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Abstract

Recently, L-4-cyanotryptophan has been shown to be an efficient blue fluorescence emitter, with
the potential to enable novel applications in biological spectroscopy and microscopy. However,
lack of facile synthetic routes to this unnatural amino acid limits its wide use. Herein, we describe
an expedient approach to synthesize Fmoc protected L-4-cyanotryptophan with high optical purity
(>99%). Additionally, we test the utility of this blue fluorophore in imaging cell-membrane-bound
peptides and in determining peptide-membrane binding constants.

Graphical Abstract

Facile chemical synthesis of L-4CN-Trp and incorporation into a pHLIP peptide enabled FRET
study on peptide-membrane interactions.

TElectronic Supplementary Information (ESI) available: experimental details on chemical synthesis, peptide synthesis, fluorescence
measurement, HPLC analysis of optical purity and peptide, copy of 1H NMR and 13C NMR of 5,6, and 8 are available. See DOI:
10.1039/x0xx00000x

"Corresponding authors: hyunil. jo@ucsf.edu (H.J.) and gai@sas.upenn.edu (F.G.); Tel.: +1-215-913-7838 (H.J.); +1-215-573-6256
F.G.).
These authors contributed equally.

Conflicts of interest

There are no conflicts to declare.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhang et al. Page 2

COH

CN CN
HFmoc
A\
—— \ FRET
i " Pl

RTINSO -9
BABLLLLLLSS Jupad-<c,

4CN-Trp DiO

Fluorescence spectroscopy and microscopy are two of the most prevalent tools used in
biochemistry, biophysics and biology, ranging from studying the conformational dynamics
of proteins in vitro to imaging live cells.1~3 Since most biological molecules do not afford
useful fluorescence properties in this regard, the majority of fluorescence measurements rely
on the use of one or multiple extrinsic fluorophores. Therefore, there has been a continuous
effort to develop new biological fluorescence reporters that can meet different requirements
and goals. For example, over the past few decades many analogues of tryptophan (Trp),
which is the most fluorescent native amino acid in proteins, have been examined and
explored,*-16 for the purpose of identifying Trp-based, unnatural amino acid (UAA)
fluorophores that have improved photophyiscal properties over Trp. While Trp is a useful
and convenient intrinsic fluorescence probe of protein structure and dynamics, its
application is limited to in vitro spectroscopic studies. This is because (1) its fluorescence
quantum yield (QY) is relatively low (<0.2), (2) its fluorescence decay kinetics are complex,
(3) its absorption spectrum is in the ultraviolet (UV) region (i.e., <300 nm), and (4) it has
low photostability.

Recently, Hilaire er a/13 have shown that a simple derivative of Trp, L-4-cyanotryptophans
(L-4CN-Trp), exhibits rather unique absorption and emission properties, making it useful in
biological spectroscopic and imaging applications. In comparison to Trp, the much expanded
utility of L-4CN-Trp is due to the following factors: (1) it has a larger fluorescence QY
(>0.8 in aqueous solution) and, a longer fluorescence lifetime (ca. 13 ns); (2) its absorption
and emission spectra are red-shifted, resulting in fluorescence excitation and detection
conditions accessible by commercial fluorescence microscopes; and (3) it is more
photostable. While the study of Hilaire et al. has validated the potential biological utility of
this blue fluorescence amino acid, its wide use is limited by lack of a facile method to
reliably synthesize L-4CN-Trp and the corresponding Fmoc- or Boc-protected L-4CN-Trp
for solid-phase peptide synthesis.

Herein, we aim to describe a simple, high-yielding, and cost-effective synthetic route for
L-4CN-Trp and Fmoc-L-4CN-Trp and demonstrate the utility of L-4CN-Trp fluorescence in
the study of peptide-membrane interactions, under both in vitro and in vivo conditions.
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Indeed, several methods for syntheses of 4CN-Trp or its derivatives have been reported in
the literature (Figure 1, Table S1, ESIT).13.17-21 For example, Bartoccini et a/.2° described
the synthesis of N-acetyl-4CN-Trp methyl ester from 4-pinacol boronated ester 1. However,
the product was a racemic mixture and the yield was low. Recently, another racemic
synthesis of N-acetyl-4CN-Trp from 4-cyanoindole 2 was reported.?! Since the experimental
details were not described in that study, we attempted to reproduce its result by
implementation of similar reaction conditions?2-24 known for tryptophan analogues but the
desired product was obtained in very low yield in our hands. In the study of Hilaire et al, a
short synthetic route to produce 4CN-Trp methyl ester from 4-bromo-L-tryptophan 3 in
optically pure form was described.13 However, this approach is not ideal in practice due to
the low yield in the Pd-catalyzed cyanation step, the use of toxic reagent, and the high cost
of the starting material. Alternatively, L-ACN-Trp can be enzymatically synthesized from 4-
cyanoindole 2 and serine by tryptophan synthase (TrpS) or a variant of tryptophan synthase
subunit B (TrpB) which was recently generated through directed evolution by Arnold and
others.1”-19 While very useful, this genetic approach is limited to labs with expertise in
protein expression as well as the availability of the corresponding enzyme. Thus, devising an
efficient and expedient chemical synthesis method of enantiomerically pure L-4CN-Trp is
highly desirable.

Among the available methods for preparation of enantiomerically enriched a.-amino acids,2°
enzymatic hydrolysis of racemic N-acyl amino acid via an acylase has the advantage of
being able to mass-produce optically pure, non-proteogenic L-amino acid products.26:27 In
addition, production of D-amino acid may be achievable by using of a D-acylase.28 Thus, we
set to synthesize the required resolution substrate N-acyl amino acid 6 starting from the
previously known amine 4 (Scheme 1) by conventional chemistry. The racemic amine 4 was
easily prepared from 4-cyanoindole 2 following a well-established 3-step procedure (i.e.,
Mannich reaction, alkylation by ethyl nitroacetate, and Zn/AcOH reduction).2® This
approach has the advantage of eliminating the use of toxic reagents and enables the
preparation of the desired product on multi-gram scale with high efficiency. Next,
acetylation provided the N-acetyl ester 5 in 92% yield and the mild hydrolysis by LiOH
furnished the racemic N-acetyl carboxylic acid 6 in 89% yield. The pivotal step, enzymatic
resolution of the racemic N-acetyl amino acid 6 proceeded smoothly by Amano acylase to
provide the desired L-4CN-Trp 7. It is worth noting that the solubility of L-4CN-Trp 7 in
aqueous media is negligible and the crude amino acid product could be easily separated from
the unreacted material by centrifugation. Production of L-4CN-Trp 7 with high enantiomeric
excess (over 99%) was confirmed by HPLC analysis of Na-(2,4-Dinitro-5-fluorophenyl)-L-
alaninamide (FDAA) derivatives (Figure S1, ESIT). Finally, Fmoc protection of L-4CN-Trp
7 under conventional reaction condition provided Fmoc-L-4CN-Trp 8 in good yield (62 %
over the two steps).

To further explore the biological utility of L-4CN-Trp, we incorporated it into the pH-(Low)
Insertion Peptide (pHLIP) and studied the interaction of the mutant peptide with model and

TElectronic Supplementary Information (ESI) available: experimental details on chemical synthesis, peptide synthesis, fluorescence
measurement, HPLC analysis of optical purity and peptide, copy of 1H NMR and 13¢ NMR of 5,6, and 8 are available. See DOI:
10.1039/x0xx00000x
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cell membranes using both fluorescence spectroscopic and imaging techniques. The pHLIP
peptide (sequence: GGEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT) is a pH-
dependent, membrane-interacting peptide designed and well-characterized by Engelman and
coworkers.39-34 The pHLIP peptide weakly binds to membranes as unstructured monomers
at neutral pH, whereas at pH < 6.5 it forms a transmembrane a-helix. Specifically, we
replaced the N-terminal Trp (i.e., Trp9) of pHLIP with L-4CN-Trp. Synthesis of this 4CN-
Trp-containing pHLIP peptide (hereafter referred to as 4CN-Trp-pHLIP) via microwave
assisted solid phase peptide synthesis using Fmoc-L-4CN-Trp 8 produced the desired pHLIP
mutant with a yield that is comparable to that of synthesizing the wide-type pHLIP, hence
providing additional support of the success of the synthesis protocol for 7 and 8.

The interaction between 4CN-Trp-pHLIP and membranes was first investigated via
fluorescence microscopy (Figure 2). HeLa cells, which were incubated with 4CN-Trp-
pHLIP (10 uM) in either pH 7.4 or pH 6.0 PBS buffer for 30 minutes and then thoroughly
washed 3 times with the corresponding buffer clearly show that the fluorescence intensity of
L-4CN-Trp increases with decreasing pH. These results, which are similar to those obtained
with pHLIP peptides labeled with a fluorescent dye,3! not only show that the Trp to L-4CN-
Trp mutation does not change the pH-responsive membrane-binding property of pHLIP, but
also indicates that the fluorescence of L-4CN-Trp, which was collected through a Leica
DM6000 widefield fluorescence microscope using a standard DAPI filter set (i.e., excitation
and emission optical filters designed for the fluorescent dye DAPI, a commonly used stain
for cell nucleus), is bright enough for biological imaging applications.

Next, we sought to demonstrate that the fluorescence of L-4CN-Trp can be used to quantify
the peptide-membrane interaction of interest, using 4CN-Trp-pHLIP as a model. The
absorption spectrum of 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO), a green
lipophilic dye, overlaps significantly with the emission spectra of L-4CN-Trp (Figure S2,
ESIT). This, along with the calculated ca. 62 A Férster distance (/) in MeOH (see details in
ESIT), indicates that L-4CN-Trp and DiO can be used an efficient fluorescence resonance
energy transfer (FRET) pair. Because DiO is a universal membrane stain,3® we propose that
this FRET pair can be used to assess peptide-membrane interactions. Our working
hypothesis is that binding of a L-4CN-Trp-containing peptide to a membrane that is stained
with DiO will lead to an observable FRET signal that can be used to assess the underlying
binding thermodynamics and Kkinetics. To test this hypothesis, we first compared the
fluorescence spectra of 4CN-Trp-pHLIP (1.0 pM) collected in water (no DiO was added due
to its negligible solubility) and in aqueous solutions containing DiO-stained (1%), 100-nm,
large unilamellar vesicles (LUVs) made of POPC (1.0 mM) (Figure 3).

When excited at 320 nm, where DiO has a negligible absorbance (Figure S2, ESIT), only the
peptide-containing samples show observable FRET signals, indicating peptide binding. In
addition, the FRET signal is significantly increased at acidic pH. Since the fluorescence
intensity of the donor (i.e., L-4CN-Trp) is essentially independent of pH in the range of the
experiments (Figure S3, ESIT), this result is therefore consistent with the designed pH-
responsive behavior of pHLIP. To further determine the binding constant of 4ACN-Trp-pHLIP
to POPC membranes at pH 4.0, we collected the fluorescence spectra of a series of solutions
containing 1.0 mM POPC (in the form of 100-nm LUVs stained with 1% DiO) and 4CN-
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Trp-pHLIP of varying concentrations ([4CN-Trp-pHLIP]). As indicated (Figure S4, ESIt),
the FRET signal increases with increasing [4CN-Trp-pHLIP] and starts to level off at ca.30
UM, suggesting that the dissociation constant (Kj) in the range of 20-50 pM. Indeed, fitting
the corresponding fluorescence signals (i.e., intensities at 512 nm) to a binding mode
previously used by Engelman and co-workers,34 which assumed that 1 pHLIP peptide
interacts with 50 lipid molecules, yielded a Kj of ca. 14 uM (Figure 4). This value is in
agreement with that previously reported for pHLIP (i.e., Ky = 8 uM at low pH),3¢ hence
validating the usefulness the 4CN-Trp-Dio FRET pair for quantitatively assessing peptide-
membrane binding interactions.

While L-4CN-Trp can be incorporated into peptides via solid-phase peptide synthesis, its
utility would be significantly expanded if it can also be genetically incorporated into
proteins through the protein synthesis machinery of the cell. While the development of such
a method is beyond the scope of the current study, we tested the toxicity of L-4CN-Trp to
cells. This is because tryptophan analogues could intervene in the tryptophan metabolic
pathway, leading to cell death. As indicated (Figure S5, ESIT), at 250 uM L-4CN-Trp does
not show any significant growth inhibition of £. coli cells, suggesting that this UAA is
amenable for cellular applications.

In conclusion, we developed an improved method for the selective synthesis of L-4ACN-Trp
and its Fmoc-protected version that can be used for incorporation of this blue fluorescence
amino acid into polypeptides via solid phase peptide synthesis. In addition, we demonstrated
that this UAA fluorophore is a viable fluorescence reporter to monitor binding of peptides to
cell membranes. Moreover, we devised and validated a new fluorescence method to assess
peptide-membrane interactions, which is based on the application of a FRET pair (R = 62
A) consisting of L-4CN-Trp (donor) and a universal membrane stain, DiO (acceptor).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Previous synthetic approaches for 4CN-Trp and its derivatives. * denotes a route to

enantiomerically enriched 4CN-Trp.
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Figure2.

Widefield fluorescence images of HeLa cells treated with PBS buffer (A), L-4CN-Trp-
pHLIP at pH 7.4 (B), and 4CN-Trp-pHLIP at pH 6.0 (C). D-F are their corresponding
brightfield images.
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Normalized fluorescence spectra of 4CN-Trp-pHLIP collected in water and DiO stained
POPC LUVs of different pH values, as indicated. The excitation wavelength was 320 nm.
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Figure 4.
FRET intensity of DiO at 512 nm as a function of 4CN-Trp-pHLIP concentration. Smooth

line is the fit of these data to a binding model described in text
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Scheme 1.
Synthetic route to L-4CN-Trp 7 and Fmoc-L-4CN-Trp 8. Reagents and conditions: a. AcCl,

Et3N, 92%; b. LiOH, EtOH, 89%; c. Amano acylase, pH = 8.0; d. Fmoc-Osu, NaHCOs,
62% over c and d.
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