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ABSTRACT: Substituting a single hydrogen atom in a protein by
fluorine provides a probe for site-specific sensing by 19F nuclear
magnetic resonance (NMR) spectroscopy with minimal impact on
the properties of the protein. Genetic encoding systems are
presented for five different fluorinated analogues of phenylalanine:
2-, 3-, 4-fluorophenylalanine, 2,6-difluorophenylalanine, and 3,5-
difluorophenylalanine. The systems allow the installation of each of
these amino acids with high fidelity during in vivo bacterial protein
synthesis in response to an amber stop codon. The respective target
proteins are obtained in high yield. At the site of Phe116 in
different constructs of the dengue virus and Zika virus NS2B-NS3
proteases, the fluorinated phenylalanine analogues reveal evidence
of significant conformational heterogeneity in 19F NMR spectra
and demonstrate conformational dynamics. The availability of different 19F NMR probes allows discriminating between impacts
arising from the fluorine atoms and the properties intrinsic to the protein.
KEYWORDS: aminoacyl-tRNA synthetase, dengue virus protease, difluorophenylalanine, fluorophenylalanine, 19F NMR spectroscopy,
NS2B-NS3 protease, Zika virus protease

Proteins produced with phenylalanine (Phe) analogues
containing hydrogen-to-fluorine substitutions in the phenyl
ring have long been recognized to display exceptionally large
chemical shift dispersions in 19F nuclear magnetic resonance
(NMR) spectra,1 which facilitates the detection of minor
conformational species.2 In the case of global substitutions of
Phe to fluorinated phenylalanine analogues, however, the
structure and function of the protein may be compromised by
the multiple fluorine atoms. As a CF group is only little larger
than the CH group it replaces, the effects arising from global
substitution of amino acids by singly fluorinated analogues
tend to be small,3−6 but the cumulative effects from multiple
CH−CF substitutions can nonetheless become noticeable.7,8

Dilution of the fluorinated amino acid with its canonical parent
reduces these potential structural perturbations but also
severely compromises sensitivity and renders the samples
chemically heterogeneous.9 In addition, proteins of high
molecular weight display broad 19F NMR resonances due to
19F relaxation governed by pronounced chemical shift
anisotropy (CSA) relaxation,10 which makes it difficult to
assign the 19F NMR signals by techniques other than site-
directed mutagenesis.11

To minimize any perturbation created by the hydrogen-to-
fluorine substitution and resolve the assignment problem, the
ideal scenario is the substitution of a single Phe residue in the

protein by a fluorinated analogue, amounting to a protein
where a single hydrogen atom is replaced by a fluorine atom.
This can be accomplished by genetic encoding of the
noncanonical amino acid (ncAA). It requires an orthogonal
translation system (OTS), where an aminoacyl-tRNA
synthetase (RS) specifically recognizes the target ncAA and
covalently attaches it to a suppressor-tRNA, which is
orthogonal to the native tRNAs and installs the ncAA in
response to an amber stop codon. The subtle chemical
difference between fluorinated and canonical phenylalanine
makes genetic encoding challenging because the native
Escherichia coli phenylalanyl-tRNA synthetase, while preferring
canonical phenylalanine, also functions with fluorophenylala-
nines. Installation of fluorinated phenylalanine with the help of
chemically aminoacylated suppressor-tRNA has been demon-
strated but only very small amounts of fluorine-modified
protein were obtained.12
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In an early attempt of genetic encoding of 4-fluoropheny-
lalanine (4F-Phe) in vivo, Furter deployed a yeast
tRNACUA

Phe/phenylalanyl-tRNA synthetase pair in an ana-
logue-resistant E. coli strain,13 but the system only incom-
pletely discriminated between Phe and 4F-Phe, yielding
nonuniform protein preparations. A polyspecific mutant of
Methanocaldococcus jannaschii tyrosyl-tRNA synthetase was
subsequently shown to install 4F-Phe in response to an amber
stop codon but the protein yields were low.14 More recently,
mutants of pyrrolysyl-tRNA synthetases have been explored for
their capacity to genetically encode other fluorinated Phe
analogues. For example, a polyspecific mutant of Methano-
sarcina mazei pyrrolysyl-tRNA synthetase (MmPylRS) was
found to recognize 3F-Phe, albeit with an efficiency insufficient
for outcompeting the natural E. coli phenylalanyl-tRNA
synthetase, resulting in a significant background of 3F-Phe
replacing Phe.15 Another polyspecific MmPylRS mutant was
found to recognize 2-fluorophenylalanine (2F-Phe) and 2,6-
difluorophenylalanine (2,6diF-Phe) with modest efficiency.16

Further mutagenesis delivered a mutant capable of amino-
acylating tRNACUA

Pyl with 3,5-difluorophenylalanine (3,5diF-
Phe),17 but protein yields were not reported. Finally, two
different polyspecific Methanosarcina barkeri pyrrolysyl-tRNA
synthetase (MbPylRS) mutants have been shown to install
2,6diF-Phe, 3,5diF-Phe, and 2F-Phe as well as a number of
more highly fluorinated Phe analogues in superfolder green
fluorescent protein (sfGFP) in E. coli and HEK 293T cells,
with best efficiency for the more highly fluorinated amino
acids.18 The protein expression yields in E. coli were not
reported. In HEK cells, the most robust expression achieved
was 34 μg of target protein with pentafluoro-phenylalanine per
gram of cell pellet.

In previous work, OTSs based on the pyrrolysyl-tRNA
synthetase of the methanogenic archaeon ISO4-G1 (G1PylRS)
proved to enable the incorporation of 4-, 5-, 6-, and 7-
fluorotryptophans and other ncAAs with high yield and
fidelity.19−23 Phenylalanine occurs about 3-fold more fre-
quently in the proteome than tryptophan,24 correspondingly
raising the utility of OTSs that encode fluorinated phenyl-
alanine analogues. The generally modest protein yields of the
MmPylRS and MbPylRS systems for aromatic fluorinated
amino acids, however, along with persistent difficulties of
discriminating between natural Phe and singly fluorinated Phe,
present an ongoing bottleneck. This prompted us to explore a
G1PylRS library for mutant RS enzymes that achieve the
genetic encoding of 2F-Phe, 3F-Phe, 4F-Phe, 2,6diF-Phe, and
3,5diF-Phe (Figure 1a−e) in high yield and purity. We
demonstrate the performance of the OTSs discovered by site-
selectively installing all these different versions of fluoro- and
difluorophenylalanines into the NS2B-NS3 proteases (NS2B-
NS3pro) of the dengue virus serotype 2 and the Zika virus.

The flaviviral NS2B-NS3 proteases are established drug
targets, for which the development of medically viable small
molecule inhibitors has proven difficult.25 The wild-type
proteases are composed of two polypeptide chains, NS2 and
NS3, both of which are essential for protease activity, and the
C-terminal part of NS2B, in the following referred to as
NS2Bc, is only loosely associated with NS3, forming open and
closed conformations. Proteolytic activity depends on the
closed conformation where NS2Bc forms a β-hairpin that
completes the substrate binding site. Multiple crystal structures
of the NS2B-NS3 proteases have shown that NS2Bc adopts a
closed conformation in the presence of an active site inhibitor

(Figure 2). In the absence of a ligand, however, NS2Bc is
usually dislocated from the substrate binding site, forming an
open conformation and often leading to unobservable electron
density in the X-ray structures (Table S1).26−32 In contrast, the
N-terminal segment of NS2B is always observed, being an
integral part of one of the β-barrels of NS3pro regardless of the
presence or absence of inhibitors (Figure 2a,b). These data
suggest that the open conformation of the NS2B-NS3
proteases is a straightforward target for inhibitors. NMR
spectroscopy data measured in solution, however, have
provided a more nuanced picture of the state of NS2Bc.

NMR experiments performed of the NS2B-NS3 proteases
from dengue (serotype 2) and Zika virus indicated that the
equilibrium between open and closed conformations depends
on the construct used and the solution conditions. To ensure
equimolar ratios of NS2B and NS3pro and maintain the long
term activity of the proteases, constructs of the NS2B-NS3
proteases are commonly produced with the peptide Gly4−Ser−
Gly4 covalently linking the C-terminus of NS2B with the N-
terminus of NS3pro.33 We refer to these NS2B-NS3 protease
constructs as gDENV and gZika. Alternatively, the link can
contain a recognition sequence for enzymatic self-cleavage. We

Figure 1. Chemical structures of the fluorinated phenylalanine
analogues for which genetic encoding systems were developed in the
present work: (a) 2-fluorophenylalanine (2F-Phe), (b) 3-fluorophe-
nylalanine (3F-Phe), (c) 4-fluorophenylalanine (4F-Phe), (d) 2,6-
difluorophenylalanine (2,6diF-Phe), (e) 3,5-difluorophenylalanine
(3,5diF-Phe) and histograms from the final rounds of fluorescence-
activated cell sorting (FACS) selection to identify G1PylRS enzymes
active toward (f) 2F-Phe, (g) 4F-Phe, and (h) 2,3,4,5,6-penta-
fluorophenylalanine (F5-Phe). The horizontal axis reports the red
fluorescence intensity from expression of the mCherry red fluorescent
protein (RFP) gene, which is interrupted by an amber stop codon so
that red fluorescence indicates successful aminoacylation of the G1
suppressor-tRNA. The vertical axis represents the cell count, with the
RFP fluorescence of cells grown with ncAA plotted in the positive
direction (red) and the RFP fluorescence measured without ncAA
plotted in the negative direction (gray). The presence of many more
cells with intense red fluorescence in the presence versus absence of
the ncAA indicates the presence of ncAA-specific RS enzymes in the
gene pool.
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refer to these constructs as unlinked and name the respective
protease constructs eDENV and eZika (Figure 2c). Previous
NMR experiments of eDENV and gDENV had indicated the
closed conformation both in the presence and absence of
inhibitors.34−36

When the gZika construct was investigated by NMR
spectroscopy, a closed conformation was found in the presence
of a covalently binding boronate inhibitor.37 In the absence of
inhibitors, some of the backbone amides attributed to NS2Bc

displayed slowly relaxing NMR signals indicative of greatly
increased mobility as expected for the open conformation.

An unlinked construct of the Zika virus NS2B-NS3 protease
reconstituted from 15N-labeled NS2B and unlabeled NS3pro
likewise indicated the open conformation.38 In fact, the NS2B
segment from Leu86* onward maintained its chemical shifts
characteristic of the unfolded peptide even in the complex with
bovine pancreatic trypsin inhibitor (BPTI). In contrast, the
crystal structure of a slightly different unlinked construct of the
Zika virus NS2B-NS3 protease, referred to as bZipro, showed

Figure 2. Dengue and Zika virus NS2B-NS3 proteases. In this figure, constructs from dengue virus serotypes 2 and 4 are labeled gDENV2 and
gDENV4, respectively. Residue numbers in NS2B are labeled with a star. (a) Structure of gDENV4 in the closed conformation (PDB ID 5YVU).32

The backbone of NS3pro and NS2B is shown in green and magenta, respectively. The binding site of BPTI and inhibitor 1 (Figure S1) is marked
by the active site residues H51 and D75 of the catalytic triad in NS3pro. The first and last residues of NS2B detected in the crystal structures and
the first and last residues of NS3pro are identified. The side chains of F84* (yellow), F116 (yellow), H51 (blue), and D75 (red) are highlighted.
NS2B residues N-terminal of E63*, identified by an arrow, are structurally conserved in the open and closed conformations. (b) Structure of gZika
in the closed conformation (PDB ID 5LC0).29 The full structure includes a peptide inhibitor (not shown) at the active site. Color coding and
labeling as in (a). (c) Amino acid sequence alignment of the gDENV2 and gZika constructs used in the present work. Residues 84* in NS2B and
116 in NS3pro, which are within 4 Å of each other in the crystal structure, are highlighted in red. The amino acid sequence of gDENV4 of the
crystal structure 5YVU is shown for comparison. Underlining identifies residues for which no electron density was observed in the crystal structures
of 5YVU and 5LC0 despite their presence in the amino acid sequence. In the linked constructs gDENV and gZika, NS2B and NS3pro are
connected via the Gly4−Ser−Gly4 peptide. The unlinked constructs eDENV2 and eZika were obtained by substituting the Gly4−Ser−Gly4 linker by
the peptide segments EVKKQR and VKTGRK, which constitute recognition sites for proteolytic cleavage by the respective proteases.
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the canonical closed conformation for the apoprotein (PDB ID
5GPI). NMR analysis of the bZipro construct failed to assign
the backbone amide signals of Phe116 and neighboring
residues as well as of the NS2B residues 66* to 86* (where
the star marks residues of NS2B).30 The β-hairpin of NS2Bc
thus appears conformationally labile in the vicinity of Phe116,
which is located at the interface of NS2B and NS3pro (Figure
2).

Phe116 is conserved among the flaviviral NS3 proteases
(Figure 2c). It is located at the interface of NS2B and NS3pro
but too far from the active site for direct contacts with the
substrate (Figure 2). In crystal structures showing the open
conformation of the NS2B-NS3 proteases, Phe116 is highly

solvent exposed (Table S1). To probe the interaction between
NS2Bc and NS3pro, we used the new genetic encoding
systems to install the fluorinated phenylalanines of Figure 1 in
place of Phe116 and monitored any changes in chemical
environment in response to inhibitor binding by 19F NMR.

■ RESULTS
Selection of Aminoacyl-tRNA Synthetases for Genetic

Encoding of Fluorinated Phe Analogues. Initially, a
previously established library of mutant pyrrolysyl-tRNA
synthetases of the methanogenic archaeon ISO4-G119 was
screened for enzymes capable of loading the amber suppressor-
tRNA from this organism with 2,3,4,5,6-penta-fluorophenyla-

Figure 3. 1D 19F NMR spectra monitoring position 116 in different constructs of the dengue virus (serotype 2) NS2B-NS3 protease. Phe116 in
NS3pro was replaced by a fluorinated phenylalanine isomer as indicated. Black and red spectra were recorded in the absence and presence of
inhibitor, respectively. Unless mentioned otherwise, the complexes were formed by adding either BPTI in equimolar ratio or the inhibitor 1 in 2-
fold excess. All spectra were recorded on a 400 MHz NMR spectrometer and processed with 80 Hz line broadening. The total recording time per
spectrum ranged from 80 min to about 3 h depending on the signal intensities. (a−e) Spectra of gDENV, free and in complex with the inhibitor
BPTI. (f−j) Spectra of gDENV, free and after reaction with the inhibitor 1. In (g), each spectrum was recorded overnight to account for the low
concentration (0.2 mM) and broad line widths. (k−o) Spectra of eDENV, free and in complex with BPTI.
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lanine (F5-Phe) with the aim of finding G1PylRS mutants with
polyspecificity for less highly fluorinated Phe analogues. The
protocol of multiple positive (with ncAA) and negative
(without ncAA) selection rounds is described in detail in the
Supporting Information. Briefly, E. coli DH10B cells were
cotransformed with pBK-G1RS, which encodes a library of
G1PylRS mutants, and pBAD-H6RFP, which is a selection
plasmid expressing mCherry red fluorescent protein (RFP)
with an amber stop codon following an N-terminal His6 tag
(His6-TAG-RFP). Successive rounds of fluorescence-activated
cell sorting (FACS) were performed, alternating between
positive selection in the presence of 1 mM ncAA and negative
selection without ncAA. This process progressively enriched
the population of cells exhibiting the desired RS activity across
fluorophenylalanine variants. The strategy yielded mutants
recognizing 3F-Phe, 3,5diF-Phe, and, to a reasonable degree,
2,6diF-Phe, but not 4F-Phe. Therefore, additional library
screens were performed with 2F-Phe and 4F-Phe (Figures 1f−
h and S2−S5). After the final selection round, colonies
displaying high RFP fluorescence were isolated and sequenced,
leading to the identification of 13 new G1PylRS mutants
(Table S2). In the following applications, the mutant G1-
F5F29 was used for the incorporation of 3F-Phe, 2,6diF-Phe,
and 3,5diF-Phe. The mutants G1-2FF44 and G1-4FF02 were
used for all applications incorporating 2F-Phe and 4F-Phe,
respectively.
Production of Flaviviral NS2B-NS3 Proteases with

Fluorinated Phe Residues. Samples of gDENV, gZika,
eDENV, and eZika were produced with Phe116 replaced by
2F-Phe, 3F-Phe, 4F-Phe, 3,5diF-Phe, or 2,6diF-Phe. The
proteins were obtained in good yields, ranging from 5 to 43
mg of purified protein per liter cell culture (Table S3). In
general, expression of the constructs containing the covalent
Gly4−Ser−Gly4 linker delivered higher protein yields than the
enzymatically digested constructs, and the DENV proteins
were obtained in greater yields than the Zika proteins. Mass
spectrometric analysis indicated very low levels of misincorpo-
ration arising from decoding of the amber stop codon as Phe
or decoding of a Phe codon as a fluorinated phenylalanine
(Figures S6−S9). Accepting peaks deviating from the main
peak by 16−18 mass units as evidence for misincorporation,
the tallest signal indicating misincorporation never exceeded
12% of the main species. The true rate of misincorporation was
much lower, however, as suggested by the mass spectra of the
NS3pro segment of eZika, which contains only a single Phe
codon besides the amber stop codon (Figure S9). In addition,
the samples prepared with diF-Phe showed no evidence for the
simultaneous loss of two fluorine atoms which would indicate
misincorporation of Phe in place of diF-Phe.
19F NMR Spectroscopy of the DENV NS2B-NS3

Protease. We recorded 19F NMR spectra of the gDENV,
eDENV, gZika, and eZika constructs in the presence and
absence of the inhibitor BPTI and probed the complexes of
gDENV and gZika also with the generic serine protease
inhibitor p-nitrophenyl-p-guanidino benzoate (inhibitor 1;
Figure S1). The inhibitor 1 installs the p-guanidino benzoate
group on the active-site serine residue by trans-esterification,
leaving a much smaller footprint than BPTI.

The one-dimensional 19F NMR spectra of gDENV and
eDENV prepared with fluorinated phenylalanines in position
116 revealed conformational heterogeneity that was suppressed
in the complexes with inhibitor. Most clearly, gDENV
produced with 3F-Phe (Figure 3b,g) showed two peaks of

similar intensity. A 2D exchange spectrum produced cross-
peaks, confirming that the two signals arise from conforma-
tional rather than chemical heterogeneity (Figure 4). The peak

intensities indicated exchange lifetimes between 1 and 1.5 s.
The 19F NMR spectra of samples prepared with 3,5diF-Phe
similarly showed two peaks, with their relative intensities
varying between two different sample preparations (Figure
3d,i). As the intensities of the peaks differ, they must reflect a
conformational exchange different from a slow aromatic ring
flip. The peaks collapsed into a single peak after the addition of
BPTI or inhibitor 1 (Figure 3d,i). The corresponding samples
of eDENV did not show the same level of heterogeneity
(Figure 3l,n), but also these samples showed significantly
narrower signals for the complex with BPTI than the free
protein, indicating that conformational heterogeneity is a
feature also of free eDENV. The symmetric shape of the NMR
signals suggests averaging in the fast exchange regime rather
than accidental overlap of different peaks.

The conformational equilibria are influenced by the covalent
linker between NS2B and NS3pro, which is present in gDENV
but absent from eDENV. In general, the samples made with
different versions of fluorinated phenylalanines displayed a
narrowing of the 19F NMR signals after the addition of
inhibitor despite the concomitant increase in molecular mass
of the complexes, indicating suppression of exchange broad-
ening. The only exception was the gDENV sample made with
2,6diF-Phe, where the signal became slightly broader in the
complex with BPTI (Figure 3e).

The binding of inhibitors was accompanied by large changes
in chemical shifts, exceeding 4 ppm in the case of gDENV with
inhibitor 1 (Figure 3j). In view of the distance between the
active site and position 116, the effect must be indirect.
Importantly, the BPTI complexes of gDENV and eDENV
feature practically the same chemical shifts and similar
chemical shifts were also observed for the samples of
gDENV with inhibitor 1, suggesting structural conservation
of the NS2B-NS3pro interface. Significant differences in
chemical shifts between the complexes formed with inhibitor
1 and BPTI were observed only for the samples made with 2F-
Phe and 2,6diF-Phe (Figure 3a,f,e,j). As the 2- and 6-positions
of the aromatic ring are closer to the backbone than any other
ring position, these positions may be more sensitive to small
changes in the side chain dihedral angles.

Figure 4. Exchange between different conformations of gDENV with
3F-Phe in position 116. The spectrum was recorded at 25 °C on a 1.3
mM protein solution using the [19F,19F]-NOESY pulse sequence with
a mixing time of 200 ms. The total recording time was 18 h. The
intensity ratios of the cross-peaks versus the diagonal peaks indicate
exchange lifetimes between 1.1 and 1.5 s.
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19F NMR Spectroscopy of the Zika Virus NS2B-NS3
Protease. The fluorinated constructs made of the Zika virus
NS2B-NS3 protease behaved different from the DENV
constructs. Like in DENV, Phe116 of NS3pro is located at
the interface to NS2B, but the 19F NMR spectra of gZika and
eZika appeared heterogeneous with and without inhibitors and
the heterogeneity was more pronounced in the eZika than
gZika samples (Figure 5). Furthermore, the presence of
inhibitors induced much smaller changes in chemical shifts for
gZika. In many of the eZika constructs, the heterogeneity
became more pronounced in the complex with BPTI (Figure

5k,l,n). Like with gDENV and eDENV, similar chemical shifts
of the complexes indicate similar conformations in the
presence of the inhibitors but, in the absence of inhibitors,
the chemical shifts differed much more between the gZika and
eZika samples than in the case of the eDENV and gDENV
samples. This observation is readily explained by the crystal
structure of an eZika construct by Phoo et al.,39 where the
Gly4−Ser−Gly4 linker was replaced by the recognition site for
autocatalytic cleavage (KTGKR; PDB ID 5GJ4). The structure
revealed the peptide TGKR to remain bound to the active site
after self-cleavage. While the enzyme assumes the closed

Figure 5. 1D 19F NMR spectra monitoring position 116 in different constructs of the Zika virus NS2B-NS3 protease. Phe116 in NS3pro was
replaced by a fluorinated phenylalanine isomer as indicated. Black and red spectra were recorded in the absence and presence of inhibitor,
respectively. To form the complexes, BPTI was added in equimolar ratio and the inhibitor 1 in 2-fold excess. The total recording time per spectrum
ranged from 15 min (using a cryoprobe on a 600 MHz NMR spectrometer) to 3 h. Unless noted otherwise, all spectra were recorded on the 400
MHz NMR spectrometer. (a−e) Spectra of gZika, free and in complex with the inhibitor BPTI. The FIDs were processed with an exponential
window function leading to 30 Hz line broadening. Except for the spectra in (e), the spectra were recorded on the 600 MHz NMR spectrometer.
(f−j) Spectra of gZika, free and in complex with the inhibitor 1, processed with 80 Hz line broadening. (k−o) Spectra of eZika, free and in complex
with BPTI added in equimolar ratio, processed with 100 Hz line broadening.
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conformation in the crystal, the NMR measurements by Phoo
et al. indicated two species of NS2Bc in solution, one showing
signal broadening by chemical exchange and the other being
highly dynamic in agreement with the dissociated open
conformation.39

The structural heterogeneity of gZika persisting in the
presence of inhibitor 1 is greater than in the complex with
BPTI as suggested by greater ranges of chemical shifts, in
agreement with the larger interaction surface of BPTI
restricting the conformational diversity in the protease. By
the same criterion, the heterogeneity in the complexes with
BPTI is significantly more pronounced in eZika than gZika,
indicating that the covalent linkage between NS2B and
NS3pro assists in driving the protease toward a single
conformation.

■ DISCUSSION
Benefit of Selective 19F Labeling by Genetic Encod-

ing. The present work reports systems for the orthogonal
genetic encoding of five different versions of fluorinated
phenylalanine with excellent selectivity and yields. The
successful aminoacyl-tRNA synthetases were selected from a
library of mutants derived from the methanogenic archaeon
ISO4-G1. The same library has previously been a successful
source of selections for a range of different ncAAs.19−23 The
installation of single copies of fluorinated phenylalanine
analogues renders the resonance assignment trivial and limits
potential perturbations of the protein properties.

In the case of the dengue and Zika virus proteases, the
observation of multiple 19F NMR peaks when single
resonances were expected is a clear indication of heterogeneity.
The heterogeneities must be attributed to different con-
formations, as mass spectrometry reported high chemical
uniformity. The heterogeneities were more clearly reflected by
some of the fluorinated phenylalanine isomers than others,
with no single isomer being consistently more sensitive.
Conceivably, heterogeneities can be hidden by accidental
chemical shift degeneracies. Conversely, fluorination may make
heterogeneities visible by slowing the exchange between
different species. It is thus advantageous that the target
proteins can be expressed with different fluorinated phenyl-
alanine isomers using the same, amber-interrupted DNA
template.
Evidence and Origin of Conformational Heterogene-

ities. Conformational heterogeneities in the flaviviral proteases
were evidenced not only by a multitude of 19F NMR signals,
but also by greater line widths than expected. The line widths
of the narrowest 19F NMR signals observed in this work were
about 50 Hz, comparable with the narrowest line widths
observed for the proteases produced with fluorotryptophans,22

but most peaks were significantly broader. As we recorded the
19F NMR spectra without 1H decoupling, up to 30 Hz of the
line width is due to unresolved aromatic JHF couplings.40 The
omission of 1H decoupling resulted in taller 19F NMR signals
by avoiding the transfer of saturation from 1H to 19F spins.
Notably, many 19F NMR signals observed in the present work
were much broader than 50 Hz, indicating broadening by
chemical exchange or unresolved heterogeneity. In the case of
the gDENV and eDENV constructs, the heterogeneities were
suppressed in the 32 kDa complex with BPTI as evidenced by
narrower signals despite the increase in molecular weight. The
complex with inhibitor 1 also showed narrower lines.

Exchange broadening in the absence of inhibitors is a
common feature of the flaviviral proteases, with the
dissociation−association equilibrium of NS2Bc relative to
NS3pro presenting a plausible underlying mechanism.30,39,41,42

Earlier measurements of 15N relaxation rates of backbone
amides indicated exchange broadening for some of the
backbone nitrogens of the dengue virus protease, including
the nitrogen of Phe116.43 As the binding of inhibitors leads to
a tighter association of the β-hairpin of NS2Bc with NS3pro, it
is plausible that inhibitor binding also suppresses most of the
conformational heterogeneities of the apoprotein.

Available data suggest that the equilibrium between open
and closed conformations in the flaviviral NS2B-NS3 proteases
results in exchange broadening too fast to detect individual
NMR signals for both states.30,39,41−43 To produce multiple
signals with distinctly different chemical shifts, the correspond-
ing conformational states must interconvert on a much slower
time scale. Protons on either side of an aromatic ring have
been shown to display resolved signals that exchange slowly in
proteins restrained by multiple disulfide bonds44 and the
aromatic ring flips may be slowed by fluorination.45

Conformations populated at different levels as observed in
the present work, however, cannot be explained by slow phenyl
ring flips. Alternative explanations for slow conformational
dynamics could be the cis−trans isomerization of peptide
bonds, such as commonly observed for proline residues.46 In
the case of the flaviviral NS2B-NS3 proteases, we previously
detected slow exchange processes on the second time scale by
19F NMR of fluorotryptophan residues.20,22 As the available
crystal structures report flips of tryptophan indole rings (Table
S1), different side chain orientations of multiple tryptophan
residues with variable populations present a plausible
alternative explanation for the different species sensed by
fluorophenylalanine at position 116.

Notably, the observation of slow conformational exchange is
not an artifact of fluorination as several stable conformations in
different ratios have been reported previously for the dengue
virus NS2B-NS3 protease reconstituted from 15N-labeled
NS2B and unlabeled NS3pro. The conformational hetero-
geneity was not apparent in the linked construct and less
prominent or absent in complexes with different peptide
inhibitors.47 Slow conformational exchange between two
species has also been reported for a trifluoroacetyl group
attached to the Ser75*Cys mutant of the Gly4−Ser−Gly4-
linked dengue virus NS2B-NS3 protease.48 The Cα atoms of
residues 75* and 116 are within 6.5 Å of each other.

The presence of a covalent linkage between NS2B and
NS3pro changes the equilibrium between the different
conformations. As the unlinked eZika construct showed a
broader range of peaks in the complex with BPTI than the
gZika construct (Figure 5), the artificial link between NS2B
and NS3pro can assist in suppressing the conformational
heterogeneities.

Arguably, the peptide linker between the C-terminus of
NS2B and the N-terminus of NS3pro imposes only a loose
restraint. In the crystal structures of the linked proteases
(Figure 2a,b), the last residue of NS2B and first residue of
NS3pro observable are separated by ca. 42 Å. As the structures
of the dengue and Zika virus proteases miss electron density
for the Gly4−Ser−Gly4 linker as well as the last 8 residues of
NS2B and at least 15 first residues of NS3pro, the combined
polypeptide segment of 32 flexible residues covers the required
distance easily.
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Effect of BPTI. In contrast to the gDENV and eDENV
constructs, evidence for conformational heterogeneity per-
sisted in the case of the gZika and eZika samples in the
complexes with inhibitors. There is no cocrystal structure of
the Zika virus NS2B-NS3 protease in complex with BPTI. The
crystal structure of the dengue virus serotype 3 NS2B-NS3
protease in complex with BPTI (PDB ID 3U1J)49 shows that
the complex does not necessarily stabilize the association of
NS2Bc with NS3, as no electron density was observed for
NS2B from residue 69* onward. The crystal structures of the
BPTI complexes of the NS2B-NS3 proteases from West Nile
virus (PDB ID 2IJO)27 and dengue virus serotype 4 (PDB ID
5YVU and 5YW1)32 show that the closed conformation can be
formed with no clash between NS2Bc and BPTI. In solution,
NMR data of the dengue virus serotype 2 NS2B-NS3 protease
indicate the closed conformation in the absence of inhibitor
regardless of the presence or absence of a Gly4−Ser−Gly4-
linker34,35,42,50 and, specifically, also in the complex with
BPTI.36

■ CONCLUSION
New genetic encoding systems for high-yielding site-selective
installation of five different fluorinated phenylalanine analogues
afford the targeted installation of single fluorinated residues.
Aided by the exceptional chemical shift dispersion of 19F
nuclei, the resulting 19F NMR spectra enable the robust
detection and quantification of minor conformational species
as well as measurements of rates of interconversion. In the case
of the Zika virus NS2B-NS3 protease, the 19F NMR spectra
revealed a greater conformational diversity than detected
previously by high-field 1H NMR spectroscopy. Even for
protein complexes with a molecular weight exceeding 30 kDa,
the fluorinated amino acid probes can be monitored by 19F
NMR using conventional 400 MHz NMR spectrometers. In
view of the ease, with which the genetic encoding systems
deliver selectively labeled proteins, we predict that they will
become popular tools for the analysis of proteins and protein
interactions in solution and in the solid state, including
protein-observed 19F NMR for ligand screening,51 in-cell
NMR,52 and solid-state protein structure determination.53

Finally, the genetic encoding systems pave the way for protein
engineers to stabilize protein folds by installing multiple
fluorophenylalanine residues.54 To encourage the adoption of
this uniquely powerful technology, the requisite plasmids have
been deposited at Addgene plasmid repository (Watertown,
MA, USA; plasmid nos. 232253, 232254, and 232255).
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