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ABSTRACT Fluorine incorporation is ideally suited to many NMR techniques, and incorporation of fluorine into proteins and
fragment libraries for drug discovery has become increasingly common. Here, we use one-dimensional 19F NMR lineshape anal-
ysis to quantify the kinetics and equilibrium thermodynamics for the binding of a fluorine-labeled Src homology 3 (SH3) protein
domain to four proline-rich peptides. SH3 domains are one of the largest and most well-characterized families of protein recog-
nition domains and have a multitude of functions in eukaryotic cell signaling. First, we showe that fluorine incorporation into SH3
causes only minor structural changes to both the free and bound states using amide proton temperature coefficients. We then
compare the results from lineshape analysis of one-dimensional 19F spectra to those from two-dimensional 1H-15N heteronu-
clear single quantum coherence spectra. Their agreement demonstrates that one-dimensional 19F lineshape analysis is a
robust, low-cost, and fast alternative to traditional heteronuclear single quantum coherence-based experiments. The data
show that binding is diffusion limited and indicate that the transition state is highly similar to the free state. We also measured
binding as a function of temperature. At equilibrium, binding is enthalpically driven and arises from a highly positive activation
enthalpy for association with small entropic contributions. Our results agree with those from studies using different techniques,
providing additional evidence for the utility of 19F NMR lineshape analysis, and we anticipate that this analysis will be an effective
tool for rapidly characterizing the energetics of protein interactions.
SIGNIFICANCE 19F NMR spectroscopy is increasingly employed in biophysical studies of proteins, including drug
discovery efforts, because of its sensitivity, simplicity, and lack of background. Src homology 3 domains, one of the most
common eukaryotic protein motifs, participate in essential cellular processes. Here, we analyze the interaction kinetics of
four proline-rich peptides with their cognate Src homology 3 domain using 19F NMR lineshape analysis. We then verify the
robust nature of the method by comparing the 19F-derived activation and equilibrium parameters with those derived from
established heteronuclear single quantum coherence-based experiments. We anticipate widespread use of this method for
rapid quantification of protein-protein and protein-ligand interactions that occur on the millisecond timescale.
INTRODUCTION

Fluorine labeling of proteins is an increasingly attractive
strategy for monitoring protein-ligand and protein-protein in-
teractions (1–3). Additionally, fluorinating pharmaceuticals
has several positive effects, including enhanced binding and
metabolic stability (4), and there are numerous fluorine com-
pound and fragment libraries for drug discovery (5–7). It has
also been suggested that the kinetics of drug-protein interac-
tions are as important as KD or half maximal inhibitory con-
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centration (IC50) values when considering hit-to-lead
optimization and designing an effective, bioavailable thera-
peutic (8–12). Here, we show how combining fluorine label-
ing of a protein (13), 19F NMR, and lineshape analysis can
provide quantitative, low-cost access to the kinetics and equi-
librium thermodynamics of protein-peptide interactions.

Advantages of 19F protein NMR include its low cost in
terms of isotopes and spectrometer time. Additional advan-
tages include the high sensitivity of 19F (83% that of 1H), its
large chemical shift range, the 100% abundance of 19F, the
near nonexistence of background, the absence of water sup-
pression, the minimal pulse program, and the simplicity of
spectra (14). These advantages have led to the increased
use of protein- and ligand-observed 19F NMR for the
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screening of compound and fragment libraries for drug
discovery (1,2,15–20). The method used here, 19F NMR
lineshape analysis, provides both affinities (KD) and rate
constants (kon and koff). Furthermore, the method is particu-
larly efficient at quantifying weak and rapidly associating
complexes, which are characteristics of many biologically
relevant interactions and initial hits in drug screens.

NMR is a particularly useful tool for characterizing sys-
tems undergoing chemical exchange, and a variety of exper-
iments are available for investigating a range of binding
affinities and kinetics (21,22). The experiment of choice de-
pends on the exchange rate (kex) of the process, which for a
simple two-state protein (P)-ligand (L) binding interaction,
is dictated by the equilibrium:

½P�free þ ½L�free #½PL�complex (1)

For which, kex is defined as follows:

kex ¼ kon½L�free þ koff (2)

kon is the association rate constant, koff is the dissociation
rate constant, and koff/kon equals the dissociation constant,
KD.

The timescale of the process is key to selecting the NMR
method and depends on the relationship between kex and the
difference in chemical shift between the two states (Du).
The fast and slow timescales apply when kex > Du and
kex < Du, respectively. The intermediate NMR timescale
applies when kex is on the same order of magnitude as Du
between the free and bound states (kex � Du). Typical
chemical shift differences for many protein interactions,
including the one studied here, correspond to frequencies
of 100–1000 s�1, making them amenable to study by line-
shape analysis.

Lineshape analysis is useful for characterizing processes
in which kex is�0.01–100 ms and in which a combination of
differences in chemical shift and line broadening are
observed as a function of ligand concentration. The analysis
(23–29) involves the simultaneous fitting of parameters that
describe the resonances of the free and bound states,
including the chemical shifts, the transverse relaxation rates
(R2), the population of each state, and the parameters that
dictate binding, including the KD, kon, koff, [P], and [L].

Interactions between Src homology 3 (SH3) domains and
proline-rich regions typically fall within the ms timescale
necessary for lineshape analysis, are prominent in signal
transduction, and are one of the most well-characterized
classes of peptide recognition modules (30). We studied
the 6.8 kDa N-terminal SH3 domain from Drosophila
melanogaster, which we refer to as SH3. We introduced
the stabilizing mutation T22G (31,32) to eliminate complica-
tions of coupled folding and binding. Genetic and biochem-
ical analysis of the sevenless signaling pathway in
Drosophila revealed four SH3 binding motifs within the
2538 Biophysical Journal 118, 2537–2548, May 19, 2020
son of sevenless protein (SOS) (33,34). The sites lie within
the disordered C-terminus of SOS and have the following
sequences: EVSVPAPHLPKK (PepS1), YRAVPPPLPPRR
(PepS2), QAPDAPTLPPRDG (PepS3), and GELSPPPIPPRL
(PepS4). To our knowledge, these are the first experiments
that determine KD, kon, and koff for these SH3-peptide inter-
actions from D. melanogaster. The SH3-SOS interactions
are key mediators in the Ras/MAPK signaling cascade
that is essential for eukaryotic cell growth, differentiation,
and apoptosis and is often implicated in many cancers
(35) and other disorders (36).
MATERIALS AND METHODS

Protein expression and purification

A pET11d plasmid containing the gene for the T22G mutant (31,37) of

drkN SH3 was transformed into BL21-Gold(DE3) cells by heat shock. A

single colony was used to inoculate 5 mL of Lennox Broth (10 g/L tryptone,

5 g/L yeast extract, and 5 g/L NaCl) supplemented with 100 mg/mL ampi-

cillin. The culture was incubated with shaking at 37�C. After 8 h, 200 mL

was used to inoculate 200 mL of supplemented M9 minimal media

(50 mM Na2HPO4, 20 mM KH2PO4, 9 mM NaCl, 4 g/L glucose, 1 g/L

NH4Cl, 0.1 mM CaCl2, 2 mM MgSO4, 10 mg/L biotin, 10 mg/L thiamine,

and 100 mg/L ampicillin; isotopically enriched protein was made using
15NH4Cl). This culture was shaken at 37�C for 16 h. 100 mL was then

used to inoculate 900 mL of supplemented M9 minimal media. The culture

was shaken at 37�C. To optimize labeling, 1 g glyphosate, 60 mg Phe,

60 mg Tyr, and 60 mg 5-fluoroindole were added to each L culture when

the optical density at 600 nm reached 0.6. The cultures were shaken for

30 min and then induced with isopropyl b-D-1-thiogalactopyranoside at a

final concentration of 1 mM. Protein was expressed at 37�C for 2.5 h or

at 20�C for 12 h.

SH3 T22G was purified as described (37). After dialysis, the protein con-

centration was determined by absorbance at 280 nm (ε ¼ 8400 M�1,cm�1)

(38), aliquoted, flash frozen, and lyophilized for 12 h. The protein concen-

tration was verified using 19F NMR and a set of 5-fluoroindole standards

(39). Each batch of protein was subjected to electrospray ionization mass

spectrometry on a Thermo Fisher Scientific (Waltham, MA) Q Exactive

HF-X to assess purity and fluorine incorporation (observed 6833.3 Da

and expected 6833.6 Da) (2,40).
Peptide ligands

The 12-residue peptides (PepS1, PepS2, QAPDAPTLPPRD (PepS3), and

PepS4) were purchased from GenScript Biotech, where they were high per-

formance liquid chromatography purified to>98%. The net peptide content

was determined by GenScript via elemental nitrogen analysis. We dissolved

the peptides in 17 MU,cm H2O and lyophilized the aliquots for 12 h.
NMR

Experiments were conducted on a Bruker (Billerica, MA) AVANCE III HD

spectrometer equipped with a quadruple resonance NMR inverse cryogenic

probe operating at a Larmor frequency of 470 MHz for 19F, 500 MHz for
1H, and 50 MHz for 15N. One-dimensional (1D) 19F experiments were ac-

quired with a total relaxation delay of 5 s, a sweep width of 30 ppm, and a

transmitter frequency offset of �130 ppm. Two-dimensional (2D) 1H-15N

heteronuclear single quantum coherence (HSQC) spectra were acquired us-

ing a Bruker library pulse sequence. Sweep widths of 45 ppm in F1 and 16

ppm in F2 were used with transmitter frequency offsets of 115 and 4.7 ppm
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for 15N and 1H, respectively. A total of 128 and 2048 points were acquired

in t1 and t2, respectively. Eight transients were acquired per increment.

Data were acquired in 50 mM Hepes/bis-tris propane/sodium acetate

buffer (pH 7.4) containing 5% D2O to lock the spectrometer and 0.1% so-

dium trimethylsilyl propanesulfonate (DSS) for chemical shift referencing.

For titrations, a stock solution of SH3 T22G was prepared in the buffer

above. 1D 19F and/or 2D 1H-15N HSQC spectra were first collected on pro-

tein in buffer. The stock solution of SH3 T22G was then used to solubilize

the lyophilized peptide. The remaining titration samples were made by

diluting each previous sample with the SH3 stock. PepS2 and PepS4 con-

centrations of 0, 29, 73, 145, 218, 290, 435, 580, 870, 1160, and 1450

mM were used. The concentrations were doubled for PepS3 and increased

sixfold for the single titration of PepS1. A 1H-15N HSQC spectrum and/

or a 19F spectrum was acquired at each peptide concentration. For every

sample, a 1D 1H experiment with excitation sculpting for solvent suppres-

sion was acquired to enable chemical shift referencing to DSS.

30 mol equivalents of PepS2, PepS3, and PepS4 and 60 mol equivalents of

PepS1 were used to obtain 1H and 15N chemical shifts of bound SH3 T22G.
NMR data processing and analysis

Data were processed using NMRPipe. Spectra were either directly (1H) or

indirectly (15N, 19F) referenced to DSS (41,42). 19F spectra were processed

with a 5 Hz exponential line broadening function. HSQC spectra were pro-

cessed with a 4.0 and 8.0 Hz exponential line broadening function in the

direct and indirect dimensions, respectively. Crosspeak assignments are

based on Biological Magnetic Resonance Bank, BMRB: 5923 (31).
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FIGURE 1 SH3 T22G specifically binds the four SOS peptides. (A) Shown a
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ally determined peptide-docked structures for PepS1 (B), PepS2 (C), PepS3 (D

(57,58,113). N- and C-termini are labeled in (B). Gray residues indicate region

available. Colored residues indicate CSPs greater than the average. Color inten

details. To see this figure in color, go online.
Amide proton temperature coefficients (Dd(1HN)/DT), in ppb/K, for SH3

T22G in the free and peptide-bound states were determined from the slope

of amide proton chemical shift versus temperature plots for each residue.

Uncertainties were determined from the 95% confidence interval of the

linear regression. When calculating differences in temperature coefficients

between the free and bound states

�
Ddcomplex

DT � Ddfree
DT

�
, the uncertainty was

determined by error propagation (43) from the individual values.

2D lineshape analysis with 1H-15N HSQC spectra was performed with

the TITAN application in MATLAB (The MathWorks, Natick, MA) (29)

using the solution to the Bloch-McConnell equations for two-state bind-

ing. At least eight SH3 T22G crosspeaks were used for analysis and deter-

mination of binding parameters. The residues were selected based on

composite chemical shift perturbations (44) (CSPs). Residues with

CSPs greater than the average for peptide binding to SH3 and those

with minimal peak overlap were chosen for analysis (Fig. 2). The chem-

ical shifts and linewidths of unbound SH3 were fit using the first spectrum

only (SH3 alone). Other chemical shifts and binding parameters were

determined using the entire data set.

1D 19F lineshape analysis was performed using MATLAB and the solu-

tion to the Bloch-McConnell equations for two-state binding (45,46). The

NMRPipe-processed spectra were converted to text files, which were

used as input for the MATLAB script. Nonlinear least-squares fitting was

used to obtain simulated lineshapes based on initial input parameters and

the solution to the Bloch-McConnell equations for two-state binding until

a minimum in the sum of squares was reached. Initial input parameters

included the chemical shift (d) of the free and bound state, the transverse

relaxation rate (R2) of the free and bound state, the dissociation constant
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sity increases with increasing CSP. See Figs. S2–S6 and Tables S2–S5 for
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FIGURE 2 Difference inDd(1HN)/DT for the free and PepS4-bound state of SH3 with fluorine (red) and without fluorine (black). No bar indicates no data.

W36 is starred becauseDd(1HN)/DT is positive in the bound state. Uncertainties were determined by error propagation of the 95% confidence intervals of the

slopes from Dd/DT(complex) and Dd/DT(free). To see this figure in color, go online.
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(KD), and the dissociation rate constant (koff). For 1D and 2D lineshape anal-

ysis, errors in the individual fitted parameters are less than the error from

replication.
RESULTS

Effect of 19F labeling on SH3 structure

We incorporated fluorine at carbon 5 of W36, the sole trypto-
phan in SH3, which is located within the binding interface, by
expressing the protein in Escherichia coli in the presence of
5-fluoroindole (13). Although the atomic radii of hydrogen
and fluorine are similar, 1.10 and 1.47 Å, respectively (47),
fluorine is more electronegative (2.1 and 4.0, respectively)
(48,49), which could affect structure. To assess the effect of
fluorine labeling on SH3, we compared 1H-15N HSQC
spectra of the protein with and without fluorine (Fig. S1 A).
Inspection of the spectra shows minimal changes, except
for a few crosspeaks. To quantify the changes, we calculated
the composite CSPs (44) (Fig. S1 B; Table S1):

Composite CSP ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
dHN19F � dHNno 19F

�2 þ �ð0:154Þ�dN19F � dNno 19F

��2q
(3)

Three residues, L17, S18, and I48, show values greater
than two SDs above the mean. Analysis of the structure
(Protein Data Bank, PDB: 2A37) shows that the backbone
nitrogen atoms of these residues are close to the W36 side
chain (7.7 Å for L17, 9.0 Å for S18, and 4.8 Å for I48).

We then measured the amide proton temperature coeffi-
cients, Dd(1HN)/DT, which provide information about
local thermally induced melting, affording insight into
the probability that a particular residue participates in an
intramolecular hydrogen bond (50,51). Inspection of the
data (Fig. S1 C) shows that the coefficients are the same
2540 Biophysical Journal 118, 2537–2548, May 19, 2020
for SH3 T22G with 5-fluorotryptophan or tryptophan at po-
sition 36. This observation indicates that the fluorine atom
minimally perturbs the structure of SH3, suggesting the
19F-labeled protein will yield valid information about the
unlabeled protein. The temperature coefficients also match
those for folded, wild-type SH3 (52). These results provide
a strong structural basis for interpreting van’t Hoff and
Eyring data from the labeled protein in terms of unmodi-
fied SH3.
Specific binding of SOS peptides

Although the SH3 binding sites within SOS were identified
over 25 years ago through peptide competition assays
(33,34), there have been no additional biophysical studies
to characterize the interactions between this SH3 domain
and the four proline-rich peptides. Therefore, we confirmed
the specificity of these interactions at the residue level. CSPs
for binding of all four peptides show similar patterns (Fig. 1
A; Tables S2–S5). In agreement with studies of other SH3-
peptide interactions (53–56), larger CSPs occur in the loops,
specifically the RT and the n-Src loops.

Models for the complexes (Fig. 1, B–E) were produced us-
ing the CABS-Dock web server (57,58). First, 10 docked
structures for each peptide-SH3 complex were generated
along with a contact map highlighting the interface residues
between the peptide and SH3. The choice of a final structure
was based on the following criteria: correct binding site
(53,54), correct peptide orientation in the binding site (59–
61), and contact map information. The residues for which
the CSP is greater than the average for all SH3 residues in
a particular complex are colored in the docked structures
(Figs. 1, B–E and S3–S6). The models in which the contact
map most resembles the trends in CSPs and corresponds to
known interactions were chosen as the final docked struc-
tures. Taken together, the data and computationally docked
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structures indicate that the peptides bind the same site on
SH3, and the site is maintained in the labeled protein.
Effect of 19F labeling on peptide-bound SH3

To assess the effect of labeling on the SH3-peptide interac-
tions, we examined CSPs between the free and bound state
for labeled and unlabeled SH3, the temperature dependence
of the CSPs, and Dd(1HN)/DT in the peptide-bound states.
We confirmed that labeling minimally perturbs the bound
state structure by assessing the CSPs caused by peptide
binding with and without 5-fluorotryptophan (Fig. S2).
The trends are similar for all peptides in the bound state
with and without 5-fluorotryptophan. The similarity holds
from 5 to 45�C (Tables S2–S5), suggesting the absence of
labeling-induced structural changes in the bound state at
any of the temperatures.

To corroborate these results, we assessed Dd(1HN)/DT for
the peptide-bound states. Similar to our analysis of the free
state, we compared amide temperature coefficients for the
PepS2-, PepS3-, and PepS4-bound states with and without
labeling (Fig. S7). The temperature coefficients are nearly
identical for the bound state of SH3 with and without fluo-
rine, suggesting that fluorine incorporation minimally per-
turbs the bound structure. Dd(1HN)/DT values for PepS1-
bound SH3 were not obtained because dissociation was
apparent at higher temperatures even with 60 mol equiva-
lents of peptide.

Finally, to assess structural changes upon complexation,
we plotted the difference in Dd(1HN)/DT between the free
and bound states using the following equation:�

Dd

DT

�
bound

�
�
Dd

DT

�
free

(4)

The results for PepS4-bound SH3 are shown in Fig. 2.
The black bars are similar to the red bars, indicating a min-
imal difference between binding with and without 5-fluoro-
tryptophan. Several residues have differences in temperature
coefficients that are larger in magnitude than 51 ppb/K.
The majority of these residues are either at the termini of
SH3, which are flexible and dynamic, or within the binding
interface, indicative of binding-induced structural change.
These results allow us to interpret temperature-dependent
binding parameters with the assumption that temperature
is minimally perturbing to free and bound state structures.
We obtained similar results for the PepS2- and PepS3-bound
states (Fig. S7). Others report similar trends for a different
SH3-peptide interaction (62). We conclude that the temper-
atures used here minimally perturb the structure of free and
bound SH3, which simplifies interpretation of the tempera-
ture dependence of peptide binding presented later.

We observed positive Dd(1HN)/DT values for W36 in
the PepS2-bound state with and without 5-fluorotryptophan
and the PepS4-bound state without 5-fluorotryptophan.
Dd(1HN)/DT values are rarely positive, but a few examples
have been reported (50). First, we discuss the physical basis
of negative temperature coefficients. Thermal motion in-
creases with temperature and therefore so do hydrogen
bond lengths. An increase in bond length reduces the de-
shielding induced by the acceptor hydrogen, increasing up-
field shifts, which yields negative values of Dd(1HN)/DT.
One explanation for positiveDd(1HN)/DT values is the pres-
ence of a ring current effect (50,63). For W36, this situation
probably arises from the proximity of aromatic residues
Y37, Y52, and F9, which are crucial to peptide binding
(53,54,64,65). An analysis of a similar interaction discusses
the ring current effects arising from these residues (64).
Binding probably induces a small conformational change
in and around the aromatic residues, causing the amide pro-
ton of W36 to be more shielded, resulting in a positive value
for the PepS2- and PepS4-bound states. The observation that
Dd(1HN)/DT values are negative for the PepS3-bound states
suggests subtle structural differences between the binding of
PepS3 versus PepS2 and PepS4.
Lineshape analysis using 1D 19F and 2D 1H-15N
NMR data provide equivalent binding parameters

NMR is often employed to monitor protein interactions
because it provides residue-specific information with no
structural perturbation. Such experiments typically use 2D
1H-15N HSQC spectra in which plots of chemical shift versus
ligand concentration are analyzed to yield KD (21,66). The
method works well if kex> Du. Many interactions, including
signaling interactions like the one studied here, however,
occur on a ms timescale in which neither chemical shifts
nor peak intensities are linearly related to binding. Lineshape
analysis (23–29) enables proper fitting of such data. We
applied lineshape analysis to both 2D 1H-15N HSQC spectra
and 1D 19F spectra and compared the results.

Analysis of 2D spectra is valuable because it provides res-
idue-specific information (Fig. 3) that identifies binding sites
within a protein. Labeled residues in Fig. 3 indicate the cross-
peaks utilized in 2D analysis to obtain KD, kon, and koff.
TITAN software simulates complete 2D spectra to fit multi-
ple parameters, including the chemical shifts and linewidths
of free and bound states for each residue, along with the
global parameters KD, kon, and koff. Iterative fitting provides
robust and rigorous analysis (29). 1D lineshape analysis has
been used for several decades (23) to characterize titrations,
typically by extracting 1H, 15N, or 13C data frommultidimen-
sional spectra (25,67–69). 19F lineshape analysis of peptide
binding is shown in Fig. 4, in which the fitted spectra
(colored) are overlaid on the raw spectra (gray). Although
nearly all residue-specific information is lost using 19F anal-
ysis, we show that it is an efficient and quick method for
monitoring interaction kinetics.

The effect of fluorine labeling on PepS2 binding was as-
sessed from HSQC titration experiments using SH3 with
Biophysical Journal 118, 2537–2548, May 19, 2020 2541
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and without 5-fluorotryptophan. For bimolecular interactions,
association is dictated largely by diffusion and the geometric
constraints of the binding site (70). Changing a hydrogen to a
fluorine is not expected to affect diffusion because it adds
only 18 mass units. Values of Kd, kon, and koff for binding
without fluorine are 70 mM, 1.2 � 108 M�1 s�1, and 0.8 �
104 s�1 (Table 1). Values for the fluorine-labeled protein
are 150 mM, 1.5 � 108 M�1 s�1, and 2.2 � 104 s�1 (Table
1). These data show that replacing tryptophan with 5-fluoro-
tryptophan at a residue in the binding interface changes the
affinity but has little effect on the association rate constant.
The increased KD upon incorporation of fluorine is due to
an increase in the dissociation rate constant, indicating a
decreased lifetime of the 19F-labeled complex.

We then compared the results from 1D (Fig. 4 B) to 2D
(Fig. 3 B) lineshape analysis of PepS2 binding to fluorine-
labeled SH3. The parameters are nearly identical (Table 1),
proving that 19F lineshape analysis (Fig. 4) provides reliable
data with significant time saving; it takes 5 min to obtain the
1D 19F spectrum but at least 20 min to obtain a 2D HSQC
spectrum.
2542 Biophysical Journal 118, 2537–2548, May 19, 2020
The KD values from 1D to 2D lineshape analysis are equiv-
alent for PepS1, PepS3, and PepS4, but there are differences
in rate constants (Table 1). Most of the data are from triplicate
analyses, but for the weakest binder, PepS1, measurements
were performed only once because of the high concentration
of peptide required (8.7 mM). PepS3 also binds weakly,
particularly at 45�C (1.2 mM KD). Although KD values agree,
the rate constants differ. This difference could arise because
2D fitting uses more data. A similar trend is observed for
PepS4. The rate constants are more similar for PepS4 at
25�C than at 45�C. An explanation for this observation is
that at 45�C, the interaction approaches the fast exchange
regime, making it difficult to extract kinetic information
because line broadening is less pronounced.

In summary, kinetic parameters from1Danalysis are similar
to those from 2D analysis. Importantly, we were able to quan-
tify a KD for all four peptides. Earlier attempts to quantify an
IC50 for the interaction between SH3 showed no inhibition
forPepS3 (34), and the investigators didnot attempt toquantify
PepS1 binding. Our results demonstrate the benefit of using
NMR to quantify weak protein-protein interactions (71–73).
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Lineshape Analysis for Protein Binding
Temperature dependence of binding

To demonstrate the feasibility of using 1D 19F NMR line-
shape analysis to completely characterize binding, we con-
ducted van’t Hoff and Eyring analyses on the formation of
the SH3-PepS4 complex using data acquired at 5, 15, 25,
35, and 45�C (Table 2). We first consider the effect of tem-
TABLE 1 Equilibrium and Rate Constants from Lineshape Analysi

Peptide Temperature (�C)

1D, 19F

KD (mM) kon (10
8 M�1 s�1)

PepS1a 5 1100 0.18

PepS2 45 150 5 10 1.5 5 0.1

PepS2b 45 – –

PepS3 45 1200 5 100 0.5 5 0.2

PepS4 25 60 5 10 0.6 5 0.1

PepS4 45 210 5 30 1.1 5 0.1

aUncertainty not reported because the measurement was made once.
bNon-fluorine-labeled SH3 T22G.
perature on KD. The dissociation constant increases with
temperature as shown by the positive slope of the van’t
Hoff plot (Fig. 5). These data provide access to DH

�0
and

DS
�0
. At 298 K, binding is accompanied by a favorable

enthalpy change, which is partially offset by an unfavorable
entropy change, consistent with other results (74).

The temperature dependence of kon and koff were analyzed
using a linear Eyring analysis (75–78) because the plots show
no curvature (Fig. 5). Both kon and koff values increase with
temperature (Table 2). Activation enthalpies and entropies
were determined from the slope and y intercept, which are
equal to�DH

�0z=R andDS
�0z=R, respectively (Fig. 5). For as-

sociation, we obtained an activation enthalpy of association
ðDH�0z

A Þ of 7 5 3 kcal/mol and an entropic component of
ðTDS�0z

A Þ of 05 3 kcal/mol at 298 K, indicating an enthalpic
barrier to association with minimal or no entropic contribu-
tion. Dissociation rate constants are more sensitive to temper-
ature than kon (Fig. 5). An activation enthalpy of dissociation
ðDH�0z

D Þ of 18 5 2 kcal/mol and an entropic component
ðTDS�0z

D Þ of 5 5 2 kcal/mol at 298 K were determined.
The positive values indicate an unfavorable enthalpy change
coupled with a favorable entropy of dissociation.

The kinetic and equilibrium results from 1D 19F lineshape
analysis are consistent with other reports on SH3-peptide in-
teractions (62,79–81). The kinetic investigations (62,81)
found that dissociation was more sensitive to temperature
change than association, and the signs of the energetic terms
were the same. Importantly, other reports used alternative
techniques including isothermal titration calorimetry
(80,81), fluorescence spectroscopy (62,79), ZZ-exchange
NMR (81), and Carr-Purcell-Meiboom-Gill relaxation
dispersion NMR (62,81). The broad agreement of our data
with those obtained with other biophysical techniques
shows that 1D 19F lineshape analysis is robust.
DISCUSSION

Energetics

Knowledge of the equilibrium thermodynamics and kinetics
of protein association is critical for illuminating funda-
mental aspects of biology. Our analysis of the SH3-peptide
interaction as a function of temperature using 19F NMR
s

2D, 1H-15N HSQC

koff (10
4 s�1) KD (mM) kon (10

8 M�1 s�1) koff (10
4 s�1)

1.9 1100 0.30 3.4

2.2 5 0.1 150 5 10 1.5 5 0.3 2.2 5 0.8

– 70 5 10 1.2 5 0.3 0.8 5 0.2

6 5 3 1200 5 100 0.081 5 0.005 1.0 5 0.1

0.29 5 0.02 60 5 10 0.37 5 0.08 0.19 5 0.01

2.3 5 0.3 230 5 20 0.46 5 0.04 1.1 5 0.1

Biophysical Journal 118, 2537–2548, May 19, 2020 2543



TABLE 2 Temperature Dependence of Rate Constants and Free Energies for SH3 T22G-PepS4 Binding from 19F LineshapeAnalysis

Temperature (�C) KD (mM) DG
�
D (kcal/mol) kon (10

8 M�1 s�1) DG
�z
A (kcal/mol) koff (10

3 s�1) DG
�z
D (kcal/mol)

5 20 5 10 6.2 5 0.2 0.20 5 0.06 7.0 5 0.1 0.20 5 0.07 13.1 5 0.1

15 40 5 10 6.0 5 0.3 0.4 5 0.2 7.0 5 0.3 0.9 5 0.1 13.0 5 0.1

25 60 5 10 5.8 5 0.1 0.6 5 0.1 7.0 5 0.1 2.9 5 0.2 12.7 5 0.1

35 110 5 10 5.6 5 0.1 0.57 5 0.08 7.1 5 0.1 5.8 5 0.3 12.8 5 0.1

45 210 5 30 5.4 5 0.1 1.1 5 0.1 7.0 5 0.1 23 5 3 12.3 5 0.1

Stadmiller et al.
lineshape analysis captures a complete picture of the ener-
getics in buffer. The free energies of dissociation ðDG�0

DÞ
are positive and decrease with increasing temperature,
which is typical for SH3-peptide interactions (74). Dissect-
ing the free energy change into its components shows that
association is enthalpically dominated, which is also charac-
teristic of these types of interactions (74,82). This favorable
enthalpy change likely arises from binding-induced changes
in hydrophobic and electrostatic interactions, which are
known to drive this type of interaction (80,81,83). The
source of the entropic penalty is debated. It could arise
from several factors (74), including a loss in peptide motion
upon binding (84–86), reduced SH3 loop (85,87,88) or
backbone (89,90) dynamics (85,87), and changes in water-
mediated hydrogen bonding (91–93).

Eyring analysis demonstrates an enthalpic barrier to asso-
ciation and dissociation accompanied by a small to slightly
favorable entropy change for association and dissociation.
The enthalpic barrier to association, which is consistent
with other diffusion-limited, two-state binding interactions
(94,95) and the Stokes-Einstein relationship (96,97), is
likely associated with the temperature dependence of sol-
vent viscosity (94,98,99). The magnitude of DH

�0z
D demon-

strates a large barrier to dissociation likely due to
breaking of inter- and intramolecular interactions that facil-
itate complex stability, including hydrophobic, electrostatic,
and hydrogen bonding interactions. The favorable TDS

�0z
D is

likely driven by the increase in conformational freedom of
the protein and peptide upon dissociation. The signs and
magnitudes of all kinetic and equilibrium thermodynamic
parameters agree with other studies of SH3 interactions
with proline-rich peptides (62,79,81).

The ability of NMR lineshape analysis to measure the tran-
sient kinetics of protein-peptide systems at equilibrium pro-
vides an advantage over techniques such as surface
plasmon resonance or stopped-flow fluorescence, in which
binding is observed within a flowing solution or upon mixing.
Our results complement other studies (22,62,81), which taken
together, highlight the advantage of using NMR to measure
the energetics of protein interactions at equilibrium.

The combination of van’t Hoff and Eyring analyses of the
SH3-PepS4 interaction provides insight into the transition
state via linear free energy analysis (100–102), which sheds
light on the similarity of the transition state to the end states.
A plot of DG

�0z
D against DG

�0
D for the interaction of SH3 with

PepS4 (Fig. S8; Table 2) is linear with a slope (the so-called
Leffler value (100,101), a) of 0.96, but a plot of
2544 Biophysical Journal 118, 2537–2548, May 19, 2020
DG
�0z
A against DG

�0
D has a slope of �0.04. Parsimonious

interpretation suggests that the transition state is similar to
the free state (100), in agreement with conclusions from mo-
lecular dynamics simulations (83,103) in which a ‘‘fuzzy’’
encounter complex was observed.
Applications and advantages of 19F lineshape
analysis

We anticipate that 19F NMR lineshape analysis will have ap-
plications beyond those examined here because weak pro-
tein-protein interactions are prominent in biology, and
their energetics are the subject of drug screening and devel-
opment. First, we discuss the insights from and the advan-
tages of using 19F NMR lineshape analysis to study SH3-
peptide interactions, and then we discuss the characteristics
that make it an effective tool for other systems.

We quantified KD, kon, and koff for all four SH3-SOS pep-
tide interactions from D. melanogaster. The results agree
with preliminary studies that identified the binding motifs
within SOS, determined IC50 values (34), and estimated a
KD for PepS2 (104). Combining our results with those
from homologous systems (105), including those from hu-
mans (82) and Caenorhabditis elegans (85), provides
insight into evolutionary similarities. McDonald and co-
workers (82) showed that human SOS peptides bind the
N-terminal SH3 domain with similar KD values in the low
mM range. Here, PepS2 and PepS4 have mMvalues, whereas
PepS1 and PepS3 show low mM affinities. The interactions
between the disordered region of SOS (which contains the
proline-rich peptide sequences) and the functionally homol-
ogous adaptor proteins (105) (drk in D. melanogaster and
grb2 in Homo sapiens) are multivalent and allosteric
(106–109), yet their proline-rich regions are divergent.
The data presented here and elsewhere (82) highlight the en-
ergetic differences between homologs and provide the infor-
mation that will be required to understand the source of
specificity in protein-protein interactions.

We have shown that 19F NMR lineshape analysis is a
rapid and efficient way to quantify four specific SH3-pep-
tide interactions, but there remains a multitude of similar in-
teractions about which nothing is known. There are over 300
human SH3 domains (30) that are responsible for a myriad
of cellular functions. Additionally, proline-rich regions
occur in both prokaryotes and eukaryotes (110) and are
the most abundant protein sequence pattern in Drosophila
(111). The binding of proline-rich regions often involves



8.0

9.0

10.0

11.0

12.0
ln

(K
A

)

-14.0

-13.0

-12.0

-11.0

-10.0

ln
(k
o n
h/
k B
T)

3.1 3.2 3.3 3.4 3.5 3.6

1000/T (K     -1)

-24.0

-22.0

-20.0

-18.0

ln
(k
of
fh
/k
B
T)

ΔH
A
°′ = −11 ±± 3 kcal/mol

TΔS
A,298.15 K
°′ = −6 ±± 3 kcal/mol

ΔH
A

°′‡ = 7 ±± 3 kcal/mol

TΔS
A,298.15 K

°′‡ = −0.1 ±± 3 kcal/mol

ΔH
D

°′‡ = 18 ±± 2 kcal/mol

TΔS
D,298.15 K

°′‡ = 5 ±± 2 kcal/mol

FIGURE 5 van’t Hoff and Eyring analysis for the binding of SH3 to

PepS4. van’t Hoff (top) and Eyring plots for association (middle) and disso-

ciation (bottom) are shown. Lines represent linear least-squares fits. Error

bars represent standard errors of the mean from at least triplicate measure-

ments. Uncertainties in enthalpy and entropy were determined from 95%

confidence interval of the linear fit to all data points. To see this figure in

color, go online.

Lineshape Analysis for Protein Binding
multiple aromatic residues within SH3. Therefore, inexpen-
sive and simple 19F labeling of tryptophan via fluoroindole
(13), as well as labeling with fluorophenylalanine and fluo-
rotyrosine, will be generally useful (1,2,13). A thorough en-
ergetic analysis will complement structural studies (30),
provide insight into the mechanisms that drive signaling,
and elucidate the sources of binding specificity. 19F NMR
lineshape analysis is also useful for comparing ligands.
For instance, the four peptides studied here bind the same
site (Fig. 1), yet the change in 19F chemical shift between
the free and bound states is unique for each peptide (Fig. 2).

Weak protein-protein interactions involving globular pro-
teins, peptides, and intrinsically disordered proteins or re-
gions are essential to biological function and dominate
cellular signaling (71,72). The rapid association and dissoci-
ation of weak interactions combined with their highly spe-
cific nature provide tight environmental control that can
be manipulated by therapeutics and therefore is of key inter-
est to the pharmaceutical industry. Importantly, weak inter-
actions such as these often occur on the ms timescale. Such
systems are ideally suited for lineshape analysis. Even for
systems with exchange rates outside those compatible
with lineshape analysis, varying the field or temperature
may enable its use. Furthermore, there are many additional
NMR-based tools to monitor systems with exchange rates
on other timescales (22).

In addition to understanding biologically relevant and
weak protein-protein interactions, 19F lineshape analysis
complements other methods for drug screening, discovery,
and development (1,2,15–20), particularly because many
initial hits are weak and often accompanied by transient ki-
netics. In the service of drug and fragment screening, 19F
lineshape analysis enables facile acquisition of quantitative
data from simple spectra of labeled proteins or ligands. This
simplicity eliminates lengthy experiments and complicated
analyses associated with methods requiring extensive resi-
due-level assignments. A particular advantage for hit-to-
lead optimization can come from combining lineshape anal-
ysis with high-throughput screening of fluorine-labeled pro-
teins (1–3) or ligands (5,7,12).

Nevertheless, there are some limitations. NMR requires
larger amounts of target protein compared to methods
such as surface plasmon resonance or plate-based assays.
NMR is also limited by the size of the protein or complex.
Yet recent advances have increased the upper limit (112),
and even for large proteins, hit identification is possible
with ligand-observed methods in which ligand signals
disappear or broaden upon binding to a large, NMR-invis-
ible protein. Despite these limitations, we anticipate that
19F NMR lineshape analysis will be complementary to other
drug discovery methods.

In summary, we thoroughly characterized the effects of
19F incorporation on SH3 structure in the free and bound
states. Incorporation caused minimal perturbation. Most
importantly, we have shown that 19F NMR lineshape anal-
ysis is a robust method for quantifying SH3-peptide interac-
tion energetics by demonstrating agreement with 2D
lineshape analysis and with other studies of SH3-peptide in-
teractions. We foresee 19F NMR lineshape analysis as a
widely applicable method for studying weak protein interac-
tions and as a valuable tool in the NMR drug discovery and
development toolbox.
Biophysical Journal 118, 2537–2548, May 19, 2020 2545
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