Organic &
Biomolecular
Chemistry

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Organic& Royal Society of Chemistry peer review process and has been
Biomolecular accepted for publication.

Chemistry

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still
l(’msm apply. In no event shall the Royal Society of Chemistry be held

2 responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

[y RO~YAL SOCIETY
OF CHEMISTRY WWW.rsc.org/obc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 5

Journal Name

COMMUNICATION

Organic & Biomolecular Chemistry

RSCPublishing

Photo-induced Conjugation of Tetrazoles to Modified
and Native Proteins

Cite this: DOI:
10.1039/X0XX00000X

Received ooth January 2012,
Accepted ooth January 2012

Madhavan Nallani®

DOI: 10.1039/X0XX00000X

www.rsc.org/

Bio-orthogonal chemistry has been wused widely for
conjugation of polymer molecules to proteins. Here, we
demonstrate conjugation of polyethylene glycol (PEG) to
bovine beta-lactoglobulin (BLG) by the photo-induced cyclo-
addition of tetrazole-appended PEG and allyl-modified BLG.
During the course of conjugation, a significant side-reaction
was found to occur for the conjugation of PEG-tetrazole to
native BLG. Further exploration of the underlying chemistry
reveals that the presence of a tryptophan residue is sufficient
for conjugation of tetrazole-modified molecules.

The conjugation of polymers to biomolecules or aggregates thereof
forms an important means to enhance their stability or stimulate their
controlled self-assembly, constituting an exciting area of research
that aims to develop sophisticated drug carriers. An important aspect
of these endeavours is the chemistry by which polymers are linked to
the biomolecule.™ Here, the application of click chemistry, which in
its ideal form encompasses the seamless, high-yield, and bio-
orthogonal conjugation of the two macromolecules, has been
especially popular. The most widely adopted reactions used in such
conjugations are those based on the “classical” click reaction
involving (strained) alkynes and azides. However, variations on this
theme have constantly been introduced in the past years, most
notably involving conjugations based on inverse electron-demand
Diels Alder reactions such as that of tetrazines and strained alkenes
as well as the reaction of thiols with terminal alkenes, which may or
may not be light activated (so-called thiol-ene chemistry).6%°
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Undoubtedly, azide remains a popular choice as it can be relatively
easily be encoded into biomolecules, either post-translationally or,
by genetic encoding.

Another approach, which relies on a relatively simple
conjugation moiety that is amenable to genetic encoding, is based on
the photo-conjugation of tetrazole-appended molecules to alkene
moieties — where an alkene can be introduced into proteins by non-
canonical amino acids such as homoallylglycine and O-allyl-
tyrosine.™® The reaction has the additional benefit of giving rise to
a fluorescent linker moiety (a pyrazoline) which makes in-vivo
reactivity easy to monitor. Although having received some initial
attention from different groups, it has lagged behind in types of
applications reported, perhaps because it has been shown to be
quenched by high concentrations of amines and carboxylic acids,
which evidently are ubiquitous in biological systems, as has recently
been investigated into some detail by Zhao et al.'’ Still, its high rate,
photo-inducibility and the fluorescence of the resulting pyrazoline
pose some genuine advantages for niche areas where conjugation is
difficult to induce and monitor otherwise such as under in-vivo
conditions.

Recently, we have demonstrated the application of this reaction
in the straightforward covalent attachment of enzymes to
polymersomes.*® Specifically, we have shown that by modifying the
biomolecule with the simple bisaryl tetrazole 4-(5-phenyltetrazol-2-
yl)benzoic acid**® (hereafter referred to as tetrazole (tz)) the
resulting macromolecule could readily be conjugated to methacrylate
moieties on the surface of polymersomes. Reaction progress and
purification were greatly facilitated by the presence of the
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fluorescent moiety on the eventual conjugate. In this study, we report
our findings obtained during the course of a follow-up study with the
greater aim of constructing polymer protein conjugates, where we
initially were mainly interested in the photo-induced conjugation of
simple polyethylene glycol (PEG) chains to a protein of interest. The
original experimental design, however, gave rise to a significant side
reaction, which we found interesting to explore in greater detail.
Hence, this paper focuses on the exploration of this side reaction, the
chemistry behind it and its general applicability in the conjugation of
polymers to proteins.

1.

Scheme 1 Preparation of BLG-PEG conjugates by the photo-induced
cycloaddition of tetrazole-modified PEG. Apart from the procedure outlined
(1), which involves reaction of allyl-modified BLG, a significant side-
reaction occurs when performing the photo-induced cyclo-addition in
presence of the native protein (i.e., without allyl modification) (2).

Results

Our original design involved the use of bovine beta-lactoglobulin
(BLG) as the protein of choice, as the protein itself shows interesting
self-assembly behaviour and is readily available in virtually pure
format.2’ Furthermore, it carries two cysteines, of which only one is
readily accessible,2>? allowing the site-specific conjugation of a
single polymer chain. To make the BLG amenable to photo-click
conjugation, cysteine was derivatized to an alkene by reacting it with
allyl-chloride as reported by Chalker et al.? Tetrazole-appended
PEG (PEG-tz) was prepared following procedures reported in
literature (for detailed preparation see SI).1218-20.23

Since — upon photo-irradiation — the pyrazoline exhibits strong
fluorescence emission between 470-540 nm,*? the conjugation of
PEG-tz to allyl-modified BLG (BLG-allyl) was analyzed by
fluorescence spectroscopy (Fig 1a, for UV spectrum see Fig S1). As
a control experiment, BLG without allyl group was subjected to
photo-irradiation at 302 nm for 15 min in presence of PEG-tz,
followed by analysis with fluorescence spectroscopy. Interestingly,
the results showed that photo-irradiation of allyl-BLG with PEG-tz
as well as the native BLG with PEG-tz reproducibly generated
fluorescent adducts. This was confirmed by gel electrophoresis,
showing a clear band at 22 kDa and a minor band at 25 kDa, the
latter band possibly indicating formation of doubly conjugated BLG
(Fig 1b). Judging from the shape of the fluorescence spectrum, the
BLG-allyl:PEG-tz conjugate constituted a different species than that
of the “direct” conjugate between PEG-tz and native BLG. The
unimodal peak of the former conjugate is reminiscent of that
observed earlier for pyrazoline formation and therefore most likely
shows the successful addition of PEG-tz to BLG-allyl. The nature of
the “direct” conjugate was, however, unclear. Because the reaction
occurs to a significant extent under presumed bio-orthogonal
conditions, we considered it worthwhile to study its occurrence in
more detail to shed light on the protein site involved.
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First, the efficiency of the conjugation was studied by reacting
increasing equivalents of PEG-tz with BLG (0.5-5 eqs of PEG-tz vs
BLG), irradiating the relevant mixtures for 15 min, and evaluation of
the extent of conjugation by SDS-PAGE (Fig S2). The analysis
suggested an increase in conjugate formation with increasing
concentration of PEG-tz, with 5 egs of PEG-tz showing over 50 %
conversion, which is, given the short reaction time and the
macromolecular nature of the comparatively high. The fluorescence
spectra of the PEG-tz:BLG conjugates showed an interesting
evolution with increasing amounts of PEG-tz when compared to that
of PEG-tz:BLG-allyl (Fig 1c-e). For PEG-tz:BLG conjugate at low
concentration (0.5 eq), a peak was observed at 415 nm, which was
not observed for allyl-modified BLG. This peak increased only
slightly in intensity at higher PEG-tz concentrations, while the peak
at 506 nm showed a significant and steady increase. The observation
may be attributed to reaction of PEG-tz at multiple sites of BLG,
dependent on the concentration of the protein. Indeed, MALDI-ToF
mass spectrometry showed the occurrence of peaks at m/z 21.9 kDa
and 25.1 kDa, indicative of singly conjugated BLG as well as doubly
conjugated BLG (Fig S3). Overall, the experiments demonstrate that,
at least for BLG, PEG-tz, which is essentially a fully water-soluble
tetrazole derivative, directly reacts to a considerable extent with a
site on the protein, without the presence of an externally introduced
dipolariphile.
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Figure 1 Characterization of the products formed by photo-induced cyclo-
addition of 5 egs of PEG-tz with BLG-allyl and native BLG by fluorescence
spectroscopy (a) and SDS-PAGE (b), indicative of conjugate formation. The
fluorescence spectra after reaction of BLG-allyl and native BLG with
increasing equivalents of PEG-tz (0.5 — 5 egs) show formation of chemically
distinct conjugates (c-e).

Because of the simplicity of the observed side reaction, we then
investigated the applicability of the reaction to other proteins /
enzymes: horseradish peroxidase (HRP), Candida antarctica lipase
(CalB), and lysozyme, being enzymes commonly used in
bionanotechnology. These were reconstituted in PBS and, without
any modification, incubated with PEG-tz at various concentrations
under irradiation for 15 min at 302 nm. Interestingly, all enzymes
showed formation of a conjugate with PEG-tz, as was evident from
fluorescence, SDS-PAGE and MALDI-ToF analysis of the reaction
products (see further). This then indicated that the side-reaction
observed is common and occurs readily with a diverse subset of
enzymes.

More in detail, lysozyme exhibited similar behaviour as that
observed for BLG with respect to its fluorescence spectrum, with
peak emission at 500 nm and an increasing extent of conjugate
formation with increasing equivalents of PEG-tz (Fig 2). SDS-PAGE
showed the clear formation of the PEG-tz conjugate, which was
corroborated with MALDI-ToF, showing a peak at 17.8 kDa, albeit
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that the extent of conjugate formation as observed by MALDI-ToF
did not fully correlate with that observed by SDS-PAGE. As this
discrepancy was also apparent for the BLG-PEG conjugates, we
attribute this to a reduced propensity for desorption / ionization of
the PEG-conjugate as compared to the free protein. The observed
rapid conjugation of unmodified lysozyme to PEG-tz is especially
interesting since its conjugation with PEG-tz has been studied

earlier, showing no apparent conjugation of unmodified
lysozyme.*#24
a) b)
s Mw:
9000 %int : 20" - - -
——HRP+PEGTet 8 < Sebbumees

00512 356 810
q.pegitz

£6000 { ¢ eeeeCalB+ PEG 70

t370

15
’ 10,
I
———Lysozyme + 50 ‘
] PEG-Tet 40 | \ o

3000

Fl

&

~

17824.6:

10000 12000 14000 16000 18000 20000 22000 24000
400 600 800 mz

Wavelength (nm)

Figure 2 Photo-induced cyclo-addition of PEG-tz to unmodified HRP, CalB,
and lysozyme (a). For lysozyme, conjugate formation was confirmed by
MALDI-ToF and SDS-PAGE (b).

With respect to CalB, fluorescence as a function of PEG-tz
concentration after irradiation exhibited somewhat dissimilar
behaviour (Fig S4a). At low concentrations of PEG-tz an intense
peak was observed at 450 nm for CalB, in analogy with BLG, yet
this peak initially decreased and gradually shifted to a bimodal peak
with a maximum of 515 nm at higher PEG-tz / enzyme ratios. SDS-
page and MALDI-ToF clearly indicated the reaction of a single site
on the protein, which is in contrast to BLG that showed reaction at
multiple sites. Finally, HRP showed a steadily increasing
monomodal emission peak as a function of concentration of PEG-tz
centred at 525 nm (Fig S4b). HRP, furthermore, displayed relatively
high fluorescence intensity as compared to the other proteins and
therefore appears to exhibit a different reactivity than BLG, CalB
and lysozyme. We tentatively suggest this observation to stem from
the presence of the heme prosthetic group. Indeed, the heme contains
a chemically modifiable double bond, which we suggest to be the
site of reaction.® Considering the extent of conjugation, a
predominantly singly conjugated species was observed with
MALDI-ToF in addition to a small peak at 51 kDa, indicating the
attachment of two PEG chains. SDS-PAGE was not entirely
conclusive in this particular case because of the relatively broad
bands of the native HRP, probably stemming from some apo-HRP in
the sample (as also apparent from MALDI-ToF of HRP itself).%

In summary, the heterogeneous fluorescence behaviour of the
conjugates pointed to the contribution of a fluorescent amino acid,
most likely tryptophan, to the reaction. Its role was confirmed by the
following lines of evidence. First, the relatively small peptide JR2EC
(see Fig S5 for sequence),?® did not show conjugation as judged
from the absence of a fluorescent product at all PEG-tz / peptide
ratios (Fig 3a). Strong fluorescence was observed for JR2EC,
however, upon modifying the sole cysteine with allyl chloride. The
amino acid sequence revealed the absence of tryptophan residues in
the polypeptide, pointing to a role of the amino acid in the
conjugation reaction. We then probed the selectivity of the reaction
by assessing the reactivity of tetrazole only (without PEG) with two
additional custom-designed 12 amino-acid peptides, one containing
3 histidine residues and one containing the 3 histidines plus a single
tryptophan at the C-terminal (Fig 3b). Here we chose histidine since
we suspected it could display reactivity to tetrazole as well.
Analyzing the products before and after irradiation by MALDI-ToF,
showed a mass increase of 238.9 for the tryptophan-containing
peptide, indicative of the addition of tetrazole. The peptide
containing only His and no tryptophan was found to be unreactive.

This journal is © The Royal Society of Chemistry 2012
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Finally, reaction of PEG-tz with tryptophan led to considerable
fluorescence as well, while reaction with the control amino acid
(histidine) did not show noticeable fluorescence (Fig 3c). Although
we could not extract detailed structural information by 1H-NMR we
acquired MALDI-ToF spectra before and after irradiation. The
spectra showed a clear shift in m/z values between PEG-tz before
and after irradiation, amounting to a mass difference of 176.9.
Assuming loss of dinitrogen during irradiation of PEG-tz, this is
close to the theoretically expected value of 176.21 (+ 28.01 =
204.23), suggesting addition of tryptophan to the nitrilimine. Here, it
should be noted that the MALDI-ToF does not allow differentiation
between quenching of the nitrilimine by the amine or cycloaddition.
Still, the occurrence of the formation of a fluorescent moiety
indicates formation of pyrazoline.
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Figure 3 a) Fluorescence spectra showing formation of fluorescent
conjugates with increasing eqs of PEG-tz upon irradiation with UV for
unmodified JR2EC (red), and allyl-modified JR2EC (blue). b) Selectivity of
the reaction of tetrazole upon incubation, under UV irradiation (A = 302 nm),
with the two custom peptides, as probed by MALDI-ToF. For the tryptophan-
functional peptide (top), which carries a tryptophan at the C-terminal, a shift
is observed of 238.9 mass units, corresponding to addition of photolysed
tetrazole (266.25 — 28.01 = 238.24). For the control peptide (bottom), which
lacks the tryptophan and instead carries a cysteine, no reaction is observed. c)
MALDI-ToF of PEG-tz before (red) and after photo-irradiation in presence
of excess tryptophan (blue), indicating addition of the amino acid to the
polymer. The fluorescence spectrum shows the reaction mixture before (red
trace) and after (blue) irradiation of PEG-tz with tryptophan or histidine.
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Discussion

Overall, the results presented above strongly suggest the
involvement of tryptophan in the direct photo-induced conjugation
of tetrazoles to proteins as observed here for PEG-modified 4-(5-
phenyltetrazol-2-yl)benzoic acid where it should be noted that all
enzymes studied have one or more tryptophan residues present (Fig
S6). The reaction observed seems to be different than that reported
by Zhao et al., who described quenching of the nitrilimine by the
amino acid amine moiety, a reaction that was observed irrespective
of the nature of the amino acid. In our case, the reaction appears to
be specific to tryptophan and therefore does not seem to be affected
by quenching by amines, which are ubiquitously present. We suggest
that this may result from the reaction stoichiometry (an excess of
nucleophile in the case of Zhao et al. versus equimolar or excess
amounts of tetrazole in the present study) and the use of aqueous
buffer, which is known to accelerate cycloaddition,!” as a result of
the use of fully water soluble PEG-tz. Very likely, the protein
environment may play a role as well. BLG, for instance, contains a
tryptophan residue in its binding site, and it may be envisioned that
the PEG-tz interacts here, as the tetrazole itself carries quite some
hydrophobic character. The close proximity may explain the
relatively high yield and speed of the reaction, with > 50 % of the
protein having reacted after 15 minutes irradiation. Further evidence
for an effect of the protein structure on reactivity is provided by the
observations on lysozyme and CalB, both of which contain multiple
tryptophan residues, with lysozyme having three solvent-exposed
residues. In both cases, predominantly singly conjugated proteins
were observed that indicate the presence of a single tryptophan with
optimal reactivity.

Given the compelling evidence for the direct reaction of
tryptophans with photo-activated nitrilimines, it appears somewhat
remarkable that this reaction has not been observed earlier by others
or even ourselves.? 13151618 1 oy case, this might result from the
experimental design, which involved modifying the protein with
tetrazole, instead of a double bond, as shown here. Considering other
reports, the presence of an alkene-modified amino acid of high
reactivity may lead to the alkene being preferentially modified,
precluding reaction of the tetrazole with tryptophan. The relative
abundance of papers that report incorporation of such alkene-
appended amino-acids suggests that this indeed is the case. For
reactions conducted in-vivo this may only be part of the explanation,
as a considerable “pool” of tryptophan may be present. Here, the
concentration of the alkene may have been essential and / or the
proximity of the reactant to the probe. Furthermore, it should be
noted that the reaction documented here involves excitation at & =
302 nm so that photo-activation of tryptophan may play an active
role; nitrilimines generated from tetrazoles excitable at higher
wavelengths may be less, or not at all, susceptible to reaction with
tryptophan.

Investigation of less recent literature (i.e., before the advent of
bio-orthogonal chemistry) reveals that direct addition of nitrilimines
to tryptophan is not unprecedented. Indeed, in 1973, Ruccia et al.
reported the reaction of nitrilimines with indole - being the
functional side-group of tryptophan.?” For the most closely related
indole, cycloadduct (1) was observed, albeit it in a very low yield.
This then is the most likely product of our current investigation.
Apart from this cycloadduct, a bisadduct (2) was observed for indole
carrying a single free nitrogen at the 3-position, which may explain
the formation of di-substituted protein in case of HRP (with only one
tryptophan) and tri-substituted BLG (carrying only two tryptophans).
Definite proof of the occurrence of such di-substituted protein
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adducts requires a more detailed investigation, however, and is
outside the scope of the current manuscript.
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Scheme 2 Suggested structure (1) of the possible conjugate formed by photo-
induced cyclo-addition of PEG-tz to tryptophan residues in proteins.
Structure (2) shows a possible bisadduct of the PEG-tz. The amide back bone
of the protein is shown in grey.

Conclusion

In brief, during our exploration of the photo-induced
conjugation of tetrazole-modified PEG (PEG-tz) to alkene-
modified proteins, we observed significant fluorescent product
formation for the photo-addition of PEG-tz to unmodified
protein as well. Exploration of this reaction using BLG showed
the side reaction to be nearly as efficient and high-yielding as
the original cyclo-addition of photolyzed tetrazoles to alkenes.
Exploration of its applicability showed that it reacted with all
proteins (in our case three different enzymes) except for a small
peptide that lacked tryptophan. Further investigation revealed
that PEG-tz rapidly reacts with tryptophan to form a fluorescent
adduct. Except from the potential synthetic utility of this
reaction, the results suggest that, at least for tetrazoles that are
photolyzed at low UV wavelengths, care should be taken when
interpreting conjugation solely on fluorescent product
formation in conditions where tryptophan can be ubiquitous, as
is the case for in-vivo conditions.
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