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a b s t r a c t

Cholesteryl lipoprotein semisynthesis was accomplished via a copper-catalyzed azide–alkyne cycloaddi-
tion on the surface of live cells. In this convergent synthesis an azido-cholesterol was introduced into the
cell membrane without the application of detergents followed by conjugation of the C-terminal alkyne
modified protein. This cytocompatible method resulted in a folded membrane-anchored protein
containing a small molecule fluorophore in the lipid headgroup.

� 2016 Elsevier Ltd. All rights reserved.

Membrane-anchored proteins have essential roles in living sys-
tems as enzymes, inhibitors, scaffolding proteins, signaling pro-
teins, complement regulatory proteins, or antigens. Covalent
modifications of these proteins include the addition of a myristoyl,
palmitoyl, prenyl, or glycosylphosphatidylinositol (GPI) moiety,1

and the resulting lipoproteins are anchored to biological mem-
branes via hydrophobic interactions between these lipid chains
and the lipid bilayers of the cell. GPI-anchored proteins (GPI-APs)
are among the most-investigated membrane-associated proteins,
because of their unexplored functions which might be related to
several diseases such as paroxysmal nocturnal haemoglobinuria,
prion diseases, carcinogenesis, or sleeping sickness.2 The complex
structure of the GPI glycolipids has inspired the preparation of sev-
eral simplified membrane anchors that were applied in biophysical
studies.3–5 In order to introduce functional proteins into mem-
branes, isolated GPI-APs were investigated and were found to
retain the biological function after re-insertion into membranes.6

Moreover, proteins fused with GPI signal sequences were found
to be membrane-anchored and functional after in vivo posttransla-
tional replacement of the GPI signal sequence with a GPI moiety.7

Based on these features, GPI-APs, engineered GPI-APs, and their
simplified semisynthetic analogs are potential candidates for cell
surface presentation of proteins.

If semisynthetic lipoproteins are to be anchored to the plasma
membrane for the investigation of their physical or biological
properties, their exogenous introduction requires both pure
lipoproteins lacking surplus lipids over the stoichiometric anchor
lipid and a mild membrane delivery method compatible with live
cell applications.4,8 The amphiphilic nature of lipoproteins, how-
ever, denotes an inherent difficulty. Preventing their denaturation
often requires the application of detergents5,9 or lipid species that
solubilize lipoproteins via the formation of mixed micelles. During
cell membrane delivery the lipoprotein and these additional
amphiphiles co-associate with the plasma membrane, and thus,
contaminate it. Recently we have shown that cholesterol can be
applied as a protein membrane anchor and in the form of
b-cyclodextrin inclusion complex, the cholesteryl lipoprotein can
be purified and delivered to the plasma membrane of live cells
without membrane perturbing agents.8 This finding inspired us
to use cholesterol derivatives for introducing bioorthogonal func-
tionality to the cell membrane. In this way biomolecules contain-
ing complementary functionality can be directly conjugated to
the headgroup of the cholesterol moiety that is pre-incorporated
into the outer leaflet of the cell membrane. In our method an
amphiphilic cholesterol containing an azide in the headgroup
was delivered to the plasma membrane and then a protein
equipped with a fluorescent alkyne tag was conjugated via a
copper-catalyzed azide–alkyne cycloaddition (CuAAC).10,11 The
ligand-accelerated CuAAC reaction is rapid and chemoselective
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between azides and alkynes, however, the in situ preparation of
the effective Cu(I) catalyst11 generates reactive oxygen species that
provides oxidative stress and induces protein degradation.12 Accel-
erator ligands (e.g., tris(triazolylmethyl)-amines, His) were devel-
oped to decrease this drawback as they were reported to
maintain the effectiveness of the catalytic copper complex and
the reducing agent at low concentrations, and their application
could shorten the reaction time to 10 min.13,14 In the presence of
His, longer reaction times were necessary, but its lower toxicity
makes the slower reaction feasible and finally resulted in a higher
conversion. In another approach, copper-free click reactions were
utilized to eliminate the cytotoxic effects of copper.15 The reactive
compounds in these reactions, however, could participate in non-
specific conjugations with thiols in Cys containing proteins. Fur-
thermore, the complicated synthesis of such reagents (e.g.,
tetrazines, trans-cyclooctynes) inhibits their widespread applica-
tions in bioconjugation.16 Beyond the high reaction rate and
chemoselectivity, the advantages of the CuAAC reaction for our
purpose includes the hydrolytic and enzymatic stability of azides,
alkynes, and the triazole product formed in the headgroup of the
cholesterol anchor in live cell cultures.14,17

In our semisynthetic strategy C-terminal protein cholesteryla-
tion was achieved by modification of the C-terminus with an
alkyne tag followed by a CuAAC reaction with a membrane-incor-
porated azido-cholesterol (Fig. 1). The procedure was demon-
strated by the cell surface conjugation of the red fluorescent
protein mCherry. The fluorescence of this model protein is sensi-
tive to structural changes, thus, is indicative about the retention
of the native protein structure after lipidation, and further, can
be directly imaged on the cell surface. A fluorescein labeled propar-
gylglycine (Pra) derivative was applied as the C-terminal alkyne
tag, and accordingly a dual fluorescent protein was obtained that
was found to be advantageous to demonstrate the presence of both
the protein and the linker moiety on the cell surface.

The azido-cholesterol derivative was prepared by N-acylation of
1-amino-11-azido-3,6,9-trioxaundecane with cholesterol hemisuc-
cinate as earlier reported.8 In this lipid, cholesterol is linked to the
polar di(ethylene glycol) spacer via an ester group that was found
to be resistant against hydrolysis under physiological conditions.
The polar oligoether spacer provides hydrophilic character to the
headgroup and assists in exposing the azide group toward the extra-
cellular space which is required for the cell surface CuAAC reaction.

C-terminal tagging of the model protein was achieved via the
Michael addition of the Cys-extended mCherry-Cys protein and a
maleimido alkyne. In order to prepare fluorescein labeled malei-
mido alkynes, Fmoc-Pra-OH was used as a starting material that
was transformed in two ways (Scheme 1). In the first strategy,
N-(2-aminoethyl)maleimide was N-acylated with Fmoc-Pra-OH in
the presence of HOBt, EDC, and DIEA. Next, the Na-Fmoc deprotec-
tion of 1 was investigated under different conditions (For details
see ESI Table S1). This was found to be a difficult step, because
under basic conditions both the secondary amine deprotecting
agents and the resulting amine 2 were sufficiently nucleophilic
to give Michael adducts with the maleimido-alkyne.18 The Fmoc
protecting group could be cleaved under neutral condition using
tetrabutylammonium fluoride (TBAF),19 however, this resulted in
2 being obtained in low isolated yield. When piperidine was used
(7.5 equiv, DMF, 5 min) the concurrent Michael addition was found
to be very fast and the piperidine adduct of 2 was obtained. Under
milder conditions (1.5 equiv piperidine, 0 �C, 5 min) the Fmoc
deprotection was incomplete and the piperidine adducts of 1 and
2 were formed. The application of sterically hindered amines, dicy-
clohexylamine and triethylamine, or bicyclic amidine bases
required either a larger reagent excess or longer reaction time,
but after complete Fmoc removal the intramolecular oligomeric
adducts of 2 were obtained. The solid-supported amidine base

TBD-methyl polystyrene was found to be the optimal cleavage
agent, and amine 2 was obtained in higher isolated yield than in
the case of TBAF. The formation of the intermolecular adducts of
2was presumably reduced by the less basic suspension of the solid
supported amidine as compared to the DBU solution. The filtrate of
the reaction mixture was immediately used in the following step
where fluorescein-isothiocyanate (FITC) was added to 2 resulting
in the formation of the fluorescent alkyne tag 3. In order to increase
the overall yield of 3, a one-pot approach was also investigated.
The most efficient cleavage agents TBAF and TBD-methyl polystyr-
ene were applied in the presence of FITC. The solid supported base
was found to be more effective because of the simple work-up, and
thus, the isolated yield of 3 was higher. The difficult preparation of
the amino-maleimide intermediate was excluded in the second
strategy. Fmoc-Pra-OH was used to N-acylate fluorescein amine
in THF resulting in the formation of the protected alkyne 4. Fmoc
deprotection of 4 was found to be quantitative in the presence of
2% DBU, and the resulting amine 5was N-acylated with 3-maleimi-
dopropionic acid N-hydroxysuccinimide ester giving the fluores-
cent maleimido alkyne 6.

The structural differences between 3 and 6 are minimal, and it
was found that such changes in the cholesterol anchor headgroup
were tolerated with the retention of membrane association.20 In
order to demonstrate the usefulness of the prepared fluorescent
maleimido alkynes, 3 was used to tag the C-terminus of
mCherry-Cys. Since mCherry does not contain Cys residues, the
C-terminal Cys extension makes the chemoselective C-terminal
modification possible via Michael addition. The conjugation reac-
tion was performed with a protein to tag ratio of 1:5, and the total
amount of 3was added in 5 portions over 1 h. The Michael addition
was found to be fast and the resulting mCherry–3 was separated
from the excess of 3 by size exclusion chromatography. The puri-
fied conjugate was analyzed by SDS–PAGE and it was found that
the protein alkyne did not contain surplus fluorescent tag 3
(Fig. 2). Under denaturing conditions, the acylimine group of the
mCherry fluorophore matured from the Met71-Tyr-Gly73 sequence
was hydrolyzed,21 resulting in the appearance of additional bands
with a Mw of 7.8 and 19.8 kDa. The bands corresponding to the full
length mCherry-Cys and the C-terminal mCherry-Cys fragment
were found to be fluorescent under UV light revealing the covalent
attachment of the fluorescein labeled alkyne 3 to the C-terminus of
mCherry-Cys. Excitation and emission spectra of the conjugate also
evidenced the presence of both fluorophores.

In order to perform the CuAAC reaction on the surface of live
cells, the azido-cholesterol was first introduced into the plasma
membrane of cultured SH-SY5Y cells. b-Cyclodextrin was used as
a delivery vector, and the corresponding inclusion complex was
prepared by incubating 30 lM of azido-cholesterol and 75 lM of
b-cyclodextrin overnight in DMEM cell culture medium. The cells
were then treated with the resulting solution of the azidolipid
complex for 30 min. It is important to note, that the normal cellular
cholesterol level was not affected by the presence of 75 lM
b-cyclodextrin, because cholesterol extraction requires much
higher b-cyclodextrin concentration.22 Parallel to the azido-choles-
terol loading, the copper catalyst was prepared by reducing CuSO4

(50 lM) with NaAsc (500 lM) in the presence of His (100 lM) over
15 min followed by the addition of the carbonyl capturing reagent
aminoguanidine (500 lM). Finally, 3 or mCherry–3 was added.
Cells were then washed and treated with the resulting alkyne solu-
tions. The ligand accelerated CuAAC reactions performed on live
cell surface were monitored by fluorescence microscopy (Fig. 3).
In control experiments cells were not pretreated with azido-
cholesterol, but incubated with 3 or with mCherry–3 in the pres-
ence of the same catalyst and additives. These experiments
resulted in no detectable fluorescent cell labeling even when 3 or
mCherry–3 was applied at 100 lM, and thus, evidenced that
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