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7-Fluorotryptophan (7F-Trp) is an important noncanonical derivative of tryptophan (Trp) amino acid which de-
picts high in vivo stability for the positron emission tomography imaging of Trp metabolism. Irrespective of
biological importance of 7F-Trp, molecular level understanding about its fluorescence behavior and the photo-
physical properties in different solvents are still unknown. Hence, the photophysical properties of 7F-Trp in pres-
ence of biochemically important alcoholic solvents ethanol (ETH), 2,2,2 trifluoroethanol (TFE) and 1,1,1,3,3,3-
hexafluoro-propan-2-ol (HFIP) has been investigated using spectroscopic, quantum chemical calculation, molec-
ular dynamic simulation and compared with Trp to understand the role of fluorine in its fluorescence behavior.
The substitution of fluorine on Trp decreases its fluorescence intensity significantly. The presence of fluorine
on tryptophan perturbs the interaction of its backbone containing COO~ and NH;* with the chromophoric in-
dole group which probably decreases the barrier of the conical intersection leading to decreased fluorescence
intensity of 7F-Trp compared to Trp. The fluorescence intensity of Trp and 7F-Trp decreases in presence of flu-
orinated alcohols compared to ETH. However, the decrease in fluorescence intensity of 7F-Trp is less than Trp
and peak maxima are blue shifted. Moreover, the trend of excited state lifetime of 7F-Trp in fluorinated alcohols
is opposite to Trp suggesting that the interaction of 7F-Trp with fluorinated solvents is different than Trp. The
excited state lifetime of Trp in alcoholic solvents is controlled mainly by solvent polarity. In contrast, the weak
interaction mediated by the fluorine of 7F-Trp with the fluorine and OH groups of fluorinated solvents plays an
important role in modulation of its excited state lifetime. This study clearly depicts that noncanonical fluorine of
7F-Trp plays an important role in controlling its fluorescence properties in the biochemically important alcoholic
solvents.

Introduction

Biosynthesis of protein is controlled by twenty amino acids which af-
fect several functionality of an organism. Tryptophan (Trp) is one of the
important aromatic amino acids whose intrinsic fluorescence property
has been utilized to characterize the structure of proteins in different
environments [1]. Extensive studies have been performed to character-
ize the fluorescence properties of Trp which gets markedly affected by
solvent environment, conformational change of protein, and different
quenching processes [2-6]. The functional limitation of proteins due
to the limited number of natural amino acids prompts the develop-
ment of new modified amino acids known as noncanonical amino acids
which enhances the understanding about the complex functionality and
novel chemistry of proteins. In this line, several modified Trp have been

* Corresponding author.
E-mail address: sppcs@iacs.res.in (P.C. Singh).

https://doi.org/10.1016/j.jpap.2020.100011

synthesized to understand the different complex processes associated
with proteins such as folding, solvation, aggregation, interaction with
other biomolecules like DNA, RNA, etc. [7-9].

Fluorinated amino acids are one of the important noncanonical
amino acids which have been extensively used to understand the
protein-protein, membrane-protein interactions, modification of the
protein’s functionality and enhancement of the stability of protein and
enzymes without much affecting their structures [10-15]. Indeed, It has
been shown that the incorporation of fluorinated Trp enhances catabolic
activity by several folds as compared to Trp [16]. Although fluorocar-
bon and hydrocarbon both are hydrophobic in nature; polarizability
of fluorocarbon group is less than hydrocarbon group due to its high
electronegativity and small charge. The dipole moment of C-F is higher
and is of opposite direction than C-H group. Indeed, the higher dipole
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Fig. 1. The molecular (zwitterionic) structure of Trp and 7F-Trp are shown in
(a) and (b), respectively.

moment of C-F group exerts electrostatic interaction on the neighboring
solvent molecules, hence, the hydrophobicity of the C-F group is known
as polar hydrophobicity [17].

The effect of the incorporation of fluorinated amino acids on the hy-
dration of protein was studied by Zewail and coworkers and found that
the side chain fluorination of protein exerts strong electrostatic drag on
water molecules which slows down reorientation of water near the flu-
orinated surface [18]. Kunston and coworkers incorporated 5-fluoroTrp
in monellin which provides the distinct ultrafast relaxation purely due
to solvent and protein response [19]. Krishnamoorthy and coworkers
have shown that the incorporation of 5-fluoroTrp in proteins decreases
the lifetime heterogeneity as compared to tryptophan [20]. Recent study
of the different fluorinated tryptophan derivatives in the cellular uptake
study suggests that 7-fluorotryptophan (7F-Trp) depict high in vivo sta-
bility and enable a clear delineation of serotonergic areas and melatonin
pineal gland in rat brains compared to 4, 5 and 6 fluoro substituted tryp-
tophan [21]. Trp metabolism has been implicated in the various path-
ways like neuropathogenesis of HIV, serotonin, melatonin and NAD*
etc. [22]. Moreover, tryptophan metabolism has been used as a new
target for the treatment of schizophrenia, a mental illness [23]. 7F-Trp
has been suggested as a potential candidate for the positron emission
tomography imaging of Trp metabolism [21]. The fluorescence of 7F-
Trp can be used as a reporter of local environment of Trp for which
complete knowledge of its photophysical properties is very important.
Irrespective of the importance of 7F-Trp in several biological activities,
the molecular level understanding about its photophysical as well as
fluorescence properties in different solvents is elusive.

In order to probe the role of the solvent organization and its interac-
tion with the noncanonical part of Trp in its fluorescence properties, we
have investigated the photophysical properties of Trp and 7F-Trp (chem-
ical structures are shown in Fig. 1) in the presence of biochemically im-
portant alcoholic solvents namely, ethanol (ETH), 2,2,2-trifluoroethanol
(TFE) and 1,1,1,3,3,3-hexafluoro-propan-2-ol (HFIP), respectively using
spectroscopic, quantum chemical calculation and molecular dynamic
(MD) simulation. Fluorinated-ETHs have been chosen as it is well known
that they act as cosolvents to stabilize the secondary structure of pro-
teins as well as induce the change in their conformation [24,25]. The
hydrophobic CF; group of TFE favorably surrounds the protein lead-
ing to dehydration of protein backbone which promotes stabilization of
the secondary structure of protein. TFE is also used in biochemistry as
an inhibitor of alcohol dehydrogenase [26]. Similarly, HFIP has been
used as a primary metabolite of the anesthetic sevoflurane which is
known to provide beneficial immunomodulatory effects and the same
effect can be obtained by intravenous administration of HFIP due to
the presence of fluorocarbon groups [27,28]. A recent work claims that
the effect of administration of HFIP intravenously in attenuating inflam-
mation has been found to be equal or sometimes superior compared to
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inhaled sevoflurane [29]. HFIP may also provide the important struc-
tural insights of some unknown drugs and proteins [30,31]. This study
suggests that the conformation of 7F-Trp is different in the ground and
excited state as compared to Trp which causes to the decrease in its
fluorescence. It has been found that the excited state lifetime trend of
7F-Trp is opposite to Trp in fluorinated alcohols due to the weak inter-
action of fluorine of 7F-Trp with the fluorine as well as OH terminals of
fluorinated alcohols.

Materials and methods

Trp (99%) and 7F-Trp (99%) were purchased from SRL Pvt. Ltd.
and Sigma-Aldrich, respectively. ETH (99.9%), TFE (99%) and HFIP
(99.5%) were purchased from Spectrochem Pvt. Ltd., Mumbai, India.
All the chemicals were used as received.

The UV-visible and fluorescence spectra of samples were mea-
sured using Evolution 201 (Thermo Fisher Scientific) and Fluoromax
4 (HORIBA JobinYvon Scientific) spectrometers, respectively. The fluo-
rescence intensity decays of the samples were measured using the time-
correlated single-photon counting (TCSPC) setup of Deltaflex (HORIBA).
The excitation source of 280 nm was used for the TCSPC measurements.
The FWHM of the excitation source was found to be ~ 900 ps which
were measured using liquid scatterer. The emission was collected at the
magic angle polarization and detected using a multiple channel photo-
multiplier (HPPD-C1). The decay traces were fit using the EzTime soft-
ware. The reliability of the fitting was checked by using the reduced
chi-square (y?) and distribution of the residual methods. The y? value
of the fitting was found to be close to one and the distribution of the
residual was uniformly distributed around zero line. The concentration
of the sample was kept ~50 M for these measurements and all the ex-
periments were performed at room temperature. Quantum yield of Trp
and 7F-Trp in all the solvents were calculated using the standard proto-
col and details of the calculation have been provided in the supporting
information.

Several different conformers of Trp and 7F-Trp were created using
the semiempirical method which was further optimized using the M06-
2X/ 6-31+g(d) level of theory [32] (Figure S1) to get the minimum en-
ergy structure of these molecules. All the optimization has been per-
formed in solvent medium which has been implemented using the po-
larizable continuum model (PCM) [33]. It is important to mention that
the PCM model has certain limitations in including the complete effect
of solvent as it only includes the electrostatic interaction and excludes
the effect of weak dispersive interaction [34]. The optimization of each
structure has been performed in the ground as well as excited states.
Frequency calculation of each structure depicts positive value which
confirms that the optimized structure is stable in nature. Further, dif-
ferent structures of 1:1 cluster of Trp and 7F-Trp with ETH and TFE in
their respective bulk medium were optimized in the ground as well as
excited states to understand the mode of the binding of Trp and 7F-Trp
with solvent molecules. The emission maxima of monomer of Trp and
7F-Trp and its clusters with solvent molecules were calculated to under-
stand its fluorescence properties in different solvents. To rationalize the
spectral shift qualitatively, HOMO-LUMO energy calculation has also
been performed for both amino acids using the same level of theory. All
the quantum chemical calculations were performed using the Gaussian
16 suites of program [35]. In order to characterize the interaction be-
tween the solvent and amino acids, we have performed the Atoms in
molecule (AIM) calculation using AIM 2000 software [36].

Molecular dynamics (MD) simulation of Trp and 7F-Trp in ETH and
TFE solvents were performed using GROMACS molecular dynamics sim-
ulation package (version 5.1) [37] to understand the solvent orientation
around the different groups of amino acids and its correlation with flu-
orescence properties. Optimized potential for liquid simulation for all
atom (OPLS-AA) force field [38] was used for the simulation of these
systems. The OPLS-AA force field for TFE, Trp and 7F-Trp was gener-
ated using the LigPargen software [39-41] whereas, default OPLS-AA
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Fig. 2. The normalized absorption spectra
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Fig. 3. The steady state emission spectra of (a) Trp and (b) 7F-Trp in ETH, TFE and HFIP, respectively. The normalized emission spectra are shown in inset.

force field available in Gromacs topology was used for ETH. Each amino
acid was solvated with ~ 4000 solvents molecules to generate bulk like
environment. In order to remove the unfavorable interaction from the
initial structure of the system, energy minimization using the 1000 steps
of steepest descent method was performed. Further, each trajectory was
equilibrated in NPT ensemble for 1 ns at 298 K temperature and 1 bar
pressure. Finally, the production run of 50 ns along with the periodic
boundary condition in the NPT ensemble at 298 K temperature and 1
bar pressure was performed. The pressure and temperature of the system
was kept constant by using the Parrinello-Rahman barostat [42] with
time constant of 1.0 ps and Berendsen thermostat [43] of 0.1 ps time
constant. Electrostatic interactions were incorporated using the Particle
Mesh Ewald (PME) [44] with a grid spacing of 0.16 nm. Non-bonded
force calculation with a grid was used for the generation of neighbor
list which was updated after every 5 second. In order to understand
the fluorescence properties, the MD simulation of Trp and 7F-Trp in
ETH and TFE solvents were performed using their excited state charge
distribution which has been obtained by the quantum chemical calcu-
lation. The radial distribution function g(r) calculation for the differ-
ent sites of amino acids with solvent molecules was performed to get
the role of interaction of solvent molecules in its fluorescence proper-
ties. To model the interactions involving halogen atoms, a new concept
of sigma-hole has drawn significant interest but it is important to note
that this effect is more effective for heavy atom like iodide and gradu-
ally decreasing like bromide> chloride>fluoride [45-48]. However, for
fluoro-compound the effect is almost negligible; hence, we have used
classical force field without considering sigma-hole concept.

Results and discussion

The absorption spectra of Trp and 7F-Trp in ETH, TFE and HFIP are
shown in Fig. 2. The absorption features of Trp and 7F-Trp are structured
in all the solvents suggesting that both L, and Ly, states [49] contribute
to their absorption spectrum. Noticeably, the band position and the band
shape of the absorption spectra of Trp are different from 7F-Trp in all
the alcoholic solvents. The absorption spectra get blue shifted on the
fluorination of Trp as well as the intensity ratio of the peak centered
around 270 and 260 nm get changed which suggests that the fluorina-
tion of Trp changes the contribution of the mixing of L, and L, states in
their absorption spectra. Nevertheless, the absorption spectra of Trp and
7F-Trp show the same trend in alcoholic solvents and get blue shifted
with the fluorination of alcohol.

In order to understand the photophysical properties of noncanoni-
cal amino acid in alcoholic solvents, we have measured the emission
spectra of Trp and its fluorinated analogue in the same solvents us-
ing excitation wavelength 280 nm as shown in Fig. 3. It can be seen
that the fluorescence intensity of 7F-Trp is significantly less than Trp
in any alcoholic solvents which suggests that the substitution of fluo-
rine quenches the fluorescence intensity of Trp. Apart from the inten-
sity change, the emission spectra get blue shifted with the fluorination
of Trp as the fluorescence maxima of Trp and 7F-Trp appears at 335
and 310 nm, respectively. The data obtained from the emission spec-
tra suggest that fluorination of Trp destabilizes the excited state as well
as increases the rate of nonradiative process. The fluorescence inten-
sity of both, Trp and 7F-Trp decreases with the fluorination of alcoholic
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The steady state emission maxima (4,,,,), excited state lifetime () along with their relative amplitude (a), average life time (<z>), quantum yield
($), radiative rate constant (K,) and non-radiative rate constant (K,,) as well as y? value of each fitted curve.

System Emission (Ay,,) (nm) 7, (ns) a; 7, (ns) a, x2 <r> [} K, x 1076 (s71) K, x 1078 (s
Trp
ETH 335 1.80+0.05 0.76 4.90+0.20 0.24 0.96 2.10+0.20 0.219 104.3 3.7
TFE 335 0.39+0.02 0.91 1.94+0.20 0.09 1.03 0.42+0.10 0.016 38.1 234
HFIP 335 0.21+0.03 0.82 3.45+0.20 0.18 1.04 0.25+0.10 0.002 8.0 39.9
7F-Trp
ETH 320 0.80+0.02 0.61 4.50+0.10 0.39 1.14 1.16+0.10 0.003 2.6 8.6
TFE 310 0.82+0.02 0.54 4.90+0.10 0.46 1.11 1.33+£0.10 0.001 0.7 7.5
HFIP 310 0.98+0.03 0.48 4.44+0.08 0.52 1.11 1.64+0.09 0.001 0.6 6.1
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Fig. 4. The excited state fluorescence decay of (a) Trp and (b) 7F-Trp at their respective emission maxima along with their fitting lines in ETH, TFE and HFIP solvents

respectively. The instrumental response function has been shown in ash line.

solvents indicating that the increased polarity as well as acidity of sol-
vents quenches the fluorescence of both amino acids. Noticeably, the %
decrease in the fluorescence intensity of Trp in fluorinated ETHs with
respect to ETH is more prominent compared to 7F-Trp. 4F-Trp has been
reported to be non-fluorescent in aqueous medium at room temperature
[50] but 5F-Trp and 6F-Trp shows comparable fluorescence with that
of Trp [51]. The quantum yield of Trp and 7F-Trp in different alcoholic
solvents (Table 1) follow the similar trend to the emission as the quan-
tum yield of Trp is significantly higher than 7F-Trp as well as decrease
in the quantum yield for the fluorinated alcoholic solvents is higher for
Trp than 7F-Trp. The quantum yield of 5F-Trp and 6F-Trp are found to
be 0.15 in water [51] which is comparable to Trp (0.14) [52] whereas
the quantum yield of 7F-Trp is drastically reduced. Hence, position of
substitution in the benzene ring of Trp is very sensitive to its photo-
physical properties. The fluorescence maxima of Trp do not show any
significant peak shift of the emission maxima on the fluorination of ETH
solvents whereas a significant blue shift of emission maxima in the case
of 7F-Trp is observed in the same set of solvents. The magnitude of the
change in the emission maxima and fluorescence intensity of 7F-Trp in
alcoholic solvents suggests that the interaction of fluorinated alcoholic
solvents may be different from Trp.

Excited state lifetime measurements are essential in order to get the
insight of fluorescence properties of a probe molecule in different sol-
vents as steady state spectroscopy provides the average information.
Fig. 4 shows the lifetime (z) traces of Trp and 7F-Trp in ETH, TFE and
HFIP, respectively whereas the amplitude and the value of the differ-
ent components of 7 of both probes in alcoholic solvents are depicted
in Table 1. It can be seen that two z components are required to fit the

lifetime traces of amino acids in alcoholic solvents. Trp in ETH shows
7 components of 1.80 and 4.90 ns with the amplitude of 76% and 24%
whereas 7F-Trp in ETH depicts the  components of 0.80 and 4.50 ns
with the amplitude of 61% and 39%, respectively. In earlier study, = of
Trp in ETH has been best fit with three components, although, the exci-
tation wavelength is 296 nm which is different from this study [53]. The
value of ¢ components of Trp decreases in fluorinated-ETHs compared
to ETH whereas slight increase in the value of the = components of 7F-
Trp in fluorinated-ETHs was observed than ETH. The different trend of
7 components of 7F-Trp in fluorinated-ETHs than Trp suggests that the
environment of 7F-Trp in fluorinated-ETHs is different compared to Trp.

The 7 of a probe in any solvent medium depends on the dipole mo-
ment of probe, polarity of the medium and solute-solvent interaction.
Noticeably, <z> value of 7F-Trp in ETH (1.16 ns) is significantly less
than Trp in same solvent (2.10 ns) which could be due to the higher ex-
cited state dipole moment of 7F-Trp (14.75 D) than Trp (10.27 D) in ETH
as obtained from the quantum chemical calculation discussed below.
The <z> value of Trp in fluorinated-ETHs decreases with successive flu-
orination of solvents. Both the polarity and acidity of fluorinated-ETHs
is higher as compared to ETH [54] which causes to decrease the <z>
of Trp in fluorinated-ETHs. In contrast, <z> value of 7F-Trp in different
alcoholic solvents increases with the fluorination of ETH which is oppo-
site to the case of Trp. The increase in the <z> of 7F-Trp in fluorinated
solvents suggests that the polarity of the solvents is not an important
factor here and probably the solute-solvent interaction plays a signifi-
cant role in the fluorescence behavior of 7F-Trp. Interestingly, quantum
yield of the 7F-Trp decreases with the fluorination of ETH similar to
Trp, however, the <z> of 7F-Trp shows the reverse trend in fluorinated
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Fig. 5. The most stable structure of Trp (a, b) and 7F-Trp (c, d) in their ground
as well as excited states. The molecular graph of the interaction between the
different groups of Trp (e, f) and 7F-Trp (g, h) in their ground as well as excited
states obtained from the AIM analysis. The bond critical point (BCP) is repre-
sented in red point whereas the ring critical point (RCP) is denoted in the yellow
color.

ETH as compared to Trp. Further, we have calculated the radiative rate
constant (K,) and non-radiative rate constant (K,) of Trp and 7F-Trp
in alcoholic solvents using Eqgs. 1 and 2 to enhance our understanding
about their photophysical properties. From the data, it is apparent that
the K, of Trp decreases with the fluorination of ETH and simultaneously
K, increases. In contrast, the K, of 7F-Trp decreases with the fluorina-
tion of ETH, however, the K,,. also decreases which is the cause of the
absence of correlation between the <z> and quantum yield of 7F-Trp in
alcoholic solvents.
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To decode the molecular basis of the fluorescence properties of
amino acids in different alcoholic solvents, we have optimized the
monomer of Trp and 7F-Trp with ETH and TFE in the ground as well
as excited states. The frequency of each structure shows positive value
confirming the minimum energy structure. Further, the peak maxima
of the emission of monomer in their respective bulk medium have been
calculated to compare with the experimental values. Fig. 5 (a—d) de-
picts the most stable structure of ground as well as excited states of Trp
and 7F-Trp in bulk ETH solvent. The most stable structure of Trp and
7F-Trp do not vary significantly from ground to excited state. However,
the orientation of the backbone (NH3* and COO~ groups) of Trp and
7F-Trp is different as the NH3* group of Trp is pointing towards its
benzene ring whereas, in the case of 7F-Trp, the orientation of NH;™*
group is opposite. The most stable structure of Trp and 7F-Trp shows
that fluorination of Trp changes its conformation which is in well corre-
lation with the earlier simulation study suggesting that the fluorination
of amino acids affects its conformation [55]. The calculated emission
maxima of the most stable structure of Trp and 7F-Trp in ETH appears
at 313 nm and 289 nm (Table 3), respectively which shows that emis-
sion maxima gets blue shifted on the fluorination of Trp which is in the
line with the experimental data. It is important to mention that absolute
value of the calculated emission maxima of Trp and 7F-Trp is underes-
timated by ~20-30 nm from its experimental value, however, the trend
of the change of emission spectra predicted from the calculation is in
agreement with the experimental data. We have also performed the op-
timization of Trp and 7F-Trp in TFE solvent and the optimized structure
of both the amino acids in the ground and excited state is similar to the
case of ETH.
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Table 2

The energy difference between HOMO and LUMO
of Trp and 7F-Trp in both of their ground and ex-
cited states in ETH and TFE solvents.

AEpomoLumo (Keal/mole)

Probe Solvent Ground state Excited state

Trp ETH 165.587 144.704
TFE 165.593 144.722

7F-Trp  ETH 169.384 150.439
TFE 169.390 150.477

Table 3

The emission maxima (nm) of Trp and 7F-Trp monomer along with their 1:1
clusters with ETH and TFE have been calculated using the M06-2X/6-31+g(d)
level of theory. Polarizable continuum model (PCM) has been used to incorpo-
rate the effect of respective solvents.

System Solvent Interaction Emission (nm) Emission (nm)
(Calculated) (experimental)
Monomer
Trp ETH 313 335
TFE 313 335
7F-Trp ETH 289 320
TFE 289 310
1:1 cluster
Trp ETH NH...0 318 335
ETH C00..HO 314
TFE NH...0 318 335
TFE C00..HO 318
TFE NH...F 317
TFE NH;...0 308
7F-Trp ETH NH...0 289 320
ETH C00..HO 289
ETH NH;...0 287
TFE NH...0 289 310
TFE C00..HO 289
TFE NH...F 288
TFE NH;...0 288
TFE F...F 288

To explore the nature of electronic transition, highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) calculation has been performed (Figure S7 and Table 2). Quan-
tum chemical calculation reveals that combination of several transitions
(like HOMO-1, HOMO, LUMO, LUMO-1, LUMO-2 etc.) is responsible for
the absorption and emission maxima for both the probes. We have cal-
culated the HOMO—LUMO transition energy to qualitatively compare
the trend of experimental data. The HOMO-LUMO energy gap of 7F-Trp
is greater than that of Trp in ground and excited states. It confirms that
fluorination of Trp destabilizes the excited state causes to show blue
shift in both the absorption and emission spectra. Even in all the cases
the HOMO-LUMO energy gap is slightly greater in TFE solvent than
that of ETH for both the probes indicating the hypsochromic spectral
shift with the increase of solvent polarity and acidity which correlates
our experimental finding as well. Moreover, from the orbital diagram
(Figure S7) it is depicted that for both the probes there are electronic
transitions (HOMO—LUMO) from the NH;* containing backbone chain
(HOMO) to the indole moiety (LUMO) of the amino acids occurred.

In order to understand the bonding nature of the backbone with the
indole ring of the amino acids, we have performed the AIM analysis of
the most stable structure of Trp and 7F-Trp in their ground and excited
states as shown in Fig. 5(e-h). The presence of (3,-1) bond critical point
(BCP) with the electron density (p) and Laplacian (L) within the range of
0.002-0.034 a.u. and 0.024-0.139 a.u., respectively [56] represents the
non-covalent interaction whereas the (3,+1) ring critical point (RCP)
depicts the presence of cyclic structure. Table 4 represents the value of
p and L for the different BCP between the backbone of amino acids with
the indole ring of Trp and 7F-Trp in its ground and excited states. AIM
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Table 4

Electron density (p) and Laplacian (L) at each bond critical point
(BCP) of the interaction between backbone and indole chromophore
of both Trp and 7F-Trp at their ground state and excited state ob-
tained from AIM analysis.

System BCP of interaction p L(a.u.)
Trp_ground state COO~..H(pyrote) 0.00636  0.02408
Trp_excited state NH;3*...Clhenzene) 0.01692  0.05256
7F-Trp_ground state  COO™...Hpenzene) 0.01199  0.04176
NH3*...Clpyrrole) 0.01526  0.05668
7F-Trp_excited state  COO™...Hpenzene) 0.01014  0.03600
NH;3*...Clpyrrole) 0.01524  0.04792

study of Trp clearly depicts that the local interaction of its backbone
with the indole ring is different in the ground and excited states (Fig. 5,
e and f). In the ground state of Trp, (3,-1) BCP exists between the back-
bone COO~ and the C-H group of pyrrole ring along with (3, +1) RCP
which indicates the presence of cyclic structure between the backbone
and pyrrole ring of Trp through weak C-H....O interaction. In contrast,
in the excited state of Trp, the C-H...O interaction disappears and the
interaction between the NH;* of the backbone takes place with the ben-
zene ring suggesting the presence of N-H....r interaction. The AIM study
suggests that the rotameric state of Trp changes from ground to excited
state.

The AIM data of 7F-Trp shows (3,-1) BCP along with (3,+1) RCP for
the interactions between COO~ group and C-H of benzene ring as well
as NH3* group with pyrrole ring indicating that both NH;* and COO~
groups of the backbone of 7F-Trp interact with its indole group (Fig. 5,
g). The excited state structure of 7F-Trp is similar to its ground state
(Fig. 5, g and h) except slight variation in the interaction of the back-
bone with the indole moiety as confirmed by the value of p and L shown
in Table 4. The AIM study depicts that the interaction of the backbone
groups of 7F-Trp with indole moiety is different from Trp in the excited
state which is probably one of the reasons behind the decreased fluores-
cence intensity of 7F-Trp in alcoholic solvents as compared to Trp.

The indole moiety of Trp and 7F-Trp is the main source of the fluo-
rescence; however, its intensity is modulated by the interaction between
the backbone of amino acid with the indole ring [57]. It is well known
that the 'L, state rather than 'L, (both states are zz+ in nature) is the
main source of the fluorescence emission of indole group of Trp in polar
solvents [58]. It has been found that the 77+ states (1L, and 'L, states,
meet at a conical intersection point via a energy barrier which opens
nonradiative channel [59]. The tuning of the multiple conical intersec-
tions controls the fluorescence intensity as well as lifetime of indole
molecules [60]. The fluorescence intensity of indole group in Trp is less
than only indole due to the interaction of the backbone side chain of
Trp with the indole ring which decreases the barrier between the 7wz
states causing to the increased nonradiative rate of fluorescence decay
[57]. The AIM data suggests that the interaction of the backbone side
chain with the indole ring is enhanced in 7F-Trp than Trp which proba-
bly increases the nonradiative rate by lowering the barrier of the conical
intersection of zz+ states leading to the decreased fluorescence inten-
sity of 7F-Trp than Trp in alcoholic solvents. Indeed, the recent study on
cyno-indole also shows that the presence of electron withdrawing group
decreases the fluorescence intensity as compared to indole [61] which
is in agreement with our finding about the substitution of electron with-
drawing fluorine on Trp. With the increase of the acidity of the solvents,
the barrier between the 7z« states of indole group forming the conical
intersection is probably decreased; hence, the fluorescence intensity of
Trp and 7F-Trp monotonically decreases from ETH to HFIP.

Further, we have optimized different possible structures of 1:1
clusters of Trp and 7F-Trp with ETH and TFE in their respective bulk
medium (Fig. 6, S2 and S3). The optimization of each structure has been
performed in the ground as well as excited states and the fluorescence
maxima of each structure have been computed to correlate it with the
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experimental values. Two structures of Trp-ETH complexes were found
stable, out of which, the N-H group of indole interacts with oxygen
of ETH via N-H(ind)....O(ETH) hydrogen bond in the first complex
whereas, in the second complex, COO of the backbone of Trp interacts
with the OH of ETH through COO(backbone)....HO(ETH) hydrogen
bond. The calculated emission maxima of N-H(ind)....O(ETH) hydrogen
bonded structure is slightly closer to the experimental value compared
to the COO(backbone)....HO(ETH) hydrogen bonded complex. The
diversity of the hydrogen bonded structures of Trp with TFE increases
than ETH as N-H(indole)...F(TFE) and NHjs(backbone)...OH(TFE)
hydrogen bonded structure were found to be stable along with
N-H (ind)....O(TFE) and COO(backbone)....HO(TFE) interacted
structures. The calculated emission maxima of N-H(ind)....O(TFE),
COO(backbone)....HO(TFE) and N-H(indole)...F(TFE) hydrogen
bonded complexes are close to the experimental value whereas the
emission maxima of NHj(backbone)...OH(TFE) interacting complex
is significantly less than the experimental value suggesting that the
contribution of this structure is less in its emission feature.

The N-H(ind)....O(ETH), COO(backbone)....HO(ETH),
NH;(backbone)...OH(ETH) interacting structures were found to
be stable for 7F-Trp-ETH complex. The calculated peak maxima of all
the structures are almost same and blue shifted compared to Trp-ETH
case. It is noticeable that both NH;* and COO~ groups of the backbone
chain of 7F-Trp are interacting with ETH which is contrast to Trp case
where only COO~ is interacting with ETH. It is apparent from the
calculation that the fluorination of Trp enhances the interaction of the
backbone chain of 7F-Trp with the solvent molecules. In the case of TFE
complex with 7F-Trp, N-H(ind)....O(TFE), COO(backbone)....HO(TFE),
NH;(backbone)...OH(TFE), N-H(ind)....F(TFE) and F(ind).....F(TFE)
interacting structures were found to be stable and their peak maxima
are approximately same and closer to the experimental value sug-
gesting the contribution of all these species in their emission spectra.
Unlike to other cases, the interaction of the N-H group of indole of
7F-Trp with TFE is cyclic in nature where the N-H(ind)....O(TFE) and
O-H(TFE)....F(ind) interactions take place simultaneously (Fig. 6j).
Similarly, the N-H(ind)....F(TFE) interaction takes place along with
weak F(ind)....F(TFE) interaction and form cyclic structure (Fig. 6l).
The interaction of NH3* of the backbone of 7F-Trp with TFE is
also cyclic in nature as both the NHj(backbone)...O(TFE) and
NH;(backbone)...F(TFE) interactions appear simultaneously (Fig. 6m).
It is apparent from the quantum chemical calculation that the presence
of weak F(ind)....F(TFE), N-H(ind)....F(TFE), NH3(backbone)...F(TFE)
interactions change the solute-solvent interaction of 7F-Trp with TFE
compared to Trp case. This finding is in agreement with the experimen-
tal study where it has been found that the solute-solvent interactions
between 7F-Trp with fluorinated alcohols are different causing different
excited state lifetime of 7F-Trp with fluorinated alcohols than Trp.

The MD simulation of Trp and 7F-Trp in ETH and TFE solvents in-
corporating their excited state charge distribution have been also per-
formed to understand the solvent organization around the amino acids
in their excited state. Radial distribution function g(r) between the sol-
vent and the chromophoric indole part as well as the backbone (NH;*
and COO™) of probe molecules have been calculated as shown in Figs. 7
and 8 to get the idea about the solvent orientation around the different
sites of probe molecule. The g(r) for the hydrogen bonding of indole N-H
group of amino acid with the oxygen of alcoholic solvents decreases for
TFE than ETH for Trp and 7F-Trp, both. However, the peak height of the
first peak of the g(r) for the N-H(ind)...O(solvent) hydrogen bond of in-
dole group of 7F-Trp in ETH and TFE is less than Trp which indicates that
the hydrogen bonding capability of indole group of 7F-Trp is less than
Trp (Fig. 7 a and b). However, the possibility of O-H(solvent)...N(ind)
is almost same for Trp and 7F-Trp (Fig. 7 ¢ and d). In order to under-
stand the difference in the N-H(ind)...O(solvent) hydrogen bond of in-
dole group of 7F-Trp and Trp with alcoholic solvents, we have probed
the interaction of fluorine of 7F-Trp with ETH and TFE by the calcu-
lation of g(r) for these interactions as shown in Fig. 7e . The g(r) data
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Fig. 6. The excited state optimized 1:1 clusters of Trp (a-f) and 7F-Trp (g-n) with TFE molecule. The corresponding atomic distances and emission maxima obtained

from the calculations are mentioned for each structure.

depict the possibility of the extremely weak O-H(alc.)...F(indole) inter-
action for both ETH and TFE. However, the population of the extremely
weak O-H(alc.)...F(7F-Trp) interacted species is slightly higher for the
case of TFE than ETH. Apart from that, we have also found the evidence
of F(TFE)....F(indole) interaction between the fluorine of TFE and 7F-
Trp which probably increases the population of O-H(TFE)...F(7F-Trp)
interacted species in TFE. The g(r) data of the fluorine terminal of 7F-
Trp with alcoholic solvents suggest that the presence of fluorine changes
the interaction of chromophoric indole group of 7F-Trp with alcoholic
solvents significantly as compared to Trp which is in agreement with
the results obtained from quantum chemical calculation.

Further, we have investigated the effect of fluorination of Trp on the
interaction of backbone (NH3* and COO™) of amino acids with solvent
molecules by the calculation of g(r) for different possible interactions
as shown in Fig. 8. It is apparent from the g(r) data that the interaction
of COO~of Trp and 7F-Trp increases with TFE than ETH (Fig. 8a and
8b). However, the trend is opposite for NH;* as the interaction of NH5*
of Trp and 7F-Trp decreases for TFE than ETH. Noticeably, the increase
of COO™.....HO and decrease in NH3".....O interactions of 7F-Trp with
TFE is higher than Trp suggesting that the substitution of fluorine mod-
ifies the interaction of TFE with the backbone of 7F-Trp. The pattern of
the interaction of solvents with the different motifs of Trp and 7F-Trp
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Fig. 7. (a) and (b) represents the g(r) between indole NH (probe) and O (ETH/TFE) of Trp and 7F-Trp, respectively. (c) and (d) represent the g(r) between indole
N (probe) and HO (ETH/TFE) of Trp and 7F-Trp, respectively. The g(r) of the interaction of the fluorine terminal of the indole group of 7F-Trp with ETH and TFE
solvents is shown in (e) respectively.
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Fig. 8. g(v) for the interaction of the backbone (NH;* and COO™) of Trp and 7F-Trp with ETH and TFE solvent molecules.

with solvents were also probed in the ground state and the trend of the
data is qualitatively similar to the excited state (Figs. S4 and S5).The
simulation data suggest that the substitution of fluorine modifies the in-
teraction of indole group as well as backbone of 7F-Trp with alcoholic
solvents and the extent of modification for ETH and TFE is different
as fluorine of 7F-Trp interacts with fluorine via only O-H(ETH)....F(7F-
Trp) whereas TFE can interact through both, O-H(TFE)....F(7F-Trp) and
F(TFE)....F(7F-Trp) interactions, apart from other conventional hydro-
gen bonds which is in line with the observation obtained from the quan-
tum chemical calculation. The experimental, MD simulation and quan-
tum chemical calculation clearly depict that the interaction of fluorine
with solvent molecules plays an important role in modulating the pho-
tophysical behavior of 7F-Trp in biochemically important alcoholic sol-
vents.

Conclusion

Various spectroscopic methods like UV-visible, fluorescence spec-
troscopy, excited state lifetime have been utilized to explore the pho-
tophysical properties of noncanonical amino acid 7F-Trp in three bio-
chemically important alcoholic solvents ETH, TFE and HFIP. The re-
sults obtained have been further compared to its canonical analogue

Trp in the same solvents to understand the role of fluorine in the mod-
ulation of its photophysical properties. It is found that both the absorp-
tion and emission spectra of 7F-Trp are markedly different compared
to Trp showing significant blue shift. The trend of excited state lifetime
of 7F-Trp is also opposite in those three solvents than that of Trp. To
rationalize all these modulation found in the photophysical properties
of 7F-Trp we have performed several theoretical calculations like Atoms
in molecule (AIM) study, quantum chemical calculation, MD simulation.
Surprisingly, quantum chemical calculation shows that the most stable
isomer of 7F-Trp is completely different compared to Trp. AIM study of
those most stable isomers shows that the substitution of fluorine on tryp-
tophan perturbs the interaction of its backbone containing COO~ and
NH;* with the chromophoric indole group which probably decreases
the barrier of the conical intersection leading to the decreased fluores-
cence intensity of 7F-Trp. Although the fluorescence intensity of Trp and
7F-Trp decreases in the presence of fluorinated solvents, the decrease is
less in 7F-Trp than Trp. MD simulation also suggests that the excited
state lifetime of Trp is controlled by the polarity as well as acidity of the
solvent whereas, the solute-solvent interaction plays an important role
in the case of 7F-Trp. Fluorine of 7F-Trp interacts weakly with the flu-
orine and OH terminal of fluorinated alcohols along with conventional
hydrogen bonds which control the excited state lifetime of 7F-Trp in
fluorinated solvents.
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