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Synthesis of 5-Cyano-Tryptophan as a 2D Infrared Spectroscopic

Reporter of Structure

Farzaneh Chalyavi,[@ Philip H. Gilmartin, Pl Andrew J. Schmitz,[@ Michael W. Fennie*, Pl and Matthew

J. Tuckerx[al

Abstract: A concise synthesis of protected 5-cyano-L-tryptophan
(Trpscn) has been developed for 2D IR spectroscopic investigations
within peptides or proteins. To assess the potential of differently
substituted cyano-tryptophans, several model cyanoindole systems
were characterized using IR spectroscopy. Upon assessment of their
spectroscopic properties, Trpscy Was integrated into a model peptide
sequence, Trpsen—Gly—Phescy, to elucidate its structure. This peptide
demonstrates the capability of this probe, Trpscy and Pheycy, to
capture structural information via 2D IR spectroscopy. The 2D IR
spectrum of the peptide in water was simulated to reveal a unique
spectral signature resulting from the presence of dipolar coupling. The
coupling strength between cyano- labels was determined to be 1.4
cm? by matching the slopes along the max contour between the
simulated and experimental spectrum. Using transition dipole
coupling, a distance between the two probes of 13 A was calculated.

Introduction

Many interesting questions in structural dynamics of
peptides and proteins can be addressed by incorporation of
unnatural amino acid-based vibrational probes. The structure
evolution, even when it is ultrafast, can be followed by
infrared spectroscopy or two-dimensional infrared (2D IR)
spectroscopy. Several non-native amino acid side chain
probes, such as azido-, cyano-, thiocyanate, selenocyanate
and isonitrile have been developed to monitor hydration,
changes in electric field strength, chemical exchange, drug
binding and drug-enzyme interactions.l! 'For example,
Herschlag et al. utilized the SCN probe to capture the local
environment changes in the active site of the bacterial
enzyme ketosteroid isomerase.l!d For studying folded and
unfolded states of protein backbones, the N3 asymmetric
stretching region of azidohomoalanine shows a significant
spectral shift upon folding.!?

Although all of the aforementioned vibrational probes
offer varying capabilities of measuring structure and
dynamics, they have certain limitations that require the
development of infrared probes that mitigate these issues. In
particular, the sensitivity of the cyano- stretching frequency
as a local environment reporter has been established
through the use of 4-cyano-phenylalanine (Phescn) in both
infrared and two-dimensional infrared studies. The CN
vibrational transition is located in an isolated region, ranging
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from 2200 to 2300 cm, far from other vibrational modes
found in biomolecules. The multifaceted nature of nitriles has
enabled the investigation of peptide side chain orientation
and hydration status upon binding to lipid membranes,
amyloid fiber structure and conformation, dynamics of an
HIV-1 reverse transcriptase inhibitor, local environments of
DNA fragments, ligand-protein interactions, and many more
applications.[t™ 3

Although analogs of phenylalanine (Phe) and alanine are
commercially available, other cyano- derivatized amino acids
are not and have remained difficult to obtain. The utility of 5-
cyano-tryptophan (Trpscn) as a potential infrared probe with
a larger sensitivity for the local environment, moreover, has
been demonstrated through analysis of the infrared spectrum
by Gai and coworkers.?¢ 4 These studies show Trpscy has a
larger molar absorption cross section than Phescy and a
higher sensitivity to the degree of hydration due to the larger
‘antenna effect’ of the indole ring.®! Furthermore, this
spectroscopic reporter is capable of exposing the solvent
dynamics around side chains within indolicidin upon binding
to a membrane. By comparing two Trpscn labelled peptides,
a narrowing of the spectral linewidth was observed upon
binding to dodecylphosphocholine (DPC) micelles for one
labelled side chain that becomes sequestered in the
membrane mimic, while the other labelled side chain showed
no significant change in bandwidth compared to the peptide
in bulk water, revealing exposure to solvent.¢l Overall, these
prior results show that the cyanoindole moiety is highly
sensitive to the degree of hydration around the sidechain.

With the great promise of cyano-labeled tryptophan as a
spectroscopic reporter, we developed a scalable, modular
synthesis to further investigate this potential.[®! Furthermore, we
then incorporated a cyano-labeled tryptophan and another
cyano-probe within the same short peptide to develop a novel
cyano- label probe pair that allowed for the detection of structural
information through 2D IR spectroscopy. These novel side chain
probes coupled with the structural methods will usher in the ability
to directly observe the dynamics in side chain gating mechanisms
such as found in the M2 Influenza virus ¥ as well as localized
detection of aggregates found in Alzheimer's and other protein
misfolding diseases.

Results and Discussion

Cyanoindole Linear Infrared Study
In order to assess the potential of differently substituted cyano-
tryptophans, several model indole systems were analyzed in the
infrared. The cyano- label was positioned at the 3, 4, 5, and 6
carbons on the indole ring to determine the variations in peak
position and extinction coefficients in THF. Figure la
demonstrates that indolescy exhibited the largest extinction
coefficient followed by indolescy and indolescy, while indolescn
showed the lowest peak extinction coefficient. Although indolescy
exhbited the largest extinction coefficient, it is rendered unusable
as a cyano- label in tryptophan because the 3-position links to the
alpha carbon of the amino acid. Thus, the most promising cyano-
positions of the indole are positions 5 and 6, with indolescn
showing ~1.2 fold increase in dipole strength compared to
indoles(;N.
In addition to differences in dipole strength, there are small,
but distinguishable, differences in the vibrational frequencies (~1-
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Figure 1. a) FTIR spectra of equimolar indolescn (blue), indolescn (red),
indolescn (green), and indolescn (purple) in THF b) Linear infrared spectra of
Trpscw in water (blue) and Fmoc-Trpscn in THF (red).

2 cm™) of the transitions of cyanoindole derivatives, making it
unlikely that two cyano-tryptophan derivations can be observed in
a single peptide without significant spectral overlap. Three of the
four cyano- derivatives exhibit only one prominent transition.
Indolescy exhibits two distinct transitions at 2214 and 2230 cm'™.
Prior studies have indicated the origin of the second peak is due
to a Fermi resonance between the fundamental and the ring
breathing modes.[7 The Fermi resonance combined with the
lower extinction coefficients render the 4-cyano analog less
desirable as an infrared probe. The 5-cyano-L-tryptophan
derivative was then synthesized as a potential infrared probe for
further investigation.

Synthesis of (S)-Na-Boc/Fmoc-N¢n)-Boc-5-cyano-tryptophan

Although 5-cyano-L-tryptophan  has been previously
synthesized starting from L-tryptophan,® the route’s reliance on
an electrophilic aromatic bromination/high-temperature cyanation
sequence to set the regiochemistry precludes the synthesis of
other regioisomers.® Therefore, a route (Figure 2a) applicable to
multiple  protected cyano-tryptophan  regioisomers  was
envisioned.l*® The key step in this route utilizes a modification of
Zhu's indole synthesisi* to construct the tryptophan core (4) via
the condensation-cyclization*? of aldehyde 3% and 4-cyano-2-
iodoaniline (2) *4 followed by treatment of the crude material with
Boc,0 (Figure 2b).' This reaction sequence has been performed
on a scale to provide greater than 5 g of 4 (See Sl). Selective
removal of one Boc-group from the bis-Boc-carbonate with
Mg(ClO4),* and hydrolysis of the methyl ester with LiOH,
afforded (S)-Nq-Boc-Nn)-Boc-5-cyano-tryptophan (1) suitable for
peptide synthesis. Exchange of the Boc-protecting group on the
N-terminus for an Fmoc-group!*® was achieved through a 4-step
route starting with 4 (41% over 4 steps).

10.1002/anie.201803849
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Figure 2. a) Retrosynthesis of (S)-Na -Boc-N(in)-Boc-5-cyano-tryptophan.
b) Synthesis of (S)-Na-Boc/Fmoc-N(in)-Boc-5-cyano-tryptophan

Infrared Studies of 5-Cyano-Tryptophan and Transition
Dipole Strengths

The linear IR spectra of Trpscy in water and Fmoc-Trpscy in
THF both exhibit a single transition associated with the -CN
stretch. These transitions occur at 2227 and 2225 cm in water
and THF, respectively (Figure 1b). The bandwidth of Trpscy in
water (14.4 + 1.3 cm™) is approximately twice as large as
observed in THF (7.6 £+ 0.2 cm™). Although there is not a
significant solvachromatic shift of the vibrational frequency, the
two fold increase in bandwidth suggests sensitivity to the number
of microstructures available upon interaction of water and the
cyanoindole moiety*? detectable via 2D IR spectroscopy. In the
spectral profile of Fmoc-Trpscn in THF, a slight asymmetry of the
band (left shoulder) is observed. This asymmetry has been
detected within other cyano- substituted aromatic side chains,
and it is likely due to a slight Fermi resonance.l Another
possibility is that two conformers of the molecule are present in
THF whereas only one is seen in water, as seen in other ring
systems.!l In our current work, the transition dipole strength (u)
of Trpscn in water was measured to be 0.49 + 0.02 D using
methods reported by Zanni and coworkers.[*” This value is larger
than the transition dipole strength of the commonly used cyano-
probe, Phescn (0.38 + 0.02 D). With this increase in transition
dipole strength, the peptide concentrations required for
experiments can be reduced and the signals become easier to
observe, especially for 2D IR where the signal is dependent on
[Ml*.

The synthesized Trpscy was incorporated into a short model
peptide in conjunction with Phescn, Trpsen—Gly—Phescn, to
address whether this probe pair has the potential to vibrationally
couple over short distances for structural determination. The
infrared spectrum of this peptide in water, shown in Figure 4, has
two distinct transitions at 2227 and 2233 cm™. The presence of
these two probes within a close spatial proximity in the molecule
results in significant dipolar coupling as indicated by the spectral
intensities. As a result, the ratio of the relative intensities of the
infrared transitions, 1.15:1 (Trpscn:Phescn) is sufficiently less than
expected for isolated transitions based on prior literature 18 as
well as the measured transition dipole of 5-cyanotryptophan
1.7:1).

Typically, a splliting in the vibrational frequencies is expected
when coupling is present. No changes in the vibrational frequency
were observed for these coupled transitions in the infrared
spectrum. Assuming a simple bilinear coupling model, the
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Figure 3. FTIR and 2D IR spectrum of Trpscn—Gly—Pheascn in water at 150 fs
waiting time.

vibrational frequencies were determined to vary by less than 1 cm-
1 and within the limits of the FTIR detection. On the other hand,
the relative intensities of the two transitions still vary significantly
with the magnitude of the vibrational coupling, as observed in our
experimental results similar to Krummel et al.% Although
vibrational coupling of this nature is often difficult to assess via
linear infrared spectroscopy, a much clearer picture of the
vibrational coupling can be detected via 2D IR spectroscopy by
careful analysis of the spectral shape or oftentimes by the
presence cross peaks.? Therefore, 2D IR was invoked to
investigate the coupling for these two vibrational probes.

2D IR Spectroscopy and Analysis

The 2D IR spectrum of Trpsen—Gly—Phescn in water measured at
150 fs waiting time reveals two transitions with a
distortion/change in the lineshape (Figure 3). For Trpscn, the 0—1
positive going transition is observed at {wy,w,} = 2225,2227 cm'*
along with an anharmonically shifted negative transition located
21 + 1 cm? along w. The second position-going transition
resulting from the cyano- mode of the Phescy is observed at
{wy,w;} = 2231,2233 cm?. Significant inhomogenous broadening
is present in both trasnitions as expected from the different
microstructures available in bulk water. The population
relaxations, Tio, of Trpscy and Phescy in water were measured to
be 1.7 £0.1 ps and 2.0 £ 0.1 ps, respectively. By comparing the
2D spectral line shapes of the peptide to a 50/50 mixture of the
amino acids as a control (See Figure S8), it is evident that the
spectral distortions in the peptide spectrum are due to the
presence of vibrational coupling. Also, the intensities of the cross
peaks become more prominent at later times as seen in Figure
S4-a. The decay of the cross peaks intensity as a function of
waiting time suggests the presence of vibrational coupling
between transitions. An average of 1D slices of the 2D IR
spectrum along . indicates the presence of cross peak within the
lineshape that become more apparent upon first derivative
analysis shown.in Figure S9. Quantitively, it can be shown that
the significant distortion in the shape of the center line contours
of both the positive and negative bands is indicative of the
vibrational coupling (see S| for more details). These observed
spectral characteristics were quantified by the slope of the line
passing through the max contour of the positive bands accounting
for 12% of the amplitude. The values of the slopes were 0.77 and
0.47 for Trpscny and Phescy, respectively. Then, the magnitude of
the vibrational coupling was determined by simulating the 2D IR
spectrum of this peptide in water to best match the observed
experimental slopes through the max contour. In order to
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reasonably reproduce the observed 2D IR spectrum, a vibrational
coupling of 1.4 cm™* was required between the two modes (Figure
4).
Briefly, the 2D IR simulation was performed for the standard
response functions within the weak coupling limit, utilizing the
measured experimental parameters and assuming FFCF
parameters for the modes were exposed to water. To evaluate the
coupling parameter, a range of values between 0 and 2 were
simulated and the resulting spectra were analyzed by measuring
the slope along the max contour (see Sl for complete analysis).
By comparing the simulated spectrum for zero coupling and a
coupling strength of 1.4 cm*  (Figure 4), there are very distinct
differences. Assuming zero coupling, two distinguishable bands
were observed on the diagonal at {w,w;} = 2227 cm™ and {w;,w-}
= 2233 cm with the slope of max contour having values of 0.66
and 0.70. Also, no apparent distortion was present in the
anharmonically shifted transitions. However, as the coupling
strength was .increased, the slopes along the max contour
changed as a result of distortions caused by the addition of weak
cross peak (see Sl). Once a value of 1.4 cm is reached for the
coupling, the slopes along the max contours of the positive bands,
0.78 and 0.50, are in reasonable agreement with the experimental
2D IR spectrum and the distortion in the negative 1—2 transition
distortion is also reproduced. To further assess the overall change
in spectral shape upon coupling and its effects on the max contour
slope of CN symmetric stretch, the linear infrared and 2D IR
spectra of the Phescny amino acid in water were collected and
compared. The slope along the max contour of the positive band
of the 2D IR spectrum of the single labelled amino acid at 150 fs
waiting time is 0.71 matching the slope of the simulated spectrum
with zero coupling and 1.5x less than the transition in the model
peptide (see Sl). Together, these results establish the utility of
quantifying the vibrational coupling magnitude of overlapping
nitrile transitions via the slope along the max contour.

Transition Dipole Coupling Model

Transition dipole coupling (TDC) is a simple model that relates the
observed experimental coupling to the spatial distance between
the two dipoles of the vibrational probes within the molecule.
According to TDC (Eq. 1),

_ 1 (memy 3t (@t))
By = gy (o~ “E2E) &)
where p;and y; are the transition dipole strengths of the probes,
r; is the distance between the probes, and g;; is the coupling
constant.??

By applying the above mentioned transition dipole strengths and
the experimental coupling along with the angles between dipoles
detemined from the linear IR intensities, the distance between
cyano probes was calculated to be ~ 13 A. An average value for
the distance was then determined by running Density Functional
Theory (DFT) energy minimizations (Gaussian09) on an
ensemble of starting conformations of the short peptide (more
details in the SI). A distance of 13.3 + 1.04 A was calculated for
the ensemble average of the conformations of the Trpscn—Gly—
Phescn peptide, which closely matches the experimental value.
Any slight differences in the distances can be due to the lack of
sufficient sampling of the peptide structures for the theoretical
ensemble. Overall, the methodology put forth above provides a
spectral tool to access structural information in peptides for
cyano-cyano probe pairs.

Conclusions

In this work, Ng-Boc-Ngn-Boc-5-cyano-tryptophan and Ng-Fmoc-
Nn)-Boc-5-cyano-tryptophan were synthesized in 44% and 21%
respectively. The motivation for this synthesis is provided by the
potential of cyano-labeled indoles as non-native labels in peptides

This article is protected by copyright. All rights reserved.
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Figure 4. Simulated 2D IR spectra of Trpsen—Gly—Phescn in water, zero
coupling (top) and 1.4 cm coupling (bottom).

and proteins via tryptophan. The synthesized 5-cyano-L-
tryptophan was incorporated into a short peptide system as
second cyano- label, Trpscn—Gly—Phescn, to validate the efficacy
of measuring spatial distance using this probe pair via 2D IR
spectroscopy. The vibrational coupling, 1.4 cm™ between the
cyano- probes was quantified via simulation of the 2D IR spectrum
and analysis of the slope along the max contours of the positive
transitions. The spatial distance, ~13 A, between the two labels
was found experimentally using transition dipole coupling theory
and confirmed theoretically. Other cyano-tryptophan regioisomers
are currently being synthesized, and the spectroscopic studies of
such compounds will be presented in due course.

Experimental Section

5-Cyano-L-tryptophan (Trpscn) was synthesized as described above and
characterized via Fourier transform infrared (FTIR) spectroscopy.
Additionally, a short peptide system, Trpscn—Gly—Pheacn, was synthesized
via standard fluorenylmethyloxycarbonyl chloride (FMOC) solid-state
peptide synthesis to include the Trpscn. FTIR spectra (Nicolet 6700,
Thermo Scientific) of Trpscw, indolescn, indolescn, indolescn, indolescn, and
the short peptide Trpscn—Gly—Pheacn were collected with 1 cm* resolution
and a nitrogen-cooled MCT detector. 2D IR spectra were measured using
the box-CARS configuration as described in prior literature.?° The optical
densities for both methods were between 0.01-0.03. See SI for more
details.
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