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Abstract

Tryptophan (Trp) fluorescence has been widely used to interrogate the structure, dynamics and
function of proteins. In particular, it provides a convenient and site-specific means to probe a
protein’s hydration status and dynamics. Herein, we show that a tryptophan analog, 5-
cyanotryptophan (Trpcpy), can also be used for this purpose, but with the benefit of enhanced
sensitivity to hydration. This conclusion is reached based on measurements of the static and time-
resolved fluorescence properties of 5-cyanoindole, Trpcy, and Trpcn—containing peptides in
different solvents, which indicate that upon dehydration the fluorescence quantum yield (QY) and
lifetime (tg) of Trpcn undergo a much greater change in comparison to those of Trp. For example,
in H,0 the QY of Trpcy is less than 0.01, which increases to 0.11 in 1,4-dioxane. Consistently,
the fluorescence decay kinetics of Trpcy in HoO are dominated by a 0.4 ns component, whereas in
1,4-dioxane the kinetics are dominated by a 6.0 ns component. The versatile utility of Trpcy as a
sensitive fluorescence reporter is further demonstrated in three applications, where we used it (1)
to probe the solvent property of a binary mixture consisting of dimethyl sulfoxide and H,0, (2) to
monitor the binding interaction of an antimicrobial peptide with lipid membranes, and (3) to
differentiate two differently hydrated environments in a folded protein.

1. INTRODUCTION

Among the naturally occurring fluorescent amino acids, tryptophan (Trp) is the most widely
used fluorescent probe of protein structure, function, and dynamics.12 This is because 1) its
fluorescence properties, such as the emission wavelength, Stokes shift and lifetime, depend
on local environment,:34 2) its fluorescence can be quenched by various amino acid
sidechains® as well as other molecules or ions,8-12 and 3) it has a relatively high
fluorescence quantum yield (QY) (i.e., ~0.14 in water)13 and large molar extinction
coefficient for transitions to the 1L, and 1Ly, excited states, which combined, allows for
measurements using dilute protein solutions. While Trp is an exceedingly useful and
convenient fluorescence reporter of proteins, it affords, like any other spectroscopic probes,
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certain limitations and/or disadvantages. For example, in practice it is often difficult to
quantitatively assess and interpret Trp fluorescence results, as many different mechanisms
can contribute to the excited-state decay process of the indole fluorophore in a protein
environment.14-17 Therefore, much effort has been made to expand and/or improve the
utility of Trp fluorescence by exploring the feasibility of using various Trp-based non-
natural amino acids, such as 7-azatryptophan,1® 5-hydroxytryptophan,1® 4- or 5-
fluorotryptophan,2%-21 - or 7-cyanotryptophan,22 and p-(1-Azulenyl)-L-alanine, 23 that
possess different photophysical properties from Trp (e.g., quantum yield, emission
wavelength, and fluorescence decay kinetics). Herein, we continue this effort by showing
that the fluorescence emission of a nitrile-derivatized Trp analog, 5-cyanotryptophan
(Trpen), can be used as a sensitive probe of the local hydration status of proteins.

From a practical point of view, for many biological applications a good fluorescence probe
should exhibit a significant change in its fluorescence spectrum (i.e., intensity, wavelength,
or both) when exposed to different environments. This requirement is especially important
for examining processes, such as protein folding and interactions, whereby the local
surrounding of the fluorophore undergoes a drastic change, for instance, from a hydrated to
a dehydrated environment. While Trp fluorescence has been extensively used in these types
of applications, the total fluorescence intensity change is rarely more than two-fold. This is
due in part to the fact, as shown (Figure 1), that the fluorescence QY of indole is not
sensitively dependent on hydration. Of course, one can find special cases where the change
is more drastic due to involvement of other quenching mechanisms, such as those arising
from specific sidechains.® In comparison, the fluorescence QY of 5-cyanoindole (5Cl), the
sidechain of Trpcp;, exhibits a much stronger sensitivity to interactions with H,O as shown
below. This is supported by the fact that upon changing the solvent from water to 1,4-
dioxane, a solvent commonly used to mimic the hydrophobic interior of proteins, the total
fluorescence intensity of 5CI is increased by a factor of approximately 23, whereas that of
indole only increases by a factor of ~1.3 (Figure 1). Furthermore, a previous study by
Jennings et al.2* demonstrated that the maximum of the fluorescence spectrum of 5Cl is
shifted from ~315 nm in isopentane to ~391 nm in H,0. Thus, taken together, the large
Stokes shift and a more significant QY change of 5CI in response to hydration suggests that
Trpcn could be a more sensitive protein hydration probe than Trp.

To verify this notion, we carried out steady-state and time-resolved fluorescence
measurements on 5CI, Trpcy, and a model tripeptide Gly-Trpcn-Gly (hereafter referred to
as GW¢NG) in different solvents. We found, as expected, that exposure to water results in
significant quenching of the Trpcy fluorescence, due to a substantial increase in its excited-
state nonradiative decay rate. On the other hand, the fluorescence QY and lifetime of Trpcn;,
either in the free amino acid form or in a peptide environment, were found to increase, on
average, by more than an order of magnitude in aprotic solvents compared to those in H,O.
Combined, we believe that these results support the idea that Trpcy can be used as a
sensitive fluorescence probe of the local hydration status of proteins. Further evidence
confirming this utility of Trpcn comes from several applications wherein we demonstrated
that this non-natural amino acid can be used to 1) detect the preferential accumulation of
dimethyl sulfoxide (DMSO) molecules around aromatic sidechains in a disordered peptide,
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2) probe the binding of an antimicrobial peptide to lipid membranes, and 3) differentiate the
microenvironments of two Trpcy residues in a folded protein.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation

5-cyanoindole (5CI) at 99% purity was purchased from Acros Organics (Morris Plains, New
Jersey), Fmoc-5-cyano-L-tryptophan with a purity of >99% was purchased from RSP amino
acids (Shirley, MA), and all other amino acids were purchased from Advanced ChemTech
(Louisville, KY). The following solvents (spectroscopic grade) were purchased from Acros
Organics: methanol (MeOH), ethanol (EtOH), dimethyl sulfoxide (DMSO), acetonitrile
(ACN), 1,4-dioxane, tetrahydrofuran (THF, without the BHT preservative), and 2,2,2-
trifluoroethanol (TFE). D,O was purchased from Cambridge Isotope Laboratories, Inc.
(Tewksbury, MA). Dodecylphosphocholine (DPC) was purchased from Avanti Polar Lipids
Inc. (Alabaster, Alabama). All materials and solvents were used as received. Deprotection of
the Fmoc-5-cyanotryptophan to produce the free Trpcy amino acid (Trpen-NH>) and
synthesis of all peptides (Gly-Trpcn-Gly-NHy, TZ2Wen-NH,, TC2Wen-NH5, and
MPXWcn-NHo) were achieved by using standard 9-fluorenylmethoxy-carbonyl (Fmoc)
solid-state methods on a CEM (Matthews, NC) Liberty Blue automated microwave peptide
synthesizer. Peptide purification was done by reverse-phase HPLC (Agilent Technologies
1260 Infinity) with a C18 preparative column (Vydac). The Trpcy amino acid and all
peptides were constructed on Rink amide resin and thus contained an amidated C-terminus.
The mass of every peptide was verified by either liquid-chromatography mass spectrometry
(LC-MS) or matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS)
where appropriate. Samples were freshly prepared before use by directly dissolving the
desired compound in the desired solvent, and the final concentration of the solute was
approximately 45 uM for static and time-resolved measurements. The UV-Vis spectra (in
the region of 250 — 300 nm) of a 5-cyanoindole solution and an indole solution in methanol
of equal concentration (determined by weight) are almost identical. Thus, for each sample
we used its absorbance and the molar extinction coefficient of Trp at 280 nm (g = 5500 M1
cm™1) to estimate the solute concentration. Membrane-bound MPXWcy peptide was
prepared by solubilizing MPXW_¢y with DPC in TFE at a 1:70 peptide to lipid ratio. The
organic solvent was removed via a nitrogen stream and the left-over film was lyophilized for
at least 4 hours to ensure complete solvent removal. Subsequently, the resultant dry film was
redissolved in H,O. The final concentration of the peptide was ~40 uM.

2.2. Static and Time-Resolved Fluorescence Measurements

Static fluorescence measurements were obtained with a Jobin Yvon Horiba Fluorolog 3.10
spectrofluorometer at room temperature in a 1 cm quartz cuvette with a 1.0 nm resolution
and an integration time of 1.0 nm/s. For all the static measurements, an excitation
wavelength of 280 nm was used. Time-resolved fluorescence measurements were collected
on a time-correlated single photon counting (TCSPC) system with a 0.4 cm quartz cuvette at
25 °C. The details of the TCSPC system have been described elsewhere.2> Briefly, a home-
built femtosecond Ti:Sapphire oscillator operating at 800 nm and 85 MHz repetition rate
was used to generate a 270 nm excitation pulse train in a home-built collinear third harmonic
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generator. Repetition rate was reduced to 21 MHz by using an electro-optical pulse picking
system (Conoptics Inc.). Emission was collected at magic angle polarization condition and
in a 90 degree geometry relative to excitation, selected by a short-wavelength bandpass filter
(Semrock FF01-357/44) around 360 nm and a long-pass filter (Semrock FF01-300/LP) with
a 300 nm cutoff to better suppress scattered excitation light, and detected with a MCP-PMT
detector (Hamamatsu R2809U) and a TCSPC PC-board (Becker and Hickl SPC-730).
Fluorescence decays were deconvoluted with the instrument response function (IRF) and fit
either to a single-or multi-exponential function in order to minimize x2 below an acceptable
value (i.e., 1.2) using FLUOFIT (Picoquant GmbH). N-acetyl-L-tryptophanamide (NATA)
was used as a standard and control, yielding a single exponential decay of 3.0 ns (see Table
1) in accordance with the literature.1 The optical density of the samples at the excitation
wavelength was equal to or below 0.2 for both static and time-resolved measurements.
Furthermore, the quantum yield of a given sample (QYs) was determined using the quantum
yield of NATA (QYR) in H,0O at pH 7.0 as a reference and the following equation,

I A n?
QY. =QY Zefnls @

R Ag n?{

where | and A represent the integrated area of the fluorescence spectrum and the optical
density of the sample at 280 nm, respectively, and n is the refractive index of the solvent
used. The subscripts S and R represent sample and reference, respectively. In addition, the
value of QYR was taken as 0.14,2 and 1.333 was used for ng.

3. RESULTS AND DISCUSSION

To assess the feasibility of using Trpcy fluorescence as a reporter of protein local hydration
status, we first systematically examined the steady-state fluorescence properties and
fluorescence decay kinetics of 5CI, Trpcy, and GWcNG in a series of solvents with different
polarities and hydrogen bonding abilities (Table 1). Then, the utility of this fluorescence
probe was tested in three different applications, including detection of a specific solute-
solvent interaction, peptide-membrane association, and the hydration status of two Trpcy
residues located in different environments within a folded mini-protein.

Steady-State Fluorescence Measurements

As shown (Figure 2), both the intensity and maximum wavelength (Amax) of the
fluorescence spectrum of 5CI exhibit a strong dependence on solvent. Qualitatively, the
Amax Of 5CI increases with increasing solvent polarity (Table 1), which is in good agreement
with the trend previously observed by Jennings et al.2* Furthermore, the Amax 0f 5CI is red-
shifted compared to the fluorescence spectrum of indole, the fluorophore of Trp, obtained in
the same solvent. For example, in H,O the fluorescence spectrum of indole is peaked at
~352 nm, whereas that of 5CI has an emission maximum at ~387 nm. The greater Stokes
shift of 5CI can be attributed to the larger change in its dipole moment upon
photoexcitation.26 In addition, and perhaps more importantly, in solvents that can form
strong hydrogen bonds (H-bonds), such as H,O and trifluoroethanol (TFE), the fluorescence
QY of 5CI exhibits a significant decrease (Figure 2 and Table 1). For example, in 1,4-
dioxane the fluorescence QY of 5CI is determined to be ~0.13, which is decreased to ~0.005
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in H,0. In comparison, while indole is a brighter fluorophore, its fluorescence QY has less
of a dependence on these solvents (i.e., 0.45 in 1,4-dioxane versus 0.28 in H,0).27 Thus,
these results indicate that, when used to probe a hydration/dehydration event, 5CI would be
able to produce a fluorescence signal with a higher contrast than that of indole.

As shown (Figure 2), the fluorescence spectra of the free amino acid Trpcy are similar to
those of 5CI obtained in the same solvents, although the A value in each case is further
red-shifted (Table 1). This is consistent with the trend already observed for indole and Trp.28
What is more important, however, is that the strong fluorescence quenching effect of H,O
toward the 5CI fluorophore is maintained (Table 1). This result, which is consistent with a
previous study,?? indicates that Trpcy fluorescence could be used to sense the local
hydration status of proteins. Results obtained with GW¢cnG (Figure 2 and Table 1), also
corroborate this notion. For example, the fluorescence QY of Trpcy and GWenG is
increased by more than an order of magnitude upon changing the solvent from H,0 to
MeOH. Since MeOH is also capable of forming hydrogen bonds, this finding thus manifests
the specific and high sensitivity of Trpcy fluorescence towards H5O.

Time-Resolved Measurements

To further understand the photophysics of Trpcy, we set out to measure the fluorescence
decay kinetics of 5CI, Trpcn, and GWcNG in those aforementioned solvents. As indicated
(Figure 3 and Table 1), the fluorescence decay kinetics of 5CI in all solvents could be fit
reasonably well to a single-exponential function, with the exception of those obtained in
H,0 and TFE, which required at least a double-exponential function to yield a satisfactory
fitting (i.e., x2 < 1.2). Consistent with the steady-state measurements, the (intensity
weighted) fluorescence lifetimes (0.1 — 0.3 ns) of 5CI in H,O and TFE are significantly
shorter (by at least an order of magnitude) than those in other solvents, which are in the
range of 3.0 — 7.1 ns. This finding is, to some extent, surprising, as for indole the
fluorescence lifetime in TFE (0.45 ns) is drastically shorter than in H,O (4.5 ns).30 Barkley
and coworkers3%:31 have shown that both TFE and H,0 can quench the fluorescence of
indole via an excited-state proton-transfer process. While we cannot completely rule out the
possibility that a solvent-induced proton-transfer event is responsible for the observed fast
excited-state decay kinetics of 5CI in H,O and TFE, the fact that, unlike indole,3° the
fluorescence QY and decay kinetics of 5CI do not show any measurable difference between
H,0 and D,0 (Figure S1 and Table 1) strongly argues against this scenario. Since both H,O
and TFE can form H-bonds with the nitrile group of 5CI,32 it is possible that their strong
quenching effect arises solely from such H-bonding interactions. However, this possibility
can also be ruled out as in both MeOH and EtOH, which are able to form such H-bonds, the
fluorescence lifetime of 5CI becomes much longer (Table 1). Similarly, the H-bonding
interactions between the pyrrole N-H group of 5CI and a solvent molecule, such as H,0,
MeOH, EtOH, and DMSO, are also unlikely to serve as a major nonradiative decay channel
as the fluorescence lifetimes of 5CI in those solvents differ significantly (Table 1). It is
known that both H,0 and TFE can interact with the indole moiety via another type of H-
bonding interactions, i.e. those formed between the —OH group of the solvent and the -
electron cloud of the aromatic ring.33-3% In fact, this type of interactions has been suggested
to play an important role in the excited-state decay kinetics of indole in TFE.3¢ Thus, we
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tentatively attribute the sub-nanosecond fluorescence decay kinetics of 5CI in H,O and TFE
to such H-bond formations, which increase the nonradiative decay rate of the fluorophore. If
this assessment is indeed valid, the much slower fluorescence decay lifetime of 5CI obtained
in other protic solvents (i.e., MeOH and EtOH) indicates that the indole ring is solvated
mainly by the methyl groups rather than the —OH group, which is consistent with previous
studies.37:38 In addition, it is noticed that, unlike those obtained in other solvents, the
fluorescence decay kinetics of 5CI in H,O and TFE cannot be satisfactorily described by a
single-exponential function (Figure 3). There are two possible interpretations. First, 5CI has
a relatively low solubility in both H,O and TFE; hence the non-single-exponential decay
kinetics may reflect the heterogeneity of the solute. The second, and perhaps a more
probable interpretation is that this deviation manifests the heterogeneity in the solvent-solute
interactions, especially those —~OH- - -w-electron H-bonding interactions.

Finally, unlike that of indole,28 the fluorescence lifetime of 5CI in DMSO is significantly
lengthened (i.e., to 7.1 ns) in comparison to those in other solvents, suggesting that Trpcy
fluorescence could be used to probe preferential interactions3® between DMSO and Trp
sidechains in a protein environment (see below).

As indicated in Figure 3, the fluorescence decay kinetics of Trpcy, in either the free amino
acid form or the GW¢nG peptide, support the notion that it can be used as a protein
hydration probe. While the average fluorescence lifetime of Trpcy obtained in H,O is
slightly increased compared to that of 5Cl, its excited-state decay kinetics are still
dominated by a fast component (i.e., 0.4-0.5 ns), which is significantly separated from those
obtained in other solvents, except TFE (Table 1).

Unlike 5CI, Trpcp exhibits non-single-exponential fluorescence decay kinetics in all the
solvents studied. Since Trp shows the same behavior and its double- or multi-exponential
fluorescence decay kinetics have been attributed to different sidechain rotamers,1” we
believe that the fluorescence decay kinetics of Trpcy can also be explained by such a
rotamer model. Many previous studies have shown that the average fluorescence decay rate
of Trp is faster than that of indole under the same solvent conditions, indicating that an
additional, nonradiative decay pathway exists due to the presence of a backbone. The current
consensus is that this new decay process arises from electron transfer from the indole
sidechain to the carbonyl group of adjacent peptide bonds.16 As shown (Table 1), unlike the
trend observed for indole and Trp,28 the average fluorescence lifetime of Trpcy is longer
than that of 5CI in the same solvent. More specifically, in most solvents (except H,O and
TFE) the fluorescence decay kinetics of Trpcy and GWenG consist of two components,
with one that is relatively independent of solvent and decays within 2-3 ns, whereas the
other, which is slower (tg > 5.5 ns) and dominant in most cases, shows a clear dependence
on solvent environment. Taken together, these results suggest that the electron-transfer
mechanism invoked to explain the fluorescence decay kinetics of Trp is not applicable to
Trpen- Instead, we believe that the fast component arises from a more specific interaction
facilitated by differences in geometry between the backbone and a particular sidechain
rotamer. While elucidation of the nature of this interaction requires further studies, we
hypothesize that it corresponds to a H-bonding-like interaction between the aromatic ring
and a backbone amide N—H group. This hypothesis is consistent with the aforementioned
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assumption that H,O quenches the fluorescence of 5CI via H-bonding interactions with the
mi—electron cloud of the ring. In addition, this model is self-consistent, as for rotamers that
cannot engage in such additional interactions due to distance constraints, their fluorescence
lifetimes would be longer and depend mostly on the solvent, as observed.

Probing Preferential Interactions with DMSO

To further demonstrate the utility of Trpcy fluorescence as a local solvation reporter, we
first applied it to probe the preferential interaction between DMSO and Trp residues within a
peptide. The binary mixture of water and DMSO has been extensively studied and used in
various applications owing to its non-ideal nature and hence unusual properties.4? For
example, it has been used as a cryoprotectant, an enzyme activator, and a denaturant.#142 In
particular, several studies*3-45 have indicated that in a binary mixture of water and DMSO
preferential solvation of hydrophobic residues, such as Phe and Trp, by DMSO can occur.
All of these behaviors can be attributed to the amphiphilic nature of DMSO which allows
this solvent to engage in both H-bonding (e.g., with water) and hydrophobic interactions (via
methyl groups).#6 As demonstrated above, the fluorescence QY of Trpcy in DMSO is
approximately 24 times greater than its QY in H,O, making it ideally suited to probe any
preferential accumulation of DMSO molecules around its indole ring. Specifically, we
measured the fluorescence spectra of a peptide that contains two Trpcy residues (sequence:
S-Trpcn-TAENGKAT-Trpen-K), in a series of DMSO-H,0 mixtures. This peptide
(hereafter referred to as 2W¢pP) is largely unstructured in aqueous solution according to its
CD spectrum (Figure S2), thus allowing the Trpcy sidechains to be solvent accessible.

As shown (Figures 4 and Figure S3), the intensity of the Trpcy fluorescence spectrum of
2W NP depends strongly on the mole fraction of DMSO (xpmso) in the binary mixture,
especially in the range of 0.0-0.4. A more quantitative analysis indicates that the relative
fluorescence quantum yield of Trpcyn in 2WeNP, as measured by the integrated area (1) of
the fluorescence spectrum, exhibits a transition (Figure 4) that is similar to that observed in
substrate binding kinetics of enzymes. Indeed, this transition (i.e., | vs. xpmso) can be
satisfactorily described by a modified Hill equation shown below,

(Imax - ]min) (aX]_)Mso +b)
& n (3)
( XDpMso ) +l

where Imin, Imax, K, @, b, and n (the Hill coefficient) are constants. The linear term, (aypmso
+ b), is introduced to account for the slight downward trend of the signal after saturation. As
shown in Figure 4, the best fit yields a k value of 0.18, indicating that the fluorescence signal
reaches a maximum at a ypmso Value of 0.36. Interestingly, a previous dielectric relaxation
study*® indicated that the maximum H-bonding interactions occurring between H,0 and
DMSO take place at xpmso = 0.33, leading to formation of HoO-DMSO-H,0 complexes.
Thus, the above result suggests that the fluorescence of Trpcy is able to ‘sense’ this intrinsic
property of the binary mixture. In addition, and perhaps more interestingly, the Hill
coefficient obtained from the fitting is n = 3.2, suggesting that the DMSO binding
interaction with the indole ring is highly cooperative. Following the common interpretation
of the value of the Hill coefficient,*’ the above n value suggests that one Trpcy sidechain

I:Imin+
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can have a maximum of three DMSO binding sites. Hence, from this simple example it
becomes evident that Trpcy is not only a useful fluorescence probe of proteins or peptides,
but it can also be used to reveal important physical properties of binary solvent systems that
contain water.

Probing Peptide-Membrane Interaction

In the second application, we demonstrated that Trpcy fluorescence can be used to probe
peptide-membrane interactions. To do so, we measured the static and time-resolved
fluorescence properties of a Trpcn mutant of an antimicrobial peptide, mastoparan X, in the
presence and absence of a model membrane. Like the parent,#® this mutant (sequence: IN-
Trpen-KGIAAMAKKLL), hereafter referred to as MPXWcy, is relatively unstructured in
aqueous solution, and folds into an a-helical conformation upon binding to DPC micelles
(Figure S4). As shown (Figure 5a and Table 1), in the absence of DPC micelles the Trpcn
fluorescence spectrum of MPXW¢y is peaked at 391 nm and has a low intensity, which is
consistent with an unfolded peptide wherein the Trpcy sidechain is mostly exposed to H,O.
In the presence of DPC micelles, however, the Trpcy fluorescence spectrum of MPXWep
not only is blue-shifted (to 372 nm) but also becomes much more intense, which is
characteristic of a Trpcy buried in a hydrophobic environment and, hence, consistent with
binding of the peptide to the DPC membranes. Further fluorescence lifetime measurements
also corroborate this picture. As shown (Figure 5b and Table 1), the Trpcy fluorescence
decay of MPXW_¢y in H,O consists of three components, with a sub-nanosecond (i.e., 0.7
ns) component being dominant (~82%). It is clear that this fast decay component
corresponds to an ensemble of MPXW ¢y conformations wherein the Trpcy residue is well
hydrated, whereas those slower and minor decay components must arise from conformations
wherein the Trpcy sidechain is less exposed to solvent due, for example, to sidechain-
sidechain and/or sidechain-backbone interactions. As expected, in the presence of DPC
micelles, the Trpcy fluorescence decay of MPXW¢y, now dominated by a 7.2 ns
component, is similar to those measured for the GWNG peptide in aprotic solvents (Table
1). Taken together, the above results confirm that both the fluorescence intensity and
lifetime of a Trpcy residue can be used to probe various biological binding interactions, as
long as its hydration status undergoes a change in response to the binding event in question.

Probing Local Hydration Environment

In the third application, we demonstrated that the high sensitivity of the fluorescence
lifetime of Trpcy to HoO makes it especially useful to differentiate between hydrated and
dehydrated environments in a protein. Specifically, we carried out fluorescence lifetime
measurements on a double Trpcy mutant of a miniprotein, Trp2-cage.#® As suggested by its
name, this miniprotein, which was computationally designed based on the miniprotein Trp-
cage,%0 contains two Trp residues, with one (at position 12) being solvent exposed and the
other (at position 6) being buried in a hydrophobic cage.?? Upon replacing these two Trp
residues with Trpcn, we expected that the fluorescence decay kinetics of the resultant
double mutant (sequence: NLYI1Q-8Trpen-LKDGG-12Trpen-SSGRPPPS), hereafter
referred to as TC2Wy, will reflect this difference. As shown (Figure 6 and Table 1), the
fluorescence decay kinetics of TC2W¢y in H,O consist of three exponential components
with time constants of 0.4, 1.8, 11.0 ns, respectively. The first and very fast component is
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similar to the major fluorescence decay component of GWcnG in H,0, indicating
contribution from, and hence detection of, the solvent-exposed Trpcy residue, whereas the
slowest component is closer to that of GWcNG in DMSO, representative of the buried and
solvent inaccessible Trpcy residue in the protein. Because both the solvent-exposed and
buried Trpcy residues can contribute to the 1.8 ns component in the fluorescence decay
kinetics of TC2Wcy,, it is not straightforward to use the relative amplitudes of those three
exponentials to directly determine the relative populations of these two differently solvated
sidechains. However, if we only consider the other two exponentials (i.e., the 0.4 and 11.0
ns components), which exclusively report the solvent-exposed and buried Trpcy Species,
and also assume that the radiative rate constant does not change, we can estimate the relative
population of the solvent-exposed Trpcy sidechain to be ~58%. As shown (Figure S5,
Supporting Information), the CD spectrum of TC2W¢y, indicates that it is folded. If its
stability is assumed to be comparable to that of the wild-type, which has ~10% unfolded
population at room temperature,® the solvent-exposed Trpcy should amount to 55%. Thus,
the estimate obtained above using the percentages of the 0.4 and 11.0 ns components is
reasonable. Taken together, these results, especially the existence of two kinetic components
that differ by almost 28 times in their time constants, clearly demonstrate that the
fluorescence decay kinetics of Trpcy are sensitive to the presence of H,O and can be used to
differentiate between differently hydrated environments in a protein.

4. CONCLUSIONS

Any spectroscopic study of protein folding, conformational transition and interactions
requires a specific probe whose spectroscopic signature would undergo a change in response
to a variation in its environment. In practice, an ideal spectroscopic probe is one that can
produce a large difference or contrast between signals measured before and after the event
of interest. Herein, we demonstrated that the non-natural amino acid, 5-cyanotryptophan,
could be used as a sensitive fluorescence probe of proteins. This is because a series of static
and time-resolved fluorescence measurements revealed that the fluorescence quantum yield
and decay kinetics of 5-cyanotryptophan are sensitively dependent on its hydration status.
For example, when fully hydrated its fluorescence quantum yield is approximately 0.01,
whereas in a dehydrated environment its quantum yield is increased by at least an order of
magnitude. Validation of the potential utility of this non-natural amino acid as a sensitive
local protein hydration reporter was demonstrated in three applications, wherein we used it
to probe complex formation in a binary mixture, peptide-membrane interactions, and the
hydration environments of two tryptophan residues in a miniprotein. Given that 5-
cyanotryptophan has also been shown to be a useful site-specific infrared (IR) probe of
proteins,> we believe that the present work will further expand its utility as a novel
spectroscopic probe to study the structure-dynamics-function relationship of proteins.
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Figure 1.
Normalized fluorescence spectra of indole and 5CI obtained in 1,4-dioxane (solid lines) and

H,0 (dashed lines), as indicated.
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Fluorescence spectra of 5CI, Trpcn, and GWeNG in different solvents, normalized against
the fluorescence spectrum of NATA obtained in H,0. In each case, the normalization factor
was calculated based on the integrated areas of the corresponding fluorescence spectra.
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Figure 3.
Fluorescence decay kinetics of 5CI, Trpcn, and GWeNG in three representative solvents, as

indicated. In each case, the smooth line corresponds to a fit of the kinetics to either a single-
or double-exponential function and the resulting fitting parameters are listed in Table 1.
Shown in the top panel are the residuals of the fits of the unnormalized data.
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Figure4.
Integrated area of the Trpcy fluorescence spectrum of 2W NP versus the mole fraction of

DMSO (xpmso) in the HoO-DMSO binary solvent. These data have been normalized such
that the value obtained in pure DMSO is 1.0. The smooth line is the best fit of the data to a
modified Hill equation (i.e., Eq. 3) with the following parameters: Imjn = 0.11 £ 0.02, Ijpax =
1.10+0.01,k=0.18 £0.01,n=3.20+ 0.29,a=-0.30 £ .01, and b=1.20 £ 0.01.
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Figurebs.
(A) Normalized fluorescence spectra of MPXW¢y obtained in H,O and DPC micelles, as

indicated. The lipid to peptide ratio was 1:70 with a final peptide concentration of 40 uM.
(B) Normalized Trpcy fluorescence decay kinetics of MPXW(¢y in H,O and DPC micelles,
as indicated. In each case, the smooth line is the best fit of the data to a triple-exponential
function and the resulting fitting parameters are listed in Table 1. Shown in the top panel are
the residuals of the fits of the unnormalized data.
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Figure®6.
Normalized Trpcy fluorescence decay kinetics of TC2W¢y in H2O. The smooth line is the

best fit of the data to a triple-exponential function and the resulting fitting parameters are
listed in Table 1. Shown in the top panel are the residuals of the fit of the unnormalized data.
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