out protein film voltammetry (PFV) of the
tetraheme cytochrom®zs, (Cyt Css4) from Nitrosomonas europaea
resolving all four of the heme potentials. Additionally, we find that
cyt css4is specifically tuned to engage in a two-electron reduction
of the high potential hemes. The monomeric proteincgytcontains y.
four c-type hemes (labeled through IV, Figure 1) that are o UMV 147my
organized as two pairs of stacked hemes. Previous strutctuanad +47mY
spectroscopic studies of cgds,2~7 have established a considerable  Figure 1. The four hemes of cytsss with estimated potentials from ref
level of detail regarding the electronic and magnetic structure of 4. as assigned in ref 7.
the four heme groups of the protein, including an estimation of

reduction potentials using redox potentiometiay, +47, —147, 400 _AI L '_ 0.1
and—276 mV, as indicated in Figure %).Cyt css4is the natural 200} 0.0
redox partner of hydroxylamine oxidoreductase (HAO), a homo- < | ' N ]
trimeric enzyme containing eight heme groups per monomer, and g 0 ¢ A" S
which oxidizes hydroxylamine to nitrite, a four-electron oxi- 5 | V. ‘_\ L”E-o.z
dation#8-10 In the course of HAO catalysis, cgts4 is reduced by © ool N 1 03
two electrons only;!! so that the generation of a one- or three- I -
electron reduced form of cyks, is prevented. To date, assessing -400 L1 . | , | , | 04
the redox chemistry of cytsss has been challenging due to the 0.4 0.2 0.0 0.2
complexity associated with the multiple heme cofactors. We have Potential (V vs hydrogen)

used PFV to probe the redox reactions of ¢yg and have found Figure 2. (A) Voltammetric response of cyts, at mercaptobenzoic acid-
evidence for previously unobserved cooperativity and redox direc- modified gold at pH 7.0. Baseline-subtracted data are the inset (solid line),
tionality, in comparison to other studies of multheme protein along Wlth‘ the‘deconvol_utlon of the data (dashed lines) and their E)m (
electrochemistry213 (B) The midpoint potentials observed foandll (®), 1l (a), andlV (m),

) . as a function of pH, with dashed trend lines.
We have conducted PFV of cykss with multiple types of
electrode materials and surface modifications (edge-plane pyrolytic yoonvolution of the voltammetric response was performed by a

graphite as well as gold modified with carboxylic acid-terminated 655t squares fit to the sum of four voltammetric shapes where the
o e
alkanethiols) Typical data are shown in Figure 2A, collected at  gqichiometric number of electrons was identical 1) but the

a mercaptobenzoic acid (MBA)-modified polycrystalline gold = 555 ent number of electrons,) was fit for each cofactoté This
electrode, at pH 7.0. Three reversible features are clear from theprocedure results in data shown in Table 1, indicating (1) the
cyclic voltammogram itself: two at significantly lower potential potentials of all four hemes are resolvable; {2and Il display
(~182 and-283 mV), and an additional feature at higher potential - iginct though similar, potentials; and (@), corresponds to e
(~+40 mV), as predicted by the previous characterization of cyt for the low-potential hemetdl andIV, yetngy, > 1 for bothl and
Css4. The electrochemical response is highly reversible, thesgyt Il. The pair of hemes do not display a perfect degree of
films are stable throughout hours of experiment, and the values of cooperativity, in which case the two features would be best fit by
the peak currenti) are linearly dependent upon the scan raje ( a single redox couple, wherg,, = 2. The breakdown of ideality

as should be t_he case for an adsorbed electrochemlcgl reéfction. may be caused by the dispersion of molecular conformations upon
For a.II of the signals, the observed valuedfare esse“t'a"Y PH the electrode surface, leading to broadening of individual peaks,
nvariant: a _modest pH de.pen_dencehdtz t0—15 mV/pH unitis and artificially lowered values afi,p, Our direct electrochemical
observed (Figure 2B), which is much less than thg9 mV/pH measurements also agree with recent potentiorheand E,

unit expected for a 1H1€ process.

: ) calculationsy” suggesting that the previous structure/potential
The electrochemical data allow us to probe the previously assignments are correlct

suggested degeneracy of the reduction potentials afd Il .47
Figure 2A shows the deconvolution of the complex voltammogram
into a series of voltammetric features, following the subtraction of
the background current. By considering the electroactive surface
coverage of each of the four redox cofactors to be identical

The source of the cooperativity is of great interest. It does not
appear to be related fatermolecular interactions, as there is no
dependence of the apparemy, values as a function of surface
coverage. Alternatively, cooperativity could be achieved by the
' relative kinetics of interfacial anohtramolecular electron transfer
t Boston University. events. Cytcssy most likely binds to HAO via an acidic patch,

* University of Minnesota. orienting | to be closest to the enzymewe believe that the
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Table 1. Potentials of Cyt css4, Determined and Calculated (Figure 3C). The molecular nature of Rexn be rationalized as a
This Study Potentiometry’ Caledt? distinct global cytcss, conformation adopted at low potentials,
heme E. (V) . E. (V) £, (V) which interferes with the reoxidation of thet Il heme pair. The
n app m m - .
possibility that Redrepresents a specifistramolecular gate cannot
:If‘”d” f15591+32 i'j‘)' 12 4:14477,+47 J_r27156+ 63 be excluded, though the effective gating does not appear to be
v 283 1.0 —276 —284 directly coupled to proton transfer chemistry, as the same voltam-
metric behavior is observed at both acidic (4.5) and basic (9.5) pH
) values.
A oo os ok F_'O"‘:”j'f:',“;:s SDEE’ s 02 00 0 Importantly, the observation of cooperativity and redox gating

occurs at time scales that are similar to the turnover otgytby

its redox partner HAQG® suggesting an unforeseen contribution to
catalysis. In such a scenario, the reduction of thecgy! + Il
heme pair operates in a facile 2enanner, as compared to the
backward reoxidation when electron transfer from HAO is rate-
limiting. Thus, the system is poised to prevent the generation of

current (nA)

E”’, iy odd-electron species in HAO, by unidirectional reduction of cyt
Ox <g==Red &
e Css4 Dy two electrons.
Kred red &
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c log (scan rate, mV/s)
Figure 3. (A) Baseline-subtracted voltammograms for cydsimmobilized References
at a MUA-modified electrode, at scan rates of 3, 20, and 75 mV/s, indicative
of a coupled reaction fdr+ Il following reduction (panel B). (C) Trumpet (1) Iverson, T. M,; Arciero, D. M.; Hsu, B. T.; Logan, M. S. P.; Hooper, A.
plots generated for the peak positions of the couple associated with, o :3-? Rees.TDMCI:at: Strust-'v?""'_i1998 5|A1?305;{1012b CBoLI
ither MUA- r r MBA- lectr ircles). verson, T. M.; Arciero, D. M.; Hooper, A. B.; Rees, D. L.Biol. Inorg.
at either MUA- (squares) o based electrodes (circles) Chem 2001, 64 390-307.
. o (3) Andersson, K. K.; Lipscomb, J. D.; Valentine, M.; Munck, E.; Hooper,
w-carboxylate-terminated electrodes mimic the HAGt Cssq A. B. J. Biol. Chem1986 261, 1126-1138.
orientation. Thus, ifll is modestly higher in potential thah (4) Arciero, D. M,; Collins, M. J.; Haladjian, J.; Bianco, B.; Hooper, A. B.
thermodynamically favorable reduction bBf combined with fast Biochemistryl991 30, 11459-11465.
. Yy y i . . . (5) Dispirito, A. A.; Balny, C.; Hooper, A. BEur. J. Biochem1987, 162,
internal electron transfer (relative to slower intermolecular/interfacial 299-304.

ET) could yield the observed cooperativity. A similar kinetic model ~ (6) McTavish, H.; Arciero, D. M.; Hooper, A. BArch. Biochem. Biophys.

: 1995 324, 53-58.
has been suggested to account for the spectroscopically detected @ Upadhyay,A K.: Petasis, D. T.: Arciero, D. M.. Hooper, A. B.: Hendrich,

reduction ofl andll with catalytic amounts HAO and substrates, J. Am. Chem. So@003 125 1738-1747.
previously’ Our data indicate thdt andll are designed to serve (8) Yamanaka, T.; Shinra, M. Biochem. (Tokyo}974 75, 1265-1273.
as a functional two-electron unit in HAO reactivity. (9) Yamanaka, T.; Shinra, M.; Takahashi, K.; Shibasaka,JMBiochem.

(Tokyo)1979 86, 1101-1108.
To examine the impact of interfacial electron transfer rate upon 10y pispirito, A. A.; Taaffe, L. R.; Hooper, A. BBiochim. Biophys. Acta

the observed cooperativity, we substituted the aromatic thiol-based 1985 806, 320-330. ‘ ‘

electrode for the alkane mercaptoundecanoic acid (MUA), which (11) fxlrzlgo, D. M.; Balny, C.; Hooper, A. EBiochemistryl991, 30, 11466~
resulted in electrodes _)/le!dlng fundamer]tally slqwer electrokinetics. (12) Niki, K.: Kawasaki, Y.; Kimura, Y. Higuchi, Y.; Yasuoka, Nangmuir
Importantly, the substitution lowers the interfacial electron transfer 1987, 3, 982-986.

rate k) to the time scale associated with HAO reduction of cyt (13) Tumef K. L.; Doherty, M. K.; Heering, H. A.; Armstrong, F. A.; Reid,

o . . Chapman S. KBlochemlstrw.QQQ 38, 3302-3309.
~ 118
Css4 ~25 §71.1° By monitoring the position of the henit¢ cathodic (14) PFV was achieved using a PGSTAT 12 electrochemical analyzer

and anodic peaks as a function of scan rafe (Trumpet plot (IIEcochelgnie), \fVithII experki]mentls Colnducied inI a tgerznostated) glaac,s
: 1 electrochemical cell fit with a calomel working electrode (Accumet) an
analysig?), we observed values & from_ 241s _On MBA to 8.4 a platinum wire counter electrode. Protein films were prepared by taking
s 1on MUA electrodes. Thus, on MUA, interfacial electron transfer either freshly polished EPG electrodes or alkanethiol-modified poly-
i i vi i i crystalline gold electrodes and then soaking either electrode in a dilute
roughly equates What might be found in VNC_) this slower reg'me (~10 M) protein solution of cytcsss (prepared as described in ref 4) in
of k9, the reversibility of the electrochemical data dramatically pH 7.0 buffer composed of 20 mM MOPS. Electroactive protein films
changes. While the MUA-based results mimic those found with could be ach(!eved by soaking for a few hours, but the best results were
. attained at 4°C, overnight. Once prepared, electrodes were then used
the faster MBA surface at slow scan rates (3 mV/s, Figure 3A, directly by rinsing the excess protein solution from the electrode surface
left), the voltammetric response for- Il distorts as the scan rate s &é”ddthznjpl?:cmﬁ(the i'e%Ode til?] in t'hel ?;ecr?”éed i'eC(IjFOChemilca' Cs”-
P ; ; ; ; ; ard, A. J.; Faulkner, L. FElectrochemical Methods: Fundamentals an
IS 'ncr?ased (F'gl.”e 3A, middle and .”ght)'. By |ncr§asq]ghg Applications 2nd ed.; John Wiley & Sons, Inc.: New York, 2001.
reductive peak shifts to a lower potential while the oxidative signal (16) If fitting is carried out using three distinct species and the high-potential
broadens, eventually becoming unobservable at scan *&268 feature has an assigned stoichiometry of two electmors3), fitted values
mV/s. To account for these data, a coupled reaction must follow Of Napy stil reveal cooperativityapy == 1.24; 1.€- Napp = 2 (Figure S1).
' . . ! p (17) Kurnikov, 1. V.; Ratner, M. A.; Pacheco, A. Biochemistry2005 44,
the reduction of + II (Figure 3B). On MUA, when the scan rate 1856-1863.
is slow (as compared to eith&f" or K9, the voltammetry of the (18) Tumover numbers for HAO are reported as 25 509383@12 iaggﬁggrit)%n
. . - ! L . B.; Tran, V. M.; Balny, C.Eur. J. Biochem ,
high-potential hemes pair is reversible. Ass increased, a slow and the time scale of HAO reduction of ays, has been measured at 30
back-reaction of Réd— Red prevents the regeneration of the Ox st (ref 11).
form, the impact of which is clearly observed in Trumpet plots ~(19) Hirst, J.; Armstrong, F. AAnal. Chem1998 70, 5062-5071.
that compare thé + Il feature as observed on MBA and MUA JA065657K
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