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This paper describes the supramolecular organization of a novel de novo designed metalloprotein, which consists
of two N-terminal terpyridine modified coiled-coil protein folding motif sequences held together by an iron(11) ion.
The self-assembly of the metalloprotein is the result of the interplay of metal ion complexation and protein folding,
and can be manipulated by changes in concentration, temperature, and solvent. At low concentrations, folding and
organization of the metalloprotein resembles that of the native coiled-coil peptide. Besides unimeric species, also
dimeric and tetrameric metalloprotein assemblies were found. Several indications suggest that at least part of these
unimeric species may exist as intramolecularly folded coiled-coils, however, unambiguous proof is lacking at the
moment. At higher concentrations, folding and organization is dominated by the large octahedral [Fe!'(terpy)s]
complexes (terpy = 2,2:6',2"-terpyridine) and considerable amounts of large, ill-defined aggregates are formed.
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Introduction

Metal ions play an important role in defining the three-
dimensional structure of native metalloproteins,!'! such as in
DNA-binding zinc finger proteins,?! and are used by nature
to perform a wide variety of specific functions, for example
electron transfer and the binding and activation of substrates
for enzymes. De novo designed minimalistic metalloproteins
are useful tools for gaining insight into the structure—property
relationships of metalloproteins. Artificial metalloproteins
can be obtained by introducing metal coordinating groups
either to the N- or C-terminus of a peptide chain or in the side
chains of the constituent a-amino acids. In most of the work
published so far, metal ion complexation was exclusively used
to direct the formation of well-defined tertiary structures.
Examples of tertiary structures, which have been generated
using metal complexation as the driving force, include two-
and three-stranded a-helical coiled-coils,?# two-, three-,
and four-helix bundles,>~7! and collagen triple helices.[®!

In most of the studies published so far, the influence of
metal complexation and its interplay with protein folding
on the possible formation of larger quaternary assemblies
has been largely neglected. In most cases, the experi-
ments focussed on the low concentration regime where the
formation of supramolecular structures from metalloproteins
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Scheme 1.  Structure of the metalloprotein.

does not play a role. In this paper, we present the results of a
concentration dependent study of the folding and organiza-
tion of a de novo metalloprotein. Instead of solely using metal
complexation to direct the formation of well defined protein
tertiary structures, we sought to explore the interplay between
protein folding and metal complexation in order to manipu-
late both tertiary structure and supramolecular organization.
The artificial protein discussed in this contribution consists
of'two identical coiled-coil peptide sequences and an octrahe-
dral terpyridine metal complex (Scheme 1). The coiled-coil
motif consists of two to five peptide helices that are wrapped
around each other into a superhelix.[®! The terpyridine moiety
has outstanding complexation properties for a wide range of
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transition metal ions and has been extensively used in recent
years to construct a wide range of defined macromolecular
assemblies based on synthetic building units.!1?]

Results and Discussion

The primary structure of the metalloprotein is a de novo
designed a-amino acid sequence, which is known to induce
folding into dimeric and tetrameric coiled-coil super-
structures.!!!! The terpyridine modified coiled-coil apopep-
tides were prepared by standard Fmoc solid-phase peptide
synthesis, using 6-(2,2':6',2”-terpyridin-4’-yloxy)hexanoic
acid!!?! as the N-terminal capping agent. Functionalization
of the terpyridine at the central 4'-position affords a symmet-
ric ligand, which avoids additional complexity in analyzing
the folding behaviour due to the possible formation of differ-
ent diastereoisomers. After dialysis, MALDI-TOF (matrix-
assisted laser desorption—ionization time-of-flight) mass
spectrometry identified the purified compound as the desired
apopeptide and, according to reverse phase HPLC analysis,
the apopeptide had a purity of >95% (see Accessory Mate-
rials). Addition of FeSOy4 - 7H,0 to a methanolic solution of
the apopeptide followed by an excess of NH4PFg yielded the
corresponding Fe!l hexafluorophosphate complex.

Complex formation between the apopeptide and Fe!! was
evidenced by UV-vis spectroscopy. As shown in Fig. 1, com-
plex formation results in a red shift of the terpyridine m—w*
band to 329 nm and the appearance of a new absorption band
with Amax at 561 nm, which represents the metal-to-ligand
charge transfer (MLCT) transition.l'3! According to UV-vis
spectroscopy, metal complexation yields assemblies which
are rather insensitive to changes in concentration, solvent
(aqueous, acidic, and organic), and pH. Evidence for decom-
plexation was only found in aqueous solution above pH 11
(spectra in Accessory Materials) and at very high pressures
during RP-HPLC analysis, which is a known phenomenon for
terpyridine transition metal complexes.!'#! The dimeric char-
acter of the metalloprotein was supported by MALDI-TOF
mass spectrometry (Fig. 2a). The major signal at 5750 Da
in the MALDI-TOF mass spectrum corresponds to the sum
of the masses of two terpyridine-containing apopeptides and
one Fe!l ion. The presence of the MALDI-TOF signals with
higher molecular weights than that of the Fe!' complex is due
to the exchange of acidic protons of L-glutamic acid residues
with sodium, which was added as a salt to facilitate ionization.
Further evidence for the quantitative Fe'l complexation was
obtained from GPC (gel permeation chromatography) analy-
sis (Fig. 2b). The reduced GPC elution time of the Fe!' com-
plex in comparison with the terpyridine-modified apopeptide
reflects the higher molecular weight of the Fe!! complex.

The folding behaviour and supramolecular organization
of the metalloprotein was investigated by circular dichro-
ism (CD) spectroscopy and analytical ultracentrifugation
(AUC) and compared with that of the apopeptide and the
native coiled-coil sequence. The concentration dependence
of the helix content and the ratio of molar ellipticities at
222 and 208 nm, which can be calculated from the CD
spectra (see Accessory Material),[!> are shown in Fig. 3.
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Fig. 1. UV-vis spectra of the apopeptide (——) and metalloprotein
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Fig. 2. (a) MALDI-TOF mass spectrum of the metalloprotein;

(b) GPC traces of the apopeptide (——) and the metalloprotein (- - -).

The folding behaviour of the native coiled-coil has been
reported in detail before and can be described in terms
of an equilibrium between partially folded unimers and
dimeric and tetrameric coiled-coil assemblies.!'! The plateau
value of approximately 0.95 for [6]222/[6]208 is character-
istic for coiled-coil superstructures, and the concentration
dependence of the helix content reflects the increasing rel-
ative amounts of coiled-coil assemblies formed at higher
concentrations.!'®! Qualitatively, the results of CD exper-
iments on the terpyridine-containing apopeptide and the
native coiled-coil sequence are identical. The lower helix
content of the apopeptide could reflect the steric hindrance
of the terpyridine moieties, which would reduce the relative
amount of folded assemblies in solution, but could also be
an underestimate of the true value due to the interference of
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Fig. 3. Plots showing the concentration dependence of (a) the helix

context; and (b) the ellipticity ratio [6]222/[6]208 for the native coiled-
coil, the apopeptide, and the metalloprotein.

CD-active bands from the attached terpyridine.[!”! According
to AUC experiments, the self-organization of the terpyridine-
containing apopeptide can also be described in terms of an
equilibrium between partially folded unimers and dimeric and
tetrameric coiled-coil assemblies. Apart from a few percent
of octamers, no larger aggregates were observed.

The results of the concentration-dependent CD exper-
iments on the metalloprotein point towards a folding
behaviour that is distinctly different from that of the native
coiled-coil and the apopeptide. First of all, the helix con-
tent is relatively low (approximately 45%) and concentration
independent. The relatively low helix content may be due to
the steric hindrance of the large Fe(tpy), complex attached
to a relatively short peptide, but could also be influenced
due to interference of the CD-active bands from the attached
[Fe(terpy)>].l'”! Furthermore, a remarkable concentration
dependence of the ratio of molar ellipticities at 222 and
208 nm is observed. At low concentrations (<50uM), a
[61222/[6]208 ratio of approximately 1.0—1.1 can be observed.
At higher concentrations, [8]222/[0]208 decreases and reaches
a plateau value of approximately 0.95 between 100 and
200 wM, similar to the apopeptide and the native coiled-coil
sequence.

Analytical ultracentrifugation experiments carried out at
sample concentrations of 31, 78, and 118 uM indicated the

35

0.3 1

0.2 4

(n

1.2cm
485nm
o
e
1

6.7 6.8 6.9 7.0 71
Radius r (cm)———

10.00 0.02 0.04 0.06 0.08 0.10 0.12
Averaged absorbance A

Fig. 4. Sedimentation equilibrium analysis of the Fe!' complex at a
concentration of 78 WM. (a) Experimental absorbance versus radius data

Aigzscl:‘:n (r); best fit to the data based on ¥=0.776 mL g~ ! and a unimer

molar mass of 6040 g mol~! assuming a unimer—dimer—tetramer model
of self-association (—), and calculated local contributions of unimers
(- - ), dimers (- - - -), and tetramers (-------- ). (b) Local differences

AA iSZSCK:‘;n (r) between experimental and calculated A(r) data. (c) Statis-

tical accuracy of the calculated absorbance contributions of the different
oligomers: changes in the sum of the squared residuals (o) of fits to
the data from Fig. 5a, which result from one non-optimal absorbance
parameter.'®! The minima of the curves represent the best-fit figures
for the content of the sample of each oligomer.

presence of unimeric metalloprotein, as well as dimeric and
tetrameric aggregates (Fig. 4 and Table 1). We define an
unimeric metalloprotein as one [Fe'l(terpy)» ] core flanked by
two peptide chains. Because the plateau value of [6]222/[0]208
in the concentration regime between 100-200 wM is identical
to that of the native coiled-coil sequence and of the apopep-
tide, and since the formation of coiled-coil superstructures in
the latter cases is the result of an intermolecular folding pro-
cess, we propose that the dimeric and tetrameric metallo-
protein assemblies detected by AUC are also formed by
the assembly of intermolecular coiled-coils, as illustrated
in Fig. 5. Since the native coiled-coil sequence also forms
dimeric and tetrameric assemblies, which are in equilibrium
with partially folded unimers, these results demonstrate that
the self-assembly properties of the peptide sequences are
largely retained after introduction of the terpyridine moiety
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Table 1. Results from sedimentation equilibration analysis of the metalloprotein
U =unimer, D = dimer, T = tetramer, LA = large aggregate

Conc. [pM] Solvent U content [%] D content [%] T content [%] LA content [%]
31 100% PBS 16£2 31+3 45+1 8
78 100% PBS 10+1 11+2 21+1 58
118 100% PBS 7+1 3+1 27+£2 63
33 50% PBS in ethanol 66+ 1 0+1 1+1 33
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Fig. 5.

Proposed model for the self-assembly of the metalloprotein. Unimers are depicted as being com-

posed of either two unordered peptide sequences and/or an intramoleculary folded coiled-coil. At the moment,
there is not sufficient experimental evidence to determine which of these structures is present, or whether

they may coexist.

and metal complexation. In addition to unimeric metallopro-
teins and dimeric and tetrameric assemblies, the samples at
78 and 118 wM were also found to contain a considerable
fraction (approximately 60%) of large aggregates. Even at
low rotor speed, these aggregates readily sedimented to the
bottom of the centrifuge cell. Due to sample heterogeneity,
CD spectroscopy can probably only detect the unimeric,
dimeric, and tetrameric metalloproteins.!'®! The large aggre-
gates, which have an hydrodynamic radius of approximately
100 nm according to dynamic light scattering (DLS) exper-
iments, may suffer from absorbance flattening effects and
do therefore not contribute significantly to the CD spectra.
A possible explanation for the unspecific association of the
metalloprotein into large aggregates may be the relatively
hydrophobic nature of the Fel'-terpyridine complex with
hexafluorophosphate counter ions. In addition, ionic inter-
actions should be taken into consideration.

The concentration dependence of the oligomer contents
(Table 1) suggests the presence of an association equilibrium
between the oligomers. So far, however, efforts to unambigu-
ously demonstrate its existence failed; the association
behaviour of the samples seems to be very complex. Probably,
part of the material forms, by unknown reasons, stable or
metastable aggregates.

Further indications for the non-specific aggregation of the
metalloprotein at high concentration were obtained from first
non-contact mode atomic force microscopy (AFM) experi-
ments. As an example, Fig. 6 shows the AFM phase images
of thin layers of the apopeptide and the metalloprotein,
which were obtained by drop-casting from methanol solu-
tion. In the case of the apopeptide, extended linear strands
with a diameter of approximately 20 nm can be observed.

These strands are probably aggregates of a large number
of coiled-coil superstructures. In contrast to the superstruc-
tures formed by the apopeptide, the AFM image of the
metalloprotein only features ill-defined flat domains with
a diameter of 500—1000 nm. These AFM images reflect the
results of the AUC experiments, which also indicated that
the apopeptide self-assemble into defined superstructures,
while the metalloprotein also aggregates into large undefined
assemblies.

In the case of the native coiled-coil sequence and the
apopeptide, decreasing the sample concentration to below
50 uM shifts the equilibrium from folded superstructures to
unfolded unimers, which is reflected in a decrease in both
the helix content and [0]222/[0]20s. For the metalloprotein,
however, the helix content does not change with decreas-
ing concentration. The reason for this is not clear at the
moment; one tempting interpretation could be the forma-
tion of intramolecularly folded unimeric metalloproteins,
which would be promoted by the intrinsic instability of the
amphiphilic peptide sequences in their unimeric form and
their high local concentration due to metal-ion complexation.
The large terpyridine—metal complex could lead to fring-
ing at the coiled-coil’s N-terminus, which may explain the
increase in [0]222/[0]208 from 0.95 to 1.0—1.1 at concentra-
tions below 50 wM. The AUC data summarized in Table 1,
however, also indicate that decreasing the concentration,
especially below 50 wM, results in a decrease in the frac-
tion of large aggregates, which probably do not contribute to
the CD signal. An alternative explanation of the concentra-
tion independence of the helix content would assume that the
unimeric metalloproteins are composed of unordered pep-
tide sequences and that the loss in the CD signal due to the
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Fig. 6. AFM phase images of thin layers of the apopeptide (left) and metalloprotein (right).

increasing amount of unfolded unimers at low concentration
is compensated for by the increasing amounts of dimeric and
tetrameric species, which, in contrast to the large aggregates,
do contribute to the CD intensity. At this moment, it is not
possible to determine which of these two explanations is more
plausible, or whether both play a role.

In addition to concentration, the folding and organization
of the metalloprotein can also be manipulated by addition of
ethanol. As seen in Table 1, AUC experiments revealed that
the addition 0of 50% ethanol resulted in dissociation of dimeric
and tetrameric assemblies into unimeric metalloproteins. Fur-
ther evidence for the disruption of the metalloprotein tertiary
and quaternary structures in the presence of 50% ethanol is
obtained from CD spectroscopy, which showed a decrease of
[61222/[6]208 to approximately 0.85 (see Accessory Material).
The a-helical character of the two peptide sequences which
constitute the metalloprotein is, however, retained upon dis-
ruption of the tertiary structure. The helix content of the
metalloprotein in 50% ethanol was found to be only approx-
imately 15% higher than in 100% phosphate-buffered saline
solution. This small increase indicates that the peptides are
already folded with a close-to-maximum helix content in
100% PBS, which is a further indication of the steric hin-
drance of the large octahedral [Fe(terpy),] complex on the
folding of the relatively short peptide sequence, but could
also support the hypothesis that the observed helix contents
are underestimated due to a possible interference effect of
CD-active bands from the attached [Fe(terpy),].['"}

In contrast to the addition of ethanol, which simultane-
ously disrupts tertiary and quaternary structure, but stabilizes
secondary structure, an increase in temperature results in both
dissociation and unfolding, i.e. full denaturation, of the met-
alloprotein. This was evidenced by thermal denaturation CD
experiments, which indicated both a decrease in [6]222/[6]208
and a decrease in helix content with increasing temperature
(see Accessory Material).

Conclusions

The results described in this contribution demonstrate that
the structure and organization of the de novo designed

metalloprotein is not exclusively dictated by metal ion com-
plexation, but is the result of the interplay of metal ion
complexation and protein folding. CD and AUC experi-
ments indicated that the folding properties of the peptide
sequences are retained after introduction of the terpyridine
ligand and metal complexation. At low concentration, fold-
ing and organization of the metalloprotein was reminiscent to
that of the native coiled-coil. In addition to unimeric species,
dimeric and tetrameric metalloprotein assemblies were also
found. Although this could not be unequivocally proven, there
are several indications which suggest that, at least part of,
the unimeric metalloproteins consist of an intramolecularly
folded coiled-coil. At high concentrations, the association
behaviour of the metal ion complexes dominates the folding
properties and leads to large supramolecular metalloprotein
assemblies.

Experimental
Materials

Amino acids, resins, O-benzotriazole-N,N,N’,N’-tetramethyluronium
hexafluorophosphate (HBTU), and N-hydroxybenzotriazole (HOBt)
were purchased from Calbiochem—Novabiochem GmbH (Schwal-
bach, Germany). NMP was obtained from BASF AG (Ludwigshafen,
Germany). All other chemicals and reagents were acquired from
Sigma Aldrich Chemie GmbH (Deisenhofen, Germany). 6-(2,2':6',2"-
Terpyridin-4’-yloxy)hexanoic acid was prepared according to a litera-
ture procedure.l'?l NMP and DMF were dried over molecular sieves
(4 A) before use. Spectra/Por® dialysis bags (made from regener-
ated cellulose) were purchased from Carl-Roth GmbH (Karlsruhe,
Germany).

MALDI-TOF Mass Spectrometry

MALDI-TOF mass spectra were recorded on a Bruker Reflex II
MALDI-TOF spectrometer. The apopeptide was dissolved in tetra-
hydrofuran (THF) and mixed with the matrix 2,5-dihydroxybenzoic acid
(DHB). Sodium trifluoroacetate was added to facilitate ionization. Sam-
ple preparation for bis(apopeptide) iron(ir) hexafluorophosphate was
carried out according to a published procedure.2%!

Reverse-Phase High-Pressure Liquid Chromatography (RP-HPLC)

RP-HPLC was performed on an Applied Biosystems Biocad Sprint
workstation, using a Macherey Nagel Cg reverse-phase column (EC
250/4 NUCLEOSIL, 500 A pore size, 5 WM particle size). Samples were
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eluted with a linear AB gradient from A to B over 20 min, with A consist-
ing of 80:20 (v/v) water/acetonitrile (plus 0.1% TFA) and B of 100%
acetonitrile (plus 0.1% TFA). The flow rate was 0.7 mL min~!. Sample
elution was monitored with a UV-vis detector at 210 nm.

Gel Permeation Chromatography

GPC was performed on an Applied Biosystems Biocad Sprint worksta-
tion, using a Macherey Nagel 1102911 HEMA column (10 pwm particle
size, 100—1000000 A pore sizes). Samples were eluted with a 1:1
(v/v) mixture of water and acetonitrile containing 0.2% TFA. The flow
rate was 1.0mL min~'. Sample elution was monitored with a UV-vis
detector at 210 nm.

Sample Preparation for UV-Vis, DLS, CD, and AUC Experiments

The apopeptide and metalloprotein were dissolved in PBS buffer (pH
7.4), stirred for approximately 1 h, and sonicated for a few minutes. The
samples were centrifuged (15000 rpm, 30 min) and the supernatants
were used in the experiments. Sample preparation was performed at
room temperature.

UV-Vis Spectroscopy

UV-vis spectra were recorded on a Perkin Elmer Lambda 15 spectropho-
tometer. Molar extinction coefficients were determined by measurement
of samples with known concentration in PBS, pH 7.4. Concentrations
were calculated according to Lambert—Beer’s law.

Dynamic Light Scattering

DLS experiments were carried out using an ALV 5000E instrument.
All measurements were performed at room temperature using a kryp-
ton laser (Spectra Physics) of wavelength 647.1 nm. Its output varied
between 100 and 300 mW depending on scattering strength. Correlation
functions were measured in steps of 30° in the range 60—150°. Every
angle was measured for 120 s to obtain a smooth correlation function.
Correlations were analyzed using CONTIN.2!]

Atomic Force Microscopy

AFM imaging in non-contact mode was done on a Solver P47H
(NTMDT) using NSG11-B tips from NTMDT. Samples were prepared
by drop-casting from methanol solutions (1.3-1.8 x 10~> mol L") onto
an Si-wafer.

Circular Dichroism

CD spectra were recorded on a Jasco J-715 spectropolarimeter equipped
with a Jasco PTC-348WI temperature-controlled cell. Details of the CD
experiments have been published before.!!!]

Analytical Ultracentrifugation

Sedimentation equilibrium experiments were performed in a Beckman
Optima XL-A analytical ultracentrifuge using Epon six- or two-channel
centrepieces with a path length of 1.2 cm in combination with an An-
60Ti rotor. The sample volume was 130 or 200 wL. The rotor speed
was 9000, 30 000, or 32 000 rpm, and the rotor temperature was 20°C.
Absorbance versus radius data, A(r), were measured at 278 nm in exper-
iments on the apopeptide and at 485 or 555nm in the case of the
metalloprotein. Experiments on the metalloprotein were carried out
in 100% PBS buffer at initial concentrations of 31, 78, and 118 uM,
and in PBS containing 50% (v/v) ethanol at an initial concentration of
33 wM. Experiments on the apopeptide were performed in 100% PBS
including 1 mM hydroxyethylethylenediaminetriacetic acid (HEDTA)
and in ethanol/PBS (1 : 1 v/v) including | mM HEDTA at an initial con-
centration of 36 WM. The partial specific volumes of the apopeptide
and metalloprotein in aqueous buffers and in solvents containing 50%
ethanol were calculated!??! to be 0.776 and 0.805 mL g~ !, respectively.
The A(r) data were evaluated as described earlier,['%22:23] using the
computer program DISCREEQ by Schuck.!?*! Buffer densities were
calculated using the software Sednterp.[?!

G. W. M. Vandermeulen et al.

Synthesis of Apopeptide

Peptide synthesis was performed on an Applied Biosystems 433 A pep-
tide synthesizer, using standard Fmoc chemistry on a Rink Amide AM
resin. The amino acid residues were used as free acids, and coupling
was facilitated by HBTU and HOBt. A fert-butyl group was chosen
as a side-chain protective group for the glutamic acid and tyrosine
residues. The e-amino group of lysine residues was protected with a
tert-butoxycarbonyl group. 6-(2,2":6',2"-Terpyridin-4’-yloxy)hexanoic
acid was used as the N-terminal capping reagent. After completion of
the desired amino acid sequence, treatment of the resin-bound prod-
uct with 50% trifluoroacetic acid in dichloromethane simultaneously
cleaved the linker and removed the protective groups of the side chain.
In this way, a peptide with a C-terminal amide group was obtained. After
filtration of the resin, the solvents were evaporated to near dryness. Sub-
sequent precipitation with cold diethyl ether resulted in a white powder.
The peptide was purified by dialysis in, first, distilled water containing
approximately 6 M Gdn - HCI for denaturation and NaOH (added until
a clear solution was obtained) for solubility, and second, pure distilled
water to remove the additional salts. Water was removed by lyophiliza-
tion. Typically, after a synthesis on a 0.25 mmol scale, 270 mg (55%) of
pure apopeptide was obtained as a white powder. m/z (MALDI-TOF)
2867 gmol_1 [M(Nat)]. UV-vis (PBS, pH 7.4) Amax 291nm, e3g0
121 x 10*M~Tem 1.

Synthesis of Bis(apopeptide)iron(i1) Hexafluorophosphate

To a solution of the apopeptide (100 mg, 35.1 pmol) in methanol (25 mL)
was added FeSOy4 - 7H20 (4.9 mg, 17.6 pmol) suspended in methanol
(1mL). The colourless reaction mixture immediately turned purple.
After being stirred at room temperature under argon for 12 h, excess
NH4PF¢ (146 mg, 0.894 mmol) was added as a solution in methanol.
After additional stirring for 4 h, the solvent was evaporated until near-
dryness. Precipitation with ice-cold diethyl ether yielded 200 mg (94%)
of bis(apopeptide)iron(1r) hexafluorophosphate as a purple solid. m/z
(MALDI-TOF) 5750 gmol~!' [M~ —PFg ] Amax (PBS, pH 7.4) 561,
329,291 nm, ese; 3.79 x 10°M~Lem=1.
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