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Abstract

Salt concentration and pH of external solutions were shown to control the electrochemistry of the heme protein
myoglobin (MbFe(III)-H,0) in stable, ordered films of didodecyldimethylammonium bromide {DDAB). Protonation of
aquometmyoglobin (MbFe(IID-H ,0) in these films precedes electron transfer from electrodes, causing formal potentials to
shift negative as pH increases from 5 to 8. At pH > 8, MbFe(IID-H,O dissociates to MbFe(III)-OH, which is reduced
directly at the electrode at higher rates than MbFe(II)-H,O. Correlations of voltammetric data with FT-IR spectra
suggested that at pH < 4.6, an unfolded form of Mb resides in the films and is reduced directly. The concentration of salt in
solution influences electrochemical properties of Mb-DDAB films by its influence on Mb conformation and by effects on
interfacial Donnan potentials. NMR indicated strong binding of anions to Mb within DDAB films. Bound anions may
neutralize positive charge on Mb's surface so that it can reside in a partly hydrophobic environment, as postulated on the
basis of previous ESR and linear dichroism studies. © 1997 Elsevier Science B.V.
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1. Introduction tate protein electron transfer has been made recently
) ) ) ) [1-4], with several examples mimicking biomem-
Electrochemical studies of protein redox reactions branes [4-16].

in biomembrane-like environments may be useful for
elucidating chemistry related to biological function
and disease states. However, achieving direct elec-

We recently reported [17] reversible electron
transfer between electrodes and the iron heme pro-
e tein myoglobin (Mb) imbedded in stable, lamellar
tron transfer between electrodes and proteins in solu- liquid crystal films of didodecyldimethylammonium
tion may encounter major difficulties. Adsorption of bromide (DDAB). Rates of electron transfer involv-

macromolecular impurities or the protein itself on ing Mb heme Fe(IIT) /Fe(I1) were much faster than
the electrode may block electron transfer [1,2]. Im- for myoglobin in solution using bare electrodes [18—

pressive progress in electrode coatings which facili- 20]. We have since used a variety of water insoluble

surfactants, including phosphatidylcholines. to make

Coneoondi stable films of myoglobin with reversible electron
orresponding author. .

! Present address: Battelle Institute, 2012 Tollgate Rd.. Bel Air, transfer properties on metal and carbon electrodes

MD 21015. USA. [21-23]. These films have structures which feature
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lipid-bilayer-like multilayers. Myoglobin is specifi-
cally oriented within them [17,21-24], and is likely
to be partly associated with hydrophobic regions of
the bilayers [24]. Such films have also provided good
electron transfer for other proteins and enzymes in-
cluding cytochrome P450_,, [25], hemoglobin [26],
c-type cytochromes [27-29], and ferredoxins [30-
32].

While studies of proteins in surfactant films have
addressed electron transfer properties [17,21-32],
catalytic reactions with small molecules [33], and
static supramolecular structures [24], specific fea-
tures which contribute to protein-surfactant film
properties are somewhat uncertain. Recent studies on
thin films of phosphatidyl cholines or DDAB con-
taining Mb showed that the pH of the external
solution controls protein conformation and influ-
ences redox properties [34]. However, questions re-
main about how external solution properties, includ-
ing salt concentration, influence electron transfer
properties of the protein and its secondary structure
within the film.

In this paper, we report the influence of salt
concentration and pH of the external solution on the
properties of 20 pm thick films of DDAB containing
myoglobin. Results suggest that salt and pH influ-
ence these films by their effect on protein secondary
structure, heme iron ligation state, and interfacial
Donnan potentials.

2. Experimental
2.1. Materials and solutions

Horse myoglobin (Sigma) in buffer was passed
through Amicon YM30 filters (30000 MW cutoff)
[23]. Concentrations after filtration were estimated
by visible spectroscopy [17]. Didodecyldimethylam-
monium bromide (DDAB, 99 + %) was from Kodak.
Sodium acetate-d, (C,D;0,Na) and acetic-d; acid-d
(C,D,0,, were from Sigma. All other chemicals
were reagent grade.

Buffers included 10 mM acetate + 50 mM NaBr,
pH 4-6, 10 mM tris-hydroxymethylaminomethane -
HCl + 50 mM NaCl or NaBr, pH 6.5-9.0. Water
was purified with a Barnstead—-Nanopure system to
specific resistance > 15 MQ cm.

2.2. Apparatus and procedures

Methods and apparatus for cyclic voltammetry
(CV) were described previously [17,21-23]. Oxygen
was removed by purging solutions with purified
nitrogen. Films were cast onto basal plane ordinary
pyrolytic graphite (PG) disks (HPG-99, Union Car-
bide; geometric A = 0.2 cm?) previously abraded on
600-grit SiC paper. Potentials are referred to the
saturated calomel reference electrode (SCE). Ohmic
drop was fully compensated. All experiments were
done at 25°C.

Films were cast onto PG electrodes from clear
vesicle dispersions of 5 mM DDAB after adding Mb
to 0.25 mM. 10 wl of this mixture was spread evenly
onto an electrode and dried overnight to give films
about 20 pm thick, as described previously [24].

CVs of films were done in buffers containing no
Mb. Apparent standard heterogeneous electron trans-
fer rate constants (k*") for Mb were obtained from
diffusion controlled CVs as described previously
[17,21,23].

Films were cast onto aluminum-coated glass for
reflectance-absorbance FT-IR, as described previ-
ously [17]. Deuterium and *CI-NMR were done by
using a Bruker AC-270 spectrometer. Standards were
cesium chloride for Cl, and CD,COOH for D.
DDAB films on PG were soaked overnight in buffers,
washed with water, scrapped off the PG into NMR
tubes, and dispersed with chloroform or ethanol for
NMR analyses.

3. Results
3.1. Influence of pH on voltammetry

Cyclic voltammetry (CV) of myoglobin (Mb)
showed a strong dependence on pH in thick DDAB
films. The nearly reversible heme Fe(IIl}/Fe(Il)
peaks in Fig. 1 shift to more negative potentials and
change shape with increasing pH. Peak current at pH
9 is significantly smaller than at pH 4. All changes
with pH were reversible. That is, CVs of a given
film were identical to those in Fig. 1 upon switching
between any two buffers in the range pH 4-9.

Shapes of CVs at scan rate (»)>50 mV s™!
were diffusion controlled (Fig. 1), as reported previ-
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Fig. 1. Cyclic voltammograms of Mb-DDAB film on PG electrode

in bufters of pH 4.0 and 9.0 containing 50 mM NaBr at 0.1 V
—1

T

ously [17,23]. At ¥<6 mV s™', thin layer electro-
chemical behavior was observed, in which all elec-
troactive MbFe(IID in the films is converted to
MbFe(Il) on the cathodic scan.

Formal potentials (E°) of the Mb heme
Fe(I1D) /Fe(ID) couple in DDAB films were estimated
as midpoints between anodic and cathodic peak po-
tentials. Plots of E” vs. pH had linear regions
between pH 5 and 8 (Fig. 2), with a slope of 65 + 3
mV /pH unit. This is consistent with the transfer of
one proton and one electron during reduction [35,36]
of MbFe(III).

E"-values were roughly independent of pH be-
tween pH 4 and 4.8 (Fig. 2). Their pH dependencies
resemble that for the electrochemical reduction of a
weak acid [35,36]. The intersection point at pH 4.8
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Fig. 2. Influence of pH on formal potential of Mb in DDAB films
in 10 mM buffers containing 50 mM NaBr or NaCl.
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Fig. 3. Influence of pH on percent of electroactive Mb in DDAB
films in 10 mM buffers containing 50 mM NaBr or NaCl. The
total amount of Mb in the films was 2.5 nmol. Solid line repre-
sents best fit by nonlinear regression onto the model in Eq. (3).

suggests reduction of a protonated form of the pro-
tein with pK, = 4.8.

Integrations of thin-layer CVs at v <6 mV s~
provided the number of moles of electroactive pro-
tein in the films. Dividing by the known amount of
protein deposited on the electrode gave the percent
of electroactive protein in the films. In Mb-DDAB
films, this quantity varied with pH (Fig. 3), reaching
nearly 100% at low pH, dropping to 40% in the
medium pH range, and approaching 20% at pH 9.

Apparent standard heterogeneous electron transfer
rate constants (k%) also varied systematically with
pH (Fig. 4). These k" values are rate constants at
E”. Values show a small decrease from pH 4-5.5,
and a large increase as pH increased from 7 to 9.
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Fig. 4. Influence of pH on apparent standard heterogeneous rate
constant (k") for film of Mb-DDAB in 10 mM buffers containing
50 mM NaBr or NaCl. Solid line represents best fit by nonlinear
regression onto the model in Eq. (3).
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3.2. Influence of salt on voltammetry

Since myoglobin conformation is influenced by
salt concentration in solution, [37,38] we measured
electrochemical parameters of the films over a range
of salt and buffer concentrations. Percent electroac-
tive Mb in DDAB films at pH 7.5 showed almost no
dependence on salt (Fig. 5) or buffer concentration
(+50 mM NaBr) in the external solution. At pH 5.5,
percent electroactive Mb increased slightly with in-
creasing [NaBr], and showed a small maximum at 70
mM salt. At pH 4, a maximum of nearly 90%
electroactive Mb was found at 50 mM NaBr, with a
decrease to 36% at 75 mM NaBr. There was also a
slight dependence of percent electroactive Mb on
buffer concentration in 50 mM NaBr solutions.

E" and k°-values for Mb in DDAB films in-
creased linearly when plotted against the log of salt
or buffer concentration, as illustrated by dependences
on [NaBr] (Figs. 6 and 7). Slopes of plots of E vs.
log[NaBr] were similar at pH 4 and 7.5, and slightly
larger at pH 5.5 (Table 1). Slopes of similar plots vs.
loglbuffer] with 50 mM NaBr present were about
half of those in Fig. 6. Slopes of plots of k% vs.
log[NaBr] or log[buffer] were similar at pH 5.5 and
7.5, but [NaBr] had a much smaller influence on kY
at pH 4 (Fig. 7 and Table 1).

In a previous study, films were prepared by soak-
ing DDAB films in Mb solutions containing acetate
or chloride ions [17]. These films had nearly identi-
cal electrochemical properties to those discussed here.
Energy dispersive X-ray (EDX) analysis of these
Mb-DDAB films gave a Br/C ratio 3-fold smaller
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Fig. 5. Influence of concentration of sodium bromide on percent
of electroactive myoglobin in DDAB films in 10 mM buffers with
different pH values.
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Fig. 6. Influence of concentration of sodium bromide on formal
potentials of Mb-DDAB films in 10 mM buffers with different pH
values. Lines obtained by linear regression.

than for DDAB films soaked in the same buffer
solution without Mb. These EDX results suggested
that bromide ions were replaced in the DDAB films
by anions from solution only in the presence of
protein. The decrease in amount of bromide in the
films in the presence of Mb can not be explained by
interactions of surfactant with Mb surface charges,
which are positive at pH < 7. We speculated that Mb
might bring bound anions into the film [17].

In the present work, we used *(1- and D-NMR to
investigate anion binding to Mb in buffers containing
chloride or deuterated acetate. Buffers were 10 mM
TRIS + 50 mM NaCl, pH 7.5, and 10 mM deuter-
ated acetate + 50 mM NaBr, pH 5.5. NMR spectra
were the same whether films were prepared from
Mb-surfactant vesicle dispersions, as in the rest of
this paper, or by soaking separately prepared DDAB
films in Mb solutions. Significant CI~ was detected
in DDAB films soaked in the Mb-containing TRIS—
NaCl buffer (Fig. 8) as well as in films prepared
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Fig. 7. Influence of concentration of sodium bromide on apparent
standard heterogeneous rate constant of Mb in DDAB films in 10
mM buffers with different pH values. Lines were obtained by
linear regression.
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Table 1

Influence of salt and buffer concentration on formal potentials and

electron transfer rate constants of Mb in DDAB films

Variable (S) dEY /dlog[S]  dk" /dloglS]
(Vlog[SI™") (ems™ " log[S1™ 1

[NaBr] in pH 4 53 0.6x107*
acetate buffer

[Acetate] at pH 5.5+ 32 27x1077
50 mM NaBr

[NaBr] in pH 5.5 97 32x107°
acetate buffer

[TRIS] at pH 7.5+ 27 2.8x107°
50 inM NaBr

[NaBr] at pH 7.5 53 35x107°
TRIS buffer

from Mb-vesicle dispersions in this buffer. DDAB
films soaked in protein-free buffer gave no CI
signals.

For films prepared with deuterated acetate buffer,
only films containing Mb showed characteristic
CD;-NMR peaks for deuterated acetate. Thus, NMR
spectra suggest selective binding of CI™ and acetate
to Mb within the films. Bromide may also bind to
Mb, but we have no probe to detect it. In any case,
Cl~ and acetate seem to compete well with Br™ for
adsorption sites on the protein.

3.3. Reflectance-absorbance FT~IR spectra

The amide 1 band (1700-1600 cm™') of proteins
is caused by C=0 stretching of peptide linkages. Its
shape is sensitive to secondary structure. Amide
bands of proteins consist of many overlapped com-
ponents, reflecting the various environments of car-
bonyl groups in the protein [39-42]. Absorbance
from DDAB does not occur in the amide I region.

It was reported that reflectance-absorbance in-
frared (RAIR) spectra of Mb-surfactant films were
similar to spectra of films of Mb alone between pH
5.5 and 7.5 [17] where the protein has its native
conformation in solution. The present study confirms
that finding, but careful inspection of second deriva-
tive RAIR spectra revealed subtle differences which
depend on pH. Similar changes in spectra with pH
were found at source incidence angles of 45°, 60°
and 75°.

The second derivative of any symmetric peak has
a negative peak at the position of the original maxi-
mum between two smaller positive peaks. Thus, the
strong negative peak at about 1660 cm™' in spectra
of the pure Mb film without surfactant (Fig. 9) is
characteristic of a major component of the amide I
band. This 1660 cm™' band is assigned [40-42] to
a-helix. At pH 4, this peak becomes smaller and is
accompanied by a new band close to 1630 cm™!
[34], assigned to extended disordered features of the
polypeptide backbone. The spectra in films without
surfactant are similar to those in solution.

The main feature in the second derivative amide 1
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Fig. 8. “CI-NMR spectra of (A) reference 10 mM Tris—HCI
solution: (B) DDAB films after overnight soaking in 0.5 mM Mb
in 10 mM TRIS + 50 mM NaCl, pH 7.5 and washing with water,
and dispersing in ethanol; (C) DDAB films after overnight soak-
ing in 10 mM TRIS +50 mM NaCl, pH 7.5, not containing Mb,
washing with water, and dispersing in ethanol (*CI~ at 0 ppm).
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Fig. 9. Second derivative of absorbance from RAIR spectra at source incidence angle 60° for (

, thin) Mb film with no DDAB

prepared using pH 5.5 buffer, and Mb-DDAB films prepared using buffers of (---) pH 7.5+ 50 mM NaCl. (- - - + - -- ) pH 5.5 + 50 mM

NaBr, and ( , thick) pH 4.0 + 50 mM NaBr.

spectra for Mb-DDAB films prepared with buffers at
pH 7.5, 5.5, and 4 is the strong «-helix band at 1660
cm ' (Fig. 9). As film thickness is somewhat vari-
able, it is best to compare ratios of the other bands in
the spectra to this 1660 cm ™' band, which all have
about the same intensity in Fig. 9. A small 1630
cm™' band for the Mb-DDAB film is seen at pH 7.5,
suggesting a very small increase in disorder com-
pared to native Mb. At pH 5.5, this band is absent,
but new, slightly larger bands appear at about 1646
and 1683 cm™!, and are attributed to disordered
loops and turns [40-42], respectively. These bands
are not as large as the 1630 cm ™' band observed at
pH 4. We conclude that at pH 4, several helices of
Mb are beginning to unfold. At pH 5.5, the protein is
slightly less unfolded, while at pH 7.5 the secondary
structure is most like the native protein.

3.4. Model for the influence of pH

Models based on linked equilibria were tested for
the pH dependencies and electrochemical parameters

of Mb in the DDAB films. Expressions of the form
of ¥, =F(Y, [H"].K,) were based on the overall
equilibrium approach [43]. The K are proton associ-
ation constants and the Y, are parameters characteris-
tic of contributions of individual forms of the pro-

tein. The model which best fit all the data is:
MbFe(lII)-H,0 + mH" = H, MbFe(IIl)
“H,0 K, (1)

MbFe(III)—OH + H™ = MbFe(1ll)-H,0 K,
(2)

where charges on Mb species are omitted. Eq. (1)
represents the multiple protonations of Mb as it is
titrated with acid [37,38,44-53]. Eq. (2) depicts the
dissociation of the axial heme water of Mb at higher
pH [44-46].

Eq. (3) was derived from thermodynamic linkage
of the equilibria in Egs. (1) and (2) by previously
described methods [43]. It was used to fit data on
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Table 2

Equilibrium constants® for Mb in DDAB films and in solution

Sample Measured quantity pK, pK,» Ref.

Mb-DDAB films kY ems™") 4.6+0.1 74409 tw
% Electroactive Mb 4.6 +09 8.3+05 tw
EY 48402 80403 tw
Soret band Absorbance 42+08 84407 [34]

Mb soln., / =55 mMP Soret band Absorbance 4.1 +0.5 8.34+0.5 [34]

Mb soln., I = 105 mMP Soret band Absorbance 44402 8.8+ 0.2 [34]

" Expressed as acid dissociation constants, see text. pK, given with standard errors from the regression analyses.

® I = ionic strength.

electron transfer rate constants and percent electroac-
tive protein vs. pH:

Y, Y K'[H"]
Ut kH] T+KH]
(Y,—Y,)K,[H]
VAR (3)
where Y

b 18 the measured quantity, and the Y, are
parameters characteristic of that measured quantity
for the different forms of Mb. For example, when
fitting & vs pH data with Eq. (3), ¥, is the k* for
MbFe(Il)-H,0, ¥, is k" for H, MbFe(Il)-H,O0,
and Y, is k” for MbFe(Il-OH. Eq. (3) was fit to
Y. vs. pH data by nonlinear regression using Y,
Y,. Y,, K,, and K, as parameters (Table 2). Best fits
were found for m = 1. Goodness of fit is illustrated
in Figs. 3 and 4.

Association constants found by regression analy-
ses were converted to acid dissociation constants by
using pK,, = —pK; (Table 2). Values of pK,, and
pK,, were also obtained [36] from intersection points
in the E” vs. pH plot (Fig. 2).

pK, values obtained from electrochemical data
are self-consistent and similar to those from Soret
band absorbance of Mb-DDAB films and Mb in
solution. pK ,, values from the electrochemical data
are slightly smaller than those found in solution.

i

obs

4. Discussion
4.1. Dependence of voltammetry on pH

Previous studies by ESR, absorption spec-
troscopy, and linear dichroism showed [17,21] that

high spin metmyoglobin [MbFe(IID-H,0] predomi-
nates in Mb-DDAB films prepared with buffers of
pH between 5.5 and 7.5. Metmyoglobin has a proxi-
mal histidine bound to iron below the plane of the
heme, and a distal histidine hydrogen-bonded to
ligated water above the heme [38,52,53].

Reversible changes in voltammograms with
changes in pH and salt concentration of the external
solution show that the properties of Mb within DDAB
films can be controlled by the acidity and salt con-
tent of the solution in which the films reside. The
model in Eq. (3) provided a good fit (Table 2 and
Figs. 2-4) for the full pH dependencies of electro-
chemical parameters of these relatively thick Mb-
DDAB films. Experiments summarized in Table 2
monitor properties of the Fe(IlDheme of the protein,
and are thus sensitive to structural changes involving
the heme and its vicinity.

Similarities of pK,, and pK,, values in DDAB
films to those of Mb in solution (Table 2) [38,44—46]
suggest that similar effects on iron heme ligation and
on secondary structure of Mb are operative in the
films and in solutions. NMR studies [38,52,53] pro-
vided pK, values for individual amino acid side
chains of horse myoglobin in solution. The distal,
proximal and four other histidines of Mb have pK -
values between pH 4.3 and 5 [52]. The bond between
proximal histidine and MbFe(IlI) may be broken
below pH 5 [48,52]. These histidines may be associ-
ated with the pK,, for Mb estimated in the films.

FT-IR spectra (Fig. 9) suggest partial unfolding
of Mb in DDAB films at low pH. Between pH 5.5
and 7.5, Mb structure is similar to the native state
conformation with about 75% helix [41,42]. Unfold-
ing involving loss of helices is found for Mb at pH 4
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in surfactant-free films [34]. In Mb-DDAB films at
pH 4 the second derivative peak at 1630 cm '
indicates significant unfolding (Fig. 9). Intensity of
the a-helix band at 1659 cm ™' is lost at the expense
of the 1630—1631 cm ™! band assigned to extended
polypeptide chain. Integrations of the relevant peaks
show that about 20% helix is lost in going from pH
7.5 to 4. The conformational transition occurs at pH
values in the vicinity of pK,,.

Dissociation of water bound to the Fe(IIDheme of
Mb (Eq. (2)) is responsible for pK,, (Table 2). High
spin metmyoglobin is converted to low spin
MbFe(Il)-OH [44-46]. Average pK,, values were
8.0 for Mb-DDAB films. A slightly smaller pK, for
Mb-DDAB than in solution (Table 2) may reflect the
ability of DDAB, like other cationic surfactants [54]
to preferentially attract OH™ to the vicinity of
cationic head groups. This would make the pH in
head group regions of the films higher than the pH
of the external solution, shifting the apparent pK,
to a smaller value. A similar effect was found in
DDAB microemulsions, in which pH increased near
DDAB head groups at water—oil interfaces [55].

4.2. Reduction pathways of Mb

Electrochemical results for Mb in DDAB films
depended on pH in ways similar to, but not exactly
the same as, thin films of dialkylphosphatidyl-
cholines and DDAB [34]. Results of analyses of E",
percent electroactive Mb, and k% vs. pH (Figs. 2-4)
lead to the conclusion that reduction of Mb between
pH 5 and 8 in DDAB films involves the transfer of
one electron and one proton.

As pH decreases below 5, the fraction of elec-
troactive protein (Fig. 3) and electron transfer rate
constants begin to increase (Fig. 4), while the reduc-
tion potential shifts positive (Fig. 2). These changes
in electrochemical parameters at pH <35 are corre-
lated with significant conformational changes in the
protein found by spectroscopy. FT-IR spectra (Fig.
9) suggest that several helices of Mb are unraveled at
low pH in DDAB films. These correlations, in con-
junction with the pH dependence of E”, suggest that
protonation of Mb precedes electron transfer. While
protonation following electron transfer might be a
possibility, it can not explain the increase in the
fraction of electroactive Mb at pH < pK,,. Such data

were obtained by integration of the charge passed
through the electrochemical cell during reduction of
MbFe(I11), and would not be influenced by a chemi-
cal event that occurs after this reduction [56].

Data between pH 5-8 are consistent with a mech-
anism proposed recently for reduction of Mb in thin
surfactant films [34]. This involves protonation of
metmyoglobin as in Eq. (1) prior to the electron
transfer event (Eq. (4)). The protonations induce
conformational change, leading to partial unfolding
of MbFe(Il) relative to native metmyoglobin, as
reflected in FT—IR spectra in solution [57]. It is also
possible that water dissociates from the Fe(I) after
electron transfer, as reported previously for Mb in
solution [18], but this reaction was not detected by
voltammetry in Mb-DDAB films. Comparison of our
pK,, values (Table 2) with pK,’s of Mb side chains
from NMR [52,53] suggests that protonation of the
distal histidine and /or the proximal histidine origi-
nally bound to iron may control the pH dependence
of the formal potential.

H, MbFe(Ill)-H,0 + ¢~ = H, MbFe(II)-H,0
(4)

Spectroscopic studies of myoglobin and apomyo-
globin in solution have identified a stable, salt-de-
pendent, partly unfolded intermediate at pH <5
known as a molten globule. Although much of this
work has focused on apomyoglobin, myoglobin has a
similar structure [37,38,50-53]. Compared to met-
myoglobin, the molten globule intermediate has un-
folded B, C, D, and E helices [38], involving about
30% loss of helix. At pH <5, spectroscopic results
(Fig. 9) show that a partly unfolded MbFe(IIT) begins
to predominate in the films. Combined with the
pH-independence of EY at pH < 4.8, this suggests
that a molten globule-like Mb is reduced directly in
this low range of external pH. On the other hand, it
is unlikely that the equilibrium molten globule is the
electron acceptor at pH 5-8, since the time needed
for unfolding is probably much longer than the
voltammetric time scale [34].

The nearly pH-independent region in the E vs.
pH piot (Fig. 2) for Mb-DDAB at pH > 8 suggests
direct reduction of the low spin MbFe(III)-OH form.
This is also consistent with the increase in kY at
pH > 7, since low spin MbFe(lll) is reduced more
rapidly than high spin metmyoglobin [18].
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4.3. Influence of salt

NMR spectra (Fig. 8) suggest that anions are
strongly associated with Mb within the films. These
experiments complement previous bromide analyses
of films by EDX [17], which showed that Br™ was
lost from DDAB films only in solutions containing
acetate or CI- and Mb. Bound anions, or more
generally bound salt, may neutralize the surface
charge of Mb, facilitating partial insertion of the
protein into surfactant bilayers in the films. Partly
hydrophobic residence sites for Mb in DDAB films
were suggested by linear dichroism and ESR studies
[24].

The fraction of molten globule apomyoglobin in
solution increases with increasing salt concentration
[37,50]. Also, interfacial Donnan potentials may con-
tribute to formal potentials of electroactive ions in
polyion films [58]. Thus, the concentration of salt in
solution may influence the electrochemistry of Mb in
the films by changing protein conformation and /or
by influencing the interfacial Donnan potential of the
film.

Under ideal conditions where the amount of salt
within the film does not change with the salt concen-
tration in solution, Donnan potentials should cause
E" of Mb to shift by 59 mV /log[ S] at 25°C, where
[S] is the external salt concentration [58]. Data in
Table 1 agree qualitatively with this prediction, with
S =NaBr results at pH 4 and 7.5 giving slopes
closest to the theoretical prediction. Thus, Donnan
potentials may be controlling factors in the salt
dependence of E”.

There were small but significant increases in elec-
tron transfer rate constants (Fig. 7) with increasing
salt concentration in every film examined. This ef-
fect is smallest at pH 4 (Table 1). The increase in k"
may be related to penetration of salt into the films,
which contain 40-60% water [24]. Salt-induced fa-
cilitation of Mb unfolding may make the iron heme
group more accessible to the electrode and increase
the apparent heterogeneous electron transfer rate
constants.

At pH 4, there is a strong salt dependence of
percent electroactive Mb in the DDAB films, with a
maximum at about 50 mM NaBr (Fig. 5). A similar
but smaller maximum in percent electroactive Mb

occurs at about 70 mM NaBr at pH 5.5, but no
maximum is seen at pH 7.5. This is again consistent
with salt-dependent unfolding, since pH 4-5.5 is
near the native-to-molten globule transition region in
the apomyoglobin unfolding phase diagram [37]. In
this region of pH, the ratio of molten globule-to-na-
tive Mb is very sensitive to salt concentration, but at
pH 7.5 the molten globule cannot be formed.

5. Summary

The pH and salt concentration of external solu-
tions control the electrochemical properties of Mb in
thick DDAB films. In solutions of pH between 5 and
8, protonation preceding electron transfer from elec-
trodes to aquometmyoglobin (MbFe(II1)-H,0) con-
trols E”. This is similar to behavior found in thin
dialkylphosphatidycholine (PC) or DDAB films [34].
At pH > 8 in Mb-DDAB films, MbFe(1I)-H ,O dis-
sociates to MbFe(IIN-OH, which is reduced directly
at the electrode. At pH < 4.6, a partly unfolded form
of Mb is reduced in DDAB films. E° is nearly
independent of pH in both of these pH ranges.

Salt may play an integral role in governing elec-
trochemical properties and stability of the films.
NMR spectra suggest strong binding of anions to Mb
within the films. These bound anions may neutralize
surface charge so that the protein can reside in a
partly hydrophobic environment, as postulated on the
basis of previous ESR and linear dichroism studies
[24]. Furthermore, salt concentration in solution has
a significant influence on electrochemical properties
of the Mb-DDAB films through the Donnan effect
and through its influence on Mb conformation.
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