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Abstract

An academic chemical screening approach was developed by using 2D protein-detected NMR, and
a 352-chemical fragment library was screened against three different protein targets. The approach
was optimized against two protein targets with known ligands: CXCL12 and BRD4. Principal
component analysis reliably identified compounds that induced nonspecific NMR crosspeak
broadening but did not unambiguously identify ligands with specific affinity (hits). For improved
hit detection, a novel scoring metric—difference intensity analysis (DIA)—was devised that sums
all positive and negative intensities from 2D difference spectra. Applying DIA quickly
discriminated potential ligands from compounds inducing nonspecific NMR crosspeak broadening
and other nonspecific effects. Subsequent NMR titrations validated chemotypes important for
binding to CXCL12 and BRDA4. A novel target, mitochondrial fission protein Fisl, was screened,
and six hits were identified by using DIA. Screening these diverse protein targets identified
quinones and catechols that induced nonspecific NMR cross-peak broadening, hampering NMR
analyses, but are currently not computationally identified as pan-assay interference compounds.
The results established a streamlined screening work-flow that can easily be scaled and adapted as
part of a larger screening pipeline to identify fragment hits and assess relative binding affinities in
the range of 0.3-1.6 mM. DIA could prove useful in library screening and other applications in
which NMR chemical shift perturbations are measured.

Can you tell the difference?

Difference intensity analysis of fragment-based screening by NMR 2D difference spectra enabled
us to quickly discriminate potential chemical fragment hits from non-hits, compounds inducing
nonspecific NMR crosspeak broadening, and other nonspecific effects. This quantitative NMR
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spectral analysis method could assist in library screening and other applications in which NMR

chemical- shift perturbations are measured.
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Introduction

Traditional drug discovery often involves screening a large chemical library (>50000
compounds) in high-throughput assays.[*] Obtaining such a library can be a limiting barrier,
due to costs and resources associated with library construction and maintenance.[*: 21 An
attractive way to address this barrier is fragment-based screening (FBS), which screens
much smaller libraries (250-5000 compounds) of lower molecular weight compounds (<300
Da), termed fragments. The requirement for a low molecular weight fragment typically
results in one chemotype present in each molecule and lower affinity compared to higher
molecular weight drug-like compounds (<500 Da). However, fragments have reduced steric
requirements compared to larger compounds, which allows efficient sampling of the
available chemical space capable of binding a protein target. FBS has been used to discover
two FDA-approved drugs, with more than thirty compounds currently in clinical trials.[3!
Given the reduced library size, FBS is particularly well suited for academic drug discovery
efforts, which typically have fewer available resources than industry. FBS has been
increasingly used with NMR for hit-to-lead drug discovery efforts.[4] We sought to use 2D
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protein-detected NMR because of its numerous advantages over other screening techniques.
Due to its high sensitivity and detection of protein residue chemical shifts, compounds with
low affinity (high-millimolar range) can more readily be distinguished from false positives.
[5] Further, protein-detected NMR can identify the binding location(s) of hits, as well as
binding affinity by subsequent titration experiments. Here, we screened three distinct protein
targets against a 352-fragment library by using 2D protein-detected NMR and identified
fragments with binding constants in the range of 0.3-1.6 mM affinity.

We first validated our FBS approach against CXCL12, a chemokine implicated in cancer cell
metastasis with known ligands.[®: 71 When CXCL12 binds its cognate receptor, CXCR4,
chemotactic cell migration ensues, which is essential for metastatic cancer progression.[8] A
novel therapeutic strategy is to disrupt the CXCL12:CXCR4 interaction. Previous in silico
screening of CXCL12 identified fragment- and lead-like ligands with experimentally
verified affinities in the micro- to millimolar range.[® 71 Using CXCL12 as a testbed target
protein, we questioned whether screening a 352-fragment library was sufficient to identify
similar chemotypes or reveal new binding modalities.

We further validated our approach against the second bromodomain of BRD4, BRD4(BD2),
an epigenetic regulatory protein of the bromodomain and extraterminal domain (BET)
family (BRDT, BRD2, BRD3, and BRD4) implicated in the progression of various forms of
cancer and inflammatory disease.[%] BET family proteins localize to the nucleus and
specifically recognize and bind to acetylated lysine residues, influencing transcription by
marking sites of acetylated chromatin throughout the genome.[10] Currently, small molecule
inhibitors of BET bromodomains, which selectively displace BET proteins from acetylated
histones, are in clinical trials for applications that include hematological malignancies, solid
tumors, and inflammatory disorders.[®] However, these potential drugs are nonselective, as
they bind all four BET family proteins with equal low nanomolar affinity.[11] As a result,
more selective compounds are desired to elucidate the biological functions of individual
BET proteins and to minimize side effects associated with current therapeutics targeting
BET bromodomains.[12:13] We reasoned that an FBS approach might validate current
molecules and possibly identify new chemotypes selective for BRDA4.

The third—and novel—protein target we screened was Fis1, a mitochondrial outer
membrane protein implicated in mitochondrial fission.[14.15] Excess mitochondrial fission is
associated with several disease pathologies, including pulmonary arterial hypertension and
diabetic cardiomyopathy.[16:17] Genetic inhibition of Fis1 prevents excess fission and
improves mitochondrial function;[16:18:19] this suggests a novel pharmacological approach of
inhibiting Fisl to protect against cellular damage in various pathologies.

Here, we used an FBS by NMR approach, using 2D protein-detected heteronuclear
experiments to identify fragment hits against CXCL12, BRD4(BD2), and Fis1. Limitations
to principal component analysis (PCA) of 2D protein-detected NMR data were mitigated by
a new metric: difference intensity analysis (DIA) of 2D difference spectra. DIA, in a protein-
independent manner, readily identified potential hits from non-hits, including compounds
inducing nonspecific NMR crosspeak broadening. From this, we identified unique chemical
fragments against each target with binding affinities ranging from high micromolar to low
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millimolar values. The data suggest that a 352-compound library is a reasonable first step in
building a fragment library, and FBS by NMR, aided by DIA, can serve as a powerful
component of an academic FBS program.

Results and Discussion

Validating approach against CXCL12

We established an academic-based approach to identify chemical fragments specific to
protein targets implicated in various diseases, with the ultimate goal of discovering high-
affinity chemical biology tools (Figure 1). We first optimized and validated our workflow by
using the chemokine CXCL12. CXCL12 was chosen because we previously identified novel
small molecules that bind to three distinct sites with affinities from 64—4000 pM.[6: 71 we
screened 1°N,13C-labeled CXCL12 against a commercially available library of 352
fragments in fragment mixtures with six compounds per NMR sample by collecting 1H,13C
HSQC and 1H,1°N SOFAST-HQMC spectra. Manual inspection of spectral overlays
between fragment mixtures and DMSO control spectra of CXCL12 identified a subset of
samples with clear chemical shift perturbations (CSP) from 1H,15N SOFAST-HMQC
(Figure 2A), but not 1H,13C HSQC (Figure S1, Supporting Information), experiments. The
lack of hit detection when using carbon-based methods was most likely due to the higher
sensitivity of 15N chemical shifts (arising from chemical shift anisotropy) to ligand binding
compared to 13C chemical shifts.[20] Carbon nuclei are less sensitive to through-space
interactions, and an observable carbon chemical shift perturbation would require local

conformational changes, which are not likely to be induced by a weak affinity fragment.
[21-23]

Manual inspection of HSQCs is commonplace in identifying CSPs; however, it is
cumbersome, subjective, and qualitative. PCA offers an attractive alternative.[24-26] Using
automated scripts in R, Bruker TopSpin 3.5, or NMRPipe, we generated PCA score plots for
the set of 60 1H,1°N SOFAST-HMQC spectra of CXCL12. We found 81 % of the variance
was contained in PC1 and PC2 and could not be attributed to baseplane noise (Figure S2).
Eight NMR samples gave PC variances outside the 95% confidence interval (95 % ClI;
Figure 2 B). To determine the spectral basis of these variances, we manually inspected 2D
spectral overlays of all datasets. Three of the eight NMR samples (31, 40, and 45) contained
unambiguous CSPs. These three samples were also found in a cluster distinct from the
remaining five samples (20-22, 42, and 48). By contrast, these other five samples (20-22,
42, and 48) displayed small, if any, changes in chemical shifts but had significantly
attenuated crosspeak intensities. The intensity loss was not uniform and suggested that some
fragments might have induced intermediate exchange, nonspecific protein modification (i.e.,
free amines), or aggregation of the protein sample.

The inability of PCA to unambiguously discriminate potential fragment hits from
nonspecific interactions prompted us to explore alternative methods to quantify spectral
changes and avoid subjective manual inspection of spectral overlays. We reasoned that 2D
difference spectra computed from the DMSO control and each fragment mixture should
quickly discriminate CSPs from intensity losses due to non-binding interactions.
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For CXCL12 and the other proteins we tested to date, changes in 2D difference spectra were
classified into three categories: little change, global intensity loss, or clear CSPs (Figure S3).
An NMR sample with little to no change in chemical shift or intensities relative to the
DMSO control resulted in few to no peaks observed in the 2D difference spectrum and was
classified as a non-hit. In contrast, some NMR samples yielded spectra similar to the DMSO
control but with negative intensities in the 2D difference spectrum, indicating a global loss
of signal upon fragment addition, consistent with NMR crosspeak broadening, protein
aggregation, or slow to intermediate exchange. 2D difference spectra that presented positive
and negative intensities arose from clear CSPs and were classified as potential hits.

To quantify spectral differences, we consolidated each 2D difference spectrum into two
values by summing all the positive crosspeak intensities into a single positive value and
doing the same for all negative crosspeak intensities (Figure 2 C, Table S1). For 60 NMR
samples, this analysis gave 60 positive and negative values. The uncertainty in these values
was estimated from consecutive HSQC spectra on a control sample and found to be ~6 %.
CXCL12 samples that gave rise to significant positive and negative values of equal
magnitude indicated a potential hit arising from multiple CSPs in 2D difference spectra. In
contrast, samples that gave rise to a significant negative value indicated compound(s) that
induced NMR crosspeak broadening, likely due to intermediate exchange or nonspecific
interaction with/modification of the protein. To quantitatively discriminate potential hits
from non-hits, we took the mean of the positive and negative intensities of all 60 samples,
calculated the standard deviation, and set a threshold at one standard deviation from the
mean. Any sample/spectrum with a positive intensity greater than this threshold signaled a
potential hit for further consideration. Samples that gave rise to a negative intensity
exceeding the negative threshold without a positive intensity higher than the positive
threshold signaled a potential interfering compound that induced nonspecific NMR
crosspeak broadening. We refer to this overall process as difference intensity analysis (DIA).

For CXCL12, DIA identified ten NMR samples that gave positive intensities above the +1 o
threshold (1, 23, 24, 31, 39, 40, 45, 50, 53, and 54) and thirteen samples that gave negative
intensities below the -1 o threshold (1, 20, 21, 22, 31, 32, 39, 40, 41, 42, 45, 48, and 50,
Figure 2C). Six of these samples (1, 31, 39, 40, 45, and 50) exceeded both thresholds and
gave rise to the largest positive intensities, which is expected from ligand binding, as a
perturbation that shifts a crosspeak from the DMSO control will result in equal intensity
positive and negative peaks in the 2D difference spectrum. We assigned all ten samples
exceeding the +1othreshold as potential hits. Baseplane noise was not shown to contribute
significantly to DIA values (Figures S2 and S4). Manual inspection of spectral overlays for
these ten samples verified that the seven samples with the highest positive intensity values
(1, 24, 31, 39, 40, 45, and 50) derived from distinct CSPs. By contrast, the three samples
with the lowest positive intensity values above the +1 o threshold (23, 53, and 54) did not
give rise to substantial CSPs and were classified as false positives. Samples with negative
intensities below the —1 o threshold but not near the +1 o threshold (20, 21, 22, 41, 42, and
48) were deemed to arise from substantial nonspecific NMR crosspeak broadening, based on
manual inspection of 2D overlays that showed uniform loss of crosspeak intensity (data not
shown).
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The finding that three of the ten samples with positive intensity values above the +1 o
threshold were false positives suggested that the stringency of this threshold might need to
be raised. However, we inspected all remaining overlays and discovered one more sample
with CSPs suggestive of binding (32). This sample was below our positive, but not our
negative, threshold. Interestingly, in the PCA score plot (Figure 2 B), sample 32 clustered
near the seven samples identified from DIA and was included, along with the seven samples
with the highest positive intensity values, to give 48 total fragments for further analysis.
Each fragment was individually tested at 1 mM with 50 pM 1°N-CXCL12, and eight
fragments were found to give significant CSPs, including one from sample 32. One fragment
mixture (24) yielded no individual fragment-induced CSPs. We concluded that DIA is useful
in quickly highlighting samples for further analysis and could benefit from being coupled
with PCA to evaluate samples near the threshold.

Of the eight fragments, seven contained one or more carboxylate groups, a moiety known to
enhance chemical fragment binding to CXCL12.[%. 71 To determine binding affinities, these
eight fragments were titrated (0—1600 puM) against 50 pM 1°N-CXCL12 and monitored by
1H,15N SOFAST-HMQC experiments (Figure 2D). Each fragment induced CSPs
encompassing two of three known ligand binding pockets on CXCL12—the so-called sY12
and 14/16 sitesl’l—which include residues Val18, Val23, Lys24, His25, and Lys27 (Figure
2E, G). Therefore, it appeared a 352-compound library was not of sufficient size to detect all
possible binding sites, as only two of the three sites were detected for CXCL12. Global
nonlinear fitting of the titration data from these residues for one of the fragments (ZT0784)
yielded an apparent K value of 1.0 £ 0.1 mM (Figure 2 F). Similar affinities were found for
the other fragments (Table 1). Unbiased molecular docking studies with these fragments
against a high-resolution structure of CXCL12 placed the fragments within the area
identified by the NMR titration experiments. Curiously, the 14/16 site occupied by ZT0784
(Figure 2 G) was an ancillary site with respect to binding the cognate receptor of CXCL12[’]
and lent support to the idea that fragment-based screening can identify alternative or cryptic
binding sites that might be missed when screening with libraries of larger (for example,
drug-like or lead-like) compounds. In summary, DIA was useful in interpreting CXCL12
screening data and identified eight fragments (2 % hit rate) with affinities expected of a
fragment-based approach.

Validation approach against BRD4(BD2)

We next evaluated whether our approach could identify fragments for an entirely different
protein: a bromodomain involved in epigenetic gene regulation. We first evaluated FTMap
analysis on the second bromodomain of BRD4 (BRD4(BD2)), which identified a strong hot
spot (cluster strength [CS] =34) located within the acetylated lysine binding pocket (Figure 3
A). In addition, two neighboring hot spots (<8 A away) were identified, thus suggesting
ligands to BRD4(BD?2) are discoverable, as expected.

Prior to screening 1°N-labeled BRD4(BD2), we first collected a 1H,1°N SOFAST-HMQC
spectrum that exhibited NMR crosspeak broadening of resonances that could obscure
interpretation of screening data. By contrast, 1H,1°N HSQC spectra gave rise to higher
quality data with a twofold increase in screening data collection time (Figure 3 B). We
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screened the 352-fragment library by collecting 1H,1°N HSQC data and generated PCA
score plots for all 60 HSQC spectra. A plot of PC1-PC2 (Figure 3C) clustered much more
tightly than the CXCL12 PCA plot (Figure 2 B), although ten NMR samples lay away from
this cluster and outside the 95% CI (14, 16, 19, 20-22, 25, 32, 48, and 59). We suspected
that many of these BRD4 outliers derived from samples with nonspecific NMR crosspeak
broadening, as found with CXCL12. Indeed, DIA of the BRD4(BD2) 2D difference spectra
revealed that all but two of these samples (25 and 32) gave negative intensity values
exceeding the —1othreshold indicative of nonspecific NMR crosspeak broadening (Figure 3
D, Table S2). Four other NMR samples with negative intensity values less than -1 (9, 11,
40, and 47) were also found. Two of these samples (11 and 40) also had positive intensities
greater than +1 o, indicative of ligand binding, and were outliers above the 68 % CI in PCA.
One additional BRD4(BD2) sample (34) had sufficient total positive intensity (>+10) to
warrant further examination, although it was not highlighted in PCA (Figure 3 C, D).

Manual inspection of 2D spectral overlays confirmed four samples (11, 34, 40, and 47) were
worthy of further consideration. Also, four more samples with positive intensities just below
our threshold were assessed to determine the stringency of the +1 o threshold (41, 52, 53,
and 55). Although these samples did not show significant variance in PCA, we identified
chemical fragments in individual parsing experiments that were indicative of ligand binding.
We interpreted this finding to indicate that DIA is potentially more useful than PCA in
identifying hits from protein-detected NMR data.

Perhaps most interesting was sample 52, which when parsed into individual fragments at 1
mM against 50 M 1°N-BRD4(BD2) identified acetaminophen as giving substantial CSPs
(Figure 3 E). Acetaminophen has previously been shown to bind the first bromodomain of
BRD4 with a Kj value of 290 pM.[27] Titrations of 0-1600 pM acetaminophen with
BRD4(BD2), monitored by 1H,1°N HSQC experiments, yielded data that were
simultaneously fit to give an apparent Ky value of 1.6 + 0.2 mM (Figure 3 F—H). The weaker
affinity of acetaminophen for the second compared to the first bromodomain was consistent
with previous observations that BRD4(BD2) generally harbors weaker ligand affinities
compared to BRD4(BD1).[19] Individual compound parsing experiments also identified
additional potential ligands for BRD4(BD2) spanning diverse chemotypes, for which Ky
values were not determined.

Possible orientations for acetaminophen binding to the acetyl-lysine binding pocket of
BRD4(BD2) were revealed from unbiased computational docking studies, which agreed
with the experimentally identified binding pocket on BRD4(BD?2) (Figure 3 H). These
findings were consistent with previous observations that the relatively large and hydrophobic
acetyl-lysine binding pockets of BET bromodomains are highly drug-gable compared to
other bromodomains.[28] Indeed, many screening efforts have successfully identified small
molecules for BET bromodomain acetyl-lysine binding pockets.[29-31] |n summary,
screening BRD4(BD?2) against our chemical library identified acetaminophen, a compound
known to interact with bromodomains, and demonstrated the feasibility and success of our
approach in identifying compounds that interact with target proteins for further
characterization.
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FTMap analysis of Fisl

After validating our approach against CXCL12 and BRD4(BD2), we screened the novel
protein target Fisl. To assess potential small molecule binding sites on Fis1, FTMap analysis
was performed on crystallographic and NMR solution structures of the cytoplasmic domain
of Fis1 (residues 1-125). FTMap analysis of a 2.0 A crystallographic Fis1 structure
identified five hot spots (xCS1-5) on the concave TPR-containing pocket of Fisl (Figure 4
A, left). The strongest hot spot xCS1 (CS=17) was located within 8 A of the xCS3, xCS4,
and xCS5 hot spots, giving rise to a putative ligand binding site. As the conformations
between crystallographic and solution structures of Fis1 differed, all 20 Fis1 conformations
of the NMR ensemble were also analyzed by FTMap analysis (Figure S5). The same five hot
spots were identified with one notable exception: a putative binding pocket (nCS1) on the
convex face of Fisl (Figure 4 A, right). Taken together, these results suggested that chemical
fragments binding to the concave face of Fis1 could be discovered by using our screening
approach.

Identification of fragment hits against Fis1

Fis1 was screened against the 352-fragment library by 1H,15N SOFAST-HMQC experiments
in a similar manner to CXCL12 and BRD4(BD2) (Figure 4B). 1H,13C HSQC experiments
were also collected on 15N,13C-Fis1 and, like CXCL12, 13C-based protein detection
methods were unable to discriminate hits from non-hits (Figure S6). PCA of the resulting
1H,15N SOFAST-HMQC spectra identified four NMR samples (9, 21, 22, and 48) outside
the 95% CI (Figure 4C). Samples 21-22 and 48 gave the most negative total crosspeak
intensity, exceeded the —1o threshold (Figure 4 D), and caused nonspecific NMR crosspeak
broadening. DIA revealed that only four NMR samples (4, 11, 40, and 47) had sufficient
positive intensity (>+1 o) to warrant further examination (Figure 4D, Table S3), which was
confirmed by manual inspection of 2D overlays. To assess whether samples below the +1o
threshold might give rise to CSPs, we included five additional NMR samples for further
analysis: two samples just below our threshold (31 and 52), and three randomly selected (01,
03, and 59). The 95% CI PCA outlier 9 was also included, to give a total of ten NMR
samples for parsing.

To determine which individual fragment hits were contained within these ten NMR samples,
60 fragments plus a DMSO control were individually screened at 1 mM with 50 uM 15N-
Fis1 by 1H,1°N SOFAST-HMQC experiments. Six chemical fragments elicited CSPs
indicative of binding, which originated from fragment mixture samples near or at the +1 o
threshold (4, 11, 32, 40, and 47). By contrast, the other samples examined showed no
substantial spectral changes upon addition of individual ligands, supporting the use of the +1
o threshold. Each of the six fragments were titrated (0-1600 uM) against 50 uM 1°N-Fis1
and monitored by *H,1N SOFAST-HMQC experiments (Figure 4 E). The resulting data
were fit to determine binding affinities that ranged from 0.34 to 1.50 mM (Table 1). An
example is shown for Fragment ZT0096 (isolated from sample 4), in which global fitting
CSPs of individual residues resulted in a Ky value of 1.5 + 0.3 mM (Figure 4F-H). The
CSPs from each fragment highlighted the same putative binding site on the concave pocket
of Fis1. Curiously, four of the fragments were dihydroxynaphthalene isomers with similar
affinities, regardless of the position of the hydroxy groups. Three other naphthalene-
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containing compounds (1,8-diaminonaphthalene, 3-amino-2-naphthol, and naphthalene-2-
sulfonamide) were present in our library, none of which bound appreciably.

To further inform fragment binding location, we performed unbiased fragment docking with
a high-resolution structure of Fisl. In agreement with CSP mapping, all six fragments
docked to the concave pocket of Fis1 in a similar manner, which was also predicted by
FTMap (Figure 4 A, H). We concluded that screening a 352-compound library and
analyzing the resulting spectra by PCA and 2D difference data by DIA can rapidly identify
distinct chemical moieties with affinities expected for fragments with an average molecular
weight of 150 Da.

Identification of common interfering compounds inducing nonspecific NMR crosspeak

broadening

Across all targets screened, we identified 18 possible compounds that induced nonspecific
NMR crosspeak broadening contained in fragment mixtures 21, 22, and 48. These samples
were easily discernible in DIA plots (largest negative intensity, Figures 2 C, 3D, and 4D) and
clustered away from the bulk of other spectra in the PCA plots (Figures 2 B, 3C, and 4C). To
identify which of the 18 fragments induced nonspecific NMR crosspeak broadening, we
conducted 1H,1°N SOFAST-HMQC experiments on 50 uM 1°N-Fis1 and 100 pM 15N-
CXCL12 and *H,15N HSQC experiments on 100 pM 15N-BRD4(BD2) with 1 mM each of
individual compounds. Six fragments consisting of quinones, catechols, and ninhydrin
induced nonspecific NMR crosspeak broadening of Fis1 (Table S4) and were not deemed
colloidal aggregators, as addition of 0.1% (/) Triton X-100 had no effect on spectral
quality (data not shown). To determine if these compounds induced aggregation of Fis1,
dynamic light scattering (DLS) measurements were collected on Fisl in the absence and
presence of each of the six interfering compounds. Size distribution analysis demonstrated
that all six interfering compounds induced a large change in Fisl particle size, from a radius
of 2.6 nm in the absence of compound to 80-130 nm in the presence of interfering
compounds (Figure S7). To evaluate whether the increase in Fisl particle size was due to a
direct chemical modification, mass spectrometry experiments were conducted on Fis1 with
and without each of the six interfering compounds. Only one interfering compound (2-
methylbenzene-1,4-diol) caused a mass shift (119.7 Da) from the observed molecular weight
of apo Fisl (14 487.2 Da, Figure S8); this suggested direct chemical modification of Fis1.
The diol of 2-methylbenzene-1,4-diol could be oxidized to a quinone, which could then react
with nucleophiles on the protein.[32:33] |f the remaining hydroxy group was again oxidized
to the quinone, then the expected mass shift would be 120 Da, which explains the measured
mass shift of Fisl.

None of the six interfering compounds against Fis1 were identified by the recently
developed software Aggregation Advisor.[34] However, one fragment, 4-aminophenol, was
highlighted by Aggregation Advisor, although it did not induce nonspecific NMR crosspeak
broadening, as seen in fragment mixtures 21, 22, or 48 (Table S5). Only ninhydrin was
found to induce nonspecific NMR crosspeak broadening across all targets screened, which
was most likely due to ninhydrin-induced protein aggregation, as was seen for Fisl by DLS
measurements. Another possibility was that ninhydrin reacted with free amines on CXCL12
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and BRD4BD2 targets. Given its widespread use in chemical detection of free amines,
incorporation of ninhydrin in a commercial fragment library is surprising. Notably,
ninhydrin was not identified in a computational search filter for PAINS compounds.

Conclusion

In summary, we presented an accessible workflow to perform fragment-based screening by
2D protein-detected NMR to identify small molecules with affinities ranging from high
micromolar to low millimolar against three distinct protein targets. To readily discriminate
hits from non-hits, we developed a rapid and quantitative method for consolidating NMR
spectra, which we termed difference intensity analysis (DIA). Through DIA, we reduced the
complex spectral comparison of a control sample with each fragment mixture to two values
reflecting the overall summation of positive and negative intensities in 2D difference spectra.
We demonstrated the utility of DIA by robustly differentiating chemical fragments that
bound with measurable affinities from those that did not.

The strength of DIA is that it is objectively quantitative and does not rely on subjective
manual inspection of spectral overlays, which is advantageous when screening larger
chemical libraries. DIA detects chemical shift perturbations independent of the NMR
chemical shift timescale and, in principle, is sensitive to slow, intermediate, and fast
exchange. For the proteins screened in this study, only fast exchange was detected, as
expected for fragments with weak affinity. Our initial threshold for detection of -1 o worked
well but might require adjustment, depending on the protein screened and screening
capabilities. For example, applying —1 o threshold to CXCL12 identified seven fragment
mixtures, containing 42 fragments, which, upon individual fragment screening and titration
experiments, identified seven hits. Lowering our threshold to +0.75 o identified five
additional NMR samples, but only one of 30 fragments gave detectable CSPs, supporting the
choice of a +1 othreshold. An alternative to a —1 o threshold is to calculate the chi-square
value for crosspeaks in the difference spectra, which would take into account the probability
that the difference peak could arise from random noise alone. Another approach, although
restricting the total possible hits, would be to take the top 5-10 highest positive intensity
samples from the DIA plot and follow up on fragments contained within those fragment
mixtures. However, this runs the risk of missing important chemotypes for further studies.

DIA performed better than PCA in our hands, with an average false positive rate for DIA of
5.7% compared to 29.9 % for PCA alone (Figure S9). PCA alone did not readily identify
fragments that induced substantial CSPs. For each protein, the first principal component
represented —80-90 % of the total variance and appeared to reflect changes in peak
intensities. By contrast, the second principal component represented <3% of total variance
and appears to reflect CSPs. Others have made similar conclusions from ligand binding
studies,[24] which supports focusing on the variance in the second principal component to
identify potential hits. One way to accomplish this is to identify samples from DIA with
large negative and small positive values, remove fragment mixtures that induce nonspecific
NMR crosspeak broadening from the analysis, and repeat PCA. This approach removed
large variances due to intensity differences and better highlighted potential hits from non-
hits for all three screened proteins (Figure S10). Another method we evaluated was to
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analyze the 2D difference spectra by PCA, which did not directly eliminate the crosspeak
intensity issue but did highlight the largest variances in these datasets (Figure S11). From
our analyses, DIA in conjunction with PCA after removal of compounds that induced
nonspecific NMR cross-peak broadening was most useful. Collectively, DIA could prove
useful in library screening and other applications in which NMR chemical shift
perturbations are measured.

Experimental Section

Protein expression, purification, and stability

Recombinant human 1°N-CXCL12 was purchased from Protein Foundry (Milwaukee, WI,
USA). The cytosolic domain of human Fisl (residues 1-125) was subcloned into the pQE30
expression system as an N-terminal Hisg-SUMO fusion protein and purified by Ni-affinity
chromatography as previously described.[35] The recombinant N-terminally Hisg-tagged
BRD4(BD2) bromodomain construct (Addgene 38943; residues 333—-460) was purified from
BL21(DE3) Escherichia coliby using nickel affinity chromatography. Both Fis1 and
BRD4(BD2) were expressed in minimal medium (1 L) supplemented with 15N ammonium
chloride (3.0 g) as the only source of nitrogen (see the Supporting Information for a full
description of recombinant protein expression and purification for Fisl and BRD4(BD2)).
The stability of each protein was evaluated by 1H,1°N HSQC experiments at 0, 3, and 14
days at 25°C. Inspection of spectral overlays showed negligible changes in either chemical
shift or intensity.

FTMap analysis

The potential ligand binding sites of each protein target were assessed by using
computational solvent mapping with FTMap.[3¢] The structures of Fis1 (PDB ID: 1NZN and
1PC2) and BRD4(BD2) (PDB ID: 4793) were submitted to the FTMap server with default
settings (http://ftmap.bu.edu).36] Results were visually inspected, and figures were rendered
by using PyMol.[37]

Library selection

The Zenobia Therapeutics Library 1 (Zenobia Therapeutics, San Diego, CA) contains 352
fragments, all in accordance with the “rule of three”,[38] with the average molecular weight
of fragments being 154 Da, ranging from 94-286 Da. Fragments were received in 96-well
plates and solubilized to 200 mM in [Dg]DMSO. All fragments were soluble to 200 mM in
DMSO and 1 mM in H,0. For the Zenobia library, each compound (10 pL; 352 each in 200
mM [Dg]DMSO) was mixed into 59 wells of a 96-well v-bottomed plate, with each well
containing six chemical fragments at 33.3 mM each (Figure S12). A sixtieth well contained
DMSO only. This step was performed manually resulting in a mother matrix plate with 60
wells containing a total of 60 uL of fragments (or DMSO) in [Dg]DMSO. Then, 7.2 uL of
each fragment mixture (or DMSO) from the mother matrix plate was transferred to single-
use daughter plate 96-well v-bottomed plates. Mother and daughter plates were sealed and
stored at —80°C. Chemicals for subsequent NMR titration experiments were purchased from
Enamine, AK Scientific, or Sigma—Aldrich. For individual titration experiments, compounds
were initially solubilized to 200 mM in [Dg]DMSO and stored at —80 °C until further use.
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Identification of PAINS and aggregators in fragment library

No pan-assay interference compounds (PAINS) were identified by the PAINS-Remover filter
using default parameters (www.cbligand.org/PAINS).[39] Chemicals known to cause to
aggregation were identified by using Aggregation Advisor (http://advisor.bkslab.org/), which
performs a computational substructure search for compounds previously reported to cause
aggregation.[34] Results are scored based on chemical similarity to known aggregation-
inducing compounds by using the Tanimoto coefficient ( 7).[34] Based on a threshold of 7;
> 0.85,[34] the 352-compound Zenobia library contains ten aggregation-prone fragments
(Table S5).

Fragment screening and semi-automated preparation of NMR samples

For NMR-based screening, 1°N-labeled protein (-15 mL, 100 pM) in appropriate buffer with
10% (1) D,O was required. In each well, 15N-labeled protein (232.8 pL, 100 uM) was
added to fragment mixture (7.2 uL) to give final concentrations of 3 % (V/V) [Dg]DMSO, 1
mM of each chemical fragment, and 97 uM protein. Subsequent steps used a PAL liquid
handling robot (LEAP Technologies), configured in-house for solution mixing and loading
of 3 mm diameter NMR sample tubes. To avoid cross-contamination, the syringe was
washed with acetonitrile and water between samples. Each NMR sample was mixed and
transferred from the 96-well v-bottomed plate to 3 mm NMR tubes. Upon completion of
sample preparation, NMR tubes were capped, and any signs of precipitation/aggregation
were noted. Total time spent for sample preparation for NMR screening was —4 h, or 4 min/
sample.

Primary screening identified a subset of NMR samples containing chemical fragment(s) with
affinity to the protein target. To identify these, each of the six fragments from a given sample
(1.2 uL) were aliquoted individually into six wells of a 96-well v-bottomed plate. Then, 1°N-
labeled protein (238.8 L, 50 or 100 uM) was added, and the solution was gently mixed and
transferred into 3 mm NMR tubes by using the PAL liquid-handling robot to give final
concentrations of 0.5% (V1) [Dg] DMSO, 1 mM chemical fragment, and 49.75 or 99.5 uM
protein. A protein concentration of 50 or 100 uM conserved 15N-labeled protein while
maintaining sufficient signal/noise to discriminate non-binders from binders.

To determine binding affinities of chemical fragments against protein targets, titration
experiments by NMR were performed as previously described.[”] Briefly, the PAL robot was
used to set up one DMSO control (2 %, /1) and six titration points per fragment at 25, 50,
150, 400, 800, and 1600 M with 1°N-labeled protein (50 uM).

NMR spectroscopy

Automated NMR data collection was performed on 1°N-labeled protein samples (50 or 100
UM) by using 1H,25N SOFAST-HMQC experiments for CXCL12 and Fis1 or 1H,1°N HSQC
experiments for BRD4(BD2). Data was collected at 25°C on a Bruker Avance 11 600 MHz
spectrometer equipped with a triple resonance zaxis gradient cryoprobe and SampleJet
autosampler, which allowed automatic tuning, matching, and shimming for each sample. 1H,
15N SOFAST-HMQC experiments consisted of 16 scans with 1024 and 210 complex points
in the 1H and 1°N dimensions, respectively. The total time for screening one target by 1H,
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15N SOFAST-HMQC was —16 h (-16 min/sample), whereas screening by an equivalent 1H,
15N HSQC experiment increased NMR time ~ twofold. NMR samples of 1°N-CXCL12 (50
UM) contained sodium phosphate (50 mM) pH 6.0, sodium azide (0.02%, w/v), and D,O
(10%, v v); 15N-Fis1 (50 uM, residues 1-125) contained sodium phosphate (50 mM) pH 7.0,
NaCl (175 mM), DTT (2 mM), and D50 (10%, v/v); and 1°N-BRD4(BD2) (50 uM)
contained sodium phosphate (100 mM) pH 6.5, NaCl (50 mM), and DTT (5 mM).
Resonance assignments for CXCL12[7] and BRD4(BD2)[%] were obtained from published
values. Backbone amide resonance assignments for Fis1 (residues 1-125) were obtained
from the following experiments: 1°N HSQC, HNCO, HN(CA)CO, HNCA, HN(CO)CA,
HNCACB, HN(CO)CACB, C(CO)NH. All NMR data were processed by using the
NMRPipe.[25] XEASY was used for resonance assignment.[4] Spectra were processed by
using automated python scripts in NMRPipe, and chemical shifts were measured by using
TitrView and CARA software.[42] Total 1H/15N chemical shift perturbations were calculated
by using Equation (1). Equilibrium dissociation constants (Ky values) were determined by
using nonlinear fitting to a ligand depletion function [Eq. (2)] with the protein concentration
held constant at 50 uM. For each fragment, residues (Smax > 0.2 ppm) were fitted
individually, and the resulting Ky values were averaged to determine reported affinities and
standard errors of the mean. Spectral overlays were generated by using XEASY software
and Adobe Illustrator:

A¢ chemical shift= 1/ (5 A5H)2+A5NH2 (1)

where A& chemical shift =total chemical shift change, and ASH and ASyH represent amide
proton and nitrogen chemical shifts, respectively.

Smax (Ka+p+1)—((Ka+p+1)°—4pD)™”)
2p )

A:

where A=adjusted chemical shift change, &nax = maximum chemical shift perturbation, Ky =
binding dissociation constant, p = [protein], and /=[ligand].

Principal component analysis

2D NMR spectra of 512 and 256 complex points in proton and nitrogen dimensions,
respectively, were used as input data for PCA performed by using the pcaNMR module in
NMRPipe.[25] The spectral regions 6-10 ppm *H and 105-135 ppm 1°N (100-130 ppm 15N
for Fis1) were included for PCA. After completion of PCA, score plots were generated with
Cls by using automated scripts in R.

Difference intensity analysis (DIA)

By using the addNMR module of NMRPipe, 2D difference spectra were generated from
hetero-nuclear data from each fragment mixture compared to the DMSO control. Total
crosspeak intensities were calculated from 2D difference spectra in NMRPipe by using in-
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house Python and R scripts. Only crosspeak intensities 200000 were included. The
resulting 2D difference spectra for each fragment mixture were condensed into a single
positive (and negative) value representing the total sum of all positive (and negative)
crosspeak intensities. Accordingly, each NMR sample gave two values. NMR samples
containing chemical fragments that gave rise to total (positive and negative) crosspeak
intensity value(s) greater than one standard deviation from the mean across all 60 samples
were considered as either potential binders (+1o) or compounds that induced nonspecific
NMR crosspeak broadening (-1 o). We refer to this process as DIA. All scripts used in data
processing and analysis are available upon request.

Computational fragment docking

Structures of Fisl, CXCL12, and BRD4(BD2) (PDB IDs: INZN, 2K05, and 4293,
respectively) were imported into the Schrédinger Maestro suite (v. 10.7; Schrodinger, LLC,
New York, NY) by using the Protein Preparation wizard and subjected to restrained
minimization by using the OPLS3 force field.[43] Ligand structures were prepared for
docking by using the LigPrep application in Maestro (v. 3.9; Schrédinger, New York, NY),
and ligand ionization states at pH 7.0+2.0 were generated by using Epik (v. 3.7; Schrddinger,
New York, NY). Glide (v. 7.2; Schrédinger, New York, NY)[43] was used to generate a
receptor grid surrounding the centroid of each target protein. Finally, flexible ligand docking
was performed by using the Glide docking protocol in standard precision mode.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Schematic of fragment-based hit detection using 1H,1°N SOFAST-HMQC or HSQC
experiments. Six fragments (1 mM each) were mixed with 100 uM 1° N-labeled protein and
screened by NMR. After data collection, spectral changes were quantified by a novel scoring
metric: DIA. For DIA, 2D difference spectra were computed from DMSO control and each
fragment mixture, which quantitatively discriminated hits, non-hits, and fragments that
induced nonspecific NMR crosspeak broadening in a protein-independent manner.
Individual fragments were identified by parsing experiments, and subsequent titrations
allowed determination of binding affinities to develop initial structure—activity relationships.
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Figure2.
Fragment-based hit detection by NMR against 15N-CXCL12. A) Spectral overlay of

fragment mixture 40. B) PCA for all 60 spectra using the NMRPipe module pcaNMR.[24 25]
The PCA score plot is annotated with 68 % (blue ellipse) and 95 % (red ellipse) Cls of
CXCL12 1H,15N SOFAST-HMQC spectra. The percent explained variance is indicated on
each axis for each PC. Samples that induced nonspecific NMR crosspeak broadening (gray),
no change (black), or were identified as a hit (red) are indicated. C) DIA from 2D difference
spectra showing potential hits (>+1 o) and compounds that induced nonspecific NMR cross-
peak broadening (<-1 o). D) 1H,15N SOFAST-HMQC overlays of CXCL12 titrated with
ZT0784 (inset), which was parsed from fragment mixture 40. E) Quantification of total
chemical shift perturbations (*H/2°N A& chemical shift) elicited by ZT0784 for individual
amino acid residues of CXCL12. F) Fitted curves of indicated residues used to calculate
binding affinity (Kg = 1.0 £ 0.1 mM) of ZT0784 for CXCL12. G) Mapping of substantially
perturbed residues on the solution structure of CXCL12 (PDB ID: 2K05, monomer A). The
in silico docked pose of ZT0784 is included.
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Figure 3.
Fragment-based hit detection by NMR against 1°N-BRD4(BD2). A) Potential ligand binding

hot spots were identified by FTMap analysis on the crystal structure of BRD4(BD2) (PDB
ID: 4793). Hot spot regions are ranked by the number of probes in each cluster (cluster
strength; CS1-5). B) Spectral overlay of fragment mixture 52. C) PCA score plot with 68 %
(blue ellipse) and 95 % (red ellipse) confidence intervals of BRD4(BD2) 1H,1°N HSQC
spectra. The percent explained variance is indicated on each axis for each PC. Fragment
mixtures that induced nonspecific NMR crosspeak broadening (gray), no change (black), or
were identified as a hit (red) are indicated. D) DIA from 2D difference spectra showing the
potential hits (>+1 o) and compounds that induced nonspecific NMR crosspeak broadening
(<-1 o). E) 1H,15N SOFAST-HMQC overlays of BRD4(BD2) titrated with ZT0769 (inset),
which was parsed from fragment mixture 52. F) Quantification of total chemical shift
perturbations (*H/1°N A& chemical shift) elicited by ZT0769 for individual amino acid
residues of BRD4(BD2). G) Fitted curves of indicated residues used to calculate binding
affinity (Kg=1.6 £ 0.2 mM) of ZT0769 for BRD4(BD2). H) Mapping of substantially
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perturbed residues on the crystal structure of BRD4(BD2) (PDB ID: 4293). The in silico
docked pose of ZT0769 is included.
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A) FTMap - solution structure Fis1 (1PC2)
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Figure 4.
Fragment-based hit detection by NMR against Fisl. A) Comparison of computational

solvent mapping analysis by FTMap on crystallographic (left, PDB ID: 1NZN) and solution
(right, PDB ID: 1PC2) structures of hFisl. The Fisl structures are positioned similarly. The
C-terminal disordered region of the solution structure of Fis1 was removed for clarity. Hot
spot regions are ranked by number of probes in each cluster (cluster strength; xCS =cluster
strength for crystal structure; nCS =cluster strength for solution NMR structure). B) Spectral
overlay of fragment mixture 4. C) PCA score plot with 68 % (blue ellipse) and 95 % (red
ellipse) Cls of Fis1 1H,15N SOFAST-HMQC spectra. The percent explained variance is
indicated on each axis for each PC. Samples that induced non-specific NMR crosspeak
broadening (gray), no change (black), or were identified as a hit (red) are indicated. D) DIA
from 2D difference spectra showing potential hits (>+1 o) and compounds that induced
nonspecific NMR crosspeak broadening (<-1 o). E) 1H,15N SOFAST-HMQC overlays of
Fisl titrated with ZT0096 (inset), which was parsed from fragment mixture 4. F)
Quantification of total chemical shift perturbations (*H/1°N A& chemical shift) elicited by
ZT0096 for individual amino acid residues of Fisl. G) Nonlinearly fitted curves of indicated
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residues used to calculate binding affinity (Ky = 1.5 + 0.3 mM) of ZT0096 for Fis1. H)
Mapping of substantially perturbed residues on the crystal structure of Fis1 (PDB ID:
INZN). The in silico docked pose of ZT0096 is included.
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Table 1
Summary of hit identification for CXCL12, BRD4(BD2), and Fisl.

Tar get CXCL12 BRD4(BD2) Fisl
Fragment mixture samples for fragment parsing 8 8 10
Potential hits isolated from single fragments screened 8/48 8/48 6/60
Potential hits titrated 8 1

HO

35

10401 mM [0.26] 0.34 0.2 mM [0.40]

1.0+ 0.1 mM [0.35]
o 0.85+ 0.4 mM [0.36]
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o HO OH

o HN—<
o}

(o]

HO
1.6 +0.2 mM [0.36] OO
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Fragments for further study Ky [LE]

1.0 0.2 mM [0.32]

1.5+ 0.3 mM [0.33]
1.2 0.1 mM [0.37]
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W
I
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For each target screened, the number of fragment mixtures that led to individual isolated hits is shown. A subset of fragments that were assessed for

binding by titration experiments are included, along with their binding affinities and ligand efficiencies (LE), which were calculated as

LE=(1.4(-logKq))/ NV, where N =total number of non-hydrogen atoms.
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