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Abstract

De novo proteins from designed combinatorial libraries were bound to heme terminated gold electrodes. The novel heme proteins were
shown to possess peroxidase activity, and this activity was compared to that of horseradish peroxidase and bovine serum albumin when
immobilized in a similar fashion. The various designed proteins from the libraries displayed distinctly different levels of peroxidase activ-
ity, thereby demonstrating that the sequence and structure of a designed protein can exert a substantial effect on the peroxidase activity of
immobilized heme.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The design of novel proteins that fold into native-like
structures capable of molecular recognition and catalytic
activity is emerging as an important goal of protein chem-
istry. Efforts are being made to design proteins with similar
functions and activities to those of natural enzymes [1–11].
Such work is motivated both by a desire to understand the
fundamental features necessary for catalytic activity, and
by expectations of future applications in biotechnology.
One natural enzyme that has received considerable atten-
tion is horseradish peroxidase (HRP) [12–14]. In this paper,
the peroxidase activity of de novo designed proteins immo-
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bilized on a heme modified electrode is compared to HRP
immobilized in a similar fashion.

The de novo proteins described in the current study were
chosen from a library of binary patterned sequences
designed to fold into four-helix bundles [15–17]. Previ-
ously, we demonstrated that several proteins from the first
generation (74-residue) library, and all the proteins from a
second generation (102-residue) library bind heme and
show heme-dependent activities such as reversible binding
of carbon monoxide (CO) and catalysis of peroxidase
chemistry [18–22].

In the current study, we exploited the affinity of the de

novo proteins for heme to immobilize them on self-assem-
bled monolayers on a gold electrode. The method of
attaching the proteins to the heme modified electrode is
shown in Fig. 1. A similar method of heme protein recon-
stitution on self-assembled monolayers was described pre-
viously for HRP [23]. Analogous studies have been
carried out to assemble apo-glucose oxidase onto FAD ter-
minated monolayers immobilised on a surface. The work
described in the current report extends the application of
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Fig. 1. Schematic representation of reconstitution of protein on heme
modified electrodes. Initially the gold electrode was coated with mixed
thiol monolayer consisting of a 1:5 ratio of longer alkyl-thiols bearing an
activated functional group and short unsubstituted alkyl-thiols. Incuba-
tion was in DMSO for 90 min at room temperature. The coated gold
electrode was then reacted with 20 mM 1,12 diaminododecane which,
reacts only with the thiols bearing activated functional group. The
resulting electrode has amine terminated groups which are covalently
coupled to the carboxyl groups on Heme (Fe(III) protoporphyrin IX),
using EDC (1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide) coupling
agent. Finally, the heme terminated electrode is reconstituted with the
protein to form heme protein on surface.
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the technique by demonstrating the generality of the
approach [24,25].

The peroxidase activity of an immobilized enzyme can
be measured electrochemically as explained below [26].
The normal catalytic cycle for peroxidase activity is
described in Scheme 1.

As shown in Scheme 1, a heme–protein immobilized on
an electrode can be oxidized by hydrogen peroxide to form
an oxyferryl p-cation radical heme intermediate. Subse-
quently, the enzyme is converted back to its native resting
state, ferric porphyrin, by a one-electron/two-proton
reduction by a mediator. The oxidized counterpart of the
mediator can be reduced by electrons from the electrode.
The charge obtained from the catalytic reduction of medi-
ator is correlated to the concentration of the oxyferryl spe-
cies in the solution. Hence, this charge can be used to
quantify the peroxidase activity of the immobilized pro-
tein–heme system using electrochemical methods such as
chronocoulometry or chronoamperometry. Here we
describe the use of chronocoulometry to quantify the per-
oxidase activity of the immobilized protein–heme system.
This approach enables the direct measurement of the
Fe(III) + H2O2  [Fe(IV)=O]+   + H2O

[Fe(IV)=O]+   + Q            [Fe(IV)= O]+ + P

[Fe(IV)=O]+  + Q + 2H+            Fe(III) + P + H2O

2P + 2e-  (Electrons from electrode)           2Q 

(1)

(2)

(3)

(4)

Scheme 1. P and Q are the oxidized and reduced forms of a mediator,
which is a redox cosubstrate that shuttles electrons from the electrode to
the redox center in the protein.
charge versus time response to an applied potential step
[27].
2. Results

2.1. Immobilization and characterization of the de novo

proteins bound to heme terminated gold electrodes

We exploited the affinity of the de novo proteins for
heme to immobilize them on self-assembled monolayers
of heme on a gold electrode. The method of attaching the
proteins to the heme modified electrode is shown in
Fig. 1. Previously, a similar method of heme protein recon-
stitution on self-assembled monolayers was described for
HRP [23]. Cyclic voltammetry was used to electrochemi-
cally characterize the electrode surface as shown in
Fig. 2. The surface coverage of heme on a gold surface
was estimated by integrating the area under the cathodic
or anodic peak in the cyclic voltammogram of the heme
modified electrode (before attachment of protein) [28]. Sur-
face coverage was estimated to be �10 pmol cm�2.

The heme modified electrode was then treated with a
solution of protein – either HRP or one of the de novo

designed proteins. (We assume that binding of HRP or
the de novo protein to the heme coated electrode leads to
the complete reconstitution of a holo-protein capable of
enzymatic activity.) Treatment of the heme electrode with
de novo protein S-824 caused the heme peak in the cyclic
voltammogram to diminish significantly. Similar results
were obtained with the other de novo proteins from the bin-
ary patterned collection, and for bovine serum albumin
(BSA) and HRP.

There is a positive shift of �30 mV in midpoint potential
upon binding of protein S-824 to the immobilized heme. In
solution, the redox potentials of the de-novo heme proteins
are approximately �175 mV, and the redox potential of
heme is �220 mV (both vs SHE) [21]. Thus in solution, a
Fig. 2. Cyclic voltammogram (CV) of the heme electrode reconstituted
with protein. Note that the peaks of the heme modified electrode (solid
dark line) decrease on treatment with protein S-824 (inner dashed line).



Fig. 4. The net electrocatalytic reduction charge (after background
subtraction of charge at 0 lM of peroxide) is plotted against the
concentration of peroxide at heme modified electrodes coated with
different proteins. The data for s-836 is similar to s-824 and is not shown
here to imporve clarity. The potential is stepped from 0 mV to �500 mV
and the pulse width is 500 ms. The mediator used for the HRP and the de

novo proteins is hydroxyquinone. Table 1 lists the net electrocatalytic
charge (DQ) due to peroxidase activity of the proteins at 200 lM
concentration of peroxide.
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shift in redox potential of approximately +45 mV is
observed upon binding protein to heme. However, on the
surface of an electrode, the corresponding shift is only
+30 mV. This difference in behavior could be due to
incomplete reconstitution of the heme–protein and/or elec-
trostatic interactions due to protein binding on the surface
as compared to reconstitution in solution.

The diminished peaks and shift in midpoint potential are
indicative of interaction of heme with the ligating residues
in the proteins [23]. Binding of protein also causes a
decrease in peak-to-peak separation, which might indicate
faster kinetics.

2.2. Determination of peroxidase activity of proteins bound
to a heme modified surface

Chronocoulometry can be used to detect the peroxidase
activity of a heme–protein. From the catalytic cycle for per-
oxidase activity (Scheme 1), it can be seen that in step 3, the
enzyme oxidized by peroxide is converted back to ferric
porphyrin by a two electron reduction by the mediator.
The oxidized counterpart of the mediator gets reduced by
electrons from the electrode. Therefore, the charge
obtained on catalytic reduction of mediator can be used
to quantify the peroxidase activity of the immobilized
enzyme. The total charge is measured by chronocoulome-
try. Fig. 3 shows the chronocoulograms obtained for
immobilized heme-HRP with increasing peroxide
concentration.

The net change in reduction charge from the chronocou-
lograms is plotted in Fig. 4 against the concentration of
peroxide for five de novo proteins. In addition, HRP and
‘bare heme’ (immobilized on the electrode but without
added protein) were measured as positive controls, while
BSA and ‘No Heme’ served as negative controls. The
response of the surface with no heme was measured, and
found to have negligible activity. This indicates that the
surface is densely packed with self-assembled monolayers
(SAM) of thiols and has very few defects (exposed gold
surface).
Fig. 3. The chronocoulometric response (charge versus time response to
an applied potential step) obtained for the immobilized heme-HRP system
with successive addition of hydrogen peroxide to the solution. The arrows
point towards the charge value corresponding to each addition of
peroxide.
2.2.1. Comparison of the peroxidase activity of protein n86,

heme, BSA and HRP

Among the immobilized de novo proteins, n86 (from the
74-residue first generation library) has the highest level of
activity – significantly higher than BSA-heme or bare
heme. Previously, it had been shown that in solution, the
peroxidase activity of n86 was �1/3 that of HRP [19].
The data shown in Fig. 4 and table 1 indicate that in the
immobilized state, n86 is �1/2 as active as HRP (assayed
at a peroxide concentration of 200 lM).

As shown in Fig. 4. and table 1, bare heme (without pro-
tein) shows peroxidase activity around 1/4 that of immobi-
lized HRP. This stands in contrast to a ratio of �1/430
using heme free in solution [19,29]. This finding can be
explained by the following: Heme immobilized on a surface
is (a) less prone to aggregation and subsequent precipita-
tion; (b) has improved access for the peroxide; and (c) pro-
vides an increase in electron-transfer rate from the
Table 1
The net charge (DQ) due to peroxidase activity of the protein at 200 lM
peroxide

Protein Immobilized on Heme modified
electrode

DQ200 lM
DQ200 lM ðHRPÞ
DQ200 lM ðproteinÞ

HRP 2.10 1
Protein n86 1.06 0.51
Protein s-23 0.67 0.32
Protein s-824 0.55 0.26
Protein s-836 0.58 0.28
Bare Heme 0.52 0.25
Protein s-213 0.27 0.13
Protein s-285 0.24 0.12
BSA 0.19 0.09

The ratio of the net charge of the protein and the net charge of HRP at the
same concentration is also listed.



Fig. 5. Peroxidase activity of the de novo proteins in solution. Purified
protein was used in the assay. The typical reaction mixture contained
50 lM purified protein, 4 lM heme chloride, 10 lM TMB (3,3,5,5 0

tetramethyl benzidine), and 0.00075% H2O2. Absorbance at 450 nm was
recorded and was normalized by dividing it with concentration of protein
determined from absorbance at 280 using extinction coefficient of
6990 cm�1.
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electrode to the heme. Indeed, a related study of heme
immobilized on gold surface by a short organic linker
showed that the peroxidase activity of immobilized heme
was similar to that of microperoxidase – even though bare
heme lacks the imidazole ring coordinating the central iron
atom [30].

Fig. 4 shows that the peroxidase activity of immobilized
heme decreases by 62% on binding BSA. BSA is known to
inhibit heme peroxidase activity in solution by 50–60%
[31,32]. This BSA control shows that protein binding per
se is not reponsible for the observed peroxidase activity.
Thus, binding of BSA reduces the peroxidase activity of
heme, whereas binding of protein n86 enhances peroxidase
activity.

2.2.2. Comparison of peroxidase activity of second

generation de novo proteins with protein n86 (first generation

protein)

The peroxidase activities of the second generation pro-
teins (marked with the ‘S’ prefix) were compared to protein
n86. The second generation proteins were designed from
n86 by elongating the four alpha helices [16]. The second
generation apo-proteins are structurally and thermody-
namically superior to protein n86; all of them are consider-
ably more stable, and several of them (S-824 and S-836)
have native-like 3-dimensional structures as determined
by NMR [16,17]. Earlier studies of the CO binding affinity
showed that although the second generation apo-proteins
are very different from protein n86 in terms of packing
and rigidity, they probably have similarly exposed heme
binding sites [20]. Here we show that although similar heme
binding sites in these proteins produced similar CO binding
affinities, these sites do not yield similar peroxidase
activities.

Among the de novo heme proteins studied thus far, n86
from the first generation library shows the highest peroxi-
dase activity. The second generation proteins show consid-
erable variation of peroxidase activity. Protein S-23 shows
the highest activity – approximately 1/3 the activity of
HRP. Proteins S-824 and S-836 show activity in the range
of immobilized heme, and proteins S-213 and S-285 show
poor peroxidase activity – similar to heme-BSA. Fig. 4
shows that the peroxidase activity of HRP and n86 are
directly proportional to the increasing concentration of
peroxide in the range of concentration studied. It is
expected that the activity saturates at a higher concentra-
tion of peroxide (data not shown). However, the activity
plots of the other proteins (and bare heme) approach satu-
ration even in the low concentration range studied.

2.3. Peroxidase activity of the de novo proteins in solution

The peroxidase activities of the de novo proteins were
also measured in solution. These solution studies were
motivated by two considerations.

First, the possibility that immobilization of the heme
proteins leads to a reduction in activity had not been ruled
out. Therefore activity assays in solution were performed
to confirm that the trends of activity among the different
proteins immobilized on the electrode mirrored the corre-
sponding trends in solution (Fig. 5).

Second, one might have hypothesized that the flexible
proteins n86 and S-23 would bind to the surface more eas-
ily than the well-folded proteins S-824, S-836, and that this
enhanced binding would be the sole reason for the higher
activity of n86 and S-23. To address these concerns, perox-
idase activity was also studied in solution.

Previously, we had shown that the peroxidase activity of
proteins n86 in solution is approximately 1/3 that of HRP
[19]. Here, the levels of peroxidase activity in solution for
protein n86 and the second generation heme proteins were
compared using UV spectroscopy. As shown in Fig. 5, n86
shows the highest peroxidase activity followed by the other
proteins. The trends of relative activities of the de novo pro-
teins in solution are similar to the trends of relative activi-
ties of the same proteins immobilized on a surface. The
specific activities differ in the two environments, presum-
ably because the activities of the immobilized proteins are
dictated by the kinetics of electron transfer from surface
to the heme center.
3. Discussion

From the results described above, we conclude the
following:

(1) In the immobilized state, protein n86 from the first
generation library is �1/2 as active as HRP, and
twice as active as heme.

(2) In the solution state, protein n86 is 1/3 as active as
HRP, and 120-fold more active than heme [19].

(3) The second generation proteins (derived from n86 by
elongating the alpha helices) show lower peroxidase
activity than protein n86.
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(4) Among the second-generation proteins, de novo pro-
tein S-23 shows the highest peroxidase activity, which
is �1/6 that of HRP. Thus, the structurally less
ordered de novo proteins n86 and S-23 show higher
peroxidase activity than well-folded proteins S-824
and S-836.

(5) The control, bare heme, shows a 20-fold increase in
peroxidase activity when immobilized relative to
heme free in solution.

(6) Immobilized BSA-heme shows 62% lower peroxidase
activity than immobilized heme.

(7) Immobilized de novo proteins S-285 and S-213 show
lower peroxidase activity than heme alone.

Taken together, these results demonstrate that proteins
binding to a heme modified electrode can exert a substan-
tial effect (increase or decrease) on the heme dependent per-
oxidase activity.

We speculate that the peroxidase activity shown by the
de novo proteins is catalysed by a five coordinate, histidine
ligated, Fe(III) heme with partial access to solvent. In the
following discussion, we summarize several features consis-
tent with this proposal.

The de novo proteins devised by the binary code strategy
were not explicitly designed to bind heme. As per the bin-
ary code strategy, histidine residues (polar) were designed
to be on the surface of the proteins. Upon heme binding,
structural reorganization presumably moves at least one
histidine side chain into a position consistent with binding
to a partially buried heme. Indeed, previous results have
demonstrated that although the heme sites in the de novo

proteins are less buried than in myoglobin, they are more
buried than in microperoxidase [20,22]. Access of the heme
to water presumably accounts for the relatively low reduc-
tion potential of the proteins: �174 mV compared to free
heme, which is �220 mV (both vs NHE) [21].

The presence of a histidine (rather than methionine)
ligand is supported by the observed reduction potentials.
(Cysteine can be excluded because it does not occur in
the sequences of de novo proteins.) In absence of structural
data on the de novo heme proteins, we have no reason to
expect a histidine side chain in the sixth axial position of
the heme in the de novo heme protein. Indeed, our previous
work demonstrated that the sixth ligand in the de novo

heme proteins is easily displacable by small molecules, such
as pyridine and imidazole derivatives [22]. Thus the sixth
axial ligation site of the heme is likely to by occupied by
an aquo ligand.

Hence, similar to horseradish peroxidase, the peroxidase
activity of the de novo proteins is probably catalysed by a
five coordinate Fe(III) resting state with a single histidine
ligation.

Previous structural and thermodynmaic studies of the de

novo proteins in their apo forms showed that proteins S-23
and n86 are less ordered (more dynamic) than proteins S-
824, S-836, S-213 and S-285 [16]. Yet the results described
herein demonstrate that proteins S-23 and n86 have higher
levels of peroxidase activity than the other de novo proteins.
Perhaps, these more flexible apo-proteins become more
ordered upon binding heme, and thereby form an active
site that is more efficient for peroxidase activity. In con-
trast, the ordered structures of apo-proteins S-824, S-836,
S-213 and S-285 may become less ordered upon binding
heme and may therefore be less efficient peroxidases.
Indeed, formation of a five coordinate heme active site
may occur more easily for the less ordered structures of
n86 and S-23 compared to well ordered apo-proteins S-
824, S-836, S-213 and S-285.

The difference in peroxidase activity among the various
de novo proteins stands in marked contrast to their nearly
uniform abilities to bind carbon monoxide [20]. The similar
rates of CO association kinetics (kon) of the de novo pro-
teins indicated that heme exposure in all of the de novo pro-
teins were similar [20]. Despite this similarity in heme
exposure, the results described in this study show that their
peroxidase activities differ. These findings demonstrate that
in addition to heme accessibility, other factors contribute
to the relative levels of peroxidase activity of these de novo

proteins.
Future work could involve stabilizing protein n86 and

protein S-23 using directed mutagenesis and screening for
both increased peroxidase activity and structural stability.
Also, different immobilization strategies could be explored
to ensure that the surface is stable at high concentrations of
peroxide. For example, future studies will be done with
more stable surfaces, such as silicon or ITO (Indium tin
oxide). Finally, we note that modified versions of these de
novo heme proteins may be useful as components in biosen-
sors to detect peroxides.

4. Materials and methods

4.1. Chemicals

Horse radish peroxidase (HRP; E.C.1.11.1.7) 150 units/
mg, 1,12-diaminododecane and 3,3 0-dithiopropionic acid
di-(N-succinimidyl ester), 3-carboxypropyl disulphide, 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
heme (H-5533), hydroquinone, and butanone, were
obtained from Aldrich–Sigma–Fluka. The buffer salts
(KH2PO4 Æ 3H2O and KH2PO4) were analytical grade and
DMSO was obtained from Fisher Scientific. Hydrogen per-
oxide (30%) was obtained from Baker (Dveneter, Nether-
lands). All the electrodes were from Bioanalytical systems
Inc. (West Lafayette, IN).

4.2. De novo protein expression and purification

De novo proteins were expressed in E. coli strain BL21
(DE3) [33] and grown in 2xYT. The proteins were
extracted from the cells using a freeze–thaw protocol and
then solubilized in 100 mM MgCl2 [34] Cellular contami-
nants were removed by acid precipitation in 50 mM sodium
acetate buffer (pH 4.2) [16]. The resulting supernatant was
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loaded onto a POROS HS cation exchange column
(PerSeptive Biosystems), and eluted using a gradient of
NaCl from 0 M to 1.5 M. The buffers used for HPLC were
degassed and purged with helium before use. Purified pro-
teins were concentrated, and buffer exchanged using
Centricon Plus-20 filters (Millipore). Protein expression
was evaluated by SDS-PAGE. Concentrations were mea-
sured by UV–vis spectroscopy using a Hewlett Packard
8452A diode array spectrophotometer and a molar extinc-
tion coefficient of 6990 M�1 cm �1.

4.3. Preparation of apo-HRP

Apo-HRP was purified from HRP using published
methods [35,36]. HRP was dissolved in cold 100 mM
sodium acetate buffer pH 2.6 to yield a final concentration
of 1 mg/mL. This solution was added to a separatory fun-
nel containing ice-cold butanone (1 mL). After mixing, the
phases were allowed to separate, resulting in the bottom
aqueous phase containing the apo-HRP and the top buta-
none phase containing heme [35,36]. The aqueous phase
was collected and then buffer exchanged to PBS buffer
pH 7.4 using Centricon Plus-20 filters (Millipore catalog.
No. UFV4BCC25). The apo-HRP was diluted with PBS
buffer to a final concentration of 0.1 mg/mL. The UV spec-
trum of the apo-HRP was recorded to ensure there was no
heme. Concentration of apo-HRP was determined using
molar extinction coefficient of 20000 M�1 cm�1 at 280 nm
[36]. The concentration of peroxide was determined by
titration with KMnO4.

4.4. Electrode preparation

Gold electrodes with a diameter of 1.6 mm were pur-
chased from BAS (bioanalytical systems MF-2014). The
electrodes were polished (bioanalytical polishing kit MF-
2060) followed by electrochemical cleaning by cycling
from �3 V to +3 V in 0.1 M H2SO4 [37]. Cyclic voltam-
mogram (CV) recorded in 0.5 M H2SO4 was used to
determine the purity of the electrode surface just before
modification. The real electrode surface area of the bare
gold was determined from chronocoulometry of 0.1 mM
K3Fe(CN)6 in 0.1 M KCl as a supporting electrolyte.
From this the area of the electrode was estimated to be
0.015 cm2.

The electrodes were immobilized with heme using pub-
lished methods with minor modifications [23]. The cleaned
electrodes were immersed into a 100 mM solution of thiols
in DMSO. The ratio of the activated to the inactivated thi-
ols was kept constant at 1:5. After incubation for 90 min at
room temperature, the electrodes were thoroughly rinsed
with water and then immersed into 20 mM 1,12-diaminod-
odecane. The C12 spacer (1,12 diaminodecane) was used
for all proteins. It was previously shown that the distance
form heme to the surface of the protein in HRP is at least
10 Å. The C12 spacer (16 Å) allows the heme to reach the
active site of HRP. After 4 h, the electrodes were thor-
oughly washed with water and transferred to heme cou-
pling solution. The heme coupling solution was made as
follows: heme was dissolved in DMSO for a final concen-
tration of 1 mM and then diluted ten times in 10 mM
HEPES buffer (pH 7.8) containing 150 mM EDC (1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide) coupling
agent. The heme coupling was done at 4 �C overnight.
The electrodes were rinsed with distilled water followed
by brief rinsing with 100 mM sodium perchlorate in
DMSO to remove adsorbed heme on the surface of the
electrode. Finally, the electrodes were incubated in
400 lM protein solutions for 8 h at 4 �C.
4.5. Electrochemical measurements

Cyclic voltammetry and chronocoulometry experiments
were recorded using a BAS 100B/W potentiostat. All mea-
surements were carried out at ambient temperature
(�22 �C) in a conventional three-compartment electro-
chemical cell consisting of the chemically modified gold
electrode as a working electrode, a platinum auxiliary elec-
trode and a saturated Ag/AgCl/KCl electrode as reference.
50 mM sodium phosphate buffer pH 7.4 was used as the
electrolyte. During the experiments inert atmosphere was
maintained by providing an argon blanket at all times.

For cyclic voltammetry, the following parameters were
used: the system was scanned from potential �600 to
0 mV and the scan rates were varied. The parameters used
for differential pulse voltammetry are scan rate, 20 mV/s;
pulse amplitude, 50 mV; pulse period, 200 ms; pulse width,
50 ms; sample width 17 ms. All potentials are reported with
respect to the Ag/AgCl/KCl reference electrode.
4.5.1. Mediator based electron transfer

Direct electron transfer between redox enzyme and the
electrode is precluded by steric hindrance and slow electron
transfer from electrode to the redox center in the protein
[13,14]. Therefore, a mediator is required to shuttle elec-
trons between the electrode and the heme reaction center
of the protein. Usually millimolar concentrations of medi-
ator are needed when measuring micromolar concentration
of peroxide in order to overcome the dependence of the sig-
nal on the mediator concentration [38]. Therefore, to mea-
sure the peroxidase activity of the proteins, 2 mM
hydroquinone was added to the electrolyte solution as a
mediator.
4.5.2. Peroxidase activity measurements

Chronocoulometry was used to determine the charge of
the system due to electrocatalytic reduction of peroxide.
The steady state charge after successive addition of aliquots
of peroxide solution was plotted against peroxide concen-
tration. In all experiments, high saturating concentrations
of peroxide were not used. Parameters used for double step
constant potential chronocoulometry were potential,
�500 mV and pulse width, 500 ms.
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