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Introduction

Low-molecular-weight amphiphilic molecules are known to
form a large variety of self-assembled structures in water,
for example, monolayers, micelles, vesicles, bilayers, rod-
and sheetlike structures, and also helices.[1] Well-defined di-
block copolymers—so-called superamphiphiles—have been
shown to generate these highly ordered structures as well.[2]

Recently, we and others reported on a new type of macro-
molecular surfactant, termed “giant amphiphile” in which a
protein or an enzyme acts as the polar head group and a
synthetic polymer as the apolar tail.[3,4] These biohybrid
ACHTUNGTRENNUNGpolymers differ from other protein–polymer conjugates in
ACHTUNGTRENNUNGthe sense that the protein-to-polymer ratio is predefined
ACHTUNGTRENNUNGand the position of the conjugation site is precisely known.
The modification of enzymes through the reconstitution

of the corresponding apoprotein with suitably modified co-
factors is an elegant way of altering the function or proper-
ties of these biomolecules.[5] The cofactor reconstitution
method has also been applied for the controlled generation
of bioactive surfaces, for example, in biosensors and biofuel
cells.[6] Examples of cofactor-bearing proteins are glucose
oxidase and heme-dependent proteins. The latter class con-
tains a significant number of potential candidates that may
be modified by the cofactor reconstitution method, as in
many of them the heme group is not covalently bound to
the rest of the protein. Most studies on the reconstitution of
proteins with modified hemes concern the reconstitution of
myoglobin (Mb, 17 kDa, Figure 1) and, albeit less frequent-
ly, hemoglobin, both of which are oxygen binding pro-
teins.[5b,d,7–13] Metal-substituted hemes have been used to
study energy-transfer processes and structural properties of
the reconstituted biomacromolecules.[9] Hemes with modi-
fied vinyl and/or propionate groups have been applied to in-
vestigate oxygen-binding properties,[10] to introduce various
functionalities that are helpful in the incorporation of the

Abstract: We report on biohybrid sur-
factants, termed “giant amphiphiles”,
in which a protein or an enzyme acts as
the polar head group and a synthetic
polymer as the apolar tail. It is demon-
strated that the modification of horse-
radish peroxidase (HRP) and myoglo-
bin (Mb) with an apolar polymer chain
through the cofactor reconstitution
method yields giant amphiphiles that

form spherical aggregates (vesicles) in
aqueous solution. Both HRP and Mb
retain their original functionality when
modified with a single polystyrene
chain, but reconstitution has an effect

on their activities. In the case of HRP
the enzymatic activity decreases and
for Mb the stability of the dioxygen
myoglobin (oxy-Mb) complex is re-
duced, which is probably the result of a
disturbed binding of the heme in the
apo-protein or a reduced access of the
substrate to the active site of the
enzyme or protein.

Keywords: aggregation ·
amphiphiles · block copolymers ·
electron microscopy · vesicles

[a] M. J. Boerakker, N. E. Botterhuis, Prof. E. M. Meijer,+

Prof. R. J. M. Nolte, Dr. N. A. J. M. Sommerdijk
Laboratory of Macromolecular and Organic Chemistry
Eindhoven University of Technology
P.O. Box 513, 5600MB Eindhoven (The Netherlands)
Fax: (+31)40-245-1036
E-mail : r.nolte@science.ru.nl

n.sommerdijk@tue.nl

[b] P. H. H. Bomans, Dr. P. M. Frederik
Department of Pathology, Electron Microscopy Unit
University of Maastricht (The Netherlands)

[c] Prof. E. M. Meijer+

DSM Research, Geleen (The Netherlands)

[d] Prof. R. J. M. Nolte
Department of Organic Chemistry
Radboud Universiteit Nijmegen
University of Nijmegen
Toernooiveld 1, 6525 ED Nijmegen (The Netherlands)
Fax: (+31)24-365-2929

[+] Present affiliation:
Unilever, Vlaardingen (The Netherlands)

Chem. Eur. J. 2006, 12, 6071 – 6080 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6071

FULL PAPER



proteins into bilayers,[11] or to help enhance their catalytic
properties.[5b,12,13] Very few reports have appeared on the
modification of horseradish peroxidase (HRP, 43 kDa,
Figure 1) by means of its cofactor.[5e,6b,14] These reports pre-
dominantly deal with the modification of the propionate
groups to study the effect on the structural and catalytic
properties of the enzyme.

The modification of a protein with large hydrophobic
chains by its cofactor can lead to the formation of amphi-
philes and hence aggregates of this protein in aqueous solu-
tion.[3a,b] For phospholipids and, for example, dendrimer-
based diblock copolymers the structure and shape of these
aggregates can be predicted.[15,2b] Aiming at a similar level
of control we reasoned that the enzyme should be modified
with an apolar chain of such a length that the head to tail
ratio of the resulting amphiphile would be comparable to
that of low-molecular-weight amphiphiles. In fact this im-
plies that this apolar chain should be a polymer of sufficient-
ly high molecular weight. In a previous report we demon-
strated that the modification of HRP with an apolar poly-
mer chain through the cofactor reconstitution method yields
a giant amphiphile (Figure 2) that forms spherical aggre-
gates in aqueous solution.[3c] In the present paper we extend
this method to generation of Mb-based amphiphiles demon-
strating the versatility of the cofactor reconstitution method.
We compare the reconstitution characteristics of the two
apoproteins and demonstrate the formation of vesicles from
the Mb-based hybrid.

Results and Discussion

Synthesis : The heme propionates are important for the
oxygen-binding properties and play a role in the correct po-
sitioning of the heme group in the active site and the stabili-
zation of the heme–protein contact.[10g,16] For apo-HRP it
has been demonstrated that the reconstitution with cofactors
bearing only one modified carboxylic acid function generally
leads to higher enzymatic activities relative to cofactors
bearing two modified carboxylic acid functions.[5e,14b] There-
fore, a single polymer chain end-capped with a carboxylic
acid group (Mn=9458, Mw/Mn=1.05) was coupled to one of
the carboxylic acid groups of ferriprotoporphyrin IX by
means of a hydrophilic bis(aminoethoxy)ethane spacer (1e)
following the sequence of reactions shown in Scheme 1.[13a]

In the case of HRP the length of the spacer was chosen
such that it can span the distance between the carboxylic
acid moiety of the cofactor in the active site and the surface
of this enzyme (approximately 10 M, Figure 2, left). In the
case of Mb the carboxylic acid moieties of the cofactor are
exposed at the surface of the protein. To investigate to what
extent the ethylene oxide-based linker would interfere with
the reconstitution process we also prepared cofactor 2c,
which has an oligoethylene glycol chain of 15 M length
(Figure 2, right).

Reconstitution experiments—comparison of the modified
cofactors : UV/Vis measurements of apo-HRP reconstituted
with 2c in a 2.5:1 molar ratio showed spectral features simi-
lar to those of native heme inside HRP (Figure 3). The
shape and lmax value of the Soret band did not change with
respect to apo-HRP reconstituted with native hemin. The
shape and lmax values of the Q-bands of the modified
enzyme, however, did change, for which at present no ex-
planation is available. The catalytic activity of the system re-
constituted with 2c (turn over frequency, TOF=19000 hr�1)
was still appreciably high compared to the values obtained
for native and reconstituted HRP (Table 1).
The reconstitution of apo-Mb with 2c was carried out

using a 1:1 apoprotein/cofactor ratio and THF as the cofac-
tor solvent. UV/Vis spectroscopy (Figure 3) showed that
also in this case the shape and lmax value of the Soret band
did not change. Only small changes were observed for the
Q-bands (Figure 3, inset). The modified Mb still displayed
oxygen binding properties similar to that of native Mb, sug-
gesting that also in this case the heme group was correctly
incorporated into the protein (Figure 4).
These results indicate that the reconstitution of the two

apoproteins with a cofactor modified with an oligo(ethylene
oxide) chain that has sufficient length to extend beyond the
proteinOs surfaces results in proteins with spectral properties
that are only slightly different from the spectral features of
the native proteins. Importantly, both biomacromolecules
still retained their function. Based on these results further
studies were carried out to generate protein-based amphi-
philes by modifying the oligo(ethylene oxide) chain with a
hydrophobic polystyrene segment.

Figure 1. Crystal structures of HRP16 (left) and Mb17 (right) showing the
positioning of the heme cofactors (blue).

Figure 2. Left: Computer-generated model of HRP reconstituted with co-
factor 2c. Right: Computer-generated model of an HRP/1e giant amphi-
phile showing the heme group and the hydrophilic linker (10 M) between
cofactor and polymer.
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Reconstitution with a polystyrene modified cofactor : The
generation of HRP-based amphiphiles by cofactor reconsti-

tution was first attempted starting from aggregates of 1e. To
this end a solution of the polymer in THF (0.3 mgmL�1;
100 mL) was injected into phosphate buffer (20 mm potassi-
um phosphate, pH 7.5; 1.0 mL). In the absence of HRP the
resulting aggregates did not show any catalytic activity as
was concluded from an experiment in which apo-HRP was
taken as a reference.[17,18] Both transmission electron micro-
scopy (TEM) and scanning electron microscopy (SEM)
(Figure 5) demonstrated that polymer 1e forms spherical ag-
gregates in water with diameters of 100–1000 nm and with a
perforated wall structure.
The formation of such perforated spheres has not been re-

ported before for polymeric materials.[19] For low-molecular-
weight surfactants, vesicles with porous walls have been de-
scribed and in these cases the observed pore structure was
attributed to the relief of surface energy due to high surface
charges.[20] Attempts to construct biohybrid amphiphiles by
incubating the aggregates of 1e with apo-HRP were not suc-
cessful as no changes in morphology were observed and no
enzymatic activity was measured. The desired amphiphile
could be prepared, however, by injecting a solution of 1e in
THF into an aqueous solution containing an excess of the
apoprotein.[3c] After incubation at 4 8C or 22 8C for 4 days a
stable homogeneous dispersion was obtained from which
the excess apoprotein was removed by dialysis. UV spectros-

Scheme 1. Synthesis of modified heme cofactors. Conditions: i) P2Cl5, EtOH, CHCl3; ii) R-NH2, benzotriazol-1-yloxytripyrrolidinophosphonium hexa-
fluorophosphate, N,N-diisopropylethylamine, THF/DMF (1:1 v/v); iii) THF/MeOH/aqueous NaOH (12:4:1 v/v/v); iv) FeCl2·4H2O, DMF.

Figure 3. UV/Vis spectra recorded at 22 8C of apo-HRP (top) and apo-
Mb (bottom) reconstituted with native heme (trace a) and modified co-
factor 2c (trace b). For the reconstitution of apo-HRP a 2.5:1 ratio with
respect to the cofactor was used while for apo-MB a 1:1 ratio was used.
Insets display the Q-band regions of the spectra.

Table 1. Enzymatic activity of modified HRP.

Reconstituted HRP[a] TOF [h�1]

Apo HRP/Heme 89000
HRP 100000
Apo HRP/2c 19000

[a] A 2.5-fold excess of apo-HRP was used for the reconstitutions. The
TOF was calculated per cofactor for the enzymatic activity of HRP in
the conversion of ABTS by hydrogen peroxide obtained at 22 8C (20 mm
phosphate buffer pH 7.5).
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copy revealed spectral features of native heme inside HRP
(Figure 6) upon incorporation of 1e in the apoprotein. At
both temperatures the reconstitution yielded a modified
enzyme of which the Soret band had a lmax at the same
wavelength as found for the native enzyme (402 nm). The
Soret band of 1e reconstituted with apo-HRP at 22 8C was
more intense than that of the enzyme reconstituted at 4 8C.
The Q-bands could not be distinguished due to the turbidity
of the solutions. It was observed that incubation at 22 8C
yielded the highest enzymatic activity.[21] After 5 days the ag-
gregates displayed a TOF of 360 h�1 in 20 mm potassium
phosphate buffer at pH 7.5.[22] An electrophoretic migration

shift assay showed that the reconstituted biohybrid formed
large protein-containing aggregates that were not able to
penetrate the electrophoresis gel.[23] As expected no apo-
HRP was detected (Figure 6).
The Mb-polystyrene biohybrid amphiphiles were prepared

in the same way as described for the HRP-polystyrene bio-
hybrids, namely by injecting a solution of 1e in THF into an
aqueous solution containing an excess of the apoprotein.
After 4 days of reconstitution at 22 8C the excess of apo-Mb
was removed by centrifugation through a 100 kDa cut-off
filter. UV/Vis spectroscopy indicated clearly that the recon-
stitution had yielded a modified protein for which the Soret
band had a lmax at 410 nm, nearly identical to the value
found for the native enzyme (409 nm), indicating a success-
ful reconstitution (Figure 7). The formation of aggregates
also gave rise to an increase in scattering in the UV spectra
and as a consequence the Q-bands could not be resolved.[24]

Furthermore, whereas cofactor 1e did not display any
oxygen binding in the absence of the apoprotein, the biohy-
brid displayed the expected oxygen binding and spectro-
scopic properties, indicating that the modified heme had
been inserted correctly. Nevertheless, Figure 7 shows that
the Soret band maxima of the deoxy and the oxy forms of
the biohybrid are blue-shifted relative to those of the native
deoxy-Mb (433 nm) and native oxy-Mb (416 nm) proteins,
respectively. This suggests that in contrast to the reconstitu-
tion with 2c, in the present case the heme environment to
some extent has been disturbed.
To further investigate the oxygen binding properties of

the biohybrid the autoxidation of the dioxygen myoglobin
(oxy-Mb) to the ferric (met-Mb) form was monitored for
both apo-Mb reconstituted with native heme and for the
apo-Mb/1e hybrid. The oxy form of apo-Mb reconstituted
with native heme displayed a half-life of 21 h under the con-
ditions applied. As a result of the turbidity of the solution
and the relatively low intensity of the Soret band, it was dif-
ficult to determine the half-life of the biohybrid oxygen

Figure 4. UV/Vis spectra of the various forms of native Mb (top) and the
apo-Mb/2 hybrid (bottom) obtained a) upon treatment with sodium di-
thionite under anaerobic conditions (deoxy; lmax=433 nm), b) upon sub-
sequent application of oxygen (oxy; lmax=417 nm), and c) upon autoxida-
tion back to its resting state (met; lmax=408 nm).

Figure 5. TEM (left) and SEM (right) micrographs of aggregates formed
by 1e in aqueous solution (20 mm potassium phosphate buffer pH 7.5).
Bars represent 200 nm.

Figure 6. Left: UV/Vis spectra in the Soret band region of a) native HRP,
b) apo-HRP reconstituted at 4 8C with modified cofactor 1e, c) apo-HRP
reconstituted at 22 8C with modified cofactor 1e, and d) cofactor 1e.
Spectra were recorded in aqueous buffered solutions (pH 7.5, 20 mm po-
tassium phosphate) at a concentration of 0.0066 mm. Right: Electropho-
retic migration shift assay of 1) HRP, 2) aggregates formed by the giant
amphiphiles (arrow), 3) apo-HRP, and 4) blank experiment: aggregates
of 1e.
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complex; however, it was evident that the oxy-Mb form was
fully converted to the met-Mb form within 30 min. The ob-
served destabilization of the oxygen complex of the biohy-
brid is probably the result of the modification of one of the
heme propionates, which is needed to stabilize the oxy form,
and the introduction of the steric bulk.[13d,25] These observa-
tions are in line with autoxidation studies on modified Mb
reported in the literature, which also show a drastic decrease
in the stabilization of the oxy complex.[10e,13b,d,j]

An electrophoretic migration shift assay was carried out
on an aqueous buffered solution containing the apo-Mb/1e
biohybrid. This experiment showed that the centrifuged so-
ACHTUNGTRENNUNGlutions contained large protein-containing aggregates,[23]

which were not able to penetrate the electrophoresis gel. As
expected no apo-Mb was detected (Figure 7).

Aggregation behavior : Cryogenic scanning electron micros-
ACHTUNGTRENNUNGcopy (cryo-SEM) revealed that the HRP-derived hybrid
formed well-defined spherical aggregates with diameters of
60–400 nm (Figure 8). TEM indicated that in most cases
these aggregates enclosed spherical objects, which mostly
appeared denser (darker) than the major part of the aggre-
gate; however, albeit to a lesser extent, lighter regions were
also observed. The latter regions are tentatively assigned to
the presence of an included aqueous compartment, whereas

the darker regions may contain particles of un-reconstituted
polystyrene-modified cofactor. Importantly, however, the
main body of the aggregates appeared as a spherical object
with an intermediate density. Cryo-TEM experiments also
clearly demonstrated that the majority of these spherical ag-
gregates possessed an interior with a higher electron-scatter-
ing power than the surrounding vitrified ice and that one or
more dense particles were present. Inclusion experiments
with the water-soluble dye 4(5)-carboxyfluorescein (not
shown) revealed that the aggregates were hollow suggesting
that they contain an aqueous interior,[3c] the exact nature of
which needs further investigation.
Electron micrographs of so ACHTUNGTRENNUNGlutions containing the Mb-

based hybrid also revealed well-defined spherical aggregates
with a slightly wider distribution of diameters ranging from
20–700 nm (Figure 9). The larger aggregates had a hollow
interior and possessed a collapsed morphology typical for
polymeric vesicles. The collapse is most probably due to the
loss of solvent during sample preparation or to the applica-
tion of high vacuum in the electron microscope. Considering

Figure 7. Left: UV/Vis spectra in the Soret band region of a) cofactor 1e, b) apo-Mb reconstituted with modified cofactor 1e, c) native Mb. Spectra were
recorded in aqueous solution (pH 7.5, 20 mm potassium phosphate). Middle: UV/Vis spectra showing the Soret band region of the various forms of the
apo-Mb/1e hybrid obtained a) upon treatment with sodium dithionite under anaerobic conditions (deoxy; lmax=420 nm), b) upon subsequent application
of oxygen (oxy; lmax=415 nm), and c) upon autoxidation back to its resting state (met-Mb; lmax=410 nm). Right: Electrophoretic migration shift assay
of 1) apo-Mb, 2) no sample, 3) native Mb, 4) blank: aggregates of 1e, and 5) giant amphiphiles (indicated by the arrow).

Figure 8. Electron micrographs of aggregates of biohybrids from apo-
HRP and 1e in 20 mm potassium phosphate buffer pH 7.5. Left: cryo-
SEM; middle: TEM; right: cryo-TEM. Bars represent 200 nm.

Figure 9. Left: TEM image of aggregates of biohybrids formed from apo-
Mb and polymer 1e in aqueous solution (20 mm potassium phosphate
buffer pH 7.5). Right: SEM and cryo-SEM (inset) images of the same ag-
gregates. Bars represent 100 nm.
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the dimensions of the protein polymer hybrid it is likely that
the observed smaller objects, with diameters between 20 and
50 nm, are micellar structures and not vesicles. As almost all
aggregates appeared as strings of beads, the objects were
also investigated by cryo-SEM (Figure 9, inset). These ex-
periments confirmed the strong association of the aggregates
already in solution, suggesting that a considerable amount
of them was trapped in the process of fusion. Recently, Vrie-
zema et al. described the fusion of vesicles of poly(isocya-
nide)-based block copolymers and reported that THF is an
essential factor in the fusion proACHTUNGTRENNUNGcess.[1] Earlier Eisenberg
et al. demonstrated that the presence of THF provided the
required mobility for the reorganization of polystyrene seg-
ments in block-copolymer aggregates.[26] Based on these
data we propose that the fusion of the vesicles in the present
case is related to the use of THF for the preparation of the
protein–polymer hybrids, implying that the observed aggre-
gates are kinetically trapped structures.
From the SEM micrographs the thickness of the wall seg-

ment of the Mb-derived aggregates was determined to be
12�4 nm (Figure 10). Assuming that the observed aggre-
gates are bilayer vesicles, it is possible, based on the dimen-
sions of Mb (3.6R3.4R2.1 nm), to describe the bilayer as
being composed of three layers, one containing the polysty-
ACHTUNGTRENNUNGrene chains (located in the interior of the bilayer) and two
flanking layers each containing protein molecules
(Figure 10).[27] The volumes of the respective layers were

calculated for a vesicle of average diameter of 90 nm taking
into account the volumes of the protein (21 nm3) and the
polymer (14 nm3). These volumes amounted to 5.5R104 nm3

and 8.5R104 nm3 for the protein layers and to 8.8R104 nm3

for the polystyrene layer. From these data it can be derived
that the bilayer is composed of a total of 6700 Mb molecules
and 6300 polystyrene chains. In this calculation again only
the volume of the protein but not its shape was considered.
Considering the error (ca. 35%) in determining the thick-
ness of the bilayer the obtained numbers are in good agree-
ment with the proposed model.

Conclusions

In this paper we have shown that a macromolecular chain
can be coupled to a protein by means of the cofactor recon-
stitution method to give a giant amphiphile. The suitability
of the method was demonstrated for an enzyme (HRP) and
for an oxygen-binding protein (Mb). In both cases the
formed giant amphiphiles were found to generate well-de-
fined spherical aggregates in aqueous solution. Although
both HRP and Mb retained their original functionality when
modified with a single polystyrene chain, reconstitution had
an appreciable effect on their activity. In the case of HRP,
the enzymatic activity decreased and for Mb the stability of
the oxy complex was reduced. Although the reconstitution
with the oligo(ethylene oxide)-modified cofactor 2c only
has a small effect on the activity of the resulting hybrid, the
introduction of a polystyrene chain seems to result in a
somewhat modified binding of the heme in the apoprotein.
Several factors may be responsible for this behavior. First,
there may be an unfavorable interaction of the protein with
the polystyrene chain. Furthermore, the assembly of the
hybrid molecules in the aggregates may lead to disturbance
of the proteinOs three-dimensional structure. In addition,
both proteins have their substrate access channels located
near the site of attachment of the polystyrene chains, which
means that these channels will be partly shielded from the
aqueous solution. However, at present we cannot exclude
that the residual activity predominantly arises from the
smaller (micellar) aggregates, which would have a more dy-
namic structure than the larger vesicles.
IsraelachviliOs theory predicts that upon changing the

ratio of the cross sections of the head groups and tails of
phospholipids different types of aggregates are formed.[15]

This model was also found to apply for dendrimer-based di-
block copolymers.[2b] Although one has to realize that in the
present case the observed aggregates probably are kinetical-
ly trapped structures, it is of interest to investigate the influ-
ence of the length of the hydrophobic (polymer) tail on the
type of aggregate that is generated by these biohybrids.
These studies are currently being carried out.

Figure 10. Top: diameter distribution of the vesicle aggregates formed by
the apo-Mb/1e hybrid in aqueous solution. Bottom: SEM image of a
vesicle aggregate and schematic representation of a bilayer segment.

www.chemeurj.org I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6071 – 60806076

N. A. J. M. Sommerdijk, R. J. M. Nolte et al.

www.chemeurj.org


Experimental Section

Materials : (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexa-
fluorophosphate (BOP), (Benzotriazol-1-yloxy)tripyrrolidinophosphoni-
um hexafluorophosphate (py-BOP), protoporphyrin IX disodium salt
(PP IX disodium salt), horseradish peroxidase, myoglobin, and ferrous
chloride tetrahydrate were obtained from Sigma–Aldrich. 2,2’-Azino-bis-
(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) was ob-
tained from Fluka. Carboxy-terminated polystyrene (Mn=9458, Mw/Mn=

1.05) was generously donated by Dr. J. J. L. M. Cornelissen.[28] {2-[2-(2-
Amino-ethoxy)ethoxy]ethyl}carbamic acid tert-butyl ester and protopor-
phyrin IX monoethylester were synthesized according to literature proce-
dures.[2, 3,29]

Synthesis : All syntheses were carried out under argon atmosphere. All
solvents were distilled prior to use.

Synthesis of 1a : Carboxy-terminated polystyrene (3.0 g, 0.32 mmol), {2-
[2-(2-aminoethoxy)ethoxy]ethyl}carbamic acid tert-butyl ester (87 mg,

0.35 mmol) and BOP (164 mg, 0.37 mmol) were dissolved in a mixture of
THF (20 mL) and DMF (20 mL). Diisopropylethylamine (0.22 mL,
1.2 mmol) was added and the reaction mixture was stirred for 16 h at
room temperature. The solvent was evaporated in vacuo and the residue
was dissolved in diethyl ether. The organic layer was extracted with aque-
ous saturated NaHCO3 solution, water, and aqueous 0.01n HCl solution,
and dried over MgSO4. The crude product was further purified by
column chromatography (CH2Cl2 followed by MeOH/CH2Cl2; 1:99 v/v).
Yield 2.4 g (0.25 mmol, 78%); 1H NMR (400 MHz, CDCl3, 22 8C, TMS):
d=7.32–6.25 (br, 445 H; -CH2CH(Ph)-), 3.43–3.23 (br, 9H; -CH2CH(Ph)-
ACHTUNGTRENNUNG(C=O)-, -CH2OCH2CH2OCH2-), 3.23–3.16 (br, 4H; -NHCH2-), 2.21–0.78
(br, 269 H; CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph)ACHTUNGTRENNUNG(C=O)-), 1.48
(s, 9 H; (CH3)3CO-), 0.78–0.54 ppm (br, 6H; CH3CH2CH ACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=O)-);

13C NMR (100 MHz, CDCl3, 22 8C, TMS): d=
172.8, 155.9, 145.7–145.1, 128.3–125.5, 70.5–69.8, 51.0, 46.7–40.1, 31.2,
30.4–28.9, 28.7, 20.2–18.6, 11.5–11.0 ppm; MS (MALDI): Mn=9506, Mw/
Mn=1.02.

Synthesis of 1b : Compound 1a (2.1 g, 0.22 mmol) was dissolved in
CH2Cl2 (50 mL). Trifluoroacetic acid (2.4 mL, 31 mmol) was added and
the mixture was stirred for 4 h at room temperature. The reaction mix-

ture was concentrated in vacuo and the residue dissolved in CHCl3. The
organic layer was extracted with aqueous 5% NH3 solution, aqueous sa-
turated NaCl solution, and water, and then dried over MgSO4: Yield
2.1 g (0.22 mmol, 99%); 1H NMR (400 MHz, CDCl3, 22 8C, TMS): d=
7.32–6.25 (br, 445 H; -CH2CH(Ph)-), 3.43–3.23 (br; 9H; -CH2CH(Ph) ACHTUNGTRENNUNG(C=
O)-, -CH2OCH2CH2OCH2-), 3.23–3.16 (br, 2H; -(C=O)NHCH2-), 2.80–
2.71 (br, 2H; CH2NH2), 2.21–0.78 (br, 269 H; CH3CH2CHACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph) ACHTUNGTRENNUNG(C=O)-), 0.78–0.56 ppm (br, 6H;
CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=O)-);

13C NMR (100 MHz, CDCl3,
22 8C, TMS): d=172.8, 145.8–145.3, 128.4–125.6, 70.5–69.7, 51.0, 46.7–
40.1, 31.2, 30.4–28.9, 20.2–18.6, 11.5–11.0 ppm.

Synthesis of 1c : Compound 1b (247 mg, 0.026 mmol) was dissolved in a
mixture of THF (7 mL) and DMF (7 mL). Protoporphyrin IX monoethyl
ester (20.5 mg, 0.035 mmol), py-BOP (19.8 mg, 0.038 mmol) and diisopro-

pylethylamine (0.024 mL, 0.13 mmol) were added. After stirring for 16 h
at room temperature the solution was concentrated in vacuo. The residue
was dissolved in diethyl ether and the organic layer was extracted with
an aqueous saturated NaHCO3 solution, water, and an aqueous HCl
(0.01n) solution, and was subsequently dried over MgSO4. The crude
product was purified by column chromatography (EtOAc/hexane, 3/1
v/v). Yield 161 mg (0.016 mmol, 63%); 1H NMR (400 MHz, CDCl3, 228C,
TMS): d=10.1 (m, 4H; CH), 8.3 (m; 2H; -CH=CH2), 7.3–6.3 (br, 445 H;
-CH2CH(Ph)-), 6.1 (m, 4H; -CH=CH2), 4.4 (t, J=6 Hz, 4H; -CH2CH2-
(C=O)-), 4.0 (q, J=6 Hz, 2H; CH2CH3), 3.6 (s; 12H; CH3), 3.3 (t, J=
6 Hz, 4H; -CH2CH2ACHTUNGTRENNUNG(C=O)-), 3.18–3.02 (br, 13H; -CH2CH(Ph) ACHTUNGTRENNUNG(C=O)-,
-CH2OCH2CH2OCH2-, -NHCH2-), 2.21–0.78 (br, 269 H; CH3CH2CH-
ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph)ACHTUNGTRENNUNG(C=O)-), 1.0 (t, J=6 Hz, 3H;
CH2CH3), 0.78–0.56 ppm (br, 6H; CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=
O)-); 13C NMR (125 MHz, CDCl3, 22 8C, TMS): d=173.9, 172.9, 172.6,
145.8–145.3, 130.4, 128.4–125.6, 121.2, 98.2, 97.6, 97.4, 97.0, 69.5, 69.0,
68.8, 68.4, 60.9, 50.9, 46.8–40.1, 39.0, 37.2, 31.2, 30.4–28.9, 22.3, 22.2, 20.2–
18.6, 14.5, 11.5–11.0 ppm; UV/Vis (MeOH/CHCl3, 1:10 v/v): lmax=405,
505, 541, 571, 606, 668 nm; MS (MALDI): Mn=10020, Mw/Mn=1.01.

Synthesis of 1d : Compound 1c (151 mg, 0.015 mmol) was dissolved in
THF (4 mL). MeOH (1.4 mL) and aqueous NaOH solution (0.5n,
0.33 mL) were added. The reaction mixture was stirred for 23 h. Water

(4 mL) was added and the pH was adjusted to 2 with aqueous HCl solu-
tion (1.0n, 1.5 mL). CHCl3 was added and the organic layer was extract-
ed with water and dried over Na2SO4. Yield 140 mg (0.014 mmol, 98%);
1H NMR (400 MHz, CDCl3, 22 8C, TMS): d=10.0 (m, 4H; CH), 8.20 (m;
2H; -CH=CH2), 7.4–6.3 (br, 445 H; -CH2CH(Ph)-), 6.21 (m, 4H; -CH=
CH2), 4.40 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)OH), 4.20 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=
O)NH-), 3.61 (s; 12H; CH3), 3.58 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)OH), 3.42 (br,
2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)NH-), 3.18–3.02 (br, 13H; -CH2CH(Ph) ACHTUNGTRENNUNG(C=O)-,
-CH2OCH2CH2OCH2-, -NHCH2-), 2.37–0.78 (br, 269 H; CH3CH2CH-
ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph)ACHTUNGTRENNUNG(C=O)-), 0.78–0.54 ppm (br, 6H;
CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=O)-); UV/Vis (MeOH/CHCl3, 1:10
v/v): lmax=405, 504, 538, 577, 632, 669 nm.

Synthesis of 1e : Compound 1d (51 mg, 0.0051 mmol) and FeCl2·4H2O
(11 mg, 0.054 mmol) were dissolved in a mixture of THF (3.7 mL) and
DMF (11.1 mL) and stirred for 17 h at 65 8C. Air was bubbled through
for 15 min after which the solvent was evaporated in vacuo. The residue
was dissolved in CHCl3 and the organic layer was extracted with aqueous
HCl solution (0.001n) until the aqueous layer was colorless. The organic
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layer was washed with aqueous saturated NaCl solution and water, and
dried over MgSO4. The crude product was purified by column chroma-
tography (MeOH/CHCl3, 10/90 v/v). Yield 39 mg (0.0039 mmol, 76%);
UV/Vis (MeOH/CHCl3, 1:10 v/v): lmax=400, 488, 587 nm.

Synthesis of 2a : This compound was prepared using the same procedure
as described for compound 1c. Quantities: protoporphyrin IX monoethyl
ester (47 mg, 0.08 mmol), py-BOP (45 mg, 0.09 mmol), DIEA (0.13 mL),

(4,7,10,13,16-pentaoxaheptadecyl)amine HCl salt (21.4 mg, 0.07 mmol).
The product was purified by column chromatography (silica gel, MeOH/
CHCl3, 1/99 v/v). Yield: 56.8 mg (95%) as a purple powder;

1H NMR
(300 MHz, CDCl3, 22 8C, TMS): d=10.1 (m, 4H; CH), 8.3 (m, 2H; -CH=

CH2), 6.3 (m, 4H; -CH=CH2), 4.4 (t, J=6 Hz, 4H; -CH2CH2 ACHTUNGTRENNUNG(C=O)-), 4.0
(q, J=6 Hz, 2H; -OCH2CH3), 3.6 (s, 12H; CH3), 3.3–2.5 (m, 27H;
-NHCH2CH2CH2 ACHTUNGTRENNUNG(OCH2CH2)4OCH3, -CH2CH2 ACHTUNGTRENNUNG(C=O)O-), -CH2CH2ACHTUNGTRENNUNG(C=
O)NH-), 1.85 (m, 2H; -(C=O)NHCH2CH2-), 1.0 ppm (t, J=6 Hz, 3H;
-CH2CH3);

13C NMR (100 MHz, CDCl3, 22 8C, TMS): d=173.7, 172.5,
130.1, 120.2, 97.2–95.7, 71.9, 70.6–70.2, 69.4, 60.6, 59.0, 42.6, 40.0, 36.9,
31.2, 22.9, 21.5, 13.8, 11.5, 11.4, 11.3, 11.2 ppm; IRACHTUNGTRENNUNG(neat): ñ=3312 (N�H),
2922, 2865 (C�H), 1730 (C=O, ester), 1644, 1546 cm�1 (C=O, amide);
UV/Vis (MeOH/CHCl3, 1:10 v/v): l=404, 505, 541, 574, 628 nm; MS
(MALDI): m/z : calcd for [M+H]+ : 838.5; found: 838.4; elemental analy-
sis calcd (%) for C46H63N5O8: C 68.79, H 7.58, N 8.36; found: C 68.68, H
7.64, N 8.31.

Synthesis of 2b : This compound was prepared by using the same proce-
dure described for compound 1d. The product was dried over magnesium
sulfate. Starting quantities of 2a : 55 mg, 0.07 mmol. Yield: 52 mg (98%)

as a purple powder. 1H NMR (400 MHz, CDCl3 with one drop of MeOD,
22 8C, TMS): d=10.0 (m, 4H; CH), 8.2 (m; 2H; -CH=CH2), 6.2 (m, 4H;
-CH=CH2), 4.3 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)OH), 4.2 (br, 2H; -CH2CH2ACHTUNGTRENNUNG(C=
O)NH-), 3.6 (m, 12H; CH3), 3.3–2.6 (m, 27H; -NHCH2CH2CH2-
ACHTUNGTRENNUNG(OCH2CH2)4OCH3, -CH2CH2 ACHTUNGTRENNUNG(C=O)O-), -CH2CH2 ACHTUNGTRENNUNG(C=O)NH-), 1.8 ppm
(m, 2H; -(C=O)NHCH2CH2-);

13C NMR (100 MHz, CDCl3, 22 8C, TMS):
d=178.2, 172.9, 130.2–129.9, 120.4–119.9, 96.8–96.2, 71.7, 70.6–70.1, 69.4,
59.0, 42.5, 40.0, 39.5, 31.3, 22.7, 22.6, 11.4–11.1 ppm; IR ACHTUNGTRENNUNG(neat): ñ=3311
(N�H), 2919, 2857 (C�H), 1707 (C=O, acid), 1643, 1551 cm�1 (C=O,

amide); UV/Vis (MeOH/CHCl3, 1:10 v/v): l=405, 506, 541, 574, 628 nm;
MS (MALDI): m/z : calcd for [M+H]+: 810.4; found: 810.3; elemental
analysis calcd (%) for C46H59N5O8: C 68.21, H 7.34, N 8.65; found: C
68.13, H 7.39, N 8.62.

Synthesis of 2c : This compound was prepared using the same procedure
described for compound 1e. Quantities: 2b (21 mg, 0.03 mmol),
FeCl2.4H2O (57 mg, 0.29 mmol). Yield: 23 mg (97%) as a purple powder.

IR ACHTUNGTRENNUNG(neat): ñ=3313 (N�H), 2919, 2853 (C�H), 1723 (C=O, acid), 1637,
1553 cm�1 (C=O, amide); UV/Vis (MeOH/CHCl3, 1:10 v/v): l=391, 509,
640 nm; MS (MALDI): m/z calcd for [M�Cl]+ : 863.4; found: 863.2; ele-
mental analysis calcd (%) for C46H57ClFeN5O8: C 61.44, H 6.39, N 7.79;
found: C 61.38, H 6.44, N 7.75.

Preparation of apoproteins : Apo-HRP and apo-Mb were prepared by a
literature procedure.[30]

Reconstitution experiments : Since the reconstitution of apo-HRP with
the modified cofactors was performed with THF as the solvent for the co-
factor, reconstitution experiments with native heme and apo-Mb were
also carried out with THF as the cosolvent. The results were compared
with the commonly used procedure, which makes use of aqueous 0.1m
sodium hydroxide solution.[30] To this end apo-Mb was reconstituted with
native heme by using both THF and aqueous 0.1m sodium hydroxide so-
ACHTUNGTRENNUNGlution as the cofactor solvents. No significant differences were observed
between the two reconstituted MbOs by UV/Vis spectroscopy. Hence
THF was used for the further reconstitution experiments in order to fa-
cilitate the comparison with HRP.

Reconstitutions were carried out at 4 8C or at 22 8C by injecting a solu-
tion of modified cofactor 1e (0.44 mg, 4.4R10�5 mmol) in THF (1.0 mL)
into an aqueous phosphate-buffered solution (10.0 mL, 20 mm, pH 7.5)
containing a 2.5-fold excess of the apoprotein (1.1R10�4 mmol). After
4 days the excess of apoprotein was removed by dialysis using a mem-
brane with a 300 kDa cut-off, which allows the apoprotein (44 kDa and
17 kDa) and the individual heme cofactors (10 kDa) to pass, while retain-
ing any aggregates formed by the protein–polymer hybrid. Reconstitu-
tions with modified cofactor 2c were done by adding a solution of 2c in
THF to a buffered aqueous solution containing an equimolar amount of
apo-Mb or a 2.5-fold excess of apo-HRP (potassium phosphate, 20 mm,
pH 7.5).

TEM and SEM : Aggregates of 1e were prepared by injecting a solution
of the polymer in THF (100 mL, 0.3 mgmL�1) into phosphate buffer
(1.0 mL, 20 mm potassium phosphate, pH 7.5) and subsequently studied
on unstained carbon-coated copper grids by TEM (JEM-2000FX) at
80 kV and SEM (Jeol 6330 FESEM, after coverage with Au) at 3.0 kV.

Cryo-SEM : For cryo-SEM studies, a sample of the aggregate dispersion
was supported for freezing between two hollow rivets end-to-end. The
rivet pair, held with fine forceps, was then plunged rapidly into nitrogen-
slush, transferred to liquid nitrogen, inserted into a rivet-clamping
holder, and transferred to the specimen of an Oxford Alto 2500 cryo
transfer system. On the preparation coldstage (�120 8C) the upper un-
clamped rivet was knocked off the clamped one by using a cold knife.
This exposed a fractured face of the frozen material within the clamped
rivet. Subsequently the surface was etched at �90 8C for 5 min and finally
covered with Au/Pt (1.5 nm) by using a Denton microwave unit and stud-
ied at a Jeol 6330 FESEM at �140 8C.
Cryo-TEM : Thin films of the aggregate dispersion were prepared in the
Vitrobot (PC controlled vitrification robot, patent applied, Frederik et al
2002, patent licensed to FEI) at room temperature and a relative humidi-
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ty >95%.[31] In the preparation chamber of the Vitrobot a 3 microliter
sample was applied on a Quantifoil grid (R 2/2, Quantifoil Micro Tools
GmbH; freshly glow discharged just prior to use), excess liquid was blot-
ted away, and the thin film thus formed was shot (acceleration about 3 g)
into melting ethane. The vitrified film was transferred to a cryoholder
(Gatan 626) and observed at �170 8C in a Philips CM 12 microscope op-
erating at 120 kV. Micrographs were taken at low-dose conditions.

Electrophoretic migration shift assay : A slightly modified literature pro-
cedure was used to perform PAGE in 0.75 mm thick slab gels.[23] No
stacking gels were used. Separating gels contained 10% acrylamide and
0.27% bis-acrylamide in 1.5m Tris-HCl (pH 8.8). Aqueous 25 mm Tris-
HCl, 192 mm glycine (pH 8.3) solution was used as the migration buffer.
Gels were stained with Coomassie brilliant blue.

Inclusion experiments : For these experiments we selected the fluorescent
dye 4(5)-carboxyfluorescein as it is negatively charged and is thought to
have little interaction with the negatively charged enzyme. To exclude
any effect of the dye on the reconstitution process, we first investigated
the reconstitution of apo-HRP with its natural heme cofactor in the pres-
ence of several concentrations of 4(5)-carboxyfluorescein. The concentra-
tions of dye used were 1.1R10�8, 1.1R10�7, and 1.1R10�6m, the last con-
centration having an absorption of 0.1 as determined with UV spectros-
ACHTUNGTRENNUNGcopy. In all cases we observed a lower activity for the HRP reconstituted
in the presence of dye relative to the blank (apo-HRP reconstituted with
its native cofactor in the absence of the dye). For the lowest concentra-
tions of dye the enzymatic activity was 62.5% of the blank. For the 1.1R
10�6m dye solution 45% of enzymatic activity was regained. Subsequent-
ly apo-HRP was reconstituted with 1e as described above in the presence
of 4(5)-carboxyfluorescein (1.1R10�6m). After 4 days the solution was di-
alyzed (300 kDa MWCO, Spectra/Por) against phosphate buffer solution
(20 mm, pH 7.5) and the decrease in 4(5)-carboxyfluorescein concentra-
tion was monitored using fluorescence spectroscopy (lex=492 nm, lem=
516 nm). Next, samples of the remaining aggregate dispersion were ana-
lyzed by aqueous gel permeation chromatography (GPC) using a Super-
dex 200 PC 3.2/30 (Amersham Pharmacia Biotech) column. To release
the dye from the aggregates a sample of the aggregate dispersion was di-
luted with pure water (9 volumes) and analyzed by aqueous GPC upon
standing for 5 min.

Enzymatic activity assays : Enzymatic activities were studied by using an
ABTS/H2O2 assay. An aqueous H2O2 solution (0.05 mL, 0.07%) was
added to a solution of ABTS (2.2 mL, 3.3R10�4 mm). Finally, the respec-
tive reconstitution mixtures (0.05 mL) were added, upon which the enzy-
matic activity was monitored for 60 s by using UV/Vis spectroscopy
(lmax=420 nm). The enzymatic activities of apo-HRP at 4 8C and at 22 8C
monitored during the time span of the reconstitution were taken as
blanks. The enzymatic activity of HRP was monitored in the same way.

Oxygen binding studies : A solution of (modified) Mb (0.00015 mm) in
aqueous potassium phosphate buffered solution (2 mL, 20 mm, pH 7.5,
2 mL) was placed in a cell equipped with an injectable screw cap, de-
gassed under vacuum for 1 h, and brought to atmospheric pressure with
argon. Subsequently, an aqueous sodium dithionite solution (20 mL,
0.011m) was added and the solution was shaken for 10 s. Oxygen was
passed through the solution and the solution was exposed to air and left
to stand for autoxidation. During the experiments the cell was kept at
25 8C. Changes were monitored by UV/Vis spectroscopy.
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