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Abstract

The X-linked inhibitor of apoptosis protein (XIAP) is a potent cellular inhibitor of apoptosis. Designing small-molecule in-

hibitors that target the BIR3 domain of XIAP, where Smac/DIABLO (second mitochondria-derived activator of caspase/direct IAP-

binding protein with low pI) and caspase-9 bind, is a promising strategy for inhibiting the antiapoptotic activity of XIAP and for

overcoming apoptosis resistance of cancer cells mediated by XIAP. Herein, we report the development of a homogeneous high-

throughput assay based on fluorescence polarization for measuring the binding affinities of small-molecule inhibitors to the BIR3

domain of XIAP. Among four fluorescent probes tested, a mutated N-terminal Smac peptide (AbuRPFK-(5-Fam)-NH2) showed

the highest affinity (Kd ¼ 17.92 nM) and a large dynamic range (DmP ¼ 231� 0:9), and was selected as the most suitable probe for

the binding assay. The binding conditions (DMSO tolerance and stability) have been investigated. Under optimized conditions, a Z 0

factor of 0.88 was achieved in a 96-well format for high-throughput screening. It was found that the popular Cheng–Prusoff

equation is invalid for the calculation of the competitive inhibition constants (Ki values) for inhibitors in the FP-based competitive

binding assay conditions, and accordingly, a new mathematical equation was developed, validated, and used to compute the Ki

values. An associated Web-based computer program was also developed for this task. Several known Smac peptides with high and

low affinities have been evaluated under the assay conditions and the results obtained indicated that the FP-based competitive

binding assay performs correctly as designed: it can quantitatively and accurately determine the binding affinities of Smac-based

peptide inhibitors with a wide range of affinities, and is suitable for high-throughput screening of inhibitors binding to the XIAP

BIR3 domain.
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Apoptosis, or programmed cell death, is a critical

process in both development and homeostasis of mul-

ticellular organisms [1]. Alterations in apoptotic path-

ways can disrupt the delicate balance between cell

proliferation and cell death and lead to a variety of

diseases [2].
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Inhibitors of apoptosis proteins (IAPs)1 are an im-
portant class of endogenous cellular inhibitors of ap-

optosis [3,4]. Among all the IAPs identified to date,

human X-linked IAP (XIAP) is the most potent inhib-

itor of apoptosis [3] and has a key inhibitory function in

both intrinsic and extrinsic apoptosis pathways [5].

XIAP functions as a potent apoptosis inhibitor by

binding to and inhibiting an initiator caspase-9 and two

effector caspases (caspase-3 and 7) [6–9].
XIAP contains three BIR domains as well as a

C-terminal RING finger, and these domains exhibit

distinct specificities for caspases [10]. Structure-function

analysis of XIAP has shown that the third BIR domain

(BIR3) selectively inhibits caspase-9, while the linker

region between BIR1 and BIR2 inhibits caspase-3 and -7

[7,9,11,12]. The interaction between XIAP and caspases

can be inhibited by a second mitochondrial activator of
caspases/direct IAP-binding protein (Smac/DIABLO), a

polypeptide released from mitochondria upon initiation

of the apoptotic signaling process [13–16]. Structural

and biological studies have demonstrated that the

XIAP-Smac binding involves a well-defined surface

groove in the BIR3 domain and four amino acid resi-

dues (AVPI or Ala-Val-Pro-Ile) at the N-terminus of

Smac [14,16]. This four-residue binding motif, known as
the IAP-binding motif (IBM) is also present in human

and mouse caspase-9, Drosophila proteins Grim, Hid,

and Reaper, which also bind to IAPs [17].

XIAP and other IAPs are overexpressed in multiple

human cancer tissues and cancer cell lines and their ex-

pression levels are associated with resistance to apoptosis

[18–20]. Several studies have demonstrated that XIAP

plays a critical role in the resistance of cancer cells to
chemotherapeutic agents, radiation, and the death ligand

Apo-2L/TRAIL (tumor necrosis factor-a-related apop-

tosis-inducing ligand) [21–23]. Different approaches have

recently been explored for inhibiting the antiapoptotic

function of XIAP. These include antisense oligonucleo-

tides [24] and small-molecule inhibitors of XIAP [25–27].

We are particularly interested in the discovery and

design of small-molecule inhibitors of XIAP which tar-
get its BIR3 domain because this domain plays a critical

role in the inhibition of apoptosis: (1) It binds to cas-

pase-9, traps caspase-9 in a monomeric inactive form,
1 Abbreviations used: IAPs, inhibitor of apoptosis protein; XIAP,

X-linked inhibitor of apoptosis protein; BIR domain, baculovirus IAP

repeat; Smac/DIABLO, second mitochondria-derived activator of

caspase/direct IAP-binding protein with low pI; IBM, IAP-binding

motif; FP, fluorescence polarization; HTS, high-throughput screening;

Abu, LL-2-aminobutyric acid; DCM, dichloromethane; DIEA, diiso-

propylethylamine; DMSO, dimethyl sulfoxide; EDT, ethanedithiol;

HATU, O-(7-azabenzotriazol-1-yl)-N ,N ,N 0,N 0 -tetramethyluronium

hexafluorophosphate; HOAt, 1-hydroxy-7-aza-benzotriazole; IPTG,

isopropyl-b-DD-thiogalactopyranoside; NMP, N -methylpyrrolidine;

PAL, 5-(4-aminomethyl-3,5-dimethoxyphenoxy)valeric acid resin;

TFA, trifluoroacetic acid; TIS, triisopropyl silane.
and potently inhibits caspase-9-mediated apoptosis. (2)
It binds to Smac protein and inhibits the proapoptotic

activity of Smac protein. Thus, small-molecule inhibi-

tors that bind to the BIR3 domain of XIAP can increase

the sensitivity of cells to apoptotic stimuli through

promotion of the activation of caspase-9 and the proa-

poptotic activity of Smac protein.

One of the essential elements in discovering and

identifying small-molecule inhibitors of XIAP is the
development of a robust, quantitative, and high-

throughput assay for evaluation of the binding affinities

of potential small-molecule inhibitors. Fluorescence

polarization (FP) is a sensitive, homogeneous high-

throughput method that has been exploited for both

protein binding and enzymatic reactions [28–32]. FP-

based assay was employed for determination of the

binding affinities of Smac peptides to both the BIR2 and
the BIR3 domains of XIAP [14], and more recently a

high-throughput assay was reported for screening small-

molecules that bind to the BIR3 domain of XIAP [26].

Our laboratory has recently reported the discovery and

characterization of a naturally occurring quinone, em-

belin, as a fairly potent, cell-permeable small-molecule

inhibitor that binds to the XIAP BIR3 domain [27].

Herein we describe our further development and
optimization of the FP-based binding assay for the

XIAP BIR3 domain through synthesis and evaluation of

several fluorescent tracers. Furthermore, we found that

the popular Cheng–Prusoff equation is invalid for the

calculation of the competitive inhibition constants (Ki

values) for inhibitors in the FP-based competitive

binding assay conditions. Accordingly, a new mathe-

matical equation was developed and validated for
computing the Ki values, and an associated Web-based

computer program was also developed for this task and

is freely available to other researchers.
Materials and methods

Expression and purification of XIAP BIR3 domain

The recombinant BIR3 domain (residues 241–356) of

human XIAP protein fused to His-tag (pET28b,

Novagen) was overexpressed from Escherichia coli

BL21(DE3) cells (Novagen) grown in LB medium.

When the cell density reached OD600 � 0.8, the protein

expression was induced by addition of isopropyl-b-DD-
thiogalactopyranoside (IPTG) to a final concentration
of 1mM and zinc acetate to 100 lM for 3 h at 37 �C.
Collected cells were treated with lysozyme at a final

concentration of 100 lg/ml for 15min at room temper-

ature in 50mM Tris–HCl, pH 7.5, 200mM NaCl, and

lysed by ultrasonication (Sonicator 3000 with a micro-

probe, Misonix) at 4 �C. Most of the protein was found

in the soluble fraction and was purified using TALON
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(Clontech) or Ni-NTA (Qiagen) affinity chromatogra-
phy, HiTrap Q XL (Amersham Biosciences), followed

by G75 size-exclusion chromatography (Amersham

Biosciences) using an FPLC system (AKTA purifier-10,

Amersham Biosciences). The purified protein was stored

in 50mM Tris–HCl, pH 8.0, 300mM KCl, 50 lM zinc

acetate, and 1mM DTT at 4 �C.

Synthesis of Smac peptides

The peptides utilized in this paper, and listed in Table

3, were synthesized on an ABI 433A peptide synthesizer,

starting the synthesis with PAL or Rink amide resins, to

establish the C-terminal carboxamide terminal, or with

Fmoc-Glu(O-t-Bu)-Wang resin, to establish the C-ter-

minal carboxylic acid (peptide 1), and using synthesis

protocols based on standard Fmoc chemistry. The
N-termini of peptides were unprotected. The resin-an-

chored peptide was cleaved from the resin and simul-

taneously deprotected by TFA-containing scavengers.

The crude products were purified by reverse-phase

HPLC with a water/acetonitrile gradient containing

0.05% TFA. Structures were confirmed by mass spec-

trometry, using an FAB mass spectrometer (VG 7070E-

HF) and/or a MALDI-TOF mass spectrometer (Kratos/
Shimadzu). All peptides were >95% pure, based on their

HPLC analysis and mass spectral data.

Synthesis of the lysine side-chain fluorescent-labeled

peptides

Four fluorescent labeled peptides (Table 1) with two

different fluorescent markers, 6-(fluorescein-5(6)-carb-
oxamido)hexanoic acid (Flu) or 5-carboxyfluorescein

(5-Fam), were synthesized, following two different

procedures.

Two peptides with Flu fluorescent marker, the N-

terminal Smac nonapeptide (AVPIAQKSE-K(Flu)-OH)

(1F) and the heptapeptide (ARPFAQK(Flu)-NH2) (2F),

were synthesized according to the following procedure.

First, Fmoc-Lys(Alloc)-OH was attached to a PAL
amide resin (this step was omitted in the synthesis of 1F

using an Fmoc-Lys(Alloc)-Wang resin). Then the req-

uisite 6 additional amino acids were attached using

standard peptide synthesis protocols. The N-terminal

alanine was first protected with a Boc protective group.

Next, the protected peptide was treated with Pd[P(Ph)3]4
Table 1

Four fluorescent peptides evaluated in XIAP polarization assays, their Kd v

Fluorescent peptides Amino acid sequence

1F AVPIAQKSE-K(Flu)-OH

2F ARPFAQ-K(Flu)-NH2

3F AbuRPFAQ-K(5-Fam)-NH2

4F AbuRPF-K(5-Fam)-NH2
in order to selectively remove the Alloc protective group
from the lysine side chain of the peptide. The resulting

peptide was treated with 6-(fluorescein-5(6)-carboxam-

ido)hexanoic acid N -succinimidyl ester, in the presence

of diisopropylethylamine (DIEA). Finally, the peptide

was removed from the resin, and simultaneously side-

chain deprotected with TFA containing 2.5% EDT, 5%

thioanisole, and 5% H2O at RT for 2 h.

The other two peptides with 5-Fam fluorescent mar-
ker, AbuRPFAQ-K(5-Fam)-NH2 (3F) and AbuRPF-

K(5-Fam)-NH2 (4F), were synthesized according to the

following procedure. First, Fmoc-Lys(Mtt)-OH was at-

tached to a Rink amide resin, followed by attachment of

six additional Fmoc-amino acids, using standard peptide

synthesis protocols. Next, the fully protected peptide on

the resin was treated with 1% TFA in DCM in order to

selectively remove the Mtt protective group from the
lysine side chain. The resulting peptide on the resin was

mixed for 2 h with a solution of 5-carboxyfluorescein,

HATU, HOAt, and DIEA in NMP, and then washed

with DCM and methanol. Finally, the peptide was re-

moved from the resin and simultaneously side-chain

deprotected with TFA, containing 2.5% TIS and 2.5%

H2O at room temperature, for 2 h. After HPLC purifi-

cation, the molecular weights were confirmed by mass
spectra (Kratos/Shimadzu MALDI-TOF mass spec-

trometer). The purity of all fluorescent peptides was over

95%, based on their HPLC and mass spectra analysis.

Determination of the fluorescent peptides/XIAP equilib-

rium dissociation constant (Kd)

Fluorescence polarization experiments were per-
formed in Dynex 96-well, black, round-bottom plates

(Fisher Scientific) using the Ultra plate reader (Tecan

U.S., Research Triangle Park, NC). To each well, fluo-

rescein-labeled Smac peptides (5 nM) and increasing

concentrations of XIAP-BIR3 domain protein (from 0

to 40 lM) were added to a final volume of 125 ll in the

assay buffer (100mM potassium phosphate, pH 7.5;

100 lg/ml bovine c-globulin; 0.02% sodium azide, pur-
chased from Invitrogen, Life Technologies). The plate

was mixed on a shaker for 15min and incubated at room

temperature for 3 h to reach equilibrium. The polariza-

tion values in millipolarization units (mP) were mea-

sured at an excitation wavelength at 485 nm and an

emission wavelength at 530 nm. For assay stability
alues, and maximum dynamic binding ranges

Kd (nM) Dynamic range (DmP)

244.7 234� 7

38.4 230� 4

77.6 275� 5

17.9 255� 4
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testing, a plate was measured at different times over a
24-h period. To determine the effect of DMSO on the

assay, binding experiments were performed under con-

ditions similar to those described above except that the

amount of DMSO was varied. An equilibrium binding

isotherm was constructed by plotting the FP reading as

a function of the XIAP BIR3 protein concentration at a

fixed concentration of a probe. All experimental data

were analyzed using Prism 3.0 software (Graphpad
Software, San Diego, CA) and the inhibition constants

were determined by nonlinear curve fitting as the con-

centration of the XIAP BIR3 protein at which 50% of

the ligand is bound.

Competitive binding experiments

The corresponding unlabeled peptides, together with
several other peptides, were tested for their ability to

displace the 4F fluorescent probe from XIAP BIR3.

Negative controls containing XIAP BIR3 and probe

(equivalent to 0% inhibition), and positive controls

containing only free 4F peptide (equivalent to 100%

inhibition), were included on each assay plate.

The dose-dependent binding experiments were car-

ried out with serial dilutions of peptides, prepared in
DMSO. A 5-ll sample of the tested samples and

preincubated XIAP BIR3 protein (0.030 lM) and 4F

peptide (0.005 lM) in the assay buffer were added in 96-

well plates to produce a final volume of 125 ll. The

polarization values were measured after a 3-h incuba-

tion. IC50 values were determined from the plot using

nonlinear least-squares analysis. The Ki values of com-

petitive inhibitors were calculated using the newly de-
rived equation described in this paper, based upon the

measured IC50 values, the Kd value of the probe and

XIAP BIR3 complex, and the concentrations of the

protein and probe in the competition assay.

High-throughput assay and data calculations

To evaluate the quality and suitability of the XIAP-
BIR3 fluorescence polarization assay for high-through-

put screening, we determined the Z 0 factor, which is an

indicator of the viability of the assay for screening by

incorporating the precision of an assay [33],

Z 0 ¼ 1� ð3SDf þ 3SDbÞ
ðlb � lfÞ

;

where SDf and SDb are the standard deviation of the

signal (mP) for free and bound probe, respectively, lb

represents the mean of the signal obtained for the bound

probe in the absence of a competitive inhibitor, and lf is

the mean of the free probe in the absence of the XIAP
BIR3 protein (0% bound). To monitor the robustness

and reproducibility of the 96-well high-throughput for-

mat, the means of both free and bound peptide probes
from each assay plate were obtained and analyzed by a
scatter plot.
Results and discussion

Determination of the binding affinity Kd of synthetic

fluorescent peptides

Smac/DIABLO was identified as one of the proa-

poptotic proteins translocated from mitochondria to

cytosol in response to apoptotic stimuli. Full-length

mature Smac protein and several peptides with different

lengths, as well as mutant peptides, have been tested for

their binding affinity to the BIR3 domain of XIAP. In

fact, a nonapeptide (AVPIAQKSE) derived from the

Smac N-terminus and the tetrameric AVPI peptide have
the same binding affinity (Kd ¼ 0:43 and 0.48 lM, re-

spectively) to the XIAP-BIR3 as the mature Smac pro-

tein (Kd ¼ 0:42 lM) [14,34]. Recently, a mutated Smac

tetrapeptide (ARPF) was shown to have a higher

binding affinity (Kd ¼ 0:02 lM) to the XIAP BIR3 do-

main than that of the natural Smac AVPI peptide

(Kd ¼ 0:48 lM) [34]. It was also determined that muta-

tions of the first amino acid residue (Ala1) in general
greatly diminished the binding affinities, but a slight

enhancement in binding affinity was observed with the

unnatural amino acid, LL-2-aminobutyric acid (AbuVPI)

(Kd ¼ 0:24 lM). These interactions between the XIAP

BIR3 and the Smac peptides form the basis for devel-

opment of a fluorescence polarization assay.

We have synthesized four different fluorescent

probes using fluorescein as a fluorophore (Table 1):
the N-terminal Smac peptide with sequence AV-

PIAQKSEK(Flu)-OH termed 1F; the mutated hepta-

peptide (ARPFAQK(Flu)-NH2), 2F, where valine at

position 2 and isoleucine at position 4 were mutated to

arginine and phenylalanine, respectively; mutated hep-

tapeptide, (AbuRPFAQK(5-Fam)-NH2), termed 3F

where we have made an additional mutation at position

1 with unnatural amino acid, LL-2-aminobutyric acid
(Abu), and the same mutated peptide, but a shorter

pentameric (AbuRPFK(5-Fam)-NH2), termed 4F.

These four fluorescent probes were first tested in a

saturation binding experiment to determine their binding

affinity to XIAP BIR3 domain (Fig. 1). The initial testing

conditions were based on several criteria. Since the po-

larization value is derived from the ratio of bound versus

free probe, we chose a low concentration of probe which
would yield a reasonable fluorescent signal and therefore

a stable polarization value. The concentration of all tes-

ted probes was 5 nM, significantly lower than the antici-

pated Kd, but adequate to give enough relative

fluorescence units to provide a good signal-to-noise ratio.

The dissociation constant (Kd) for each protein/ligand

pair was determined using a constant concentration of



Fig. 1. Binding isotherms of fluorescent Smac peptides to XIAP/BIR3

domain. All probes in concentrations of 5 nM with increasing concen-

trations of XIAP-BIR3 domain (from 0 to 40lM) were added to a final

volume of 125ll in the assay buffer (100mM potassium phosphate, pH

7.5; 100lg/ml bovine c-globulin; 0.02% sodium azide). Probe 1F, AV-

PIAQKSE-K(Flu)-OH; Probe 2F ARPFAQ-K(Flu)-NH2; Probe 3F

AbuRPFAQ-K(5-Fam)-NH2; Probe 4F AbuRPF-K(5-Fam)-NH2.

Fig. 2. Stability of binding experiments over a 24-h period. Binding

experiments were performed using 5 nM 4F probe and increasing

concentrations of XIAP BIR3 protein (from 0 to 40lM). The plate

was measured at the specified time indicated over the experimental

period.
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probe and titrating with the XIAP/BIR3 domain protein
at increasing concentrations significantly above the ex-

pected Kd of the protein-probe pair. Fig. 1 illustrates

nonlinear least-squares fits to a single-site binding model

for a saturation experiment in which the XIAP/BIR3

concentration varied from 0 to 40 lM at constant probe

concentration. All the tested probes showed binding and

the FP values of the peptides increased as a function of

XIAP/BIR3 protein concentration. The obtained Kd

values and the dynamic ranges for all the tested probes

were comparable to each other. The Kd of binding be-

tween the 1F probe and the XIAP-BIR3 domain was

determined to be 244.7 nM, with dynamic range

(DmP ¼ mP of bound peptide)mP of free peptide) of

234� 7mP (Table 1). The second probe 2F (AR-

PFAQK(Flu)-NH2), in which the valine at position 2 was

changed to an arginine residue and isoleucine at position
4 was changed to phenylalanine, showed a 6 times higher

binding affinity than the N-terminal Smac 9-mer peptide

(1F), with a Kd of 38.4 nM and a dynamic range of

230� 4mP. The value obtained is similar to the reported

value for Kd of corresponding tetrapeptide ARPF [34].

The same peptide with one additional mutation at posi-

tion 1 with the unnatural amino acid, LL-2-aminobutyric

acid, 3F, has also shown a high binding affinity
(Kd ¼ 77:6 nM) and a dynamic range of 275� 5mP. The

Kd value obtained is slightly higher than that of the 2F

probe, with an alanine in position 1. The fourth probe,

4F, shows the highest affinity for XIAPBIR3 proteinwith

a Kd value of 17.9 nM. This probe also has a large dy-

namic range (255� 4mP). Interestingly, the pentapeptide

4F has a binding affinity 4 times better than the longer

corresponding heptapeptide 3F (17.9 nM vs 77.6 nM).
Consistent with an earlier report [34], the 4F probe has a

binding affinity 2 times better than the 2F probe.
We have further explored if there is a change in Kd

values when the concentration of the probe is reduced.

In principle, when the probe concentration is above the

true Kd value, a higher probe concentration will result in

a higher apparent Kd value [35]. Accordingly, in the

determination of the Kd value for the probe in the ti-

tration experiment, the concentration of the probe

should be well below the true Kd value. Under three

concentrations of probe 4F (5, 2.5, and 1 nM), we ob-
tained 17.9, 16.4, and 22.1 nM, respectively, as the ap-

parent Kd values for 4F probe. Our results thus indicated

that the apparent Kd value for the probe obtained under

each of the three concentrations approaches the true Kd

value.

We have tested the influence of DMSO, a commonly

used solvent, in high-throughput screening in the pres-

ence of either 4 or 8% DMSO. The results obtained
showed that the binding affinity of 4F probe is un-

changed in the presence of DMSO; the dynamic range

and the shape of the binding curve were not altered,

indicating that the FP assay is stable in the presence of

up to 8% DMSO.

The stability of the XIAP FP assay is critical for high-

throughput screening and has been tested by incubating

the plate at room temperature over a 24-h period,
reading the plate several times, and analyzing the data.

The results obtained showed that the assay is stable, as

evidenced by the binding curves (Fig. 2). The obtained

Kd values and the binding ranges remained unchanged.

Development and optimization of the competitive binding

assay

Based on the information obtained in saturation ex-

periments, the Kd values and dynamic binding ranges,

each of these fluorescent peptide probes is suitable for

development of an FP-based assay. Indeed, the 1F probe



Fig. 3. Displacement of 4F probe (AbuRPF-K(5-Fam)-NH2) from

XIAP/BIR3 domain by N-terminal Smac 9-mer peptide (AV-

PIAQKSE-OH, 1), using four protein concentrations. Increasing

protein concentration increases the dynamic range of the assay but also

increases the IC50.

Table 2

IC50 and Ki values of several unlabeled Smac peptides using different conditions in FP-based competitive assay

Concentration of

XIAP BIR3 (nM)

Tested peptides

AVPIAQKSE-OH (1) ARPFAQKS-NH2 (2) AbuRPFK-NH2 (4)

Measured

IC50 (lM)

Ki (lM)

Cheng’s

equation

Ki (lM)

New

equation

Measured

IC50 (lM)

Ki (lM)

Cheng’s

equation

Ki (lM)

New

equation

Measured

IC50 (lM)

Ki (lM)

Cheng’s

equation

Ki (lM)

New

equation

30 1.16 0.91 0.43 0.24 0.19 0.081 0.22 0.17 0.074

60 2.52 2.0 0.57 0.40 0.31 0.082 0.39 0.31 0.079

120 3.10 2.43 0.40 0.73 0.57 0.082 0.77 0.60 0.088

240 8.10 6.33 0.55 1.81 1.41 0.11 1.58 1.24 0.095
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was previously used for the FP-based XIAP-binding

assay [14]. A mutated Smac N-terminal heptapeptide

(AVPFAQK-(Flu)-NH2) was also used for the devel-

opment of an FP-based binding assay and for identifi-

cation of novel small-molecule inhibitors of the XIAP

BIR3 domain [26]. Using the 2F as the probe, we have

established an FP-based competitive binding assay and

reported the discovery of Embelin as a novel nonpepti-
dic small-molecule inhibitor of XIAP [27]. To increase

the sensitivity and the detection limit of the assay, we

have further optimized the FP-based assay by synthe-

sizing new fluorescent probes, 3F and 4F. We have se-

lected 4F as the probe for further development and

optimization of the FP-based assay for the XIAP BIR3

domain based on the following considerations: (i) high

binding affinity (Kd ¼ 17.92 nM) which will allow us to
increase the detection limit of the assay and (ii) large

dynamic range (255� 4mP) which will give better sig-

nal-to-noise ratio.

The concentrations of the tracer and the protein used

in the FP-based assay need to be carefully chosen to

maximize the difference between the highest and lowest

polarization values and to increase the sensitivity of the

assay. FP competition experiments should be designed
in such a way that the [receptor]/Kd ratio is at least 1,

and the starting polarization value represents approxi-

mately 50% of the maximal FP change observed in the

saturation experiment [37].

We have shown that the 4F probe has similar ap-

parent Kd values (17.9, 16.4, and 22.1 nM) in all three

tested concentrations (2.5, 1, and 5 nM, respectively).

Recently it was demonstrated that with increased con-
centrations of the fluorescent tracer in the assay, the

interference from fluorescent compounds is reduced [38].

Because the influence of fluorescent compounds depends

on the concentration of the probe used in the assay, we

have chosen to use 5 nM for the probe. This concen-

tration of the probe has high fluorescence intensity and

can overcome the potential interference of any weakly

fluorescent compounds.
To determine the optimal concentration of the pro-

tein, we have evaluated four different concentrations of

the XIAP BIR3 domain (30, 60, 120, and 240 nM) with a
fixed concentration of 4F (5 nM) in the competitive

binding assay to determine the IC50 of three corre-

sponding unlabeled peptides: N-terminal Smac 9-mer

peptide 1, and two mutated Smac peptides 2 and 4 (Table

2). The lowest protein concentration was chosen based

on the fact that 30 nMXIAP is about 1.5 times the actual

Kd value of the tracer and at this concentration a ma-

jority of the fluorescent probe will be bound to the pro-
tein. At 30 nM XIAP, the assay yielded 88� 2.43mP as

the dynamic range (Fig. 3). As expected, using 60 nM (3

times the Kd), 120 nM (6 times the Kd), and 240 nM (12

times the Kd) as the protein concentration, the dynamic

range of the assay was increased to 121, 180, and 220mP,

respectively (Fig. 3). With higher protein concentrations,

the obtained IC50 values of the competitors were in-

creased. There is a good correlation between the ob-
served IC50 values and concentrations of the protein used

in the assay (Table 2). The obtained IC50 values for these

peptides are significantly higher than the Kd values of

corresponding fluorescent labeled peptide tracers, but

the rank order is the same under all the conditions. Based

on these results, we chose to use 30 nM XIAP/BIR3

protein for the competitive binding assay. This assay
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condition uses a relatively low concentration of the
protein but yields a quite large dynamic range, and is

sensitive and suitable for high-throughput screening.

Advantages of using a high-affinity probe for the devel-

opment of an FP-based assay

Recently, it was shown [36] that in FP competition

assays, there is a general misconception that a tightly
binding fluorescent probe should be avoided when

identifying inhibitors of low or intermediate potency in

the screening of small-molecule compound libraries.

However, it was demonstrated that the higher the af-

finity of the fluorescent ligand, the wider the range of

inhibitor potency that can be resolved [36]. The lowest

inhibitor Ki value that can be resolved in an FP-based

binding assay is approximately equal to the Kd value of
the fluorescent probe [36]. To demonstrate the rela-

tionship between the IC50 of inhibitors and the Kd values

of the fluorescent ligand used in the assay, we have de-

termined the binding affinity of three tetrapeptides with

a large difference in their inhibitory potencies, using two

fluorescent probes, 1F and 4F, which have 14-time dif-

ferences in their Kd values (244.7 and 17.9 nM, respec-
Fig. 4. Competitive inhibition binding curves of three tetrapeptides obtained

affinities to BIR3 domain (Kd ¼ 245 nM and Kd ¼ 17:9 nM, respectively), us

NH2; (B) AVPI-NH2; (C) ARPF-NH2.
tively). As can be seen from Fig. 4, for every tetrapeptide
the obtained IC50 values are higher when 1F was used as

the probe than those when 4F was used as the probe.

Furthermore, for a weak inhibitor such as AVPR tet-

rapeptide, the difference in their IC50 values obtained

using either 1F or 4F (Fig. 4A) is only 2-fold. For a

potent inhibitor such as the ARPF tetrapeptide, the

difference in their IC50 values obtained using either 1F or

4F (Fig. 4A) is increased to 5-fold (Fig. 4C). Hence, our
results demonstrate that using a high-affinity probe 4F,

we can accurately measure the binding affinity of highly

potent compounds to XIAP BIR3 by increasing the

assay detection limit.

There are considerable advantages to using 4F as the

probe in the FP-based XIAP assay compared to previ-

ously used probes with weaker affinities [14,26]. First,

the use of this high-affinity probe increases in the assay
sensitivity and detection limit, so that the binding af-

finities of potent inhibitors can be accurately measured.

Second, the use of this high-affinity probe significantly

decreases the amount of the XIAP/BIR3 protein needed

in the binding assays, which makes high-throughput

screening cheaper without compromising the assay

sensitivity and accuracy.
with two fluorescent probes 1F and 4F, which have different binding

ing a fixed probe concentration of 5 nM. Tested peptides: (A) AVPR-
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Validation of the competitive FP-based XIAP-binding

assay

To validate the optimized FP-based competitive

binding assay conditions and the new equation for cal-

culation of Ki values, we have tested a set of natural and

mutated Smac tetra-peptides with a wide range of

binding affinities to the XIAP BIR3 domain protein.

The results are summarized in Table 3, together with
previously reported binding affinities for these peptides

[34]. Of note, the Ki values for these peptides were

computed using Eq. (3) in this paper. As expected, the

ARPF peptide has the highest affinity (Ki ¼ 0:044�
0:007 lM), followed by the AVPF peptide (Ki ¼ 0:093�
0:01 lM). Two peptides (AVPIAQKSE and AVPI),

derived from the Smac protein sequence, have similar

binding affinities (Ki ¼ 0:54� 0:15 and 0.58� 0.15 lM,
respectively). Two mutated Smac peptides (AVPD and

AVPR) have weak binding affinities (Ki ¼ 12:34� 0:39
and 29.09� 1.88 lM, respectively). The Ki values of

these peptides to the XIAP BIR3 protein and their

rank order (ARPF>AVPF>AVPIAQKSE>AVPI>
AVPD>AVRP) are consistent with the results obtained

by another method [34]. These validation experiments

provide evidence that the FP competitive binding assay
Table 3

Experimental Ki values as determined by FP-based competition assay

for natural and mutated Smac peptides

Peptides Ki �SD (lM) Kd (lM) [34]

AVPIAQKSE-OH (1) 0.54� 0.15 0.40

AVPI-NH2 (4) 0.58� 0.15 0.48

AVPF-NH2 (5) 0.093� 0.1 0.04

AVPD-NH2 (6) 12.34� 0.39 7.3

AVPR-NH2 (7) 29.09� 1.88 >100

ARPF-NH2 (8) 0.044� 0.007 0.02

Fig. 5. Stability of free peptide control and bound peptide control from a se

control (blue squares) and bound peptide control (red squares) were obtained

this figure legend, the reader is referred to the web version of this paper.)
can quantitatively and accurately determine the binding
affinities of small-molecule inhibitors with a wide range

of binding affinities to the XIAP BIR3 protein.

High-throughput screening format

One potential use of a homogeneous and competitive

assay for the XIAP BIR3 domain is to carry out high-

throughput screening of chemical libraries of small
organic molecules to discover inhibitors of XIAP. The

FP-based assay is suitable for high-throughput screen-

ing because it requires a limited number of steps and can

easily be automated. One of the parameters for deter-

mining the quality of a high-throughput assay is the Z 0

factor, a statistical parameter that assesses the perfor-

mance of HTS assays [33]. The Z 0 factor is reflective of

both the assay dynamic range and the data variation.
Assays with small Z 0 factors are not suitable for high-

throughput screening and require further optimization,

while assays with Z 0 factors close to the maximum value

of 1 are of high quality.

We used 5 nM of the tracer 4F and 30 nM of the

XIAP BIR3 protein in the competitive assay for high-

throughput screening purpose. In Fig. 5 we present the

scatter plot for the means of free and bound peptide
controls from each individual assay plate. In the 96-well

assay format, the Z 0 factor for the FP-based XIAP BIR3

competitive binding assay is found to be 0.88, thus

confirming that our assay conditions are adequate for

high-throughput screening.

Development and validation of a new mathematical

equation for the calculation of Ki values for FP-based

assays

The IC50 value of an inhibitor depends upon the ex-

perimental conditions, so it is often difficult to compare
ries of 96-well assay plates. The average mP values from free peptide

from each assay plate. (For interpretation of the references to colour in
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the IC50 values measured under different experimental
conditions and from different laboratories. For this

reason, a common and desirable practice is to convert

the measured IC50 values into the inhibition constants

(Ki), which is the equilibrium constant and theoretically

does not depend on the experimental conditions except

the temperature.

For competitive binding assays, the Cheng–Prusoff

equation [39] is widely used to compute Ki values from
IC50 values. Although originally derived in the context

of competitive inhibition of a Michaelis enzymatic re-

action, the Cheng–Prusoff equation has been generalized

into the following form to calculate the inhibition con-

stants (Ki values) in receptor-ligand binding assays,

Ki ¼ IC50=ð1þ ½L�=KdÞ; ð1Þ
where Ki is the inhibition constant of an inhibitor to the

receptor (protein), IC50 is the inhibitor concentration

required to competitively dissociate 50% of the reference

ligand (probe) from the receptor, ½L� is the concentration
of the free (unbound) reference ligand, and Kd is the

disassociation constant between the receptor and the

reference ligand. Note that the IC50 value in Eq. (1) is

actually the concentration of the free inhibitor when

50% inhibition of the protein-ligand binding is estab-

lished. Since this value cannot be directly measured in an

FP-based competitive binding assay, normally it is re-

placed by the total concentration of the inhibitor when
applying the Cheng–Prusoff equation. An exact correc-

tion to the Cheng–Prusoff equation, however, has been

reported previously to solve this problem [40].

We found that the basic assumptions made in the

derivation of the Cheng–Prusoff equation are not ap-

plicable to the FP-based binding assay conditions. First,

the Cheng–Prusoff equation requires the concentration

of the unbound reference ligand for computation, which
cannot be measured directly in an FP-based competitive

binding assay. Thus, a normal practice when applying

the Cheng–Prusoff equation is to use the total concen-

tration of the reference ligand, ½L�T, instead of the con-

centration of the unbound reference ligand, ½L�. When

½L�T is well above the level of Kd, this approximation will

not introduce a significant error, which is the case in

traditional competitive binding assays where the recep-
tor concentration is well below the ligand concentration.

In a typical FP-binding assay, however, the labeled li-

gand (probe) is kept at a low concentration with an

excess amount of protein. As discussed above, the FP

assay conditions are designed to maximize the dynamic

range of the mP signal. Typically, the amount of probe

used in the FP-based assay is kept below the Kd value

and the amount of the receptor is equal to or higher
than the Kd value so that the polarization value before

adding an inhibitor is at 50% or more of the maximal

mP shift. Under such conditions, a significant fraction of

the probe is bound to the receptor, and the free probe
concentration cannot be approximated to the total
probe concentration any more. The second reason ap-

pears to be even more critical. As demonstrated in our

FP-binding assay, use of higher concentrations of the

receptor in the binding assay resulted in higher IC50

values for the same inhibitor (Fig. 3 and Table 2).

However, the Cheng–Prusoff equation does not give a

clue why the total concentration of the protein should

have a significant impact on the IC50 value. Our work
has demonstrated that applying the Cheng–Prusoff

equation in our FP-based assay will yield higher Ki

values for the same inhibitor when higher total

concentrations of protein are used in the experiments

(Table 2).

Kenakin provided an equation in his book [35], which

can be rearranged as

Ki ¼ ð½I � � ½PL� � KdÞ=fð½L�T � ½P �TÞ þ ½PL� � ð½PL�
� ½P �T � ½L�T � KdÞg; ð2Þ

in which ½I � denotes the concentration of the free in-
hibitor in the system, while ½PL� is the concentration of

the bound ligand, i.e., the protein-ligand complex, in the

same system. Thus, if the above two properties are

known, Eq. (2) can be applied to compute the Ki value

of a given inhibitor in a competitive binding assay. The

major advantage of this equation is that in principle it is

applicable to any assay conditions regardless of the

concentrations of the protein and the labeled ligand
used in the binding assay. In contrast to the Cheng–

Prusoff equation, Eq. (2) can provide a consistent Ki

value for the same inhibitor under different protein and

ligand concentrations. However, one will need the con-

centration of the bound ligand and the concentration of

the free inhibitor at 50% inhibition in order to convert

an IC50 value measured in a binding assay into Ki.

Kenakin did not provide the solution of these two
properties since his equation was derived from a general

scenario of a competitive binding assay.

We have thus independently developed a new equa-

tion to compute the Ki values for inhibitors in FP-based

binding assays. This equation is written as

Ki ¼ I½ �50= L½ �50=Kd

�
þ P½ �0=Kd þ 1

�
; ð3Þ

where ½I �50 denotes the concentration of the free inhibitor

at 50% inhibition, ½L�50 is the concentration of the free
labeled ligand at 50% inhibition, ½P �0 is the concentration
of the free protein at 0% inhibition, and Kd is the disso-

ciation constant of the protein-ligand complex. This

equation was derived from the basic principles of a

competitive binding assay, as described in detail in the

AppendixA. The application of Eq. (3) is not restricted by

the concentrations of the protein and the ligand.

Compared toKenakin’s equation, Eq. (3) ismore concise.
For the purpose of accurately computing the Ki

values of inhibitors using Eq. (3), we also derived the
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solutions of all of the parameters required in Eq. (3).
Thus, one does not need to approximate any of these

values when applying Eq. (3). For the convenience of

other researchers, we have implemented this equation in

a CGI program, which can be freely accessed at http://

sw16.im.med.umich.edu/software/calc_ki/. The user only

needs to input the necessary parameters of the FP-based

binding assay, i.e., the total concentration of the protein,

the total concentration of the ligand (probe), the Kd

value of the protein-ligand complex, and the IC50

value observed for a given inhibitor, and then the pro-

gram will compute the Ki value of the given inhibitor

accordingly.

To validate this new equation, we have applied it to

the calculation of the Ki values for three Smac peptides

(Table 2). As shown, regardless of the protein concen-

trations used in the FP-based binding assay, the com-
puted Ki values for the same inhibitor are highly

consistent with each other (Table 2), indicating that the

computed Ki value for the same inhibitor is independent

of the protein concentrations, as would be expected.
Conclusions

We have established a fluorescence-polarization-

based assay to evaluate small-molecule inhibitors that

target the XIAP BIR3 domain where Smac and caspase-

9 proteins bind. Development of assays to measure

protein-protein interactions using the technique of

fluorescence polarization requires careful selection of the

fluorescent probes. Two main considerations are the

binding affinity of the probe to the protein and the po-
larization signal window. A newly designed fluorescent

probe (4F) was selected for the competitive binding as-

say for its high affinity (Kd ¼ 17:92 nM) and a large

maximal polarization window upon its binding to the

XIAP BIR3 domain protein. We demonstrated that the

new competitive binding assay condition can accurately

determine the binding affinities of natural and mutated

Smac peptides with a wide range of binding affinities to
the XIAP BIR3 domain protein, and the results are

consistent with those reported previously using another

method. The assay is fast and robust and performs well

in the presence of DMSO. Furthermore, the assay can

be adapted to a miniaturized assay format for rapid

screening of large numbers of compounds to identify

small-molecule inhibitors of XIAP.

To compute the binding affinity constants (Ki values)
of inhibitors, we found that the FP-based competitive

binding assay conditions fail to meet the basic assump-

tions made in the popular Cheng–Prusoff equation. Ac-

cordingly, we have derived a new mathematical equation

for computing the Ki values of inhibitors from the basic

principles of competitive binding assays and developed

an associated web-based computer program for this task.
Using Smac peptides, we have shown that although the
IC50 values obtained for an inhibitor in the FP-based

competitive binding assay clearly depend upon experi-

mental conditions such as the protein concentration, the

calculated Ki values for the inhibitor are independent of

the experimental conditions, as one would expect, for the

Ki value is a thermodynamic property.
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Appendix A

This section describes the derivation of an equation

that computes the inhibition constant (Ki) of a com-

petitive inhibitor from its IC50 value observed in a

fluorescence polarization (FP)-based competitive bind-

ing assay. This equation is derived from the basic prin-
ciples of competitive binding assay, which are in

principle generally applicable to FP-based competitive

binding assays regardless of the concentration ranges of

the protein and the labeled ligand.

A.1. The basic principles in a competitive binding assay

Let P denote for the protein molecule, L for the
fluorescence-labeled ligand molecule, I for the compet-

itive inhibitor, PL for the protein-ligand complex, and PI
for the protein-inhibitor complex. Here we assume that I
inhibits the binding of L to P in a competitive way, and

both L and I bind to P with a stoichiometry of 1:1. Let

[P ], ½L�, ½I �, ½PL�, and ½PI � denote for the concentrations of
these five species, respectively, and [P ]T, ½L�T, and ½I �T
denote for the total concentration of the protein, the
ligand, and the inhibitor, respectively. In a competitive

binding assay, at any time,

½P �T ¼ ½P � þ ½PL� þ ½PI � ðA:1Þ

½L�T ¼ ½L� þ ½PL� ðA:2Þ

½I �T ¼ ½I � þ ½PI �: ðA:3Þ

Let Kd denote the dissociation constant of the PL com-

plex and Ki the dissociation constant of the PI complex.

When the system reaches equilibrium

http://sw16.im.med.umich.edu/software/calc_ki/
http://sw16.im.med.umich.edu/software/calc_ki/
http://sw16.im.med.umich.edu/software/calc_ki/
http://sw16.im.med.umich.edu/software/calc_ki/
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Kd ¼ ½P �½L�=½PL� ðA:4Þ

Ki ¼ ½P �½I �=½PI �: ðA:5Þ
50 0
A.2. The theorem of 50% inhibition in an FP-based

binding assay

Let us assume that the FP signal detected at any time

is determined by the ratio of the bound labeled ligand,

½PL�, and the free labeled ligand, ½L�, in a linear manner,

FP ¼ CPL � ð½PL�=½L�TÞ þ CL � ð½L�=½L�TÞ
¼ ðCPL � CLÞ � ð½PL�=½L�TÞ þ CL; ðA:6Þ

where CPL and CL are the coefficients of PL and L for FP

signal, respectively. In an FP-based binding assay, a

positive control, in which the protein usually is mixed

with the labeled ligand in an amount of [P ]T and ½L�T,
defines the maximal level of the FP signal (FPmax), while

a negative control, which has labeled ligand alone in an

amount of ½L�T, defines the minimal level of FP signal

(FPmin). For the positive control, i.e., 0% inhibition, by
applying Eq. (A.6) one has

FPmax ¼ FP0 ¼ ðCPL � CLÞ � ½PL�0=½L�T þ CL: ðA:6:1Þ
For the negative control, i.e., 100% inhibition, one has

FPmin ¼ FP100 ¼ CL: ðA:6:2Þ
Similarly, when 50% inhibition is observed in an FP-

based binding assay:

FP50 ¼ ðCPL � CLÞ � ½PL�50=½L�T þ CL: ðA:6:3Þ
In an FP-based binding assay, the inhibition ratio at any

point on the inhibition curve is defined as

Inhibition% ¼ 1� ðFP � FPminÞ=ðFPmax � FPminÞ ðA:7Þ
From the above equation, when 50% inhibition is
achieved:

FP50 ¼ ðFP0 þ FP100Þ=2: ðA:8Þ
Substitute Eqs. (A.6.1), (A.6.2) and (A.6.3) into this

equation and simplify it, and one has

½PL�50 ¼ 1=2� ½PL�0; ðA:9Þ
where ½PL�50 is the concentration of PL when 50% inhibi-

tion is achieved; ½PL�0 is the concentration of PLwithout I
in the system, i.e., 0% inhibition or positive control. Eq.

(A.9) is the fundamental theorem when 50% inhibition is
observed in an FP-based competitive binding assay.

A.3. The equation for computing Ki from IC50 observed in

an FP-based binding assay

Based on Eq. (A.9), one can derive an equation for

computing the Ki value of I from the IC50 value. When I
is not in the system, one has, from Eqs. (A.1) and (A.4):

½PL� ¼ ½P � =ð1þ Kd=½L� Þ: ðA:10Þ
0 T 0
When I is added to the system, one has, from Eqs. (A.1),
(A.4) and (A.5):

½PL� ¼ ½P �T=f1þ ðKd=½L�Þ � ð1þ ½I �=KiÞg: ðA:11Þ
Substitute Eqs. (A.10) and (A.11) into Eq. (A.9),

1þ ðKd=½L�50Þ � ð1þ ½I �50=KiÞ ¼ 2� ð1þ Kd=½L�0Þ;
which can be rearranged to

Ki ¼ ½I �50=ð½L�50=Kd þ 2� ½L�50=½L�0 � 1Þ ðA:12Þ
and

Ki ¼ ½I �50=ð½L�50=Kd þ 2� ð½L�50 � ½L�0Þ=½L�0 þ 1Þ
¼ ½I �50=ð½L�50=Kd þ 2� fð½L�T � ½PL�50Þ
� ð½L�T � ½PL�0Þg=½L�0 þ 1Þ

¼ ½I �50=ð½L�50=Kd þ 2� ð½PL�0 � ½PL�50Þ=½L�0 þ 1Þ

Combining this with Eq. (A.9):

Ki ¼ ½I �50=ð½L�50=Kd þ ½PL�0=½L�0 þ 1Þ
¼ ½I �50=ð½L�50=Kd þ ½P �0=Kd þ 1Þ: ðA:13Þ

Eq. (A.13) shows how the Ki value can be accurately

computed if the concentration of the free inhibitor at

50% inhibition, ½I �50, the concentration of the free la-

beled ligand at 50% inhibition, ½L�50, and the concen-

tration of the free protein at 0% inhibition, ½P �0, and the

dissociation constant of the protein-ligand complex, Kd,

are known. This is the equation we have used in our
study to compute Ki values.

A.4. Solution of Eq. (A.13)

The properties required to apply Eq. (A.13), i.e., ½I �50,
½L�50, and [P ]0, can be computed as follows:

A.4.1. Solution of the 0% inhibition point

At this point, there are only P and L in the system.

½L�0, ½P �0, and ½PL�0 can be solved analytically with given

½P �T, ½L�T, and Kd. From Eqs. (A.1) and (A.5), one has

½P �0 ¼ ½P �T=ð1þ ½L�0=KdÞ:

From Eqs. (A.2) and (A.5), one has

½L�0 ¼ ½L�T=ð1þ ½P �0=KdÞ:

Combining the above two equations and simplifying the

result gives

½P �20 þ ðKd þ ½L�TÞ � ½P �0 � ½P �T ¼ 0:

The correct value of ½P �0 is the positive root of the above
quadratic equation. Once ½P �0 is solved, ½L�0 and ½PL�0
can be derived easily with Eqs. (A.1) and (A.2).

A.4.2. Solution of the 50% inhibition point

As indicated in Eq. (A.9), ½PL�50 can be computed

directly from ½PL�0:

½PL� ¼ ½PL� =2:
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Consequently, ½L�50 can be computed through Eq. (A.2):

½L�50 ¼ ½L�T � ½PL�50 ¼ ½L�T � ½PL�0=2:

Also, ½I �50 can be computed through Eqs. (A.3) and
(A.1):

½I �50 ¼ IC50 � ½PI �50
¼ IC50 � ð½P �T � ½P �50 � ½PL�50Þ
¼ IC50 � ½P �T þ Kd � ½PL�50=½L�50 þ ½PL�50:

With known ½I �50, ½L�50, and ½P �0, Ki can be computed

accurately with Eq. (A.13).
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