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The determination of the binding affinity quantifying the
interaction between proteins and nucleic acids is of crucial
interest in biological and chemical research. Here, we have
made use of site-specific fluorine labeling of the cold shock
protein from Bacillus subtilis, BsCspB, enabling to directly
monitor the interaction with single stranded DNA molecules in
cell lysate. High-resolution 19F NMR spectroscopy has been
applied to exclusively report on resonance signals arising from
the protein under study. We have found that this experimental
approach advances the reliable determination of the binding

affinity between single stranded DNA molecules and its target
protein in this complex biological environment by intertwining
analyses based on NMR chemical shifts, signal heights, line
shapes and simulations. We propose that the developed
experimental platform offers a potent approach for the
identification of binding affinities characterizing intermolecular
interactions in native surroundings covering the nano-to-micro-
molar range that can be even expanded to in cell applications
in future studies.

Introduction

Nucleic acid-to-protein interactions play an eminent role in
living organisms.[1] The concerted interplay between proteins
and nucleic acids controls e.g. the expression of the genome in
cellular metabolism, replication and development processes in
a highly regulated and organized manner.[1] Generally, proteins
interacting with nucleic acids can be divided into two distinct
classes: (i) those that interact specifically with nucleotide
sequences and (ii) those that interact non-sequence-
specifically.[1–2] However, nucleic acid-to-protein interactions
take place in vivo in the presence of various kinds of (macro)
molecules possessing concentrations of up to 400 g/L in
bacteria[3] and 50–200 g/L in eukaryotic cells[4] potentially
influencing the molecular interaction under observation.[5]

Contrary, the ligand affinity which characterizes DNA or RNA
binding proteins is usually determined under dilute conditions
in vitro[6] and, therefore, potential effects due to e.g. changes in
the viscosity or the existence of non-specific interactions
involving adjacent (macro)molecules are completely neglected.
However, the impact of a highly crowded environment on
thermodynamic stability, structural properties and the capacity
of intermolecular interactions of proteins has been shown by
many studies even at an all atom basis.[5a,7] For this reason, it
can be anticipated that interaction studies conducted under

dilute conditions may not precisely report on binding processes
taking place in vivo. Consequently, there exists a strong interest
to perform such interaction studies directly in a cellular environ-
ment. However, the quantitative determination of the affinity of
DNA or RNA binding proteins directly in the cell or in a cell-like
environment holds several experimental challenges e.g. due to
high background signals of the surrounding molecules and the
viability of the molecules under study.[8]

Fluorine (19F) nuclear magnetic resonance (NMR) spectro-
scopy offers an excellent tool to study proteins in such complex
environments since fluorine is not naturally found in cells.[9]

Moreover, 19F nuclei are 100% naturally abundant and own a
sensitivity of about 83% compared to protons making this
nucleus to an ideal choice for the experiments intended here.[10]

Our study focuses on the cold shock protein B from Bacillus
subtilis (BsCspB) which three-dimensional structure has been
determined by both X-ray crystallography and NMR
spectroscopy.[11] Cold shock proteins are known to bind to
nucleic acids and function as transcription factors and tran-
scription antiterminators as well as RNA chaperons.[12] Thus, it
was found that BsCspB binds preferentially to poly-thymidine
stretches of six to seven nucleotides in length in an 1 :1
stoichiometric ratio[13] and the three-dimensional structure of
BsCspB could be solved e.g. in presence of six consecutive
thymidines TTT TTT (labeled as dT6) by X-ray crystallography
(Figure 1).[14] The determined binding surface consists of a
hydrophobic platform built by aromatic and basic residues (K7,
W8, K13, F15, F17, F27, H29, F30 and R56) that are mainly
located in the nucleic acid binding motifs RNP-1 (K13-V20) and
RNP-2 (V26-F30).[15] The side chains of these residues are surface
exposed and interact with nucleobases by stacking interactions
and hydrogen bonds.[13d,14b] The discrimination between ssDNA
and ssRNA binding to BsCspB is based on the substitution of
thymidine with uracil.[14b]

Consequently, we have here combined the inherent advan-
tages of 19F-NMR spectroscopy with the observation of a key
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biological interaction taking place in a cellular environment.
Therefore, BsCspB has been fluorine labeled at tryptophan
(5-19F-Trp-BsCspB) or phenylalanine positions (4-19F-Phe-BsCspB)
depicting key sites for the interaction with oligonucleotides.[16]

It has been shown before that neither the structure, stability or
the folding kinetics is changed when fluorine modified BsCspB
is compared with wild type protein.[17] Note that fluorine labeled
BsCspB has been already successfully applied also in cell lysate
to determine overall thermodynamic stability by using 19F NMR
spectroscopy.[18] Here, fluorine labeled BsCspB (Figure 1) is used
to investigate, first, the potential effect of fluorine labeling on
protein-to-ligand binding properties by applying fluorescence
and NMR spectroscopy under dilute conditions. We then moved
on to the investigation of the binding affinity of oligothymi-
dines to BsCspB in cell lysate by using chemical shift, signal
height and line shape information provided by fluorine NMR
resonance signals. We found that the here presented workflow
enables the reliable quantitative determination of the binding
affinity characterizing nucleic acid-to-protein interaction in a
complex biological environment. Moreover, the targeted recog-
nition of single stranded DNA by its inherent binding partner
persists even in highly concentrated cell lysate. The combina-
tion of fluorine labeled proteins and 19F NMR spectroscopy acts
for this reason as an excellent tool to probe ligand binding
affinity in native surroundings in a quantitative manner.

Results and Discussion

In a first step, we have used fluorescence spectroscopy to
obtain insights into the interaction of single stranded DNA

(ssDNA) with fluorine labeled 4-19F-Phe-BsCspB as well as 5-19F-
Trp-BsCspB under dilute conditions. This experimental setup
enables the precise determination of the binding affinity (KD
value) and thereby a direct comparison to data regarding
binding of ssDNA to wild type BsCspB[13c] is accessible. As a
result, the KD values reporting on the interaction of dT4 (four
consecutive thymidines), dT5 (five consecutive thymidines), and
dT6 to 4-19F-Phe-BsCspB (Figure S1A–E) as 5-19F-Trp-BsCspB
(Figures 2 and S2A–C) display binding affinities which increase
with increasing length of the oligonucleotide under study and
mirror, in parallel, quantities found for the interaction to wild
type protein (Table 1). Solely the interaction of dT7 (seven
consecutive thymidines) to 4-19F-Phe-BsCspB (Figure S1B, F) as
5-19F-Trp-BsCspB (Figures 2 and S2D) differs by one order of
magnitude compared to wild type BsCspB (Table 1) but still
possesses by far the strongest affinity of all oligonucleotides

Figure 1. Complex formed between BsCspB (cartoon mode, colored in gray)
and dT6 (stick mode, colored in light blue).[13a] Five thymidines composing
dT6 are highlighted by T2-T6. This study focuses on fluorine labeled BsCspB
either using single tryptophan (5-19F-Trp-BsCspB) or seven phenylalanine
sites (4-19F-Phe-BsCspB). Side chains are labeled using position in the primary
sequence, highlighted in stick mode and colored in red. PDB code 2es2 and
PyMOL Molecular Graphics System, Schrödinger, LCC have been used to
prepare this figure.

Figure 2. Probing the interaction between oligothymidines varying in length
and 5-19F-Trp-BsCspB by applying fluorescence spectroscopy in equilibrium
at T=298 K. The quench of intrinsic fluorescence of 5-19F-Trp-BsCspB has
been determined for adding dT4 (colored in blue, rectangles), dT5 (colored
in orange, circles), dT6 (colored in pink, triangles with tip to top) and dT7
(colored in cyan, triangles with tip to bottom) under dilute conditions.
Fitting of eq. (S1) to the experimental data is represented in continuous line
mode. Results of the fitting procedure are given in Table 1. Concentration of
5-19F-Trp-BsCspB has been set to 3 μM (for the case of dT4), 2 μM (for the
case of dT5 and dT6) as to 0.5 μM (for the case of dT7).

Table 1. Binding affinity, KD, in nM and corresponding changes in free
energy, ΔG, of 4-19F-Phe-BsCspB and 5-19F-Trp-BsCspB regarding the
interaction with different oligonucleotides obtained using intrinsic trypto-
phan fluorescence titration experiments performed at T=298 K. The
concentration of fluorine labeled BsCspB was set to 3 or 3.5 μM (for the
case of dT4), to 2 μM (for the case of dT5 and dT6) as to 0.5 μM (for the
case of dT7).

dT4 dT5 dT6 dT7

4-19F-Phe-BsCspB 6400�400 500�50 240�20 30�10
ΔG/kJ/mol 12.5 18.8 20.7 25.8
5-19F-Trp-BsCspB 3900�100 1120�30 240�10 49�2
ΔG/kJ/mol 13.7 16.8 20.7 24.6
wt BsCspB[a] 3200�200 940�10 330�20 1.8�0.4
ΔG/kJ/mol 14.2 17.3 19.9 32.8

[a] Data for wild type, wt, BsCspB were acquired at T=288 K in 50 mM Na-
cacodylate, pH 7.0 and 100 mM KCl, and taken from reference [13a].
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which have been probed in the present study. It has been
quantitatively shown before that a variation of the position
used for fluorine labeling of BsCspB goes e.g. with a variation of
the overall thermodynamic stability of this protein (ΔG0

wild type=

11.1�0.5 kJmol� 1; ΔG0
5-19F-Trp-BsCspB=9.0�0.5 kJmol� 1;

ΔG0
4-19F-Trp-BsCspB=12.7�1.1 kJmol� 1) while preserving overall

structural characteristics.[17] Note that an energetic difference of
about 4 kJmol� 1 corresponds to a factor of about 5 comparing
corresponding equilibrium constants at ambient conditions.
Thus, we argue that site-specific fluorine labeling causes
modest variations in inherent protein characteristics which may
be responsible e.g. for modest differences in terms of ligand
binding. This holds especially for high affinity binding events in
the low nanomolar range. We additionally note that a change
of buffer does not modify the binding affinity between single
stranded DNA and fluorine labeled 5-19F-Trp-BsCspB. Thus,
applying sodium cacodylate or sodium phosphate buffer leads
to a KD value of comparable size (Figure S2E).

In a next step, we have analyzed the interaction of dT4
(Figure S3A–C), dT6 (Figure S4A–C), and dT7 (Figure S5A–C)
with 15N-labeled 5-19F-Trp-BsCspB using two-dimensional heter-
onuclear 1H-15N HSQC NMR spectroscopy. The addition of
equimolar amounts of an oligothymidine perturbs chemical
shifts of cross-peaks illuminating the known binding site of
BsCspB comprising predominantly residues K13, V28, F30, S31,
F38, K39, and T40 (Figures S3C, S4C, S5C).[14a] Note that the
mean of changes of chemical shifts analyzed in 2D 1H-15N HSQC
NMR spectra increases comparing the interaction of dT4 to
5-19F-Trp-BsCspB with experiments performed in presence of
dT6 or dT7. Quantitatively, a twofold stoichiometric excess of
dT6 or dT7 regarding 5-19F-Trp-BsCspB leads to Δωmean=0.12�
0.13 ppm (Figures S4B, S5B) whereas Δωmean=0.07�0.09 ppm
is found for dT4 (Figure S3B) considering all backbone 1H-15N
correlations comprising 5-19F-Trp-BsCspB. Thus, shortening the
oligonucleotide results in an extenuated amplitude of changes
of chemical shifts especially for G14, F38, and K39 exceeding
the mean plus one standard deviation for adding dT6 or dT7
but not for the case of dT4. However, the overall pattern of
changes of chemical shifts is qualitatively preserved (Figur-
es S3C, S4C, and S5C). Note that the binding site determined
here for the interaction of dT4, dT6, and dT7 with 5-19F-Trp-
BsCspB (Figures S3C, 4C, and 5C) is fully comparable to the
binding site found for wild type BsCspB (Figure 1). This can be
further supported by an overlay of two-dimensional 1H-15N
HSQC NMR spectra comparing dT7-bound states acquired for
wild type and 5-19F-Trp-BsCspB (Figure S5D). Both, signal
heights and chemical shifts are almost identical for all 1H-15N
cross-peaks that are observed.

Thus, our data implies that the binding capacity of BsCspB
to single stranded DNA molecules is conserved when wild type
and fluorine labeled protein variants are compared. Quantita-
tively, deviations are of significance when the interaction
between BsCspB and dT7 is followed even wild type and
fluorine labeled protein variants possess highest affinity at this
condition.

We have continued with the acquisition of 19F resonances of
both 4-19F-Phe-BsCspB and 5-19F-Trp-BsCspB, respectively, in free

and oligonucleotide-bound states after proving the conserva-
tion of ligand binding characteristics comparing wild type and
fluorine labeled BsCspB by fluorescence spectroscopy. First, the
addition of dT4 or dT7 to 4-19F-Phe-BsCspB induces significant
changes in the overall pattern of fluorine resonance signals
(Figures 3A and S6A). Note that an 1.5 fold stoichiometric
excess of an oligothymidine – that vary in length – regarding
4-19F-Phe-BsCspB induces a monotonic increase of the disper-
sion of chemical shifts, ωdis, comparing free state, ωdis,free=

3.55 ppm, with particular ligand-bound states: ωdis,dT4=

3.71 ppm (Figure 3A), ωdis,dT5=4.33 ppm (Figure S6B), ωdis,dT6=

4.51 ppm (Figure S6C), ωdis,dT7=4.57 ppm (Figure S6A). The gen-
eration of single point mutations enabled the partial assign-
ment of fluorine resonances comprising 4-19F-Phe-BsCspB
(Figures 3B and S7A–G) allowing insights into ligand-to-protein
interaction in a site-specific manner. Thus, solely the chemical
shift of F49 does not change in presence of dT4, dT5, dT6 or
dT7 (Figure S8). The change of the chemical shift of F38
depends on the length of oligonucleotide under study (Fig-
ure S8) whereas the resonance signal of F27 experiences the
largest change in the chemical shift evaluating all phenylalanine
residues (Figures 2B and S8). All in all, chemical shifts of F9, F15,
F17, F27, F30 and F38 comprising 4-19F-Phe-BsCspB change by
the addition of oligonucleotides that vary in length which is
fully consistent with previous studies focusing on wild type
BsCspB.[13a,d,14a,15a] Note that differences in binding affinity
observed for the interaction of dT4, dT5, dT6 and dT7 with
4-19F-Phe-BsCspB by fluorescence spectroscopy correlate with
the overall change of chemical shifts as subsequently observed
by fluorine NMR spectroscopy. An increase in binding affinity
goes along with an increase in the dispersion of chemical shifts
comparing dT4-, dT5-, dT6- and dT7-bound states.

In a next step, we took advantage of the simplicity of the
fluorine NMR spectrum of 5-19F-Trp-BsCspB enabling a precise
analysis of the chemical shift, signal height and line width of
the single resonance signal upon addition of different oligonu-
cleotides. Thus, the stepwise addition of dT4 induces a stepwise
downfield shift of the chemical shift of W8 of about Δω=

0.26 ppm indicating the fast exchange regime (Figure 3C).
Analyzing the ratio of signal heights and line widths taking
starting and end point of the titration experiment into account
leads to 1.4 and 0.8, respectively (Figure 4A and Table S1). The
presence of the fast exchange regime between dT4 and 5-19F-
Trp-BsCspB enables to apply eq. (S1) to quantitatively determine
the KD value which leads to KD=6.5�1.0 μM (Figure 3D)
mirroring the result independently obtained by fluorescence
spectroscopy before (Table 1). Note that the NMR detected
addition of dT7 to 5-19F-Trp-BsCspB indicates the slow exchange
regime (Figure S6D). The dT7-bound state of 5-19F-Trp-BsCspB is
upfield shifted by Δω=0.19 ppm regarding the free state
indicating a structural difference to the dT4-bound state of
5-19F-Trp-BsCspB and hints, for this reason, to the difference in
the strength of binding which has been experimentally
observed (Table 1). Analyzing the ratio of signal heights and
line widths taking starting and end point of this titration
experiment into account leads to 0.3 and 3.1, respectively
(Table S1). We have also performed a titration series using dT6
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and 5-19F-Trp-BsCspB leading to no difference in chemical shifts
between free and dT6-bound states (Figure S6E) and complet-
ing the order in Δω values (Table S1) which depicts the order
found for the binding affinity of oligothymidines that vary in
length by fluorescence spectroscopy before (Figure S1A, Ta-
ble 1). Analyzing the ratio of signal heights and line widths
taking starting and end point of adding dT6 to 5-19F-Trp-BsCspB
into account leads to 0.3 and 2.8, respectively, which are
comparable to the values found for adding dT7 to 5-19F-Trp-
BsCspB (Table S1).

To sum up, acquiring 1D 19F NMR data monitoring the
interaction between single stranded DNA varying in length and
fluorine labeled BsCspB provides a reliable measure to precisely
report on the binding process under dilute conditions. This is
corroborated by the quantitative determination of the binding
affinity between dT4 and 5-19F-Trp-BsCspB depicting KD=6.5�

1.0 μM which mirrors the value found for binding of dT4 to wild
type BsCspB.

Now we are in a position to reliably probe the interaction
between oligothymidine and BsCspB in cell lysate as the full
binding capacity of single stranded DNA to fluorine labeled
BsCspB could be confirmed by applying fluorescence and
multinuclear NMR spectroscopy before. Starting with 2D 1H-15N
HSQC NMR experiments, 1H and 15N chemical shifts obtained for
15N labeled 5-19F-Trp-BsCspB are not significantly modified when
experimental conditions change from dilute to ccell lysate=130 g/L
indicating structural conservation. This holds for both, free
5-19F-Trp-BsCspB (Figure S9A) as well as its dT7-bound states
(Figure S9B). Quantitatively, the mean of the change of
chemical shifts comparing dilute with cell lysate conditions is
determined to Δω=0.024�0.020 ppm (free states) as well as
to Δω=0.015�0.025 ppm (dT7-bound states) reporting on
backbone resonances comprising 5-19F-Trp-BsCspB. Thus, chang-

Figure 3. Probing the interaction between oligothymidines dT4 or dT7 and 4-19F-Phe-BsCspB (A, B) or 5-19F-Trp-BsCspB (C, D) by following 19F NMR
spectroscopic titration series under dilute conditions. The increasing molar ratio between oligothymidine and fluorine labeled BsCspB is shown by color
coding as indicated. The concentration of 4-19F-Phe-BsCspB was set to c=100 μM as to c=20 μM for 5-19F-Trp-BsCspB, respectively. (B) One-dimensional 19F-
NMR spectra of 4-19F-Phe BsCspB (colored in black) and corresponding dT7-bound state (colored in red) are shown. The assignment of the resonance signals
of phenylalanines is indicated by using F followed by the position in the primary sequence. Corresponding data are shown in Figure S6. (C) Probing the
interaction between dT4 and 5-19F-Trp-BsCspB by high-resolution NMR spectroscopy. The change of the chemical shift of the fluorine resonance signal, Δω,
has been determined for stepwise adding of dT4 under dilute condition. (D) Data fitting focusing on Δω has been done according to eq. (S1) and the result is
shown by using a continuous line. The binding affinity has been thus determined to KD=6.5�1.0 μM.
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ing from dilute to cell-like conditions results in – if at all – little
structural alterations monitoring free as well as dT7-bound state
of 5-19F-Trp-BsCspB. Consequently, turning to 19F NMR spectro-
scopy enables to precisely follow the interaction between
oligothymidines and 5-19F-Trp-BsCspB in cell lysate in great
spectroscopic detail by analyzing signal height, line width and
the chemical shift focusing on a single fluorine resonance
signal. Note that we have already made use of the spectral
simplicity of fluorine detected NMR data for 5-19F-Trp-BsCspB
under dilute conditions even enabling to determine the binding
affinity quantitatively for the interaction with dT4 (Figure 3C, D).

Thus, we have followed the single fluorine resonance of
5-19F-Trp-BsCspB by the stepwise addition of dT4 (Figure 4A, B),
dT6 (Figure S10A, B), and dT7 (Figure S10C, D) using different
concentrations of cell lysate. Focusing on the interaction with
dT4, increasing cell lysate concentration to c=340 g/L (Fig-
ure 4A) and even further to c=680 g/L (Figure 4B) changes the
overall pattern observed for the single fluorine resonance signal
of 5-19F-Trp-BsCspB compared to the titration experiment
performed under dilute conditions (Figure 3A). Consequently,

we have expanded the analysis of one-dimensional fluorine
NMR data to signal heights and line widths to enable further
quantitative insights of the interaction between oligothymi-
dines and fluorine labeled BsCspB as followed in complex
environments. The product of the ratio of signal heights, Iend/
Istart, and the ratio of line widths, FWHMend/FWHMstart, calculated
for starting and end points of binding experiments performed
for dT4 under dilute, ccell lysate=340 g/L and ccell lysate=680 g/L
conditions (Figure 4C) and for all experiments undertaken for
adding dT6 and dT7 remains constant with Iend/Istart * FWHMend/
FWHMstartffi1 (Table S1). This strongly confirms the stability and
reliability of fluorine labeled BsCspB during the time course of
the experiments undertaken here.

Contrary, individual values obtained for Iend/Istart and
FWHMend/FWHMstart differ systematically comparing the three
conditions (Table S1). The ratio of line widths decreases whereas
the ratio of signal heights increases monotonically with
increasing concentration of cell lysate (Table S1). Line width of
the single fluorine resonance signal reporting on free 5-19F-Trp-
BsCspB increases significantly with increasing concentration of

Figure 4. Probing and quantification of the interaction between dT4 and 5-19F-Trp-BsCspB at varying conditions by following 19F NMR spectroscopic titration
series. Cell lysate concentration of 340 g/L (A) as well as 680 g/L (B) of wet cell lysate have been particularly applied. The increasing molar ratio between
oligothymidine and fluorine labeled BsCspB is shown by color coding as indicated. The protein concentration was set to c=20 μM. (C) Progression of ratio of
signal heights I (rectangles, colored in blue, left y-axis), ratio of line widths FWHM (triangles, colored in red, left y-axis) and the product A of both (circles,
colored in black, right y-axis) focusing on starting (n=0) and end point (n=10) of the titration series evaluated at dilute and cell lysate conditions differing in
concentration. Accompanying data are presented in Table S1.
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cell lysate (FWHMdilute=59 Hz, FWHM340 g/L=128 Hz, FWHM680 g/

L=242 Hz) considering the significant increase in solvent
viscosity. In contrast, line width of the resonance signal
representing dT4-bound 5-19F-Trp-BsCspB remains almost con-
stant (FWHMdilute=45 Hz, FWHM340 g/L=54 Hz, FWHM680 g/L=

53 Hz) suggesting a highly dynamic ligand-to-protein interac-
tion even in highly concentrated cell lysate. Note that the
difference in chemical shift between free and dT4-bound 5-19F-
Trp-BsCspB significantly decreases comparing dilute conditions
possessing Δω=0.26 ppm (Figure 3C) with ccell lysate=680 g/L
possessing Δω=0.1 ppm (Figure 4B). This significant decrease
of Δω value and the drastic change in line width upon addition
of dT4 to 5-19F-Trp-BsCspB in ccell lysate=680 g/L shifts the binding
process from fast to the slow-to-intermediate exchange regime
preventing a reliable quantitative determination of the binding
affinity at this condition. Potentially, high cell lysate concen-
tration of 680 g/L comprises target molecules which may
already interact with 5-19F-Trp-BsCspB in the absence of
oligothymidines (Figure S11A) while moving the chemical shift
already in the direction of bound state. But adding stoichio-
metric excess of dT4 to 5-19F-Trp-BsCspB at this high concen-
tration of cell lysate leads to a fluorine resonance signal
possessing line width which has been observed before under
both dilute and ccell lysate=340 g/L conditions (Figure S11B). This
suggests that dT4 is still fully capable to occupy the binding
site offered by 5-19F-Trp-BsCspB in a highly complex environ-
ment even the ligand affinity is in the micromolar range. The
same observation is made for dT6- and dT7-bound states both
possessing a ligand affinity in the nanomolar range (Fig-
ure S11C, D). In other words, BsCspB is capable to specifically
interact with dT4, dT6, and dT7 even in presence of a high
concentration of cell lysate.

Following the fluorine chemical shift of 5-19F-Trp-BsCspB
while adding dT4 in ccell lysate=340 g/L enables the quantitative
determination of the binding affinity which results in KD=6.8�
1.1 μM (Figure S12). Note that this KD value precisely mirrors the
result found under dilute conditions (Figure S3D). Moving on,
probing the interaction of dT7 to 5-19F-Trp-BsCspB leads to an
increase in signal height as well as a monotonic decrease in line
width with increasing cell lysate concentration (Table S1) when
free and dT7-bound states are compared (Figure S11C). Line
width of the resonance signal representing dT7-bound 5-19F-
Trp-BsCspB remains almost constant applying different con-
ditions (FWHMdilute=152 Hz, FWHM130 g/L=160 Hz, FWHM300 g/L=

140 Hz) confirming the observation made for the addition of
dT4 before. Note that a reliable quantitative determination of
the binding affinity between dT7 and 5-19F-Trp-BsCspB is
prohibited as this interaction takes place on the slow-to-
intermediate exchange regime.

Finally, we have probed the interaction between dT6 and
5-19F-Trp-BsCspB applying ccell lysate=135 g/L and ccell lysate=210 g/
L (Figure S11D) and made a comparison to dilute conditions
(Figure S6E). The unaltered chemical shift observed under dilute
conditions when free and dT6-bound states of 5-19F-Trp-BsCspB
are compared (Figure S6E) is also seen in presence of ccell lysate=

135 g/L (Figure S11D) and ccell lysate=210 g/L (Figure S11D). Addi-
tionally, the similarity found for the ratio of signal heights and

line widths taking starting and end point of adding dT6 or dT7
to 5-19F-Trp-BsCspB under dilute conditions is also seen when
the respective values are compared in cell lysate (Table S1).
Note that a quantitative determination of the binding affinity of
dT6 regarding 5-19F-Trp-BsCspB is not feasible due to the
spectral overlay between free and dT6-bound states of 5-19F-
Trp-BsCspB (Figures S6E and S11D). And, again, line width of
the resonance signal representing dT6-bound 5-19F-Trp-BsCspB
remains almost constant applying different conditions
(FWHMdilute=160 Hz, FWHM135 g/L=180 Hz, FWHM210 g/L=160 Hz)
confirming the observations made before for dT4- and dT7-
bound 5-19F-Trp-BsCspB (Figures S11B, C).

Finally, we have applied line shape analysis using a third
independent method to quantitatively determine binding
affinity between single stranded DNA and fluorine labeled
BsCspB under different conditions.[20] Recently, line shape
analysis was successfully applied to quantify the binding of
proline-rich peptides differing in primary sequence to a SH3
domain while analyzing fluorine NMR resonances.[21] Also,
crowded environments comprising sugar, urea, and protein
molecules have been applied to evaluate the energetics of this
protein-to-peptide interaction applying line shape analysis of
fluorine NMR resonances.[22] Note that line shape analysis
enables to determine kinetic parameters quantifying a dynamic
process in terms of association, kon, and dissociation rate
constants, koff, focusing on the progression of chemical shifts,
signal heights and line shapes of an NMR resonance signal in an
NMR titration experiment. Consequently, the ratio between koff
and kon values gives direct access to the dissociation constant,
KD=koff/kon, reporting on e.g. ligand-to-protein binding and
which can then be used for a comparison with the KD value that
has been determined by another experimental method.

The NMR titration series performed here between dT4 and
5-19F-Trp-BsCspB under dilute (Figure 3A) and ccell lysate=340 g/L
conditions (Figure 4A) have thus been evaluated using
NMRLineGuru[19] enabling to quantify the binding event. As a
result, the ligand binding affinity is determined to KD

dilute=

5.7 μM and KD
340 g/L=5.6 μM, respectively, assuming a two-state

binding process (Figure 5A, B). Note that these KD values agree
very well with affinities independently determined by both
fluorescence (Table 1) and NMR chemical shifts (Figures 3D and
S12) before. Additionally, the analysis of NMR line shapes also
reports on the kinetics of the binding process which leads to a
rate constant of dissociation of koff=1170 s� 1 (dilute conditions)
as well as koff=1270 s� 1 (ccell lysate=340 g/L) in our study. Thus,
the kinetics of the binding process between dT4 and BsCspB
does not quantitatively change when dilute and ccell lysate=

340 g/L are compared. Thereby it can be concluded that the
identity of both KD and koff values determines also an invariance
of the rate constant of association, kon, when the two
experimental conditions are compared. We note that a reliable
quantitative line shape analysis for the interaction of dT4 to
5-19F-Trp-BsCspB at ccell lysate=680 g/L cannot be performed. This
is based on the fact that the fluorine resonance signal reporting
on 5-19F-Trp-BsCspB is already shifted in the direction of the
bound state at this condition.
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Conclusion

All in all, we have shown that fluorine NMR spectroscopy allows
to precisely follow binding of single stranded DNA molecules to
its target protein in cell lysate. A quantitative analysis of the
binding event shows a conservation of ligand binding affinity
and kinetics when dilute and cell lysate conditions are
compared. Our data imply that the presence of cell lysate does
not significantly modify the interaction between a ligand and
its target protein – holding at least for the case of BsCspB as
presented here. This observation has been made in particular
for binding affinities ranging between 50 nM and 10 μM and
increasing cell lysate concentrations in the hundreds of g/L. We
are convinced that the methodology outlined in our manuscript
provides a promising approach for the quantitative determi-
nation of the binding affinity which characterizes nucleic acid-
to-protein interaction directly in the cell.
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