Journal of Structural Biology: X 9 (2024) 100100

ELSEVIER

Journal of Structural Biology: X

journal homepage: www.sciencedirect.com/journal/journal-of-structural-biology-x

Journal of

Contents lists available at ScienceDirect Structural
Bi6logy: &
A o

Research Article

Check for

Optimizing NMR fragment-based drug screening for membrane e

protein targets

Geoffrey C. Li ! Manuel A. Castro ', Thilini Ukwaththage, Charles R. Sanders

Department of Biochemistry and Center for Structural Biology, Vanderbilt University School of Medicine — Basic Sciences, Nashville, TN 37240, USA

ARTICLE INFO

Keywords:

NMR spectroscopy
Fragment-based drug discovery
FBDD

Fragment-based screening
Membrane protein
Protein-small molecule interactions
C99

PMP22

Peripheral myelin protein 22
Amyloid precursor protein

ABSTRACT

NMR spectroscopy has played a pivotal role in fragment-based drug discovery by coupling detection of weak
ligand-target binding with structural mapping of the binding site. Fragment-based screening by NMR has been
successfully applied to many soluble protein targets, but only to a limited number of membrane proteins, despite
the fact that many drug targets are membrane proteins. This is partly because of difficulties preparing membrane
proteins for NMR—especially human membrane proteins—and because of the inherent complexity associated
with solution NMR spectroscopy on membrane protein samples, which require the inclusion of membrane-
mimetic agents such as micelles, nanodiscs, or bicelles. Here, we developed a generalizable protocol for
fragment-based screening of membrane proteins using NMR. We employed two human membrane protein tar-
gets, both in fully protonated detergent micelles: the single-pass C-terminal domain of the amyloid precursor
protein, C99, and the tetraspan peripheral myelin protein 22 (PMP22). For both we determined the optimal NMR
acquisition parameters, protein concentration, protein-to-micelle ratio, and upper limit to the concentration of
De-DMSO in screening samples. Furthermore, we conducted preliminary screens of a plate-format molecular
fragment mixture library using our optimized conditions and were able to identify hit compounds that selectively
bound to the respective target proteins. It is hoped that the approaches presented here will be useful in com-

plementing existing methods for discovering lead compounds that target membrane proteins.

Introduction

Fragment based drug discovery (FBDD) has been a powerful tech-
nique for use in the development of lead compounds in early stage drug
discovery. (Erlanson et al., 2016; Murray and Rees, 2009; Rees et al.,
2004; Carr et al., 2005; Hajduk and Greer, 2007) As opposed to con-
ventional high throughput screening, fragment-based screening uses a
library of low molecular weight compounds, referred to as “fragments”
(MW < 300 Da), in a search for ligands that bind to the target, usually
with low affinity. Due to the small size of the fragments and their diverse
functional groups, this approach offers the advantage of providing a
facile route to sampling a wide range of chemical space, followed by
facile purchase or synthesis of analogs of the parent fragment to probe
structure-activity relationships (SAR). In an ideal case, two or more
SAR-optimized fragments that bind to adjacent sites can then be
chemically linked to yield drug-like bidentate compounds that exhibit
partially additive binding energies (Murray et al., 2012; Erlanson and
Hansen, 2004).
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Due to the weak affinities of the fragments, NMR spectroscopy is a
particularly suitable biophysical techniques for detecting and charac-
terizing binding, including determination of the dissociation constant
(Kq). The lab of Stephen Fesik first introduced FBDD in which they used
NMR spectroscopy to develop a high-affinity ligand to the FK506
binding protein. Their approach was dubbed “SAR by NMR”. (Shuker
et al., 1996) Since then, multiple variations of NMR-based approaches
have been developed and employed in FBDD. (Fejzo et al., 2003;
Homans, 2004; Mureddu and Vuister, 2022; Fesik et al., 1997) These
include ligand-observed methods where changes in the spectra of li-
gands are monitored, such as saturation transfer difference (STD)
(Mayer and Meyer, 1999; Mayer and Meyer, 2001; Viegas et al., 2011);
WaterLOGSY (Dalvit et al., 2000; Dalvit et al., 2001), and 19F NMR.
(Dalvit et al., 2002; Jordan et al., 2012; Tengel et al., 2004; Norton et al.,
2016; Buchholz and Pomerantz, 2021) However, the most commonly
used methods involve monitoring changes in the NMR spectrum of the
protein as the fragment is titrated in, most often in the form of a series of
2D 15N-HSQC spectra (Shuker et al., 1996; Hajduk et al., 1999; Hajduk
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et al., 1999).

Applying NMR-based FBDD to membrane proteins poses a challenge,
in part because membrane proteins require high concentrations of
membrane mimetics containing detergents and/or lipids to maintain
target solubility and stability. The strong signals coming from the pro-
tons of these membrane mimetics sometimes interfere with the detection
of protons from either the protein or the fragments. Moreover, the
fragments typically used in screening are often hydrophobic enough to
preferentially partition into the membrane-mimetic phase, complicating
the analysis of 1D 'H spectra from the ligand, sometimes leading to false
positive or false negative results. In addition to these technical chal-
lenges, membrane proteins typically have relatively low yields when
expressed recombinantly in bacterial systems, which may be a serious
hindrance, particularly for screens requiring hundreds of samples. These
considerations help explain why there have only been a few reported
NMR-based fragment-based screens carried out with membrane protein
targets. Approaches undertaken to circumvent these challenges include
target-immobilized NMR screening (TINS) (Vanwetswinkel et al., 2005),
where the target is immobilized on a solid support and a fragment
mixture is applied, with binding being detected by comparing the 1D 'H
NMR spectra of the fragments in the eluate for target versus reference
(control) samples. This method was successfully applied to a G-protein
coupled receptor (GPCR) (Congreve et al., 2011; Chen et al., 2012) and
to DsbB. (Fruh et al., 2010) Applications of STD NMR to membrane
protein fragment screening have been demonstrated with integrin oyy,p3
that is embedded in a liposome (Meinecke and Meyer, 2001), or with a
stabilized GPCR (Igonet et al., 2018). Alternatively, investigators have
used heteronuclear NMR for detection of the fragments. For example,
19F NMR has previously been applied in screening of a membrane-bound
enzyme, fatty acid amide hydrolase, using a fluorinated fragment library
(Tengel et al., 2004; Lambruschini et al., 2013).

Protein-detected 2D 'H,'°N-HSQC FBDD screening approaches
remain by far the most commonly used method in fragment-based
screening and leads to fewer false positives than most other methods.
With this approach, one can also screen mixtures of fragments to opti-
mize throughput. Furthermore, if the target’s backbone amide H,'°N
resonances are assigned this approach allows one to map out the site of
ligand interaction. (Shuker et al., 1996; Hajduk et al., 1999; Hajduk
et al., 1999) Another virtue of this approach is that with judicious choice
of the exact HSQC pulse sequence, it is possible to filter out signals from
all protons in the sample that are not directly attached to an '°N atom,
allowing the elimination of spectral interference from even very high
concentrations of fully protonated membrane mimetic compounds (e.g,
detergents). For larger proteins and for sizable membrane protein-
membrane mimietic complexes, the TROSY pulse program can be
employed instead of HSQC in order to obtain HSQC-like spectra, but
with more narrow contour peak linewidths and resulting better-resolved
spectra.

In this paper, we developed NMR-based fragment screening pro-
tocols for two human membrane protein targets: (i) the single pass C99
protein that is the immediate precursor of the amyloid beta (Af) poly-
peptides (Castro et al., 2019; Chow et al., 2010) closely associated with
Alzheimer’s disease, and (ii) the tetraspan membrane protein peripheral
myelin protein 22 (PMP22), a key component of the myelin sheath in the
peripheral nervous system and subject to genetic variations that cause
Charcot-Marie-Tooth disease. (Jetten and Suter, 2000) This required
customization of the FBDD approach for these proteins. We first opti-
mized the membrane protein screening conditions, including choice of
NMR pulse program, protein concentration, protein-to-micelle ratio, and
maximum allowable amount of added Dg-DMSO vehicle. We then used
these optimized conditions to screen mixtures of molecular fragments,
followed by identification and characterization of the hits that bind
selectively to the target proteins. This work offers case studies that
provide a roadmap for conducting NMR-based fragment screening of
membrane proteins. The scope of this work is that we are only focusing
on the critical first steps (sample preparation and fragment screening) of
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FBDD.
Results
Choice of membrane protein targets

Our screening effort focused on two disease-related human mem-
brane protein targets: (i) C99, the 99-residue single pass transmembrane
C-terminal domain of the amyloid precursor protein, and (ii) peripheral
myelin protein 22, a 160-residue tetraspan protein found in the myelin
sheath of the peripheral nerves: PMP22. (Jetten and Suter, 2000)
Cleavage of C99 by y-secretase releases the Ap peptides that are asso-
ciated with Alzheimer’s disease. (Castro et al., 2019; Chow et al., 2010)
Genetic aberrations of PMP22 cause the most common forms of the
peripheral neuropathy Charcot-Marie-Tooth disease. (Li et al., 2013)
The structure of C99 was previously determined by NMR in lyso-
myristoylphophatidylglycerol (LMPG) micelles (Barrett et al., 2012),
whereas PMP22 yields only medium quality NMR spectra, with dodecyl-
B-maltopyranoside (DDM) micelles yielding the highest quality spectra
among many different micelle and bicelle conditions tested. (Stefanski
et al., 2023) We first optimized sample conditions and NMR parameters
for use in HTS for molecular fragments that bind to these proteins.

C99, a single pass transmembrane protein

1. Pulse Program. High throughput screening pipelines require
collection of high-quality spectra with a minimal data acquisition
time. We tested several 2D 'H-'>N NMR experiments at identical
total experiment times to evaluate which would yield the highest
quality NMR spectrum of C99. The tested pulse programs (Bruker-
coded) were SOFAST-HMQC (Schanda et al., 2005) (sthmqcf3gpph),
two versions of BEST-TROSY (Favier and Brutscher, 2011) (b_tro-
syetf3gpsi.3 and b_trosyf3gpph.2), and a clean TROSY-HSQC (Per-
vushin et al., 1997; Schulte-Herbruggen and Sorensen, 2000) pulse
program (trosyetf3gpsi.2) (Fig. 1) at 600 MHz. For details of the
NMR pulse programs, see Materials and Methods. Using a total
experiment time of 30 min and a 3 mm sample with C99 concen-
trations of 50, 150, and 450 pM, the clean TROSY-HSQC provided a
disappointing NMR spectrum with only low signal-to-noise ratios
and a number of missing resonances. The SOFAST-HMQC gave the
highest signal-to-noise ratios; however, the spectral resolution was
sub-optimal due to broader linewidths, resulting in significant peak
overlap. One of the BEST-TROSY programs, b_trosyf3gpph.2, was
seen to represent a happy medium between optimal signal-to-noise
and spectral resolution. We used this pulse program moving forward.

2. Protein Concentration. For NMR-based screening requiring
numerous samples, the amount of available membrane protein is
almost always a limiting factor. To efficiently screen thousands of
compounds, it is imperative to obtain decent quality NMR spectra
with the least amount of protein possible. We tested three different
concentrations of C99 (50, 150, and 450 pM) at 20 % (w/v) LMPG.
For 30-minute BEST-TROSY experiments at 600 MHz it was possible
to secure satisfactory NMR spectra even for 50 pM C99 (Fig. 1). With
200 pL 3 mm NMR samples of 50 pM C99, it was possible to screen an
entire 96-well plate of molecular fragment mixtures (12 fragments in
each well) using the protein purified from 12 L of E. coli culture
grown in M9 minimal media. In all our experiments, we chose a salt
concentration of 100 mM to simulate the physiological salt concen-
tration, at the expense of some reduction in single-to-noise due to
lossiness.

3. Protein-to-Micelle Ratio. The protein-to-micelle ratio is an impor-
tant consideration when studying membrane proteins in detergent
micelles. (Opella et al., 1994) A 1:1 or otherwise high protein-to-
micelle ratio may cause the co-habitation of multiple membrane
proteins in one detergent micelle (Zhuang et al., 2011), which may
promote aggregation or non-specific homo-oligomerization. Also,
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Fig. 1. Pulse program optimization for C99 screening. Shown here are spectra for uniformly °N-labelled C99 spectra in LMPG using four different pulse programs
and three different protein concentrations. At the 50 uM point, the BEST-TROSY-2 (b_trosyf3gpph.2; in red) program yielded the best signal-to-noise and resolution at
this protein low concentration. Experiments were acquired at a sample temperature of 45 °C and a field of 600 MHz. Recycle delay = 1.5 s for trosyetf3gpsi.2, 0.2 s
for sthmqcf3gpph, b_trosyf3gpph, and b_trosyetf3gpsi.3; number of scans = 8 for trosyetf3gpsi.2, 64 for sthmqcf3gpph, b_trosyf3gpph, and b_trosyetf3gpsi.3; number
of complex data points: (2048, 128) for trosyetf3gpsi.2, (1024, 96) for sthmqcf3gpph, b_trosyf3gpph, and b_trosyetf3gpsi.3 in the 'H and '°N dimensions, respec-
tively; spectral width: 14 ppm in the'H and 27 ppm in the 1°N dimensions for all four pulse sequences.

because the molecular fragments being screened are generally hy-
drophobic, even non-binders will often preferentially partition into
detergent micelles (relative to the aqueous phase). A too-high pro-
tein-to-micelle ratio may force the protein and partitioned com-
pounds to colocalize in the same micelle, promoting false positive
results—changes in the NMR spectrum resulting from forced non-
specific compound-detergent-protein interactions. Hence, it was

imperative to optimize the amount of detergent (in this case, LMPG) 4.

to balance NMR spectral quality with the need for sufficiently high
concentrations of micelles to select against forced cohabitation.
Considering the published LMPG aggregation number of 65 (Oliver
et al., 2013), we tested LMPG total concentrations of 0.25 % (w/v)
(5.2 mM LMPG; 0.08 mM micelles), 2.5 % (w/v) (52 mM LMPG; 0.8
mM micelles), and 17.5 % (w/v) (364 mM LPMG; 5.6 mM micelles)
(Fig. 2). This corresponded to moles of protein-to-micelle ratios of
1:1.6, 1:16, and 1:112, respectively. Something to keep in mind is
that membrane proteins can influence the actual aggregation num-
ber of micelles they reside in, so these calculated ratios should be

regarded as an approximation. (Vinogradova et al., 1998) NMR
spectral quality was relatively poor at 0.25 % LMPG but was signif-
icantly improved at 2.5 % and 17.5 %. Since the spectral quality of
2.5 % and 17.5 % LMPG were nearly identical and because we deem
that a protein-to-micelle ratio of 1:16 was likely sufficient to avoid
forced cohabitation, the 2.5 % LMPG condition was chosen for use in
screening.

De-DMSO Concentration. The final condition that we optimized is
the final concentration in the NMR sample of Dg-DMSO, which serves
as the vehicle used to solubilize test compounds (or mixtures) prior
to addition to micellar C99 solutions. We aimed to determine the
highest possible Dg-DMSO concentration that can be present in the
micellar NMR sample before the NMR spectrum of C99 became
significantly perturbed. We tested Dg-DMSO concentrations from
0 to 4 % (v/v) at 2.5 % LMPG (Fig. 2). We found that C99 was
tolerant to Dg-DMSO concentration up to 4 %, with only very modest
perturbations in the C99 TROSY spectrum. We performed this in
triplicate and found that the spectra were reproducible, suggesting
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Fig. 2. Optimization of LMPG and Ds-DMSO concentrations for screening C99. A) Three overlaid spectra of '°N-labeled C99 at different LMPG concentrations.
Overall, the C99 spectra looked similar at 2.5 % w/v and 17.5 % w/v concentrations but are of markedly lower quality at the lower 0.25 % w/v point. B) Five
overlaid C99 spectra at Dg-DMSO concentrations ranging from 0 % to 4 % v/v. Overall, Dg-DMSO had very little effect on C99 spectral quality, suggesting it was
resistant to the ‘Dg-DMSO effect’ at these relatively low concentrations. Experiments were acquired at a sample temperature of 45 °C and a field of 600 MHz. For both
(A) and (B), recycle delay = 0.2 s; number of scans = 64, number of complex data points: 1024 in the H and 96 in the °N dimensions; spectral width: 14 ppm in

the'H and 27 ppm in the °N dimensions.
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Fig. 3. Optimization of the number of scans and protein concentration for screening PMP22. A) Spectra of PMP22 acquired using the BEST-TROSY (b_tro-
syf3gpph.2) pulse program with different numbers of scans at 45 °C and 900 MHz. The protein concentration is 100 pM and the DDM concentration is ~ 30 mM
(protein-to-micelle ratio = 1:3, based on the DDM aggregation number = 100). The approximate total experiment time for each experiment is indicated. Recycle
delay = 0.2 s; number of complex data points: 1024 in the 'H and 96 in the >N dimensions; spectral width: 18 ppm in the'H and 28 ppm in the >N dimensions. B)
The spectra of PMP22 at different protein concentrations. The pulse program used was b_trosyf3gpph.2 with 440 scans at 45 °C. Recycle delay = 0.2 s; number of
complex data points: 2048 in the 'H and 96 in the '°N dimensions; spectral width: 18 ppm in the'H and 28 ppm in the >N dimensions.
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that concentrations up to 4 % Dg-DMSO are not a problem in
screening.

Overall, the optimized conditions for C99 screening at 600 MHz
using 200 ul samples in 3 mm NMR tubes were found to be: 50 pM °N-
labeled C99 in 2.5 % LMPG (1:16 protein-to-micelle ratio), with up to 4
% De-DMSO, and using the 2D BEST TROSY pulse program
b_trosyf3gpph.2.

PMP22, a human tetraspan membrane protein

Having optimized the conditions for screening of a single pass
transmembrane protein in detergent micelles, we then optimized the
parameters for a multispan membrane protein. We used peripheral
myelin protein 22 (PMP22) as an example. PMP22 gives an NMR spec-
trum of moderate quality in DDM micelles at pH 5 and 45 °C, in which
roughly 103 of an expected 168 peaks are observed. Tests spanning a
period of years of numerous other detergents and bicelles have not
yielded spectra of higher quality. Being a tetraspan membrane protein, it
is difficult to record a high quality NMR spectrum in 30 min at 600 MHz.
We therefore collected data at 900 MHz and optimized the number of
scans for the BEST-TROSY pulse program b_trosyf3gpph.2 using 100 pM
PMP22 in DDM micelles (Fig. 3A). We tested 128, 256, and 440 scans in
the direct dimension (while keeping 96 points in the indirect

A
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dimension). We found that 440 scans gave a satisfactory NMR spectrum
for a sample containing 100-200 pM PMP22 in DDM micelles, with a
total experiment time of 4 h. While the PMP22 data presented in this
study were based on use of pH 5.0 conditions, we also found that it is
possible to screen at pH 6.5, where the quality of the TROSY spectrum is
decreased only incrementally.

Even at 900 MHz, 50 pM PMP22 in a 3 mm NMR tube did not give a
good NMR spectrum, even with 440 scans (Fig. 3B). The spectral quality
improved at 100 pM, but was much better improved at 150-200 pM. To
optimize the protein-to-micelle ratio (using an aggregation number of
100 for DDM), we tested two samples, each containing 100 pM PMP22
but with two different DDM concentrations: 30 mM and 100 mM, cor-
responding to protein-to-micelle ratios of 1:3 and 1:10 respectively. We
did not see a significant difference in spectral quality between 1:3 and
1:10; however, we chose 1:10 as the optimal ratio to avoid the forced
cohabitation of protein and added fragment compounds, which poten-
tially could lead to false positive results (Fig. 4A). Like C99, the spec-
trum of PMP22 was not perturbed by 4 % Dg-DMSO but showed some
significant perturbation at 10 % Dg-DMSO (Fig. 4B). To sum up, the
optimized conditions that we found for fragment screening of PMP22
were 150-200 pM protein in 1.5 or 2 mM DDM micelles (150 mM or 200
mM DDM) with a protein-to-micelle ratio of 1:10 and 4 % De-DMSO, and
using the b_trosyf3gpph.2 pulse program with 440 scans in the direct
dimension and 96 points in the indirect dimension. Using 200 ul samples
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Fig. 4. Optimization of the protein-to-micelle ratio and the Dg-DMSO concentration optimization for screening PMP22. A) Overlaid spectra of 1°N-labeled
PMP22 at 1:3 and 1:10 protein-to-DDM micelle ratios. The two spectra were very similar to each other. The protein concentration used is 100 pM while the DDM
concentrations are 30 mM (1:3 protein-to-micelle) and 100 mM (1:10 protein-to-micelle). Both experiments were acquired at a sample temperature of 45 °C and 600
MHz. Recycle delay = 0.2 s; number of complex data points: 2048 in the 'H and 96 in the '°N dimensions; spectral width: 18 ppm in the'H and 28 ppm in the '°N
dimensions. B) Overlaid spectra of 15N-labeled PMP22 in the presence and absence of Dg-DMSO at two different concentrations (4 % and 10 %). The NMR spectrum
of PMP22 is largely unperturbed at 4 % Ds-DMSO but showed signs of perturbation at 10 % De-DMSO. The protein concentration used is 100 uM. The experiments
were acquired at a sample temperature of 45 °C and 900 MHz. Recycle delay = 0.2 s; number of complex data points: 2048 in the 'H and 96 in the '°N dimensions;

spectral width: 18 ppm in the'H and 28 ppm in the '°N dimensions.
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in 3 mm NMR tubes, the total time required for an experiment at 900
MHz was 4 h.

Examples of results from fragment based screening

Using the optimized conditions, we screened a plate each from the
Fesik Fragment Library for C99 and PMP22. Each plate has 96 wells,
with each well containing a mixture of 12 fragments at 20 mM each in
Dg-DMSO, for a total of 1152 compounds per plate. These mixtures were
diluted 25X into the NMR samples (800 pM concentration for each
compound). Once a mixture was seen to result in a chemical shift
perturbation, it was then further deconvoluted into 4 mixtures of 3
compounds each, and then to individual compounds to identify the hit.
For C99, out of the 1152 compounds we screened, we found one hit, VU-
MAC-1, that perturbed the chemical shifts of the transmembrane resi-
dues A713-L723 (Fig. 5A and B). Interestingly, this compound demon-
strated binding in the slow-exchange regime on the NMR timescale.
Titration of this compound revealed only a modest apparent K4 value of
~ 400 pM when the peak volume of the emerging bound-state resonance
was monitored during titration (Fig. 5C). The fact that binding is weak

A C99 Trosy-HSQC Titration Spectra B
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and yet seen to be slow-exchange on the NMR time scale is likely due to
the slow rate of diffusion of this compound from empty micelles to C99-
containing micelles and vice versa. In this same vein, it is important to
note that the K4 obtained from these measurements may not report the
true K, for the on/off binding of the compound to the protein. Since the
compounds in the fragment library would generally partition favorably
toward the detergent micelles, the measured Ky is really an apparent Kg,
reflcting two interactions: the affinity of the compound toward the
detergent micelles (relative to the aqueous phase) and the affinity of the
compound toward the protein in those micelles.

By way of a negative control, we also tested the same compound for
non-specific binding against the combined transmembrane and juxta-
membrane domains (TM/JM) of the Notch-1 protein under the same
conditions (Fig. 5D). Like C99, the Notch-1 TM/JM is also a single-pass
transmembrane protein that is a substrate of y-secretase. We found that
while VU-MAC-1 caused a change in the chemical shift of some Notch-1
resonances, they were in the fast-exchange timescale and did not exhibit
saturation of binding as the compound was titrated in. This confirms that
the interaction between VU-MAC-1 and Notch-1 was much weaker than
that between VU-MAC-1 and C99, and most likely non-specific. Finally,
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Fig. 5. Initial fragment-based screening results show that VU-MAC-1 specifically associates with C99. A) Five overlaid spectra of U-'°N-C99 at varying VU-
MAC-1 concentrations reveal slow exchange peaks upon compound addition. Black and cyan arrows denote the positions of the peak before and after addition of VU-
MAC-1, respectively. B) Peaks seen to shift map to the C-terminal transmembrane/juxtamembrane region of the C99 sequence. C) Binding isotherm for the emerging
peak intensity representing the C99-bound state as the VU-MAC-1 concentration is increased. D) Notch-1 TM/JM titration with VU-MAC-1 reveals only non-specific,
fast-exchange interactions that do not saturate. All experiments were acquired at a sample temperature of 45 °C and 600 MHz.
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we note that when VU-MAC-1 was re-ordered from two independent
external vendors, the compound was a different color and the results
reported here from our in-house library were not reproduced. We
believe that VU-MAC-1 is a likely a derivative of the original Fesik li-
brary member that formed due to oxidation or hydrolysis during the
long (ca. 10 years) storage period for the specific form of this library we
used.

Similarly, we also found a Fesik library single hit for PMP22 from the
plate we screened. This hit caused chemical shift perturbations in three
residues, again in the slow-exchange regime with an apparent K4 of ~ 1
mM (Fig. 6A and B). The compound is VU-GCL-1. We tested this com-
pound with the voltage-sensing domain (VSD) of KCNQ1 in LMPG mi-
celles, which also has four transmembrane helices, like PMP22. We
found that this compound did not bind to the voltage-sensing domain of
KCNQ1, validating that this compound selectively binds PMP22
(Fig. 6C).

Discussion

This paper describes a protocol for the first stage of fragment-based
screening of membrane proteins in detergent micelles by NMR. Building
on the SAR-by-NMR approach of Stephen Fesik (Shuker et al., 1996), we
extended the first steps of this approach to membrane proteins. Prior to
conducting any NMR-based fragment screening of membrane proteins, it
is critical to optimize the expression and purification of the membrane
protein targets of interest. Here, we chose two human membrane protein

Journal of Structural Biology: X 9 (2024) 100100

targets: the single pass transmembrane protein C99, and the tetraspan
membrane protein PMP22; both of which are associated with diseases.
These two proteins have been studied extensively in our lab, such that
we have well-established protocols for their expression in E. coli and
purification. Typical yields for purified C99 and PMP22 are roughly 5
mg and 3.5 mg of purified protein per liter of minimal media,
respectively.

The optimal conditions for screening vary depending on the mem-
brane protein target and the membrane mimetic used. In this paper, we
show that we have reduced throughput (longer required NMR experi-
mental time even at higher protein concentrations) when targeting a
multispan membrane protein than for a single pass membrane protein.
However, once a good compromise between spectral quality and
experimental time is determined, it is possible to carry out fragment-
based screening effectively, with minimal false positive results.

As was the case for both C99 and PMP22, out of the 1152 compounds
screened for this methods optimization study, we were able to find one
hit per plate, indicating an approximate hit rate of 0.1 %. It is likely that
false negatives occur in this type of screening. While the Fesik library
was carefully designed to remove “bad actors”—compounds that
misbehave (Harner et al., 2013), it is possible that some fragments still
aggregate, as we observed precipitation in some of our NMR samples. A
previous example of this is verteporfin (a compound in an FDA-approved
drug library screened in a different study), where we observed aggre-
gation of verteporfin at low LMPG concentrations from NMR and DLS
measurements. (Castro et al., 2022) These verteporfin aggregates could
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Fig. 6. Initial fragment-based screening results show that VU-GCL-1 binds to PMP22. A) Seven overlaid '>N-PMP22 spectra at varying VU-GCL-1 concentrations
reveal the appearance of slow exchange peaks upon compound addition (designated by the Greek letters). B) Binding isotherm of the emerging peak height of the
PMP22-bound state vs. VU-GCL-1 concentration. C) Addition of VU-GCL-1 into the voltage-sensing domain (VSD) of KCNQ1 did not show evidence of binding. All

experiments were acquired at a sample temperature of 45 °C and 900 MHz.
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be dispersed at higher micelle concentrations, mitigating this problem.

In this study, we used protein-to-micelle ratios of 1:16 for C99 and
1:10 for PMP22 to avoid forced cohabitation of protein and fragments
that would result in false positive, and also to help prevent compound
aggregation of the fragments. Under these conditions, most of the
somewhat hydrophobic compounds in the Fesik library will preferen-
tially partition into the detergent micelles relative to the aqueous phase.
Fragments can equilibrate between protein-free micelles, protein-
containing micelles, and the aqueous phase by direct diffusion of the
compounds into and out of micelles to the aqueous phase and also when
micelles collide and/or fuse. Because of the low molecular weights of the
molecular fragments, even those that are more extremely hydrophobic
are still expected to have significant aqueous solubilities (the library was
originally developed for screens of water-soluble proteins). Compounds
that are seen to bind the membrane protein target do so because it is
thermodynamically favored relative to partitioning either into water or
into empty micelles. For the proteins and plates used for this study we
observed a hit rate of 0.1 %. While this hit rate seems low, we are
confident that the hits that we found are true positives as evidenced by
the saturation of binding seen in titration plots as well as by apparent
lack of interactions with negative control membrane proteins of similar
size and membrane topology. These observations echo those made in a
previous NMR-based HTS of C99 in micelles with a library of FDA-
approved drugs, work in which we discovered that verteporfin is a
specific binder of C99 (Castro et al., 2022).

Another consideration is the charge of the detergent used to solubi-
lize the membrane protein target. Charged detergents, such as LMPG,
can potentially enhance or diminish the micellar binding affinity of the
fragments having ionizable groups. This could potentially alter the hit
rate of the screening relative to conditions employing an electroneutral
or zwitterionic membrane-mimetic. We note that most of the fragments
in the Fesik library are charge-neutral. In general, one has to find the
right balance of experimental conditions that produce expeditious and
high-quality NMR spectra with an understanding that certain conditions
may favor false positives and false negatives. Therefore, it is paramount
that rigorous follow-up hit validation be employed, such as testing
binding in other membrane mimetics or, as we did, conducting a
counterscreen using the same conditions, but a topologically similar
negative control protein.

The approach presented here may not be as high throughput as in
conventional FBDD using soluble protein targets because of the rela-
tively long time it takes to acquire HSQC or TROSY spectra of membrane
proteins. However, it can be envisioned that there are a couple of ap-
proaches that may be employed to increase the throughput. One is the
more sensitive 13C-methyl-TROSY (Tugarinov and Kay, 2004) experi-
ments to look at side-chain methyl groups (Tugarinov and Kay, 2004;
Kay, 2011), an approach that may be particularly attractive since
membrane proteins have many aliphatic residues in their trans-
membrane domains. Also, non-uniform sampling (NUS) methods (Barna
et al., 1987; Delaglio et al., 2017) might also be used to decrease the
experiment time per sample. Alternatively, one might also explore the
use of the newly developed RAPID-TROSY (Manu et al., 2023) pulse
sequence, which utilizes an evolutionary algorithm and artificial intel-
ligence in pulse generation. In any case we hope that the NMR-based
fragment screening optimization scheme presented in this paper will
complement other screening protocols currently used to find small
molecule binders to membrane proteins.

Materials and methods
Protein expression and purification

C99 and PMP22 are expressed and purified as described previously
by Castro et al. (Castro et al., 2022) and by Stefanski et al. (Stefanski

et al., 2023), respectively. Briefly, the human C99 construct has a C-
terminal hexa-His-tag and an additional Trp to enhance UV absorption to
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facilitate determination of its concentration. This construct was
expressed in the E. coli BL21(DE3) strain. C99 was then purified in LMPG
micelles using Ni(Il)-ion affinity chromatography.

PMP22 is expressed as a fusion protein with an N-terminal lambda
repressor fragment followed by a deca-His tag, a thrombin cleavage site,
and a Strep tag. The fusion protein was expressed in the BL21(DE3)Star
strain and then purified in DDM micelles using metal ion affinity chro-
matography, a process during which the N-terminal fusion protein
(except for the Strep tag) was removed by thrombin cleavage.

The negative control proteins, Notch-1 TM/JM and the voltage-
sensing domain (VSD) of KCNQ1, were expressed and purified as
described previously by Deatherage et al. (Deatherage et al., 2017) and
Taylor et al (Taylor et al., 2020), respectively. After purification, the
proteins were buffer-exchanged according to their respective NMR
buffer conditions (see below) and concentrated with LMPG as the
detergent.

Preparation of NMR samples

The final buffer conditions for NMR are as follows:

C99 or Notch-1: 25 mM imidazole or PIPES, 100 mM NaCl, 0.5 mM
EDTA, pH 6.5, 2.5 % w/v LMPG, 50 uM protein, 5 % v/v DO

PMP22: 20 mM acetate, 100 mM NacCl, 5 mM TCEP, 1 mM EDTA, pH
5.0, 150 or 200 mM DDM, 150 or 200 pM protein, 5 % v/v D20

KCNQ1 VSD: 40 mM HEPES, 150 mM NaCl, 2 mM TCEP, pH 7.5, 2 %
w/v LMPG, 112 pM protein, 5 % v/v D20

The individual protein stock solutions were diluted to their desired
concentrations. The final volume of the NMR samples used was 200 puL
and they were dispensed into 3 mm x 4 in. NMR tubes fitted with bar-
coded caps.

NMR spectroscopy and optimization of screening conditions

The optimization and actual NMR-based screening were conducted
using Bruker Avance III 600 MHz or 900 MHz spectrometers equipped
with a CPCTI cryoprobe and an automated sample changer (SampleJet).
We also set an incubation period of 10 min in between samples to allow
them to equilibrate to 318 K before starting the acquisition. NMR spectra
were acquired using standard Bruker pulse sequences and at 318 K. All
spectra were processed using Bruker TopSpin 3.6 and analyzed using
NMR-FAM Sparky.

For optimization of the pulse program for C99 we tested four
different pulse programs: trosyetf3gpsi.2, sthmqcf3pph, b_trosyf3gpph.2
and b_trosyetf3gpsi.3, as implemented in the Bruker pulse program li-
brary. The trosyetf3gpsi.2 is the clean-TROSY pulse sequence, proposed
by Schulte-Herbriiggen and Sorensen (Schulte-Herbruggen and Sor-
ensen, 2000), without the S°E filter. The sthmqcf3gpph is the standard
SOFAST HMQC pulse sequence as reported by Schanda et al (Schanda
et al., 2005). We used two different versions of BEST-TROSY in the
Bruker pulse program library: b_trosyf3gpph.2 and b_trosyetf3gpsi.3.
They both use the same fundamental BEST-TROSY pulse sequence re-
ported by Favier and Brutscher (Favier and Brutscher, 2011), and both
are phase sensitive experiments using Echo/Anti-Echo. The difference
between the two pulse programs is that the b_trosyetf3gpsi.3 uses sha-
ped pulses for inversion and refocusing on '°N and enhances sensitivity
through the gradient pulses.

Fragment screening

The nearly 14,000-compound fragment library originally developed
by Prof. Stephen Fesik was provided by the Vanderbilt High Throughput
Screening Core (Harner et al., 2013). The library consists of chemically
diverse compounds that are compliant to the rule-of-three (Congreve
et al., 2003), with slight modifications, where fragments with molecular
weight between 100-250 Da, with up to 4 hydrogen bond donors, and
with a ClogP of up to 3.5 were chosen. The library also includes
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compounds with chemical groups that are known to bind frequently to
proteins such as carboxylic acid-, biphenyl, diphenylmethyl-, and
various heterocycles (Hajduk et al., 2000); while removing “bad actors”
or compounds that are known to misbehave such as nonspecific binders,
covalent modifiers, chelators, and aggregators (Harner et al., 2013).
The compounds are delivered in 96-well plates, where each well
contains a mixture of 12 compounds at 20 mM each in Dg-DMSO. Once a
mixture was seen to significantly induce chemical shift perturbations in
the TROSY spectrum of the target, the mixture was deconvoluted into 4
mixtures of 3 compounds each, and then to individual compounds until
the hit(s) causing the changes to the spectrum of the protein target is/are
identified. The final concentration of each fragment in the NMR sample
during the initial screen was 800 pM. An NMR titration of the hit
compound was then conducted by varying concentrations of the hit
compound and collecting the TROSY spectrum at each point. The data
were then fitted by a 1:1 binding isotherm to determine the apparent Kq.
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