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ABSTRACT: The substitution of a single hydrogen atom in a protein by fluorine yields a site-specific probe for sensitive detection
by °F nuclear magnetic resonance (NMR) spectroscopy, where the absence of background signal from the protein facilitates the
detection of minor conformational species. We developed genetic encoding systems for the site-selective incorporation of 4-
fluorotryptophan, 5-fluorotryptophan, 6-fluorotryptophan, and 7-fluorotryptophan in response to an amber stop codon and used them
to investigate conformational heterogeneity in a designed amino acid binding protein and in flaviviral NS2B-NS3 proteases. These
proteases have been shown to present variable conformations in X-ray crystal structures, including flips of the indole side chains of
tryptophan residues. The '°F NMR spectra of different fluorotryptophan isomers installed at the conserved site of Trp83 indicate that

the indole ring flip is common in flaviviral NS2B-NS3 proteases in the apo state and suppressed by an active-site inhibitor.

Introduction

Fluorine atoms in proteins present site-specific probes that are
readily detected by '°F NMR spectroscopy. Any structural per-
turbation caused by the fluorine is minimized, when only a sin-
gle hydrogen atom in the protein is replaced by fluorine. In par-
ticular, fluorotryptophans (F-Trp) with a single fluorine atom in
the six-membered ring of the side chain indole are very similar
in size and chemical properties to their parent canonical amino
acid, tryptophan (Trp). The tryptophanyl-tRNA synthetases of
prokaryotic and eukaryotic organisms are known to accept F-
Trp instead of Trp, and proteins with uniform substitution of
Trp for 4-fluorotryptophan (4F-Trp), 5-fluorotryptophan (5F-
Trp), 6-fluorotryptophan (6F-Trp), and 7-fluorotryptophan (7F-
Trp) have long been produced in E. coli and yeast, typically
with the help of tryptophan auxotrophs or specifically evolved
strains to aid the incorporation of F-Trp instead of Trp."* To
obtain homogenous protein preparations, however, these meth-
ods typically aim to replace every Trp residue by F-Trp, leading
to a signal for each F-Trp residue in the °F NMR spectrum,
creating potential signal overlap and the need to assign the sig-
nals to specific residues before spectral changes can be inter-
preted in terms of site-specific responses. Enzymes made with
uniform substitution of Trp for F-Trp usually preserve their
structure and function,>!! but the presence of multiple F-Trp
residues often attenuates their enzymatic rates, although en-
hancements have also been reported.’

To reap the full benefits of F-Trp incorporation requires the ca-
pability of site-selectively installing single F-Trp residues in
proteins in the presence of multiple Trp residues. We recently
reported an aminoacyl-tRNA synthetase (RS) mutant that ena-
bles genetic encoding of 7F-Trp as the target non-canonical
amino acid (ncAA) in response to an amber codon. The enzyme
was selected from a library of pyrrolysyl-RS mutants derived
from the archaeal organism ISO-GI (GIPyIRS). It enables the
replacement of single Trp residues by 7F-Trp in high yield and
purity in the presence of multiple tryptophan residues at other
sites in the protein, thus producing the desired outcome of a pro-
tein where a single hydrogen atom is replaced by a fluorine
atom.'? The selectivity of the enzyme was unexpected, as the
structural difference between F-Trp and Trp is small (the C-F
bond being only 0.3 A longer than the C-H bond and the van
der Waals radius of fluorine larger by 0.15 A). Unsurprisingly,
our initial attempts to select an RS enzyme for the incorporation
of other F-Trp isomers were unsuccessful.

The simplicity of the 1D 'F NMR spectrum afforded by the
incorporation of a single fluorine atom into a protein presents
unprecedented opportunities to detect minor conformational
species, which would easily be overlooked in more complex
NMR spectra. As a point in case, the incorporation of 7F-Trp to
replace Trp69 or Trp83 in the Zika virus NS2B-NS3 protease
led to the unexpected observation of minor peaks at different
intensity (ca. 25 % and 50 % of the



A o o 9 o D F5W45 IFGAWAH
WOH O Oy WOH FTW02  GFGFWGY
N NH; N NHz N NH DY NH2 F7TW15 SFAFWGY
FTW36  QFAFWGY
4F-Trp 5F-Trp 6F-Trp 7F-Trp F6W53  QFAAWGY
B | 4F-Trp 5F-Trp 6F-Trp FTW29  HFAAWGY
FoW26  QFSAWGW
§ + ncAA 18.6% 23.0% 17.3% FeW1ls SVVLWCW
S 1 F5W46  FVAAWSW
% 12.1% 3.8% 6.7% F6W23 TYAGWGW
© [ -ncAA FAWI1 FYAAYNW
1020102 10° 10° 10° 107%0 10° 10° 10 107°0 10° 10° 10 F4W3 2 LYAAWNW
Efficiency of amber-=codon readthrough (final round) ngig %gg\l}gglﬁ
R IEEEE F5H23  LYAVWSV
+ 6F-Trp- ] B e GIPyIRSLYNVYAW
+5F-Trp - - 20K _E FAW27  LYAFWTN
+ 4F-Trp - oK F7W53 LYAFWGY
- ncAA - F5W28 LWAAYTS
A A e e e e e e e e A e e e e FAW57  LYAAYGH

Nl Ao 00 D0 DO A DD DD LD D
S el e e o e e e E F6W37  LYASYGT

Figure 1. Development of functional and specific GI/PyIRS for F-Trps. (A) Chemical structure of 4F-Trp, SF-Trp, 6F-Trp, and 7F-
Trp. (B) Histogram of the third FACS selection rounds to identify G/PyIRS enzymes active for 4F-Trp, SF-Trp, and 6F-Trp, respec-
tively. The horizontal axis plots the level of red fluorescence observed by expression of the mCherry red fluorescent protein (RFP)
gene preceded by an amber stop. The vertical axis represents the cell count. The difference in RFP fluorescence intensity of cells
grown with and without F-Trp serves as an indicator of the presence of RS enzymes specific to F-Trp in the gene pool. (C) Heatmap
of activities from 20 selected F-Trp tRNA synthetases when 4F-Trp, SF-Trp, 6F-Trp, or 7F-Trp is supplied either at 1 mM concen-
tration or without addition of any ncAA, showing relative activity and cross-specificity. (D) Cladogram of mutation site residues in
the selected F-Trp tRNA synthetases. Residues identical to the wild-type G1 PylRS are highlighted green.

main peak, respectively) that exchanged with the main peaks,
limiting the lifetimes of the main peaks to about 0.1 to 1 s and
coalescing with the main peak upon addition of a covalently
binding active-site inhibitor. Furthermore, 7F-Trp replacing
Trp50 showed no signal in the apo protein, although a signal
appeared in the complex with the inhibitor.!? The different dy-
namics reported by different Trp residues indicate that they
sense local rather than global conformational changes.

The analytical benefit of single-atom substitutions and the ques-
tion how far fluorine could have altered the protein behavior
encouraged us to seek new aminoacyl-tRNA synthetases for the
genetic encoding of other F-Trp isomers. Here we report how
we were successful with the identification of RS enzymes that
are selective for 4F-Trp, SF-Trp, and 6F-Trp. In addition, we
evaluated the polyspecificity profile of some of these RS en-
zymes for different fluorinated F-Trp amino acids with the aim
to use the same cell line for producing proteins with different F-
Trp isomers. We present two examples of the utility of these
amino acids. In the first example, we substituted the tryptophan
residue in the binding site of the ancestral amino acid binding
protein AncCDT-1" by the different F-Trp isomers to detect
and discriminate between the binding of ornithine, histidine, ly-
sine, and arginine by simple 1D 'F NMR spectra. We also ex-
tended the ’F NMR analysis of conformational heterogeneity

of the conserved residue Trp83 in the Zika virus (ZIKV) NS2B-
NS3 protease to the same Trp residue in the related flaviviral
proteases from dengue virus serotype 2 (DENV2), West Nile
virus (WNV), Murray valley encephalitis virus (MVEV), and
Japanese encephalitis virus (JEV). The combined data suggest
that the indole side chain at this site is prone to a ring flip in all
these flaviviral apo proteins.

Results

Library screening for 4F-Trp, SF-Trp, and 6F-Trp tRNA
synthetases. We hypothesized that our previous failure to iden-
tify tRNA synthetases specific for 4F-Trp (4F-TrpRS) arose
from (i) suppression of protein expression caused by the tox-
icity of 4F-Trp at 2.5 mM concentration and (ii) insufficient
sampling of the RS library in the first selection round, where
only 0.3 % of the total population had been collected (estimated
to contain 2.7x107 variants). We therefore carried out new sets
of fluorescence-activated cell sorting (FACS) selection experi-
ments for 4F-TrpRS, SF-TrpRS, and 6F-TrpRS, reducing the F-
Trp amino acid concentration in the cell cultures to 1 mM and
collecting five times more cells in the first selection round.
Other parameters were kept unchanged, such as the use of E.
coli DH10B cells co-transformed with the tRNA synthetase
plasmid,
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Figure 2. AncCDT-1 with site-specific replacement of Trp71 with four different F-Trp isomers for ligand binding detection and
discrimination. (A) Intact protein mass spectrum of AncCDT-1 produced with either 4F-Trp, SF-Trp, 6F-Trp, or 7F-Trp. The expected
mass for all samples is 27454.5 Da if they contain a single Trp to F-Trp substitution. Minor species appearing in some of the spectra
with — 18 Da or + 18 Da mass correspond to low level of misincorporation of tryptophan at the amber position or replacement of Trp
by F-Trp at native tryptophan sites. (B) Crystal structure of the closed conformation of AncCDT-1 (PBD: 5TOW)"® showing the
substrate binding site and location of Trp71 (blue), with other tryptophan sites colored in green and the amino acid ligand in red. The
two domains are colored gray and yellow. (C) Spectral regions of 1D '"F NMR spectra showing the F-Trp 71 signals of AncCDT-1
in complex with ligands recorded in 50 mM HEPES, pH 7.5, and 150 mM NaCl. (D) Principal component analysis of chemical shift
changes observed in the spectra shown in (C). Red lines show the principal axes in feature space, indicating high complementarity in

the data obtained with the four F-Trp isomers.

pBK-GIRS, which contains the GIPyIRS library, and the selec-
tion plasmid pBAD-H6RFP, which harbors the gene of
mCherry red fluorescent protein (RFP) preceded by an amber
stop codon and an N-terminal Hiss tag. The tRNA synthetase
library consists of GIPyIRS variants containing the following
mutations: site saturation of Leul24, Tyrl25, Ala221, and
Trp237; Asnl65 mutated to a set of eight amino acids (Gly, Ala,
Val, Ser, Asn, Thr, Ile, Asp), Vall67 to a set of seven amino
acids (Gly, Ala, Val, Ser, Cys, Leu, Phe), and Tyr204 to aro-
matic amino acids (Phe, Tyr, Trp).!* Alternating positive and
negative selection successfully enriched cells featuring the de-
sired RS functionality for all three F-Trp variants (Figure 1B
and S1). After three selection rounds, multiple colonies of cells
producing high RFP fluorescence were isolated and sequenced.
Remarkably, most of the candidates isolated showed negligible
activity with any of the canonical amino acids compared with
their activity towards the F-Trps they had been selected for
(Figures 1C and S2). Ending the selection process at early
rounds, the remaining library pool showed notable diversity.

Among the candidates showing the highest enzyme activity, 15
new GI/PyIRS mutants were identified, including four 4F-
TrpRS, six SF-TrpRS, and five 6F-TrpRS enzymes (Figure 1D
and Table S1).

Mutations in the amino acid binding site and cross-specific-
ity analysis of F-Trp tRNA synthetases. To rationalize the re-
markable specificity of the selected F-TrpRS enzymes for the
single fluorine atom, we compared mutations in the active sites
of 20 functional candidates across all F-TrpRS enzymes (in-
cluding five identified from 7F-Trp selection) and visualized
them in a sequence cladogram (Figure 1D). Surprisingly, the F-
TrpRS sequences do not cluster according to the substrates they
were selected for. Furthermore, the data suggest cross-specific-
ity between more closely related F-Trp isomers. For example,
F6WS53 (mutation set QFAAWGY in positions 124, 125, 165,
167,204,221, 237) has high activity with 6F-Trp and differs by
only a single residue from F7W29 (HFAAWGY) and F7W36
(QFAFWGY), suggesting that these specifically selected F-
TrpRSs are potentially active with other F-Trps. We therefore



assessed the substrate cross-specificity of 20 functional tRNA
synthetases with 4F-Trp, SF-Trp, 6F-Trp, and 7F-Trp (Figures
1C and S2). Besides the consistent incorporation of the sub-
strates they were selected for, all F-TrpRS enzymes indeed dis-
play some degree of cross-specificity with other F-Trp ana-
logues, particularly for F-Trp isomers containing fluorine in a
neighboring position. For example, F7W29 and F7W36 also ac-
cept 6F-Trp as substrate. FOW53 is more reactive with SF-Trp
than 7F-Trp. Interestingly, just two mutations, A167S and
H237T, change FAWS57 (LYAAYGH) to F6W37 (LYASYGT)
but lead to the complete loss of activity with 4F-Trp. To pro-
duce a protein overexpression system with genetic encoding of
the F-Trp isomers, we cloned the genes of FAW27 and FTW36
into a high-copy number pRSF plasmid for high yield protein
production.'® The resulting pRSF-G1F4W27 plasmid was sub-
sequently used for the site-specific incorporation of 4F-Trp and
S5F-Trp, and pRSF-G1F7W36 was used to install 6F-Trp and
TF-Trp.

Heterogeneous ligand binding detected by ’F NMR. The an-
cestral protein of the cyclohexadienyl dehydratase (AncCDT-1)
is a monomeric two-domain protein, which undergoes a large
structural change from an open to a closed conformation upon
amino acid binding between the domains.'* AncCDT-1 contains
four tryptophan residues, with Trp71 near the amino acid bind-
ing site. To produce AncCDT-1 with Trp71 replaced by one of
the four F-Trp isomers, we co-transformed the expression plas-
mid pCDF-AncCDT-1-W71TAG and the tRNA synthetase
plasmid pRSF-G1F4W27 or pRSF-G1F7W36 into the E. coli
strain B-95.AAAfabR.'® Following our previously reported ex-
pression protocol,'’> we supplied the growth medium with
fluoroindoles instead of the F-Trp amino acids, relying on the
natural TrpB activity to produce the respective F-Trp amino ac-
ids. 1 mM 4-, 5-, 6-, or 7-fluoroindole was supplied when the
cell cultures had reached the optical density at 600 nm (ODggo)
of 0.5. After 30 minutes incubation with fluoroindoles, overex-
pression of AncCDT-1 was induced at room temperature. All
F-Trp mutants of AncCDT-1 were obtained in high yield (7.2
mg purified protein per liter of cell culture with 4F-Trp; 23
mg/L with 5F-Trp; 7.4 mg/L with 6F-Trp; 9 mg/L with 7F-Trp),
and the proteins were homogenous as indicated by intact protein
mass spectrometry (Figure 2A). Notably, substitution of native
tryptophan sites with F-Trp was negligeable in all four samples.
For the 4F-Trp mutant, a minor impurity arose from amber stop
codon suppression attributed to glutamyl-tRNA, which recog-
nizes a codon similar to the amber stop codon, and low level of
misincorporation of Gln instead of F-Trp, resulting in a mass
difference of — 76 Da.

The proteins were analyzed using a 600 MHz NMR spectrom-
eter equipped with a °F cryoprobe. 1D °F NMR spectra were
recorded for each sample in its ligand-free state and after the
addition of either ornithine, histidine, lysine, or arginine (Figure
2C). The NMR spectra of the apo protein show one major signal
together with some minor peaks, which were insensitive to the
presence of ligands and may indicate some level of misincorpo-
ration of F-Trp residues at canonical Trp sites. The misincorpo-
ration can be suppressed by supplying additional tryptophan in
the culture media.'? Importantly, the major peaks responded to
the addition of the different amino acids with large changes in
chemical shifts but, unexpectedly, some of the amino acids
added split the main signal, indicating that they caused confor-
mational heterogeneity in the binding site of this engineered
non-natural protein.

The spectral changes observed in the NMR spectra of the dif-
ferent F-Trp isomers present fingerprints of the different amino
acid ligands that can be used for their identification. This is
quantified by a principal component analysis (PCA) of all
chemical shift changes observed. The principal axes in feature
space highlight the degree to which the different F-Trp probes
provide complementary information (Figure 2D).

Figure 3. Crystal structures of different DENV4 NS2B-NS3
constructs.!” The backbone of NS2B and NS3p is shown in ma-
genta and green, respectively. The tryptophan side chains and
the residues of the catalytic triad are shown in bold stick repre-
sentations. (A) 5YVJ, showing the canonical orientation of the
tryptophan side chains. (B) 5YWU, showing the side chain of
Trp83 in a flipped orientation. The structure is of the protein
shown in (a) but bound to aprotinin. (C) 5YW1, showing the
side chains of Trp69 and Trp83 in flipped orientations.

Unraveling tryptophan conformation dynamics in flaviviral
NS2B-NS3 proteases. In the past two decades, structural biol-
ogy of the flaviviral NS2B-NS3 proteases has yielded much in-
sight into their function and druggability, with numerous crystal
structures resolved for proteases from different related fla-
viviruses, including the ZIKV, WNV, MVEV, JEV, yellow fe-
ver virus, and the four serotypes of DENV (Table S2). In sum-
mary, all proteases share similar folds, with the largest differ-
ences observed in the C-terminal segment of NS2B (NS2Bc)
forming either a closed or an open conformation. In the closed
conformation, NS2Bc forms a B-hairpin and associates with the
NS3 protease (NS3p) to form part of the substrate binding site.
The association is loose.!®?! In the open conformation, NS2Bc
is remote from the active site, or its structure is sufficiently dis-
ordered that no electron density can be discerned in the crystal
structures. The closed conformation is required for full enzy-
matic activity of the proteases. The population of the closed
conformation is promoted by ligand molecules binding to the
active site. Initial crystallization experiments succeeded with
constructs containing an artificial G4SG4 peptide linker between
NS2Bc and NS3p, which ensured the correct 1:1 stoichiometry
between NS2B and NS3p. Cumulative NMR and crystallog-
raphy data suggest, however, that the G4SG4 peptide linker pro-
motes the population of the open state.!”"1% 21-23

Close inspection of the crystal structures further reveals struc-
tural differences involving the side chains of the tryptophan res-
idues, which display alternative conformations that are inde-
pendent of the large conformational change of NS2Bc between
open and closed conformations (Figures 3 and S3). These struc-
tural variations are remarkable as six tryptophan sites (Trp61*
in NS2Bc and Trp5, Trp50,
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Figure 4. Conformational heterogeneity detected by F-Trp incorporation in linked and unlinked ZIKV NS2B-NS3 protease con-
structs. (A) Chemical structure of the broadband protease inhibitor 4-nitrophenyl-4-guanidinobenzoate (1). (B) 1D °F NMR spectra
showing the F-Trp signals with residue Trp83 replaced in gZIKVp, where NS2Bc and NS3p are linked by a G4SG4 linker, before and
after addition of the inhibitor 1 (black and red spectra, respectively). The "’F NMR spectra were recorded at 25 °C on a 600 MHz
NMR spectrometer. The buffer used contained 20 mM MES, pH 6.5, and 150 mM NaCl. (C) Same as (B), but for unlinked eZIKVp
samples, where the linker contains the protease recognition site for self-cleavage.

Trp69, Trp83, and Trp89 in NS3p) are strictly conserved in the
aforementioned flaviviral proteases (Figure S4), and high se-
quence conservation is a strong indicator for structural and
functional importance. In the case of phenylalanine and tyrosine
residues, which also feature high sequence conservation, 180°
ring flips on the microsecond to millisecond timescale are com-
monly observed, but these flips result in no net structural
change.?® In contrast, a flip of the indole ring of a buried tryp-
tophan residue presents a significant structural change of the
protein structure and is probably unfavorable in energy. It is
therefore remarkable that the body of crystal structures accumu-
lated for the flaviviral proteases indicates that tryptophan ring
flips can occur in these proteins for indole side chains with lim-
ited or, as in the case of Trp83, no solvent exposure (Table S2).

The crystal structures indicate that the tryptophan ring flips are
quite independent of each other. For example, the structure
5YVU shows a conformational change only for the side chain
of Trp83, whereas the side chains of Trp69 and Trp83 are both
changed in the crystal structure SYW1 (Figure 3). It is remark-
able that these unusual tryptophan side chain conformations can
become the predominant species in the crystals of NS2B-NS3
of dengue serotype 4. Other flaviviral proteases reveal alterna-
tive tryptophan conformations only for the side chain of Trp50,
which is near the active site residue His51 and more highly sol-
vent exposed than the other tryptophan side chains. The flip of
the Trp50 side chain appears to be facile, as its non-canonical
conformation has occasionally been captured in crystals of al-
most all flaviviral proteases (Table S2).

Probing conformational heterogeneity with F-Trp. Using '°F
NMR, we previously detected additional minor signals for 7F-
Trp installed at the sites of Trp69 and Trp83 of the ZIKV NS2B-

NS3 protease (ZIKVp), which indicate alternative confor-
mations in slow exchange with the main conformation.!? Dif-
ferent amounts of minor species (not exceeding 50 %) were de-
tected for the side chains of Trp69 and Trp83. As expected for
an increased flip rate with lifetimes in the microsecond-to-mil-
lisecond range, the °F NMR signal of 7F-Trp in position 50 of
ZIKVp was broadened beyond detection, but it became observ-
able after adding the active site inhibitor 4-nitrophenyl-4-guan-
idinobenzoate (Figure 4A), which is known to rigidify the pro-
tease.'?

Having gained the capability of installing different F-Trp iso-
mers, we probed the conformational heterogeneity of different
flaviviral proteases by installing different F-Trp isomers at the
site of Trp83. In contrast to the AncCDT-1 protein, expression
of the proteases delivered significantly lower yields with
fluoroindoles than fluorotryptophans, and therefore most sam-
ples were prepared with F-Trp. Using the construct of ZIKVp
with the G4SGs peptide linker connecting NS2Bc with NS3p
(gZIKVp, in the literature also referred to as gZiPro) and sup-
plying the F-Trp isomers in 1 mM concentration, in addition to
4 mM tryptophan supplemented to suppress the substitution of
native tryptophan residues with F-Trp, we obtained expression
yields of at least 10 % of that of the wild-type protein with min-
imal amber suppression by glutamyl-tRNA, negligible mis-
incorporation of Trp, and little background due to additional F-
Trp residues according to intact protein mass spectrometry (Fig-
ure S5). 1D F NMR spectra in the presence and absence of
inhibitor 1 (Figure 4A) showed variable degrees of heterogene-
ity in the apo protein, demonstrating sensitivity towards the po-
sition of the fluorine atom. The heterogeneities were observed



both for the linked gZIKVp constructs (Figure 4B) and the un-
linked eZIKVp construct (Figure 4C), where the NS2B-NS3
protease was expressed with a linker containing the protease
recognition site for autodigestion. ’F-°F NOESY spectra con-
firmed that exchange occurs between major and minor signals
with exchange lifetimes between 0.1 and 0.5 seconds for the
major species (Figure S7). The relative populations of hetero-
geneities varied between gZIKVp and eZIKVp. Figure 4 shows
that the populations of the minor species are also sensitive to
the position of the fluorine atom in the indole ring. In all cases,
the heterogeneities were largely suppressed by the addition of
the inhibitor 1 (Figure 4).
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Figure 5. The inhibitor 1 reduces the conformational heteroge-
neity in different flaviviral proteases. '’F NMR spectra were
recorded without (black) and with (red) inhibitor 1. (A) gWNVp
with Trp83 replaced by SF-Trp. To improve the solubility, the
measurements were performed in 50 mM Tris-HCl, pH 7.5, and
100 mM NacCl. (B) gDENV2p with Trp83 replaced by 6F-Trp.
Spectra recorded in 20 mM MES, pH 6.5, and 150 mM NacCl.
Conformation exchange also appears in the NS2B-NS3 prote-
ases of Japanese and Murray Valley encephalitis viruses with
the G4SGy-linked construct (C) gJEVp and (D) gMVEVp. F-
F NOESY experiments were recorded with 200 ms mixing
time in 50 mM Tris-HCI, pH 7.5, 100 mM NaCl. Trp83 was
replaced by 5F-Trp. 1D ""F-NMR spectra are shown at the top.

Trp83 is relatively far from the substrate binding site, making it
a good choice for probing the structural heterogeneity of the fla-
viviral proteases free from direct interactions with active site
ligands. For comparison, we also produced F-Trp variants in
position 83 of the NS2B-NS3 proteases from WNV, DENV2,
JEV, and MVNV with the G4SGy linker (referred to as gWNVp,
gDENV2p, gJEVp, and gMVEVp, respectively). The selectiv-
ity of incorporation was confirmed by mass spectrometry (Fig-
ure S6). Like with ZIKVp, the 1D "F NMR spectra all showed
substantial heterogeneity, which in the cases of gWNVp and
gDENV2p was readily suppressed by the addition of inhibitor
1 (Figures SA—B). In the cases of gJEVp and gMVEVp, sample

precipitation prevented experiments of the complexes with in-
hibitor 1, but conformational exchange in the apo proteins was
confirmed by exchange cross-peaks in 2D “F-'F NOESY
spectra (Figure 5C-D). Clearly, conformational heterogeneity
at the site of Trp83 is common in flaviviral proteases.

Comparing conformational dynamics between constructs.
The wild-type flaviviral NS2B-NS3 proteases contain no cova-
lent linkage between NS2Bc and NS3p, and it is known that the
commonly used G4SGy linker facilitates crystallization but pro-
motes the open conformation of the proteases. To break the
linkage, constructs can be made with a protease recognition site
in the linker for enzymatic self-cleavage. In the case of the
ZIKV protease construct with enzymatic self-cleavage site
(eZIKVp), it has been shown for a closely related construct that,
following self-cleavage, an N-terminal tetrapeptide segment of
NS3p can bind to the active site and prevent the binding of the
inhibitor aprotinin.?”?® While the heterogeneities in eZIKVp ap-
pear smaller than in gZIKVp, the spectral changes observed in
Figure 4C indicate that the inhibitor 1 can still bind to eZIK'Vp.

The '°F NMR spectra of the corresponding unlinked constructs
of WNVp and MVEVp (eWNVp, and eMVEVp, respectively)
with F-Trp isomers in position 83 revealed heterogeneities
closely similar to the linked constructs (Figure S7). For all un-
linked and F-Trp-labeled constructs, intact protein mass spec-
trometry detected the individual NS2B and NS3p fragments
without any full-length protease, confirming the enzymatic ac-
tivities of these constructs (Figures S5 and S6). This suggests
that the linked and unlinked constructs of these proteases are
similarly suitable for the enzymatic assays underpinning drug
discovery.

pH dependence of structural heterogeneity sensed by
Trp83. The closed conformation of the NS2B-NS3 proteases is
known to be promoted by electrostatic attraction of negatively
charged residues in the tip of the B-hairpin of NS2Bc to positive
charges in substrates and inhibitors binding at the active site.'”
2 The positive charge contributed by inhibitor 1 following re-
action with the active-site serine residue presents a point in case.
It may thus be expected that the closed conformation is favored
at lower pH, where the active-site histidine side chain carries a
positive charge.!® In our constructs of different proteases made
with different F-Trp isomers in position 83, lower pH changed
the relative populations of minor and major species relatively
little (Figure S9), suggesting that the pH change does not rigid-
ify the proteases to the same extent as the binding of an inhibi-
tor.

Discussion

Benefits of single-site selective installation of F-Trp resi-
dues. F-Trp residues deliver readily accessible site-specific in-
formation from simple 1D '°F NMR spectra. This has been ex-
ploited with great success in a multitude of applications such as
measuring diffusion coefficients of proteins in live cells,?*3°
protein folding/unfolding equilibria,*!*® and dynamics arising
from ligand binding,?’ at protein interfaces,*® or as reflected in
inter-conversion rates between different conformations.* Fur-
thermore, the '°F chemical shifts of F-Trp residues are highly
sensitive to their chemical environment, which is advantageous
for ligand binding studies.*>** 1°F NMR signals can still be de-
tected by solution NMR of systems up to 500 kDa.*¢ Taking
advantage of a °F-'*C spin pair in fluorotyrosine, °F-'*C
TROSY experiments produce remarkably narrow *C signals in



high molecular weight systems,*” which has also been demon-
strated for '*C-labeled F-Trp.*® In an important recent develop-
ment, solid-state NMR has been demonstrated to afford accu-
rate distance measurements between the °F spins of F-Trp res-
idues in proteins*® in the distance range up to 20 A.* In solution,
measurements of distances up to 24 A to a paramagnetic nitrox-
ide label have been reported.”! Recently developed EPR meth-
ods have measured accurate distances in the range of 520 A
with exquisite sensitivity that enables in-cell analyses of pro-
teins at low concentrations.’*>* In protein engineering, F-Trp
residues have been used to modify protein properties.”> An ex-
citing recent finding is that 7F-Trp can form photoinduced flu-
orescent protein crosslinks with phenylalanine and tyrosine.

All these applications will benefit fundamentally from the ca-
pability to install single F-Trp residues site-specifically, as the
single-atom substitution of a hydrogen for a fluorine atom min-
imizes the perturbation of protein structure, whereas global sub-
stitution of Trp by F-Trp can compromise protein stability even
when the structural changes are small.** 3> Single-site substi-
tutions also obliterate the need for additional experiments to at-
tribute the effects to a specific individual F-Trp residue. As a
major benefit, the single-site incorporation enables the detec-
tion of weak "’F NMR signals from minor conformational spe-
cies, and the populations of the different species can be deter-
mined by simple integration of the '’F NMR resonances. Im-
portantly, the capability of installing different F-Trp isomers
makes it possible to control for any structural or functional im-
pact that may be caused by the fluorine atom.

The present work shows that 4F-Trp, SF-Trp, and 6F-Trp can
be site-specifically installed in proteins by genetic encoding us-
ing ISO-G1 PyIRS enzymes related to the previously published
PyIRS enzyme for 7F-Trp,'? despite their close similarity to nat-
ural tryptophan. Pyrrolysyl tRNA/tRNA synthetase pairs have
been shown to enable ncAA incorporation not only in bacteria
but also in yeast® and baculovirus-infected insect®! and mam-
malian cells.%?%® Therefore, we expect that the tools developed
here will also prove valuable in other protein expression sys-
tems. On a practical note, producing proteins with single F-Trp
residues is more straightforward than the uniform substitution
of tryptophan, as there is no need for auxotrophic bacterial
strains or the inhibition of tryptophan biosynthesis by inhibitors
such as 3p-indoleacrilic acid® or glyphosate.’* © Further-
more, shutting down endogenous Trp synthesis, either by over-
loading the medium with F-Trp or using inhibitors like glypho-
sate can enhance protein degradation and potentially modify the
F-Trp amino acid.®’” As bacterial cells efficiently convert fluor-
inated indoles to F-Trp, cost can be saved by provision of the
corresponding fluorinated indoles, which is feasible both in
vivo®" %72 and in cell-free synthesis.'? In our hands, the protein
yields were reduced by at most 10-fold relative to those ob-
tained for the wild-type proteins. Higher yields could poten-
tially be achieved by controlling cellular factors that regulate F-
Trp concentration in E. coli cells. For example, the transcrip-
tional repressor TrpR downregulates expression of tryptophan
synthase, and Trp permease (Mtr) and multidrug efflux pumps
(MdtF, MdtO, and MdtK) modulate fluoroindol/F-Trp homeo-
stasis.”

Trytophan ring flips in flaviviral proteases. Our analysis of
flaviviral NS2B-NS3 proteases produced with a site-specifi-
cally installed F-Trp residue to replace Trp83 revealed multiple
conformational species as a common feature of these proteases.
The chemical exchange between major and minor species and

the disappearance of minor species after addition of an inhibitor
proves that the minor signals are not due to misincorporation at
different Trp sites.

We attribute the minor species to alternative conformations of
the indole ring systems of Trp side chains, which limit the life-
time of the major species to about 0.1 — 0.5 s, with different Trp
sites displaying different rates of the conformational ex-
change.'? The slow rate of interconversion puts the exchange
rate on an entirely different time scale from the exchange be-
tween open and closed conformations of NS2Bc. For example,
an unlinked construct of DENV2p has been shown to populate
the open state to only 4 % and the lifetime of the closed confor-
mation was estimated to be about 8 ms, which is too short to
resolve separate NMR signals.?® Also in the presence of a pep-
tide linker between NS2Bc and NS3p, the exchange dynamics
between open and closed conformations are too fast to resolve
separate signals for the two species.?

Rapid dynamics of NS2Bc have also been established for
ZIKVp, where solution NMR showed that the GlysSerGlys
linked construct (gZIKVp) features NS2Bc in a mostly open
conformation,” whereas it appears to be in a closed confor-
mation in the unlinked construct (bZiPro), with dynamic ex-
change processes rendering the NMR signals of residues 67-90
too broad to allow resonance assignment.”® In a different un-
linked construct, where the protein was expressed with an en-
zymatically cleaved linker (eZiPro), '°N relaxation data show
NS2Bc in a highly dynamic state with no evidence of exchange
broadening.?®

Several crystal structures of flaviviral NS2B-NS3 proteases
demonstrate that these proteins can crystallize with tryptophans
displaying non-canonical indole ring conformations as the ma-
jor species (Figure 3 and Table S2). The observation of multiple
side chain conformations is unexpected, as the tryptophan resi-
dues are conserved between the different proteases, and se-
quence conservation of buried Trp residues is a common signa-
ture of structural importance, as they act as anchor points for
stable protein folds owing to their large size and the rigidity of
the indole ring structure. In other proteins, F-Trp residues show
no evidence of multiple conformations as observed, e.g., in the
stable proteins GB1 and NT* domain.” The present work
shows that the conformational variability of the flaviviral pro-
teases is also greatly restricted in the presence of the inhibitor
1, whereas it is significant in the apo proteins. The conforma-
tional heterogeneity of the apo proteins may play a yet unknown
functional role or merely be a signature of viral genome evolu-
tion, for which protease activity is vital, whereas long-term sta-
bility and very high activity is of lesser biological importance.

F-Trp as a fluorescence probe. F-Trp residues are attractive
not only as NMR probes but also as fluorescent probes. The flu-
orescence properties of some of the F-Trp isomers compare fa-
vorably to those of tryptophan. For example, the absorption of
SF-Trp is red-shifted, which enables selective excitation of its
fluorescence at wavelengths between 305 and 310 nm,”® and its
fluorescence decay kinetics in proteins are usually monoexpo-
nential,”” which renders 5F-Trp attractive as an energy donor in
FRET experiments.”’”’® In addition, the time dependence of 5F-
Trp fluorescence reflects the dynamics of the dielectric relaxa-
tion in the fluorophore environment, rendering it a marker of
the heterogeneity of the environment,” including the detection
of local protein-water dynamics.®® In contrast, 4F-Trp features
an exceptionally low fluorescence quantum yield and can thus
be used as a “knock-out” fluorescence analog of Trp (Figures



S10 and S11).8"% The possibility to install single F-Trp resi-
dues opens the door to their use as site-specific fluorescent
probes, for example for measuring the solvent accessibility of
the side chain by Stern-Volmer fluorescence quenching experi-
ments with potassium iodide.*

F-Trp in protein engineering. Finally, installing F-Trp resi-
dues may prove useful for biotechnological applications. In
some examples, the global substitution of Trp for F-Trp has
been shown to increase the stability of specific proteins.®> Tar-
geted substitution of individual Trp residues will make this ap-
proach much more powerful.

Conclusion

We anticipate that the genetic encoding of different fluorotryp-
tophan isomers will greatly advance NMR, fluorescence, and
biotechnological applications, especially as the production of
proteins can be achieved with inexpensive fluoroindoles. To en-
courage the uptake of this technology, the requisite plasmids
have been deposited at Addgene (Watertown, MA) (#207620,
#207621).
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