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Biotransformation on Polymer-Peptide Conjugates: A Versatile Tool to

Trigger Microstructure Formation**

Hans Kiihnle and Hans G. Borner*

Recent progress in exploiting peptides and proteins for
materials science applications has paved the way to tailor-
made polymer—peptide conjugates.!"! Such bioconjugates have
enabled advances in controlling nano- and microstructures.
The translation of the biomimetic concept of “structure-based
functions” would allow complex functional systems to be
realized.”¥ Bioconjugates can possess enzymatic activity,
directed conductivity, or provide active interfaces to biolog-
ical systems.** They can control silicification and crystal-
lization processes, can mimic transmembrane channel systems
or interact with a pharmaceutically relevant entity for drug-
delivery applications.

While the generation of specific functions in bioconju-
gates has been the focus of recent work, the control and
regulation of such functions is now important. This control
was initially demonstrated on polymer—protein bioconjugates,
in which protein-ligand recognition could be regulated by
temperature.®]

Lynn and co-workers exploited the aggregation behavior
of the amyloid peptide A1-42 to organize a poly(ethylene
oxide)(PEO)-peptide conjugate into core-shell nanofibers.”
However, the self-assembly process was kinetically control-
led. This peptide-guided organization process could be
developed further by introducing a capable switch concept.?)
For that, temporary structure defects have been introduced
into the peptide to suppress the self-assembly behavior of a
peptide aggregator domain in a bioconjugate. The native
peptide, and with it the aggregation tendency of the biocon-
jugate, could be reestablished by a pH-triggered O —N acyl
transfer rearrangement in the switch-ester defects. This
approach allowed the self-assembly kinetics of bioconjugates
to be regulated in water and some organic solvents, leading to
assemblies with complex, hierarchical structures.”*'!

Posttranslational modification principles have great
potential to provide regulative mechanisms for bioconju-
gates.""! Particularly promising are the rapid phosphorylation
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and dephosphorylation of serine, threonine, or tyrosine side
chains, which are often essential steps in signal-transduction
pathways in biological systems."’ Model peptides have been
described recently, which exploit enzymatic phosphorylation
and/or dephosphorylation to control the formation of coiled—
coil bundles or peptide nanotubes.!'>!*

Herein we introduce the BioSwitch concept in which the
function of peptide segments in polymer—peptide conjugates
is regulated by enzymatic dephosphorylation of phospho-
threonine residues. As a substrate that can be specifically
manipulated by phosphatases, a poly(ethylene oxide)-block-
peptide copolymer (PEO-peptide conjugate I, Scheme 1) was
synthesized. The bioconjugate has a peptide segment with a
primary structure containing five repeats of alternating
threonine and valine diads ((TV)s). As a result of the high
propensity of valine and threonine to form f-sheets, and the
alternating hydrophilic-hydrophobic pattern in the peptide
strand, the peptide has a strong tendency to adopt the $-sheet
motif. Five successive repeats of the Thr-Val unit are required
to form stable P-sheet aggregates in water."” On the
C-terminal side, para-nitrophenylalanine was introduced as
a spectroscopic marker, and elongation with methionine and
glycine gives a flexible segment between the aggregator
domain and the PEO block.

Although this sequence would certainly result in kineti-
cally controlled assemblies in water,” the self-organization
tendency was temporarily suppressed by introducing three
phosphothreonine units into the (TV)s peptide aggregator
domain. The PEO-peptide conjugate I was synthesized with
an inverse conjugation strategy by using semi-automated
solid-phase supported peptide synthesis (SPPS) on a PAP
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Scheme 1. The BioSwitch process (conditions: 0.1 mm trisodium cit-
rate in Millipore water; pH 4.8-5.0 and ca. 0.5 units of an acid
phosphatase).
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resin (PEO attached polystyrene resin; see Supporting
Information Scheme S1). The standard amino acid derivatives
were coupled by automated Fmoc (9H-fluoren-9-ylmethoxy)-
carbonyl) methods. O-phosphate modifications were selec-
tively introduced into the side chains of Thr?, Thr’, and Thr'!,
by the Fmoc-Thr(PO(OBzl)OH)-OH building block by
applying bench-top methods. After sequential assembly of
the peptide, the fully deprotected PEO-peptide conjugate I
could be liberated from the support and the chemical
structure was confirmed conclusively by means of NMR
spectroscopy and MALDI-TOF mass spectrometry (Support-
ing Information).

The bioconjugate I was readily soluble in 0.1 mm citrate
buffer (pH 5.0). Circular dichroism spectroscopy (CD) con-
firms that the phosphorylated peptide segments adopt a coil
conformation with statistical chain-segment distribution (see
Figure 2 and Supporting Information Figure S2) and this
remains unchanged for at least 7 days. These results indicate
that the p-sheet formation is effectively suppressed by the
introduction of the three phosphothreonine units into the
(TV)s aggregator domain. Moreover, the suppression of self-
assembly by the (TV)ZS"“" was confirmed by atomic force
microscopy (AFM) which shows no evidence of fibrillar
structures, even after seven days (Supporting Information
Figure S2).

To initiate the BioSwitch process, acid phosphatase was
used as an enzyme to catalyze the hydrolysis of phosphate
esters from the threonine side chains of I. The enzymatic
dephosphorylation of the (TV)S"'™" segment reconstitutes
the native (TV)s segment of the bioconjugate (Scheme 1 and
Figure 1, I—1II). This change activates the aggregator domain
and thus switches on the self-assembly process of the PEO-
peptide conjugate. Acid phosphatase from potatoes is a
commercially available orthophosphoric-monoester phos-
phohydrolase with a high substrate flexibility and an optimum
activity in acidic environments (pH 4-5). The addition of the
enzyme to I rapidly caused changes in the secondary structure
of the peptide segment. Time-dependent CD spectroscopy
shows a transition, shifting the structure of the peptide
segment from statistical chain-segment conformation
(random coil) to the [p-sheet secondary structure
(Figure 2).""! Cotton effects, characteristic for p-sheets at
A=195nm (+) and 216 nm (—) developed gradually without
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Figure 2. Dynamic CD spectroscopy showing the enzymatically trig-
gered structure transition of the peptide segment from random coil to
[-sheet (conditions: solution of I in 0.1 mm citrate buffer

(¢[1o=0.33 mgmL™"); without enzyme and with enzyme, c[phospha-
tase]y=0.1 mgmL™' (0.5 U)).

inhibition phase and intensities reached a constant value
within about 120 min. The occurrence of an isodichroic point
in the CD spectra confirms a clean transition in secondary
structure, involving a discreet shift between two distinct
structure motifs. Thus CD suggests an effective BioSwitch
process.

The biotransformation of the PEO-peptide conjugate can
be investigated on the molecular level by *'P NMR spectros-
copy. The process of dephosphorylation was confirmed by the
disappearance of the resonance characteristic for threonine
O-phosphates accompanied by the appearance of a signal of
free phosphoric acid (Supporting Information Figure S4). The
amount of liberated phosphoric acid could be monitored by
means of a colorimetric molybdate/malachite green phos-
phate assay (Supporting Information Figure S5). Figure 3
shows a rapid increase in concentration of phosphoric acid
after addition of the phosphatase and suggests the end of the
reaction after approximately 120 min. Dephosphorylation
slows down at approximately 82% conversion, probably
because of aggregation of the PEO-peptide conjugate that
alters the accessibility of residual phosphate esters. These
results indicate that despite the polymeric substrate, the
enzymatic reaction on the bioconjugate occurs in a clean
manner without an inhibition phase. Moreover, the dephos-
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Figure 1. Schematic illustration of the BioSwitch process (I-11) and the suggested self-assembly mechanism of the activated bioconjugate (IlI-1V).
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Figure 3. Colorimetric determination of the free phosphoric acid, as an
indicator of the BioSwitch process for the enzymatic transformation of
1= (¢[ll,=1 mgmL™" in 0.1 mm citrate buffer (H,0) and c[acid
phosphatase],=0.1 mgmL™' (0.5 U)).

phorylation of I directly correlates with the structural coil to
p-sheet transition of the peptide domain, because both
processes proceed in approximately 2 h.

It is noteworthy, that despite the rapid biotransformation
of the PEO-peptide conjugate and the practically simulta-
neous structural transition of the peptide, the self-assembly of
the bioconjugates, although controlled, proceeds much more
slowly. The first anisotropic objects with lengths of up to
100 nm could be observed by AFM after about one day. After
about five days distinct fibrils with up to 300 nm in length
were found. These fibers show further longitudinal growth up
to about 2um over the following days (Figure4 and
Supporting Information Figure S11B).

The resulting self-assembled fibrils were investigated in
detail by analyzing microstructures obtained at least seven
days after switching. This approach was required because the
coexistence of unstructured material prevents the exact
structural analysis at earlier stages of the self-assembly
process. Figure 4 shows stiff and non-branched nanotapes
with lengths up to 500 nm and rather uniform heights of
approximately (2.9+0.3) nm as determined by AFM (Sup-
porting Information Figure S6). Transition electron micro-
scopy (TEM) confirms the structures and suggests widths of
about (16.9 +2) nm (Supporting Information Figure S8). The
densely packed structures have two distinct features: 1) a
high-contrast shell (that can be stained with uranyl acetate) of
2x(4.3+1) nm which can be attributed to the packed PEO
chains and 2) a low-contrast core of (8.3 +1) nm that can not
be stained by uranyl acetate (Figure 4, right). The core is
consistent with previously described PEO-peptide (-sheet
tapes, suggesting a rather hydrophobic peptide core.® The
peptide organization motif could be directly correlated to the
microscopic structures, using selected-area electron diffrac-
tion (TEM-SAED). The typical d spacing of 4.77 A was
observed, which is characteristic for the repeat distance of
peptide B-strands adopting an extended B-sheet (Supporting
Information Figure S7). This finding is supported by IR
spectroscopy which show the typical amide I and amide II
vibrational bands for a (-sheet structure (Supporting Infor-
mation Figure S9).

Taking these observations into account, and considering
the literature that describes the self-assembly of both (3-sheet
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Figure 4. Microstructures formed by enzymatically triggered self-
assembly of PEO—peptide conjugates. Structures visualized by AFM
after 7 days (left, height image, z=10 nm) and TEM micrograph of
structures stained with uranyl acetate, after 10 days (right).

peptides and peptide—polymer conjugates,>'! a peptide-
guided organization of the bioconjugate is suggested. The
organization process is driven by the directed self-assembly of
a peptide aggregator domain adopting a (3-sheet motif and
hence controlling the formation of fibrillar nanostructures.
Previous investigations of related systems show that the
widths of the primary nanotapes result from fully extended
peptide B-strands, forming an anti-parallel B-sheet and forcing
the PEO coils to pack laterally."™'®!"! The height of the
nanotapes of about 2.9 nm indicates that these core—shell
nanotapes stack to form ribbons (double 3-sheet tapes), as has
been observed in analogous PEO-peptide conjugates.!®!
Directional stacking of (TV), B-sheets occurs as a result of
the facial amphiphilicity of the (3-sheets tapes, which have a
hydrophobic valine face and a hydrophilic threonine face.

A careful investigation of the BioSwitch process was
performed to elucidate the discrepancy between the rate of
switching and the self-assembly. The enzyme concentration
was systematically altered, by increasing the enzyme concen-
tration from 0.03 to 0.1 to 0.3 mgmL~', while keeping the
other parameters constant. As expected, CD spectroscopy
indicates a clear correlation between enzyme concentration
and the rate of the coil to P-sheet transition (Supporting
Information Figure S10). With the lowest enzyme concen-
tration the B-sheet formation required 320 min, the medium
enzyme concentration it required 100 min, and with the
highest enzyme concentration, only 30 min.

Although the fibrillogenesis proceeds much slower than
the structural transition in the peptide segment, the enzyme
concentration noticeably effects the self-assembly process.
AFM measurements after 1, 5, and 10 days (Supporting
Information Figure S11) revealed that the self-assembly
proceeds similarly with the lowest and medium enzyme
concentrations. Small amounts of fibrillar objects with lengths
of up to about 100 nm can be found after 1 day. These small
fibers coexist with large amounts of polydisperse globular
structures, which are probably ill-defined aggregates of II.
After 5 days, more of the extended structures are evident, and
these show further longitudinal growth within the next days.
The increase of the enzyme concentration to 0.3 mgmL™
accelerates the structural transition of the peptide segment to
30 min, however, even after 10 days only ill-defined materials
could be found by AFM.
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These results can be rationalized by comparing the
BioSwitch triggered self-assembly process of PEO—peptide
conjugates with the organization of misfolded proteins to
amyloidal fibrils."®! Figure 1 summarizes the proposed mech-
anism, which includes two possible assembly pathways that
occur concurrently. The BioSwitch process transforms the
PEO-peptide conjugate from the dormant state with sup-
pressed aggregation tendency (I) into the active state that
exhibits high aggregation tendency (II). These activated
bioconjugates can either form ill-defined
[-sheet assemblies (route A, Illa) or follow route B to give
defined
B-sheet nanostructures (IIIb). While IIIa can be considered
as a kinetically controlled metastable state, IIIb can be
described as a thermodynamically controlled stable product.

The results suggest that under the applied conditions
route A always dominates the early self-assembly process.
However, at lower enzyme concentration, II is generated
more slowly, allowing route B to occur as well. This results in
the formation of a few, low-energy B-sheet nanostructures
(ITIIb). The presence of small amounts of such nuclei formed
by route B can probably induce the fibrillogenesis (IV),
making fiber growth under consumption of the ill-defined
B-sheet structures possible. The mechanism is consistent with
route A being exclusively favored at high enzyme concen-
tration. Apparently, the fast formation of II suppresses
route B and thus prevents the formation of nuclei, which
ultimately suppresses the fibrillogenesis. Further kinetic
studies combining time-dependent light scattering and ana-
lytical ultra centrifugation with seed experiments are required
to evaluate the proposed mechanism. However, the intriguing
analogies to biological amyloid fibrillogenesis are apparent,
for which mechanisms are discussed involving “infectious”
protein aggregates that can induce an autocatalytic protein
[-sheet self-assembly.

In conclusion, a strategy has been demonstrated that
utilizes enzymes to specifically manipulate peptide segments
in peptide—polymer conjugates, enabling functions of biocon-
jugates to be regulated. A poly(ethylene oxide)-peptide
conjugate including a (TV)s-peptide aggregator domain was
synthesized and the phosphorylation of the side chains of
three threonine residues in the peptide sequence effectively
prevents the self-assembly of the bioconjugate. Phosphatase
was applied to catalyze the hydrolysis of the threonine-
phosphate ester moieties which reinstalls the self-assembly
tendency of the aggregator domain and triggers the peptide-
guided organization of the bioconjugate to ultimately form
fibrillar structures.

While the presented study shows the significance of
phosphatases, molecular biochemistry provides a range of
highly specific enzymes to switch, transform, modulate, or
crosslink peptides. These enzymes are being further exploited
in our work to switch properties of bioconjugates allowing the
regulation of adsorption properties, binding capabilities,
aggregation states, or bioactivity.
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