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ABSTRACT: Fluorosubstituted tryptophans serve as valuable probes for fluorescence and nuclear magnetic resonance (NMR)
studies of proteins. Here, we describe an unusual photoreactivity, introduced by replacing the single tryptophan in cyclophilin A with
7-fluoro-tryptophan. UV exposure at 282 nm defluorinates 7-fluoro-tryptophan and crosslinks it to a nearby phenylalanine, generating
a bright fluorophore. The crosslink-containing fluorescent protein possesses a large quantum yield of ~ 0.40 with a fluorescence
lifetime of 2.38 ns. The chemical nature of the cross-link and the three-dimensional protein structure were determined by mass
spectrometry and NMR spectroscopy. To the best of our knowledge, this is the first report of a Phe-Trp crosslink in a protein. Our
finding may break new ground for developing novel fluorescence probes and for devising new strategies to exploit aromatic crosslinks

in proteins.

INTRODUCTION

Aromatic amino acids — tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) - serve as intrinsic fluorescence probes in
proteins, offering valuable information on structure and
dynamics. Among these three, tryptophan has the largest
quantum yield and has been widely used to study protein
folding, conformational changes upon ligand binding, and
reaction kinetics. Over the last decades, extensive efforts have
been devoted to the development of Trp analogs that exhibit
improved photophysical properties without appreciably
perturbing protein structure. These include azatryptophans'=,
cyanotryptophans*$, fluorotryptophans™!’, and other indole
substituted analogs'!"!*. Singly fluorinated tryptophans, such as
4F-, SF-, 6F-, and 7F-Trp, with a fluorine atom located at
different indole ring positions, display unique fluorescent
properties’. While 5F- and 6F-Trp possess quantum yields
similar to the natural Trp'!, 4F- and 7F-Trp exhibit significantly
reduced quantum yields and negligible fluorescence at room
temperature” 1415, Due to the favorable magnetic properties of
the “F isotope, fluorotryptophans are also excellent NMR
reporters. Among the different fluorosubstituted tryptophans,
S5F-Trp is most widely used and has been exploited as a dual
fluorescence and NMR probe!®!”. 7F-Trp, on the other hand, is

less well studied and its photophysical properties were reported
only recently'® 18,

Here, we describe a highly unusual photoreactivity,
generated by the presence of 7-fluoro-tryptophan in the
cyclophilin A (CypA) protein. We made the surprising
discovery that the nonfluorescent 7F-Trp when incorporated
into CypA undergoes a photoinduced defluorination to generate
a highly fluorescent fluorophore. We characterized its
fluorescence properties, identified its chemical nature, and
determined the three-dimensional structure of the modified
protein by NMR spectroscopy and mass spectrometry (MS),
unveiling an unusual, hitherto unknown Phe-Trp crosslink.

RESULTS

Discovery of a Highly Fluorescent CypA Protein. CypA is
a peptidyl prolyl cis-trans isomerase, possessing a single
tryptophan (W121) at its active site. We previously
demonstrated that different fluorotryptophans can be
successfully incorporated into CypA with high efficiency via
biosynthesis using fluorosubstituted indoles as precursors®.
Here, we describe and characterize the unusual properties of
CypA with a single fluorine atom at the 7 position of the W121
indole ring (Figure 1A and 1B). 7F-Trp, as a free amino acid,



exhibits dramatically reduced quantum yield compared to
nonmodified Trp and is virtually nonfluorescent at room
temperature in aqueous buffer, as observed by us and others!*
(Figure S1). As a result, not surprisingly, incorporation of 7F-
L-Trp into CypA (7F-Trp-CypA) leads to almost complete loss
of the intrinsic protein fluorescence, resulting in negligible
fluorescence in both excitation and emission spectra in the
canonical wavelength range for tryptophan (Figure 1D, black
lines). Similar nonfluorescent features have been observed with
4F-Trp, both in the free amino acid as well as when
incorporated into proteins” !> 2°. By silencing the tryptophan
fluorescence, tyrosine fluorescence at an emission wavelength
(Aem) of 303 nm can be observed (Figure 1D, black lines).
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Figure 1. Photoactivation of 7F-Trp-CypA. (A) Chemical structure
of 7F-L-Trp. The numbering of the ring atoms is shown in blue. (B)
The crystal structure of 7F-Trp-CypA in ribbon representation.
Residue W121 is colored blue and shown in stick representation.
The fluorine atom is shown as a light cyan sphere. (C) Time
dependence of photoactivation determined by fluorescence.
Experimental emission intensity (solid black line) was fit to a
single-exponential decay function (blue dashed line). (D)
Excitation (left) and emission (right) spectra of 7F-Trp-CypA
before (black) and after (blue) photoactivation. Excitation spectra
were measured with an emission wavelength of 350 nm and
emission spectra with an excitation wavelength of 288 nm. Note
the significant increase in fluorescence intensities after UV
activation, as indicated by the gray arrow. (E) 1D '°F NMR spectra
of 7F-Trp-CypA before (black) and after (blue) photoactivation.

Remarkably, the nonfluorescent 7F-Trp-CypA s
photoactivatable, with an wunusual highly fluorescent
fluorophore being generated by exposure to UV light. To probe
the kinetics of the reaction, we performed time-dependent
fluorescence experiments, illuminating with light at the
excitation wavelength (Aex) of 282 nm and recording
fluorescence emission spectra, monitoring the intensity at 365
nm. The time dependence of the fluorescence intensity follows
a single-exponential function, implying a first-order reaction
with a rate constant of 0.060+0.001 min! (Figure 1C).
Completion of photoactivation results in a highly fluorescent
fluorophore, exhibiting a red-shifted excitation peak at 304 nm
with an emission maximum at 373 nm, strikingly different from
nonmodified Trp (Figure 1D and Figure S1).

Since small molecule 4-haloindoles can undergo
dehalogenation upon light irradiation via photoinduced
nucleophilic displacement?, we explored whether 7F-Trp-
CypA may have lost the fluorine atom during our fluorescence
experiments. We collected a series of one-dimensional (1D) °F
NMR spectra for 7F-Trp-CypA prior to and after UV radiation.

A substantial decrease in the peak intensity of the initial °F
resonance at -54.26 ppm occurs after UV radiation, and a new
resonance at -41.71 ppm appears, consistent with the chemical
shift of a free fluoride, providing direct evidence of
photoinduced  defluorination (Figure 1E). However,
defluorination of the indole ring alone cannot account for the
unusual high fluorescence, necessitating a search for its origin.

Identification of a Novel Phe-Trp Crosslink in CypA.
After UV activation, the modified CypA protein retains its
overall native fold, as judged by NMR, since its 'H-'>N HSQC
spectrum is well dispersed and resembles to a large degree the
spectrum before UV radiation (Figure 2A). However, new
resonances emerged, and, after close examination, more than
one amide resonance per residue appeared to be present for a
number of amino acids, suggesting that the sample, after UV
radiation, contains a mixture of several species (Figure 2A and
2B). For example, residues that are located close to Trp121 in
the CypA structure, including 60F, 62C, 120E, 121W, and
122L, all exhibit four amide resonances (Figure 2B). One of the
species is clearly the initial 7F-Trp-CypA, as evidenced by
identical resonance frequencies in the 'H-'>N HSQC and 1D °F
spectra before and after photoactivation (Figure 1E and 2A).
The new resonances are associated with species that are only
present after UV radiation, with one or several of these modified
proteins possibly responsible for the unusual bright
fluorescence.

In our search towards identifying the chemical nature of the
fluorescent moiety, we considered that in the excited state Nel
(N1) and Cy (C3) of Trp may become more positively charged,
while the Ce3 (C4) and CE2 (C7) may become significantly
more negatively charged®*?. Thus, we hypothesized that the
resulting increased electron density at C7 in the excited state
promotes the highly electronegative F7 to leave via heterolytic
C-F bond cleavage, resulting in a highly reactive C7 position,
an ideal target for nucleophilic attack. In aqueous solution, in
which we performed the fluorescence experiments, a water
molecule may serve as the nucleophile and attack at C7,
generating 7-hydroxy-tryptophan (70H-Trp). Indeed, we
experimentally verified this possibility in the context of the free
amino acid by NMR spectroscopy, where 70H-Trp is clearly
detected in 7F-Trp solution after UV radiation (Figure S2A).
Since 70H-Trp is nonfluorescent in aqueous solution at room
temperature (Figure S2B), it is likely that 7OH-Trp-CypA is
also nonfluorescent and therefore cannot be the source for the
unusual high fluorescence. Other candidate nucleophiles in
CypA are any electron-rich moieties in the vicinity of C7, such
as the aromatic ring of Phe60. Nucleophilic attack by the
phenylalanine sidechain could generate a crosslink between the
Phe and Trp sidechains in CypA, resulting in a double-ring
extended m orbital system. Such an unusual molecular
arrangement could be a plausible origin of the UV-induced high
fluorescence.

To test our crosslink hypothesis, we performed tryptic digests
on samples of 7F-Trp-CypA prior to and after photoactivation,
followed by nanoflow liquid chromatography and high-
resolution mass spectrometry (nLC-MS) analysis®* %,
Comparison of LC/MS spectra before and after UV radiation
unambiguously identified a unique crosslinked peptide (56I-
69R crosslinked to 119T-125K) solely in the sample after
radiation (Figure S3). In addition, tandem mass spectrometry
(MS/MS) yielded a high-resolution fragmentation spectrum for
this crosslinked peptide and allowed us to map the majority of



the fragment ions, identifying the exact crosslinked positions to
60 and 121 (Figure 2C). These findings provide direct and
convincing evidence to confirm our crosslink hypothesis.
Therefore, we propose the following model for photoactivation
of 7F-Trp-CypA, illustrated in Figure 2D. Upon UV radiation
at 282 nm, the 7F-indole ring of Trp 121 in CypA in its excited
state undergoes photoinduced nucleophilic attack by the nearby
phenyl group in Phe60 or/and a water molecule, yielding cross-
linked (CL)-CypA and 70H-Trp-CypA, respectively. In
addition, a minor CypA species is also formed during UV
radiation, denoted as X-Trp-CypA. The chemical nature of X-
Trp-CypA remains unknown, because its existence in low
amounts in a complex mixture makes detailed structure

elucidation difficult. Estimated amounts of 7F-Trp-CypA,
7OH-Trp-CypA, CL-CypA, and X-Trp-CypA in the final
mixture are ~ 26%, 32%, 29%, and 14%, respectively, based on
resonance intensities in the 'H-""N HSQC spectrum (Table S1).
This is in excellent agreement with the ESI-MS data of the
sample after UV irradiation, which contains a new peak at
18256.7 Da, about 20 Da less than the original peak at 18276.2
Da of unmodified 7F-Trp-CypA (Figure S4A and S4B). This
observed mass is consistent with the predicted mass for CL-
CypA. The masses of 7F-Trp-CypA and 70H-Trp-CypA differ
by only 2 Da and are unresolved in the experimental spectrum
with a single peak at 18275.0 Da (Figure S4B).
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Figure 2. Identification of crosslinked CypA. (A) Superposition of 'H-'>N HSQC spectra of U-°N, 7F-Trp- CypA before (black) and after
(blue) UV radiation. Backbone amide "H-'SN cross peaks are labeled by residue number and amino acid type. (B) Expansions of 'H-’N
HSQC spectral regions around 60F, 61M, 62C, 120E, 121W, and 122L resonances. The four resonances for each position are labeled with
CL for the crosslinked CypA and 7F, 70H and X for 7F-Trp-CypA, 7-hydroxy-Trp-CypA and an unknown minor species, respectively. (C)
MS/MS spectrum of the crosslinked peptide. The majority of the fragments were identified and mapped. (D) Proposed model for UV
activation of 7F-Trp-CypA, resulting in crosslinked CypA (CL-CypA, upper pathway in blue) and 7-hydroxy-Trp-CypA (7OH-Trp-CypA,
lower pathway in maroon). (E) Fluorescence excitation (left) and emission (right) spectra derived from SVD of the excitation-emission
matrix measured for enriched/purified CL-CypA. Four distinct fluorophores (I-IV) were identified and are colored in blue, orange, green,
and purple, respectively. (F) Corrected emission intensity spectra associated with the five exponential terms determined in TCSPC for the
enriched/purified sample. Spectra corresponding to lifetimes of 2.38 ns, 3.80 ns, 1.22 ns, 288 ps, and 18.1 ns are colored in blue, orange,
pink, sand, and gray. Intensities obtained by re-normalizing T, values using steady-state emission intensities are shown in filled circles.

Smooth lines were generated using degree 8 polynomials.



Isolation of Crosslinked CypA (CL-CypA). Since UV
irradiation resulted in a mixture of CypA variants for all
assessed conditions, it was necessary to develop an approach
for purifying CL-CypA from the reaction mixture in order to
pursue a more detailed characterization of its properties. To that
end, we exploited the binding of wild-type (WT) CypA to the
HIV-1 capsid (CA) protein®®. CypA interacts with the CA
protein in solution in a 1:1 stoichiometry, albeit with only 10-
20 mM affinity*’8. Fortuitously, the two cross-linking amino
acids, 60F and 121W, are located in the CA-binding site of
CypA, facing each other and guarding the entrance to the
binding pocket***°. Based on a structural model*~, we inferred
that the crosslink at 60F-121W would completely block entry
of CA to the binding site and abolish the CA-CypA interaction,
while minor modifications, such as fluoro- or hydroxy-
substitutions in the 121W side chain, may be tolerated and
would not influence CA binding significantly. This drastic
difference in CA-binding was exploited to isolate CL-CypA
from the UV-irradiated mixture. Adding an excess amount of
CA protein resulted in formation of CA/7F-Trp-CypA and
CA/70H-Trp-CypA complexes and permitted the separation
and isolation of CL-CypA via size exclusion chromatography.
Although it proved impossible to generate 100% pure CL-
CypA, a significantly enriched sample was obtained, containing
approximately 80+5% CL-CypA, as demonstrated by ESI-MS
(Figure S4C). Furthermore, the enriched/purified sample
exhibited NMR spectra with only one set of intense resonances,
those belonging to CL-CypA, whereas cross peaks associated
with 7F-Trp-CypA, 70H-Trp-CypA, and X-Trp-CypA were
either missing or close to the noise level, suggesting that the
quantity of any of these CypA species is below 5% (Figure 3A).

Fluorescence Characterization. To determine the number
of fluorophores in the photoactivated sample and to evaluate
whether CL-CypA harbors the brightest fluorophore, we
employed singular value decomposition (SVD) of the
excitation-emission  matrix®'.  Steady-state  fluorescence
intensity was measured for all combinations of 69 excitation
and 321 emission wavelengths, generating a 321x69 matrix.
SVD of this matrix yielded five singular components above the
noise level in the unpurified UV-radiated mixture and four
singular components above the noise level in the
enriched/purified CL-CypA sample (for details see Supporting
Information). To transition from the SVD basis spectra to the
excitation and emission spectra of the actual fluorophores, we
exploited the fact that the excitation and emission spectra
cannot have negative intensities and developed an algorithm
subject to this constraint (see Supporting Information). Unique
excitation and emission spectra of the fluorophores recovered
by this algorithm are provided in Figures 2E and S5A. The
brightest fluorophore (fluorophore I, blue trace), with an
excitation peak at 302 nm and an emission peak at 369 nm is
the only fluorophore that displays increased fluorescence in the
enriched/purified sample compared to the unpurified mixture
(Table S2). We therefore assigned this fluorophore to the Phe-
Trp crosslink in CL-CypA. For a second fluorophore
(fluorophore II, orange trace) with excitation and emission
peaks at 322 nm and at 381 nm, respectively, the fluorescence
is only slightly reduced in the enriched/purified sample,
implying that this species is probably a modified product of CL-
CypA or 70H-Trp-CypA. In addition, the different CypA
species in the UV-illuminated sample also exhibited tyrosine
fluorescence (fluorophore III, green trace) with a characteristic
excitation maximum at 282 nm and an emission peak at 303 nm.

Notably, the measured tyrosine fluorescence intensities in the
enriched/purified and unpurified samples are approximately
proportional to the corresponding total protein concentrations
(Table S2). Furthermore, a minor species (fluorophore 1V,
purple trace) with an excitation peak around 296 nm and an
emission peak around 415 nm is seen, whose intensity is
significantly less in the enriched/purified sample. A very minor
red-emitting species (fluorophore V, gray trace), with an
excitation peak around 366 nm and an emission peak around
474 nm is only detected in the unpurified sample. These latter
two minor species contribute very little to the overall total
fluorescence signal and are barely above the noise level. (Figure
2E and Figure S5A, Table S2).

Fluorescence decays were measured by time-correlated
single photon counting (TCSPC) at 41 emission wavelengths
for both the enriched/purified and the unpurified samples.
Global fitting of all TCSPC data required five exponential terms
for a statistically adequate fit. Emission spectra associated with
individual exponential terms were obtained as described
previously®2. The highest intensity spectrum is associated with
a lifetime of 2.38+0.01 ns and is attributed to the Phe-Trp
crosslink in CL-CypA, given its emission peak wavelength of
368 nm and the increased relative fluorescence intensity in the
enriched/purified sample (Figure 2F and Figure S5B).
Similarly, the spectrum associated with a lifetime of 3.80+0.02
ns exhibits a characteristic peak emission wavelength of 378 nm
and must originate from fluorophore II (Figure 2F and Figure
S5B). The spectra associated with the lifetimes of 1.224+0.04 ns
and 0.2284+0.011 ns (Figure 2F and Figure S5B) most likely
result from a time-dependent red shift (TDRS) in the emission
spectra of the major fluorophores, Phe-Trp and fluorophore II.
The nanosecond TDRS is possibly associated with relaxation of
the polar protein environment around the solvatochromic
fluorophore, such as Trp, or its derivatives®. The red-shifted
spectrum (emission peak at 474 nm) associated with the lifetime
of 18.1£0.39 ns resembles one of the spectra of fluorophore V
obtained by SVD of the unpurified sample (Figure S5C), and it
is probably due to a short-lived transient product generated
during 7F-Trp photoactivation. Importantly, the emission
spectra of CL-CypA, determined using two independent
methodologies, SVD and TCSPC, and for two different
samples, enriched/purified and unpurified, are in excellent
agreement with one another (Figure S5D). Therefore, all
fluorescence data are consistent with our observations by NMR
and MS, and together strongly support our proposed model
(Figure 2D).

The quantum yield (n) of the enriched/purified CypA
(80£5% CL-CypA) in aqueous buffer at Aex = 305 nm is
0.395+0.003 (see Supporting Information). Since the small
amounts of 7OH-Trp-CypA and 7F-Trp-CypA that are present
also absorb light at 305 nm but have low quantum yields, we
posit that for 100% pure CL-CypA the quantum yield is even
greater than 0.395. Compared to tryptophan (n = 0.13) and
phenylalanine (n = 0.024) alone®, the Phe-Trp crosslink in
CypA clearly has a much higher quantum yield. This, together
with the short lifetime (1=2.38 ns), is indicative of a high
radiative decay rate (k. = m/t) and, consequently, a large-
magnitude transition dipole moment p, possibly due to the
extended m-orbital system in the Phe-Trp crosslink. Since both
k; and the extinction coefficient (&) are directly proportional to
|u%, the extinction coefficient of the Phe-Trp crosslink in CypA



must be high, in excellent agreement with the high fluorescence
intensity for CL-CypA.

Atomic-Resolution Structure of Crosslinked CypA. The
enriched/purified CL-CypA sample exhibits NMR spectra with
only one set of intense resonances for each residue, enabling
high resolution structure determination by NMR (Figure 3A).
Most amide cross peaks in the 2D 'H-'*N HSQC spectrum of
CL-CypA exhibit very similar frequencies as those of 7F-Trp-
CypA, implying a similar overall protein fold. However, for
some cross peaks, differences were readily observed (Figure 3A
and 3B), a few of which could not be confidently and
unambiguously assigned solely based on similarities in the 2D
spectra. We therefore acquired a complete set of 3D
experiments, including HNCA, HNCO, HN(CO)CA,
H(CCO)NH, and C(CO)NH spectra, on a U-"*C,"*N-labeled
CL-CypA sample, to unequivocally assign both backbone and
sidechain resonances (BMRB 30977). Residues that are
associated with chemical shift differences between CL-CypA
and 7F-Trp-CypA 1.5 times larger than the standard deviation
were mapped onto the structure of CypA protein (PDB ID
3KON*; Figure 3A and 3B). Gratifyingly, the most strongly
affected residues are located at or near residues 60F and 121W,

where the crosslink occurs (Figure 3A and 3B). Additional
resonances with notable differences belong to residues
throughout the four-strand f-sheet structure (f3-f6), reaching
out all the way to helix 3 (H3) (Figure 3A).

Although we were able to identify the Phe60-Trpl21
crosslink by MS/MS, the identity of the bond connecting the
two aromatic rings remained to be determined. This was
achieved by NMR. The ring C3", C¢", H3", and He" resonances
of Phe60 were assigned using 2D 'H-"*C aromatic TROSY and
3D 'H-"*C aromatic NOESY-HSQC spectra (Figure 3C and
3D), and since no aromatic proton resonance was connected to
the same spin system, we established that the CC atom of the
Phe60 aromatic ring has no hydrogen atom attached. This
indicates that the Trp121 ring is crosslinked at the CC, the para-
position of Phe60, with a covalent bond between C7 of Trp121
and C¢ of Phe60. This result is in line with expectations for an
isolated phenyl ring, where the methylene group serves as an
activator, promoting ortho- and para-substitutions®. In the
present scenario, the ortho-substitution is unlikely due to steric
considerations, leaving the para-position as the only favorable
site for the crosslink.
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Figure. 3. Structure of crosslinked CypA. (A) Superposition of 2D 'H-">’N HSQC spectra of U-"*C, >N, 7F-Trp-CypA (black) and
enriched/purified U-*C, >N-CL-CypA (blue). Residues with chemical shift changes larger than 0.107 ppm (1.5 times the standard deviation)
are labeled in the spectra by dashed lines and mapped onto the CypA structure (PDB 3KON). (B) Weighted 'H and >N chemical shift
differences between 7F-Trp-CypA and CL-CypA plotted vs. residue number. The weighting factors were 1.00 and 0.14 for 'H and 'N shifts,
respectively. The horizontal line at 0.107 ppm represents 1.5 times the standard deviation. (C) Representative strips extracted from the 3D
'H-13C aromatic NOESY-HSQC spectrum of U-'3C, ’N-CL-CypA, depicting NOE contacts for H3" and He" atoms of the F60 residue. (D)
Superposition of the 2D 'H-!*C aromatic TROSY spectra of U-'*C, 5N, 7F-Trp-CypA (black) and enriched/purified U-'*C, >N-CL-CypA
(blue). (E) Final ensemble of the 20 lowest-energy structures of CL-CypA shown in ribbon representation. Positions 60 and 121 are colored
in blue. (F) The final ensemble possesses two conformations for the crosslinked sidechains, cluster I (11 members) and cluster II (9 members).

The Trp121-Phe60 motif is shown in blue stick representation.

The final NMR structure determination of CL-CypA required
the generation of a special topology parameterization for the

para-Phe-Trp crosslink, with a bond of 1.54 A length between
CC of Phe and C7 of Trp in Xplor-NIH*. The coordinates of the



7F-Trp-CypA crystal structure (unpublished data) were used as
the initial model, edited with the newly defined para-Phe-Trp
topology. A total of 2611 unambiguously assigned 'H-'H
nuclear Overhauser effects (NOEs) were extracted from 3D 'H-
SN NOESY-HSQC and 3D 'H-"*C aromatic NOESY-HSQC
spectra and used to derive distance restraints, divided into short-
, medium-, and long-range bins. These distance restraints
together with 262 backbone dihedral angle restraints derived
from chemical shifts using TALOS-N?*’ were used for structure
calculation in Xplor-NIH (Table S3). The final ensemble of the
20 lowest-energy structures is well-defined and exhibits
pairwise atomic backbone root-mean-square deviations
(RMSDs) of 0.9+0.2 A (Figure 3E, Table S3). CL-CypA retains
the overall structure of 7F-Trp-CypA or WT-CypA, as
suggested from the similarities in the 'H-'"N HSQC spectra.
Pairwise backbone RMSD values between CL-CypA and 7F-
Trp-CypA or CL-CypA and WT-CypA are 1.31+0.11 A and
1.29+0.12 A, respectively (Figure S6). Interestingly, two
distinctive local orientations between the two linked aromatic
rings were identified (Figure 3F). The first cluster represents
55% of the entire ensemble, with an average dihedral angle
between the two aromatic rings of 37.8°, while the second
cluster (45%) exhibits a dihedral angle of 23.9° (Figure 3F).

DISCUSSION

Fluorine, nearly absent from biology, has emerged as an
attractive tool in protein engineering, not only acting as a
background-free probe for structure and dynamics studies by
NMR, but also serving as a unique modification to fine-tune the
properties of molecules®®*°, Although fluorine containing
amino acids, especially Trps, are widely used probes in
spectroscopy and are often assumed to cause minimal structural
changes*?, this may not always be the case. This is
dramatically revealed here for 7F-Trp-CypA which generated
an unusual and potent photoreactivity. Indeed, during the course
of our studies, aimed at extending our work beyond-CypA, we
observed photoinduced formation of 4- or 7-hydroxy-Trp, as
well as their corresponding photo-irradiated products, not only
in the free 4F- and 7F-Trp amino acids, but also in several
proteins we investigated (Figure S2 and S7), highlighting that
extra caution and careful analytical characterization are
essential to ensure sample integrity when investigating 4F- or
7F-Trp-labeled proteins. However, the aromatic crosslink
between the Phe-Trp side chain in CypA is a very specific and
highly unusual chemical modification. Not only do the rings
have to be close in space, but it is very likely that a defined,
explicit orientation is required for nucleophilic attack and C-C
bond formation. In that regard, we investigated several proteins
that were structurally and functionally studied in our laboratory
over the last decades, such as the cyanobacterial Oscillatoria
Agardhii agglutinin (OAA) and the dimer of the C-terminal
domain of the HIV-1 capsid protein (CA CTD, a LI151F
variant), all of which possess Trp and Phe residues close in
space in their three-dimensional structure, either naturally or
strategically designed by mutagenesis. However, for none of
these proteins could we generate a photoinduced Phe-Trp
crosslink (Figure S7), implying that the precise local structural
arrangement of the Phe and Trp side chains in CypA is unique
and essential for linking these aromatic rings. Therefore, we
examined proteins in the Protein Data Bank (PDB,
www.wwpdb.org)®® that possess Trp-Phe pairs in similar
configurations as observed in CypA (see Supporting
Information). 589 potential candidates were carefully

evaluated, and the de novo designed protein PS1* was selected
to evaluate whether our finding is more general and applicable
to other proteins. PS1, a four-helix bundle, had been created as
a small molecule binder, comprising a tightly packed folded
core and an under-packed binding region**. It contains a single
Trp (W68) in the flexible binding region with a Phe (F17)
nearby. Although the W68-F17 pair in the apo state of PS1
(PDB ID 5TGW) adopts a sub-optimal conformation, the holo-
PS1 (PDB ID 5TGY) emerged as a top candidate from our PDB
search. Its W68-F17 pair is positioned very similar with respect
to each other as the W121-F60 pair in CypA (Figure S8A and
S8B). We therefore hypothesized that the flexibility in the apo
state binding region, without the bound ligand, may offer
enough plasticity to permit W68 to crosslink to F17. We
prepared U-'"N, 7F-Trp-apo-PS1 and, after photoactivation,
observed a new fluorophore, exhibiting an excitation peak at
312 nm and an emission peak at 355 nm (Figure S8C and S8D),
associated with a -20 Da mass change (Figure SS8E and SS8F).
This implies that, indeed, a W69-F17 crosslinked PS1 had been
generated. Furthermore, we explored whether a crosslink could
be produced between Trp and a Tyr, instead of a Phe. To this
end, we prepared the F60Y CypA variant. Similar to WT CypA,
photoactivation of 7F-Trp F60Y CypA also resulted in a highly
fluorescent species with an excitation peak at 311 nm and an
emission peak at 388 nm, most likely originating from a Trp-
Tyr crosslink (Figure S9A and S9B). This was corroborated by
a loss of 20 Da in the mass spectrum of this modified CypA
(Figure S9C and S9D). Interestingly, the Trp-Tyr crosslinked
CypA is generated faster than its Trp-Phe counterpart,
exhibiting a first-order rate constant of 0.103+£0.001 min™
(Figure S9A).

CONCLUSIONS

The discovery of a highly fluorescent fluorophore generated
by photoinduced crosslinking between Trp and Phe or Trp and
Tyr side chains in a protein, associated with a single fluorine
atom in the 7 position of the indole ring of Trp is unprecedented.
It offers a novel and controllable approach for synthesizing and
exploiting bright and modular designer proteins or protein tags.
The fact that these highly fluorescent fluorophores can be
generated in aqueous media under physiological conditions
open exciting avenues in a variety of fields. For example, it may
be possible to design and place photoactivatable fluorescent
probes into proteins in a highly selective manner for
fluorescence studies using spectroscopy, Forster resonance
energy transfer, or fluorescence imaging. We also envision that
it will be possible to improve the original Trp-Phe/ Trp-Tyr
crosslink if the emission wavelengths can be shifted from
369/388 nm into visible range, enabling wide applications in
microscopy.
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