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The binding of tetrameric E. coli single-stranded DNA-binding protein
(SSB) to single-stranded DNA (ssDNA) was investigated using genetically
encoded noncanonical amino acids (ncAA) as site-specific probes for detec-
tion by nuclear magnetic resonance (NMR) spectroscopy. Under the condi-
tions used (300 mm NaCl, pH 7.2), the NMR spectra confirmed the
equivalence of the monomeric subunits in the absence of ssDNA. Most of
the probes responded to the binding of sSDNA by changes in chemical
shifts and line width and distinguished between the presence of segments of
cytidine versus thymidine. Although ssDNA-binding breaks the fourfold
symmetry of the SSB tetramer, the probes sensed closely similar chemical
environments in all four monomeric subunits. By comparing the perfor-
mance of twelve different NMR-active ncAAs, this work identified N°-tri-
fluoroacetyl-L-lysine (TFAK) as the ncAA sensing different ssSDNAs with
the best spectral resolution. In addition, we report aminoacyl-tRNA syn-
thetases for the genetic encoding of 3,5-difluoro-L-tyrosine (3,5-diFTyr),
2,6-difluoro-L-tyrosine (2,6-diFTyr), and mCF3-phenylalanine. The SSB
construct was sensitive to precipitation under NMR conditions. The fluori-
nated ncAAs altered the rates of precipitation which varied even between
fluorotryptophan isomers installed at a barely solvent-accessible site. None-
theless, the NMR-active ncAAs proved suitable for probing a marginally
stable protein system of ca. 100 kDa molecular weight without isotope
labelling and at low concentration. The current data suggest that '°F spins
attached to flexible solvent-exposed amino acid side chains guard better
against protein precipitation than fluorinated aromatic amino acids despite
the latter being more attractive for their close structural similarity to their
canonical amino acid counterparts.
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2,6-diFPhe, 2,6-difluoro-L-phenylalanine; 2,6-diFTyr, 2,6-difluoro-L-tyrosine; 3,5-diFPhe, 3,5-difluoro-L-phenylalanine; 3,5-diFTyr, 3,5-difluoro-
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(((trimethylsilyl)methoxy)carbonyl)-L-lysine; TMSNK, Ne-(((trimethylsilyl)methyl)carbamoyl)-L-lysine.
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Noncanonical amino acids as probes for protein NMR

Introduction

Genetic encoding of noncanonical amino acids (ncAA)
has emerged as a convenient technique for probing
large protein systems site-specifically by NMR spec-
troscopy using straightforward one-dimensional NMR
experiments. The approach affords maximal spectral
resolution and selectivity, delivering resonance assign-
ments without the need for time-consuming experi-
ments such as multidimensional NMR or site-directed
mutagenesis. The most cost-effective strategies use
ncAAs which function without chemical protection
groups and avoid expensive isotope labeling by relying
on either a very intense 'H NMR signal [1-4] or
fluorine-containing ncAAs for detection by '’F NMR
[5-11]. The ncAAs are typically encoded by the amber
stop codon and installed during protein expression.

To date, most ncAAs designed for NMR detection
have been demonstrated with different protein systems,
making it difficult to compare the performance of the
ncAAs. Exceptions include flaviviral proteases (about
27 kDa molecular weight) probed with sets of differently
fluorinated tryptophan and phenylalanine analogues
[9-11]. Among these, the Zika virus protease has also
been explored with genetically encoded zert-butyltyrosine
and (4-trimethylsilyl)phenylalanine, but the 'H-NMR
signals of these amino acids were only incompletely
resolved from the background signals of the protein [2].
In addition, genetically encoded N°-(((trimethylsilyl)
methoxy)carbonyl)-L-lysine (TMSK), N°(((trimethylsi-
lyl)methyl)carbamoyl)-L-lysine (TMSNK), and N°-tri-
fluoroacetyl-L-lysine (TFAK) were compared in the
SARS-CoV-2 main protease (MP), demonstrating facile
detection of their respective 'H- and '"F-NMR signals
without isotope labelling in this 67 kDa homodimer [12].

In the present work, we used the ~ 100 kDa complex
of the tetrameric Escherichia coli single-stranded
DNA-binding protein (SSB) [13] with single-stranded
DNA (ssDNA) to compare the performance of twelve
different ncAAs in detecting the binding of ssDNA with
different nucleotide sequences by NMR spectroscopy.
Investigating isotope-labeled SSB using conventional
multidimensional NMR techniques is difficult and
costly, as the C-terminal domain of SSB is prone to
digestion at neutral pH, especially in the absence of salt
[14]. In previous work, we investigated the SSB—ssDNA
complex by installing custom-synthesized '*C-labeled
and deuterated terz-butyltyrosine for background-free
NMR detection [15]. Here, we exclusively used protein,
ncAAs and ssDNA at natural isotopic abundance in the
search for cost-effective alternatives.

SSB forms a ~ 75 kDa homotetramer. Each mono-
mer comprises an N-terminal domain that adopts a
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conserved oligonucleotide/oligosaccharide-binding
(OB) fold responsible for high-affinity binding to
ssDNA [16] and a C-terminal tail that is intrinsically
disordered [17,18]. ssDNA binds to SSB by wrapping
around the tetramer [19,20]. Depending on salt con-
centration, ssDNA such as poly(dT) can bind in two
distinct binding modes referred to as (SSB)s;s and
(SSB)gs, where the subscripts denote the number of
nucleotides occluded per SSB tetramer [21-23]. In the
(SSB)¢s binding mode, all four subunits of the tetra-
mer are in contact with ssDNA. The present work was
conducted to investigate the (SSB)¢s binding mode.

A single X-ray structure is available of E. coli SSB
in complex with ssDNA. In this structure, the ssDNA
consists of two molecules of 35-mer oligomers made of
cytidines, dCss, bound to the SSB tetramer (PDB ID:
1EYG [19]; Fig. 1A). The complex reflects the (SSB)gs
mode. The dCs5 molecules contact the monomeric sub-
units of the tetramer in similar but not identical ways,
with electron density missing for some of the nucleo-
tides. The crystal contained only the ssDNA-binding
OB domain of the protein (residues 1-115) as the dis-
ordered C-domain (residues 116-177) had been
removed by digestion with chymotrypsin. To rational-
ize the extraordinary cooperativity and flexibility of
SSB binding to ssDNA, different binding modes have
been proposed, including the possibility that ssDNA
traces the nucleotide-binding groove of the SSB mono-
mers in different directions [20]. The present work
probed the equivalence of the monomers in the SSB
tetramer in the (SSB)gs mode with the help of different
genetically encoded NMR probes that minimally per-
turb the 3D structure of the tetramer.

Fig. 2 shows the ncAAs used. They comprise ncAAs
designed for detection by 'H- and '""F-NMR. The tri-
methylsilyl groups of TMSK and TMSNK contain
nine equivalent protons that produce a narrow and tall
singlet in the "H-NMR spectrum near 0 ppm, where
proteins show few other signals [2,4,12]. A second
group comprises fluorinated amino acids for detection
by ""F-NMR spectroscopy. These probes represent
fewer nuclear spins but, as canonical amino acids and
nucleotides do not contain fluorine, the “F-NMR
spectra are free of background signals, facilitating the
detection of minor species. Furthermore, the chemical
shift range of '"F is much greater than that of 'H
spins, amplifying the size of chemical shift changes in
response to ligand binding [10,11,24,25]. We report the
purity and yields of SSB mutants produced with the
different ncAAs, their NMR spectra, and their capac-
ity to report the binding of ssDNA.
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Fig. 1. Sites selected for incorporating ncAAs in the SSB tetramer (PDB ID: 1EYG [19]). (A) Cartoon representation of the SSB tetrameric
structure with the dCzs oligomers shown in orange. (B) Structure of the monomeric subunit highlighting the positions of the ncAAs relative
to the ssDNA-binding groove, showing the nucleotide and amino acid side chains in stick representation. Color code: protein backbone
(green), ssDNA (orange), hydrophobic side chains (yellow), hydrophilic side chains (gray), positively charged side chains (blue), negatively
charged side chains (red). The sites selected in the present work for installing ncAAs are shown in magenta and labeled with the amino acid
code and sequence number in the wild-type protein. The side chain of Q16 is solvent exposed and no electron density beyond the CP atom

was reported in chain A. Figure prepared with PymoL [60].

Results

Selection of mutation sites and nucleotide
sequences

We inspected the crystal structure (PDB code: 1EYG)
[19] to introduce ncAAs at sites, where the non-native
chemical groups of the ncAA were (a) unlikely to per-
turb the three-dimensional quaternary structure of the
protein, (b) unlikely to clash with the ssDNA, (c) suffi-
ciently close to the ssDNA to sense its presence, and
(d) sufficiently remote from the interfaces between the
monomers to allow assigning the observed effects pre-
dominantly to single monomers. When the ncAA was
larger than the amino acid in the wild-type protein
(TMSK, TMSNK, TFAK), the sites chosen were
highly solvent-exposed. Sites of lesser solvent exposure
were chosen when the ncAA was structurally similar
to the canonical amino acid substituted (fluorinated
analogues of tyrosine, phenylalanine, and tryptophan).

For example, the side chain of QI6 is highly
solvent-exposed and the crystal structure reports no
electron density beyond the CP atom in two of the four
monomers. Yet, a TMS or TFA group at the end of a
long and flexible lysine side chain may contact the
bound ssDNA (Fig. 1B). We therefore selected this site
for installing the aliphatic amino acids TMSK,
TMSNK, and TFAK. The same reasoning applies to
P24, which is in a loop region with high solvent

exposure. Y22 is in the same loop as P24 but pointing
away from the ssDNA. A fluorinated tyrosine version
at this site was expected to sense the presence of
ssDNA indirectly rather than by direct contact. In
contrast, the crystal structure reports W54 and F60 to
engage in direct contacts with the ssDNA, which
should greatly change the chemical shifts of fluorinated
analogues without generating severe steric clashes.

All NMR measurements were conducted at a high-
salt concentration (300 mm NaCl) to promote the
(SSB)gs binding mode [16] and create similar chemical
environments for all four monomers in the tetramer.
The ssDNA segments chosen were the 66-mers dTeg,
dT_36C37_66, Where the first 36 nucleotides are thymi-
dines and the following 30 nucleotides are cytidines,
and dT;_50Cs1_se-

Protein production, yields, and purity

Each of the ncAAs shown in Fig. 2 was installed in
SSB by genetic encoding, using ribosomal readthrough
of an amber stop codon by a suppressor-tRNA loaded
with the requisite ncAA by a mutant aminoacyl-tRNA
synthetase (RS). For 3,5-diFTyr and 2,6-diFTyr, new
aminoacyl-tRNA synthetases were identified to achieve
genetic encoding. For protein purification, the SSB
construct used contained a TEV cleavage site followed
by a Hisg-tag at the C terminus. Following cleavage
with TEV protease, this added the peptide ENLYFQ
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Fig. 2. Chemical structures of ncAAs used in the present work. (A) NP-(({trimethylsily)methoxy)carbonyl)-L-lysine (TMSK), (B) AS-
(((trimethylsilyl)methoxy)carbamoyl)-L-lysine (TMSNK), (C) NP-trifluoroacetyl-L-lysine (TFAK), (D) 3-(trifluoromethyl)-L-phenylalanine (mCFsPhe),
(E) 4-fluoro-L-tryptophan (4FTrp), (F) 5-fluoro-L-tryptophan (5FTrp), (G) 6-fluoro-L-tryptophan (6FTrp), (H) 7-fluoro-L-tryptophan (7FTrp), () 2,6-
difluoro-L-phenylalanine (2,6-diFPhe), (J) 3,5-difluoro-L-phenylalanine (3,5-diFPhe), (K) 2,6-difluoro-L-tyrosine (2,6-diFTyr), and (L) 3,5-difluoro-L-
tyrosine (3,5-diFTyr).

4 © 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies.

85UB01 7 SUOWILWIOD BA 11810 3 qeot dde au Aq peusenob a.e sajole YO ‘SN JO Sa|ni oy Akeid18UIIUQO A1 UO (SUORIPUOD-PUR-SLLBIWI0D" A8 I Aleiq| Ul |UO//STIY) SUORIPUOD PUe SWiia | 84} 89S *[9202/S0/TT] U ARiqiTauliuo A8|IM ‘AsAIUN [eUOHEN UelRIsNY 8y L AQ 9b0. SRI/TTTT'OT/I0P/W0 A8 i Ale.q 1 pul|uo'sgey//sdny WwoJj pepeojumod ‘0 ‘859vzy.LT



S. Mekkattu Tharayil et al.

Noncanonical amino acids as probes for protein NMR

Table 1. Mutation sites, noncanonical amino acids, and plasmids used to produce SSB mutants.

Sites selected for

ncAA Synthetase/tRNA (plasmid) References incorporation
TMSK pRSF-Ch PyITMSKRS [4] Q16/P24
TMSNK pRSF-G1 TMSNKRS [12] P24
TFAK pRSF-G1 TFAKRS [8] Q16
mCF3sPhe pRSF-G1 mCNP34RS? [28] F60
4FTrp® pRSF-G1 FAW27RS [101] W54
5FTrpP pRSF-G1 FAW27RS [10] W54
6FTrp® pRSF-G1 FEW53RS [10] W54
7FTrp® pRSF-G1 (7F-Trp) RS 191 W54
2,6-diFPhe pRSF-G1 2,6-diFPheRS [11] F60
3,5-diFPhe pRSF-G1 3,5-diFPheRS [11] F60
2,6-diFTyr pBK-G1 2,6-diFTyrRS This article Y22
3,5-diFTyr pBK-G1 3,5-diFTyrRS This article Y22

#This aminoacyl-tRNA synthetase is identical to the RS enzyme identified previously for m-cyanopyridylalanine. The activity of this synthetase
with mCF5-Phe was identified in a screen of polyspecificity; °The FTrp versions were produced by adding the respective fluoroindole to the
bacterial growth medium, relying on the activity of native TrpB to produce the amino acids [59].

relative to the wild-type amino acid sequence. Table 1
reports the names of the RS enzymes and plasmids
used and the sites selected in SSB.

Protein expression, purity, and stability

To maximize readthrough of the amber stop codon
and avoid truncation, the SSB mutants were expressed
in E. coli B-95.AA cells, which are devoid of the
release factor RF1 [26]. Intact protein mass spectrome-
try indicated that glutamine was occasionally incorpo-
rated in response to the amber stop codon (Figs. S1b,
S2, and S3e,h). While intact protein mass spectrometry
cannot distinguish the masses of glutamine and lysine,
we nonetheless refer to the effect as glutamine suppres-
sion as the glutamine codon CAG is similar to the
amber stop codon TAG. In our experience, glutamine
suppression is common for less efficient RS enzymes.
Table 2 shows that the protein yields and purities
depended on the substitution site (as observed, e.g.,
for TMSK in positions 16 and 24) and the amino acid
(as observed most clearly for position 60).

All samples were prepared for NMR measurements
in a buffer containing 300 mm NaCl and 20 mm phos-
phate, pH 7.2, with an initial protein concentration of
10 um SSB tetramer (12.5 um in the case of samples
with 5FTrp and 7FTrp). During prolonged measure-
ment times at 25 °C as well as during storage in frozen
conditions, some of the SSB mutants proved to be
prone to degradation and precipitation. This combined
with limited spectrometer availability resulted in poor
signal-to-noise ratios for some of the protein mutants
that were prone to precipitation.

Table 2. Summary of the purities and yields of the SSB mutants
obtained.®

Amount of ncAA

added to cell Yield Glutamine
SSB mutant culture (mwm) (mg-L™")  suppression (%)
Q16/TMSK 2° 15 0
P24/TMSK 20 43 20

3v 3.9 0
P24/TMSNK 2° 12 45

4° 10.1 25
Q16/TFAK 20°¢ 13 0
F60/mCF3Phe 2d 111 0
W54/4FTrp 0.5¢ 4.4 0
W54/5FTrp 1 2.6 0
W54/6FTrp 24 1 25
W54/7FTrp 2d 1.2 10
F60/2,6-diFPhe  2¢ 1.1 0
F60/3,5-diFPhe  2¢ 0.6 30
Y22/2,6-diFTyr 29 3.3 0
Y22/3,5-diFTyr 29 2.7 0

@Yields refer to purified proteins. NMR measurement times are
reported only for constructs where NMR spectra were recorded
successfully; PProtein expression in Terrific Broth (TB) medium;
°TFAK is inexpensive and nontoxic. The high concentration helps to
prevent the incorporation of glutamine; “Protein expression in
Luria-Bertani (LB) medium.

Glutamine suppression associated with TMSK
mutants

TMSK was introduced into SSB to replace either Q16
or P24. The mass spectrum of the mutant SSB
Q16/TMSK showed no sign of glutamine suppression
(Fig. Sla), whereas the mass spectrum of the mutant
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SSB P24/TMSK indicated that about 20% of the pro-
tein contained glutamine instead of TMSK, when
TMSK was provided at a concentration of 2 mm
(Fig. S1b). This problem of the P24/TMSK mutant
was remedied by providing 3 mm TMSK (Fig. Slc).
This shows that the ease of amber suppression depends
not only on the intrinsic efficiency of the RS enzyme
but also on the codon context.

SSB Q16/TMSK

Unexpectedly, the 'H-NMR spectrum of SSB
Q16/TMSK showed three distinct peaks near 0 ppm
(—0.28, —0.45, and — 0.64 ppm) with an intensity
ratio of approximately 1:3:1 (Fig. 3). Following
titration with dTge, the signals collapsed into a single
resonance. This indicates that the TMS group finds
itself in at least three different environments in the dif-
ferent monomers of the apo-protein and that these dif-
ferent environments do not interconvert sufficiently
rapidly to average the 'H-NMR signals. The effect
was reproduced in independent sample preparations.

Titration of SSB Q16/TMSK with dTge in increasing
molar ratios up to 1 : 1 (ratios reported as ssDNA to
SSB tetramer) resulted in the appearance of a new
peak at —0.25 ppm, which was detectable already at
the lowest titration ratio (Fig. 3A). The co-existence of
the signals of free SSB and complex with ssDNA indi-
cates slow exchange on the NMR time scale (100 Hz).
Upon reaching a 1 : 1 stoichiometric ratio, the new
peak became the sole TMS resonance, suggesting that
in the fully bound complex, each TMS group in the
SSB tetramer interacts with ssDNA in a similar way,
as expected for the (SSB)gs binding mode. Remark-
ably, the resonance featured a full linewidth at half-
maximum of only 23 Hz after Fourier transformation
without prior window multiplication.

To assess the sensitivity of the TMSK probe to
different nucleotide types, we also probed SSB

(A)
1:1

_N\
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Q16/TMSK in a 1 : 1 complex with a different ssDNA
construct, dT_34C37_¢¢. For this ssDNA, the (SSB)gs
model predicts that two of the SSB monomers and
their associated TMS groups interact with thymidine
nucleotides, while the other two interact with cytidines.
Indeed, two peaks of similar intensity were observed
(Fig. 3B), with one of the peaks appearing at the same
chemical shift as the resonance observed with dTe.
This result shows that TMSK in position Q16 is sensi-
tive to the type of nucleotide nearby.

In an attempt to resolve the proximity of a shorter
segment of cytidines to a single SSB unit in the tetra-
mer, a 1:1 complex was also produced of SSB
QI16/TMSK with dT;_50Cs;_gs. In this case, two peaks
were observed with an intensity ratio of approximately
3 : 1 (Fig. 3B), but the minor peak was only visible as
a shoulder to the main thymidine-associated resonance
and its chemical shift was different from the complex
with dT;_36C37_66. This suggests that the SSB subunits
interact with thymidine in a conserved manner as in
the complex with dTgs but the interaction with the
poly-dC segment is more dynamic.

SSB P24/TMSK

The expression yield of SSB P24/TMSK was almost
four times lower than that of SSB Q16/TMSK, which
limited the signal-to-noise ratio in the 'H-NMR
spectra.

The 1D "H-NMR spectrum of free SSB P24/TMSK
displayed a single resonance at —0.02 ppm, suggesting
a uniform chemical environment for all TMS groups
within the tetramer (Fig. 4). The addition of an equi-
molar amount of dTgs produced a somewhat broader
resonance at a new chemical shift, indicating that the
site senses the binding of ssDNA. Titration with
dT 36C37.66 and dT;_s50Cs;_g6 resulted in overlapping
peaks, one at the site characteristic of nearby thymi-
dine and the other slightly upfield, similar to the case

(B)

Mﬁee
dT66

w —~ /\ without ssDNA
r T T T T I T T T T | r T T T T I T T T T |
0.0 -0.5 -1.0 0.0 -0.5 -1.0
5(H)/ppm 5(H)/ppm

Fig. 3. The '"H-NMR resonances of the TMS groups in SSB Q16/TMSK. Data processed with Lorentz—Gauss window multiplication
(GB = 0.2, LB = —15 Hz). (A) Titration with dTg. The molar ratios are indicated. Spectrum of the apo-protein measured in 20 min. (B) 'H-
NMR resonances of the TMS groups without DNA, in the presence of dTgg, dT1_36C37-66, @and dT1_50Cs1_g6.
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Fig. 4. "H-NMR spectra of the TMS groups in the tetramer of SSB
P24/TMSK before adding ssDNA and in the presence of dTege,
dT1 36C37.66 and dT;.s0Cs1_es. Data processed with window
multiplication by a cosine function for improved signal-to-noise
ratio. The spectrum of the apo-protein was measured in 20 min.

of SSB QI16/TMSK. SSB samples produced with
TMSK proved chemically unstable as evidenced by the
gradual appearance of a new TMS signal in the NMR
spectrum at 0.23 ppm, which corresponds to the chem-
ical shift of trimethylsilanol. The degradation occurred
even after one week of storage at —80 °C.

SSB P24/TMISNK

Assuming that TMSK was unstable due to hydrolysis
of its ester group, we installed the more stable amide
analogue TMSNK to replace P24. Protein expression
in the presence of 2 mm TMSNK produced protein
with a yield almost threefold greater than that
obtained for the corresponding TMSK mutant, but
the mass spectrometric analysis indicated about 45%
glutamine suppression (Fig. S2a).

Despite the chemical heterogeneity, the 1D 'H-
NMR spectrum of the SSB P24/TMSNK tetramer
showed a single peak, suggesting that the P24 sites in
the tetramer do not sense each other’s chemical iden-
tity. As in the case of SSB P24/TMSK, the titration
with dTgs changed the chemical shift downfield but the
line width was narrower (8 versus 14 Hz). Titration
with dT; 36Cs7_66 yielded a peak with a shoulder but
the difference in environment posed by the segments
of thymidines and cytidines produced only poorly
resolved peaks. Unexpectedly, the complex with
dT; 50Cs1_66 showed two peaks of equal intensity
(Fig. 5A).

To produce SSB P24/TMSNK without glutamine
suppression, protein samples were expressed also in
the presence of 4 mM TMSNK. This reduced the glu-
tamine suppression to about 25% but did not elimi-
nate it (Fig. S2b). Repeating the titration with

Noncanonical amino acids as probes for protein NMR

different ssDNA constructs for this sample, the addi-
tion of dTgg produced a single peak as previously but
the Complexes with dTl—36C37—66 and dT]_50C51_(,(, dis-
played two overlapping peaks with variable intensity
ratios (Fig. 5B). We speculate that the second peak
appearing when the ssDNA contains cytidine is an
artifact generated by the presence of monomers con-
taining glutamine instead of TMSNK. As the TMS
signals did not fully and unambiguously resolve the
different environments produced by segments of thy-
midine or cytidine, we explored the use of '°F labels.

SSB Q16/TFAK

Aiming for the high sensitivity of a CF; group at
the end of a long and flexible amino acid side
chain, TFAK was installed at the site of Q16. The
expression yield of SSB QI16/TFAK was excellent
(Table 2) and glutamine suppression was negligible
(Fig. S3a).

The '"F-NMR spectrum recorded of SSB
Q16/TFAK showed a single peak at —75.55 ppm, indi-
cating that, unlike SSB Q16/TMSK (Fig. 3), the CF;
groups experienced the same chemical environment in
all monomers of the SSB tetramer. The addition of
dTg to the sample caused a clear shift of the TFA res-
onance. The titration with an equimolar quantity of
dT;36C376¢ produced two peaks as expected when
two of the TFA groups are interacting with thymidines
and the other two with cytidine (Fig. 6). Baseline reso-
lution between the two peaks, however, was not
achieved.

SSB F60/mCF;Phe

The crystal structures of SSB indicate that F60 is par-
tially solvent exposed in the free protein and close to
ssDNA in the cocrystal structure, with the ssDNA
stacking against the side chains of F60 and W40 [19].
This suggests that F60 could serve as a sensitive probe
of the binding of different ssDNA constructs but that
fluorine atoms in the para-position of the aromatic
ring could clash with the ssDNA and thus interfere
with the ssDNA-binding mode. Therefore, we
substituted F60 by mCFs;Phe, which reduces the
chance of steric clashes by allowing the CF; group to
be positioned on either side of the phenyl ring. A pre-
viously published polyspecific aminoacyl-tRNA synthe-
tase has been shown to install mCF;Phe in low yields
[27]. Fortunately, an RS variant recently identified by
us for the genetic encoding of m-cyanopyridylalanine
[28] proved to be highly active also with mCFsPhe.
The replacement of F60 by mCF;Phe produced protein
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Fig. 5. 1D "H-NMR spectra of SSB P24/TMSNK. The spectra show the TMS resonance in the absence of ssDNA and in complexes made
with one equivalent of dTgs, dT1.35C37.66, O dTq1.50Cs1.66 respectively. Data processed with Lorentz-Gauss window multiplication
(GB = 0.2, LB = -15 Hz). (A) Protein produced in the presence of 2 mm TMSNK, leading to 45% glutamine suppression. Spectrum of the
apo-protein measured in 6.6 h. (B) Protein produced in the presence of 4 mm TMSNK, resulting in 26% glutamine suppression. Spectrum of

the apo-protein measured in 19.7 h.

dT. . C

1-36 ~ 37-66

T I
72 77 -82
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Fig. 6. 1D "°F-NMR spectrum of the SSB Q16/TFAK tetramer in
the apo-protein and in the presence of equimolar amounts of dTgg
or dT;36Cs766. The protein concentration was 10 pm in SSB
tetramer. Trifluoroethanol (TFE) was added as an internal reference
in large excess (0.5 mm) to render the TFE chemical shift
independent from protein—TFE interactions, vyielding the intense
peak at —76.45 ppm. Data processed with exponential window
multiplication (LB = 40 Hz). The spectrum of the apo-protein was
measured in 1 h.

in good yield with minimal glutamine suppression
(Fig. S3b).

The 1D "F-NMR spectrum of free SSB
F60/mCF;Phe showed a single peak at —61.46 ppm
(Fig. 7). Addition of dTgs resulted in a small upfield
shift. The complexes with dT; 36C37.6¢ and dT;_so.
Cs1_¢6 displayed a new peak slightly upfield. The inten-
sity ratios suggest that the different peaks indicate the
proximity of different SSB units to either thymidine or
cytidine, assuming that the peak reporting proximity
to cytidine is somewhat broader than the peak sensing
thymidine (Fig. 7).

SSB W54/FTrp mutants

There are four tryptophan residues in the SSB mono-
mer, all of which are solvent exposed. Selecting W54

dT, 5,Cs166
\,__\,\_/\\ dT156Csr66
without ssDNA
T T T T T T 1
-60 -63 -66
3("°F)/ppm

Fig. 7. 1D "®F-NMR spectra of SSB F60/mCF3Phe before and after
adding dTgg, dTq_36Ca7-66 Or dT1_50Cs1_66. The chemical shifts are
referenced to internal TFA at —75.25 ppm. Data processed with
Lorentz-Gauss window multiplication (GB = 0.2, LB = —100 Hz).
Spectrum of the apo-protein measured in 44 min.

for substitution by either 4FTrp, SFTrp, 6FTrp, or
7FTrp, we explored the potential of these ncAAs as
YF-NMR sensors of ssDNA binding. In these ncAAs,
the fluorine atom is part of a relatively rigid amino
acid side chain (Fig. 1B), and 4FTrp and 5FTrp are
not expected to engage in direct fluorine—ssDNA
contacts.

The expression yields of SSB W354/4FTrp, SSB
W54/5FTrp, SSB W54/6FTrp, and SSB W54/7FTrp
were acceptable (Table 2), but intact protein mass
spectrometry indicated variable success in installing
the fluorinated tryptophan analogues site-selectively
and without glutamine suppression (Fig. S3c—f). In the
case of SSB W54/4FTrp, nearly 20% of the SSB pro-
tein contained two FTrp residues, suggesting uninten-
tional substitution of native Trp residues by 4FTrp
(on average about 7% at each site, Fig. S3c). In con-
trast, SSB W54/5FTrp appeared homogeneous with

8 © 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85UB01 7 SUOWILWIOD BA 11810 3 qeot dde au Aq peusenob a.e sajole YO ‘SN JO Sa|ni oy Akeid18UIIUQO A1 UO (SUORIPUOD-PUR-SLLBIWI0D" A8 I Aleiq| Ul |UO//STIY) SUORIPUOD PUe SWiia | 84} 89S *[9202/S0/TT] U ARiqiTauliuo A8|IM ‘AsAIUN [eUOHEN UelRIsNY 8y L AQ 9b0. SRI/TTTT'OT/I0P/W0 A8 i Ale.q 1 pul|uo'sgey//sdny WwoJj pepeojumod ‘0 ‘859vzy.LT



S. Mekkattu Tharayil et al.

(A) 4FTrp
dT..C

1-36 _ 37-66

66

without ssDNA

115 25 435
5("°F)/ppm

© 6FTrp
dT. . C

1-36 ~ 37-66

dT

66

without ssDNA

-115 -125 -135

Noncanonical amino acids as probes for protein NMR
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1-36 ~ 37-66

415 25 135
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(D) 7FTrp
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Fig. 8. 1D "®F-NMR spectra of the SSB W54/FTrp mutants before adding ssDNA, with dTgs, with dT; 36Cs7.66 and with dT; 50Cs1_gs. Data
processed with exponential window multiplication (LB = 100 Hz). (A) Spectra recorded of SSB W54/4FTrp. The recording time of the apo-
protein was 1.4 h. (B) SSB W54/5FTrp. Recording time of the apo-protein was 2.8 h. (C) SSB W54/6FTrp. Recording time of the apo-protein
was 16 h. (D) SSB W54/7FTrp. Recording time of the apo-protein was 15 h.

full substitution of W54 by 5FTrp (Fig. S3d) but SSB
W54/6FTrp and SSB W54/7FTrp showed evidence of
25% and 10% glutamine suppression, respectively
(Fig. S3e,f). These effects correlated with the protein
expression yields, where 4FTrp yielded more protein
than SFTrp, and 6FTrp and 7FTrp yielded the smal-
lest amount of protein (Table 2). 4FTrp and 5FTrp
were installed using the same polyspecific RS enzyme
in the same cell line with the same plasmids.

The SSB construct used in the present work was
prone to precipitation at tetramer concentrations above
4 uMm under the conditions used for NMR (300 mm
NaCl, 20 mMm phosphate pH 7.2, 25 °C). The incorpora-
tion of a ncAA notably modulated the rate of precipita-
tion. In the case of the W54/FTrp mutants, all
precipitated particularly quickly, which limited the time
available for NMR measurements. The mutant with
6FTrp was most sensitive to precipitation while the
mutant with 7FTrp was least sensitive. The mutant with
SFTrp became insoluble even during storage at —80 °C.

In the absence of ssDNA and despite the chemical
heterogeneities arising from glutamine suppression, the
YF-NMR spectra showed single peaks as expected for
a symmetric SSB tetramer (Fig. 8). In the presence of

ssDNA, the spectrum of the W54/5FTrp mutant chan-
ged very little, except for an increase in line width
from about 200 to 230 Hz with dTgs and 300 Hz with
dT136C376s (Fig. 8B). The W54/7FTrp mutant
showed a change in chemical shift in the presence of
dTge, a split of the signal into two with dT; 36Cs7_¢¢
and a weaker second peak with dT;_s50Cs;_gs (Fig. 8D).
This pattern follows the expectation that position 54
in each monomer senses a segment made of either thy-
midines or cytidines.

The spectra of the W354/4FTrp and W54/6FTrp
mutants were more difficult to interpret, either because
a new, relatively narrow signal at —124.2 ppm
emerged over time and the peaks arising from polythy-
midine and polycytidine were difficult to resolve
(Fig. 8A) or because the signal-to-noise ratio was lim-
iting and the sample appeared heterogeneous in the
presence of ssDNA (Fig. 8C). Although most of the
fluorotryptophan isomers responded to the presence of
ssDNA with chemical shift changes of multiple ppms,
the widths of the '"F-NMR signals were also large,
thus preventing baseline resolution between different
signals and compromising the height and sensitivity of
the NMR peaks.
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Fig. 9. "°F-NMR spectra of SSB Y22 and SSB F60 mutants in the free state and in complexes with dTgs, dT1_36C37-65 and dT1_50Cs1_65. The
data were processed with exponential window multiplication, using a line broadening value of 200 Hz. (A) SSB Y22/2,6-diFTyr. The
spectrum of the apo-protein was recorded in 19 h. (B) SSB F60/3,5-diFPhe. The spectrum of the apo-protein was recorded in 4.4 h. Due to
precipitation, samples with ssDNA were made using fresh protein. (C) SSB F60/2,6-diFPhe. The apo-protein precipitated significantly during
the recording time (20 h). Samples of the complex with ssDNA were made using fresh protein.

Genetic encoding of 2,6-diFTyr and 3,5-diFTyr

Assuming that the enhanced sensitivity of FTrp
mutants towards precipitation arises from the
increased hydrophobicity of CF versus CH groups, we
turned to the more polar ncAAs 2,6-diFTyr and 3,5-
diFTyr. An aminoacyl-tRNA synthetase specific for
these two amino acids was selected from an established
library of RS enzymes derived from the pyrrolysyl-
tRNA synthetase of the methanogenic archaeon ISO4-
G1 (G1PyIRS), which has also been the basis for pre-
viously published genetic encoding systems of fluoro-
tryptophan isomers and 7-azatryptophan [9,10,29].
Briefly, E. coli DH10B cells were cotransformed with
the library plasmid pBK-GI1PylRS and the selection
plasmid pBAD-H6RFP encoding the gene of a red
fluorescent protein (RFP) interrupted by an amber
stop codon. Fluorescence-activated cell sorting was
used to select RFP-positive cells grown in the presence
of 1 mMm ncAA and RFP-negative cells grown without
ncAA. Multiple selection rounds progressively enriched
cells expressing both active and specific G1PyIRS vari-
ants. About 60 colonies expressing high levels of RFP
were grown from the final cell culture for each ncAA,
isolated and sequenced. The best mutants were G1-2,6-
diFTyrRS (carrying the mutations L124C, Y125M,
N165T, V167F, Y204W, A221S, and W237S) and Gl-

3,5-diFTyrRS (carrying the mutations N165A and
W237R; Table S1).

Difluorotyrosine mutants of SSB

The ncAAs 2,6-diFTyr and 3,5-diFTyr were used to
replace Y22 and test as probes of nearby thymidines
and cytidines. The mass spectrometric analysis of SSB
Y22/2,6-diFTyr confirmed the complete and selective
incorporation of the ncAA (Fig. S3g) but the expres-
sion yield was low (Table 2). The "F-NMR spectrum
of the protein showed a single peak which, relative to
the line width, shifted only a little in response to dTee
or dT_36C37_¢6 (Fig. 9A). Most notably, the formation
of the complexes was associated with an increase in
line width (from about 230 Hz in the free protein to
about 250 Hz in the presence of polythymidine and
290 Hz in the presence of dT 36C37_¢6). While the nat-
ural widths of the '""F-NMR signals made it difficult
to discern more obvious spectral changes, closer prox-
imity to the ssDNA may well have led to larger effects.
The crystal structure indicates that the fluorine atoms
are more than 10 A from the ssDNA, making direct
contacts unlikely. Notably, the fluorine atoms in 2,6-
diFTyr decrease the pK, value of the hydroxyl group
to about 8.1 [30], raising the possibility that the '"F-
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NMR spectra sense a change in the protonation equi-
librium of the hydroxyl group caused by the presence
of the polyanionic ssDNA.

Assuming that this effect would be even greater in
3,5-diFTyr, where the hydroxyl group has a pK, value
closer to neutral (6.8 [30]), we produced SSB Y22/3,5-
diFTyr. Unfortunately, the yields were too low for
NMR spectroscopy (Table 2). Furthermore, the mass
spectrometric analysis indicated almost 30% glutamine
suppression (Fig. S3h).

Difluorophenylalanine mutants of SSB

To position the fluorine atoms closer to the ssDNA
while avoiding possible long-range effects arising from
pK, changes, we produced the mutants SSB F60/2,6-
diFPhe and SSB F60/3,5-diFPhe. The first mutant was
obtained in good yield (Table 2) and the mass spectro-
metric analysis demonstrated complete and selective
incorporation of the ncAA (Fig. S3i,j). The ""F-NMR
spectra of both mutants showed a single peak
(Figs 9B.,C), but only a small change in chemical shift
after the addition of ssDNA. In the case of SSB
F60/2,6-diFPhe, the formation of complex was indi-
cated by an increase in line width from about 170 Hz
in the free protein to about 440 Hz in the presence of
dTgs. In the case of SSB F60/3,5-diFPhe, the line
width increased from about 83 Hz to 230 Hz in the
presence of dTgs. With ssDNA containing segments of
polycytidine, the peaks broadened further, suggesting
that contacts with cytidines produce a different chemi-
cal shift. In the case of SSB F60/2,6-diFPhe, the line
shape became distinctly heterogeneous. Based on the
crystal structure, the fluorine atoms of 3,5-diFPhe are
expected to be closer to the ssSDNA than those of 2,6-
diFPhe. As in the case of the fluorinated tryptophan
and tyrosine analogues, however, the intrinsic line
widths were too great to resolve the different chemical
environments generated by the different nucleotide
sequences, even when the chemical shift changes were
greater than 0.5 ppm.

Overview

Table 3 summarizes the magnitudes of chemical shift
changes and line widths observed in E. coli SSB with
the different ncAAs investigated. Given the low protein
concentrations (10 um in SSB tetramer) combined with
the use of 3 mm NMR tubes, it is encouraging that the
F-NMR signals of ncAAs containing single-fluorine
atoms can be detected in this high-molecular weight sys-
tem. The fluorinated aromatic ncAAs produced the larg-
est chemical shift changes, but none of them displayed a

Noncanonical amino acids as probes for protein NMR

Table 3. Chemical shift differences of different NMR probes
observed between free and dTgg-bound E. coli SSB mutants.

Line width

Chemical Line width (Hz) in
shift change (Hz) in complex

SSB mutant (ppm) apo-protein with dTeg

SSB Q16/TMSK 0.20 42,19, 30° 23

SSB P24/TMSK 0.04 8 14

SSB P24/TMSNK 0.02 8 9

SSB Q16/TFAK 0.26 32 44

SSB F60/mCF3Phe 0.18 64 69

SSB W54/4FTrp 1.84 250 730

SSB W54/5FTrp 0.06 150 180

SSB W54/6FTrp 1.10 90 110

SSB W54/7FTrp 1.72 200 310

SSB Y22/2,6-diFTyr 0.20 180 200

SSB F60/2,6-diFPhe 0.70 170 440

SSB F60/3,5-diFPhe 0.30 83 230

?Line widths of the three signals observed (low-field to high-field).

line width below 100 Hz in the complex with dTsgg,
thereby compromising the spectral resolution.

The TMS and TFA groups of the aliphatic ncAAs
are at the ends of long and flexible side chains. Their
NMR signals are relatively narrow as they reorientate
much faster than the SSB tetramer. Given their high
solvent exposure both in the free protein and the com-
plex with ssDNA, their chemical shifts were changed
relatively little by the presence of ssDNA, resulting in
an effective spectral resolution comparable with that
of the fluorinated aromatic ncAAs positioned much
closer to the ssDNA. Their narrow line widths, how-
ever, lifted the NMR sensitivity.

Discussion

The aim of the present project was to investigate the
binding of ssDNA to E. coli SSB in the (SSB)gs mode
in aqueous solution by labelling different sites with
ncAAs that would minimally perturb the structure of
the protein or its interaction with ssDNA (Fig. 1B). In
addition, we expected the ncAAs to respond differently
to nearby segments of poly-dT and poly-dC. All
ncAAs investigated proved suitable for selective detec-
tion by NMR spectroscopy without isotopic labelling
despite the high-molecular weight of the complex.
Most of them responded differently to different nucle-
otide segments in the ssDNA.

9F ncAA probes

The advantage of '’F-modified amino acids as
background-free NMR probes of high-molecular
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weight systems has long been recognized [31]. To gain
site-specific information without spectral overlap, how-
ever, the probes must be installed selectively at a single
site. The most general approach uses chemical modifi-
cations of single-cysteine mutants. Numerous chemical
tags have been developed to introduce '"F-labels in
this way [32-35]. Generating single-cysteine mutants,
however, often requires extensive protein engineering
to remove natural cysteine residues from the wild-type
protein. In addition, the tagged cysteine residue is dis-
similar in structure to any canonical amino acid and
the posttranslational chemical labelling requires sample
handling, which is undesirable for unstable proteins
such as SSB.

In contrast, in vivo genetic encoding of ncAAs
allows facile installation of the NMR probe in a cost-
effective way independent of the amino acid composi-
tion. In addition, the genetically encoded ncAA can be
very similar to the canonical amino acid it replaces.
Specifically, single-fluorine analogues of the aromatic
amino acids phenylalanine, tyrosine and tryptophan
have  been  successfully encoded  genetically
[9-11,36-38]. For enhanced sensitivity and selectivity,
genetic encoding of ncAAs with CF3; groups has
proven particularly useful [6,39,40].

YF chemical shifts sensitively report on local
changes in van der Waals interactions and electric
field [25,41], but hardly on long-range electrostatic
effects [42]. Binding of a polyanion like ssDNA would
thus be expected to report primarily on local effects,
especially in the presence of a high concentration of
salt. If long-range effects had a significant impact,
more complex spectra would have resulted as ssDNA
binds and breaks the four-fold symmetry of the SSB
tetramer.

Electric field effects have been predicted to contrib-
ute on the order of 10 ppm to '’F chemical shifts [43].
Such a strong predominant influence of electrostatic
effects on the '"F chemical shifts was not apparent in
the present work. Specifically in the cases of mCF;Phe,
TFAK, and 4FTrp, formation of the complex with
dTes did not result in much greater chemical shift
changes than the additional change elicited by seg-
ments of cytidines.

In general, CF; groups respond to ligand binding
with smaller chemical shift changes than single '°F
spins [5,6,31,44-46]. In the case of SSB, 3,5-diFTyr
installed remote from the ssDNA-binding site to mini-
mize structural perturbations resulted in minimal
chemical  shift changes. Also, the mutant
F60/mCF;Phe produced relatively small chemical shift
changes considering its very close proximity to the
ssDNA (Fig. 1B).

S. Mekkattu Tharayil et al.

It has recently been shown that the sensitivity of '°F
chemical shifts towards changes in the environment
can be enhanced by labelling with CH,F groups,
which respond sensitively to small conformational
changes due to a y-gauche effect [47,48], or with a
CF;-tagged 2-pyridone that is sensitized by tautomeric
effects [49]. Genetic encoding of ncAAs containing
these moieties poses an attractive future direction.

Aliphatic ncAAs

The ncAAs with a TMS group at the end of a flexible
side chain produced the narrowest NMR signals but
could be installed only remote from the ssDNA-
binding site to avoid interfering with the complex for-
mation. The 'H chemical shifts of TMSK and
TMSNK responded sensitively to the binding of
ssDNA but were less sensitive to poly-dC versus poly-
dT segments. Despite the shorter side chain of TFAK,
this aliphatic ncAA resolved the differences between
apo SSB and the complexes with poly-dT and poly-dC
relatively well, while avoiding glutamine suppression
effects and delivering good sensitivity. In a previous
comparison of TMSK, TMSNK, and TFAK in the
SARS-CoV-2 main protease, the '"F-NMR spectrum
of TFAK likewise showed greater chemical shift
changes upon ligand binding than the "H-NMR spec-
tra of TMSK and TMSNK [12].

As opposed to fluorine-labeled tyrosine and phenyl-
alanine analogues, the NMR signals of aliphatic
ncAAs cannot be broadened by chemical exchange
associated with aromatic ring flips. In the case of SSB
F60/mCF;Phe, the narrower '"F-NMR signal in the
complex with dT¢s may be explained by better sup-
pression of the aromatic ring flip in the complex.

Symmetry considerations for SSB

In the absence of ssDNA, all SSB mutants displayed a
single resonance, consistent with a symmetric tetramer,
where each constituting monomer presents the same
environment to the ncAAs. The mutant SSB
Q16/TMSK was the only exception, displaying three
TMS signals in the '"H NMR spectrum. A possible
explanation could be fortuitous binding of the TMS
group to unidentified hydrophobic sites in the protein.
In principle, interactions could also occur between dif-
ferent SSB tetramers, but the high-molecular weight of
an octamer would disfavor their observation by NMR.
The phenomenon was not recapitulated by SSB
Q16/TMSNK or SSB Q16/TFAK.

In the system of tetrameric SSB with ssDNA, het-
erogeneous and broader lines may arise for all ncAA
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probes as the four-fold symmetry of the SSB tetramer
is broken in the complex with ssDNA. Indeed, the
SSB mutants P24/TMSK, P24/TMSNK, W54/4FTrp,
and W54/6FTrp showed evidence for inhomogeneous
signals in the presence of dTgs (Figs 4, 5, and 8),
which did not correlate with the degree of glutamine
suppression (Table 2). In contrast, the other mutants
resolved no heterogeneities in the complex with dTgg
as expected for a very similar binding mode of the
ssDNA to each of the SSB monomers. Another poten-
tial mechanism of line broadening arises from chemical
exchange between bound and unbound ssDNA seg-
ments although the binding affinity of poly-dT is
known to be extremely high [16].

In the absence of ssDNA, the ssDNA-binding OB
domain of SSB has been proposed to interact with the
flexible C-terminal domain [17], which could break the
symmetry of the tetramer. This interaction has been
observed at low pH in monomeric SSB [18] but it is
weak and most of the C-domain is highly flexible at
neutral pH even at low salt concentration [14]. At
high-salt concentrations, the C-terminal domain is in
an intrinsically unstructured, highly flexible conforma-
tion, demonstrating the importance of electrostatics in
its binding interactions with the OB domain [14]. To
facilitate protein purification, the SSB construct used
in the present work contained a C-terminal Hisg-tag
preceded by the TEV recognition site, which following
cleavage with TEV protease, added the peptide
ENLYFQ relative to the wild-type amino acid
sequence. We found no evidence that the modified C
terminus promoted any interactions of the C-terminal
domain with the OB domain.

Sample precipitation

Our construct of wild-type SSB was prone to precipita-
tion in high-salt buffer conditions (300 mm NaCl) at
25 °C. Several of the mutants made with ncAAs also
precipitated quickly and with rates depending on the
ncAA installed. Even the substitution of single hydro-
gen atoms by fluorine in the fluorinated analogues of
aromatic amino acids proved sufficient to increase the
sensitivity towards precipitation. Precipitation was
observed also for the complexes with ssDNA, limiting
the time available for NMR measurements. Acceler-
ated precipitation was observed for the W54/FTrp
mutants. The reason for this effect is unclear. For
example, the crystal structure indicates that the fluo-
rine atom in the W54/7FTrp mutant is solvent exposed
and introduces no steric clash in apo SSB or the com-
plex with ssDNA. Furthermore, the presence of
ssSDNA should hinder possible interactions of the

Noncanonical amino acids as probes for protein NMR

fluorine atom with other SSB tetramers. Nonetheless,
the W54/7FTrp mutant precipitated more slowly than
the other W54/FTrp mutants where, according to the
crystal structure of the wild-type protein, the fluorine
atom would engage in van der Waals contacts with
other amino acid residues.

The Y22/diFTyr mutants precipitated particularly
quickly, preventing the recording of NMR spectra for
SSB Y22/3,5-diFTyr. The hydrophobicity of fluoro-
benzene is known to be greater than that of benzene
and to increase with the number of fluorine atoms
[50,51]. The high solvent exposure of Y22 suggests that
the increased hydrophobicity of fluorinated aromatic
rings contributes decisively to protein aggregation. In
agreement with the hypothesis that high solvent expo-
sure of fluorinated aromatic residues promotes protein
aggregation, the mutants F60/3,5-diFPhe and F60/2,6-
diFPhe were less sensitive toward precipitation.

There is growing evidence that fluorination of
canonical aromatic residues modulates the stability of
proteins with mostly destabilizing effects [52], whereas
similar effects have not been reported for fluorine tags
installed on cysteine or lysine residues by posttransla-
tional chemical reaction [53]. In the present work, the
samples made with aliphatic ncAAs were more resilient
towards precipitation, although the chemical structures
of these ncAAs deviated much more from those of the
canonical amino acids they replaced. Site-specific label-
ling in systems tolerating exclusively canonical amino
acids may ultimately necessitate isotope labelling com-
bined with photocaging [54].

Conclusion

The present work compared the effectiveness of geneti-
cally encoded ncAAs as site-specific NMR probes in a
large protein—nucleic acid complex (100 kDa). While
much greater spectral resolution can be achieved by
2D NMR with "*C-labeled ncAAs [15,45,46], the cost
of isotope labelling becomes prohibitive for unstable
protein systems like SSB. In this situation, one-
dimensional NMR spectra are attractive for the speed
with which they can be recorded, even if the ncAA
contains only a single '°F spin and the protein concen-
tration is as low as 20 puMm. In principle, the chemical
label of ncAAs may alter the properties of the target
protein in unforeseen ways. To identify idiosyncratic
effects of a specific ncAA at a specific site, it is there-
fore desirable to double-check by wusing different
ncAAs. In the case of SSB, the consensus result is that
all four monomers in the tetramer engage in binding
to dTee in the same way, as expected for the (SSB)gs
binding mode. Furthermore, segments of poly-dC can
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be sensed and distinguished from poly-dT, setting the
stage for more detailed investigations of sequence-
dependent ssDNA binding.

Materials and methods

Materials

The amino acid TMSK was purchased from BAPEKS
(Riga, Latvia). TMSNK was synthesized as described previ-
ously [12]. TFAK and the fluoroindoles were purchased
from AK Scientific (Union City, CA, USA), mCF;Phe
from eNovation Chemicals (Green Brook, NJ, USA), 2,6-
diFPhe and 3,5-diFPhe from AmBeed (Chicago, IL, USA),
and 2,6-diFTyr and 3,5-diFTyr from AP Bioscience (Prin-
ceton, NJ, USA). Single-stranded DNA oligonucleotides
were synthesized by Integrated DNA Technologies (Coral-
ville, IA, USA) and HPLC-purified. All ssDNAs were 66
nucleotides long. ssDNA concentrations were confirmed by
absorption measurement at 260 nm, using a NanoDrop
spectrophotometer at 260 nm with Milli-Q water as the
blank.

Selection of aminoacyl-tRNA synthetases for
3,5-diFTyr and 2,6-diFTyr

The selection of functional G1PyIRS enzymes followed a
previously established protocol, employing a published
library of G1PylRS mutants encoded on the pBK-GIRS
plasmid [9,28]. The plasmid library was transformed into
E. coli DHI0B cells harboring the pPBAD-H6RFP reporter
plasmid encoding mRFP1 red fluorescent protein (RFP)
with an amber stop codon following an N-terminal Hise
tag. After transformation, the culture was directly inocu-
lated into 25 mL LB medium supplemented with
100 mg-L~" carbenicillin, 50 mg~L’1 kanamycin, 0.4% L-
arabinose, and 1 mm target ncAA. This culture served as
the sample for the first round of positive selection (1P+).
The same cells grown without the supplement of ncAA
were used as a control sample (1P-). Overnight expression
at 37 °C led to a readily detectable level of RFP expres-
sion. The cells were harvested, resuspended in 5 mL of
PBS buffer (137 mm NaCl, 2.7mm KCI, 10 mm
Na,HPO,, 1.8 mm KH,PO,, pH 7.4) and diluted 20-fold
to a concentration suitable for fluorescence-activated cell
sorting (FACS). FACS was performed using a FACSAria
Fusion cell sorter (BD Biosciences, USA). Cells with high
red fluorescence levels were collected from the 1P+ sample
(indicated by violet shades in Figs 10A and 11A) and
subjected to a subsequent round of negative selection
(2N-) in the absence of ncAA. Cells exhibiting low RFP
expression were collected from the 2N- sample and ali-
quoted to inoculate media under positive (3P+, with
ncAA) and negative (3P—, without ncAA) conditions. The

S. Mekkattu Tharayil et al.

3P+ sample for 2,6-diFTyr demonstrated a clear response
to the presence of 2,6-diFTyr, and the top 5.2% of RFP-
fluorescent cells from the 3P+ sample were collected. The
selection experiments for 3,5-diFTyr continued to a total
of seven rounds following the same strategy to enrich the
target population. Approximately the top 3% of RFP-
fluorescent cells from the 5P+ samples for 3,5-diFTyr were
collected.

About 2000 cells collected from each final round were
recovered by plating on LB agar plates containing
100 mg-L™! carbenicillin and 50 mg-L~! kanamycin. Iso-
lated colonies were analyzed in 96-well plates. For each
ncAA, 60 enzyme candidates were inoculated into media
under both positive (with 1 mm ncAA) and negative (with-
out ncAA) conditions. The red fluorescence intensity was
measured as an indicator of RFP expression and normal-
ized to the ODyggg of the cell culture using a TECAN Infi-
nite 200 Pro M Plex plate reader (Tecan, Switzerland;
Figs 10B and 11B). The DNA sequence analysis of the
pBK-GIRS plasmids identified five individually different
candidates to incorporate 2,6-diFTyr and a single unique
mutant to incorporate 3,5-diFTyr. The amino acid muta-
tions of these candidates are listed in Table S1. The expres-
sion plasmids of G1-2,6-diFTyrRS and G1-3,5-diFTyrRS
are available from the Addgene plasmid repository (Water-
town, MA, USA) with the accession codes #251487 and
#251488, respectively.

Plasmid preparation for protein expression

The gene encoding E. coli single-stranded DNA-binding
protein (SSB), modified to include a C-terminal TEV prote-
ase recognition site followed by a His¢-tag (Table S2), was
cloned between the Ndel and Xhol restriction sites of the
vector pCDF as described previously [55,56]. The sites for
installing the ncAAs were defined by an amber stop
codon introduced by mutagenesis using the QuikChange
method [57].

Protein expression and purification

The SSB mutants were expressed in E. coli B-95.AA
cells which are devoid of the release factor RF1 [26]. The
cells were cotransformed with the pCDF-SSB expression
plasmid and the plasmid encoding the aminoacyl-tRNA
synthetase/tRNA pair specific for each ncAA (Table 1).
Cells were cultured at 37 °C in media containing
25 pg-mL ™! spectinomycin and 20 pg-mL~! kanamycin. TB
medium was used for expressing TMSK, TMSNK, and
TFAK mutants for enhanced protein yields, while LB was
used to express the other mutants. The ncAAs were sup-
plied to the media at 2 mm (TMSK, mCF;Phe, diF-
derivatives), 3-5 mm (TMSNK), or 20 mm (TFAK)
concentration. Fluoroindole precursors were added
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Fig. 10. FACS experiments for selecting functional G1PyIRS enzymes for 2,6-diFTyr. (A) FACS screening of G1PyIRS variants for activity and
specificity in recognizing 2,6-diFTyr. The horizontal axis of the scatter plots represents red fluorescence intensity (excitation at 560 nm),
while the vertical axis indicates background fluorescence in cells excited at 488 nm. Violet-shaded regions identify the collected cell
populations. Arrows illustrate the subsequent selection strategy applied after amplification by culturing. The preparation conditions of each
sample are indicated with ‘+', denoting growth conditions with 1 mm ncAA, and ‘= for conditions without ncAA. Positive and negative
selection rounds are labeled as 'P" and ‘N’. (B) Activity and specificity screen of G1PyIRS variants for 2,6-diFTyr incorporation. Cells from the
5.2% fraction with the highest red fluorescence in the final selection round were cultured in 96-well plates with and without 1 mm 2,6-
diFTyr. Red fluorescence intensity indicative of the readthrough efficiency of the amber-interrupted reporter gene was then measured. The
plot presents the colonies ranked in a descending order based on the ratio of red fluorescence in the + ncAA wells compared to the — ncAA
wells. This ranking highlights the candidates with the highest activity and specificity for 2,6-diFTyr incorporation.

immediately before induction for fluorotryptophan incorpo- The cell cultures were induced with 1 mm IPTG when
ration in concentrations adjusted to account for their toxic their ODg value had reached 0.6-0.8 and grown overnight
effects on the E. coli cell culture (Table 2). at room temperature. Cells were harvested (5000 x g,
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Fig. 11. FACS experiments for selecting functional G1PyIRS enzymes for 3,5-diFTyr. (A) FACS screening of G1PyIRS variants for activity and
specificity in recognizing 3,5-diFTyr. Annotations are the same as in Fig. 10. (B) Activity and specificity screen of G1PyIRS variants for 3,5-
diFTyr incorporation. Cells from the 2.8% fraction with the highest red fluorescence in the final selection round were cultured in 96-well
plates with and without 1 mM 3,5-diFTyr. As in Fig. 10, the plot ranks the colonies in descending order based on the ratio of red
fluorescence in the + ncAA wells compared to the — ncAA wells, highlighting the candidates with the highest activity and specificity for 3,5-

diFTyr incorporation.

30 min), resuspended in lysis buffer (buffer A, 50 mm
Tris/HCL, pH 7.5, 300 mm NaCl, 5% glycerol, 10 mm imid-
azole), and lysed using an Emulsiflex-C5 homogenizer
(Avestin, Ottawa, Canada). The lysates were cleared by
centrifugation (13 000 x g, 1 h), filtered, and applied to a
His GraviTrap column (Cytiva, Marlborough, MA, USA)
equilibrated with buffer A.

Columns were washed sequentially with 20 column vol-
umes buffer A, 20 column volumes 1 M MgCl, (prepared in
water, to remove bound ssDNA) and 20 column volumes of
buffer A again before elution with 10 mL of elution buffer
(buffer B, same as buffer A, but with 300 mm imidazole).
The purified fractions were analyzed by SDS/PAGE and
intact protein mass spectrometry. The Hiss-tag was removed
by overnight TEV protease digestion (100 : 1 ratio, 4 °C) in

buffer C (50 mm Tris/HCI, pH 8.0, 500 mm NaCl). Cleaved
samples were buffer-exchanged into NMR buffer (buffer D:
20 mm phosphate buffer, 300 mm NaCl, pH 7.2), and the
residual TEV protease was removed by passing the sample
through a Ni-NTA column. The final construct retained a
six-residue TEV cleavage remnant (ENLYFQ) at the C ter-
minus (Table S2). Protein concentrations were determined
by absorbance at 280 nm using an extinction coefficient of
29 450 M~! cm™!. Prior to NMR measurements, 10% D,O
was added to provide the lock signal.

NMR spectroscopy

NMR spectra were recorded using Bruker Avance NMR
spectrometers operating at 'H-NMR frequencies of
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800 MHz for the '"H-NMR spectra or 600 MHz for the
F.NMR spectra. Both spectrometers were equipped with
TCI cryoprobes for 5 mm NMR tubes. All spectra were
recorded at 25 °C, using 3 mm NMR tubes to account for
the high-salt conditions. 1D "H-NMR spectra of SSB vari-
ants with TMSK and TMSNK were acquired using
2040 pm protein (monomer concentration). A jump-return
sequence was used to suppress the water resonance without
saturating it [58]. The acquisition time was 160 ms. The
recovery delay between scans was 1 s.

The YF-NMR spectra were measured without 'H decou-
pling, using an acquisition time of 260 ms and a recovery
delay between scans of 1s. 0.1 mMm trifluoroacetic acid
(TFA) was added as an internal reference for the samples
made with fluorinated ncAAs, except for SSB Q16/TFAK,
which used 0.5 mm trifluoroethanol as the internal refer-
ence. The ssDNA was added to the SSB samples in molar
ratios of ssDNA to SSB tetramer of 0.25:1, 0.5: 1,
0.75 : 1, and 1 : 1. For unstable protein preparations, only
the 1 : 1 ratio was used. The free induction decays were
processed with window functions designed to maximize the
signal-to-noise ratio (mostly for the '’F-NMR spectra) and
spectral resolution (for the 'H-NMR spectra).

Intact protein mass spectrometry

Intact protein mass spectrometric analysis was carried out
using an Elite Hybrid Ion-Orbitrap mass spectrometer
(Thermo Scientific, Waltham, MA, USA) connected to an
Agilent ZORBAX SB-C3 Rapid Resolution HT Threaded
Column (Agilent, Santa Clara, CA, USA) in an UltiMate
S4 3000 UHPLC system (Thermo Scientific). About
7.5 pmol of sample was injected.
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Fig. S1 Intact protein mass spectra of SSB mutants
made with TMSK.

Fig. S2. Intact protein mass spectra of SSB
P24/TMSNK.

Fig. S3. Intact protein mass spectra of SSB mutants
made with fluorinated ncAAs.

Table S1. Mutations found in GIPyIRS variants
selected for activity with 2,6-diFTyr and 3,5-diFTyr.
Table S2. DNA and corresponding amino acid
sequences of the protein used.
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