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ABSTRACT: DFT calculations indicate that the 19F chemical
shifts of aromatic rings containing single fluorine substituents are
sensitive to the electric fields and electric field gradients at the
position of the fluorine atom. The present work explores whether
long-range structure restraints can be gained from changes in 19F
chemical shifts following mutations of charged to uncharged
residues. 19F chemical shifts of fluorotryptophan residues were
measured in two different proteins, GB1 and the NT* domain,
following mutations of single asparagine residues to aspartic acid.
Four different versions of fluorotryptophan were investigated,
including 4-, 5-, 6-, and 7-fluorotryptophan, which were
simultaneously installed by cell-free protein synthesis using 4-, 5-,
6-, and 7-fluoroindole as precursors for the tryptophan synthase present in the S30 extract. For comparison, the 1H chemical shifts of
the corresponding nonfluorinated protein mutants produced with 13C-labeled tryptophan were also measured. The results show that
the 19F chemical shifts respond more sensitively to the charge mutations than the 1H chemical shifts in the nonfluorinated references,
but the chemical shift changes were much smaller than predicted by DFT calculations of fluoroindoles in the electric field of a partial
charge in vacuum, indicating comprehensive dielectric shielding by water and protein. No straightforward correlation with the
location of the charge mutation could be established.

■ INTRODUCTION
Through-space electrostatic interactions have been identified
as dominant contributors to 19F chemical shifts, with electric
field-induced shifts predicted to be on the order of 10 ppm.1 At
the atomic level, the 19F chemical shifts of carbon-bonded
fluorine correlate with computed polarization charge densities,
which also predict the capacity of the organic fluorine to act as
a hydrogen-bond acceptor.2 Experimentally, 19F chemical shift
changes of up to 19 ppm have been reported for fluorinated
ligands binding next to the charged phosphoserine residue in
the active site of phosphoglucomutase.3 Using computations of
electric fields and electric field gradients combined with
molecular dynamics, Warshel and co-workers succeeded in
predicting the relative 19F chemical shifts of five 5-
fluorotryptophan residues in Escherichia coli galactose binding
protein with good accuracy.4 These results suggest that the
change in 19F chemical shift in response to the mutagenesis of
an uncharged for a charged residue presents information about
the direction and magnitude of the electrostatic field at the site
of the 19F spin, and this effect could act over relatively long
distances as electrostatic fields decrease more slowly with
distance than, e.g., magnetic dipole−dipole interactions.
Fluoroaromatics are expected to respond to electric fields
with particularly high sensitivity due to their high polar-
izability.5

Notably, however, Gerig and co-workers pointed out that
19F chemical shifts can be predicted with similar accuracy by
stressing the van der Waals contribution to shielding.6

Subsequent calculations of the 19F chemical shifts of the five
6-fluoroptryptophan residues in E. coli dihydrofolate reductase
further highlighted the importance of short-range interactions
but also the difficulty to compute 19F chemical shifts
sufficiently and accurately to assign the 19F-NMR spectrum.7

Subsequently, molecular dynamics were shown to be of critical
importance for the calculation of 19F chemical shift tensors and
average chemical shifts by quantum mechanical calculations.8,9

In summary, it is generally accepted that short-range contacts
and electric field effects are significant determinants for 19F
chemical shifts of the same amino acid type in a protein,
whereas the contribution of long-range electrostatic field
effects is relatively small.10,11 The low sensitivity of 19F
chemical shifts toward surface charges is anecdotally under-
pinned by the observation that acetylation of the side chain
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amino groups of lysine in hen egg white lysozyme caused only
very small changes in 19F chemical shifts of 4-fluorotryptophan
and 4-fluorophenylalanine.12 Furthermore, changes in 19F
chemical shifts in response to changes in pH were limited to
1.4 ppm or less, which is sizable but significantly smaller than
the spectral range of 19F NMR signals observed.13 The
relatively small impact of surface charges can be attributed to
the dielectric properties of water and protein, along with
counterions associated with the ionized side chains, which are
expected to shield the electric fields.

Chemical shift changes of the order of 1 ppm are readily
measured, and this prompted us to measure the difference in
19F chemical shifts between proteins with and without a point
mutation that introduces a charge site-specifically. It is well-
known that charged residues in the core of a protein can
destabilize its 3D structure and therefore charged residues
usually are solvent-exposed in wild-type proteins.14 To
minimize structural perturbations, we changed single aspar-
agine residues to aspartate, formally changing no more than an
NH2 group into an oxygen atom while, at neutral pH, adding a
negative charge. By making Asp/Asn mutations on the surface
of the protein, we speculated that the short lengths of the side
chains of Asp and Asn would limit the degree of electrostatic
shielding by hydration water molecules.

We selected two proteins, GB1 and the NT* domain,15

which contain single buried tryptophan residues, and
substituted the tryptophan residue by 4-, 5-, 6-, and 7-
fluorotryptophan (in the following abbreviated as 4FW, 5FW,
6FW, and 7FW, respectively; Scheme 1). The C−F bonds of
4FW and 7FW point in opposite directions, and the same
change in the electric field may be expected to change the 19F
chemical shifts in opposite directions.

■ EXPERIMENTAL PROCEDURES
Construct Design. The reference construct of the

monomeric NT* domain comprised an N-terminal His6 tag

followed by a TEV cleavage site (Figure 1A).15 Five mutation
sites were selected for the NT* domain, and the following
mutations were made: S22N, S22D, Q53N, Q53D, T61N,
T61D, L90D, L90N, T121N, and T121D. The DNA
sequences encoding each NT* domain mutation were
designed and purchased from Twist Bioscience (USA) and
cloned into a pCDF vector.16 Each NT* domain mutant was
PCR-amplified from the plasmid template, and the amplicon
was purified using a gel extraction kit (Isolate III PCR and gel
kit, Bioline/meridian Bioscience, USA). Eight-nucleotide
single-stranded overhangs were generated as described
previously for use in continuous-exchange cell-free protein
synthesis (CFPS).17

The reference construct of GB1 comprised GB1 fused to the
expression peptide MASMTG followed by a C-terminal TEV
cleavage site and a His6 tag (Figure 1B). Ten mutation sites
were selected for GB1, and the following mutations were
made: N8D, T17N, T17D, T25N, T25D, Q32N, Q32D,
Q32E, D36N, N37D, D40N, E42N, E42D, D46N, and D47N.
Wild-type GB1 was cloned into a pETMSCI plasmid,18 and
this was used as a template to generate point mutations via
overlap PCR with mutation primers. The PCR-amplified
mutant genes were generated, purified, and assembled with
eight-nucleotide single-stranded overhangs for CFPS as
described above for the NT* domain mutants. All GB1
primers and gene fragments were purchased from Integrated
DNA Technologies (USA). In the following, the amino acid
sequences of the reference constructs are referred to as the
wild type.
Protein Production and Purification. All NT* domain

and GB1 proteins were produced by CFPS from PCR-
amplified DNA. The CFPS reactions were performed following
an established protocol.21 The CFPS reactions were conducted
at 30 °C for 16 h using 1 mL of inner reaction mixture and 10
mL of outer buffer. Tryptophan was omitted from the mixture
of amino acids and substituted with either double-labeled
13C/15N tryptophan at a final concentration of 0.1 mM or 4-,

Scheme 1. Chemical Structure of (a) 4-Fluorotryptophan, (b) 5-Fluorotryptophan, (c) 6-Fluorotryptophan, and (d) 7-
Fluorotryptophan

Figure 1. Amino acid sequences of the reference protein constructs. His6 tags are highlighted in bold; TEV cleavage sites are underlined, and
mutation sites are highlighted in bold and underlined. (a) NT* domain construct. The numbering in the crystal structure 4FBS17 refers to the
tryptophan residue as residue 10. (b) GB1 construct. The numbering in the crystal structure 2QMT18 refers to the tryptophan residue as residue
43.
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5-, 6-, and 7-fluoroindole (each at a final concentration of 0.25
mM) as precursors for the in vitro production of 4FW, 5FW,
6FW, and 7FW by the tryptophan synthase present in the S30
extract.22 The fluoroindoles were first added individually for
the wild-type NT* domain and GB1 production to assign the
19F chemical shifts. The subsequent samples of the NT*
domain and GB1 mutants were produced using a mixture of
fluoroindoles in each reaction.

Following the CFPS reaction, the inner reaction mixture was
collected and centrifuged at 13,000 rpm at 4 °C for 60 min.
The supernatant was loaded onto a 1 mL Ni-NTA column
(GE Healthcare, USA), equilibrated with buffer A (50 mM
Tris−HCl, 350 mM NaCl, 10 mM imidazole, and 5% glycerol,
pH 7.5). The column was washed with 30 column volumes of
buffer A and the protein eluted with buffer B (same as A but
with 500 mM imidazole). The eluted protein was concentrated
and washed by ultrafiltration using Amicon Centricon
concentrators (Millipore, USA) with a molecular weight cutoff
of 3 kDa. Protein yields were 1.5−3 mg/mL for both
fluorotryptophan and 15N/13C-Trp-labeled NT* domain
mutants and 0.3−0.6 mg/mL for GB1 containing fluoro-
tryptophans and 2−3 mg/mL for 15N/13C-Trp-labeled GB1.

The His6 purification tag was removed from all mutants
using TEV cleavage. TEV cleavage reactions were performed at
4 °C overnight in 5 mL of reaction buffer (50 mM Tris−HCl,
100 mM NaCl, 1 mM DTT, pH 7.5) at a 1:20 TEV to fusion
protein ratio. After TEV cleavage, the liberated proteins were
isolated by passing the reaction mixture through a 1 mL Ni-
NTA column (GE Healthcare, USA) equilibrated with reaction
buffer and collecting the flow through. The NT* domain and
GB1 mutants were concentrated and buffer-exchanged into
NMR buffer I (50 mM Tris−HCl, 100 mM NaCl, 30 μM TFA,
10% D2O, pH 7.5) and NMR buffer II (20 mM MES, 100 mM
NaCl, 100 μM TFA, 10% D2O, pH 6.5), respectively. After the
protein concentration and buffer exchange, each sample was
analyzed by mass spectrometry and NMR spectroscopy.
Mass Spectrometry. Intact protein analysis was performed

by using an Orbitrap Elite Hybrid Ion Trap-Orbitrap mass
spectrometer connected to an UltiMate 3000 UHPLC
instrument (Thermo Scientific, USA). 0.1% formic acid and
an acetonitrile gradient (10−85%) were used to inject the
samples into the mass analyzer via an Agilent ZORBAX SB-C3
Rapid Resolution HT Threaded Column. Data were collected
in positive ion mode by using an electrospray ionization
source. The Xtract function in the Qual Browser software tool
of Xcalibur (version 3.0.63) was used to deconvolute and
determine the protein intact mass.
NMR Spectroscopy. All spectra were recorded at 25 °C.

1D 19F NMR data were recorded on a Bruker AVANCE 600
MHz NMR spectrometer equipped with a 5 mm TCI
cryoprobe with an inner coil tunable to 19F. Samples were in
5 mm NMR tubes at 50−400 μM concentrations. All 19F NMR
spectra used an acquisition time of 45 ms and a total recording
time between 1 and 14 h depending on sample concentration.
The spectra were calibrated relative to the 19F NMR signal of
TFA (−75.5 ppm).

13C-HSQC spectra were recorded on a Bruker AVANCE III
800 MHz NMR spectrometer equipped with a 5 mm TCI
cryoprobe. 13C-HSQC spectra were recorded with t1max = 5.8
ms and t2max = 70.1 ms using a total recording time of 1.3 h per
experiment. A TOCSY-relayed 13C-HSQC experiment
(TOCSY mixing time 20 ms) was performed to assign the
13C−1H groups of the tryptophan side chains.

The chemical shifts were measured using CcpNmr
AnalysisAssign (version 3.1.1).23

DFT Calculations of 19F Shielding. The effect of point
charge perturbing 19F chemical shifts in fluoroindoles was
calculated using Gaussian16.24 The isotropic magnetic
shielding tensors of the 19F spin of fluoroindoles in the gas
phase were determined by DFT calculations using the gauge-
independent atomic orbital method25 and at B3LYP/6-
31+G(d,p) level of theory.26 Calculations with no charge
served as the reference for calculations with a point charge of
+0.5 positioned between 3 and 15 Å from the 19F spin on the
lines orthogonal and parallel to the C−F bond of the
fluoroindoles.

■ RESULTS
Protein Production and NMR Resonance Assignment.

Samples of GB1 and the NT* domain were successfully
prepared with 4-, 5-, 6-, and 7-fluorotryptophan by CFPS in a
dialysis system,21 substituting tryptophan in the reaction by a
mixture of the four different fluorotryptophan versions. Typical
protein yields were 0.3−3 mg per mL cell-free inner reaction
mixture in 10 mL of outer buffer, using 1.3 mg fluoroindoles.
Mass spectrometric analysis of the NT* domain samples
showed that at most 25% of the NT* domain contained
tryptophan instead of fluorotryptophan, while the GB1
mutants contained negligible amounts of tryptophan (Figures
S1 and S2).

The efficiency with which different fluorotryptophan isomers
were incorporated into the proteins varied. In the NT*
domain, 6FW was incorporated most efficiently, whereas the
largest signal in the 19F NMR signal of GB1 was from 5FW.
7FW was incorporated least well, suggesting lower conversion
rates of 7-fluoroindole to 7FW by the tryptophan synthase.
Quadrupling the amount of 7-fluoroindole increased the
incorporation of 7FW into GB1 (Figure S3). Expression
experiments conducted with the NT* domain showed
improved expression yields with 0.25 mM concentration of
each of the fluoroindoles than with 4-fold larger fluoroindole
concentrations, indicating some inhibitory effects associated
with the fluoroindoles or fluorotryptophans.

The 19F NMR signals of the four different versions of
fluorotryptophan were assigned by preparing four different
samples of the wild-type proteins with 4FW, 5FW, 6FW, or
7FW (Figures S4 and S5). Between the two proteins, the 19F
chemical shifts varied between 0.5 and 6 ppm, whereas the 1H
chemical shifts of the natural tryptophans differed by not much
more than 0.5 ppm (Figures S6 and S7). This demonstrates
the high sensitivity of the 19F chemical shifts toward effects
other than ring currents from other aromatic residues in the
core of the protein, which play a predominant role for 1H
chemical shifts. The NMR signals of the different fluoro-
tryptophan isomers were readily resolved in the 1D 19F NMR
spectra, and any changes in chemical shifts induced by
subsequent mutations were too small to affect the resonance
assignments (Figures 2 and 3).

To compare the size of chemical shift changes observed in
the 19F NMR spectra with those observed for protons in the
corresponding positions in natural tryptophan, we also
produced samples of all mutants with 13C-labeled tryptophan
instead of fluorotryptophan and measured the 1H chemical
shift changes in the 13C-HSQC spectra. The 1H NMR signals
of the reference (wild-type) constructs containing 13C-labeled
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tryptophan were assigned by a 13C-HSQC spectrum with a
TOCSY relay (Figures S6 and S7).

To obtain a significant set of data, the sites selected for
mutation comprised not only Asn residues present in the wild-
type proteins but also other sites, which were first mutated to
Asn before mutation to Asp.
Chemical Shift Changes in Response to Mutations. In

the NT* domain, the 19F chemical shifts of 4FW were more
sensitive to mutations than those of 5FW, 6FW, or 7FW
(Figure 4a). This pattern was not observed in the GB1 domain
(Figure 5a). Inspection of the crystal structure of the
monomeric NT domain (PDB ID 4FBS)19 reveals that
changing the Cε3H group of Trp10 in the crystal structure to
a C−F group would result in an intraresidual interatomic Hα−
F distance of only 1.8 Å (compared with 2.0 Å for the
corresponding Hα−Hε3 distance in the wild-type protein),
whereas the crystal structure can accommodate the fluorine
atom of 5FW, 6FW, and 7FW without major van der Waals
clashes. This suggests that the extraordinarily large chemical
shift changes observed for 4FW in the NT* domain, even in
response to Asp/Asn mutations more than 20 Å from the
fluorine atom, arise from a spring-loaded structure where the
4F-indole ring is in an energetically unfavorable conformation.
This may also explain the large downfield shift of the 19F NMR
signal of 4FW in the NT* domain compared with GB1
(Figures S4 and S5). In contrast, the conformation of Trp43 in
the crystal structure of GB1 (2QMT)20 indicates the absence

of similar van der Waals clashes arising from the fluorine
substitutions.

Changes in 19F chemical shifts were observed not only in
response to mutations between Asn and Asp residues but also
upon mutation of other residue types to Asn or Asp (Figures
4b and 5b). These changes were often larger than those
observed for the Asp/Asn switch, as, for example, in the cases
of the mutants T61N and T121N in the NT* domain (Figure
4b) and T25N in GB1 (Figure 5b).

There was no obvious way in which either the magnitude or
sign of the Δδ(19F) values arising from Asp/Asn switches
correlated with the distance of the mutation from the fluorine
atom or the direction of the C−F bond relative to the mutation
site. For example, Δδ(19F) values of the Asp/Asn switch in
GB1 with 4FW and 7FW were of the same sign for the N40D
and N37D mutants (Figure 5a), although the C−F bonds in
4FW and 7FW point in opposite directions. Similarly, the sign
of the Δδ(19F) value differed between the N36D and N37D
mutants for the 6FW and 7FW mutants (Figure 5a), although
these mutations involved sequentially neighboring residues
close to each other. In the case of the NT* domain, L90 is
about 20 Å from the indole ring of Trp10 (Figure 6), but its
mutation still generated significant chemical shift changes in
the 19F-NMR spectrum (Figure 4a,b). In the 1H NMR
spectrum of the mutants produced with 13C-Trp, the
corresponding Δδ(1H) values were generally less significant
(Figure 4c,d), suggesting that the chemical shift changes were
not simply a consequence of a change in ring currents due to
small conformational changes in the core of the protein. In
summary, 19F generally displayed larger chemical shift changes
than 1H, but they cannot be interpreted in simple terms that
would allow derivation of structural restraints.
Sensitivity of Chemical Shift Changes to Shielding by

Salt or Water. To explore the sensitivity of the 19F chemical
shifts to long-range electrostatic fields, we also measured the
19F NMR spectra of some of the NT* domain mutants with
increased concentrations of NaCl. At high salt (200 versus 100
mM NaCl), the Δδ(19F) values measured for Asp/Asn
switches changed only a little, even increasing in magnitude
for 7FW in the mutants at positions 53 and 90 (Table S7).
This indicates that counterions associated with Asp residues
did not significantly contribute to electrostatic shielding.

The possibility of electrostatic charges being shielded by
hydration water was explored by comparing the 19F chemical
shift changes effected by a Glu/Gln switch with those of an
Asp/Asn switch in position 32 of GB1. At this site, the Δδ(19F)
values associated with the Asp/Asn switch agreed with the
expectation that the change in 19F chemical shift elicited by the
electric field of the new carboxylate is greatest, if the field aligns
with the C−F bond, changes sign for different C−F bond
directions, and is more pronounced for shorter fluorine−
carboxylate distances and much smaller or negligible if the C−
F bond is perpendicular to the vector connecting the 19F spin
with the carboxylate. As expected for more complete shielding
associated with the greater solvent exposure of the carboxylate
group attached to the longer side chain, smaller Δδ(19F) values
were measured for the Glu/Gln switch than for the Asp/Asn
switch. Unexpectedly, however, Δδ(19F) of 5FW changed the
sign between the Glu/Gln and Asp/Asn mutants (Table S8). It
thus appears that while long-range electrostatic fields
contribute to 19F chemical shift changes, other effects can be
just as large.

Figure 2. 19F NMR spectra of mutant NT* constructs produced with
a mixture of 4FW, 5FW, 6FW, and 7FW. The NMR spectra of the
constructs containing either Asn or Asp are plotted in black and red,
respectively. The assignment is (low-field to high-field) 4FW, 6FW,
5FW, and 7FW (Figure S4). For comparison, the 19F chemical shifts
of the free amino acids in methanol have been reported as −122.0
(6FW), −123.8 ppm (4FW), −125.1 ppm (5FW), and −135.2 ppm
(7FW).27

Figure 3. 19F NMR spectra of GB1 produced with a mixture of 4FW,
5FW, 6FW, and 7FW. The black spectrum is of the reference
construct (also referred to as wild type) containing Asn in position 37,
and the red spectrum is of the mutant N37D. The assignment is (low-
field to high-field) 6FW, 5FW, 4FW, and 7FW (Figure S5).
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Indirect Effects. Besides a redistribution of counterions
around the protein, the change in the electric field associated
with an Asp/Asn switch alters the conformational preferences
of other amino acid side chains. For example, introducing an
Asp residue at position 53 of the NT* domain introduces a
negative charge in the proximity of the side chain of Glu17,
which is not engaged in a salt bridge. The ensuing electrostatic
repulsion may explain why the Asp/Asn switch in position 53
elicited the largest chemical shift changes both in the 19F and
1H NMR spectra (Figure 4a,c). In the case of GB1, the crystal
structure shows the indole ring of Trp43 in close contact with
most of the side chain of Lys31, which forms a salt bridge with
Glu57 (Figure 7). Due to its close proximity to the indole ring,
a small relocation of the amino group of Lys31 arising from
altered electrostatics could potentially affect the 19F chemical
shifts of fluorotryptophans more strongly than any Asp/Asn
switch at a greater distance. To assess this hypothesis, the
mutant K31 M was investigated with the Asp/Asn switch at
position 32. Regardless of whether position 31 featured a lysine
or methionine residue, Δδ(19F) values changed in the same
direction and by similar magnitudes (Figure 8 and Table S9).
This suggests that the conformation of Lys31 and the position
of its side chain amine are not easily perturbed by installing a
negatively charged carboxylate at a distance of about 10 Å.

Conversely, the 1H chemical shifts of Trp10 in the NT*
domain were most significantly perturbed by an Asp/Asn
switch in position 53 (Figure 4c). The perturbation was
particularly pronounced for the Hζ2 atom, although it is almost
4 Å further from the Asp/Asn switch site than the Hε3 atom of

the same indole ring. The 19F chemical shift changes of the
corresponding FW mutants were also relatively large but did
not change in the same direction (Figure 4a). This makes it
difficult to interpret the chemical shift changes as a conserved
small structural change in response to the mutation. Notably,
position 53 is near Glu17 and a repulsive interaction with
Asp53 may cause some structural adjustment. Importantly,
other Asp/Asn switches barely changed the 1H chemical shifts
of the tryptophan ring, whereas 19F chemical shifts changed,
highlighting the universally greater sensitivity of 19F chemical
shifts.

Interestingly, except for mutations in position 53 in the NT*
domain, the 19F chemical shift change observed for an Asp
mutant relative to the wild type was always in the same
direction as the change observed for the corresponding Asn
mutant (Figures 4b and 5b). In other words, the change in
charge, as affected by an Asp/Asn switch, affected the 19F
chemical shifts less than the change in steric demand by
mutations of different amino acid side chains. The 19F spin
thus appears exquisitely sensitive to changes in steric demand
transmitted from the mutation site by an allosteric pathway of
small conformational adjustments throughout the protein,
ultimately responding to a very small change in the local
environment. Even after discounting the chemical shift changes
of 4FW in the NT* domain and those arising from an Asp/Asn
switch in position 53, it is difficult to attribute the measured
19F chemical shift changes solely to changes in the electric
charge of solvent-accessible amino acids.

Figure 4. Chemical shift changes of the 19F NMR signals of fluorotryptophans and 1H NMR signals of tryptophan in response to mutations of
solvent-exposed amino acids in the NT* domain. The spectral data are shown in Figures S8 and S10. (a) 19F chemical shift changes of 4-,5-, 6-, and
7-fluorotryptophan. Δδ(19F) is the chemical shift observed with aspartate minus the chemical shift observed with asparagine at the mutation sites
indicated. (b) Same as (a) but for mutations at sites that are neither aspartate nor asparagine in the wild-type protein. Δδ(19F) is the chemical shift
observed with Asn or Asp at the mutation sites indicated minus the chemical shift observed for the reference protein containing the wild-type
residue. (c) Same as (a) but for 1H chemical shift changes of 13C-labeled tryptophan. The positions Hε3, Hζ3, Hη2, and Hζ2 correspond to the
positions 4, 5, 6, and 7, respectively, of the indole ring. (d) Same as (b) but for 1H chemical shift changes of 13C-labeled tryptophan.
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Theoretical Prediction of Charge Effects on 19F
Chemical Shifts. To gain insights into the magnitude of 19F
chemical shift changes that can be expected from a charge near
a 19F spin in fluorotryptophan, DFT calculations were
performed on 4F-indole, 5F-indole, 6F-indole, and 7F-indole
in vacuum. A point charge of +0.5 was positioned on an axis
aligned with the C−F bond, and the distance r between the
fluorine atom and the charge increased stepwise. Figure 9 plots
the predicted change in the 19F chemical shift with increasing
distance. The simulations suggest that even a half-charge
located 12 Å from the 19F spin can easily change the chemical
shift by 1 ppm. Clearly, the charge effect predicted by the

calculations defines only an upper limit as protein cores
possess a finite electric susceptibility that shields the electric
field. Fits to the data are approximately proportional to r−2.
The different fluoroindoles responded to the charge differently,
with 4FW showing the smallest effect and 6FW showing the
largest effect.

DFT calculations with the half-charge positioned on axes
perpendicular to the C−F bond predict a smaller response of
the 19F chemical shift. Defining a coordinate system with the
origin at the 19F spin, the z-axis along the C−F bond, the y-axis
perpendicular to the plane of the indole, and the x-axis in the
plane of the indole (Figure S13a), the change in shielding
affected by the charge positioned on the y axis is about a third
of the effect on the z axis (Figure S13b), and the effect of a

Figure 5. Chemical shift changes of the 19F NMR signals of fluorotryptophans and 1H NMR signals of tryptophan in response to mutations of
solvent-exposed amino acids in GB1. See Figure 4 for the naming conventions used and the calculation of Δδ(19F) and Δδ(1H). The spectral data
are shown in Figures S9 and S11. (a) 19F chemical shift changes of 4-, 5-, 6-, and 7-fluorotryptophan. (b) Same as (a) but for mutations at sites that
are neither aspartate nor asparagine in the wild-type protein. (c) Same as (a) but for 1H chemical shift changes of 13C-labeled tryptophan. (d) Same
as (b) but for 1H chemical shift changes of 13C-labeled tryptophan.

Figure 6. Stereoview of the crystal structure 4FBS of the monomeric
NT domain mutant A72R.17 In the NT* domain, the potential dimer
interface is stably disrupted by the mutations D40K and K65D.15

Color code: backbone, green; negatively charged side chain, red;
positively charged side chain, blue; hydrophobic side chain, yellow;
and hydrophilic side chain, gray. Spheres identify the β-carbons of
residues mutated in the present work. A cartoon representation is
shown in Figure S12a.

Figure 7. Stereoview of the crystal structure 2QMT of GB1.18 See
Figure 6 for the color code used. Balls identify the β-carbons of amino
acids mutated in the present work. A cartoon representation is shown
in Figure S12b.
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charge in the x direction is also relatively small (Figure S13c).
The magnitude of the predicted effects was much greater than
reported by the experimental data, indicating that the
fluorotryptophan residues are effectively shielded from the
electrostatic field of carboxyl groups on the protein surface.

Using the DFT calculations to estimate the effect of the
Asp/Asn switches in GB1 and the NT* domain on the 19F
chemical shifts of the fluorotryptophan residues delivered no
significant correlation with the experimental data (Figure S14).

■ DISCUSSION
Protein Expression, Yield, and 19F Spectral Resolu-

tion. The present work demonstrates that all four fluoro-
tryptophan versions (4FW, 5FW, 6FW, and 7FW) can readily
be produced simultaneously from the corresponding fluo-
roindoles in a CFPS system based on E. coli S30 extract. The
yields of incorporation are high (>85% in the case of the NT*

domain, almost complete in the case of GB1), but the different
fluoroindoles are processed with different rates, with 7FW
incorporated least efficiently. The different incorporation rates
facilitate tracking of the four 19F NMR signals in response to
mutations. The 19F NMR signals of the four fluorotryptophan
variants were readily resolved in the 1D 19F NMR spectra.

The NT* domain used in this work is the D40K/K65D
double mutant of the NT domain. This charge reversal
prevents dimerization of the protein even at low pH.15,28 The
sites selected for Asp and Asn mutations in the present work
were outside the dimer interface of the NT domain.

The GB1 construct used in the present work was preceded
by the first six codons of the T7 gene 10 to enhance the
protein expression yields.29 The codons translate into the
hexapeptide MASMTG, which assumes a flexible conforma-
tion. Our CFPS conditions resulted in incomplete cleavage of
the N-terminal methionine residue (Figure S2), but this
heterogeneity did not translate into visibly heterogeneous 19F
NMR spectra.
Chemical Shift Changes in Response to Mutations. As

expected, the 19F chemical shifts of the fluorotryptophan
residues in GB1 and the NT* domain proved to be sensitive
reporters of small changes in the proteins. The present work
was primarily concerned with the response of the 19F chemical
shifts of fluorotryptophan residues in the protein core to
changes in the electric field produced by installing a new
negative charge on the protein surface. We reasoned that a
buried fluorotryptophan residue would sense the electric field
from the carboxylate group with little shielding by salt and
hydration water as the side chains of aspartate and asparagine
are short. In this way, long-range structural information could
be encoded in 19F chemical shift changes associated with an
Asp/Asn switch at a solvent-exposed site. An Asp/Asn switch
at a solvent-exposed site is readily achieved by site-directed
mutagenesis and minimally alters the chemical structure of the
protein as the switch formally involves no more than the
change of a negatively charged oxygen atom for a neutral NH2
group. According to the 3D structures of the wild-type NT*
domain and GB1, no hydrogen-bond donor was within reach
of any of the fluorine atoms in any of the fluorotryptophan
versions, excluding the possibility that changes in the 19F
chemical shift arise from changes in H-bonds with fluorine.
The structure of GB1 also reports no hydrogen bond with the
side chain of Trp43, whereas the structure of the NT* domain
shows a hydrogen bond between the indole NH of Trp10 and
the side chain carbonyl oxygen of Asn70. In the case of 5-
fluoroindole and 5FW, H-bond formation with the indole NH
has been shown to alter the 19F chemical shift.30,31 Therefore,
if the mutations of the NT* domain changed the H-bond
character of the indole NH, this could have contributed to the
observed changes in the 19F chemical shifts.

Regardless of the origin in 19F chemical shift changes, our
results confirm that an Asp/Asn switch as far as 20 Å from the
site of a fluorotryptophan residue can cause a measurable
change in the 19F chemical shift. Furthermore, every single
mutation tested changed the 19F chemical shift measurably in
at least two of the four fluorotryptophan versions. Regarding
the same mutations, 1H chemical shifts of natural tryptophan
were generally far less responsive (see, e.g., Table S6).

Quantitative comparisons with 1H chemical shift changes are
compromised by the greater length of a C−F versus C−H
bond and the larger van der Waals radius of fluorine versus
hydrogen, and this is expected to cause minor adaptations of

Figure 8. 1D 19F NMR spectra of the GB1 K31M mutant produced
with a mixture of 4FW, 5FW, 6FW, and 7FW. (a) Overlay of the 19F
NMR spectra of the reference construct referred to in this work as
wild-type (black) and mutant GB1 K31M (red). (b) 19F NMR spectra
of the GB1 K31M construct with additional mutations Q32N (black)
and Q32D (red).

Figure 9. Calculated change in the 19F chemical shift due to an
electric charge (+0.5) at different distances from the 19F spin in
different fluoroindoles. The DFT calculations are for the molecules in
vacuum with the charge located on the axis defined by the C−F bond.
The black curve corresponds to a quadratic decay.
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the protein structure when tryptophan is replaced by
fluorotryptophan. Conceivably, any slight conformational
adjustment of the aromatic rings in the core of GB1 and the
NT* domain in response to a surface mutation would be
subtly different in the proteins containing fluorotryptophan
compared with those containing natural tryptophan. Very small
conformational adjustments of aromatic amino acids present a
plausible mechanism for transmitting the effect of mutations
on the protein surface to the tryptophan residue in the core of
the protein, and this effect may explain the small 1H chemical
shift perturbations observed for natural tryptophans following
mutation of a single solvent-exposed residue, as observed even
in GB1 which is a highly stable single-domain protein.

It is also conceivable that allosteric effects are amplified by
local van der Waals constraints created by the greater space
requirements of a C−F versus C−H group. For example, the
unusually large 19F chemical shift changes observed for 4FW in
the NT* domain (Figure 4) arguably arise from an intraresidue
van der Waals clash that is not a concern for natural
tryptophan.
Electric Field Effects. The changes in the 19F chemical

shifts observed upon switching from an aspartate to an
asparagine residue were smaller than anticipated. DFT
calculations of fluoroindoles in vacuum predicted that a single
charge significantly changes the 19F chemical shift (Figure 9),
and the large differences in 19F chemical shifts observed
between fluorotryptophans in GB1 and the NT* domain
confirm the outstanding sensitivity of the 19F chemical shift as
a reporter of the chemical environment. Similar magnitudes of
19F chemical shift changes have been calculated for 3-
fluorotyrosine interacting with ions and polar as well as
nonpolar atoms, with positive and negative charges showing
opposite effects.32 In the present work, however, we were
unable to detect sizable effects arising from the change of a
single surface charge. In fact, the chemical shift perturbations
resulting from mutation between two uncharged residues were
usually greater than the chemical shift changes associated with
the Asp/Asn switches. This indicates that any long-range effect
from the electrostatic field generated by a solvent-exposed
carboxylate is small. Electric fields may still be decisive for the
19F chemical shifts as, arguably, the small conformational
changes that are manifested in the chemical shift perturbations
observed in the 1H NMR spectra of natural tryptophan
residues could also alter local electric fields and field gradients
in subtle ways.

The DFT calculations of the 19F chemical shift of
fluoroindoles in a vacuum were performed to gain an
impression of the magnitude of the effect that a charge could
have and any dependence on its location relative to the indole
ring system. The prediction is that a charge positioned on the
axis defined by the C−F bond approximately changes the 19F
chemical shift with increasing distance r approximately in
proportion to r−2, with easily measurable effects 15 Å and
further from the 19F spin. While it proved difficult to establish
experimental evidence for this effect, it could be concealed in
multiple ways, including the complexity of protein structures,
the unknown structural response of the protein structures to
the mutations, and the unknown capacity of protein and
hydration water molecules to shield the electric field. To
explain why experiments with high versus low salt concen-
trations and a Glu/Gln versus Asp/Asn switch did not yield
clear patterns of 19F chemical shift changes, we speculate that
the switches may rearrange the preferential orientations of

charged amino acid side chains and any salt bridges on the
protein surface. As a knock-on effect, counterions may be
redistributed. A redistribution of charges would change the
electrostatic field in the core of the protein in a way different
from the simple addition of a point charge.

In GB1, the side chain of Lys31 is in intimate contact with
the tryptophan side chain and its charged amine group is
highly solvent-exposed. Reasoning that a small relocation of
this close amine group in response to Asp/Asn switches could
cause outsized 19F chemical shift perturbations, we investigated
the Asp/Asn switch in position 32 of the K31Mmutant. The
response of the 19F chemical shifts in these double mutants
remained qualitatively the same (Table S9), speaking against
major redistributions of charges on the protein surface in
response to this Asp/Asn switch.

Finally, we note that 19F chemical shifts can follow trends
counter to intuition that only considers inductive effects. For
example, the 19F chemical shifts in low-molecular-weight
difluorophenyl compounds in CDCl3 were found to correlate
with the Hammett constants of substituents in a remote phenyl
ring, where through-space effects from electron-withdrawing
substituents result in increased 19F shielding.33,34 Reverse
effects such as this can be explained by paramagnetic
contributions arising from the coupling of occupied orbitals
to unoccupied orbitals and require DFT calculations for
quantification.35 This greatly complicates the interpretation of
the 19F chemical shifts.

■ CONCLUSIONS
The current work shows that proteins with fluorotryptophans
can readily be produced from 4-, 5-, 6-, and 7-fluoroindoles in a
one-pot cell-free reaction. The 19F NMR signals of all four
fluorotryptophan species are well-resolved in the 1D NMR
spectra. Our experiments show that the mixture of
fluorotryptophans offers a sensitive way of detecting subtle
changes in the protein environment at greater distances by
maximizing the chance of observing measurable chemical shift
changes. As the spectral ranges of different fluorotryptophans
overlap,36−38 the utility of the approach will be greatest for
proteins with a single tryptophan residue. Finally, the small
response of the 19F chemical shift to altered surface charges
implies that surface charges can be neglected when attempting
to assign 19F NMR spectra of buried fluorotryptophan residues
by comparison to the predictions from DFT calculations.
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