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Abstract
The spectrum of the ferric heme domain of the direct oxygen sensor protein from Escherichia coli
(EcDosH) has been measured between pH 3.0 and 12.6. EcDosH undergoes acid denaturation with
an apparent pKA of 4.24 ± 0.05 and Hill coefficient of 3.1 ± 0.6 and reversible alkaline denaturation
with pKA of 9.86 ± 0.04 and Hill coefficient of 1.1 ± 0.1. Cyanide binding to EcDosH has been
investigated between pH 4 and 11. The EcDosH/cyanide complex is most stable at pH 9 with a KD
of 0.29 ± 0.06 μM. The kinetics of cyanide binding are monophasic between pH 4 and 8. At pH 8.5
and greater, the reaction is biphasic with the fast phase dependent upon the cyanide concentration
and the slow phase independent of cyanide. The slow phase is attributed to conversion of denatured
EcDosH to the native state, with a pH-independent rate of 0.052 ± 0.006 s−1. The apparent association
rate constant for cyanide binding to EcDosH increases from 3.6 ± 0.1 M−1 s−1 at pH 4 to 520 ± 20
M−1 s−1 at 11. The dissociation rate constant averages (8.6 ± 1.3) × 10−5 s−1 between pH 5 and 9,
increasing to (1.4 ± 0.1) × 10−3 s−1 at pH 4 and (2.5 ± 0.1) × 10−3 s−1 at pH 12.2. The mechanism
of cyanide binding is consistent with preferential binding of the cyanide anion to native EcDosH.
The reactions of imidazole and H2O2 with ferric EcDosH were also investigated and show little
reactivity.

Heme proteins perform a broad spectrum of functions such as oxygen storage and transport,
electron transfer, and catalysis of biological oxidations utilizing either H2O2 or O2. Recently,
a new class of heme proteins that serve as biological sensors has emerged (1–4). Examples in
this class include the oxygen sensing proteins such as FixL1 and the direct oxygen sensor
protein from Escherichia coli (EcDos), nitric oxide sensing proteins such as soluble guanylate
cyclase, and the carbon monoxide sensing protein, CooA (1–4).

Heme-based sensors detect the presence of small diatomic ligands such as O2, NO or CO and
initiate cellular responses to changes in the availability of the ligand. Almost all of the heme-
based sensors contain two functional domains. The N-terminal heme domain is the sensor
domain that binds the ligand, while the C-terminal domain is a catalytic domain that possesses
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catalytic or DNA-binding activity. Ligand association or dissociation from the heme triggers
conformational changes that are relayed to the catalytic domain to regulate function.

EcDos was identified from sequence homology with the PAS domain of FixL (5). EcDos has
an N-terminal heme-binding PAS domain, a C-terminal phosphodiesterase catalytic
domainand initial studies suggested that its physiological function may be involved in the
switch between aerobic and anaerobic metabolism. The optical absorption spectrum of EcDos
indicates that both the reduced and oxidized forms of the heme are predominantly low-spin
and hexa-coordinate. Homology modeling using the sequence and structure of the PAS domain
of Bradyrhizobium japonicum FixL suggest that the heme ligands in EcDos are His-77 and
Met-95 (6). The heme-binding PAS domain of EcDos, EcDosH, has been characterized by a
number of spectroscopic techniques and by x-ray crystallography (6–10). The spectroscopic
properties and the crystallographic structure confirm that the heme iron is coordinated to His-77
and Met-95 in the ferrous form of EcDosH. However, various spectroscopic techniques, along
with studies using Met-95 mutants have produced different results for the oxidized, met form
of EcDosH. Magnetic circular dichroism studies in the near infrared region were used to
confirm histidine-methionine coordination in met-EcDosH (6). However, optical absorption,
resonance Raman, circular dichroism and magnetic circular dichroism studies of met-EcDosH
and a number of Met-95 mutants suggest that Met-95 is not a heme ligand in the oxidized form
of the protein (7,8). The x-ray structure of crystalline ferric EcDosH shows water or hydroxide
ion bound to the heme iron at the sixth coordination site, most likely the hydroxide ion (9).
The heme environment in both the oxidized and reduced form of the protein is very hydrophobic
with the heme surrounded by isoleucine, leucine, and valine residues.

Studies of the interaction of small molecules with heme proteins have often been useful in
improving understanding of structure-function relationships in heme proteins. Heme proteins
bind small ligands in the ferrous and ferric states. Among the ferrous heme ligands, O2, CO,
and NO are important. Takahashi and Shimizu (11) have shown that the phophodiesterase
activity of EcDos is significantly enhanced upon either O2 or CO binding to the ferrous form
of the enzyme. Ferric heme ligands include cyanide, azide, fluoride and imidazole. Rates of
association and dissociation of these ligands as well as their affinities provide useful clues on
the effect of heme environment on the chemical reactivity of different functional classes of
heme proteins.

Watanabe and coworkers (12) have investigated cyanide binding to ferric EcDos and EcDosH
under limited conditions and report cyanide association rate constants of 2.2 M−1s−1 for
EcDos, 45 M−1s−1 for EcDosH, and 500 M−1s−1 for the M95A mutant of EcDosH at pH 7.5.
Gonzalez et al. (6) found somewhat slower cyanide association rates for EcDosH and its M95I
mutant at pH 8, 14 M−1s−1 and 71 M−1s−1, respectively. Watanabe et al. (12) also report very
low affinities for azide, imidazole, and fluoride binding by EcDos and EcDosH.

The binding of ligands such as cyanide, azide, fluoride and imidazole to heme proteins is often
pH dependent due to protonation/deprotonation of the ligand as well as to weakly acidic or
basic amino acid residues in the proximal and distal heme pockets (13–23). The pH dependence
of the association and dissociation rate constants, as well as the equilibrium binding constants
indicate that heme proteins can discriminate between the protonated and unprotonated forms
of ligands that bind to the Fe(III) heme. The general consensus in the literature is that
metmyoglobin and other oxygen storage/transport proteins bind the anionic forms of the Fe
(III) ligands while the heme enzymes such as the peroxidases and monooxygenases bind the
neutral forms of the ligands. It is of interest to determine whether ligand binding to the heme
sensors is similar to that of the oxygen transport/storage heme proteins, to the heme enzymes,
or to neither of the two classical classes of heme proteins. In this study we report on an
investigation of the pH dependence of cyanide binding to EcDosH. We conclude that cyanide
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binding to ferric EcDosH is strongly affected by the apolar nature of the heme pocket and that
cyanide binding is distinct from cyanide binding to either metmyoglobin or the heme enzymes.

Materials and Methods
Cloning, Expression, and Purification of EcDosH

EcDosH comprises codons 1–147 of the E. coli yddU gene (24). E. coli genomic DNA was
used as template to amplify this gene fragment using standard PCR technology. Primers were
designed to introduce an NdeI and an EcoRI restriction site at the 5′ and 3′ ends of the amplified
fragment, respectively. The amplified gene fragment was ligated into an expression vector,
pET-24b(+) (Novagen), which is a T7-based vector having kanamycin as a selectable marker.
The recombinant plasmid, pET-24b(+)/DosH was used to express EcDosH in E. coli.

The plasmid pET-24b(+)/DosH was transformed into E. coli BL21(DE3) and a liter culture
was grown at 37 °C in TB medium containing 20 μg/mL kanamycin. Expression was induced
by 1 mM isopropyl-β-thiogalactopyranoside (IPTG) at OD600 = 1 to 1.2. The induced culture
was grown overnight at 28 °C. Cells were harvested and lysed in a French press. The
supernatant containing EcDosH was applied to a Sephadex G-75 gel-filtration column and
eluted with a buffer containing 20 mM potassium phosphate, 100 mM NaCl, pH 7.5. Fractions
containing the protein were pooled and applied to a DEAE-Sepharose (FastFlow) column and
eluted with a 50–500 mM NaCl gradient over 300 mL. Purity of the protein was determined
by SDS-PAGE and uv-vis spectroscopy. The purity index (ratio of absorbance at the Soret
maximum to that at the maximum of the protein band near 276 nm) was generally between 2.7
and 3.0.

Buffers
All buffers used in this study have an ionic strength of 0.12 M and contain a minimum of 0.020
M KCl. Buffer compositions were as follows: pH 3.0 to 3.5, 0.010 M phthalate, 0.090 M
KH2PO4, and KCl to adjust the ionic strength; pH 4.0 to 5.5, 0.010 M acetate, 0.090 M
KH2PO4, and sufficient KCl to adjust the ionic strength; pH 5.5 to 8.0, 0.100 M in ionic strength
from KH2PO4/K2HPO4 and 0.020 M KCl; pH 8.0 to 10.0, 0.100 M Tris-HCl with sufficient
KCl to adjust the ionic strength; pH 9.0 to 11.0, 0.10 M glycine and sufficient KCl to adjust
the ionic strength; pH 11.0 to 12.6, 0.100 M in ionic strength from K2HPO4/K3PO4 and 0.020
M KCl, KOH was added to adjust the pH above 11.5. Because of specific ion effects in the
alkaline transition region, a second series of buffers containing only potassium phosphate salts
and KCl was prepared between pH 6.0 and 12.6; the potassium phosphate salts contributed
0.100 M toward the ionic strength and the remaining 0.020 M came from KCl. The buffering
capacity of these buffers was low between pH 8 and pH 10 and the pH of the solutions were
measured before and after each experiment when using these buffers.

Spectroscopy
A Varian/Cary Model 3E double-beam uv-vis spectrophotometer or a Hewlett Packard 8452A
diode array spectrophotometer was used for optical absorption measurements. Spectra obtained
on the Varian/Cary Model 3E were acquired at 1 nm resolution while those obtained using the
Hewlett Packard instrument were obtained at 2 nm resolution. Band positions determined from
maxima in the absorbance spectrum have uncertainties of 1 to 2 nm. Band positions for
unresolved peaks, those appearing as shoulders or as minor inflections, were estimated using
a peak-fitting program (PeakFit, version 4.12, SeaSolve Software, Inc. Framingham, MA). The
unresolved band positions depend somewhat on peak shape and the estimates of peak position
have uncertainties of about 5 nm.
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Circular dichroism (CD) spectra were acquired on an AVIV Model 215 CD spectrophotometer.
Protein and ligand solutions were buffered at the desired pH and the ionic strength was kept
constant at 0.12 M. All measurements were done at 25°C. The concentration of ferric EcDosH
was determined using an extinction coefficient of 124 mM−1 cm−1 at the Soret maximum (5).

Equilibrium Constant Determinations
Spectroscopic changes associated with the formation of the cyanide complex enabled
monitoring of complex formation. Determination of the equilibrium dissociation constants was
done by titrating 5 to 10 μM protein with increasing concentrations of cyanide. Separate
samples were prepared for each different cyanide concentration and incubated overnight in
capped tubes to assure complete equilibration. The absorbance spectrum of each of the
incubated solutions was determined and the equilibrium dissociation constants determined
from plots of the change in absorbance, typically at 426 nm, with cyanide concentration.
Equilibrium studies were carried out at integral pH units between pH 5 and 11 at 0.12 M ionic
strength, 25°C.

Kinetic Measurements
Slow reactions, utilizing manual mixing, were monitored using the Hewlett Packard 8452A
diode array spectrophotometer. Rapid reactions were carried out using an Applied
Photophysics Ltd. Model DX.17MV stopped-flow instrument. All kinetic runs were done at
25°C.

Cyanide binding reactions were carried out under pseudo-first order conditions with excess
cyanide. Observed rate constants were determined at a minimum of five different cyanide
concentrations at each pH with the cyanide concentrations varying by at least a factor of five
for each experiment. Total cyanide concentration varied between 1 and 50 mM depending upon
the pH. A minimum of 10 individual traces of absorbance change versus time were acquired
at each cyanide concentration allowing the mean value of the observed rate constant and its
standard deviation to be determined. Association rate constants were determined from the slope
of plots of the observed rate constant as a function of the total cyanide concentration. Kinetic
studies of the association reaction were carried out at every half pH between pH 4 and 11 at
0.12 M ionic strength.

Cyanide dissociation rates were determined by removal of free cyanide from an equilibrium
mixture of EcDosH and KCN using gel-filtration, followed by monitoring the conversion of
the EcDosH/cyanide complex to free EcDosH using the Hewlett Packard 8452A diode array
spectrophotometer. Kinetic runs were typically initiated within ~5 min after applying the
EcDosH/cyanide sample to the top of the Sephadex column. During the kinetic run, complete
spectra were acquired every 10 minutes for up to 20 hr. The pH of the sample was determined
before and after completion of the kinetic run and the reported pH values are the average of
the two determinations.

Results and Discussion
Spectroscopic Properties of Ferric EcDosH

The UV-visible spectrum of EcDosH is shown between pH 5.0 and 11.8 in Figure 1. The spectra
are acquired after equilibrium is achieved at each pH. Spectra between pH 5 and 9 are consistent
with previously published spectra of the heme domain of EcDos (5,6,8,25–27). The spectrum
is invariant between pH 5 and 8.5 and is characteristic of a predominantly hexa-coordinate,
low-spin ferric heme protein. At pH 7.0, the Soret maximum occurs at 417 ± 1 nm, with maxima
for the α, β, and δ bands observed at 562 ± 2 nm, 530 ± 2 nm, and 367 ± 2 nm, respectively,
Table 1. In addition, there are two weak, unresolved charge-transfer bands that appear above
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600 nm and two unresolved charge-transfer bands appearing between the β and Soret bands.
The two long-wavelength charge-transfer bands are designated CT-1A and CT-1B and the two
charge-transfer bands occurring between the β and Soret bands are designated CT-2A and
CT-2B, Table 1. Figure 2 shows the visible and near infrared region of the spectrum (450 to
900 nm) acquired using high concentrations of EcDosH, which includes the two long-
wavelength, charge-transfer bands CT-1A and CT-1B.

The observation of two charge-transfer bands above 600 nm suggests that ferric EcDosH may
be a mixture of two species with different heme ligation. The position of CT-1A, near 706 nm,
is reminiscent of the 695 nm band in ferric cytochrome c (28) and provides some support for
the notion that at least a fraction of ferric EcDosH has histidine-methionine coordination in
solution. Hydroxy-ligated methemoglobins and metmyoglobins typically have charge-transfer
bands near 600 nm while hydroxy-horseradish peroxidase has a CT band near 645 nm (29).
The intensity and position of CT-1B in EcDosH is similar to the charge-transfer band in
hydroxy-ligated horseradish peroxidase. The crystal structure of ferric EcDosH shows electron
density corresponding to a water molecule (or hydroxide ion) bound to the heme iron at the
second axial position (9).

Spectroscopic data are most consistent with the binding of hydroxide rather than water
indicating that the heme-bound water has an abnormally low pKA (<4). Whether the solution
form of met-EcDosH is a mixture of hydroxyl-ligated and methionine-ligated hemes or has
only hydroxide ion bound at the second axial position, the resonance Raman spectrum is
invariant to pH between pH 4 and 10 (7) and the optical absorption spectrum is invariant
between 5 and 8.5, Figure 1. The unusually low pKA is a likely consequence of the very
hydrophobic nature of the heme pocket in ferric EcDosH (9) and the energy requirement to
stabilize a water-ligated heme group in this pocket. The ferric heme has a net positive charge
due to Fe(III) binding in the dianionic core of the heme group. Binding the negatively charged
hydroxide ion neutralizes the core charge on the ferric iron leading to a more stable heme
complex within the hydrophobic heme pocket in EcDosH.

pH Dependence of the Spectrum of EcDosH
One of the principle objectives of this study is to characterize the binding of cyanide to
EcDosH, especially to determine if EcDosH discriminates between HCN and the cyanide
anion. In order to do this, we must be able to investigate the cyanide binding reaction above
pH 9 since the pKA for the ionization of HCN is 9.04 under our experimental conditions (30).
We have investigated the spectroscopic properties of EcDosH over a wide range of pH in order
to establish the pH stability region for this protein. The spectrum of EcDosH undergoes
substantial changes at acid and alkaline pH as the protein denatures. Figure 1 shows the
spectroscopic changes associated with alkaline denaturation while spectra below pH 5 are
shown in the Supporting Information, Figure S1. The absence of good isosbestic points in the
spectra as the pH changes, Figure 1, suggests that the alkaline transition is complex. A plot of
the extinction coefficient of EcDosH at 418 nm between pH 3 and 12.6 is shown in Figure 3.

During investigation of the alkaline transition it was noted that slightly different spectroscopic
changes occurred in buffers containing 0.10 M glycine than in buffers that did not contain
glycine indicating that specific ions affected the alkaline transition (see Figure S2 in the
Supporting Information). The data collected in glycine buffers are differentiated by the open
symbols in Figure 3. The cause of the specific ion effect is unknown but must be associated
with differential binding of phosphate and glycine to EcDosH. Glycine buffers stabilize the
native form of EcDosH relative to phosphate buffers and the binding of at least one of these
two ions must perturb the heme spectrum.
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The extinction coefficient decreases sharply at low pH indicating a highly cooperative pH-
dependent transition while the alkaline transition extends over a greater range of pH, whether
in glycine or phosphate buffers. The pH dependence of the extinction coefficient at 418 nm
was fit to eq 1 using nonlinear regression. Eq 1 allows for the possibility of cooperative pH-
dependent transitions by including Hill coefficients, n1 and n2. The parameters E1, E2, and
E3 represent the limiting extinction coefficients

(1)

under acidic, neutral, and alkaline conditions while KA1 and KA2 are the apparent acid
dissociation constants for the acidic and alkaline transitions, respectively. Best-fit values for
E1, E2, and E3 at 418 nm are 34 ± 4, 124 ± 1 mM−1 cm−1, and 28 ± 2 mM−1 cm−1, respectively.
In the acid region, pKA1 and n1 are 4.24 ± 0.05 and 3.1 ± 0.6, respectively. In the alkaline
region, pKA2 and n2 are 9.86 ± 0.04 and 1.1 ± 0.1, respectively, in phosphate buffers and 10.28
± 0.03 and 1.0 ± 0.1, respectively, in glycine buffers. As is apparent from Figure 3, the acid
transition is highly cooperative with a Hill coefficient of 3.1 while the alkaline transition can
be fit to a simple non-cooperative transition. Glycine stabilizes the alkaline transition by 0.42
pH units relative to phosphate.

Reversibility of the Alkaline Transition
The beginning of the alkaline denaturation of EcDosH is evident at pH 9, Figure 3, and this
could interfere with the cyanide binding studies. Reversibility of alkaline denaturation would
allow the cyanide binding studies to be extended to pH values greater than 9. The reversibility
of the alkaline transition was investigated by incubating concentrated samples of EcDosH at
various alkaline pH values for 5 minutes, followed by dilution with a concentrated pH 6.5
buffer and monitoring the spectrum of the protein at timed intervals following the return of the
sample to neutral pH. Figure 4 illustrates a typical experiment, in this case incubating EcDosH
at pH 11 for 5 minutes before returning the sample to pH ~6.5. EcDosH recovers 83% of its
absorbance at the Soret maximum within the time it takes to manually mix the pH 11.0-
incubated sample with pH 6.5 buffer and measure the spectrum, about 10 seconds. After a 5-
minute recovery period the sample recovers 97% of the absorbance at 418 nm and 100% after
80 minutes. We conclude that the alkaline transition in EcDosH is fully reversible on going
from alkaline to neutral pH. Additional data demonstrating the reversibility of the alkaline
transition are shown in the Supporting Information, Figure S3.

Kinetics of the Alkaline Transition
We have investigated the kinetics of the alkaline transition in EcDosH in both the forward and
reverse direction. Up to three kinetic phases are observed during the alkaline transition, whether
initiating the reaction by rapidly changing the pH of the sample from neutral to alkaline pH or
vice versa, from alkaline pH to neutral pH. Both manual mixing and stopped-flow experiments
were performed to monitor the reactions.

We define the observed rate constants as kf
obs, ki

obs, and ks
obs where the subscripts represent

the fast, intermediate, and slow phases of the reaction. Plots of the logarithm of kf
obs, ki

obs, and
ks

obs for the alkaline transition as a function of pH are shown in Figure 5. The relative
amplitudes of the kinetic phases as a function of pH are included in the Supporting Information,
Figure S5. The three kinetic processes indicate that a minimum of two intermediate forms of
EcDosH exist during the conversion of native EcDosH to the final alkaline species.
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A multi-component, reversible reaction is difficult to analyze (31,32). The alkaline transition
involves at least four components, the native form, the denatured form, and at least two
intermediates. A four component, reversible system has six possible kinetic schemes,
depending upon which components are directly converted to the others (32). The simplest
scheme is the sequential mechanism shown in eq 2, where N, I1, I2, and D 2 represent the native
form of EcDosH, the two intermediate

(2)

forms, and the denatured form, respectively. Six rate constants are required for this reaction
mechanism, a forward rate constant, kfi, and a back rate constant, kbi, for each of the three steps,
where the subscript i indicates the reaction step, either 1, 2, or 3. For this system of coupled,
reversible reactions, each of the three observed rate constants is a complex function involving
all six rate constants defined in eq 2, with the three observed rate constants given by the negative
roots of a cubic equation (31). The three observed rate constants cannot be expressed in closed
form, nor is there enough information to determine the values of the six rate constants defined
in eq 2. The three observed rate constants are those of the normal reaction modes (33,34) as
the system re-equilibrates after a pH jump. We will treat the three observed rate constants
phenomenologically.

pH Dependence of the Kinetics of the Alkaline Transition
Figure 5 includes the data for both forward (solid symbols) and reverse (open symbols) pH
jumps. We cannot detect the intermediate phase above pH 10.6, either because the rates of the
fast and intermediate phases become too similar to deconvolute or that the amplitude of the
intermediate reaction becomes too small to detect, or both. Between pH 11 and 12, the major
decrease in absorption at 418 nm occurs during the fast phase of the reaction with the absorption
actually increasing at 418 nm during the slowest phase of the reaction (see Supporting
Information, Figure S5). This latter observation suggests that I2 is a largely denatured form of
EcDosH.

All three observed rate constants are dependent upon pH, with minimum values occurring
between pH 9 and 10 and increasing with increasing hydrogen or hydroxide ion concentrations.
There are several ways to model the pH dependence of the observed rate constants. Since the
alkaline transition has a Hill coefficient of 1 and essentially fits the titration of a single group,
eq 1, we will model the alkaline transition by postulating that deprotonation of a single critical
group triggers the alkaline transitions, a group with an apparent pKA near 10. The scheme
shown in eq 2 is expanded to include the protonation states of the critical group in all four
protein species, eq 3. The expanded scheme also indicates that the second intermediate is a
denatured form of the protein. The rate constants defined in eq 3 have a second

(3)
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index that distinguishes the forward and back reactions of the protonated and deprotonated
states of the protein species. The acid dissociation constant of the critical group may have
different values in each of the four protein species and these are indicated by pKN, pKI1,
pKD1, and pKD2. When the critical group is protonated, the equilibria favor formation of HN,
the stable native form of EcDosH in the neutral pH region. When the pH is raised such that the
critical group is deprotonated, the equilibria favor the denatured forms of EcDosH.

In terms of the mechanism shown in eq 3, the forward and backward rates for interconversion
of the various protein species will be pH dependent depending upon their state of protonation.
The form of the pH dependent rate constants is given in eqs 4 and 5. The index j in eqs 4 and
5 can be 1, 2, or 3

(4)

(5)

depending upon the reaction step and KAj and KAj+1 are the appropriate acid dissociation
constants that affect the various rates, i.e., KN, KI1, KD1, and KD2. Eqs 4 and 5 provide a template
for defining a phenomenological form of the observed rate constants.

Since the reactions are reversible, the equilibration rates will involve forward and backward
rate constants and the observed rate constants will have the form shown in eq 6, where the
index j can be f, i,

(6)

or s for the fast, intermediate, and slow phases of the alkaline transition, respectively. The
coefficients, C1j, C2j, and C3j will be complex functions of the forward and reverse rate
constants and the acid dissociation constants defined in eq 3, while C4j and C5j will be functions
of the acid dissociation constants only. Since there is no indication of saturation of any of the
observed rate constants at the extremes of pH, Figure 5, the terms involving C4j and C5j in the
denominator of eq 6 must be negligible and eq 6 can be simplified to eq 7. Eq 7 is used to fit
the pH dependence of the three phases of the

(7)

alkaline transition using non-linear least-squares regression. The best-fit values for the three
coefficients, C1j, C2j, and C3j are collected in Table 2. The solid lines in Figure 5 were calculated
from eq 7 using the best-fit values for the coefficients. The slowest rate for the alkaline
transition occurs at the minimum of ks

obs, Figure 5. Differentiation of eq 7 with respect to
[H+] indicates that the minimum rate occurs at pH 9.07 and that the half-time for the slowest
phase of the reaction at pH 9.07 is 2.5 min.
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Nature of the Alkaline Denatured Form of EcDosH
The UV/visible spectrum of EcDosH above pH 11 (Figure 1 and Supporting Information) is
very similar to that of free heme in aqueous buffer (35) suggesting a largely unfolded protein
with the heme exposed to solvent. However, circular dichroism studies indicate that the
polypeptide chain retains elements of secondary structure in the alkaline form of EcDosH (see
Supporting Information, Figure S6) while the resonance Raman studies of Sato et al. (7) show
that the heme group remains bound to the polypeptide chain up to at least pH 10, about half
way through the alkaline transition. We have additional evidence to support the conclusion
that the heme remains bound to the polypeptide chain in the denatured forms of the protein and
that the heme group in the alkaline denatured form of EcDosH has properties that are distinct
from those of free heme (see Supporting Information, Figures S7–S10).

Equilibrium Binding Studies of Cyanide to EcDosH
Upon characterization of the alkaline transitions in EcDosH, equilibrium studies on the binding
of cyanide were initiated. The EcDosH/cyanide complex is readily formed by adding buffered
solutions of cyanide to the protein. The spectrum of the EcDosH/cyanide complex at pH 7.0
is shown in Figure 6 along with that of the free protein. At pH 7.0, EcDosH and the EcDosH/
cyanide complex have similar spectra since both have hexa-coordinated low-spin heme groups.
The Soret maximum of the cyanide complex is at 421 ± 1 nm and the β band is at 540 ± 2 nm,
Table 1. The α band becomes less distinct in the cyanide complex, appearing as a shoulder near
568 nm. The spectrum of the EcDosH/cyanide complex is essentially independent of pH
between pH 4 and 11. The spectrum of the EcDosH/cyanide complex at pH 11 is shown in
Figure 6 along with that of the complex at pH 7 for comparison. Spectroscopic parameters are
collected in Table 1. The spectrum of the EcDosH/cyanide complex at pH 11 provides
additional evidence that the alkaline transition in EcDosH is reversible since the spectrum of
the cyanide complex with free heme at pH 11 is quite different from that of EcDosH/cyanide
(Figure S11, Supporting Information).

The lower panel in Figure 6 shows the difference spectrum between EcDosH and its cyanide
complex at pH 7.0. The largest absorption change occurs near 426 to 428 nm and these
wavelengths are generally used to monitor the binding of cyanide. A typical plot of the
absorption change at 426 nm as a function of total cyanide concentration is shown in Figure 7
using data acquired at pH 9.0. The binding of cyanide is quite strong under the conditions of
the experiment shown in Figure 7 and the absorbance change is a quadratic function of the total
cyanide concentration, eq 8. P and L represent the total

(8)

protein and total cyanide concentration, respectively, and B is equal to (P + L + KD). The data
in Figure 7 were fit to eq 8 using non-linear least-squares regression in order to extract best-
fit values for the equilibrium dissociation constant, KD. Values of KD determined from the
spectrophotometric titrations are designated KD

spec. KD
spec was determined at each integral

pH between pH 5 and 11 and the data are collected in the Supporting Information, Table S2.
KD

spec is pH dependent, varying from 24 ± 4 μM at pH 5.0 to a minimum of 0.29 ± 0.06 μM
at pH 9.0, Figure 8. Above pH 9, in the alkaline transition region, the binding becomes weaker
with KD

spec increasing to 0.86 ± 0.13 μM at pH 11.

Rate of Cyanide Binding to EcDosH
The binding of cyanide to EcDosH is sufficiently fast that stopped-flow techniques were
required to investigate the initial phases of the reaction. Typical traces of the change in
absorbance at 426 nm are shown in Figure 9. The absorbance changes are monophasic between
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pH 4 and 8 and biphasic between pH 8.5 and 11. Between pH 4 and 8, the observed pseudo-
first-order rate constant is designated kCN1 and is linearly dependent upon the cyanide
concentration. Between pH 8.5 and 11, the faster of the two observed rate constants is linearly
dependent upon the cyanide concentration and the equivalent of kCN1 at lower pH. The slower
observed rate constant is independent of the cyanide concentration and designated kCN2.
Representative plots of kCN1 and kCN2 as functions of the cyanide concentration are shown in
Figure 10.

The apparent association rate constant for cyanide binding to EcDosH, ka, can be determined
from the slope of plots of kCN1 as a function of the total cyanide concentration as shown in
Figure 10. Values of ka are collected in the Supporting Information, Table S3. A plot of the
logarithm ka of as a function of pH is shown in Figure 11. The pH dependence of cyanide
binding will be discussed below.

Slow Kinetic Phase in the Cyanide Binding Reaction
The slow, cyanide-independent phase of the cyanide binding reaction is observed between pH
8.5 and 11, within the alkaline transition region. The amplitude of this phase of the reaction
correlates with the fraction of alkaline denatured EcDosH present in solution, increasing from
zero at pH ~8 to a maximum of 77 ± 2 % of the observed reaction at pH 10.5. The correlation
breaks down at pH >11. The rate constants for the slow phase of the reaction, kCN2, are collected
in Table S3 of the Supporting Information. The value of kCN2 is independent of pH between
pH 8.5 and 11, with an average value of 0.052 ± 0.006 s−1. This rate is similar to the intermediate
phase of the alkaline transition, ki

obs, Figure 5.

Rate of Cyanide Dissociation from the EcDosH/CN Complex
The rate of cyanide dissociation from the EcDosH/CN complex is very slow, with a half-time
on the order of hours in the neutral pH region. The dissociation rate was measured by
equilibrating EcDosH and cyanide at pH 9, where the binding is strongest, then removing
unbound cyanide by gel-filtration. The spectrum of the gel-separated EcDosH/CN complex is
monitored as a function of time as cyanide dissociates from the complex to reestablish
equilibrium. Passage of the EcDosH/cyanide sample through the gel-filtration column also
exchanges the buffer from pH 9 to a buffer of choice. The separated EcDosH/CN complex
equilibrates with the column buffer as it passes through the column and the measured
dissociation rate is that at the pH of the column buffer. The rate of cyanide dissociation was
determined between pH 4 and 12 using this technique. A typical experiment is shown in Figure
12 where the dissociation rate is determined at pH 5. At pH 5, the half-time for cyanide
dissociation from the EcDosH/CN complex is 1.4 ± 0.1 hr, giving a dissociation rate constant,
kd, of (1.3 ± 0.1) × 10−4 s−1. Values of kd are collected in Table S3 of the Supporting Information
and a plot of the logarithm of kd as a function of pH is shown in Figure 11.

Cyanide dissociation gives the native form of EcDosH between pH ~4.5 and ~9. Below pH
4.5, the final product is acid-denatured EcDosH and above pH 11, the final product is alkaline-
denatured EcDosH. In Figure 11, when the product of cyanide dissociation is a predominantly
denatured form of EcDosH, the data are shown with open symbols. An important observation
is that the rate of cyanide dissociation is rate limiting during formation of the denatured forms
of EcDosH from the EcDosH/CN complex at both pH extremes. For example, the slowest
phase of alkaline denaturation at pH 12 has a rate of 0.15 s−1 while the rate of cyanide
dissociation is about two orders of magnitude slower at 2.5 × 10−3 s−1. Likewise at pH 4.0, the
rate of acid denaturation is 1.1 × 10−2 s−1, about an order of magnitude faster than the rate of
cyanide dissociation, 1.4 × 10−3 s−1.
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An equilibrium dissociation constant for the EcDosH/CN complex can be calculated from the
ratio of dissociation and association rate constants. This kinetically determined equilibrium
dissociation constant, KD

kin = kd/ka, agrees quite well with KD
spec, Table S2 (Supporting

Information) and Figure 8. Between pH 5 and 9, where denaturation of EcDosH is not a concern,
the value of KD

kin averages 78% that of KD
spec. Above pH 9, the alkaline denaturation of

EcDosH influences KD
spec and KD

kin to different extents. The KD
kin values reported in this

work are about seven times smaller (indicating stronger binding) than previously reported
values calculated from the kinetic constants; 9.1 μM at pH 7.5 (12) and 4.4 μM at pH 8.0 (5,
6).

Mechanism of Cyanide Binding to EcDosH
Between pH 5 and 8, where the native form of EcDosH is the dominant protein species in
solution, cyanide binding appears to be a simple association reaction. At pH 8.5 and above, a
second reaction appears in the cyanide binding reaction, a reaction related to the rate of
interconversion of protein species within the alkaline transition region. The slow reaction
segregates the protein species into two groups, those that react rapidly with cyanide and those
that do not react with cyanide. For the latter group, it is more favorable to isomerize to a reactive
form of the protein than to react directly with cyanide itself. A basic mechanism to rationalize
cyanide binding to EcDosH is shown in eq 9 where Preactive represents the cyanide-reactive
forms of EcDosH and Punreactive represents the cyanide-unreactive forms of EcDosH. Our
current hypothesis is that Preactive includes the

(9)

native and first intermediate forms of the protein observed in the alkaline transition, eqs 2 and
3, while the cyanide-unreactive forms are the two denatured forms of the protein, D1 and D2,
in eq 3. In addition, we assume that the binding of cyanide to the native and first intermediate
forms of EcDosH is similar since we have no evidence to the contrary. The observed rate
constant for conversion of the cyanide-unreactive forms to the cyanide reactive forms, kCN2,
is similar to the intermediate phase of alkaline transition, ki

obs, Figure 5.

An important observation is that some native EcDosH exists in equilibrium with the denatured
forms up to pH 11 and that the fast cyanide binding phase is the binding of cyanide to the native
form of EcDosH at all conditions of pH. Thus, we can measure the association rate constant
for cyanide binding to native EcDosH between pH 4 and 11.

pH Dependence of Cyanide Binding to Native EcDosH
The pH dependence of the logarithm of ka, Figure 11, shows two inflections, one near pH 7
and one near pH 9, indicating that a minimum of two ionizable groups influence the binding
of cyanide to the reactive forms of EcDosH. The inflection near pH 9 can be attributed to the
acid dissociation constant of HCN, which has a pKA of 9.04 at 25 °C, 0.12 M ionic strength
(30). The inflection near pH 7 has to be due to a group in EcDosH that influences ligand binding
but does not influence the spectroscopic properties of the protein, Figures 1 and 3.

A mechanism consistent with the pH dependence of both the association and dissociation rate
constants for formation of the EcDosH/cyanide complex is shown in eq 10. Two protonation
states of
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(10)

the native form of EcDosH, HN and N, are included in the mechanism shown in eq 10, related
by an acid dissociation constant designated pKA3 (Note that pKA1 and pKA2 were used to
describe the acid and alkaline denaturations. It is possible that pKA3 in eq 10 is the same as
pKN in eq 3). The mechanism shown in eq 10 allows for the binding of both HCN and the
cyanide anion to both forms of the protein with unique rate constants. The acid dissociation
constant for HCN is designated pKL. Three different protonated forms of the complex must be
included and these are inter-related by two ionizations characterized by pKC1 and pKC2. Based
on the mechanism shown in eq 10, the pH dependence of the association rate constant is given
by eq 11. The values of ka were fit to eq 11 using non-linear least-

(11)

squares regression and the best-fit values of the parameters are collected in Table 3. The solid
line shown in Figure 11 was calculated using eq 11 and the parameters in Table 3.

The observation of the inflection near pH 9 in the plot of log ka indicates that EcDosH
discriminates between the protonated and unprotonated forms of cyanide. When the pKA3
group is protonated at low pH, EcDosH binds HCN with a bimolecular rate constant of 3.5 ±
0.3 M−1 s−1 (k1 in eq 10 and Table 3). At high pH, when the pKA3 group is unprotonated,
EcDosH binds the cyanide anion with a rate constant of 470 ± 30 M−1 s−1 (k4 in eq 10 and
Table 3). At intermediate pH values, only upper limits can be established for k2 and k3. The
upper limit for k3, the binding of HCN to unprotonated EcDosH, is 85 ± 13 M−1 s−1 and the
upper limit for k2, the binding of the cyanide anion to the protonated form of EcDosH, is 11,000
± 2,000 M−1 s−1. This analysis indicates that EcDosH preferentially binds the cyanide anion
rather than HCN since k4 is larger than either k1 or the upper-limit for k3. This contrasts with
the binding of cyanide to such classic heme proteins as metmyoglobin and cytochrome c
peroxidase where HCN binds more rapidly than the cyanide anion (15,17).

Another interesting observation concerning the pH dependence of the cyanide association rate
constant is the apparent ionization near pH 7. The group with pKA3 6.9 in EcDosH is most
likely in or near the heme pocket or possibly near the surface where cyanide enters the protein.
Candidates for this group include a heme-bound water; His-77 (the proximal heme ligand),
one of the two heme propionates, Asp-40 (part of the hydrogen-bonding network in the
proximal heme pocket (6)), and Arg-97, which stabilizes the bound oxygen in the oxyferrous
form of the protein (7). A heme-bound water can be excluded from this list of potential
candidates for the group with pKA3 6.9 since the spectrum of EcDosH is invariant with pH
between 5 and 8.5. There is ample evidence in the literature that the ionization of a heme-bound
water will cause significant changes in the absorption spectrum (36) and this is not observed
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in EcDosH. Asp-40 can also be excluded from the list since Watanabe et al. (37) have
investigated cyanide binding to two Asp-40 mutants and have found only minor changes in
the association rate constants at pH 7.5. Arg-97 is an intriguing candidate since it does interact
with, and stabilizes, the heme-bound oxygen in the oxyferrous form of the protein (10). It is
possible that, upon cyanide binding, Arg-97 could reorient and stabilize the cyanide complex
just as it does the oxygen complex. We will have to wait for the crystal structure of the cyanide
complex to see if this occurs. One problem with associating Arg-97 with the pKA3 6.9 group
is the low value of the pKA. A pKA of 6.9 is quite low for an arginine residue although the
pKA of Arg-97 in unligated EcDosH may be significantly perturbed due to interaction with two
other charged groups, Arg-112 and Glu-98 (10).

The pH dependence of the cyanide dissociation rate constant is simpler than predicted by the
mechanism shown in eq 10. Even though the data extend between pH 4 and 12, they do no
extend far enough to determine the values of pKC1 and pKC2. The most likely scenario is that
pKC1 is less than 4 and pKC2 is greater than 12. The acid dissociation constant, KC1, describes
the dissociation of the proton from HCN as HCN binds to the heme iron in HP, eq 10. It is
quite likely that the pKA for HCN shifts from a value of 9 to a value <4 upon cyanide binding
to the heme iron. On the other hand, pKC2 refers to the dissociation of a proton from HCN as
HCN binds to the P, eq 10. In this case, the proton could be transferred from HCN to the
pKA3 group in the protein. If the proton is transferred from HCN to the pKA3 6.9 group, then
pKA3 and pKC2 refer to proton dissociation from the same protein group, with the value of 6.9
in the free protein and a value >12 in the protein/cyanide complex. Hydrogen-bonding between
the proton and the heme-bound cyanide could stabilize binding of this proton and shift the
pKA from 6.9 to >12. Since pKC1 and pKC2 are outside of the range of study, the pH dependence
of kd based on the mechanism shown in eq 10 can be simplified to eq 12. Fitting kd as a function
of pH provides

(12)

best-fit values for three parameters k−1/KC1, (k−2 + k−3), and k−4KC2. The best-fit values are
collected in Table 5 and the solid line thought the kd data in Figure 11 is calculated from eq 12
using the values in Table 5. In the region where EcDosH is stable, pH 5 to 9, kd is independent
of pH with a value of (8.9 ± 0.9) × 10−5 s−1. The rate of cyanide dissociation from the EcDosH/
cyanide complex only increases in pH regions where the protein denatures.

Comparison of Cyanide Binding in EsDosH and other Heme Proteins
A survey of cyanide binding to heme proteins shows a remarkable diversity in the kinetics of
the reaction near neutral pH (see Supporting Information, Table S4 and references therein).
The observed association rate constants vary by more than nine orders of magnitude, from 2.25
× 10−3 M−1s−1 for Chromatium vinosum cytochrome c′ to 2.46 × 106 M−1s−1 for spleen
myeloperoxidase while the observed dissociation rate constants vary by seven orders of
magnitude, from 1.4 × 10−6 s−1 for bovine cytochrome c oxidase to 22 s−1 for endothelial nitric
oxide synthase. Studies on the pH dependence of cyanide binding indicate that heme proteins
discriminate between HCN and the cyanide anion in their association reactions. The c-type
cytochromes and some non-vertebrate hemoglobins preferentially react with the cyanide anion
while the peroxidases and mammalian metmyoglobins preferentially react with HCN.

Cyanide binding to metmyoglobin has been studied extensively and its mechanism most
thoroughly understood (38,39). At neutral pH, metmyoglobin is hexa-coordinate with a water
molecule bound to the sixth coordination site of the heme iron. A small amount of penta-
coordinate metmyoglobin is in equilibrium with the hexa-coordinate form. HCN diffuses into
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the heme pocket and is deprotonated to form the cyanide anion. The cyanide anion reacts
rapidly with the penta-coordinate metmyoglobin to form the cyanide complex. The overall
association rate will be influenced by diffusional partitioning of HCN into the heme pocket,
the equilibrium between hexa- and penta-coordinate forms of metmyoglobin, and the rate of
deprotonation of HCN in the heme pocket. Under the typical experimental conditions,
deprotonation of HCN within the heme pocket is the rate-limiting step. Studies of
metmyoglobin mutants (38,39) suggest that deprotonation of HCN is affected by the polarity
of the distal heme pocket and is facilitated to some extent through base-catalysis by the distal
histidine. Mutant studies suggest that small ligands enter the distal heme pocket through a polar
channel gated by the distal histidine residue. Association rate constants for mammalian
metmyoglobins near neutral pH are typically in the range of 100 to 500 M−1 s−1 and the
dissociation rate constants about 10−4 s−1.

The peroxidases are penta-coordinate heme proteins and, as a class, react more rapidly with
cyanide than any other class of heme proteins. The observed association rate constants at neutral
pH are typically in the range 105 to 106 M−1 s−1 (see Supporting Information). Just as with
metmyoglobin, HCN diffuses into the distal heme pocket and deprotonation of the HCN
appears to be the rate-limiting step. A distal histidine residue facilitates deprotonation of HCN
by base catalysis promoting the rate of association by at least two orders of magnitude (17). In
cytochrome c peroxidase, replacement of the distal histidine with a leucine residue causes the
mutant to react preferentially with the cyanide anion rather than HCN (40). The cyanide
dissociation rate constants for the peroxidase are typically 0.1 to 5 s−1. Although the observed
rate constants for cyanide association and dissociation are both about three to fours orders of
magnitude faster for the peroxidases than for the mammalian metmyoglobins, the cyanide
affinity is similar between these two classes of heme proteins.

Monomeric hemoglobins that lack a distal histidine residue such as those from Glycera
dibranchiata (41,42) react preferentially with the cyanide anion, presumably because there are
no distal pocket residues to promote proton dissociation from HCN. The cyanide association
rate constants are on the order of 0.3 to 2 M−1 s−1 and the dissociation rate constants are also
very slow, between 10−5 and 10−6 s−1, resulting in cyanide affinities similar to those of the
mammalian metmyoglobins and the peroxidases.

There are few studies on the pH dependence of cyanide binding to closed-crevice heme proteins
such as the cytochromes. In one of the earliest studies, George and Tsou (43) found that horse
cytochrome c reacted with both HCN and the cyanide anion. The cyanide anion reacted
preferentially with a rate constant of 15 M−1 s−1 while the HCN rate constant was 0.054 M−1

s−1, about 300-fold slower. Chromatium vinosum cytochrome c′ is a penta-coordinate heme
protein but has an active site that is so sterically hindered that the cyanide association rate
constant is 2.25 × 10−3 M−1 s−1, the slowest yet reported (44). C. vinosum ferricytochrome c′
preferentially reacts with the cyanide anion and the cyanide dissociation rate constant is 1.3 ×
10−4 s−1.

Cyanide binding studies to the ferric states of heme sensor proteins, prior to this study, have
been limited to experiments done at a single pH. Cyanide binding to full length EcDos and to
the isolated heme domains is slow, with association rate constants between 2.2 and 45 M−1

s−1 and dissociation constants varying from “too slow to measure” to 4.1 × 10−4 s−1 near pH
8 (6,12). Reported association constants for full length and the heme domain of SmFixL and
the heme domain of BjFixL are similar to those of EcDos and range between 22 and 110
M−1 s−1 near pH 8, with dissociation rate constants varying between 1.0 × 10−4 and 4.7 ×
10−4 s−1 (45–47).
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The pH dependence of cyanide binding to EcDosH (this study) is most similar to that of
cytochrome c (43,44) and the G. dibranchiata hemoglobins (GdHb) components II, III, and
IV (41,42) in that EcDosH reacts preferentially with the cyanide anion. The pH independent
association rate constants for cyanide anion binding increase in the order 12, 15, 17, 73 and
470 M−1 s−1 for GdHb-III, cytochrome c, GdHb-II, GdHb-IV and EcDosH, respectively. For
these proteins, HCN association rate constants can also be determined. The pH independent
HCN association rate constants are 0.52, 0.12, 0.22, 0.33 and 3.5 M−1 s−1, for cytochrome c,
GdHb-III, GdHb-II, GdHb-IV and EcDosH, respectively. This group of heme proteins reacts
between 30 and 220 times faster with the cyanide anion than with HCN. The preference for
the cyanide anion is most likely due to the difficulty in deprotonating HCN in the very nonpolar
heme pockets of these proteins.

The binding of cyanide to representatives from the various classes of heme proteins display
distinct mechanisms associated with the structural properties of the heme pockets. While it is
likely that HCN diffuses into the heme pockets more readily than the cyanide anion, those
proteins that react preferentially with HCN require a mechanism to ionize the HCN within the
heme pocket. Both the peroxidases and the mammalian metmyoglobins contain distal histidines
that can serve as base catalysts to promote internal HCN ionization while the invertebrate
hemoglobins, the cytochromes and heme-sensor proteins lack such a residue. As a
consequence, diffusion of the cyanide anion and direct binding of the cyanide anion to the
positively charged heme iron in the very hydrophobic heme pocket is the preferred mechanism
for cyanide binding to EcDosH and the other heme-sensor proteins. Steric features and the
polarity of the heme pockets in the various heme proteins cause differential diffusional barriers
and differential partitioning between solvent and the heme pocket for neutral and charged
ligands such as HCN and CN− and contribute to the determination of the absolute rates of
cyanide binding to heme proteins (9,38,39).

Imidazole and Hydrogen Peroxide Interaction with Ferric EcDosH
In addition to investigating the binding of cyanide to EcDosH, we have also looked at two other
typical reactions of ferric heme proteins, the binding of imidazole to the heme and the reaction
of the heme with hydrogen peroxide. We do not detect any reaction between imidazole and
EcDosH using up to 1 M solutions of imidazole, consistent with a previous report (12).
Likewise, EcDosH does not react with hydrogen peroxide to form higher oxidation state
intermediates containing Fe(IV) as do the peroxidases or metmyoglobin. At high hydrogen
peroxide concentrations, oxidative degradation of the heme is observed.

Comparison of Ligand Binding to Ferric and Ferrous EcDosH
Finally, it is interesting to compare the binding of the cyanide anion to ferric EcDosH with the
binding of neutral diatomic ligands to ferrous EcDosH. The kinetics of ligand binding to both
redox states of EcDosH is slow compared to other heme proteins suggesting a common feature
is controlling the absolute ligand binding rates. The initial studies using cloned PAS domain
of EcDos, EcDosH, reported association rate constants of 2.6 × 103, 1.1 × 103, and 1.8 × 103

M−1 s−1 for O2, CO, and NO, respectively, at pH 7 (5). Taguchi et al. (49) reported somewhat
faster rates for EcDosH at pH 8 with association rate constants of 3.1 × 104 and 7.8 × 103

M−1 s−1 for O2 and CO, respectively. Taguchi et al. (49) also reported association rate constants
of 1.9 × 103 and 0.81 × 103 M−1s−1 for O2 and CO binding to full-length EcDos, respectively,
at pH 8, about ten times slower than to the isolated heme domain. O2 and CO bind to ferrous
EcDosH with rates that are about 66 to 17 times faster than the binding of the cyanide anion
to ferric EcDosH. These types of rate differences are reminiscent of the differential diffusion
rates of neutral and charged ligands into a variety of proteins (50).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
pH dependence of the absorption spectrum of EcDosH. The spectrum of EcDosH is
independent of pH between pH 5 and 8.5 with the intensity of the Soret band decreasing above
pH 8.5. Nine spectra are shown with those at pH 5.00 and 6.63 essentially identical and having
the highest Soret intensity. The remaining seven spectra have decreasing absorbance at 418
nm in the order pH 8.70, 9.25, 9.40, 9.70, 10.24, 10.90, and 11.78. The visible region of the
spectrum is shown magnified by a factor of 5. Experimental conditions: [EcDosH] = 5.15 μM,
0.12 M ionic strength buffers, 25 °C, data acquired with a Hewlett-Packard Model 4352A diode
array spectrophotometer. None of the spectra shown were acquired in buffers containing
glycine.
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Figure 2.
Visible and near infrared (NIR) region of the spectrum of EcDosH at pH 7.0 (solid lines) and
at pH 11.6 (dashed lines). Between 600 and 900 nm, the spectra are also shown expanded by
a factor of 5 to show the NIR charge-transfer band, CT-1A, at both values of pH. The charge-
transfer bands designated CT-1B are also labeled. Experimental conditions: [EcDosH] = 154
μM, 0.12 M ionic strength buffers, 25 °C, data acquired with a Varian/Cary Model 3E
spectrophotometer.
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Figure 3.
pH dependence of the extinction coefficient of EcDosH at 418 nm. Closed symbols indicate
data acquired in buffers that do not contain glycine while the open symbols represent data
obtained in buffers containing 0.10 M glycine. Different symbols indicate data acquired on
different days and two isolates of EcDosH were used. The data were fit to an equation involving
cooperative acid and alkaline transitions (eq 1 of the text). The apparent pKA and Hill
coefficient for the acidic transition are 4.24 ± 0.05 and 3.1 ± 0.6, respectively. In buffers that
do not contain glycine, the apparent pKA and Hill coefficient for the alkaline transition are
9.86 ± 0.04 and 1.1 ± 0.1, respectively. In 0.10 M glycine buffers, the apparent pKA and Hill
coefficient for the alkaline transition are 10.28 ± 0.03 and 1.0 ± 0.1, respectively. The best-fit
values for the extinction coefficients at acidic, neutral, and alkaline pH are 34 ± 4, 124 ± 1,
and 28 ± 2 mM−1 cm−1, respectively. The lines shown in the figure were calculated using the
best-fit parameters. Experimental conditions: 0.12 M ionic strength, 25 °C.
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Figure 4.
Reversibility of alkaline EcDosH. A. Spectrum of EcDosH at pH 6.5, before exposure to
alkaline pH. B. Spectrum of EcDosH after incubating the sample for 5 min at pH 11.0. C.
Spectrum of EcDosH immediately after changing the pH from 11.0 to 6.7. The spectrum was
measure within 10 s of the pH change and the sample has recovered 83% of its pre-incubation
absorbance at the Soret maximum. D. Spectrum of EcDosH 5 min after returning the pH to
6.7. The absorbance at the Soret maximum is 97% that of its pre-incubation value. E. Spectrum
of EcDosH 80 min after returning the pH to 6.7. The sample has recovered 100% of its pre-
incubation absorbance at the Soret maximum.
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Figure 5.
pH dependence of the three observed rate constants for the alkaline transition in EcDosH.
Closed symbols represent data obtained from forward pH jumps while the opens symbols
represent data obtained from reverse pH jumps. The solid lines were calculated from eq 7 of
the text and the best-fit parameters in Table 2.
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Figure 6.
Spectra of EcDosH and the EcDosH/Cyanide Complex. Upper Panel - EcDosH at pH 7 (thick
solid line) and the EcDosH/cyanide complex at pH 7 (thin solid line) and pH 11 (open circles).
The visible region of the spectrum is shown with the vertical axis expanded by a factor of ten.
Lower Panel - Difference spectrum of the EcDosH/cyanide complex minus that of EcDosH at
pH 7. The difference spectrum is multiplied by a factor of ten above 480 nm.
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Figure 7.
Absorbance change at 426 nm for EcDosH upon overnight incubations in the presence of 0 to
500 μM buffered KCN. [EcDosH] = 7.2 μM, pH 9.0, 0.12 M ionic strength, 25 °C.
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Figure 8.
pH dependence of KD

spec (solid circles) and KD
kin (open circles). The solid line was calculated

using the ratio of dissociation (eq 12) and association (eq 11) rate constants and the best-fit
parameters from Table 3.
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Figure 9.
Time dependence of the absorbance change at 426 nm upon addition of buffered cyanide to
EcDosH at pH 8.0 and pH 9.5. Experimental conditions: [EcDosH] = 1.0 μM, 0.12 M ionic
strength, 25 °C, [KCN] = 5 mM at pH 8.0, [KCN] = 1 mM at pH 9.5. The data at pH 8.0 fit a
single exponential function with an apparent rate constant of 0.64 ± 0.1 s−1 while the data at
pH 9.5 fit a two exponential function with apparent rate constants of 0.76 ± 0.02 s−1 and 0.041
± 0.001 s−1.
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Figure 10.
Plot of kCN1 (solid circles - left-hand axis) and kCN2 (open circles - right-hand axis) as a function
of the KCN concentration at pH 9.0.
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Figure 11.
Plots of the logarithm of ka (closed and open circles) and kd (open and closed squares) as
functions of pH. The closed symbols are for the data acquired between pH 5 and 9 where the
absorbance of EcDosH in independent of pH. The open circles are for the data acquired at pH
values where either acid or alkaline denaturation in EcDosH occurs. The solid lines were
calculated according to eqs 11 and 12 of the text and the best-fit parameters in Table 3.
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Figure 12.
Cyanide dissociation from the EcDosH/CN complex at pH 5.05. The EcDosH/CN complex
was separated from free cyanide by passage through a Sephadex G-10 column equilibrated in
pH 5.05 buffer. Spectra of the separated EcDosH/CN complex were acquired every 10 minutes
for a period of 20 hours using a diode array spectrophotometer. The first 60 spectra between
400 and 440 nm are shown in the inset. The EcDosH/CN complex peak at 422 nm decreases
and the free EcDosH peak at 416 nm increases with time. To correct for instrumental drift in
the single-beam spectrophotometer, the difference in absorbance at 426 nm and 412 nm was
calculated and this difference is plotted as a function of time. The absorbances at 426 and 412
nm were chosen since these two wavelengths have large differences in absorbance between
free EcDosH and the EcDosH/CN complex (see Figure 6). The difference in absorbance fits a
single exponential decay equation with a first-order rate constant of 0.48 ±0.04 hr−1.
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Table 1
Spectroscopic parameters for EcDosH and its cyanide complex at pH 7 and 11.a

EcDosH CyanoEcDosH

pH 7 pH 11 pH 7 pH 11
Band λ (ε)nm (mM−1cm−1) λ (ε)nm (mM−1cm−1) λ (ε)nm (mM−1cm−1) λ (ε)nm (mM−1cm−1)

CT-1A ~706sh (0.9) 820 ± 20 (0.4) - -
CT-1B ~648sh (1.4) ~625sh (4.0) - -
α 562 ± 2 (9.0) ~587sh (4.4) ~568sh (8.5) ~568sh (8.9)
β 530 ± 2 (12) ~541sh (5.4) 540 ± 2 (11.1) 540 ± 2 (11.8)
CT-2A ~488sh (7.6) ~492sh (7.3) ~480sh (9.0) ~480sh (9.6)
CT-2B ~449sh (14) -
Soret (γ) 417 ± 1 (124) 390 ± 2 (51) 421 ± 1 (117) 421 ± 2 (119)
δ 367 ± 2 (36) ~351sh (44) 360 ± 2 (30) 360 ± 2 (31)

a
Bands that appear as shoulders in the spectra are indicated by the designation sh immediately following the estimated peak position.
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Table 2
Best-fit values for the coefficients used to define the observed rate constants for the three kinetic phases observed
during the alkaline transition in EcDosH.a

Observed Rate Constants C1j (M
−1s−1) C2j (s

−1) C3j (M s−1)

kf
obs (1.6 ± 0.2) 108 0.99 ± 0.10 (1.1 ± 0.1) 10−11

ki
obs (1.8 ± 0.6) 106 0.051 ± 0.011 (3.9 ± 1.1) 10−12

ks
obs (4.9 ± 1.8) 105 (4.1 ± 1.0) 10−3 (3.5 ± 0.7) 10−13

a
The observed rate constants and coefficients are defined in eq 7 of the text. The index j represents either f, i, or s for the fast, intermediate, and slow

phases of the alkaline transition, respectively.
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