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Abstract 

The development and optimisation of a photoaffinity labelling (PAL) displacement assay is presented, where a 
highly efficient PAL probe was used to report on the relative binding affinities of compounds to specific binding 
sites in multiple recombinant protein domains in tandem. The N- and C-terminal bromodomains of BRD4 were 
used as example target proteins. A test set of 264 compounds annotated with activity against the bromodomain 
and extra-terminal domain (BET) family in ChEMBL were used to benchmark the assay. The pIC50 values  
obtained from the assay correlated well with orthogonal TR-FRET data, highlighting the potential of this highly 
accessible PAL biochemical screening platform. 

Introduction 

Advances in genomics and recombinant protein technology over the last three decades has spurred target-based 
drug discovery to become the dominant method for finding new small molecule therapeutics.[1, 2] Recombinant 
protein technologies allow for targets to be expressed and purified for use in biochemical or biophysical 
screening assays to identify small molecule ligands.[3, 4] The automation and miniaturisation of assay formats 
have also aided the development of high throughput platforms, which are used for both hit identification and 
lead optimisation.[5] Due to the speed of analysis, sensitivity, dynamic range and the ability to miniaturise, the 
majority of assays for lead optimisation cycles are fluorescence-based.[6] These include time-resolved 
fluorescence resonance energy transfer (TR-FRET), AlphaScreenTM, and fluorescence polarisation (FP) 
assays.[7-9] One caveat to these fluorescence-based biochemical assay platforms is that only one recombinant 
protein can be screened per experiment. For each new target protein of interest, a new assay needs to be 
developed and optimised. A biochemical method capable of screening multiple proteins simultaneously would 
enable the optimisation of potencies (and hence selectivities) against both on- and off-targets in a single assay. 
Such a method would be useful at the lead optimisation stage of small molecule drug discovery, as more 
information-rich assays may help to reduce candidate cycle times.[10]  
Photoaffinity labelling (PAL) probes are used to report on non-covalent interactions formed by their parent 
affinity function; the component of the PAL probe designed for binding to target proteins.[11] PAL probes are 
typically incubated with a biological mixture (recombinant protein, cell lysate, or live cells) and irradiated with 
UV light. This irradiation leads to a short-lived reactive intermediate, which can covalently label neighbouring 
protein residues and inform on the non-covalent interactions prior to irradiation. Subsequent analysis by intact 
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protein LCMS provides an information-rich readout, where labelling stoichiometry and the mass of the labelling 
species can be determined accurately (Figure 1A). This readout allows for multiple proteins to be analysed 
within the same assay, providing a unique advantage over fluorescence-based biochemical screening methods 
that can only be used to study the binding of ligands to a single protein. 
A PAL probe can be displaced from a protein binding site by a competitive ligand prior to irradiation, and the 
affinity of the competitive ligand can be determined by screening a range of ligand concentrations against a 
fixed concentration of PAL probe (Figure 1B).[11-14]. The Cheng-Prusoff equation can then be used to derive 
an apparent Kd value for the competitive ligand.[15] Grant et al. demonstrated a proof-of-concept for this type of 
PAL displacement assay, using a pan-CDK PAL probe to measure relative potencies of a series of known CDK 
inhibitors (Figure 1C).[16] This method showed a good correlation with an orthogonal CDK2 ADP-Glo assay, 
highlighting the potential for this PAL displacement assay to be developed further. 
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Recent studies have shown that selective inhibition of the BD1 or BD2 domains of the BET family of proteins 
produces different phenotypic effects, with BD2 selective inhibitors showing greater efficacy in inflammatory 
and autoimmune disease models.[17, 18] Efforts towards developing selective BD1 and BD2 inhibitors have 
relied on independent biochemical assays for each domain to determine selectivity. For example, Law et. al used 
two different TR-FRET assays to develop the BD2 selective inhibitor GSK340.[19] To develop the BD2 
selective inhibitor ABBV-744, Faivre et. al used a variety of techniques to determine BRD4 BD1/BD2 
selectivity, including TR-FRET, surface plasmon resonance (SPR), and NanoBRET on each individual 
bromodomain.[20]. 

Within this report we describe the development of a dual-domain PAL displacement assay, using recombinant 
BRD4 N-terminal (BD1) and C-terminal (BD2) domains as target proteins (Figure 1D). A diverse collection of 
known bromodomain extra-terminal (BET) inhibitors were used to validate the assay and performance was 
benchmarked against TR-FRET BRD4 BD1 and BD2 assay data.  

Results 

Choosing an appropriate PAL displacement probe 

To identify an optimal PAL probe for the assay, crosslinking yields were determined for 15 BET PAL probes 
(1–15) to BD1 and BD2. The probes contained five different photoreactive moieties and three linker lengths, 
features which can have a significant influence on photocrosslinking yield (Figure 2A, B).[14] Tetrafluoroaryl 
azide probe 1 (Figure 2C) gave the highest average levels of photolabelling to BD1 and BD2 (ca. 90% total 
labelling by intact protein LCMS). This probe also showed fast rates of photolabelling to BD1 and BD2, 
reaching full photoactivation within one minute of irradiation at 302 nm (Figure 2D).  

Figure 1 A) PAL workflow with recombinant protein, using a diazirine-based PAL probe as an example. B)
Principle behind PAL displacement assay. A concentration gradient of competitor compound is incubated with a
fixed concentration of PAL probe. Upon irradiation, the PAL probe labels the protein domain, and any
percentage labelling is proportional to the amount of PAL probe non-covalently bound to the target protein at
equilibrium. C) Previous work, carried out by Grant et al. where a series of CDK inhibitors were used to
validate the PAL displacement assay. Each curve represents a normalised displacement assay of a different
CDK inhibitor against CDK2. D) This work, involving the optimisation of the PAL assay platform using two
recombinant protein domains. 264 known BET inhibitors were used to benchmark the platform against the BD1
and BD2 domains of BRD4.  
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An advantage of determining photocrosslinking yields by intact protein LCMS is the ability to determine the 
stoichiometry of labelling events, which can be more challenging using fluorescent-based approaches and lead 
to erroneous results.[21] Probe 1 showed single and double labelling events to both BD1 and BD2 (Figure 2E). 
To determine how much could be attributed to specific labelling, a displacement experiment was performed 
with a high concentration of a non-photoreactive analogue of the affinity function, 16 (200 µM, 20-fold excess). 
In the presence of competitor, the crosslinking yield was reduced to 14%, which can be attributed to non-
specific labelling (Supplementary Figure 1).  

Active protein concentration 

To determine the lower limit for a PAL displacement assay, it was necessary to determine the active 
concentration of protein.[22] For this experiment, BD1 (ca. 1 µM as determined by NanoDrop) and BD2 (ca. 2 
µM) were irradiated with probe 1 over a range of concentrations (0.2 – 6.0 µM), which were expected to be in 
the tight-binding range for the probe (TR-FRET values for probe 1 at BD1 and BD2 were pIC50 = 7.8 and 7.3 
respectively, Figure 3A) [14]. The resulting crosslinking yield followed a linear relationship, owing to the 
increasing occupancy of the BRD binding site. After the point at which the concentration of 1 was equal to the 
concentration of active protein, any additional slope would be due to non-specific binding. The point at which 
the two slopes intersected, the active concentration of protein, was 1.2 µM and 1.3 µM for BD1 and BD2 

Figure 2 A) Structures of the 15 PAL probes examined to identify an optimal displacement PAL probe. B)
Photocrosslinking yields of probes 1–15 (5 µM) to BRD4 BD1 and BD2 (1 µM each) after irradiation (302 nm,
10 min) determined by intact protein LCMS. C) Probe 1 was identified as the optimal probe with the highest
levels of single labelling to both BD1 and BD2. D) Rates of photolabelling of BD1 and BD2 by probe 1. E)
Detailed photocrosslinking time course for probe 1. The deconvoluted spectra show the unlabelled protein
(15083 Da), protein with one labelling event (15781 Da), and protein with two labelling events with the addition
of O2 (16512 Da) by probe 1.  
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respectively. Subsequently, LCMS analysis of a range of concentrations of protein was performed, which 
determined that an active protein concentration of 1 µM was required for robust and reproducible signal after 
irradiation. 

Assay protocol optimisation 

The biochemistry and analysis components of the workflow were also optimised to increase assay throughput 
(Figure 3B). Automated acoustic dispensing was introduced for accurate plating of nanolitre volumes of 
competitor compounds. Irradiation time was optimised to 1 min, which afforded full photoactivation of probe 1 
(Figure 1D). Higher throughput intact protein LCMS methods were developed (5.75 min/sample) by optimising 
solvent flow rates, gradients, and wash cycles. To improve the throughput and integrity of the data analysis 
component of the workflow, bespoke R scripts were written, which performed automated calculation of 
percentage labelling from deconvoluted intact protein mass spectra.  

Single-shot screening of known BET inhibitors 

To obtain a test set of compounds known to bind to BET domains, the ChEMBL database was queried for 
compounds that had annotated activity against the BET family. A subset of these compounds was selected based 
on availability, yielding 264 compounds (Supplementary Table 1). The compounds were screened against BD1 
and BD2 simultaneously at a single concentration in duplicate following the optimised assay workflow (Figure 
3B). Solutions of PAL probe 1 (5 µM) and BRD4 BD1 and BD2 (1 µM each) were added to the competitor 
compound (100 µM), and the plates were equilibrated on ice (1 h) and irradiated (1 min). The extent of 
photocrosslinking by probe 1 to both domains was then determined using intact protein LCMS (Equation 1). 
These values were normalised by subtraction of non-specific labelling and division by the maximum labelling 
observed (Equation 2). The resulting normalised labelling was converted to percentage displacement (Equation 
3) and averaged over the two replicates (Supplementary Table 1).[23]

Figure 3 A) Experiment to determine the active concentrations of BRD4 BD1 and BD2. These values were used
to accurately adjust protein active concentration to 1.0 µM in the assay. B) Optimised PAL displacement assay
workflow. Competitor compounds were acoustically dispensed into 384-well low-volume plates (150 nL). A
solution of BRD4 BD1 and BD2 protein (1 µM) and 1 (5 µM) was added to each well. After 1 h equilibration on
ice, the plates were irradiated (302 nm, 1 min) and sealed before being analysed directly by intact protein LCMS
(5.75 min/sample). The BD1 and BD2 protein peaks were deconvoluted and this data was further analysed using
RStudio and GraphPad Prism.  
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Equation 1 

% 𝐿𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 ൌ
𝑝𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡 𝑓𝑜𝑟 𝑠𝑖𝑛𝑔𝑙𝑒 𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛

ሺ𝑝𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡 𝑓𝑜𝑟 𝑢𝑛𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ൅ 𝑠𝑖𝑛𝑔𝑙𝑒 𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛ሻ
ൈ 100 

Equation 2 

% 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 ൌ
% 𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 െ 𝐴

𝐵 െ 𝐴 
ൈ 100 

A = lowest % labelling observed (most potent competitor) 
B = highest % labelling observed (DMSO control) 

Equation 3 
% 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 ൌ 100 െ % 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 

The data for BD1 was found to be more reproducible than for BD2, showing a tighter correlation between each 
replicate (R2 of 0.95 and 0.78 respectively) (Figure 4A, B). The lower correlation between replicates for BD2 
was attributed to the greater noise observed in the deconvoluted mass spectra (see Supplementary Figure 2). 
Comparison of displacement values for BD1 and BD2 revealed compounds that appeared to be either BD1 or 
BD2 selective (e.g. F02 and C01, respectively), along with potent competitors at both domains (e.g. A02, H01 
and K01) (Figure 4C). From the 264 compounds screened, 42 compounds showed ≥60% displacement at either 
or both domains and were selected for screening in full-curve concentration-response format. 

Full-curve concentration-response screening 

The 42 competitor compounds selected from the preliminary single-shot screening were dispensed in an 8-point 
serial dilution (1 in 2) with a final concentration ranging from 100 µM to 0.78 µM. A DMSO control was 
included as the ninth data point. The compounds were screened in duplicate following the optimised assay 
workflow described in Figure 3B. To account for non-specific labelling, percentage total labelling was 
calculated using Equation 4. 

Figure 4 A) Replicate values of percentage displacement plotted for BRD4 BD1. B) Replicate values of
percentage displacement plotted for BRD4 BD2. C) Mean values of percentage displacement plotted for both
domains. Competitor compounds that displayed ≥ 60% displacement of PAL probe 1 (shown in red) were 
selected for screening in full-curve dose-response format.  
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Equation 4 

% 𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 ൌ
𝐵 ൅ 2𝐶

𝐴 ൅ 𝐵 ൅ 2𝐶
ൈ 100

 where: 
A = peak height for unlabelled protein 
B = peak height for single labelled protein 
C = peak height for double labelled protein 

The data was fit using a four-parameter non-linear regression with a bottom constraint > 0 (Figure 5, 
Supplementary Figures 3–6). The majority of compounds exhibited similar potencies at both domains, 
consistent with the high sequence homology of the binding sites. Compound C01 (i-BET295) showed 
selectivity for BD2, and compounds F02 and M03 (iBET-151) showed selectivity for BD1.[24, 25] K01 

(ABBV-075/Mivebresib) was highly potent against both BD1 and BD2.[26] The dual-target ligands such as 
H01 (dual HDAC/BET probe) and M02 (BI-2356, dual PLK1/BRD4 inhibitor) gave well defined curves and 
were equipotent at BD1 and BD2.[27, 28]  
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Figure 5 Selected dose-response curves for known BET inhibitors as determined by PAL displacement assay.
F02 and M03 showed selectivity for BRD4 BD1. C01 showed selectivity for BRD4 BD2. The data was fitted
with a four-parameter non-linear regression with a bottom constraint > 0 (GraphPad Prism). The dose response
curves for all 42 selected compounds are shown in Supplementary Figures 3–6. 

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20230129



10 

 

Comparison to TR-FRET data 

To compare the pIC50 values derived from the PAL assay to those obtained in an orthogonal biochemical assay, 
the set of 42 compounds was screened in BRD4 BD1 and BD2 TR-FRET assays.[19] The pIC50 values obtained 
from each assay gave a good correlation: R2 of 0.75 and 0.71 for BD1 and BD2 respectively (Figure 6A), 
however, the PAL values were consistently lower than those obtained by TR-FRET. This off-set results from the 
high potency of the PAL ligand as compared to the peptide ligand used in the TR-FRET. Thus, PAL assay 
values were corrected using the Cheng-Prusoff equation with the Munson-Rodbard correction (Equation 5).[15] 
The pIC50 values of PAL probe 1 in the TR-FRET assays (BD1/BD2 pIC50 = 7.8/7.3 respectively) were used as 
a surrogate for the Kd value at each domain. As 5 µM of PAL probe 1 (p*) was added to 1 µM of BD1 and BD2, 
the initial bound/free ratio of PAL probe (𝑦଴) was entered as 2/3. The Ki values produced using Equation 5 were 
transformed to pKi values using Equation 6.  

Equation 5 

𝐾௜ ൌ  
𝐼𝐶ହ଴

1 ൅
𝑝∗ሺ𝑦଴ ൅ 2ሻ

2𝐾ௗሺ𝑦଴ ൅ 1ሻ ൅ 𝑦଴

൅ 𝐾ௗሺ
𝑦଴

𝑦଴ ൅ 2
ሻ 

where: 
IC50 = value obtained in the PAL displacement assay 
p* = Initial concentration of PAL probe 1 

Kd = IC50 value for PAL probe obtained in the TR-FRET assays 
y0 = initial ratio of bound/free PAL probe  

Equation 6 
𝑝𝐾௜ ൌ െ𝑙𝑜𝑔ଵ଴𝐾௜ 

The derived pKi values from the PAL assay showed good correlation with the TR-FRET data for both BD1 and 
BD2: R2 = 0.71 and 0.76 respectively (Figure 6B and Table 1), supporting that the PAL displacement assay 
offers a viable biochemical screening method to inform on the relative affinities of competitor compounds to 
two target proteins simultaneously.  
To explore the use of this assay as a means for determining the BD1/BD2 selectivity of compounds, the derived 
pKi values for both domains were compared (Figure 6C). Compounds C01, C02, I03 and L02 were identified as 
BD2 selective (≤0.4-fold), which was consistent with the TR-FRET assays (see Table 1). L01 and G02 
(iBET-295) were also identified as highly potent and selective BD2 ligands, which were above the upper limit 
of the PAL assay for BD2. Compounds F02, A02, M03 (iBET-151), M02, P02, B02, E03 were identified as 
BD1 selective ligands, which also agreed with the selectivity observed in the TR-FRET assays (Table 1). By 
benchmarking the PAL assay against orthogonal TR FRET assays for BD1 and BD2, this study demonstrated 
that a dual domain PAL displacement assay could be used to measure relative affinities and selectivity of 
competing ligands for both the BD1 and BD2 domains within the same experiment. 
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Figure 6 A) Comparison of the pIC50 values obtained from the PAL displacement assay and from a TR-FRET
biochemical assay. B) Comparison of the derived pKi values from the PAL displacement assay and the pIC50

values obtained from a TR-FRET assay for both domains. The pKi values were obtained by transforming the
IC50 values from the PAL displacement assay using the Munson-Rodbard correction to the Cheng-Prusoff
equation. A good correlation was observed between the PAL displacement assay and the TR-FRET assay for
both BD1 and BD2 domains (R2 = 0.71 and 0.76). C) Plotting the pKi values for BD1 and BD2 derived from the
IC50 values obtained in the PAL displacement assay. The lower and upper limits of the assay are shown by
dashed grey lines.  

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20230129



12 

Table 1 TR-FRET, single-shot PAL displacement, and full-curve PAL displacement data for the 42 competitor 
compounds screened against BRD4 BD1 and BD2. 
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A02 Analogue of PAL probe affinity function[29]  7.2 6.2 91 96 5.2 4.5 7.6 6.4 
A03 Analogue of iBET-762[30] 6.8 7.0 42 68 4.9 5.4 7.3 7.2 
B01 Analogue of iBET-762[30] 5.5 5.9 18 69 <3.8 4.3 <6.2 6.2 
B02 Analogue of PAL probe affinity function[29] 7.9 7.2 100 69 6.1 5.5 8.1 7.3 
B03 Analogue of PAL probe affinity function[29] 7.6 7.2 84 70 5.3 5 7.7 6.8 
C01 iBET-295[27] 6.9 7.2 54 100 4.1 4.9 6.5 6.8 
C02 6.4 7.5 23 78 4.1 4.8 6.5 6.7 
C03 Dual HDAC/BET probe[27] 5.9 5.7 27 73 4.1 4 6.5 5.9 
D01 7.2 7.0 75 78 5 4.9 7.4 6.8 
D02 Analogue of PAL probe affinity function[29] 7.8 7.6 87 83 6 6.1 8.1 7.7 
D03 Analogue of iBET-151[25] 7.5 7.0 78 73 5.5 5.2 7.8 7.1 
E01 TG-101209 (Dual JAK2/BRD4 inhibitor)[31] 5.9 5.6 58 80 4.4 4.6 6.8 6.5 
E02 6.9 6.7 69 68 4.4 4.5 6.8 6.4 
E03 7.4 7.0 73 61 4.7 4.3 7.1 6.2 
F02 Analogue of PAL probe affinity function[29] 7.4 6.2 86 43 5.3 4.3 7.6 6.2 
F03 Analogue of iBET-762[30] 7.4 7.0 72 74 5.1 5.1 7.4 7.0 
G01 Analogue of iBET-762[30] 7.5 7.3 63 58 5.1 5.4 7.4 7.2 
G02 iBET-726[24] 7.8 8.2 90 80 5.4 >6.3 7.7 >7.7 
G03 Analogue of iBET-151[25] 6.8 6.2 79 74 4.8 4.5 7.2 6.4 
H01 Dual HDAC/BET probe[27] 8.0 7.4 87 97 5.1 4.9 7.4 6.8 
H02 Analogue of iBET-151[25] 7.5 7.3 78 60 5.5 5.4 7.8 7.2 
H03 Dual kinase/BRD4 inhibitor[28] 6.4 6.0 48 78 3.9 <3.8 6.3 <5.7 
I01 Bromosporine[32] 7.0 6.5 60 87 4.5 4.3 6.9 6.2 
I02 7.1 7.1 55 73 4.8 4.9 7.2 6.7 
I03 Analogue of iBET-762[30] 6.9 7.1 62 74 4.4 5.1 6.8 7.0 
J01 5.8 5.7 27 62 <3.8 4.8 <6.2 6.7 
J02 6.9 6.8 69 67 4.6 4.8 7 6.7 
J03 5.9 5.9 43 71 <3.8 <3.8 <6.2 <5.7 
K01 ABBV-075/Mivebresib[26] 8.1 8.2 89 95 6 6.3 8.1 7.7 
K02 5.3 6.4 9 73 NA 4.5 NA 6.4 
K03 6.7 6.6 48 66 4.2 4.4 6.6 6.3 
L01 Analogue of iBET-726[24] 8.0 8.5 69 77 5.3 >6.3 7.7 7.7 
L02 Analogue of iBET-762[30] 7.0 7.5 61 71 4.5 5.3 6.9 7.1 
M01 6.4 6.6 29 42 4 4.1 6.4 6.0 
M02 BI-2356 (Dual PLK1/BRD4 inhibitor)[28] 7.0 6.3 73 82 4.8 4.5 7.2 6.4 
M03 iBET-151[25] 7.6 6.5 79 57 5.5 4.7 7.8 6.6 
N01 Analogue of iBET-151[25] 6.4 5.8 70 48 4.4 <3.8 6.8 <5.7 
N02 Analogue of iBET-762[30] 6.9 6.9 58 74 4.3 <3.8 6.7 <5.7 
O01 Benzo[cd]indol-2(1H)-one BET inhibitor[33] 5.6 4.5 23 61 4.3 <3.8 6.7 <5.7 
O02 NA NA 45 66 3.9 3.9 6.3 5.8 
P01 4.8 4.8 37 67 <3.8 3.9 <6.2 5.8 
P02 Analogue of iBET-151[25] 7.9 7.2 77 67 5.9 5.2 8.1 7.1 
pIC50 and pKi values coloured red, yellow, green for low, medium, high values respectively.  
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Discussion 

This work reports the development and optimisation of a PAL displacement assay, capable of reporting 
affinities to multiple recombinant protein domains in tandem. By using a pan-BRD PAL probe 1 as a reporter 
compound, the relative affinities of BRD inhibitors were measured against BRD4 BD1 and BD2 
simultaneously. PAL probe 1 was chosen as the assay reporter due to the high photocrosslinking yields observed 
with both target proteins, and for its rapid photoactivation rate (302 nm, ≤1 min), which minimised the required 
exposure of protein to damaging UV irradiation. The practical components of the assay platform were optimised 
to afford a simple and effective workflow in which compounds were dispensed in 384 well plates before 
addition of solutions of PAL probe 1 and protein. Plates were subsequently irradiated with UV light and then 
analysed by intact LCMS. Bespoke R scripts were written to perform automated data processing and calculation 
of photocrosslinking yields  (Figure 3B). Remaining optimisation requirements of the assay include reduction of 
LCMS analysis time to improve throughput, and reduction in protein concentration requirements to improve the 
dynamic range. Faster sampling technologies such as Rapidfire MS (ca. 8 s per sample) or RapiFlex MALDI 
MS (ca. 0.3 s per  sample)  may be  applicable to  increase the throughput  of the assay platform.[34, 35] Later 
intact protein LCMS instruments that can obtain good protein signal-to-noise spectra with lower protein  
concentrations (e.g. Agilent ToF G6230B) than the instrument used in this work (Agilent ToF G6224A) would 
improve the dynamic range of the assay. 

A set of 264 compounds with reported BET activity in the CHEMBL database were selected for profiling 
against BD1 and BD2 in the assay. Initially, compounds were screened at a single high concentration (100 µM) 
in duplicate, which identified 42 compounds that showed ≥ 60% inhibition of labelling at either domain. These 
compounds were structurally diverse and included a range of well-known BET inhibitors such as iBET-295 
(C01), TG 101209 (E01), iBET-726 (G02), bromosporine (I01), Mivebresib (K01), BI-2356 (M02) and iBET-
151 (M03). The 42 hit compounds were followed up in a 9-point concentration-response to obtain pIC50 values 
against both BD1 and BD2. These values were transformed using the Cheng-Prusoff equation to provide pKi 
values, which showed excellent correlation with values determined by TR-FRET. The pKi values  were  
subsequently used to determine BD1/BD2 selectivity, which crucially agreed with the selectivity observed by 
TR-FRET, supporting the validity of the platform in selectivity profiling. It is anticipated that the assay could be 
further developed to include additional protein domains per sample to deliver richer information without 
extending assay time. For example, BET isoform selectivity could be measured for all N- and C-terminal 
domains of BRD2, BRD3, BRD4 and BRDT in tandem. One limitation of this approach is that only binding of 
the competitor compound to the same specific site as the PAL probe can be measured. In the majority of cases, 
measuring this specific binding to a known site would be desired. However, allosteric binding events of 
competitor compounds that induce no change to the binding affinity of the PAL probe to the protein will not be 
observed.  

Generation of reporter ligands for this PAL-based assay platform has become more synthetically feasible, as 
multiple recent efforts have demonstrated PAL probes can be successfully accessed from a given parent affinity 
function.[13, 14, 36-39] Thus, the platform could be employed where selectivity over related off-targets is 
crucial. For example, a pan-JAK PAL probe could be used to screen against the family (JAK1, JAK2, JAK3 and 
TYK2) to aid identification of isoform selective compounds. JAK1 selective inhibitors have been marketed for 
the treatment of rheumatoid arthritis, e.g. Upadacitinib.[40] Alternatively, in cases where polypharmacology is 
desired, multiple on-targets could be assayed simultaneously using this approach. For example, Watts et. al 
improved the selectivity profile of the known dual BRD4/ALK inhibitor BI-2536, by developing inhibitors with 
maintained on-target BRD4/ALK activity, but reduced off-target PLK-1 activity.[41] A variety of assay 
techniques were used that all required dedicated assay development and unique technologies, while a PAL 
analogue of BI-2356 might enable measurement of potencies against all three protein targets at once.  
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Methods 

Synthetic chemistry 

PAL probes 1 to 15 were synthesised as previously described.[14] All BET inhibitors were available within the 
GSK compound collection.  

Recombinant protein 

BRD4 BD1 and BRD4 BD2 were prepared as previously described.[14] Briefly:  
BRD4 BD1 (44–168) was obtained from GenScript:  
6H-tev-BRD4 (44–168) was expressed in E. coli and purified by Ni-affinity chromatography (HisTRAP HP 
Affinity Column, GE Healthcare 17-5248-02). TEV cleavage and size-exclusion chromatography (Superdex 
75pg SEC column) was performed to obtain BRD4 BD1 (44–168). 
6H-tev-Brd4 (333-460):  
6H-tev-Brd4 (333-460) was expressed in E. coli and purified by Ni-affinity chromatography (HisTRAP HP 
column, GE Healthcare 17-5248-02) followed by size exclusion chromatography (Superdex 75pg SEC column). 

Intact protein LCMS analysis 

Samples were injected using an Agilent 1200 series AutoSampler (Model No. G1367B) with sample 
temperature maintained at 10 °C. Chromatography was performed on an Agilent PLRP S reverse phase column 
(1000 Å, 5 µm × 50 mm × 1.0 mm, PL1312-1502) at 70 °C and using an Agilent 1200 series binary pump 
system (Model No. G1312B) with 0.2% formic acid in water (Solvent A) and 0.2% formic acid in acetonitrile 
(Solvent B) following the gradient described in Table 2. Detection was performed using an Agilent ToF mass 
spectrometer (Model No. G6224A) with dual ESI source with a scan rate of 1.03 s in positive mode. Analysis 
was performed using Agilent MassHunter Qualitative Analysis Software (Version B.06.00). 

Table 2 Solvent gradient for intact protein LCMS method.  
Time (min) Flow rate (mL min-1) Solvent A (%) Solvent B (%) 
0.00 0.5 80 20 
0.50 0.5 80 20 
0.51 0.5 60 40 
2.50 0.5 20 80 
2.51 0.5 0 100 
3.60 0.5 0 100 
3.61 0.5 80 20 
3.80 1.2 80 20 
4.45 1.2 80 20 
4.46 0.5 80 20 
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Software details 

The specific versions of software used for data collection and analysis can be found below in Table 3. 

Table 3 Software packages and versions used for analysis. 

Software Use 

GraphPad Prism for Windows (Version 5.04, 2010). Plotting binding curves and dose-response curves 

Agilent MassHunter Qualitative Analysis Software 
(Version B.06.00). 

Analysing intact protein LCMS data 

Rstudio (Version 0.98.978) Interpreting intact protein LCMS deconvoluted spectra 

R 3.5.1 Version of R language used for interpreting intact 
protein LCMS spectra in RStudio IDE 

BRD4 BD1 and BD2 TR-FRET assays 

BET proteins were produced using published protocols.[42] The TR-FRET assays for both BD1 and BD2 
domains were performed following the published protocols.[19] 

Percentage labelling of 15 probes (1–15) to BD1 and BD2 after irradiation (302 nm, 10 min) 

Each PAL probe (0.5 mM in DMSO, 150 nL, FAC = 5 µM) was transferred to four wells of a Greiner low 
volume 384-well plate using a Labcyte 555 Echo acoustic dispenser. The plate was placed on ice and a solution 
of BRD4 BD1 (1 µM in PBS, 15 µL) was added to the first two wells and a solution of BRD4 BD1 (1 µM in 
PBS, 15 µL) was added to the second two wells. The plate was sealed and allowed to equilibrate on ice for 1 h. 
then centrifuged (1000 rpm, 1 min, rt). The seal was removed, and the plate was irradiated on ice (302 nm, 10 
min). The UV lamp was warmed for 2 min prior to sample irradiation. The plate was sealed and centrifuged 
(1000 rpm, 1 min, rt) before being sampled directly for intact protein LCMS analysis. The total ion 
chromatograms (TIC) were extracted (region containing protein) and the summed scans were deconvoluted 
using a maximum entropy algorithm between 700–2200 Da with an expected mass range of 14000–20000 Da 
for both BD1 and BD2. The peak areas for unmodified protein and for single, double, and triple labelled protein 
were recorded for each duplicate. Percentage single labelling and excess labelling were calculated using 
Equation 7 and Equation 8 respectively and then averaged over two replicates. These data were plotted on a 
stacked and grouped column plot (Figure 2B). Error bars show ±1 standard deviation. 

Equation 7 

% 𝑠𝑖𝑛𝑔𝑙𝑒 𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 ൌ
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑓𝑜𝑟 𝑠𝑖𝑛𝑔𝑙𝑒 𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛

ሺ𝑆𝑢𝑚 𝑜𝑓 𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑝𝑒𝑎𝑘𝑠ሻ
ൈ 100 

Equation 8 

% 𝑒𝑥𝑐𝑒𝑠𝑠 𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 ൌ
𝑆𝑢𝑚 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠 𝑓𝑜𝑟 𝑒𝑥𝑐𝑒𝑠𝑠 𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔

ሺ𝑆𝑢𝑚 𝑜𝑓 𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑝𝑒𝑎𝑘𝑠ሻ
ൈ 100 

Photocrosslinking time course for probe 2.45 with BD1 and BD2 

Probe 1 (0.5 mM in DMSO, 60 µL, FAC = 5 µM) was added to a stock solution of BRD4 BD1 and BD2 (1 µM 
each, 6 mL in PBS) on ice. The mixture was equilibrated on ice for 30 min. 15 µL was transferred to row A, 
columns 1 and 2 (duplicates) of an irradiation plate (Greiner 384-well low volume, 784075). The plate was 
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irradiated (302 nm) on ice for the time given in Table 4. This was repeated sequentially for the following rows. 
The summed irradiation time for each well is shown in Table 4.  

Table 4 Irradiation times for the photocrosslinking time course of PAL probe 1 
Row: Irradiation time for each row (min): Total irradiation time for each row (min): 
A 1.0 2.0 
B 0.5 1.0 
C 0.2 0.5 
D 0.2 0.3 
E 0.1 0.1 
F 0.0 0.0 

The plate was sealed and sampled directly for intact protein LCMS analysis. The total ion chromatograms (TIC) 
were extracted (region containing protein) and the summed scans were deconvoluted using a maximum entropy 
algorithm between 750–2200 Da with an expected mass range of 14000–21000 Da. A .csv file of the 
deconvoluted spectra (Counts vs Mass (Da)) was exported and interpreted using RStudio (Version 0.98.978, R 
3.5.1). The peak heights for unmodified, single labelled and double labelled protein were used to calculate 
percentage single labelling using Equation 7 for BD1 and BD2 for each replicate. These data were exported as a 
.csv file and interpreted in Excel to obtain average percentage labelling and standard deviation for the 
duplicates. These data were transferred to GraphPad Prism and plotted on an XY scatter plot vs irradiation time 
and fitted with a non-linear regression (one-phase decay). Error bars show ±1 standard deviation.  

Experiments to determine the active concentration of BD1 and BD2 

A 19-point serial dilution (0.75×) of 1was prepared in a Greiner 384 square well plate from a stock of 1 mM in 
DMSO (1 mM to 0.0056 mM over 19 points, with DMSO control as point 20). 150 nL of each well was 
transferred to two daughter Greiner 384 low volume plates using a Labcyte Echo 555 acoustic dispenser in 
triplicate (Rows A–C, columns 1–20). The daughter plates were placed on ice and a solution of BRD4 BD1 
(estimated from stock to be 1 µM, 15 µL) was added to each well of the first plate, and BRD4 BD2 (estimated 
from stock to be 2 µM, 15 µL) was added to each well of the second plate. The plates were sealed and 
centrifuged (1000 rpm, 1 min, rt) and equilibrated on ice for 20 min. The seals were removed, and the plates 
were irradiated (302 nm, 0.6 min) on ice. The UV lamp was warmed for 2 min prior to sample irradiation. The 
plate was sealed and sampled directly for intact protein LCMS analysis. The total ion chromatograms (TIC) 
were extracted (regions containing protein) and the summed scans were deconvoluted using a maximum entropy 
algorithm between 800–2200 Da for BD1 and 750–2200 Da for BD1 with an expected mass range of 14000–
21000 Da for both proteins. A csv file of the deconvoluted spectra (Counts vs Mass (Da)) was exported and 
interpreted using RStudio (Version 0.98.978, R 3.5.1). The peak heights for unmodified, single labelled, double 
labelled and triple labelled protein were used to calculate percentage labelling using Equation 7 for BD1 and 
BD2 for each replicate. Percentage total labelling was calculated as the sum of percentage single, double and 
triple labelling. The average percentage total labelling and standard deviation for the triplicates for both proteins 
were transferred to GraphPad Prism and plotted on an XY scatter plot vs concentration of 1. The linear portions 
of each plot were re-plotted and fitted with linear regression to obtain the active protein concentration. Error 
bars show ±1 standard deviation.  

Single concentration PAL displacement assay with the ChEMBL set of competitor compounds 

ChEMBL set of competitor compounds (10 mM in DMSO, 150 nL, FAC = 100 µM) were transferred to two 
duplicate daughter Greiner low-volume 384 well plates (one compound per well). A mixture of BRD4 BD1 (1 
µM), BRD4 BD2 (1 µM) and 1 (5 µM) in PBS (0.1% DMSO) was prepared and 15 µL was added to each 
sample well on ice (final percentage of DMSO = 1.1%). The plates were sealed and centrifuged (1000 rpm, 1 
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min, rt) and equilibrated on ice for 1 h. The seals were removed, and the plates were irradiated on ice (302 nm, 
0.6 min). The UV lamp was warmed for 2 min prior to sample irradiation. The plates were sealed and sampled 
directly for intact protein LCMS analysis. The total ion chromatograms (TIC) were extracted (regions 
containing protein) and the summed scans were deconvoluted using a maximum entropy algorithm between 
750–2200 Da with an expected mass range of 14000–21000 Da for both proteins. A .csv file of the 
deconvoluted spectra (Counts vs Mass (Da)) was exported and interpreted using RStudio (Version 0.98.978, R 
3.5.1). The peak heights for unmodified and single labelled protein were used to calculate percentage labelling 
using Equation 1. The percentage normalised labelling and percentage displacement were calculated for each 
compound following Equation 2 and Equation 3 respectively. The experiment was performed in duplicate. The 
percentage displacement from both replicates were plotted against each other for both BD1 and BD2 in XY 
scatter plots using Graphpad Prism (Figure 4A, B). The average percentage displacement for BD1 and BD2 over 
the two replicates given in Supplementary Table 1 were plotted against each other in an XY scatter plot using 
GraphPad Prism (Figure 4C). Compounds that showed and average percentage displacement of ≥60% to either 
BD1 or BD2 were chosen for follow-up dose response experiments.  

Full-curve dose-response PAL displacement assay with the compounds selected from single shot screening 

An 8-point, 1-in-2 serial dilution of the 42 competitor compounds chosen from the preliminary single shot PAL 
screen (+ DMSO only treated as a 45th compound) was prepared in an Echo Qualified 384-Well Low Dead 
Volume Microplate (384LDV-Black). This plate was then transferred to two duplicate daughter Greiner low-
volume 384 well plates (150 nL per well) using a Labcyte Echo555 acoustic dispenser. A mixture of BRD4 BD1 
(1 µM), BRD4 BD2 (1 µM) and 1 (5 µM) in PBS (0.1% DMSO) was prepared and 15 µL was added to each 
sample well of both daughter plates on ice (final concentration of DMSO = 1.1%). The plates were sealed and 
centrifuged (1000 rpm, 1 min, rt) and equilibrated on ice for 1 h. The seals were removed, and the plates were 
irradiated on ice (302 nm, 1.0 min). The UV lamp was warmed for 2 min prior to sample irradiation. The plates 
were sealed and sampled directly for intact protein LCMS analysis. The total ion chromatograms (TIC) were 
extracted (region containing protein) and the summed scans were deconvoluted using a maximum entropy 
algorithm between 750–2200 Da with an expected mass range of 14000–21000 Da for both proteins. A csv file 
of the deconvoluted spectra (Counts vs Mass (Da)) was exported and interpreted using RStudio (Version 
0.98.978, R 3.5.1). The peak heights for unmodified, single labelled and double labelled protein were used to 
calculate percentage total labelling using  

Equation 4. 
The values for total percentage labelling were averaged over the  two  replicates  and  plotted  against  
the -log10[competitor]. These data were fit with a “log(agonist) vs. response – Variable slope (four parameters)” 
non-linear regression with no top constraint, and a bottom constraint of greater than zero using Graphpad Prism. 
The average percentage total labelling for the DMSO controls was included as the ninth data point for each 
compound. These plots for the 42 compounds (+DMSO) are shown in Supplementary Figures 3–6. The IC50 
values obtained from each curve were transformed to pIC50 values using IC50 = -log10(IC50). These values were 
plotted against the pIC50 values obtained for the 42 compounds in BD1 and BD2 TR-FRET assays (Figure 6A). 
The IC50 values obtained from the PAL displacement assay were transformed to apparent Ki values following 
the Munson-Rodbard correction to the Cheng-Prusoff equation (Equation 5).[15] 
The apparent Ki values were then transformed to pKi values using Equation 6. These pKi values  were  plotted  
against the pIC50 values obtained in BD1 and BD2 TR-FRET assays (Figure 4B). The pKi values for BD1 and 
BD2 were plotted against each other on an XY scatter plot (Figure 4C). The TR-FRET data, PAL single-shot 
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percentage displacement data, PAL pIC50 data and the transformed pKi data for both BD1 and BD2 domains for 
the 42 compounds screened is given in Table 1. 
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