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ABSTRACT: Identifying protein−ligand binding interactions is a key step
during early-stage drug discovery. Existing screening techniques are often
associated with drawbacks such as low throughput, high sample
consumption, and dynamic range limitations. The increasing use of
fragment-based drug discovery (FBDD) demands that these techniques
also detect very weak interactions (mM KD values). This paper presents the
development and validation of a fully automated screen by mass
spectrometry, capable of detecting fragment binding into the millimolar
KD range. Low sample consumption, high throughput, and wide dynamic
range make this a highly attractive, orthogonal approach. The method was
applied to screen 157 compounds in 6 h against the anti-apoptotic protein
target Bcl-xL. Mass spectrometry results were validated using STD-NMR,
HSQC-NMR, and ITC experiments. Agreement between techniques
suggests that mass spectrometry offers a powerful, complementary approach for screening.

■ INTRODUCTION
The identification of chemical starting points in drug discovery
is often a major bottleneck. High-throughput screening (HTS)
hit rates are often low, and progression of hits is hampered by
the difficulty associated with optimizing compounds while
retaining drug-like properties.1 Over the past decade, fragment-
based drug discovery (FBDD) has emerged as an alternative
approach for the generation of hit compounds against a protein
target.2 This method involves screening low molecular weight
fragments (up to approximately 300 Da) instead of the larger
molecules typically used in HTS campaigns. Due to their size,
fragments have a higher ligand efficiency and improved
chemical tractability. Fragment libraries can, therefore, explore
greater chemical space within a protein binding site, which
lowers the necessary library size for screening, and the
corresponding hit rates are consequently higher than achieved
with HTS. Fragments showing significant association with a
target protein are then grown or chemically linked together
with the aim of generating a selective binder. There are now a
growing number of examples of the successful implementation
of FBDD.3,4

The interactions of fragments with protein targets are
limited, and they consequently bind weakly, with KD values of
the order of 100 μM−1 mM. Reliable detection of bound
fragments therefore remains a challenge, although a variety of
biophysical techniques have been successfully employed in the
initial stages of FBDD, notably nuclear magnetic resonance

(NMR),5 surface plasmon resonance (SPR),6 isothermal
titration calorimetry (ITC),7 and X-ray crystallography.8

These methods are, however, all associated with at least one
of the following drawbacks: high sample consumption, low
throughput, dynamic range limitations, or the need to
immobilize one of the binding partners. In addition, there is
an inherent problem with reliability. Results from one
technique do not always agree with those from an orthogonal
method, and the occurrence of false positives and false
negatives is common.5

Nanoelectrospray ionization mass spectrometry (nano-ESI
MS) has emerged as a powerful technique for the detection and
characterization of noncovalent interactions.9 The strength of
this technique lies with its inherent sensitivity (picomolar
quantities of protein and ligand required), speed (as low as 30 s
for each analysis), and ability to simultaneously determine
binding stoichiometry and dissociation constants. This
combination of factors confers significant advantages over
other biophysical techniques used in FBDD. As with other
experimental techniques, however, the reliability of biophysical
parameters determined by nano-ESI MS has been questioned.
There was initial skepticism that measurements conducted on
proteins in the gas phase could accurately reflect structural
characteristics in solution. This has been largely satisfied by
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substantial evidence that the native fold of proteins can be
retained during the electrospray transfer to the gas phase.10,11

Additionally, as solvent molecules are removed during the
desolvation process, ionic and electrostatic interactions are
strengthened, whereas hydrophobic and van der Waals forces
are attenuated.12 Relative strengths of the solution phase
binding may therefore not be reflected in gas phase
measurements,13 and in some cases this may preclude detection
of the complex.14 There are, however, a number of papers
detailing the detection of hydrophobically driven interactions in
vacuo, which provide encouraging evidence that in some
circumstances these complexes can be maintained intact during
the electrospray process.11,15,16 This may not be a major issue
for fragment screening because hydrophobic interactions
contribute mainly to the binding entropy. Improving ΔH for
a protein−ligand interaction is significantly more problematic
than optimizing ΔS, and enthalpic interactions are, therefore,
sought preferentially in FBDD.17 Weakening of entropically
bound fragments in vacuo may bias the technique toward the

more favorable enthalpically driven binders, and this differ-
entiation has been suggested as an advantage of MS over other
biophysical techniques.18

In this paper we discuss the practical considerations required
to routinely detect ligand binding by nano-ESI MS. Data are
presented on a test protein, hen egg white lysozyme, using a
series of binders across a wide KD range from low micromolar
to millimolar. Under optimized conditions, KD values generated
by nano-ESI MS were in agreement with values obtained using
solution phase techniques such as ITC. The subsequent
development of a fully automated, high-throughput screen by
nano-ESI MS is also presented, enabling rapid screening using
only microgram quantities of protein and ligand. This extends
the scope of previous studies in both sample size and the use of
a TriVersa NanoMate (Advion) automation platform19−22 and
provides validation of a nano-ESI MS-based screening study
that has been reported.23 We have applied this method to
screen a targeted library containing 157 compounds against an
anti-apoptotic protein, Bcl-xL, a member of the Bcl-2 family.24

Figure 1. (A, B) Effect of ammonium acetate buffer concentration on the mass spectra of hen egg white lysozyme and Bcl-xL, respectively. The
protein concentration was 10 μM in both cases. (C, D) Effect of protein concentration on signal intensity for hen egg white lysozyme and Bcl-xL,
respectively.
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Bcl-xL is involved in the regulation of mitochondrion-mediated
apoptosis within mammalian cells. Overexpression of this
protein in many cancer cells is thought to play a role in tumor
progression and survival and has become the objective of
intensive HTS and fragment-based screening campaigns.25,26

The study of Bcl-xL by noncovalent MS has not previously been
reported, and this work therefore represents the first analysis of
this potential therapeutic target by nano-ESI MS. The mass
spectrometry results reported here have been validated using
orthogonal data derived from ITC, ligand-observe (saturation
transfer difference (STD) and two-dimensional nuclear Over-
hauser enhancement spectroscopy (NOESY)), and protein-
observe (1H/15N HSQC) NMR experiments. We propose that
mass spectrometry can be a valuable additional tool for
detecting noncovalent protein ligand interactions and has the
sensitivity and dynamic range necessary for its application as a
primary screen in FBDD.

■ RESULTS
Optimizing Sample Preparation and Spectrometer

Parameters. Critical to the successful detection of weakly
bound species is attaining spectra with adequate signal-to-noise
(S/N) values. Good sample preparation is key to achieving this
and is determined by the choice of buffer, desalting procedure,
and protein concentration. Most buffers used for protein
purification and storage are not compatible with ESI MS as they
contain nonvolatile salts that are detrimental to the desolvation
process required to transfer intact molecules into the gas phase.
Purified proteins form weak electrostatic complexes with alkali
metal cations resulting in ion suppression, peak broadening,
and a corresponding reduction in mass accuracy. A buffer
exchange step is therefore required prior to data acquisition.27

There are several commercial systems available that can
perform this task including dialysis, gel filtration, and
membrane ultrafiltration. Factors including initial protein
concentration, speed of buffer exchange, dilution effect, and
sample loss will dictate the technique used.27 In the work
described in this study, large volumes were desalted by dialysis
into the volatile buffer, ammonium acetate, whereas small
volumes were successfully desalted in a single cycle into the
same buffer using Micro Bio-Spin (Bio-Rad) or Zeba spin
(Thermo Scientific) desalting columns (7K MWCO).
Aqueous ammonium acetate is the most common choice of

buffer as sodium and potassium adducts are very readily
exchanged with ammonium ions, resulting in simpler, more
easily interpretable mass spectra. The concentration of
ammonium acetate used, however, needed to be carefully
chosen depending on the target protein. Effects of buffer
concentration on the mass spectra of both hen egg white
lysozyme and Bcl-xL are shown in Figure 1A,B. Lysozyme is a
small, globular protein that has been routinely analyzed under
nondenaturing conditions (10 mM ammonium acetate), giving
spectra with the +8 charge state as the most intense signal.28

Figure 1A indicates that high-quality spectra for lysozyme could
be obtained in the presence of between 10 and 75 mM
ammonium acetate, replicating the dominant charge states seen
in previous studies. Above 1 M ammonium acetate the
proportion of adducts increased, reducing the S/N ratio,
whereas at 3 M the +7 charge state became the most intense.
Although this may be indicative of a more stable conformation,
peak broadening renders these analytical conditions useless for
mass analysis. Unlike lysozyme, there is no literature precedent
for the analysis of Bcl-xL by ESI MS. We utilized a biologically

active deletion mutant of Bcl-xL lacking the flexible loop region
(Met45−Ala84) that has also been shown to be amenable to
NMR studies.29 The appearance and quality of ESI mass
spectra obtained were highly sensitive to changes in buffer
concentration (Figure 1B). A spectrum with good S/N and
resolution was obtained at a buffer concentration of 25 mM,
and at concentrations up to 100 mM spectra remained well
resolved with only a small loss in S/N. Reducing the
concentration to 5 or 10 mM, however, had a detrimental
impact on sample desolvation, and peaks appeared broader. At
low buffer concentrations the +8 charge state was the most
intense, whereas at the higher buffer concentrations tested the
intensity of the +9 charge state increased, suggesting an
unfolding of the overall Bcl-xL structure. At 20 mM ammonium
acetate (pH 6.8) both lysozyme and Bcl-xL gave well-resolved
spectra with good S/N values, and these conditions were used
in all subsequent experiments. The observed mass for lysozyme
under these conditions was 14303 Da (expected mass 14302
Da), whereas the truncated Bcl-xL gave a mass of 21296 Da
(expected mass 21294 Da). The effect of protein concentration
on signal intensity was also studied, with adequate S/N ratio
and low sample consumption being the primary requirements
(Figure 1C,D). Although lysozyme had a higher response than
Bcl-xL, a concentration of 10 μM was chosen for both proteins
as a good compromise between sample conservation and
reasonable S/N ratio.
The ability to perform nano-ESI MS is a prerequisite for

routine analysis of macromolecular complexes.30 The use of
individual pulled borosilicate capillaries does not, however,
allow for high sample throughput, and problems with poor
reproducibility of signal intensities have been reported.21 In this
study a TriVersa NanoMate (Advion) robotic nanospray source
was used. Sample was aspirated with a single-use pipet tip and
sprayed through an individual nozzle on a NanoMate chip,
containing a 20 × 20 array of 5 μm internal diameter nozzles.
The single-use nature of the system (nozzles and tips) ensures
that there is no sample carry-over between analyses, spray
stability is good (average %RSD on 10 test samples of 2%), and
signal intensity is equivalent to that achieved using pulled
capillaries.31

To detect noncovalent protein−ligand complexes and
determine accurate KD values by mass spectrometry,
instrumental parameters must also be carefully adjusted to
minimize the effects of in-source dissociation and optimize ion
transmission.32 Failure to adequately adjust conditions
precludes detection of weakly bound complexes and gives KD
values that are artificially high. This is of particular relevance to
the detection of fragment binding as these interactions are
characteristically weak, with KD values that typically lie in the
low micromolar to 1 mM range.1 Spectrometer conditions
(voltages, temperatures, and pressures) were iteratively
optimized to soften the electrospray process and allow
transmission of intact noncovalent complexes through the
mass spectrometer. Of particular importance for the detection
of fragment binding was the pressure in the source and analyzer
region of the instrument. The effects of elevated pressure in the
initial vacuum stages of the mass spectrometer, which provides
collisional cooling for macromolecules, has been noted
previously by other groups33,34 and was adjusted here using a
Speedivalve (Edwards Ltd., Sussex, U.K.) connected between
the rotary pump and source pumping line. The pressure was
increased to 4.65 and 2.5 × 10−6 mbar in the source and
analyzer regions, respectively, appreciably reducing levels of in-
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source dissociation and allowing the identification of millimolar
fragment binding. The source pressure used here is similar to
that used in a previous study.35

To perform a blind screen of a fragment library, it was
necessary to use a separate, well-characterized test system to
ensure that under the conditions used, a series of compounds
covering a range of KD values (including weak binders) could
be detected and that the KD values measured by MS agreed
with those obtained by orthogonal biophysical techniques. A
rapid test carried out prior to screening a full library also
indicates the limits of detection and the extent of in-source
dissociation. Lysozyme was chosen as the protein standard, and
N,N′,N″-triacetylglucosamine (NAG3), a known, strong binder
for this protein, was deconstructed into its constituent parts to
provide four compounds that decrease in both size and binding
affinity. Successive removal of two saccharide units from NAG3

produces NAG2 and NAG, respectively, whereas removal of the
acetamido group leaves glucose (Figure 2A). Each of these
compounds was incubated with lysozyme at ligand/protein (L/
P) concentration ratios of 5:1 with the exception of glucose,
which required a higher ratio of 15:1 to detect binding (Figure
2B−E). In agreement with previous studies, NAG3 showed
strong signals for both the +8 and +7 charge states for the
noncovalent lysozyme−polysaccharide complex (Figure 2B).28

NAG2, a major hydrolysis product of the enzyme’s natural
substrate, NAG6, and a competitive inhibitor of lysozyme, is
known to bind much less strongly, and this was reflected in the
levels of noncovalent complex observed (Figure 2C). Expanded
regions are shown for two of the fragments analyzed, NAG and
glucose (Figure 2D,E), to demonstrate that the S/N ratio was
high enough to allow for accurate measurement of low levels of
the complex. The slightly lower S/N ratio observed in Figure

Figure 2. (A) Deconstruction of a strong binder to lysozyme, NAG3, into its constituent fragments. (B−E) Mass spectra of lysozyme in complex
with NAG3, NAG2, NAG, and glucose, respectively, focused on the +8 and +7 charge states. The concentration of lysozyme is 10 μM for all spectra
shown, whereas the ligand concentration is 50 μM for spectra B−D and 150 μM for spectrum E. The panels below spectra D and E are enlargements
of the area shown for clarity. (F) Binding results for each compound measured by MS, ITC, and STD-NMR.
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2E is due to the 3-fold increase in ligand concentration used to
record this spectrum. Cross-validation of the lysozyme−NAGn
binding was achieved using two orthogonal techniques, ITC
and STD-NMR (Figure 2F and Figures S1 and S2 in the
Supporting Information). The KD for NAG3 binding was
measured by MS titration at 14 μM and compares well with
that obtained by ITC in this study (11 μM) as well as published
values measured by MS, fluorescence, and ultraviolet (UV)
spectroscopy.36−38 The measured KD of 229 μM by MS for the
lysozyme−NAG2 complex is also in excellent agreement with
that obtained by ITC (189 μM) and is consistent with
published work. Additionally, MS was able to detect binding of
the fragment-sized compound, NAG, to lysozyme with a
measured KD of 1 mM. ITC was unable to detect millimolar
affinity binding in this case, although binding was detected by
STD-NMR, indicating that the MS analysis had correctly
identified binding of this compound. Binding of glucose to
lysozyme was not detected by either STD-NMR or ITC,
although MS analysis identified an interaction with a KD of 5 ±
0.4 mM.
Development of an Automated Nano-ESI MS Screen.

Full automation of the MS method is necessary to achieve high
throughput and full, unattended compound library screening. A
384-well plate was prepared with alternating rows of protein
and ligand solutions using a fluid-handling robot. The
NanoMate was then programmed to aspirate 10 μL of ligand
solution, dispense this into a protein-containing well, mix the
solution, and then aspirate 5 μL, which was then sprayed into
the mass spectrometer for 30 s. The spectrometer was linked to
the NanoMate via a contact closure to trigger data acquisition
for each sample. Subsequent automated deconvolution of the

raw data was performed using the MaxEnt algorithm within
BiopharmaLynx software (Waters).
To evaluate the reproducibility of the screening method,

both strong (NAG3) and weak (NAG2) binders to lysozyme
were used. Alternate rows of a 384-well plate were filled with
lysozyme, whereas the remaining wells were filled with
alternating NAG3 and NAG2 samples. This gave a total of 94
individual experiments for both NAG3 and NAG2. The fully
automated analysis took 6 h to screen all samples (100 s per
sample), including approximately 1 h for postacquisition data
processing. For each sample both the signal intensity and the
measured KD value were recorded. Figure 3A shows the
resulting plot of sample number versus signal intensity for both
NAG3 (solid circles) and NAG2 (open circles), whereas panels
B and C of Figure 3 plot sample number versus KD value. The
signal intensity was measured as the sum of the peak intensities
for free protein plus the protein−ligand complex and shows
variation across the screen. No trend was observable, however,
to suggest that screen performance deteriorated over time. It is
apparent from the signal intensities given in Figure 3A that a
proportion of samples (∼5%) failed to spray due to blockage of
the NanoMate chip nozzles. This proportion was reduced from
a higher initial failure rate by sealing the plate with a pierceable
foil cover to prevent evaporation and subsequent concentration
of analyte. In addition, plate centrifugation prior to screening
was used to sediment particulates that could also cause nozzle
blockage. Previous studies have noted a similar low blockage
rate for the automated chip-based system,21 although this
remains significantly less problematic than blocking of pulled
capillaries. Despite the variation in signal intensity, the KD
values measured in Figure 3B,C remained uniform across the

Figure 3. (A) Variation in signal intensity from an MS screen of repeating, identical samples of lysozyme (10 μM) plus NAG3 (50 μM) (solid
circles) or NAG2 (100 μM) (open circles). (B) Variation in KD across lysozyme−NAG3 samples. (C) Variation in KD across lysozyme−NAG2
samples.
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screen and were in excellent agreement with the KD values
recorded during the initial MS analysis of the NAGn system
(Figure 2F).
Nano-ESI MS Screening of a Targeted Library of

Phenylpyrazole-Derived Compounds against Bcl-xL.
Compounds based around a phenylpyrazole moiety have
previously been identified as having activity against the anti-
apoptotic Bcl-2 protein family (of which Bcl-xL is a member).

39

This was therefore selected as a central scaffold for the
assembly of a targeted library against Bcl-xL. This compound
library was expected to include a significant number of binders
and therefore acted as a convenient validation of the MS
screening protocol. The scaffold used (1) has two points of
diversity (R1 and R2, Figure 4) to which a variety of

functionalities were attached, generating a final library
containing 157 compounds. The compounds varied in MW
from 240 to 500 Da and so, by conventional nomenclature,
range from large fragments to full-sized molecules.40,41 An
experimental LogD7.4 measurement was made for all com-
pounds and varied from −0.72 to 3.83.
KD measurements made from a single point will be accurate

only for ligands with KD values close to the concentration of the

ligand used. Protein binding sites begin to saturate at low values
of [L0] for strong binders, whereas weak binders require high
[L0] values to accurately determine a KD value. The choice of
ligand concentration used for a single screen by MS will,
therefore, constrain the range of KD values that can be
accurately measured. This can be illustrated using simulated
binding curves assuming a single binding site and ligand species
(Figure S3, Supporting Information). These simulations
demonstrate that at a protein concentration of 10 μM and a
L/P ratio of 2:1, a significant proportion of protein is in a
complex with the ligand for KD values in the range of 10−200
μM. At this L/P ratio experimental error in determining the
fraction bound, [PL], leads to relatively small changes in the
determined KD. For KD values >200 μM, the binding response
is weak, and only a small proportion of [PL] would be formed.
In this region of the graph even small errors in the
measurement of [PL] lead to large changes in the estimated
KD. For stronger binders with KD values <10 μM, the MS assay
detects binding but saturation of the protein binding sites gives
an underestimation of the KD. This was tested experimentally
using lysozyme and NAG2. NAG2 was titrated from 10 to 1600
μM at a constant protein concentration (10 μM, Figure 5), and
the KD value calculated by curve-fitting the data was 197 ± 60
μM. For single-point calculations at low ligand concentrations,
the KD was estimated at 142 μM (L/P 2:1) and at 621 μM (L/
P 160:1). Therefore, as expected, a KD of the order of 200 μM
could be reasonably estimated by a single 2:1 (L/P) ratio
measurement.
A L/P ratio of 2:1 was therefore chosen to explore the range

of protein−ligand interactions that could be detected while
minimizing the consumption of ligand and limiting the
occurrence of false positives. The results of this screen are
given in Figure 6. Several combinations of R1 and R2 groups
were not synthetically viable for this library and have been left
blank. Approximate KD values were calculated from the ratio of
free protein to protein−ligand complex. This allowed
compounds to be grouped according to their apparent affinity

Figure 4. Structure of the phenylpyrazole scaffold (1) around which a
library of 157 compounds was assembled. R1 and R2 are points of
diversity to which different chemical functionalities were attached.

Figure 5. Variation in protein−ligand (PL) complex formed as initial ligand concentration [L0] is increased. Data shown were obtained with
lysozyme (10 μM) and NAG2. The amount of complex observed begins to plateau, above which increased ligand concentration no longer increases
complex formed.
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for Bcl-xL (KD < 150 μM (green), KD = 150−300 μM (blue),
and KD > 300 μM (yellow)).
Controls were inserted into every 10th position on the 384-

well plate to report screen performance. The controls
alternated between lysozyme/NAG3 and Bcl-xL plus a known
binder, 2 (UCB1319870). Lysozyme/NAG3 provided an
independent control, whereas Bcl-xL/2 allowed verification
that the target protein remained biologically active over the
time taken to screen. On each plate, the average KD value was
calculated from the resulting eight data points collected for each
pair of controls (Table 1). Single-point measurements of KD

values obtained for both lysozyme/NAG3 and Bcl-xL/2
indicated that consistent results were observed during a single
screen as well as between screens recorded on separate days.
The standard deviation between control KD values was low (16
± 4 and 141 ± 23 μM for lysozyme/NAG3 and Bcl-xL/2,
respectively). For the lysozyme/NAG3 KD this single-point
estimation compares well with the value obtained from a five-
point titration curve (Figure 2F).
The MS screen detected binding across a range of apparent

KD values (approximately 30−400 μM) for the phenylpyrazole
library and also distinguished nonbinding compounds. The
limit of detection was determined as the lowest [PL]/[P] ratio
that could be reliably measured during the screen. This was
0.07 for the 10 mM protein concentration used in the MS
screen described. Of the 157 compounds tested, 66% were
identified with KD values <150 μM and 18% between 150 and
300 μM, with 2% above 300 μM; 9% were nonbinders, and 4%
failed to spray. Each ligand-binding category incorporated a

wide range of both mass and hydrophobicity. From the 14
(9%) nonbinding compounds, 6 were poorly soluble. For the
remaining nonbinders there was no correlation with hydro-
phobicity, with LogD7.4 values ranging from 0.67 to 2.6
(Supporting Information, Figure S4). This initial screen was
repeated to evaluate the reproducibility of results. There was a
97% agreement in compounds identified as hits, and 63% of
compounds exhibited <30% error in KD values between screens.
To assess the MS assay at higher ligand concentrations, L/P
ratios at 4:1 and 8:1 were also screened (Figure S5, Supporting
Information). At a L/P ratio of 4:1 the number of compounds
with KD values <150 μM now fell to 15%, whereas 33% were
between 150 and 300 μM and 16% were >300 μM. Further
increasing the L/P ratio to 8:1 now indicated that 3% of the
compounds tested had KD values below 150 μM, with 41%
between 150 and 300 μM and 17% > 300 μM. The failure to
spray rate, however, increased in both of these experiments
(19% at 4:1 and 33% at 8:1) and was attributable to the
increased likelihood of more concentrated ligand forming
blockages when sprayed through the NanoMate nozzles. The
full screen of 157 compounds consumed only 668 μg of protein
and 44 μg of ligand (at a 2:1 L/P ratio) and took 100 s per
sample to complete data acquisition.

Validation of MS Screen Results Using ITC, STD-NMR,
and Chemical Shift Perturbations. To validate the hit rate
observed in the 2:1 L/P MS screen, a subset of 20 ligands was
selected from the targeted phenylpyrazole-derived library and
assessed using four complementary, orthogonal techniques.
These compounds covered a range of MS KD values, including
nonbinders (Table 2). 2D-NOESY, STD-NMR, and ITC were
used to verify the MS screening results, whereas chemical shift
perturbations (CSP) measured by 1H/15N heteronuclear single-
quantum coherence (HSQC) NMR titrations were used to
locate the binding site. STD-NMR is a well-established
technique for protein−ligand screening and hit identification,42

whereas ITC remains the “gold standard” for KD and
thermodynamic measurements.43 Comparison of chemical
shift changes measured by 1H/15N HSQC NMR experiments
in the absence and presence of ligand can identify the site of
ligand binding on the protein surface and confirm the

Figure 6. Results from the MS screen of a library of phenylpyrazole-derived compounds against Bcl-xL at a 2:1 ligand/protein ratio. Each row
corresponds to a different chemical functionality at R1 and each column to a different chemical functionality at R2. Compounds have been color-
coded according to their measured KD values and are grouped as shown in the key.

Table 1. Summary of Results from the Controls Added to All
MS Screensa

screen KD of Bcl-xL + 2 (μM) KD of lysozyme + NAG3 (μM)

1 163 ± 85 21 ± 6
2 118 ± 33 14 ± 5
3 143 ± 53 13 ± 5

aThe KD values are taken as an average of the eight data points
collected for each control during the screen. The error given is the
standard deviation between the eight data points.
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specificity of binding.42 Standard 2D-NOESY was used to
identify ligand aggregation.44 Small molecules are expected to
give positive NOEs, whereas negative NOEs, resulting from
slow molecular tumbling, may signify the formation of higher
order aggregates. Aggregating compounds are likely to give
anomalous results in binding assays (Supporting Information,
Figure S6). Four compounds were identified as aggregating in
solution. One of these, 1t, had already been identified as poorly
soluble in a separate solubility assay and showed no binding by
MS. Two further compounds, 1q and 1r, showed poorly
reproducible binding by MS, but were not highlighted as
insoluble in the assay. The remaining aggregating compound,
1p, was the weakest binder identified by MS.
STD-NMR was employed as a ligand-detect NMR experi-

ment where enhancement of the ligand signals in the presence
of the target protein provides a qualitative indication of
binding.5 A comparison between the MS and STD-NMR data
(Table 2) revealed that 19 of the 20 compounds tested by
STD-NMR were in good agreement with the MS data
(disregarding 1p due to aggregation). Compound 1n failed to
give an STD-NMR response, although MS analysis indicated a
weak interaction. Compounds that bind upon addition of
protein can also be characterized by a change in NOE sign from
positive to negative in the 2D-NOESY experiment as the small
molecule adopts an NOE buildup characteristic of the
protein.42 Broadly, the 2D-NOESY assay was in agreement
with both MS and STD-NMR results, although the number of
false negatives was higher as NOE buildup for weakly
interacting ligands may not be sufficient to significantly perturb
the sign of the NOE.

A single STD-NMR experiment does not provide a
quantitative estimation of the protein−ligand interaction. This
technique is also insensitive to very strong (nM KD)
interactions. ITC was, therefore, used to determine quantitative
information regarding the dissociation constants and thermo-
dynamic parameters for each interaction.43 Initial ITC
experiments were conducted using sample concentrations of
100 μM protein and 1 mM ligand. The relatively weak
interactions and very low enthalpies of binding for these
compounds, however, made KD determination difficult
(Supporting Information, Figure S7). To overcome this, the
concentration of reagents used was increased to 150 μM
protein and 2 mM ligand. These were the maximum
concentrations that maintained ligand solubility and achieved
saturation of protein binding sites. When data were obtained by
ITC (15 of the 20 compounds tested), 7 gave KD values similar
to those determined by MS analysis. For the remaining 5
compounds, low injection heats complicated data analysis.
Despite a clearly sigmoidal binding curve, the error on the
calculated KD value after curve fitting was so large as to
preclude an absolute determination of the binding constant. A
further 3 compounds showed no binding isotherm by ITC and
very weak binding by MS. ITC experiments were not
conducted for the final 5 compounds in Table 2 due to low
solubility at the elevated concentrations required for the assay.
The location of compound binding was evaluated using

1H/15N HSQC experiments and compared with the published
structure of Bcl-xL in complex with the natural Bak peptide
ligand.29 Complete backbone chemical shift assignments were
obtained using a 13C,15N-labeled sample of Bcl-xL in

Table 2. Comparison of MS Results with Orthogonal Techniques, 2D-NOESY, STD-NMR, and ITC, for a Subset of 20
Compounds (1a−t) from the Phenylpyrazole Library against Bcl-xL

a

aData on compound MW and LogD7.4 are also given, and compounds that showed poor solubility in an AKAS solubility assay are shaded. MS KD
values are given for both screens performed at a 2:1 ligand/protein ratio. Numbers given in parentheses are KD values calculated from screens at
ratios of 4:1 and 8:1, respectively. NB denotes a nonbinder. ND denotes not determined. * denotes a signal change that was too small to
unambiguously identify binding to the protein. ** denotes a KD that was poorly determined due to low heats of binding at the sensitivity limit of the
ITC instrument.
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combination with a suite of standard triple-resonance assign-
ment NMR techniques. 15N-labeled Bcl-xL spectra were then
obtained in the presence and absence of an excess of ligand.
Four compounds from Table 2 were selected to span a range of
affinities for Bcl-xL from the MS screen (1a, 1f, 1b, and 1j). All
four compounds displayed similar chemical shift perturbation
patterns. Figure 7A shows superimposed 1H/15N HSQC
spectra of Bcl-xL with and without the addition of 1a. Several
distinct CSPs were observed between the free (blue) and
bound (green) forms of Bcl-xL and 1a. The weighted average
chemical shift differences (Δδav) were calculated for each
residue on compound binding and were mapped onto the
solution structure solved previously for Bcl-xL (Figure 7B).29

Residues were colored according to the following code: Δδav ≥
0.1 ppm, magenta; and 0.1 ≥ Δδav ≥ 0.05 ppm, yellow. There
was a distinct group of CPSs localized around one region
corresponding to the known interaction site (Figure 7B).
Rotating the structure by 180° (Figure 7C) reveals that several
CSPs were observed distal to this site, but they are not
clustered and may be due to secondary effects upon ligand
binding. The binding mode of a natural peptidic inhibitor, Bak
(PDB accession code 1BXL),29 is shown in Figure 7D. The
CSPs produced by binding of 1a were clustered and overlapped
with the known binding site of Bak. This demonstrated that the
interaction of the ligand is specific and located in the desired
binding cleft.

■ DISCUSSION AND CONCLUSIONS

Screening is an expensive process, and it is estimated that up to
U.S. $1 000 000 may be spent analyzing a library of 1 000 000
compounds.45 A range of experimental approaches is required,
with X-ray crystallography being the highest resolution, most
information-rich technique. Similarly, NMR can provide
interaction data and localize ligand-binding sites. Both of
these methods require significant capital investment, incur high
running costs, and need dedicated expertise for data analysis.
Complementary techniques are therefore required to provide
preliminary binding data, which can filter potential leads into X-
ray and NMR studies for SAR. Typically, ITC and SPR fulfill
this role, although both have drawbacks. ITC may be less useful
as a front-line screen due to poor signal response with weakly
binding ligands, high sample consumption, and low through-
put.43 SPR requires immobilization of one of the interacting
partners, which may not achievable. Even if immobilization is
possible, this could potentially affect the binding interaction
and lead to additional nonspecific association and surface
effects. Ligand detect NMR binding assays have emerged as
rapid, low protein consumption techniques, which have been
used as first-pass screens. Mass spectrometry can act as an
orthogonal method as it is both fast and sensitive and provides
a direct measure of binding stoichiometry. Noncovalent mass
spectrometry has been developed over the past 20 years, and
many of the technical issues required for its routine application
have been resolved. To date, a number of screens with small

Figure 7. (A) 1H/15N HSQC of uniformly 15N-labeled Bcl-xL with only partial assignments shown for clarity. Peak migration after addition of
compound 1a is shown by superposition of HSQC spectra from the free form (blue) to the bound form (green). (B) Weighted chemical shift
variations Δδav due to binding of 1a are indicated on the surface of the Bcl-xL structure according to the following code: Δδav ≥ 0.1 ppm, magenta;
0.1 ≥ Δδav ≥ 0.05 ppm, yellow. (C) The structure of Bcl-xL in panel A was rotated by 180°, illustrating that shifts are localized around a single
binding pocket. (D) Bcl-xL in complex with a natural peptidic inhibitor (Bak) shown in blue illustrates the location of the binding cleft on Bcl-xL.
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compound libraries have been reported with a detection limit of
approximately 100 μM.32 This methodology is acceptable for
compounds in which a significant binding affinity has already
been achieved, however, the current trend is toward fragment
library screening, where binding may be an order of magnitude
weaker. To detect these millimolar strength complexes, the use
of high ligand/protein ratios and extensive adjustment to the
experimental protocol are required.46,47 The aim of this study
was therefore to investigate the applicability of MS for
performing high-throughput screening. A screen by nano-ESI
MS was developed using an Advion TriVersa NanoMate and an
LCT Premier mass spectrometer (Waters) to fully automate
analysis of a compound library and generate an experimental
protocol under which a range of binding affinities could be
routinely detected by MS. The screening of a large sample
library requires unassisted and reliable sample handling and
delivery followed by automated data acquisition. The Nano-
Mate robotic nanospray source can be interfaced with a number
of different mass spectrometers to achieve this. Spectrometer
conditions (voltages, temperatures, and pressures) were
iteratively optimized to soften the electrospray process.
Increasing the spectrometer pressure was of paramount
importance for the detection of weakly bound ligands. This
was done using a Speedivalve for manual pressure adjustment.
Collisional cooling may be achieved by the introduction of an
ion guide on other instruments.
We selected lysozyme as a model protein as it is a small

robust enzyme that has been extensively studied using
noncovalent mass spectrometry conditions.28 Lysozyme bind-
ing to NAGn has also been well characterized using a range of
biophysical techniques. Significantly, it is known to survive the
electrospray process without loss of activity.48 This enzyme−
substrate complex is therefore a useful standard for comparison
across different mass spectrometry platforms. As with other
studies we found ammonium acetate to be a suitable volatile
buffer. In the case of lysozyme, deterioration of signal intensity
did not occur until molar concentrations of buffer were utilized.
The anti-apoptotic protein Bcl-xL has also been studied in
biophysical screens25,26 as a potential anticancer target.49,50 To
our knowledge, this is the first application of native mass
spectrometry to this therapeutic target.
The use of the deconstructed NAGn system allowed us to

measure KD values across a range of molecular weights and
interaction strengths, achieving good agreement between MS,
ITC, and STD-NMR. These values are consistent with previous
results from automated ESI-chip and manual syringe infusion
MS as well as UV and fluorescence measurements.51 Although
lysozyme shows optimum enzyme activity at pH 5,52 MS
determinations of NAG3 and NAG2 binding at pH values
ranging from 5.2 to 8.2 show little difference in ligand binding
strength.36,51 The lysozyme control can therefore allow a pH to
be chosen for screening that suits the target protein. The KD for
lysozyme/NAG was determined to be 1 mM, although, in
previous work, this complex was reported to be too weak to
detect using mass spectrometry.28 Other compounds with
millimolar affinities have been detected previously using this
technique,46,47 but this is not routine. ITC did not detect the
millimolar lysozyme/NAG interaction, although we confirmed
binding using STD-NMR. Binding has also been observed in
other studies (UV, differential scanning calorimetry, and
fluorescence) and a wide range of affinities reported (mM−
M),37,38,53−55 albeit with a weaker interaction than we have
determined by MS. MS identified an interaction of glucose with

lysozyme with a KD of 5 ± 4 mM, but only when the ligand/
protein ratio was increased 3-fold. Glucose is not thought to
bind to lysozyme as it lacks the N-acetyl group considered to be
crucial for the interaction.56 Binding was not detected by either
ITC or STD-NMR. Association by MS at these high ligand
concentrations is likely to be attributed to nonspecific gas phase
complex formation.
Across the 5 h control screen of 94 lysozyme/NAG3 and 94

lysozyme/NAG2 complexes the KD values showed RSD values
of 25 and 20%, respectively, giving confidence in this screening
method. These figures are comparable to those of previous
studies that used smaller sample sizes than this study
(Supporting Information, Table 1).21,35 Signal intensity differ-
ences were observed that could be attributed to minor nozzle
variations in the NanoMate chip and suboptimal automated
chip positioning. This does not appear to affect the
reproducibility of the KD determined across the screen. The
results from controls (lysozyme/NAG3 and Bcl-xL/2) inserted
after every 10 samples during screening against Bcl-xL (Table 1)
also demonstrated that across a single or multiple screens, the
KD measurements showed little variation and agree with the
values determined during initial optimization. By comparison,
Bovet et al. report changes in the bound/free ratio of up to a
factor of 3, whereas we observe variations of half this value.35 In
another screen of 23 compounds, theKD or [P]/[PL] ratios
were not reported.19 We have therefore attained a high level of
reproducibility, which has been achieved across a total of 180
individual nozzles over a period of 5 h. The failure to spray rate
at a 2:1 L/P ratio was 4%, indicating that only a small number
of samples might need to be reassessed.
Compounds based on a phenylpyrazole scaffold (1) have

been previously shown to bind to several key protein
subpockets normally occupied by hydrophobic residues of the
helical Bak, Bad, and Bim peptides.39 Variation of R1 and R2 on
this scaffold gave IC50 values from 5 to 20 μM against the
complex of Bcl-xL and Bak 16-mer peptide. In our MS screen
against Bcl-xL we expected, therefore, to generate a substantial
number of binding ligands with the current library. From
simulations of the accuracy of the determined KD for binders in
the low to mid micromolar range at a protein concentration of
10 μM, we chose a ligand/protein ratio of 2:1 for the initial
identification of bound compounds. The full screen was
acquired at a rate of 100 s per sample and yielded a hit rate
of 90%. A significant amount of time was required to perform
the necessary initial experiments described here in terms of
instrument setup and sample preparation. Once complete,
however, the additional time required to adapt the method for a
different protein or library would be reduced, and overall
throughput for the screen by MS is competitive with other
techniques including STD-NMR. The MS screen is also
comparable in terms of sample consumption; a screen of 157
compounds consumed <1 mg of protein and only 44 μg of
ligand. The corresponding screen by STD-NMR would have
consumed approximately 20 times more protein and 250 times
more ligand while taking over 15 times longer. It is possible to
conduct fragment screening by NMR with similar sample
consumption and higher throughput to the MS screen
described here if fluorine chemical shift anisotropy and
exchange for screening (FAXS) NMR experiments are
conducted.57 Using mixtures of fragments, this technique can
achieve a throughput of over 1000 compounds in 24 h,
although these experiments require fluorine-containing frag-
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ment libraries. Screening by ITC would have required,
however, a further 10-fold increase in material.
There are several factors that have hindered the acceptance

of mass spectrometry-based screening. These include concerns
about changes to solution phase equilibria during ESI, relative
ionization efficiencies of free and complexed protein, and
experimental time for KD measurement by titration. Several
studies have shown, however, that the solution phase equilibria
can be reflected during ESI MS, and ionization efficiencies of
free and complexed protein can also be assumed to be similar.58

Lastly, a detailed study by Mathur et al. determined KD values
by ESI titration and other complementary techniques. Here
they showed that recording titration curves in triplicate would
take several hours per compound.59 This would make mass
spectrometry an unsuitable technique for noncovalent screen-
ing procedures, and this approach has therefore been viewed as
cumbersome and time-consuming. Our study shows that a
single 2:1 ligand/protein ratio can, however, be used to rapidly
identify a high proportion of binders and provide an estimation
of binding strength. Extraction of approximate KD values from
the confirmed binders revealed that bound ligands were
detected across a broad range (31−397 μM). It is expected
that under these conditions, stronger binding in the low
micromolar to millimolar range would be detectable, but as the
simulation curves are almost identical in this range, the KD
values would not be well differentiated. Accurate determination
of these KD values would require very low protein
concentrations that would not yield adequate sensitivity. Very
weak binders were detected only at higher ligand concen-
trations. The dynamic range for any screen, therefore, is directly
correlated with the initial ligand concentration used. Weaker
binders could be either discarded in favor of any tighter binders
identified or pursued in cases when no superior leads were
found. For example, in the 2:1 L/P ratio screen, 17 compounds
were identified as nonbinders. Four of these subsequently
showed binding at a higher L/P ratio (8:1), indicating that
these compounds were very weak binders.
The high hit rate observed in the 2:1 L/P screen may arise

from detection of false positives due to nonspecific gas phase
interactions forming during the electrospray process.58,59 False
positives or false negatives affect all screening methods to some
extent, however, and additional screens using orthogonal
techniques must be performed to confidently identify binding
events. 2D-NOESY, STD-NMR, and ITC data were acquired
on a subset of the compounds to confirm the MS binding data.
ITC experiments that yielded binding curves were also used to
derive KD values, but this proved challenging even with a
directed library due to weak ligand affinity and low binding
enthalpies (see the Supporting Information, Figure S7). The
error on several of the curve fits was therefore considered too
high for a KD value to be extracted. When the KD values could
be derived from ITC data, they were of the same magnitude as
those determined by MS. Larger discrepancies occurred at the
weaker end of the binding spectrum, where ITC might not be
expected to detect binding without the use of competition-type
experiments. Three compounds that displayed weak binding by
MS were not identified as binders by ITC. However, the overall
agreement between MS, STD-NMR, and ITC in terms of the
identification of binders and nonbinders is compelling. For four
compounds, CSPs from 1H/15N HSQC titration experiments
were mapped onto the protein surface and confirmed that
binding overlapped with the Bak peptide interaction site (PDB
accession code 1BXL).29 Determining the location of

compound binding adds to the evidence that the hits identified
from a high-throughput MS screen were correct and specific to
a therapeutically relevant binding site. The structural similarity
between the compounds screened allows the assumption to be
made that this binding site is common to other compounds
identified as hits by the MS screen.
Despite the similar scaffold, a number of physical properties

show a large variation across the library. The LogD7.4 values for
each compound were measured to estimate the degree to which
hydrophobic interactions might contribute to overall binding
for each complex. A high LogD7.4 value does not, of course,
preclude additional stabilizing interactions such as hydrogen
bonds, and a structure of each complex would be required to
fully identify the important binding interactions. The
compounds tested had LogD7.4 values ranging from −0.72 to
3.83, and there was no observable correlation between the
LogD7.4 and the measured KD, that is, no apparent bias against
detecting more hydrophobic complexes (Supporting Informa-
tion, Figure S4). The structural diversity is, however, limited by
the common phenylpyrazole moiety, which may provide the
predominant binding interaction and limit the potential role of
R1 and R2. The weak binding enthalpies measured by ITC
suggest that electrostatic interactions do not contribute greatly
to the overall binding strength, and the binding interaction may
therefore be predominately hydrophobic.43 We also observed
no correlation between the molecular weight and KD, indicating
that the MS screen identified binding interactions from
compound sizes ranging from fragments to typical drug-sized
compounds with no apparent bias.
Although a structure of each complex would be required to

fully identify the interactions that are important for binding, the
presentation of the MS screen data in Figure 6 already provides
some preliminary SAR. There are identifiable trends where a
particular group appears to confer either strong or weak
affinities, regardless of the identity of the second substituent.
For example, the addition of the R2 group in column 7
precludes binding irrespective of the group at R1. The
compounds in this column range in LogD7.4 from 0.24 to 2.6,
suggesting that the lack of activity here is not associated with a
gas phase weakening of hydrophobic interactions. Consistently
low KD values are found in columns 3 and 4, which is
interesting because the R2 groups for these two columns are
highly related, whereas changes in R1 down these columns
varies the LogD7.4 values from −0.07 to 3.18. This indicates
once again that compound hydrophobicity does not appear to
affect the detection of binding.
The adoption of MS as a screening tool will depend not just

on the availability of instrumentation but also on the analysis
time and cost per sample. By running a preliminary screen at a
ligand/protein ratio of 2:1, we have demonstrated that
compound hits can be confidently identified and a ranking of
binding affinity determined. This could be run alongside an
STD-NMR screen, although this may use considerably more
protein, ligand, and time. It may be possible to reduce these
factors through the use of microcoil flow probes under
automation, thereby acquiring these two key orthogonal
screens using a single 384-well format.

■ EXPERIMENTAL SECTION
Protein Production and Purification. A biologically active

deletion mutant of Bcl-xL lacking the putative COOH-terminal
transmembrane region and residues Met45−Ala84 (which form a
flexible loop shown to be nonessential for anti-apoptotic activity)29
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was used in this study. Unlabeled Bcl-xL was expressed in Escherichia
coli BLR(DE3) using the pET24b vector (Novagen). Cells were grown
in 2xYT medium at 37 °C until the absorbance at 600 nm reached
0.6−0.8. They were then induced with 0.3 mM IPTG and allowed to
grow for a further 16 h at 17 °C. Cells were harvested by
centrifugation and lysed with sonication, and the soluble fraction
was collected via centrifugation. The recombinant protein contained a
C-terminal poly histidine tag (−LEHHHHHH) to facilitate one-step
purification on a nickel affinity column (Ni-NTA resin, Qiagen).
Uniformly labeled 15N Bcl-xL for NMR studies was prepared using the
protocol for the unlabeled expression and purification as above, except
that the expression used E. coli strain BL21(DE3). Cells were grown in
M9 minimal medium supplemented with 1 g/L 15N-labeled
ammonium chloride as the sole nitrogen source for uniform labeling.
Targeted Compound Library Design and Characterization.

One hundred and eighty compounds based around a central
phenylpyrazole scaffold were designed by John Porter at UCB
Pharma, Slough, U.K., and synthesized by SAI Advantium (Hyderabad,
India). Compounds were diluted from 10 mM DMSO stocks prior to
use. Automated Kinetic Aqueous Solubility (AKAS) assays were
performed on all compounds at concentrations between 0 and 350 μM
and at pH 3, 5, 7.4, and 9. Ninety-six-well filter plates were prepared
with 10 μL of 10 mM DMSO stock solutions and 190 μL of 150 mM
sodium phosphate buffer. Plates were shaken for 90 min and then
filtered under vacuum. One hundred microliters of filtrate was
transferred to 96-well UV transparent plates and analyzed on a plate
reader (Molecular Devices SpectraMax190) between 240 and 400 nm.
The compound concentration in the filtrate was determined by
comparing absorbance values with a calibration plot to give a solubility
measurement. The calibration plot was constructed by preparing 500,
200, 50, and 10 μM samples of each compound in 80:20 MeCN/H2O.
The calibration samples were transferred to a UV transparent plate and
analyzed as before using a plate reader. All solubility values were
measured in duplicate. High-throughput LogD7.4 (HTLogD7.4) values
were also measured for all compounds. A 96-deep-well plate was
prepared with 40 μL of 10 mM DMSO stock compound solution per
well. To each well were added 400 μL of octanol and 360 μL of 150
mM sodium phosphate buffer (pH 7.4). Plates were shaken for 90 min
and centrifuged. Octanol and aqueous phases were separated and
analyzed by reverse phase liquid chromatography on an Agilent 1100
LC system with UV detection using Chemstation software. The
concentration of sample in each phase was determined by measuring
peak areas at 254 or 280 nm. The ratio of peak areas was used to
calculate HTLogD7.4 values. All compounds were measured in
duplicate with an effective range of HTLogD7.4 values from −2 to 5.
All pipetting for the AKAS and HTLogD7.4 assays was carried out
using a Perkin-Elmer MultiProbeII with WinPREP software.
Mass Spectrometry. Nano-ESI MS was performed on a Waters

LCT Premier mass spectrometer equipped with a Triversa NanoMate
chip-based nano-ESI source (Advion Biosciences) operating in positive
ion mode with a chip nozzle voltage of 1.86 kV and a spray pressure of
0.5 psi. The operating parameters of the LCT Premier were carefully
adjusted to minimize in-source dissociation. The most influential
parameters and their values were as follows: aperture 1 voltage, 25 V;
ion guide 1, 100 V; cone voltage, 60 V; and desolvation temperature,
20 °C. The TOF analyzer was operated in V mode and the
spectrometer modified to include a Speedivalve (Edwards Ltd.)
connected between the rotary pump and source pumping line,
allowing manual adjustment of instrument pressures. The typical
pressure settings for short experiments were a source pressure of 4.65
mbar and an analyzer pressure of 2.5 × 10−6 mbar. The spectrometer
pressure used for a full screen (taking 5 h) was reduced slightly to 4.41
mbar and 1.9 × 10−6 mbar in the source/analyzer regions, respectively.
Protein samples were desalted prior to use, for large volumes by

dialysis against 20 mM ammonium acetate buffer (pH 6.8) and for
small volumes by Micro Bio-Spin 6 columns (Bio-Rad). For KD
determination of the lysozyme/NAGn system, protein concentration
was held at 10 μM while five titration points were taken for each
ligand, where [L]‑ was varied to pass through the expected KD value.
Ligand stock solutions were prepared in 20 mM ammonium acetate

buffer (pH 6.8). For KD determination it was assumed that P and PL
gave the same linear detector response. The peak heights for the P and
PL complexes from data deconvoluted using the MaxEnt1 algorithm
(Waters) were used to calculate the KD value using eq 1, where [L]0 is
the initial ligand concentration.21

= =
−

K [P][L]
[PL]

[P]([L] [PL])
[PL]D

0
(1)

The peak heights for P and PL were converted into concentration
units by assuming that the sum of the concentrations, [P] and [PL],
was equal to the initial protein concentration. The error was estimated
using the standard deviation of the KD values for each titration point.

Automated High-Throughput Screening by Mass Spectrom-
etry. A 384-well plate was prepared with alternating rows of protein
and ligand solutions using a fluid-handling robot. Protein wells
contained 10 μL of a 20 μM solution, and ligand wells contained 20
μL of various concentrations from 40 to 160 μM. Two different
controls with known KD values were positioned at every 10th sample.
The controls used were Bcl-xL plus a known binder and lysozyme plus
NAG3. Plates were heat-sealed with pierceable foil covers and
centrifuged (2 min, 4000 rpm). Advanced User Interface software
(Advion Biosciences) was used to create an automated screening
protocol with a task list as follows: pierce foil above well, aspirate 10
μL of ligand solution, dispense into a protein-containing well, aspirate
and dispense for mixing (twice), aspirate 5 μL of solution, spray for 30
s into the mass spectrometer. The same sequence was repeated for
each sample across the plate. Spray-sensing software (Advion
Biosciences) was applied so consecutive nozzles on the NanoMate
chip were used if the electrospray current dropped below 5 eV or
above 400 eV for 5 s. Data acquisition was automated by connecting
the NanoMate to the spectrometer via a relay switch. A sample list was
created in MassLynx software (Waters) to store each spectrum in a
different file for analysis. Automated deconvolution of all spectra was
performed using BiopharmaLynx software (Waters), and results were
taken as the relative peak heights of free protein and protein−ligand
complex. An estimation of the KD value was made with these data
using eq 1 for a single value of [L]0.

NMR. NMR experiments were recorded at 25 °C on a Varian
VNMRS 600 MHz spectrometer equipped with a triple-resonance
1H(13C, 15N) cryoprobe. 1D-NMR spectra were recorded for each
sample to assess compound purity and protein folding. STD-NMR
experiments were acquired with 512 scans according to the method
described by Mayer and Meyer.60 Selective saturation of the protein
was achieved with an on-resonance irradiation frequency of −3500 Hz
and off-resonance irradiation frequency of 15970.9 Hz. A train of 40
Gaussian pulses of 50 ms each with a 100 μs delay between pulses was
used, with a total saturation time of 4 s. The delay between scans was
1.5 s and the sweep width, 7225 Hz. Samples for STD-NMR
experiments were prepared with a protein concentration of 20 μM and
ligand concentration of 1 mM in 10 mM sodium phosphate buffer, 150
mM NaCl, 100% D2O (pH 7.3). The final volume was 200 μL in 3
mm NMR tubes. Ligands were diluted from 50 mM stock solutions in
DMSO-d6, giving 4% DMSO-d6 (v/v) in the final sample. Control
samples were prepared for each compound as above but without
protein. Spectra were processed using VnmrJ (Agilent) with a line
broadening of 1.5 Hz.

2D-NOESY experiments were performed on STD-NMR samples
using sculpted excitation for water suppression.61 The number of
complex points in F2 was 4308, with 64 real points in F1. Eight scans
were recorded per increment, with a total time of 40 min per
experiment.

Binding Site Elucidation Using 1H/15N HSQC NMR Experi-
ments. NMR data were recorded at 25 °C on a Varian VNMRS 600
MHz spectrometer equipped with a triple-resonance 1H(13C, 15N)
cryoprobe. Standard triple-resonance experiments (HNCA, HN(CO)-
CA, HNCACB, CBCA(CO)NH, and HNCO) were conducted for the
backbone assignment of Bcl-xL. Uniformly

15N-labeled Bcl-xL was used
at a concentration of 180 μM in 10 mM sodium phosphate buffer, 5
mM 2-mercaptoethanol (pH 7.3) with 10 % D2O (v/v) added for a
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lock signal. 1H/15N HSQC experiments were recorded on a Varian
INOVA 600 MHz spectrometer with a room temperature probe at 25
°C. Compound was added to a final concentration of 500 μM from a
50 mM stock in DMSO-d6 with further DMSO-d6 added to a final 2 %
(v/v) to maintain compound solubility. NMR spectra were processed
with the NMRPIPE software62 and analyzed using NMRView63 and
CcpN analysis 2.1.64 Weighted-average chemical shift changes (Δδav)
were calculated using eq 2.65

Δδ = Δδ + Δδ[( ) (0.1 ) ]av H
2

N
2 1/2

(2)

ITC. ITC experiments were completed with both VP-ITC and
AUTO iTC200 calorimeters (MicroCal) at 25 °C. All samples were
thoroughly degassed in a ThermoVac apparatus (MicroCal) prior to
use. Protein was dialyzed into PBS buffer (pH 6.8) and the protein
dialysate used to prepare the ligand titrate. DMSO was added to each
solution to a final volume of 4%. Bcl-xL (150 μM) was placed in the
reaction cell, and 2 mM ligand solution was injected using 1 × 3 μL
and 24 × 6 μL injections with a 12 s interval between each. To ensure
complete mixing, the reaction cell was continuously stirred at 310 rpm.
The first injection was removed prior to each analysis to correct for
anomalous effects due to diffusion from the syringe during
equilibration. The heat due to dilution, mechanical effects, and other
nonspecific effects was accounted for by averaging the last three points
of the titration and subtracting that value from all data points.66−68

Data were fitted with a single-site binding model using Origin software
(MicroCal). The enthalpy change, ΔH, association constant, Ka, and
binding stoichiometry, n, were not fixed during the least-squares
minimization process, and the best-fit values were taken.
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