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Abstract: Hexacoordinate hemoglobins are a class of proteins that exhibit reversible bis-histidyl coordination
of the heme iron while retaining the ability to bind exogenous ligands. One hypothesis for their physiological
function is that they scavenge nitric oxide, a reaction that oxidizes the protein and requires reduction of the
heme iron to continue. Reduction kinetics of hexacoordinate hemoglobins, including human neuroglobin
and cytoglobin, and those from Synechocystis and rice, are compared to myoglobin, soybean leghemoglobin,
and several relevant mutant proteins. In all cases, bis-histidyl coordination greatly increases the rate of
reduction by sodium dithionite when compared to pentacoordinate hemoglobins. In myoglobin and
leghemoglobin, reduction is limited by the rate constant for electron transfer, whereas in the hexacoordinate
hemoglobins reduction is limited only by bimolecular binding of the reductant. These results can be explained
by differences in the reorganization energy for reduction between hexacoordinate and pentacoordinate
hemoglobins.

Introduction

The heme prosthetic group confers the ability to catalyze
reactions ranging from electron and ligand transport to trans-
criptional regulation in many different proteins.1-4 The iron in
most heme proteins exists predominately in the ferrous (Fe2+)
or ferric (Fe3+) oxidation state, although a ferryl (Fe4+)
intermediate is observed in some reaction cycles. Oxygen and
carbon monoxide bind hemoglobins (Hbs) only in the ferrous
state, whereas several anions bind only the ferric protein. Nitric
oxide, cyanide, imidazole, and other ligands can bind both the
ferrous and ferric forms with varying affinities. The major role
of red blood cell Hb as well as myoglobin (Mb) is oxygen
transport, and conditions exist in vivo to ensure that the vast
majority of these molecules remain in the ferrous form.5

In addition to oxygen transport, another central role for Hbs
is nitric oxide regulation. This is due to the fact that red blood
cell Hb and Mb scavenge this chemical messenger through a
common reaction shown in Figure 1.6-9 A related observation
is that bacterial and yeast flavohemoglobins use this reaction

to destroy NO in defense of oxidative bursts.10,11This reaction
cycle is completed in the flavohemoglobins by a reductase
domain that rapidly transfers electrons from NADPH to the
ferric heme iron. In addition, it has been suggested thatAscaris
Hb deoxygenates its surroundings by producing NO specifically
to catalyze oxygen destruction, although no specific reductase
or reduction mechanism has yet been identified in this system.12

It is often difficult to assign a mechanism for reduction of
many Hbs. Researchers have therefore used chemical reductants,
such as sodium dithionite (DT, S2O4

2-), to investigate reduction
mechanisms and generate reduced Hbs for use in other reac-
tions.13,14 Although DT is widely used as a reductant, it has
been used in surprisingly few studies investigating mechanisms
of Hb reduction. Lambeth and Palmer14 investigated these
reactions in detail and reported reduction kinetics for several

(1) Antonini, E.; Brunori, M.Hemoglobin and Myoglobin in their Reactions
with Ligands; North-Holland Publishing Company: Amsterdam, 1971; Vol.
21.

(2) Delgado-Nixon, V.; Gonzalez, G.; Gilles-Gonzalez, M.Biochemistry2000,
39, 2685-2691.

(3) Rodgers, K. R.Curr. Opin. Chem. Biol.1999, 3, 158-167.
(4) Shelver, D.; Kerby, R.; He, Y.; Roberts, G.Proc. Natl. Acad. Sci. U.S.A.

1997, 94, 11216-11220.
(5) Jakob, W.; Webster, D.; Kroneck, P.Arch. Biochem. Biophys.1992, 292,

29-33.
(6) Brunori, M. TIBS2001, 26, 21-23.
(7) Brunori, M. TIBS2001, 26, 209-210.
(8) Herold, S.; Exner, M.; Nauser, T.Biochemistry2001, 40, 3385-3395.
(9) Eich, R. F.; Li, T.; Lemon, D. D.; Doherty, D. H.; Curry, S. R.; Aitken, J.

F.; Mathews, A. J.; Johnson, K. A.; Smith, R. D.; Phillips, G. N., Jr.; Olson,
J. S.Biochemistry1996, 35, 6976-6983.

(10) Gardner, P. R.; Gardner, A. M.; Martin, L. A.; Salzman, A. L.Proc. Natl.
Acad. Sci. U.S.A.1998, 95, 10378-10383.

(11) Gardner, A. M.; Martin, L. A.; Gardner, P. R.; Dou, Y.; Olson, J. S.J.
Biol. Chem.2000, 275, 12581-12589.

(12) Minning, D.; Gow, A.; Bonaventura, J.; Braun, R.; Dewhirst, M.; Goldberg,
D.; Stamler, J.Nature1999, 401, 497-502.

(13) Cox, R.; Hollaway, M.Eur. J. Biochem.1977, 74, 575-587.
(14) Lambeth, D.; Palmer, G.J. Biol. Chem.1973, 248, 6095-6103.

Figure 1. NO-dioxygenase reaction. Ferrous Hb can bind either O2 or NO,
which cna then react with the other ligand to form ferric Hb and NO3-.
The reaction continues to cycle only if the oxidized Hb is reduced.
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heme proteins and redox proteins. This work demonstrated that
(in most cases) SO2- serves as the reductant and that heme
proteins can exhibit very different rates of reduction with DT.
Cox and Hollaway13 and Wilkins and co-workers15,16 reported
reduction rates for several different ligation states of horse Mb,
establishing the fact that bound ligands have pronounced effects
on reduction rates.

A number of recently discovered Hbs display intramolecular
coordination of the ligand binding site by an endogenous
histidine side-chain (Figure 2). These proteins, termed “hexa-
coordinate” hemoglobins (hxHbs), are ubiquitous in plants and
animals.17 A specific physiological function has yet to be
attributed to hxHbs, but it has been hypothesized that they may
play a role in scavenging NO or other reactive oxygen
species.17-19 In this capacity, a mechanism for reduction is

required to achieve catalytic activity. Given that the ligand state
of the heme can affect reduction kinetics, we investigated the
role of endogenous hexacoordination on reduction kinetics by
comparing the reactions of several hxHbs, pentacoordinate Hbs,
and pertinent mutant proteins with DT. Our results indicate that
bis-histidyl hexacoordination greatly facilitates reduction rates
by lowering the degree of heme-pocket reorganization required
due to the presence of solvent in most pentacoordinate Hbs.
This work suggests a possible role for the unusual heme pocket
chemistry present in hxHbs.

Methods

Expression and Purification of Proteins. Wild-type soybean
leghemoglobin (Lba) and its mutant proteins,20 rice nonsymbiotic
hemoglobin I (riceHb),21 Synechocystishemoglobin (SynHb),22 human
neuroglobin (Ngb),23 human cytoglobin (Cgb),24 and wild-type sperm
whale Mb (swMb)20 were purified using the methods cited for each.
swMb mutant proteins (H64V/V68H,25 H64Y,26 and H64W) were given
to us by Professor John S. Olson. Horse heart Mb (hhMb) was
purchased from Sigma and further purified using size-exclusion
chromatography. All the proteins were oxidized by potassium ferri-
cyanide, desalted on Sephadex G-25 and stored at-80 °C in the ferric
form in 10mM phosphate buffer, pH 7.0.

Stopped Flow Reactions.All reactions were conducted using a
BioLogic SFM 400 stopped-flow reactor coupled to a MOS 250
spectrophotometer. The starting buffer for each reaction was deoxy-
genated 0.1 M potassium phosphate, pH 7.0 prepared in gastight luer
tip glass syringes by sparging with N2. DT solutions were freshly made
just prior to the experiments by adding solid reagent to deoxygenated
buffer. Solutions of DT were quantitated using a Varian Cary 50 Bio
spectrophotometer or (for appropriate concentrations) a direct absor-
bance scan of the solution in the stopped-flow reactor. The extinction
coefficient used for quantification of DT was 8 mM-1 cm-1 at 314
nm.27 All protein concentrations were∼4 µM (in heme). Reactions in
the presence of imidazole were carried out by adding imidazole to all
syringes (prior to N2 sparging) at a concentration of 5 mM for Lba, or
0.5 M for Mb. The total reaction volume of each experiment was 300
µL, and the temperature was maintained at 20°C. The specific
wavelengths used for observation of each time course are listed in Table
1. Time courses were fit using a single-exponential decay expression,
and all figures displaying kinetic data were prepared using the program
Igor Pro (Wavemetrics).

Kinetic Considerations.Both DT and its derivative, SO2-, can serve
as a reductant. DT reacts directly with some proteins, but in most cases
SO2

- is the reducing species,13,14,28and Scheme 1 describes this reaction.
If the rate constants for reduction are linearly dependent on the square-
root of [DT], as predicted by Scheme 1, SO2

- is assigned as the
reductant. Alternatively, a linear dependence on [DT] is indicative of
a direct reaction between protein and S2O4

2-.14

(15) Olivas, E.; De Waal, D.; Wilkins, R.J. Biol. Chem.1977, 252, 4038-
4042.

(16) Eaton, D.; Wilkins, R.J. Biol. Chem.1978, 253, 908-915.
(17) Kundu, S., Trent, J. T., III; Hargrove, M. S.Trends Plant Sci.2003, 8,

387-393.

(18) Dordas, C.; Hasinoff, B.; Igamberdiev, A.; Manac’h, N.; Rivoal, J.; Hill,
R. D. Plant J.2003, 35, 763-770.

(19) Herold, S.; Fago, A.; Weber, R.; Dewilde, S.; Moens, L.J. Biol. Chem.
2004, 279, 22841-22847.

(20) Kundu, S.; Snyder, B.; Das, K.; Chowdhury, P.; Park, J.; Petrich, J. W.;
Hargrove, M. S.Proteins2002, 46, 268-277.

(21) Hargrove, M.; Brucker, E.; Stec, B.; Sarath, G.; Arredondo-Peter, R.; Klucas,
R.; Olson, J.; Phillips, G.Structure Fold. Des.2000, 8, 1005-1014.

(22) Hvitved, A. N.; Trent, J. T., III.; Premer, S. A.; Hargrove, M. S.J. Biol.
Chem.2001, 276, 34714-34721.

(23) Trent, J. T., III.; Watts, R. A.; Hargrove, M. S.J. Biol. Chem.2001, 276,
30106-30110.

(24) Trent, J. T., III.; Hargrove, M. S.J. Biol. Chem.2002, 277, 19538-19545.
(25) Dou, Y.; Admiraal, S. J.; Ikeda-Saito, M.; Krzywda, S.; Wilkinson, A. J.;

Li, T.; Olson, J. S.; Prince, R. C.; Pickering, I. J.; George, G. N.J. Biol.
Chem.1995, 270, 15993-16001.

(26) Hargrove, M. S.; Singleton, E. W.; Quillin, M. L.; Ortiz, L. A.; Phillips,
G. N., Jr.; Olson, J. S.; Mathews, A. J.J. Biol. Chem.1994, 269, 4207-
4214.

(27) Di Iorio, E. E.Methods Enzymol.1981, 76, 57-72.
(28) Bellelli, A.; Antonini, G.; Brunori, M.; Springer, B. A.; Sligar, S. G.J.

Biol. Chem.1990, 265, 18898-18901.

Figure 2. Structures of a pentacoordinte (Lba; PDB 1bin) and hexacoor-
dinate (riceHb; PDB 1du8) Hb are compared to illustrate the similarities in
protein fold, and the difference in heme coordination.
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Previous work with Mb has suggested that SO2
- serves as the

reductant and does so by forming an outer-sphere complex which is
followed by electron transport.13,14,28As part of their studies, Lambeth
and Palmer have provided a detailed description of the behavior of
DT as a reductant in aqueous solutions.14 They found that whileKSO2

is very small (0.85× 10-9 M under our conditions), if the total DT
concentration is greater than 5x[Hb] then the reaction does not
significantly perturb the S2O4

2-/SO2
- equilibrium and reduction is not

limited by the kinetics of DT dissociation to form SO2
-. Under these

conditions, and whenkR . kon, one expects the observed rate constant
(kobs) to be linearly dependent on the square root of DT concentration.

Under conditions wherekR is not extremely fast compared to SO2
-

binding, the following equation (derived from Scheme 1) can be used
to calculate the dependence ofkobs on SO2

- concentration29

Equation 1 predicts that askR decreases with respect tokon, the
dependence ofkobs on SO2

- concentration will be nonlinear and
approach an asymptote equal tokR.

Results

Reduction of Hexacoordinate Hbs Compared to Penta-
coordinate Hbs. Figure 3A shows a plot ofkobs values as a
function of the square-root of DT concentration for four bis-
histidyl hxHbs, (Cgb, Ngb, riceHb, and SynHb) compared with
two pentacoordinate Hbs (swMb and Lba). Also included is the
initial [SO2

-] calculated from [SO2-] ) KSO2[S2O4
2-]1/2 with

KSO2) 0.85× 10-9 M.14 Figure 3 presents two important points.
The first is that under our experimental conditions [SO2

-] is
not limiting the reaction. The second is that hxHbs exhibit linear
dependences ofkobs on [DT]1/2 instead of approaching asymp-
totic [DT]-independent rates of reduction like the pentacoordi-
nate Hbs swMb and Lba. Figure 3B shows the dependencies of

kobs on [DT]1/2 for swMb and Lba with they axis adjusted to
provide a more detailed view of these data. Values for hhMb
are also included for comparison. To estimate values for the
asymptote of each protein,KSO2 was substituted forkon/koff in
eq 1 and the data were fitted for this ratio and the value ofkR.
This calculation yielded values ofkR for swMb, hhMb, and Lba
of 35, 49, and 77 s-1, respectively (Table 1).

The data presented in Figure 3 for Mb and Lba resemble
what is expected whenkR is limiting the reaction. This suggests
that the asymptotes of these data are equivalent to the value of
kR. On the contrary, for hxHbs,kobs depends only on [DT]1/2

and reaches values at the limit of detection by rapid mixing
(Table 1). There are two possible explanations for these results.

(29) Espenson, J. H.Chemical Kinetics and Reaction Mechanisms; Mcgraw-
Hill: New York, 1995.

Table 1. Rate Constants for Reduction by Sodium Dithionite

reductant ) SO2
- reductant ) S2O4

2-

protein λ (nm) kobs [S2O4
2-] (M-1/2 s-1) kobs [S2O4

2-] (M-1 s-1) kR (s-1) kcalc
a [SO2

-] (M-1 s-1) ∆ coord.? k∆
b (s-1)

swMb 435 35 yes >1000c

hhMb 435 49 yes >1000c

H64V/V68H Mb 428 1720 5.8× 107 no
swMb + imidazole 2600 8.9× 107 yes n.d.d

hhMb + imidazole 2800 9.6× 107 yes n.d.d

H64W Mb 435 2730 9.4× 107 no
H64Y Mb 435 1.3 6.5 4.5× 104 yes >300
w.t. Lba 426 77 yes >1000c

Lba + imidazole 425 650 2.2× 107 no
H61L Lba 423 730 2.5× 107 no
H61Y Lba 431 0 34 yes >300
rice Hb 410 4360 1.4× 108 no
Cgb 430 4,270 1.5× 108 no
Ngb 426 780 2.3× 107 no
SynHb 426 2150 3.9× 107 no

a For comparison to other electron-transfer proteins, the values in column three (reflecting reduction by SO2
-) were divided by [KSO2]1/2 (with KSO2 )

0.85× 10-9 M14) to convert them to units of [SO2-]. b This is the rate constant for dissociation of the pertinent ligand if one dissociates following reduction.
c These values are taken from Brancaccio et al.33 d The affinity of ferrous Mb is very low (kD ∼ 1.5 M), and the dissociation rate constant for imidazole has
not been measured.

Scheme 1. Oxidation of Hb+ by DT via SO2
-

kobs)
kRkon[SO2

-]

kR + koff + kon[SO2
-]

(1)

Figure 3. (A) Reduction rates of several hxHbs are compared to Mb and
Lba. The dotted line shows the [SO2

-] at each [DT]. (B) They axis from
(A) is expanded to allow examination of the pentacoordinate proteins in
more detail. hhMb is included in this plot for comparison to Lba and swMb.

A R T I C L E S Weiland et al.
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(1) The primary sequences and tertiary structures of the hxHbs
facilitate the electron-transfer reaction to a much greater extent
than those of Mb and Lba, or (2) bis-histidyl hexacoordination
of the heme iron increaseskR to the extent that it is no longer
a kinetic limit to reduction. Previous work with imidazole-
coordinated hhMb, which report increased rates of reduction,
supports the latter possibility.13,16 The following experiments
were designed to further address this question.

Reduction Rates Are Dependent on Ligation State, Not
Protein Structure. The experiments presented in Figure 4 were
designed to test the possibility that different protein primary
sequences are the origin of the more rapid rates of reduction in
the hxHbs, as opposed to the nature of coordination. Rate
constants for DT reduction of the bis-histidyl swMb mutant
protein (H64V/V68H Mb25), imidazole-bound Lba, and imida-
zole-bound swMb were compared to those of the wild-type
proteins. In each case, the bis-histidyl forms havekobs values
that are linearly dependent on [DT]1/2 (Table 1) and reach values
far exceeding those of the wild-type proteins. These results
indicate that the nature of heme coordination is the principal
determinant of reduction kinetics, rather than other structural
features associated with sequence differences between the
proteins.

To find out whether the chemical nature of the intramolecular
coordinating ligand affects this phenomenon, rates of reduction
were measured for swMb and Lba mutant proteins where the
distal His was replaced by Tyr (Figure 5). Unlike the distal His
in the wild-type proteins (which does not coordinate the heme
iron), the Tyr side chain coordinates the heme iron in the ferric
(but not the ferrous) form of each protein.26,30-32 For the Tyr
mutant proteins, values ofkobs are much lower than those of
the respective wild-type Hbs. Furthermore, plots ofkobs versus
[DT]1/2 show a pronounced upward curvature that indicates a
dependence on [DT] rather than just [DT]1/2, which suggests
that the S2O4

2- serves as a reductant directly (Table 1). In
accordance with Lambeth and Palmer,14 these data were fit to
the following expression to extract the relative contributions of
each potential reducing species:

In eq 2, a fit toa andb provides the respective rate constants
for reduction by SO2- and S2O4

2-, when the data are plotted as
kobs versus [DT]1/2. Values ofa and b for Mb H64Y are 1.3
M-1/2 s-1and 6.5 M-1 s-1, respectively, suggesting significant
contributions from both species. In Lba H61Y,kobsdepends only
on S2O4

2- with a rate constant of 34 M-1 s-1 (Table 1).

A possible explanation for the slower rates of reduction in
the Tyr mutant proteins is that dissociation of the Tyr side-
chain from the ferric heme iron is the rate-limiting step. If this
is true, then the kinetics for binding of an exogenous ligand to
the ferric protein should also be limited by this value. In Figure
5B, azide binding to ferric H64Y Mb and H61Y Lba was
measured with the understanding that if Tyr dissociation is the
rate-limiting step in the reaction, one would expectkobs,azideto
be nonlinear as a function of azide concentration and approach
the rate constant for Tyr dissociation. The bimolecular rate
constant for azide binding to H64Y Mb is 1.4 mM-1 s-1 (very
similar to that reported previously33) and the data are linear to
the limit of detection (∼300 s-1). In the case of Lba H61Y, the
bimolecular rate constant is 1.8 mM-1 s-1 and the data are also
linear to values>300 s-1. The azide dissociation rate constant
for this protein (37 s-1) is evident from they intercept of the
fit in Figure 5B. Dividing this by the association rate constant
of 1.8 mM-1 s-1 provides a dissociation equilibrium constant
of 21 mM which is very similar to the value measured by others

(30) Tang, H.; Chance, B.; Mauk, A.; Powers, L.; Reddy, K.; Smith, M.Biochim.
Biophys. Acta1994, 1206, 90-96.

(31) Patel, N.; Seward, H.; Svensson, A.; Gurman, S.; Thomson, A.; Raven, E.
Arch. Biochem. Biophys.2003, 418, 197-204.

(32) Kundu, S.; Hargrove, M. S.Proteins2003, 50, 239-248.

(33) Brancaccio, A.; Cutruzzola´, F.; Allocatelli, C. T.; Brunori, M.; Smerdon,
S. J.; Wilkinson, A. J.; Dou, Y.; Keenan, D.; Ikeda-Saito, M.; Brantley, R.
E., Jr.; Olson, J. S.J. Biol. Chem.1994, 269, 13843-13853.

Figure 4. Rates of reduction by DT for imidazole coordinated penta-
coordinate Mb and Lba show that the reaction is facilitated regardless of
how bis-histidyl coordination is achieved.

kobs) a[S2O4
2-] + b[S2O4

2-]2 (2)

Figure 5. (A) Rates of reduction for Tyr-coordinated Mb and Lba mutant
proteins. The curved dependence ofkobs indicates that S2O4

2- contributes
to the reduction reaction directly. The solid lines are curves fitted to eq 2.
(B) Rates of azide binding to ferric H61Y Lba and H64Y Mb demonstrate
that Tyr dissociation does not limit the reduction reactions in A.

Hemoglobin Reduction Kinetics A R T I C L E S
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using equilibrium methods.31 For both proteins, rate constants
for azide binding reach values much larger than those for
reduction by DT. Therefore, the rate of Tyr dissociation must
be >300 s-1 for each protein, and not responsible for limiting
reduction by DT as observed in Figure 5A.

Coordinated Water Limits Reduction Rates in Wild-Type
Lba and Mb. The ferric forms of wild-type Mb and Lba have
water molecules loosely coordinating their heme irons.32 To
explore the possibility that water coordination is correlated with
limiting values ofkobs for these proteins, reduction rates were
measured for H61L Lba and H64W Mb, both of which lack
coordinated water molecules.32,34 Figure 6 shows thatkobs is
linearly dependent on [DT]1/2 and much more rapid in these
mutant proteins than in the respective wild-type forms. There-
fore, the slow values ofkobs in wild type-Lba and swMb are
linked to water coordination in the ferric forms of each protein.

Discussion

For the wild-type pentacoordinate proteins swMb, hhMb, and
Lba, the values ofkobs approach asymptotes equal to 35, 49,
and 77 s-1, respectively. hhMb has been investigated previously,
but the limiting value was not observed becausekobs was
measured using much lower concentrations of DT. Lambeth and
Palmer14 and Olivas et al.15 reported the concentration depen-
dence ofkobs for hhMb up to∼20 mM DT to be 100 and 140
M1/2s-1, respectively. Their data are overlaid with our hhMb
values in Figure 3B, showing that all three are consistent at
these low [DT] values. It is only at [DT] greater than twice
those previously examined that the data become noticeably
nonlinear with [DT]1/2. When our data are analyzed only up to
20 mM DT, they appear linear with [DT]1/2 and yield a slope
of 144 M1/2 s-1, in agreement with both other groups.

A [DT]-independent rate of reduction is predicted from eq 1
when kR is the limiting step in the reaction, so it can be
concluded that Mb and Lba have much lowerkR values than
the hxHbs, or when Mb or Lba is bound to exogenous imidazole.
The data in Figure 3 demonstrate that the coordination state of
the heme iron has a profound effect on reduction kinetics.
Imidazole facilitates the reaction regardless of whether it is
provided as a His side chain from within the heme pocket, or
as an exogenous ligand. An explanation for these data is that
bis-histidyl coordination increaseskR, removing electron trans-
port as the rate-limiting step in reduction.

Role of Heme Coordination in Reduction Kinetics.Al-
though the neutral imidazole ligand facilitates reduction kinetics,
the negatively charged Tyr side chain30,31 inhibits rates of
reduction. It does not appear to do this solely by loweringkR,
askobs is very much dependent on the DT concentration even
at high values in the H64Y Mb and H61Y Lba mutant proteins
(Figure 5). This suggests that Tyr coordination slows reduction
by decreasing the affinity of the protein for the reductant. This
hypothesis is supported by the fact thatkobs for these proteins
is linearly dependent on [DT] rather than [DT]1/2, indicating a
shift from SO2

- to S2O4
2- as the principal reductant. In this

scenario, we cannot be certain of the effect of Tyr coordination
on kR because we cannot overcome the low affinity for S2O4

2-

to achievekobs values that are even as large as those observed
for the wild-type proteins.

In swMb, hhMb, and Lba, water coordinated in the ferric
states dissociates following reduction. Likewise, the Tyr side
chains in the respective Tyr mutant proteins dissociate in the
ferrous state (Table 1). Solvent and other heme pocket amino
acids must reorganize their structures to accommodate ligand
dissociation and the altered charge of the heme iron.39 A likely
cause for the slower rates of reduction in Mb and Lba (and
probably an additional cause in the Tyr mutant proteins) is the
reorganization energy associated with this transition. In contrast,
the bis-histidyl Hbs are hexacoordinate in both the ferrous and
ferric states, so the reorganization energy associated with these
complexes will be lower than in Lba and Mb.

The relative values ofkR for swMb, hhMb, and Lba support
a correlation between water coordination and slower electron
transfer. Ferric Lba has the most loosely coordinated distal
pocket water molecule of the three, evidenced by the optical
absorbance spectrum and ligand binding kinetics,35 and shows
the largest value ofkR (Table 1). The kinetics of azide binding
to ferric Mb can be used to estimate water affinity, showing
that swMb has a higher affinity than most other Mbs, including
pig, human, and hhMb.1,33 The slightly larger value ofkR for
hhMb compared to swMb is consistent with a lower water
affinity in the ferric horse protein.

The only exception to the observation that slower reduction
rates are associated with a change in coordination state is for
Mb bound with exogenous imidazole. Ferric Mb binds imidazole
with a dissociation equilibrium constant of 16 mM, and the value
for ferrous Mb has been estimated to be 1.5 M.13 Our
experiments were carried out at 0.5 M imidazole in which
ferrous Mb would be∼30% saturated following reduction. There
are two possible explanations for the rapid reduction rates
reported in Table 1 for imidazole-bound Mb. (1) The observed
time courses are associated with the fraction of protein that
remains coordinated after reduction, or (2) the reaction forms a
transient, ferrous imidazole-bound intermediate that allows
reduction to occur prior to structural reorganization. The second
explanation would correspond to the reaction observed for
cyanoMb13,28 and nicotinate-bound Lba.36 Reduction of

(34) Quillin, M. L.; Arduini, R. M.; Olson, J. S.; Phillips, G. N., Jr.J. Mol.
Biol. 1993, 234, 140-155.

(35) Hargrove, M. S.; Barry, J. K.; Brucker, E. A.; Berry, M. B.; Phillips, G.
N., Jr.; Olson, J. S.; Arredondo-Peter, R.; Dean, J. M.; Klucas, R. V.; Sarath,
G. J. Mol. Biol. 1997, 266, 1032-1042.

(36) Appleby, C. A.; Wittenberg, B. A.; Wittenberg, J. B.J. Biol. Chem.1973,
248, 3183-3187.

(37) Dunn, C.; Rohlfs, R. J.; Fee, J.; Saltman, P.J. Inorg. Biochem.1999, 75,
241-244.

(38) Van Dyke, B.; Saltman, P.; Armstrong, F.J. Am. Chem. Soc.1996, 118,
3490-3492.

(39) Marcus, R.; Sutin, N.Biochim. Biophys. Acta1985, 811, 265-322.

Figure 6. Rates of reduction for H61L Lba and H64W Mb demonstrate
thatkobs is much faster and unlimited bykR when water is not coordinated
to the ferric heme iron.
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cyanoMb proceeds via a reduced CN-bound intermediate from
which CN- dissociates to form deoxyferrous Mb. The reduction
reaction is much faster than the CN- dissociation rate constants
of both the ferrous and ferric complexes.

The results from Figure 6 demonstrate that the reorganization
energy encumbering reduction in wild-type Lba and Mb is
absent in mutant proteins lacking coordinated water in the ferric
states. Corroborating results have been reported by Dunn et al.,37

who showed that the oxidation of ferrous (deoxygenated) Mb
is much faster in mutant proteins lacking coordinated water than
in the wild-type protein. Interestingly, although the bimolecular
rate constant for oxidation is lower in the wild-type protein, no
limiting value is observed, and rates much greater than 35 s-1are
achieved. This suggests that the oxidation reaction might
generate a ferric intermediate of the wild type protein in which
water is not yet coordinated. Alternatively, the kinetics of
structural reorganization could be slower in the reduction
reaction than with oxidation. Regardless of these differences,
our results indicate that heme coordination affects reduction
kinetics by its influence on reorganization energy, not by altering
the pathway for electron transfer as has been suggested
previously.16

Our results are also consistent with equilibrium reduction
reactions with Mb that show that mutant proteins lacking
coordinated water are reversible in direct voltammetry experi-
ments.38 Reorganization of solvent and heme pocket amino acids
resulting from the change in water coordination precludes
accurate cyclic voltammetry measurements with wild-type Mb
presumably because the scan rate is impeded by kinetic events
associated with the redox reaction. Our experiments predict that
hxHbs should be amenable to cyclic voltammetry studies
because reorganization energy is lower due to the stable ferrous
bis-histidyl heme iron.

Rates of Ligand Dissociation Are Not the Kinetic Limit
to Molecular Reorganization. When oxidation or reduction
involves a change in coordination state, the resulting reorganiza-
tion energy can limit the kinetics of the reaction. However, the
kinetic limit is not simply the rate constant for dissociation (or
association) of the ligand. For example, the limiting values (kR)
for Mb and Lba are 35 and 77 s-1, yet the rate constants for
water dissociation from the ferric proteins are∼1000 s-1.
Similarly, Tyr dissociation from H64Y Mb and H64Y Lba is
at least>300 s-1, which is much faster than the reduction
reaction. This can be explained by arguing that ligand dissocia-
tion triggers the more global molecular reorganization associated
with the change in redox state and should therefore not be the
rate-limiting step. Alternatively, others have observed rates of
reduction of azide and CN-bound Mb that are on-par or faster
than the dissociation rate constants for these ligands.13,15In the
case of CN-Mb, it is clear that a reduced intermediate is
formed.13,15,28For other ligands, like azide, it is possible that
ligand dissociation is the rate-limiting step or that a reduced
intermediate is formed that has yet to be detected.

Biological Implications. bis-histidyl coordination greatly
enhances DT reduction rate constants compared to pentacoor-
dinate Hbs such as Mb and Lba. The bimolecular rate constants
of ∼107 M-1 s-1 (for the reaction with SO2-; Table 1) are as
fast as those achieved by many electron transport proteins with
their cognate redox partners;14,37,39however, the limiting values

of kR for Mb and Lba make these proteins much poorer
candidates for electron transfer.

In light of these results, several important conclusions can
be drawn regarding potential biological roles of hxHbs. (1)
Autoxidation of the heme iron can occur through two different
mechanisms.40 In the “bimolecular” mechanism, which is
predominant under low oxygen concentrations, O2 dissociation
initiates the reaction and the resulting Mb(II):H2O (where “:”
indicates a water in the distal heme pocket, but not coordinated
to the heme iron) complex reacts with free oxygen to form
superoxide anion and Mb(III)H2O. In the “supoeroxide dis-
sociation” mechanism, bound oxygen is protonated forming
superoxide, which dissociates leaving Mb(III)H2O. The rel-
evance of these two mechanisms to our reduction reactions
comes from the fact that the “bimolecular mechanism” should
require less reorganization energy that the “speroxide dissocia-
tion” mechanism. This is because the former reaction exhibits
water in the distal pocket in both the ferrous and ferric states,
whereas the later employs an anhydrous ferric heme pocket
following superoxide dissociation. For this reason, the molecular
reorganization energy associated with reduction should resist
autoxidation of the ferrous proteins that stabilize water in the
distal heme pocket.38 Therefore, one would expect rates of
autoxidation of hxHbs to be greater than Mb, Lba, and other
pentacoordinate Hbs that bind water at the ferric heme iron.
Although this is certainly true for Ngb,41 these values have not
been reported for other hxHbs. If stabilization of coordinated
water is favored to minimize autoxidation in oxygen transport
proteins, our results argue against an oxygen transport role for
hxHbs.

(2) Enhanced reduction kinetics would favor a role in electron
transport or NO scavenging using a mechanism similar to that
described in Figure 1. However, if hxHbs simply serve as
electron transporters (such as cytochromeb5), there would be
no need for the ability to bind exogenous ligands. The NO
scavenging hypothesis requires the capability for rapid reduction
and exogenous ligand binding (either NO, O2, or both) and,
therefore, fits with the biochemical properties of hxHbs.

It is clear from Figure 6 that rapid reduction can be achieved
in the absence of intramolecular hexacoordination by removing
the ability of the ferric protein to bind water. It is possible that
intramolecular hexacoordination evolved because a stable (both
in folding and heme retention), reversible bis-histidyl heme
center is more easily achieved structurally than a water-proofed
pentacoordinate heme pocket.42-44
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