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ABSTRACT: Water-soluble polyisocyanopeptides (PICs) are
a new class of synthetic polymers that mimic natural protein-
based filaments. Their unique semiflexible properties com-
bined with a length of several hundred nanometers have
recently enabled a number of biomedical applications ranging
from tissue engineering to cancer immunotherapy. One crucial
step toward the further development of PICs for these
applications is the efficient and controlled synthesis and
purification of PIC—biomolecule conjugates. Considering the
large size of PICs and the biomolecules to be conjugated,
conjugation reactions do usually not proceed to completion
due to steric effects. As a consequence, purification of the
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reaction mixture is necessary to separate the obtained bioconjugates from unreacted biomolecules. As a direct result of the
semiflexible nature of PICs, standard polymer and protein purification methods based on molecular weight have not been
successful. Here, we introduce a new affinity-based purification method utilizing biotin as an affinity tag. PICs decorated with a
controlled and tunable density of biotin molecules (biotinPICs) were efficiently bound to and eluted from a monoavidin resin in
buffered aqueous solution. Using these biotinPICs, two different protein conjugates were synthesized, one carrying the enzyme
alkaline phosphatase (PhoA) and the other T-cell activating anti-CD3 antibodies. The resulting biotinPIC—protein conjugates
were successfully obtained in high purity (>90%) and without any loss of protein activity. The high purity greatly simplifies the
analysis of biotinPIC bioconjugates, such as the determination of the average number of biomolecules conjugated per biotinPIC
chain. Most importantly, it allows for the direct and straightforward application of the obtained bioconjugates in the desired
applications. The new method developed may further be adapted for the purification of other advanced bioconjugates that are
difficult to obtain in high purity with the available standard methods.

B INTRODUCTION

Following the synthesis of the first polymer—protein conjugate
approximately 40 years ago,' the range of applications of these
functional bioconjugates has grown enormously. The first and
still most-common motivation for the synthesis of polymer—
protein conjugates is to improve the properties of therapeutic
proteins. Nowadays, the conjugation of poly(ethylene glycol)
(PEG) is a frequently employed strategy to increase protein
solubility and stability, to reduce immunogenicity and to alter
circulation half-life.”~* With continuous improvements in
polymer synthesis and bioconjugation methods,”" the range
of applications has expanded and new classes of polymers have
been utilized. For example, conjugation with stimuli-responsive
polymers such as poly(N-isopropylacrylamide) (PNIPAAm)
introduces additional functionality into the protein.”*’ Making
use of the temperature-sensitive behavior of PNIPAAm, the
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protein—polymer conjugate reversibly precipitates when
increasing the temperature above the lower critical solution
temperature (LCST) of PNIPAAm,” allowing for the develop-
ment of advanced purification methods and diagnostic assays.””
Linear or branched polymers with multiple reactive groups have
been used as scaffolds for the synthesis of multivalent
bioconjugates with increased binding strength'®™'* or of
multifunctional entities that combine different activities.'”'>"
The latter is of particular interest for engineering enzyme
cascades in which the reaction intermediates need to be
efficiently transferred between enzyme active sites.">~"’
Polymer bioconjugates further find application for the synthesis
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Figure 1. Conjugation strategy for the synthesis of biotin-functionalized polyisocyanopeptides that can be used for the subsequent coupling of
DBCO-containing biomolecules. In this work, the biomolecule is either an antibody («CD3) or an enzyme (PhoA).

of biocompatible hydrogels for tissue-engineering applica-
tions'®>' as well as for the synthesis of self-assembled
nanostructures, in which the biomolecules are used as
functional material building blocks.”**’

Over the last few years, we have introduced water-soluble
polyisocyanopeptides (PICs) as novel and versatile polymer
scaffolds for biological applications.”*>° PICs are long (100—
1000 nm) and semiflexible polymers that mimic the properties
of many protein-based filaments found in nature, e.g, in the
cytoskeleton and the extracellular matrix. Their semiflexibility is
a direct result of their helical secondary structure and represents
a unique feature for synthetic polymers.”””® PICs are
polymerized from isocyanide monomers that carry a short
dialanine peptide in every monomer. Upon folding into a helix,
hydrogen bonds between the peptide amides stabilize the
helical structure. PIC monomers are further functionalized with
oligoethylene glycol chains to provide water solubility. When
carrying a triethylene glycol chain (EG;), the corresponding
PIC undergoes a sol-to-gel transition at a temperature of
~19 °C.*7* Consequently, EG;-functionalized PICs form a
hydrogel at room temperature. This hydrogel has been used in
cell culture®’ and for sensing the binding of short
oligonucleotides to their complementary sequence.’’
contrast, tetraethylene glycol (EG,) functionalized polymers
undergo a sol-to-gel transition at 40—45 °C.”” These PICs are
therefore fully dissolved at physiologically relevant temper-
atures, making them excellent scaffolds for the synthesis of
polymer conjugates. As a first application, we have attached T
cell stimulating antibodies to EG,-functionalized PICs and used
these PIC—antibody conjugates as novel artificial antigen-
presenting cells in immunotherapeutic applications.""'>"*

All of these applications have in common that the PICs have
to be functionalized with biomolecules. For the cell-culture
application, a short integrin-binding GRGDS peptide was
grafted onto PICs to provide cell adhesion sites in the
hydrogel.”' In the sensing application, short DNA oligonucleo-
tides were coupled to the PICs. These DNA sequences were
subsequently cross-linked upon binding of an analyte.”” For the
immunotherapeutic application, the PICs were functionalized
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with streptavidin to allow for the subsequent binding of
biotinylated antibodies.""'*"*

As a direct result of their unique physical properties, these
semiflexible PICs do not form a typical random coil structure in
solution. This complicates the separation of polymer—
biomolecule conjugates from nonreacted biomolecules follow-
ing a conjugation reaction. Despite careful optimization, neither
dialysis nor size-exclusion chromatography or field flow
fractionation methods were found to be successful. Ultra-
filtration was identified as the only possible method for the
purification of freshly synthesized PIC bioconjugates, but more
than 99% of the material was lost during the process.""'*'* As
an alternative, the reaction between PICs and biomolecules was
carefully optimized so that an almost quantitative coupling of
biomolecules was achieved and no purification was needed. For
small molecules, such as short peptides’’ and DNA
oligonucleotides,30 this method was successful. For large
proteins, e.g., antibodies, the reaction with the PIC is not
quantitative,”’lz’14 however, because steric effects limit the
kinetics and the yield of the reaction. Clearly, an alternative and
efficient purification method is needed to obtain pure PIC
bioconjugates in good yield.

Affinity tags such as the hexahistidine tag,’' the strep-tag,””
or biotin® are frequently used for the purification of
recombinantly expressed proteins from crude cell extracts. To
the best of our knowledge, such a purification strategy has
never been used for the purification of bioconjugates that
contain a synthetic polymer. Inspired by the aflinity tag
method, a PIC polymer carrying biotin as an affinity tag was
designed. Using this biotin-functionalized PIC (biotinPIC),
affinity purification on a monoavidin resin can potentially be
used to remove unreacted biomolecules. Monoavidin is a
monomeric derivative of avidin that possesses a highly reduced
affinity for biotin.’* It has been shown that biotinylated
molecules bind to monoavidin agarose in a reversible manner
and can be eluted competitively when adding high concen-
trations of free biotin.”> Here, we describe the synthesis and
characterization of biotinPIC polymers. We show that these
biotinPICs reversibly bind to a monoavidin resin and that this
affinity purification method can be used for the purification of
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biotinPIC bioconjugates. The versatility of this new purification
method is demonstrated using two different model proteins, an
antibody and an enzyme. The enzyme (alkaline phosphatase
from Escherichia coli; PhoA) was chosen as it allows for the
straightforward determination of the activity of the conjugated
biomolecule. The antibody of choice is the same anti-CD3
antibody («CD3) that has been used earlier for the synthesis of
PIC—antibody conjugates for stimulating T cells.""">"*

B RESULTS AND DISCUSSION

Synthesis and Characterization of Biotin-Function-
alized Polyisocyanopeptides. To investigate if the biotin
affinity tag can be used for the purification of PIC
bioconjugates, biotin-functionalized polymers were synthesized
(Figure 1) and used in a series of purification experiments. For
this purpose, PICs containing azide-functionalized side chains
in a predefined density were synthesized using the same
method as described in our previous publications.' "> **"*° In
short, functional azide monomers were co-polymerized with
monomers containing nonfunctional methoxy groups using a
nickel catalyst. The ratio of azide to methoxy monomers was
chosen to be 1:30, yielding a statistical average distance
between azides of 3 nm. Subsequently, the azide-functionalized
PIC was reacted with different relative amounts of biotin—
azadibenzocyclooctyne (biotin—EG,—DBCO) in a strain-
promoted azide—alkyne cycloaddition (SPAAC) reaction.”
Assuming a quantitative yield of the reaction, biotinPICs with
an average biotin spacing of S, 7.5, 10, and 40 nm were
prepared. Using this strategy, the remaining azide groups are
available for a second SPAAC reaction that allows for the
coupling of DBCO-functionalized biomolecules.

To optimize the biotin density necessary to bind and elute
the biotinPICs from monoavidin containing beads in a batch
purification process, an incubation and elution protocol was
developed. The polymers were diluted to 0.1-0.2 mg mL™" in
phosphate-buffered saline (PBS) and mixed with a 50% slurry
of monoavidin beads in a 1:1 (v/v) ratio. The binding of the
biotinPICs to the beads was determined by measuring the
concentration of unbound biotinPIC in the supernatant using
circular dichroism (CD) spectroscopy. Due to the helical
conformation of the PICs, this technique provides an indication
of the polymer concentration, assuming that the polymer
conformation is not altered during the experiment.”>***” The
CD spectrum of the PIC is characterized by a negative peak at
A =360 nm and a larger positive peak with a maximum at
A = 272 nm (Figure S1). Calibration curves of the azide-
functionalized PIC were determined at both wavelengths,
showing that the corresponding peak heights scale linearly with
polymer concentration (Figure S1). The analysis of the
supernatants after 4 h of incubation shows that the biotinPICs
are able to bind to the monoavidin beads. When the samples
with different biotin densities were compared, clear differences
are seen in the fraction of bound biotinPICs (Figure 2a).
Polymers with the lowest biotin density (spacing of 1 biotin per
40 nm) showed little binding (~12%) and the majority of
biotinPICs remained in the supernatant. Decreasing the biotin
spacing to 10 nm already increased the fraction of bound
biotinPICs to ~30%. A further decrease in the biotin spacing to
7.5 and 5 nm allowed for binding ~65—70% of the biotinPICs
to the monoavidin beads. The biotin spacing was not decreased
further because a sufficient amount of free azides is required for
further bioconjugation.
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Figure 2. Binding and elution of biotinPICs to and from monoavidin
beads. (a) Binding and elution profiles for biotinPICs containing a
different biotin density (EG, linker). Shown is the relative amount of
biotinPIC in the supernatant after binding or elution. (b) CD
spectrum of the supernatant after 4 h of incubation. In addition, the
eluted fraction is shown (data shown for 1 biotin in 7.5 nm. (c)
Binding and elution profile of biotinPICs prepared with the long
(3000 Da) PEG linker and a biotin spacing of 7.5 nm. Shown is again
the relative amount of biotinPIC in the supernatant after binding and
elution.

After the binding of the biotinPICs to monoavidin beads was
confirmed, the elution protocol was optimized. The beads were
first washed with PBS containing 0.1% Tween 20 (PBS-T, 2X)
and PBS (4X) to remove any nonspecifically bound polymers.
During this extensive washing protocol, ~30% of the beads
were lost, which reduces the total yield of eluted polymers.
Following washing, PBS containing 2 mM biotin was added to
the beads to elute the bound biotinPICs competitively. In the
last step, the eluate was filtered over a frit with 20 ym pore size
to remove residual monoavidin beads. The CD spectrum of the
eluted fractions was not altered in comparison with the original
polymer samples before purification, which indicates that the
helical structure is not affected during the binding and elution
process (Figure 2b). The fraction of eluted biotinPICs clearly
correlates with the relative amount of biotinPIC initially bound
to the beads and, consequently, also with the density of biotin
coupled to the polymer. Only a small fraction (4% of the
original amount) was obtained for the polymer with a biotin
spacing of 40 nm. Higher fractions of 17, 34, and 35% were
obtained for the other polymers with a biotin spacing of 10, 7.5,
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and S nm, respectively (Figure 2a). Considering the loss of
beads during the washing steps and the fraction of polymer that
did not bind to the beads, elution with 2 mM biotin is sufficient
to elute more than 50% of the bound biotinPIC polymers.

In addition to the biotin density, also the linker length
between biotin and the PIC polymer backbone was
investigated. To test for possible steric hindrance, the length
of the PEG spacer between the biotin moiety and the DBCO
functional group was increased. Using a PEG linker with a
molecular weight of 3000 Da, biotinPIC polymers were
prepared with an average biotin spacing of 7.5 nm. Binding
of this polymer to the beads was considerably slower when
compared with the previously used biotinPICs containing only
the EG, linker. Only after 15 h of incubation more than 90% of
the polymer was bound. Unfortunately, elution of this polymer
recovered only 15% of the original amount (Figure 2c). Overall,
it appears that the longer linker does not reduce but instead
increases steric hindrance thereby affecting both the kinetics of
the interaction and the yield of the purification protocol.

Taken together, these results show that the biotinPIC with a
biotin spacing of 7.5 nm coupled via the short linker performs
best when considering both the requirements for an efficient
purification and its future application. It shows good binding
and a reasonable amount is eluted from the monoavidin beads.
At the same time, a sufficient number of azides is left for further
conjugation. This biotinPIC was therefore selected as a model
system to test whether this purification method can be used for
the purification of biotinPIC bioconjugates.

Synthesis and Purification of Alkaline Phosphatase
BiotinPIC Bioconjugates. To investigate if biotinPIC
bioconjugates can be purified with the newly developed
affinity-based method, biotinPICs were first functionalized
with the enzyme PhoA. This was motivated by the availability
of a large number of chromogenic and fluorogenic
phosphoester substrates, which facilitate a straightforward
comparison of enzyme activity before and after conjugation.
To complement this sensitive activity readout, the enzyme was
labeled with a fluorophore so that also the enzyme
concentration can be determined easily during all steps of the
experiment. PhoA was therefore reacted with the N-
hydroxysuccinimide (NHS) esters of DBCO and Alexa-
Fluor647 in a one-pot reaction. To determine the degree of
labeling, the PhoA concentration was estimated with a
bicinchoninic acid (BCA) assay and the DBCO and
AlexaFluor647 concentrations were determined with UV—vis
spectroscopy. On average, 1.1 fluorophore molecules and 2.4
DBCO functional groups were coupled to the PhoA dimer.
DBCO- and AlexaFluor647-labeled PhoA was then reacted with
the biotinPIC polymer possessing a biotin spacing of 7.5 nm.
Three different ratios of PhoA:azide were used for coupling the
enzyme to the polymer (0.1, 0.2, and 0.5 eq. of PhoA with
respect to azide groups). Assuming a quantitative reaction, this
would result in an average PhoA spacing of 50, 25, and 10 nm.

The PIC—PhoA bioconjugates were then purified over
monoavidin beads, using the optimized method described
earlier for biotinPICs. The purified PIC—PhoA conjugates were
analyzed with atomic force microscopy (AFM). The AFM
images were used to count the number of enzymes attached to
every individual polymer chain (Figures 3a, b and S2) and the
average spacing between PhoA molecules was determined to be
55 nm (PIC 0.2 eq PhoA) and 100 nm (PIC 0.1 eq PhoA). In
parallel, the polymer concentration was determined in a CD
measurement at a wavelength of 360 nm, and the PhoA
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Figure 3. Synthesis and purification of biotinPIC—PhoA bioconju-
gates. (a,b) Atomic force microscopy (AFM) images of biotinPICs
reacted with 0.1 equiv PhoA or 0.2 equiv PhoA drop-casted on mica.
The bright “dots” correspond to the enzyme, while the “connecting
line” represents the polymer. (c) Calculated PhoA distances on the
biotinPIC backbone, determined either from the measured bulk
concentrations (bicinchoninic acid assay, BCA) or the AFM
measurement. (d) Enzyme activity measurements of the PIC—PhoA
conjugates in comparison to nonconjugated PhoA. The curves display
the mean of three independent measurements.

concentration was determined with a BCA assay. This
measurement yielded a spacing of 70 nm for the biotinPIC
functionalized with 0.2 eq. PhoA and of 155 nm for the
biotinPIC functionalized with 0.1 eq PhoA (Figure 3c).
Considering the error in the AFM-based estimation, these
values agree very well. This proves that unreacted enzymes have
been efliciently separated from the bioconjugates during the
purification process. Unfortunately, no polymer bioconjugates
were found on the mica surface for the biotinPIC functionalized
with 0.5 eq PhoA, but the spacing determined from the bulk
concentration assay was 34 nm. On average, the determined
PhoA spacing is a factor of 3 larger than the distances expected
for a quantitative reaction, indicating a coupling efficiency of
30%. This low coupling efficiency is expected for a reaction
between two macromolecules and again highlights the
importance of a good purification method.

In the next step, it was examined if the biotinPIC-conjugated
PhoA was still catalytically active (Figure 3d). The activity of
the enzyme was tested using the fluorogenic substrate 9H-(1,3-
dichloro-9,9-dimethylacridin-2-one-7-yl) phosphate (DDAO—
phosphate).”® PhoA dephosphorylates the DDAO fluorophore,
thereby altering its photophysical properties (Figure S3).
Enzymatic activity results in an increase in product fluorescence
allowing for a straightforward kinetic measurement. The
increase in product fluorescence was determined for the three
PIC—PhoA conjugates and for a control sample containing
non-conjugated enzyme of the same concentration (determined
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via the fluorescence intensity of the AlexaFluor647 label before
the kinetic measurement was started). All samples show very
similar enzyme activities (Figure 3d), indicating that the
coupling and purification process does not inactivate the
enzyme.

Taken together, these results show that the new purification
protocol is a highly powerful method for the purification of
PIC—enzyme conjugates. In the next step, these conjugates
could be used for forming enzyme-functionalized hydrogels for
a number of different applications. Such nature-like hydrogels
represent an interesting new method for enzyme immobiliza-
tion, as their large pore size’’ allows for free substrate and
product diffusion. PIC polymers are further highly versatile
scaffolds for the coconjugation of different functional entities'”
so that they represent an interesting new platform for the
assembly of cascade reactions.

Synthesis and Purification of anti-CD3 BiotinPIC
Bioconjugates. After the establishment that the new
purification protocol can be used to purify PIC bioconjugates,
an antibody was conjugated to the biotinPIC in the next step to
investigate the general applicability of the method. This was
further motivated by our earlier experiments with anti-CD3
(aCD3) functionalized PICs that were shown to be highly
effective as synthetic dendritic cells.'"”'*'* To obtain PIC-
aCD3 of sufficient purity, the polymer conjugates had to be
purified extensively using ultrafiltration, which resulted in a
huge loss of both polymer and antibody (<1% yield).
Therefore, using the previously utilized aCD3 antibody, it
was tested if the new affinity-based purification method can
overcome these problems and yield PIC-aCD3 bioconjugates
with increased yield and purity. In the earlier experiments,
aCD3 was biotinylated and bound to a streptavidin-function-
alized PIC polymer. Because biotin is now used as the affinity
tag for purification, the original design had to be adjusted to
allow for a direct conjugation of aCD3 to the azide-
functionalized biotinPIC. To achieve this, ®CD3 was function-
alized with the DBCO—-NHS ester, allowing a direct
conjugation to the biotinPIC. The degree of labeling, as
determined by UV—vis spectroscopy,” was between 2 and 2.5
DBCO molecules per antibody.

To investigate the influence of the antibody density on the
performance of the biotin-tag-based purification method, four
different PIC—aCD3 bioconjugates were synthesized.
DBCO—-aCD3 was reacted with biotinPIC in PBS using 0.1,
0.3, 0.5, and 1 equiv of antibody relative to azide groups. The
resulting reaction mixtures were then incubated with
monoavidin beads. The ability of the PIC—aCD3 bioconjugates
to bind to the resin was estimated by analyzing the supernatant
with CD (Figures 4a and S1). The binding efficiency of the
PIC—aCD3 to the monoavidin beads was typically in the range
of 35—55%, which was lower than for the biotinPIC without
aCD3 (65—70%). After extensive washing (2x PBS-T, 4X
PBS), typically 10—25% of the original amount of PIC—aCD3
could be eluted (Figure 4a). Compared to biotinPIC without
aCD3, these yields are slightly lower, which is a direct result of
a less efficient capture of the bioconjugate. This may originate
from steric effects resulting from the large antibody or less-
favorable charge interactions between the antibody and
monoavidin.*® In the case of unfavorable charge interactions,
optimizing the buffer conditions in the capture and/or release
step may lead to increased yields in future experiments. Still,
the yields are significantly better than the yields obtained with
the ultrafiltration protocol used before (<1% yield).
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Figure 4. Purification of PIC—aCD3 bioconjugates using a biotin
affinity tag. (a) Binding and elution profile of PIC—aCD3 to and from
monoavidin agarose beads. Shown is the relative amount of
PIC—aCD3 in the supernatant, determined using CD measurements.
(b) Nonreducing SDS-PAGE of the PIC-aCD3 sample (1 equiv of
antibody with respect to azide groups) in comparison with different
concentrations of aCD3. Shown are relative concentrations with
respect to the amount of aCD3 used in the reaction mixture. (c)
Calculated average distances between aCD3 on the biotinPIC
backbone obtained for different equivalents of DBCO—aCD3 during
the reaction.

In addition to the yield, the purity of the PIC—aCD3 is also a
crucial aspect for the further optimization and applicability of
these bioconjugates. A combination of methods was used to
determine the remaining amount of nonconjugated aCD3 in
the samples after affinity purification. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed under nonreducing conditions to keep the disulfide
bonds of the antibody intact (Figure 4c). Because the polymer
bioconjugate is too large to enter the SDS-PAGE gel (Figure
S4), it can be directly concluded that any protein of the size of
~150 kDa represents nonconjugated antibody. A comparison
of the PIC-aCD3 sample (1 equiv of antibody with respect to
azide groups) with different concentrations of free ?CD3 shows
that more than 92% of the antibody in the affinity purified
sample was conjugated to the polymer. This result is in line
with the results obtained for the PIC—PhoA conjugates, in
which only a very small amount of nonconjugated PhoA was
observed in the AFM images (Figure 3). This high purity of the
PIC—aCD3 conjugates allows for a simple determination of the
number and the statistical spacing of @CD3 on the polymer
backbone. Knowing the molar concentrations of both the
antibody and the biotinPIC, the number of CD3 per polymer
can simply be determined by dividing the two values (Figure
4c). The biotinPIC concentration was again determined by CD
measurements, and the ®CD3 concentration was obtained from
a BCA assay. For 0.1, 0.3, 0.5, and 1 equiv of aCD3, an average
antibody spacing of approximately 70, 40, 30, and 20 nm was
found, respectively. When compared to the average antibody
spacing calculated for a coupling efficiency of 100% (50, 17, 10,
and 5 nm), it can be concluded that between 25 and 70% of
aCD3 antibodies have coupled to the polymer, with a lower
coupling efficiency being observed for larger equivalents of
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aCD3. This may directly result from the altered
DBCO—aCD3-to-azide ratio or originate from steric hin-
drance, which prohibits access of ?CD3 molecules to remaining
coupling sites (Figure 4c).

Overall, our results clearly show that the purification of PIC
bioconjugates with an affinity tag is a powerful method for
obtaining pure bioconjugates in high yield, which can be easily
analyzed with standard spectroscopic methods. The affinity-
based purification method developed now opens the way
toward the synthesis of multifunctional conjugates. The greatly
increased yield and purity allow for a step-wise functionalization
with different molecules, providing unprecedented control over
the number and stoichiometry of functional entities. This
method, therefore, represents a highly promising starting point
for the further development of PIC bioconjugates for
immunotherapeutic applications as well as for designing
enzyme cascade reactions, which both require the conjugation
of multiple different biomolecules to a polymer scaffold.

B CONCLUSIONS

In this study, an affinity-based purification method was
developed that increases both the total yield as well as the
purity of PIC bioconjugates. PIC polymers were equipped with
biotin tags that allow for the reversible binding of the resulting
biotinPIC polymers to monoavidin beads. For optimal binding,
a minimum statistical spacing between individual biotin
moieties of at least 7.5 nm was required. To demonstrate the
application potential of this new purification method, two
different biotinPIC bioconjugates were successfully synthesized
and purified. Although the final yield of the purification was
only 10—25%, it was significantly better than the previously
used ultrafiltration method, in which the yield was below 1%.
The yields of the binding and elution steps may be further
optimized when reapplying the supernatant to the monoavidin
beads or when using (strept)avidin mutants*"** or biotin
derivatives™** with different affinity. Alternatively, the strong
biotin—streptavidin interaction may be utilized when integrat-
ing a cleavable linker"” between the PIC and the biotin moiety.
More importantly, the new method allowed for the removal of
nonreacted biomolecules nearly quantitatively (>90%), leading
to highly pure biotinPIC bioconjugates. As a consequence of
this high purity, the analysis of these constructs was
straightforward, and the spacing of the conjugated biomolecules
could be calculated from simply dividing the concentration of
polymer by the concentration of the respective biomolecule.
The densities calculated from bulk concentrations were in good
agreement with the results from AFM imaging, in which every
individual biomolecule coupled to the polymer was visualized
and counted. Furthermore, the developed purification method
preserved the activity of the coupled biomolecule as was
demonstrated with activity measurements for alkaline phos-
phatase. Altogether, a new versatile protocol was developed for
the synthesis and purification of biotinPIC bioconjugates. This
protocol will not only be highly useful for further developing
these molecules toward applications but also for the
preparation of other complex and multifunctional bioconju-
gates.

B EXPERIMENTAL PROCEDURES

Polymer Synthesis. The PIC polymer used in this study
was synthesized according to the procedure described in the
literature.' ' >'**"*% In short, a 30:1 ratio of methoxy-
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terminated (1.124 g 3.12 mmol) and azide-terminated
(0.0038 g, 0.104 mmol) isocyanopeptide monomers were
mixed in toluene (50 mg mL™") in a round-bottom flask and
stirred for 2 days until infrared measurements showed the
complete disappearance of the isocyanide peak. The solution
was diluted with dichloromethane and precipitated in
diisopropyl ether three times, resulting in an off-white solid
(0.937 g, 82%). The resulting polymer contains a statistical
density of 1 azide per 3 nm. The polymer was analyzed using
viscometry as described previously (M, = 490 kg mol™").""
Biotin Functionalization of PICs. The PIC polymer was
dissolved in PBS (10 mM Na,HPO,, 2 mM KH,PO,, 137 mM
NaCl, and 2.7 mM KCl at pH 7.4) in a concentration of 1 mg
mL™". Biotin—EG,—DBCO (Click Chemistry Tools) dissolved
in DMSO or DBCO—PEG;y p,—biotin (Nanocs) dissolved in
DMSO was added to this solution in the required amount (less
than 5% of the total volume, see below). The mixture was
stirred overnight and subsequently used for testing the
monoavidin purification protocol or for the conjugation of
biomolecules. A total of four different biotinPIC polymers were
prepared with a different density of biotin. To achieve this, the
molar ratio of biotin—EG,—DBCO:monomer was varied from
1:75, 1:100, and 1:400. Assuming a quantitative reaction, this
yields an average biotin distance of 7.5, 10, and 40 nm,
respectively. During the synthesis of the fourth polymer with a
1:50 molar ratio (S nm biotin spacing) DIBO—AlexaFluor647
(Thermo Fisher Scientific) was added in a 1:500 ratio of dye to
monomer to obtain a fluorescently labeled biotinPIC polymer
for testing the migration of biotinPEG in SDS-PAGE (Figure
S4). After overnight stirring, the mixture was precipitated in
diisopropyl ether and dried in air. The dried material was
dissolved in a concentration of 1 mg mL™" in PBS.
Expression and Purification of PhoA. The phoA gene
was cloned from the plasmid pET-22b-phoA* into a vector of
the pAK"” and pKB*® series, in which the original lac promotor
was replaced by the arabinose inducible Py, promotor. The
sequence of the pelB signal peptide was replaced with the signal
peptide of PhoA. The resulting plasmid pKBS-PhoA-His allows
for the periplasmic expression of PhoA with a C-terminal His
tag. For protein expression, the plasmid was transformed into
the E. coli K12 strain TB1 (New England Biolabs). The cultures
were grown in SB medium (20 g L™" tryptone, 10 g L™" yeast
extract, 5 g L™' Nacl, and S0 mM K,HPO,) at 25 °C and
induced with 0.02% (w/v) arabinose at an ODg, between 0.5
and 1. After 3 h, the cells were harvested by centrifugation at
5000 rpm and 4 °C for 15 min. The cells were resuspended in
50 mM tricine at pH 8.0 and 300 mM NaCl (loading buffer)
and lysed using sonication. The lysate was cleared by
centrifugation, and the resulting supernatant was incubated at
80 °C for 10 min to denature proteins other than the heat-
stable PhoA—His. Denatured proteins were removed by
centrifugation (2 X 30 min, 20000g) at 4 °C and filtration
through a 0.22 ym syringe filter. The resulting supernatant was
loaded onto a Zn**-NTA column (His Gravi Trap equilibrated
with ZnCl, instead of NiCl,; GE Healthcare Life Sciences).
Following a washing step with loading buffer (30 column
volumes), the column was washed with five column volumes of
loading buffer supplemented with 10 mM imidazole. The
protein was eluted from the column with 50 mM tricine at pH
8.0, 300 mM NaCl, and 200 mM imidazole. The eluted protein
was concentrated using ultrafiltration (10 kDa cutoff; Amicon
Ultra-15 centrifugal filter units; Merck Millipore). Lastly, the
buffer was exchanged to 50 mM sodium borate pH 8.5 using a
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PD-10 desalting column (GE Healthcare Life Sciences). The
purity was verified using SDS-PAGE and the correct molecular
weight was confirmed with mass spectrometry (ESI-TOF). The
protein concentration was determined from its absorbance at
280 nm (& = 63260 M™! cm™ for the PhoA dimer) and
confirmed using a BCA assay. The purified protein was stored
in aliquots at —80 °C.

BCA Assay. To determine the protein concentration, a
micro-BCA protein assay kit (Thermo Fisher Scientific) was
used. The assay was performed using the protocol supplied by
the manufacturer. When determining the aCD3 or PhoA—His
concentration, non-reacted aCD3 was used as the standard,
spanning a concentration range from 7.8 ug mL™' to 1 mg
mL™". PIC-aCD3 samples were freeze-dried before the BCA
assay and redissolved in PBS to increase the sample
concentration by a factor of 5—6.

Synthesis of AlexaFluor647—DBCO—PhoA. PhoA—His
(~15 uM) was labeled with AlexaFluor647-NHS (Thermo
Fisher Scientific) and DBCO—EG,—NHS simultaneously
(Click Chemistry Tools). Using DMSO stock solutions, 4
equiv of AlexaFluor647—NHS and 4 equiv of DBCO—EG,—
NHS were added, yielding a final concentration of 60 uM for
both reagents. The DMSO content was ~10% of the total
volume. The reaction was incubated for 3—4 h at 4 °C,
followed by ultrafiltration with a 10 kDa cutoff. During
ultrafiltration, the buffer was exchanged to S0 mM HEPES at
pH 8.0. To determine the degree of labeling of the resulting
AlexaFluor647—DBCO—PhoA—His, the protein concentration
was first determined with a BCA assay. The DBCO and
AlexaFluor647 concentrations were determined from UV—vis
measurements using an extinction coefficient of 12000 M™!
cm™! for DBCO (309 nm) and of 270000 M~ cm™ for
AlexaFluor647 (650 nm). This analysis yielded a degree of
labeling of 2.5 DBCO and 1.1 AlexaFluor647 molecules per
PhoA—His dimer.

Synthesis of aCD3-DBCO. The aCD3 antibodies
(monoclonal mouse antihuman aCD3 clone OKT3; bioXcell)
were dissolved in PBS. DBCO—EG,—NHS (3.5 equiv in
DMSO) was added to the antibody solution. The final
concentration of @CD3 in the reaction mixture was 4 mg
mL™". The mixture was stirred for 2 h at 4 °C and subsequently
purified using ultrafiltration (30 kDa cutoff; Amicon Ultra-15
centrifugal filter units) to remove nonreacted DBCO—EG,—
NHS. The degree of labeling was determined from absorption
measurements at 309 nm (DBCO) and 280 nm (aCD3). The
signal at 280 nm was corrected for the absorption of DBCO
using the following equation: corrected absorption (280 nm) =
absorption at 280 nm — (1.089 X absorption at 309 nm).*” The
DBCO concentration was calculated from the absorption at
309 nm (¢ = 12000 M™' cm™'). To obtain the aCD3
concentration, the corrected absorption at 280 nm (¢ =
210000 M™' cm™") was used. Typically, this reaction yields a
degree of labeling of 2—2.5 DBCO molecules per antibody.

Synthesis of BiotinPIC Bioconjugates. All biotinPIC
bioconjugates were prepared using a similar protocol. A
solution of biotinPIC (1 mg mL™" stock solution in PBS)
was added to the DBCO-functionalized biomolecules to obtain
the desired ratios. The reaction mixture was stirred overnight at
4 °C and directly used for the purification over monoavidin
beads (agarose-based; Thermo Fisher Scientific). PBS was used
for the coupling and purification of aCD3—DBCO. HEPES
was used for AlexaFluor647-DBCO—PhoA—His.
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Circular Dichroism Measurements. To prepare the CD

standard curves, the azide-functionalized PIC was dissolved in a
concentration of 1 mg mL™" in PBS (Figure S1). This stock
solution was used to prepare the following concentrations of
the polymer: 0.025, 0.0S, 0.1, 0.2, and 0.3 mg mL™%. The CD
spectrum of these samples was measured and corrected using a
PBS blank. Standard curves were constructed for the CD
signals measured at 272 or 360 nm, yielding calibration factors
of €,7 ym= 525.6 mdeg mL mg ™" and €49 yp= —121.1 mdeg mL
mg_l.
Purification Using Monoavidin Agarose. All buffers
were freshly prepared and filtered before use. In general, 500—
800 uL of a 50% slurry containing regenerated and blocked
monoavidin beads was spun down in a Eppendorf tube, and the
supernatant was removed. The PIC—biomolecule mixture was
added (250—400 uL), and the beads were incubated for 4 h.
Following incubation, the beads were spun down, the
supernatant was removed, and the remaining beads were
washed with PBS containing 0.1% (v/v) Tween 20 (PBS-T,
2X) and with PBS (4X). The beads were then incubated with
PBS containing 2 mM biotin for 1-2 h to release the purified
biotinPIC bioconjugate. After affinity purification was com-
pleted, the eluted samples were filtered to remove a small
portion of remaining beads in the elution fraction. Filtering the
samples with standard filters of 0.2—0.45 pm pore size did
result in a huge loss of polymer so that a 1 mL column with a
frit of 20 ym pore size (Screening Devices) was used instead.
Using this larger pore size, the loss of polymer during filtration
was reduced to 10%. During all steps of the purification, PBS
was used for the PIC—aCD3 bioconjugate, while HEPES was
used for the PIC—PhoA samples.

AFM Measurements. The monoavidin purified and filtered
PIC—PhoA samples were drop-cast (20 pL) onto freshly
cleaved mica. After incubation on the surface for 20 s, the
samples were removed, and the surface was dried in a nitrogen
stream. The samples were imaged with tapping mode in air
using a Nanoscope IV instrument (Bruker) and NSG-10
tapping mode tips (NT-MDT). The images were analyzed with
Image] software.”” The average spacing of PhoA molecules was
calculated from the number of enzymes counted on a polymer
of given length (Figure S2).

PhoA Activity Measurements. The fluorogenic substrate
DDAO-phosphate (9H-(1,3-dichloro-9,9-dimethylacridin-2-
one-7-yl) phosphate diammonium salt; Thermo Fisher
Scientific) was used for measuring the activity of the
biotinPIC—PhoA bioconjugates. The substrate was dissolved
in dry DMSO at a concentration of 40 M. The biotinPIC—
PhoA conjugates were diluted in activity buffer (S0 mM
HEPES at pH 8.0, 100 mM KCl, 20 mM MgCl,, and 100 uM
ZnCl,) to obtain a PhoA concentration of 500 pM. DDAO—
phosphate was added to a final concentration of 2 uM to start
the measurement. The release of the fluorophore DDAO was
followed in a microplate reader (4., = 620 nm; 4, = 660 nm;
Tecan Infinite M200 PRO). The measurement was performed
at 37 °C for 40 min (30 s intervals). All measurements were
performed in triplicate. The data was corrected for the
autohydrolysis of the substrate.

B ASSOCIATED CONTENT
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CD calibration curves for the determination of the
polymer concentration, SDS-PAGE results of biotinPI-
C—aCD3 conjugate, the characterization of the PhoA
spacing, and the reaction scheme for the enzymatic
conversion of DDAO phosphate. (PDF)
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