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ABSTRACT: We report results of continuum electrostatics calculations of the cofactor redox potentials,
and of the titratable groupifa values, in hydroxylamine oxidoreductase (HAO). A picture of a sophisticated
multicomponent control of electron flow in the protein emerged from the studies. First, we found that
neighboring heme cofactors strongly interact electrostatically, with energies-df0mV. Thus, cofactor

redox potentials depend on the oxidation state of other cofactors, and cofactor redox potentials in the
active (partially oxidized) enzyme differ substantially from the values obtained in electrochemical redox
titration experiments. We found that, together, solvent-exposed heme 1 (having a large negative redox
potential) and heme 2 (having a large positive redox potential) form a lock for electrons generated during
the oxidation reaction The attachment of HAO'’s physiological electron transfer partner cytoctysame
results in a positive shift in the redox potential of heme 1, and “opens the electron gate”. Electrons generated
as a result of hydroxylamine oxidation travel to heme 3 and heme 8, which have redox potentials close
to 0 mV versus NHE (this result is in partial disagreement with an existing experimental redox potential
assignment). The closeness of hemes 3 and 8 from different enzyme subunits allows redistribution of the
four electrons generated as a result of hydroxylamine oxidation, among the three enzyme subunits. For
the multielectron oxidation process to be maximally efficient, the redox potentials of the electron-accepting
cofactors should be roughly equal, and electrostatic interactions between extra electrons on these cofactors
should be minimal. The redox potential assignments presented in the paper satisfy this general rule.

Prokaryotes can extract energy from an astonishing rangepotentials of the heme cofactors from the enzyme hydroxy-
of oxidation—reduction reactions. Such prokaryotic respira- lamine oxidoreductase (HAQ)btained from the bacterium
tory processes play a critical role in shaping the chemical Nm. europaeaThe ultimate goal of these calculations is to
environment of the biospher&,(2), and are carried out by  understand the control of electron flow in HAO, and its
highly efficient protein systems. In recent years, some relevance to the enzyme’s function.
understanding of the general principles of effective catalysis The enzyme hydroxylamine oxidoreductase (HAO) from
in bacterial multielectron redox processes has started tothe autotrophic bacteriurhim. europaeds a periplasmic
emerge. Indeed, spectacular progress has been achieved imulti-heme-containing enzyme that catalyzes the four-
elucidating the function of some of the critical bioenergetics electron oxidation of NWOH to NGO, (eq 1) B—5).
systems, such as the photosynthetic reaction center, cyto-
chromec oxidase, and cytochromac;. This progress has NH,OH + H,0 — NO,” +4e + 5H (1)
been fueled in large part by the appearance of atomic-
resolution three-dimensional structures of these complex . . -
systems. For mechanistic aspects of enzyme function that Th'SJS_ the second of two steps by Wh'Ch. NHS oxidized
are difficult to study experimentally, the structural informa- to NO,in Nm. europaeaThe first step, OX|dat|0_n of N
tion permits the application of quantitative simulation to NHOH, is catalyzed by t_he enzyme ammonia mo_n_ooxy—
techniques. Herein, we report the results of continuum ggr)ase?q, 6). The net aerob|_c omdapon ofI\L,_Hto NO,"is
electrostatics calculations, used to simulate the reductionCrItICaI to Nm. europaeawhich derives all its energy for
growth from the processh( 7). As part of the biosphere’s

t Funding was provided by the Chemistry Division of the National Nitrogen cycle, the oxidation of NH to NO,™ also has
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allows the electrons injected atsfto be quickly transported
from heme to heme over large distanc2g @5). Moreover,
heme 8 in each subunit lies sufficiently near hemes 1 and 2
of an adjacent subunit to possibly allow electron transfer
between subunits (Figure 1a). Indeed, the 18-heme circle seen
in the HAO trimer (Figure la) appears to be superbly
designed to allow eentering at a single &, to be rapidly
distributed throughout the trimer.

Oxidation of NH;™ to NO,~ by O, yields much less energy
than oxidation of organic foodstuffs. Because this is the only
process from whiclNm. europae&an extract usable energy
from the surroundings6( 9, 10), it is likely that HAO is
optimized to maximize utilization of the free energy released
in the process. One of the crucial aspects in the design of
HAO is the tuning of the heme standard reduction potentials.
These will strongly influence the energetics of individual
steps in hydroxylamine oxidation. They will also affect the
kinetics of electron transfer events within HAO, and in the
complex of HAO with its physiological electron acceptor,
cytochromecss4 (6, 26, 27). Reduction potentials correspond-
ing to all eight unique HAO hemes have been resolved in
spectropotentiometric titration28§, 29), and five of eight
of these potentials have been assigned to specific hemes in
the structure30, 31). However, spectropotentiometric titra-
tions yield equilibrium potentials for the HAO hemes. That
is, the standard reduction potential of any given heme is
obtained only after higher-potential hemes have been re-
duced. Because the HAO hemes are in the proximity of the
enzyme, the oxidation state of any one heme may have a

H3 strong effect on the potentials of adjacent hemes. Conse-
quently, the heme potentials during nonequilibrium events,
such as the movement of a singletarough the molecule,

FIGURE 1: Heme arrangement in HAO: (a) in the full trimer and  may differ substantially from the experimentally measurable
(b) in one subunit. The active siteg heme is colored orange, ~ goqyilibrium potentials. Herein, we have taken advantage of
and solvent-exposed heme 1 red. All other hemes (green) are burie he availability of th . uti hree-di . |
within the protein matrix. y of the atomic-resolution three-dimensiona
structure 20) to simulate quantitatively the reduction po-
hemes have proven to be arranged in recurring motifs very tentials of HAO, under both equilibrium and nonequilibrium
similar to those found in HAO 15, 16). Typically, the conditions. The nonequilibrium simulations are more physi-
proteins are otherwise unrelated in function, size, or even ologically relevant, but the equilibrium simulations are
folding pattern 15), but in all cases, the hemes are critical essential because they yield numbers that can be directly
in electron transport and storage. Because of the vital role compared to the published experimental reduction potentials
that microbial respiratory processes play in shaping the (28, 29) to verify their validity.
chemical environment of the biosphefe 2), interest in the
whole family of multi-heme proteins is considerable. We METHODS

anticipate that our ongoing studies of HAO will provide  our approach to computing the redox potentials of hemes
valuable insights not just about HAO itself but also about jn HAQ is similar to that used previousl$2—35). It is based
other multi-heme proteins and multicofactor enzymes in on calculating the difference in transfer free energies of the
general. . oxidized and reduced cofactors, when moving the cofactor
The purification to homogeneity dfim. europaedHAO from a water solution to the protein environment, using a

was first reported more than 20 years a@8,(19), and its  pnymerical solution of the linearized PoisseBoltzmann
crystal structure recently became availal2@) (A fascinating equation (eq 2).

feature of HAO is its remarkable complexity. The enzyme

is a homotrimer, with a molecular mass of 67 kDa per V-[e(T)VG(T)] = —4rp(F) + «%p(F) (2)
monomer. Each monomer contains segdppe hemes, and

a novel eighth heme known agsR(Figure 1b). The Fe center  In this equationg, ¢, p, andx represent the local dielectric

of Psgohas a vacant coordination site at which J}tHH binds constant, the electrical potential, the charge density, and the
and is then oxidized20—24). The remaining seven hemes ionic atmosphere screening factor, respectively. Preliminary
are all six-coordinate, with two His ligands each, and are in calculations indicated that the computed standard reduction
the low-spin ferric state in the resting enzym0,(25). potentials of the HAO hemes depend strongly on the
Adjacent heme groups are spaced sufficiently close togetherprotonation state of surrounding titratable groups, such as
to allow rapid electron transfer between their Fe centers, andthe heme propionates (see also 8&nd36). Thus, reliable

the branched chain arrangement of the hemes (Figure 1l)estimates of the heme reduction potentials can only be
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obtained by simultaneously analyzing the protonation equi- Z o exp[—G(XLx=0)/kT]
librium of titratable groups, characterized by thef;palues. o501

We describe the dependence of the system’s free energy}x
G on the protonation and redox states of the chemical groups Z exp[-G(XLx=a)/ksT]
within the system in eq 3. In this equation, componegqts =01
of system state vectorhave values of 0 and 1, and describe 1 6
the states of the titratable and redox groups in the system. 6)
The standard state of the system (with state vectmving exp[W; + 5 WiB40/kgT] + 1
all components equal to 0) has all redox groups oxidized, ]
and titratable groups in the protonation states that are
dominant for the isolated residues in water at neutral pH.

A nonlinear system of equations (eq 6) was solved using
an iterative overrelaxation method for a given pH and
external redox potential, and finally, the redox potentials of
G() = Y Wix + 5 Wixx 3) the heme groups were found using eq 7 derived from egs 3

: =l and 6:

Interaction energie¥\j between groups in eq 3 are found E-O(E H) =

using PoissorBoltzmann calculations and eq 4: ' eoxpp eduction eduction
Ei,solvent_ (AGprotein - AGs;olven’[ + ZVVU&]@/G (7)

i i 1]

W; = ZAQLML (4)

It can be seen from eq 7 that any given heme redox
- _ _ _ potential depends not only on pH but also on the external
whereAq, is the change in electric charge in tkih atom  electrode potential that defines the equilibrium population
of the ith titratable group andA¢} is the change in  of the remaining heme redox states. Equilibrium midpoint
electrostatic potential on this atom when ffle group is potentialsE? of the hemes (the external electrode potential

reduced (or changes its protonation state). that causes a given heme population to be 50% in the reduced
Diagonal matrix elements are computed with eq 5a (for state) obtained in redox titration experiments were found by
titratable groups) and eq 5b (redox groups): solving eq 8.
/
V\/i. = Eil 2= Eio(Eext’pH) = Eext (8)
KT(pH — pKZ**") In 10+ (AGE;)%(Q?JMH— AGE;‘Q‘\’,Zﬁ?O The second approach we used to simulate redox titration
(5a) curves of HAO involved Monte Carlo simulations with a

spin—lattice Hamiltonian of eqs-35 (39, 40). A Metropolis
| — _ o reduction __ reductio sampling scheme was used. An elemental Monte Carlo step

Wi = &(Fex = Brsonent + (AChoten” — AGsoven’) (5) involved an attempt to change the redox or titration state
of groupi. We successively tried to change the states of all
titratable and redox groups in sequence, and uségdsses
over each group of the protein (total number of MC steps
equal 16 times the number of groups) to compute average
populations of groups and given pH aBgk. We found this
number of MC steps to be sufficient for convergence of
computed average populations with an accuracy d¥ or
better.

The first term in eq 5a depends on the pH of the system and
on the X, value of the reference molecule (an isolated amino
acid) in the solvent. The second term, computed using
Poisson-Boltzmann calculations, is the change in the
protonation free energy of a titratable group upon transfer
from the solvent to a protein environment (with other groups
in standard protonation and redox states).

The first term in eq 5b depends on the equilibrium
electrode potential of the system and the redox potential of RESULTS
an isolated redox group in the solvent. The experimentally

; . As seen from eq 7, the redox potential of any one heme
known standard reduction potential of FeP{r{ffe-proto- g P y

; L X cofactor depends on the average populations of surrounding
porpfhyrln IX k}llilmdazolzte) in wates, 38()1 was usgd_as redox-active and/or titratable groups. Consequently, the
a reference. The second term, computed using POISSON 6t potentials obtained in redox titration experiments
Boltzmann calculations, is the change in the reduction free ;o necessarily coincide with the redox potentials of
energy of the redox group when it is transferred from the ;oo ctors in partially oxidized HAO, as it would be found

solvent to the protein environment. during the enzyme catalytic cycle. However, we will simulate
To compute the average population of alternative redox equilibrium redox titration curves, to connect our calculations

and protonation states for a given set of external electrodeto experimentally obtainable data. Protonation states of

potentials Eex) and pH values, we used two methods. The titratable groups also affect the redox potentials of the

first method is a mean-field approach in association with cofactor. To illustrate this point, we first compute thi&,p

the free energy expression (eq 3). If one assumes thatvalues of titratable groups for the protein in a fully oxidized

probabilities of the alternative states of iletitratable group state. Table 1 shows values for His (not including those

depend only on the average population of alternative statesbound to the hemes) and heme propionates for two values

of the other chemical groups, then the average populationof the protein dielectric constangi{ = 4.0 and 10.0). While

of the states of the group can be expressed as an e, of 4.0 more realistically describes the expected low-
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Table 1: X, Values of Titratable His and Heme Propionates for Fully Oxidized HAO, Obtained for Two Plausible Values of the Average
Dielectric Constant (see the text for details)

€in=14.0 €in=10.0 gualitative conclusion
His38 6.50 6.87 partially protonated
His268 7.56 9.19 active site His (protonation will depend on heme 3)
His395 7.63 7.89 partially protonated
His454 —-3.8 6.18 unprotonated
heme 1A —6.67 1.37 unprotonated
heme 1D 8.48 6.88 partially protonated
heme 2 A —6.78 —1.02 unprotonated
heme 2 D 15.0 10.6 protonated (H-bond to Tyr57 CO)
heme 3 A 4.06 4.65 unprotonated
heme 3D 14.10 7.67 partially protonated (H-bond to heme 5 propionate)
heme 4 A 6.56 5.42 unprotonated
heme 4 D 11.84 9.64 protonated (H-bond to heme 6 propionate)
heme5A 3.57 4.13 unprotonated
heme 5D 1.86 3.08 unprotonated
heme 6 A 11.70 8.77 protonated (H-bond to heme 4 propionate)
heme 6 D 16.36 11.09 protonated (H-bond to heme 4 propionate)
heme 7 A 1.06 5.75 unprotonated (H-bond to propionate D)
heme 7D 12.81 6.19 partially protonated (H-bond to propionate A)
heme 8 A —4.87 3.37 unprotonated
heme 8 D 7.19 5.74 unprotonated (may be partially protonated)

Table 2: Matrix of Electrostatic Interactions between Extra Electrons on HAO Hemes (potentials given in milivolts)

heme 8 p heme 1 heme 2 heme 3 460P heme 5 heme 6 heme 7 heme 8
heme 8 p 31 14 38 13 16 16 22 9 4
heme 1 14 —133 66 9 2 5 3 1 1
heme 2 38 65 +264 46 7 23 13 5 2
heme 3 13 9 46 +52 5 73 15 7 3
Paso 16 2 7 5 —153 13 64 25 6
heme 5 16 5 23 73 13 —113 52 23 8
heme 6 22 3 12 15 64 52 —106 79 15
heme 7 9 1 5 7 25 23 79 =27 51
heme 8 4 1 2 3 6 8 15 51 31

a Computed with ar¥, of 10.0 and an ionic strength of 0.1 M. Diagonal matrix elements (heme redox potentials for a fully oxidized enzyme)
are underlined. Off-diagonal heméeme interactions larger than 50 mV are in bold type.

propionates, and thus corroborating their protonated status
(20).

In the next step, we analyzed the energetics of the heme
redox states. The results of the analysis computed for a
protein dielectric constant of 10.0 and an ionic strength of
0.1 M are presented in Table 2. The diagonal of Table 2
presents the redox potentials of the hemes in the fully
oxidized state of the protein, computed by taking into account
heme desolvation and interactions with other protein charges
(all redox potentials in the paper reported vs the NHE
reference). The off-diagonal elements of Table 2 giVie
FiGurRe 2: Hemes 4 and 6 in the crystal structure of HAO. values of eqs 37 (interactions between extra.charges on
Hydrogen bonding is evident for at least one pair of propionates. the hemes). Table 2 shows that the electrostatic interactions
Calculations predict these propionates to be protonatég*8.0). between extra charges on adjacent HAO cofactors are quite
strong, and are as high as 80 mA*3 kT) for calculations

dielectric environment inside the proteins, calculationskqf ) . . :
values with anej, of 10.0 typical?y give better results foFr) with aneiy of 10.0. Calcu_latlons .W'th ag, of 4.0 give even
continuum electrostatics calculations #t4of protein surface ~ 'ar9er values for these interactions (up to 170 mv).
residues40, 41). This is probably because the mobilities of ~ Because many of the heme cofactors are located deep
side chains exposed to solvent are indirectly taken into inside the protein, it is expected that calculations withian
account by the larger values af (42—44). Examination of of 4.0 will be quite realistic. On the other hand, even the
Table 1 indicates that calculations predict some of the hemelower estimates of these electrostatic interactions, obtained
propionates to be protonated. Figure 2 shows hemes 4 andn calculations with anej, of 10.0, allow an immediate

6 that have protonated propionates according to computedchallenge to the assignment of hemes 3 and 5 as those
pKa values. Indeed, X-ray data show that the minimal reduced at applied potentials of 10 ard0 mV 31). If
distances between the carboxylate oxygens of the two hemeone of these hemes is titrated at a redox potential of 10 mV
propionates are 2.8 and 3.2 A, respectively, strongly indicat- [and our calculations agree with the spectroscopic assignment
ing the existence of hydrogen bonds between two pairs of of this midpoint redox-potential to heme 31], then the
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Table 3: Simulated Spectropotentiometric Titration (pH 7),
Showing the Predicted Order of Heme Reduction Compared to the
Experimentally Based Assignment31j2
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heme E°(calcd)  Em(exptl) previous
reduced (mV) (mV) assignment

electron 1 heme?2 +270 +280 —
electron 2 heme®3 -5 +10 heme 8
electron 3 heme8 -39 —-10 heme 5
electron 4 heme 7 —-120 —-160 heme 7
electron 5 heme 1 —225 —190 heme B
electron 6 Rso —246 —260 -
electron 7 heme 5 —282 —265 Ried
electron 8 heme 6 —398 —412 -

Population of heme reduced states
<
o <

X\.\ \ W \\ .

. \ aWhere appropriate, the confidence of each assignment is indicated.
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b Definitive assignment Probable assignment. Hemes 7 and 8 could
switch.

0.0

T T T T T T T

0.6 04 0.2 0.0 02 0.4
Electrode potential (V)

. . o Table 4: Computed Reduction Potentials of the HAO Hemes in the
Ficure 3: Simulation of a redox titration of HAO. The average Fy|ly Oxidized and Partially Reduced Enzyine

populations of reduced heme states are given as functions of a given

external electrode potential. From highest potential to lowe®): ( E° (mV)

heme 2, &) heme 3, ) heme 8, ©) heme 7, M) heme 1, ¥) fully oxidized heme 2 reduced hemes 2, 3, and 8 reduced
P60, () heme 5, and%) heme 6. herme 1 —133 —1o4 —>13

redox potential of the neighboring heme (heme 5) will be femcs o 8 208

shifted at least 73 mV due to electrostatic repulsion between Pasd —153 —-159 —186

hemes [this phenomenon is often termed coulomb blockadeheme5 ~ —113 —127 —208

(45, 46)]. Thus, heme 5 cannot be the heme reduced at Egmgs __12(73 __112 __1;2

10mV! Instead, the next electron added to the protein subunit heme g 31 —~10 38

should occupy a more distant heme, which we argue below
should be heme 8.

From Table 2, itis also very clear that the highest-potential
heme is heme 2 (Figure 1), and this cofactor is reduced first substantially reduced at a potential of approximateR00
in a potentiometric titration. Its computed redox potential mV, in apparent agreement with the assignment of the
of 264 mV with all hemes oxidized agrees very well with  experimental-190 mV midpoint potential to this hema(,

2 These electron configurations are the most physiologically relevant
for the enzymeP Potential shifted by+-180 mV.

the experimental value of 288 mV that was obtained in
potentiometric titrations for the highest-potential heme of
HAOQ. This is more than 200 mV more positive than the next-
highest computed redox potential, with a value of 52 mV

31). However, at more negative external electrode potentials,
the simulated reduction level of heme 6 stabilizes, and
ultimately, this heme is predicted to be completely reduced
only below—400 mV. Hemes 5 and 6 are computed to be

for heme 3. almost isopotential at high positive external electrode
We simulated the HAO potentiometric titration using eq potentials, when all hemes are oxidized (see Tables 2 and
7, by shifting the potential of the external electrode, and then 4). Small variations in the intrinsic potentials of hemes 5
computing the average population of the HAO hemes andand 6 (26-40 mV) resulted in large variations in the
titratable groups using Monte Carlo simulations. Titration predicted titration curves; therefore, the order of reduction
curves giving the average redox states for the HAO heme of these hemes is rather uncertain from calculations.
populations are presented in Figure 3. The calculations To obtain more confidence in the results of redox
successfully predicted the experimentally obtained values of equilibrium simulations, we also computed redox titration
the first, second, and third midpoint potentials of HAO. In curves for cytochromesss. This protein is the physiological
agreement with EPR assignmeB8tl), the calculations show  ET partner for HAO, and has a similar heme arrangement
that heme 3 accepts the second electron; however, calcula{16). The titration curve is shown in Figure 4. Encouragingly,
tions also predict that the third electron goes to heme 8, initial calculations successfully showed that the more exposed
contradicting a previous assignment that sets heme 5 as thdvemes | and 1l are reduced at more positive redox potentials
acceptor of the third electroB1). As will be shown below, than the more buried hemes IIl and IV, as observed
these conclusions have very important consequences for theexperimentally 47). To match the titration potentials of
predicted mechanism of HAO action. hemes | and Il that are experimentally known to be equal,
Our calculations predict that the fourth heme to be reduced we shifted the standard redox potential of the five-coordinate,
in a redox titration is heme 7. This is in agreement with the high-spin heme 1l by 0.18 V. We also used this shift for the
assignment from potentioemetric experimendd)( The high-spin Reo while simulating redox titration curves of
calculated order of reduction of the low-potential hemes (1, HAO. With this correction, we realized very good agreement
4,5, 6) becomes progressively less reliable. This is partially for titration curves of all four hemes of cytochronogs,
because of predicted strong cooperative effects that changdFigure 4). It is important to emphasize that the low titration
the individual redox potentials as the heme electron popula- potential of heme Ill, and even lower potential of heme 1V,
tion, and concomitant electrostatic repulsions, increase. Itare to a large extent due to the repulsion between extra
can be seen from Figure 3 that in simulations heme 6 becameelectrons present in the heme pool when these hemes are
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populations of reduced heme states are given as functions of a given = 04 P460 3 H3"
external electrode potential. From highest potential to lowes): ( E
heme |, @) heme I, @) heme lll, and &) heme IV. & 100
titrated. When all hemes are oxidized, the computed redox
potentials of hemes Il and IV are much more positive 200+
(approximately—100 mV). Thus, electrons can rather easily —
travel from heme | to heme Il when cytochrorg, is in 300- H2,

the complex with HAO, and cytochromes, can readily
accept two electrons from HAO.

Electrostatic analysis of redox equilibria in the multi-heme -
enzyme HAO has revealed a complicated scheme for protein -
control of electron transfer during the multi-electron oxida-
tion of NH,OH. Calculations show that the highest-potential Bl E°<-100 mV (heme exposed to solvent)

HAO cofactor is heme 2. In fact, the potential of this heme Ficure 5: (a) Pathways available to electrons injected injg P

is higher than those of the two highest-potential hemes on during NHOH oxidation. (b) Energy barriers to electron flow when
cytochromecsss [47 mV (26)], which serves as the physiolog- only heme 2 is reduced. Hemes are color-coded according to their
ical electron acceptor for HAO. This suggests that heme 2 redox potentials.

will probably stay reduced at all times under physiological transfer from reduced HAO to external oxidizing agents.
conditions, and the first two electrons generated as a resultCalculations predict (see Table 3) that in equilibrium redox
of hydroxylamine oxidation will be transported to hemes 3 titrations heme 1 is reduced after hemes 2, 3, 7, and 8, at
and 8. When only heme 2 is reduced, heme§ have redox  the rather negative applied potential-e225 mV. One can
potentials close in magnitude-(00 mV more negative) to  see from Figure 6 that with these redox potential assignments,
those of hemes 3 and 8, and should present a minimal obstapositive potential heme 2 and negative potential heme 1 will
cle to electron flow through the enzyme (Tables 2 and 4). form an electrostatic lock for electrons generated in hy-
The next two electrons generated in the engaged activedroxylamine oxidation, and located on hemes 3 and 8 with
site of HAO will have no place to go, as hemes 2, 3, and 8 a redox potential of~0 mV. However, when HAO and
will be reduced, and the potentials of hemes 5 and 7 will cytochromecss, come together during physiological EZ7j,
then be too negative by100 mV to accept the electrons the potential of heme 1 is predicted to increase significantly
(Table 4). However, hemes 3 and 8 are nearly isopotential (by ~100 mV) due to desolvation of heme 1, and neutraliza-
with hemes 8 and 3 of the neighboring subunits (hereafter tion of the exposed heme 1 propionate, by the incoming
denoted hemes’' &nd 3, respectively), and electrons can cytochromecsss. Such an increase in potential has been
easily migrate there to allow hemes 3 and 8 from the active observed experimentally in cytochronig, which has a
enzyme subunit to accept the next two electrons generatedsolvent-exposed heme in an environment similar to that of
in the NHOH oxidation reaction. This suggestion is il- HAO heme 1, when this protein interacts with large cations
lustrated in Figure 5, and provides at least one important such as polylysine4@®, 49). A predicted practical conse-
role for the availability of two electron migration paths quence of the “tunability” of the HAO heme 1 potential is
leading away from the active site of HAO. that electron efflux to the physiological acceptor cytochrome
Another very interesting conclusion that can be drawn css4 will be considerably faster than efflux to even very
from the simulated redox potentials of the HAO cofactors powerful nonphysiological oxidant$@—52).
is a possible role for solvent-exposed heme 1, in conjunction In addition to being tuned by the binding of cytochrome
with high-potential heme 2, in the regulation of electron css4, the heme theme 2 lock will also be tuned by the

P460 (active site)

E° ~ 0 mV hemes
E° >+ 100 (high pot heme)
E° < —40 mV (low pot hemes)

DISCUSSION
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Ficure 6: Oxidation of HAO by cytochromesss The potential

of the solvent-exposed heme is expected to increasel)) mV
upon formation of the HAGcCss, complex, primarily due to
desolvation of the heme 1 microenvironment. Note that the potential

of heme 2 also becomes more negative when hemes 3 and 8 are

reduced, which further lowers the energy barrier to ET from heme
2 to heme 1.

oxidation state of heme 3, as shown in Figure 6. When heme
3is oxidized and heme 2 is reduced, the potential difference

between hemes 1 and 2 will be maximized, thus making it
especially unlikely that heme 2 will be oxidized by external

agents. When heme 3 is reduced, the potential of heme 2

will be lowered by~100 mV, thus coming closer to the

potential of heme 1 and decreasing the energy barrier to

electron efflux. Together, the binding of cytochromeg, and

the reduction of heme 3 will decrease the barrier from almost
500 mV uphill to less than 300 mV, which will greatly
decrease the rate of electron efflux from HAO. The overall
reduction of cytochromesss by a three-electron-reduced

subunit of HAO can be visualized as a concerted process

whereby the transfer of an electron from heme 2, uphill to
heme 1, and further to cytochronegs,, is accompanied by
the (near) simultaneous downhill transfer of an electron from
heme 3 to heme 2.

In agreement with the previously reported spectropoten-
tiometric titrations 28), the computed simulation shows that
four of the HAO hemes will be reduced at very low applied
potentials. A robust and important conclusion of the simula-
tion is that the apparent very negative midpoint potentials

of these hemes are due to strong electrostatic repulsion by

the previously reduced neighboring hemes. In the fully
oxidized enzyme, theory predicts that no heme will have a
redox potential below-150 mV (Tables 2 and 4). Even when

Kurnikov et al.

the HAO subunits are reduced by one to three electrons, as
they will be during catalytic turnover, the thermodynamic
barriers to electron transport from the active site to electron-
accepting hemes (predicted to be hemes 3 and 8) will be
quite low (Table 4), allowing for sufficiently fast electron
transport through the enzymB(; 51).

The continuum electrostatic analysis presented herein is
relatively crude, and higher accuracy in calculations of the
heme redox potentials and titratable grouf, palues will
be achieved in future studies by incorporating explicit
consideration of the protein dynamics. Nevertheless, even
the crude analysis has provided important insights, including
an important general design principle for enzyme systems
that simultaneously handle multiple electrons within multiple
redox-active sites. To achieve maximal efficiency in the
conversion of chemical energy into electrical potential
energy, the electron-accepting cofactors of the enzyme should
have minimal electrostatic interactions. Otherwise, the
electron population of some cofactors will affect the accept-
ing and/or donating redox potentials of other cofactors, and
losses in redox energies will occur when electrons are
collected from the enzyme by subsequent electron transport
proteins. Deciphering the mechanisms of electron transport
control during HAO catalytic turnover will ultimately help
in understanding the mechanisms of other enzymes that
catalyze multi-electron oxidatiefreduction reactions, and
will also provide guidance in the design of artificial catalytic
systems.
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