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Targeting the cryptic sites: NMR-based strategy 
to improve protein druggability by controlling 
the conformational equilibrium
Yumiko Mizukoshi1*, Koh Takeuchi2*†, Yuji Tokunaga2, Hitomi Matsuo1, Misaki Imai1, 
Miwa Fujisaki1, Hajime Kamoshida1, Takeshi Takizawa3, Hiroyuki Hanzawa3, Ichio Shimada4,5†

Cryptic ligand binding sites, which are not evident in the unligated structures, are beneficial in tackling with difficult 
but attractive drug targets, such as protein-protein interactions (PPIs). However, cryptic sites have thus far not 
been rationally pursued in the early stages of drug development. Here, we demonstrated by nuclear magnetic 
resonance that the cryptic site in Bcl-xL exists in a conformational equilibrium between the open and closed con-
formations under the unligated condition. While the fraction of the open conformation in the unligated wild-type 
Bcl-xL is estimated to be low, F143W mutation that is distal from the ligand binding site can substantially elevate 
the population. The F143W mutant showed a higher hit rate in a phage-display peptide screening, and the hit 
peptide bound to the cryptic site of the wild-type Bcl-xL. Therefore, by controlling the conformational equilibrium 
in the cryptic site, the opportunity to identify a PPI inhibitor could be improved.

INTRODUCTION
Protein-protein interactions (PPIs) are attractive but difficult tar-
gets for therapeutic intervention. The importance of targeting PPIs 
is evident from their fundamental roles as hubs for many biological 
processes. It has been shown that there are 130,000 to 650,000 PPIs 
in the human interactome, and many of those are relevant to human 
diseases (1, 2). More than 30 PPIs have now been targeted with 
small molecules, and some of those molecules are clinically used or 
under clinical trials (3–6). However, the difficulties in targeting PPIs 
still exist (7, 8). Large and flat interfaces, which are characteristic of 
PPIs, are a reason for the difficulty. The structural feature is in stark 
contrast to the deep cavities of enzymes or receptors that are amena-
ble to the binding of small molecules. Although tremendous efforts 
have been made to target PPIs (9–14), development of PPI inhibi-
tors is still challenging, and a strategy that is orthogonal to the cur-
rently available strategies would be needed.

It has been increasingly recognized that the conformational flex-
ibility of proteins contributes to the affinity and specificity of PPIs 
and their inhibitors (10, 15–18). Among those dynamic PPI inter-
faces, ligand-binding pockets that seem to be absent in the ligand-
free structures but evident in the ligand-complex structures have been 
called cryptic sites (19, 20). Cryptic sites provide additional inter-
face to the ligands for higher affinity and specificity; thus, successful 
PPI inhibitors are often associated with cryptic sites. ABT-737, which 
binds to the antiapoptotic proteins Bcl-xL and Bcl-2, is one of the 
hallmark examples of PPI inhibitors that target cryptic sites. ABT-

737 competitively inhibits the interaction of the BH3 domain–
containing proapoptotic proteins, such as BAK and BAD, to Bcl-xL 
(21). The conformation of Bcl-xL in the ABT-737–bound state is 
substantially different from the unligated state. Using the 3-4 
loop as the hinge, a cryptic site between 3 and 4 helices is widely 
open upon the binding to the ligand (Fig. 1). The opening of cryptic 
site increases the surface exposure area of Bcl-xL from 6875 to 7525 Å2, 
and the closest C-C distance between 3 and 4 helices in unli-
gated structure (Leu112 and Val126; 6.3 Å) was substantially expanded 
to 10.2 Å. With this additional interface, ABT-737 shows the most 
potent Ki (inhibition constant) value of 0.6 nM, which is compara-
ble to that of the proteins with BH3 domain. Therefore, the benefit 
in targeting the cryptic site is evident, and the utilization of the cryp-
tic site reportedly expands the druggable human proteome almost 
twofold (20). However, the cryptic sites have thus far been mostly 
discovered by chance, after the determination of the complex struc-
ture of a ligand. Otherwise, time-consuming experimental and/or 
computational approaches that are specialized for each target need 
to be developed (19, 22, 23). Therefore, a general strategy to experi-
mentally identify cryptic sites in the absence of ligands, along with a 
strategy to rationally target the identified cryptic sites, would be re-
quired to develop active ligands for difficult-to-target systems, such 
as PPIs.

Here, we developed a strategy to identify and stabilize the open 
cryptic site conformation by nuclear magnetic resonance (NMR) 
dynamics information and semi-rationally designed allosteric mu-
tations. The temperature-dependent chemical shift perturbation 
(CSP) and the NMR dynamics analysis using relaxation dispersion 
(RD) experiment identified a lowly populated conformational state 
in the cryptic site of Bcl-xL under unligated conditions. On the basis 
of the distribution of the residues that showed the temperature-
dependent chemical shift changes, a mutant, F143W, that allosterically 
stabilizes the cryptic site was developed, and the utilization of the mu-
tant substantially enhanced the efficiency to enrich the Bcl-xL inter-
action sequences in a phage-display peptide screening. Furthermore, 
the identified peptide bound to the cryptic site of the wild-type 
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(WT) Bcl-xL. These results indicate that protein druggability can be 
improved by analyzing and controlling the dynamics of proteins, 
which would represent a versatile and complement strategy for PPI 
inhibitor development.

RESULTS
NMR characterization of ABT-737 binding to Bcl-xL
To characterize the ligand-induced opening of the cryptic site in the 
Bcl-xL protein, we titrated ABT-737 to methyl 13C–labeled Bcl-xL 
(Fig. 2). The substantial CSPs in slow exchange fashion were observed 
for those residues that were in close proximity to the compound, 
such as Leu108, Leu126, Ile130, and Val141, in the 3, 4, and 5 heli-
ces. The CSPs are also distributed in those sites that are distal (>7 Å) 
from the bound compound. These allosteric CSPs were distributed 
in the residues in the 2 helix (Leu90), the 3-4 loop (Leu112 and 
Ile114), the residues in the 5 and 6 helices that form the interface 
to the 4 helix (Ile140, Leu150, Ile166, and Leu178), and the 8 helix 
(Leu194). The distribution suggests that the allosteric CSPs induced 
by ABT-737 binding reflect conformational changes associated with 
the opening of the cryptic site (Figs. 1 and 2). It should be noted that 
the resonance originating from Leu112 is weak in the unligated Bcl-xL 
spectrum, indicating the presence of a conformational exchange 
in the 3-4 loop that served as a hinge in the opening of the cryp-
tic site.

Presence of the open cryptic site conformation 
in the unligated Bcl-xL
To determine if the opening of the cryptic site can only be induced 
by compound binding (induced-fit) or the open conformation can 
be sampled in the unligated state in a conformational selection man-
ner, we analyzed the temperature dependence of the methyl reso-
nances. Reflecting the temperature change from 288 to 308 K, some 
of the resonances from the unligated Bcl-xL showed the temperature-
dependent chemical shift changes (Fig. 3A) (24–27). Most of the 
residues that showed temperature-dependent CSPs are distributed 
in the region where the allosteric chemical shift changes upon the 
binding to ABT-737 were observed (Fig. 3B). Therefore, a confor-
mational equilibrium seems to be present in the cryptic site of the 
unligated Bcl-xL. In the temperature range, a linear van’t Hoff’s re-
lation was observed, suggesting that the observed conformational 
equilibrium is between two conformational states (Fig. 3C), pre-

sumably between the open and closed conformations of the cryptic 
site. Nevertheless, the temperature variation induced only small 
13C chemical shift changes to the unligated Bcl-xL resonances, as 
compared to those by the ABT-737 binding (fig. S1). Thus, the ef-
fect of temperature-dependent changes on the conformational 
equilibrium in the cryptic site should be limited and the cryptic site 
of the unligated Bcl-xL should primarily exist in the closed confor-
mation, as expected.

To further confirm the presence of the conformational equilibrium 
in the cryptic site of the unligated Bcl-xL, we performed a Carr-Purcell-
Meiboom-Gill RD (CPMG RD) experiment, which used a variable 
pulse frequency, CPMG, to measure the effective transverse (R2) re-
laxation rates. In the 13C methyl CPMG RD experiment, we observed 
substantial Rex (>5 Hz) contribution to the R2 of the 13C methyl 
moiety in the 3-4 hinge (Leu108 and Ile114), the 4 helix (Val126), 
and the 5 helix (Leu150 and Val155) (Fig. 3 and fig. S2). All of these 
residues, except Val155, showed large allosteric CSPs in the 13C di-
mension upon ABT-737 binding (Fig. 2), indicating the presence of 
a slow (~ms) conformational equilibrium in the cryptic site of the 
unligated Bcl-xL.

Development of an allosteric mutant that stabilizes open 
cryptic site conformation
The presence of conformational equilibrium led us to search for a 
mutant that allosterically stabilizes the open cryptic site conforma-
tion. Such an allosteric mutation elevates the population of the open 
cryptic site conformation in the equilibrium, without modifying the 
structure of the binding interface. Thus, the binding affinity of weak 
ligands, if any, is expected to improve, as the binding-potent open 
cryptic site conformation is populated more in mutant than in WT.

Upon the ABT-737 binding to the WT Bcl-xL, allosteric CSPs 
were observed for the residues on the interface between the 5 and 
6 helices (the 5/6 interface; Ile140, Ile166, and Leu176). The 5/6 
interface is not a part of the ligand-binding site. However, as the 
5/6 interface interacts with the 4 helix that experiences a large 
conformational rearrangement upon the binding to the compound 
(fig. S3), the opening of the cryptic site would affect the conforma-
tion of the interface and, thus, induce the allosteric CSPs. We hy-
pothesized that a mutation in the 5/6 interface residue might affect 
the conformational equilibrium of the cryptic site and vice versa. 
Among the interface residues, Phe143 is the largest and located di-
rectly below the 4 helix; thus, we selected the residue and analyzed 

Fig. 1. Structures of Bcl-xL in unligated (top) and ABT-737–bound (bottom) states. The structure of bound ABT-737 is shown in the magenta stick representation. 
Cryptic site on Bcl-xL is indicated by a red shadow. Apo structure, 1maz; ABT-737 complex, 2yxj.
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if there is any substitution that causes similar chemical shift changes 
to Bcl-xL, as the ABT-737 binding.

Figure 4 shows the overlaid spectra of the F143W mutant in the 
unligated state, with those of the WT Bcl-xL in the presence and 
absence of ABT-737. Among residues that showed CSPs upon bind-
ing to ABT-737 (Fig. 2), those that are also far from the mutation 
sites are shown (Leu90, Ile114, Leu150, Ile166, and Leu194). For these 
residues, the chemical shifts are expected to reflect the conformational 
equilibrium of the cryptic site, but not the direct effect from the 
ABT-737 binding or the substitution of Phe143 to Trp. The signals 
originating from the F143W mutant were observed in the position 
between those from the unligated and ABT-737–bound WT Bcl-xL. 
This indicates that the F143W mutation shifted the conformational 
equilibrium more toward the open cryptic site conformation. As-
suming that the unligated and ABT-737–bound signals predominant-
ly reflect the close and open states of the cryptic site, respectively, 
the F143W mutant is estimated to have 33 ± 24% of the open con-
formation in the unligated state. The variations in the populations 
of the open state could originate from the local conformational dif-
ferences in the cryptic site between the F143W mutant and WT Bcl-xL. 
However, the overall conformation might be retained, as the sig-
nals did not largely deviate from the line connecting the unligated 
and ABT-737–bound WT Bcl-xL signals (Fig. 4A).

With the improved the population of open cryptic site confor-
mation, in the F143W mutation, we tested if the F143W mutant 
showed improved affinities to the known ligands. Although the iso-
thermal titration calorimetry (ITC) experiment cannot be performed 
with ABT-737 due to the poor solubility of the compound, the F143W 
mutant showed elevated affinity to the Bak BH3 peptide, which also 
binds to the cryptic site. While the KA value of the Bak BH3 peptide 

to the WT Bcl-xL was 1.1 ± 0.2 × 106 M−1, the F143W mutant showed 
twofold higher affinity (2.2 ± 0.3 × 106 M−1) to the peptide (fig. S4). 
The affinity improvement was somewhat smaller than expected. 
This might be due to the difference in the local conformations of the 
cryptic site between the F143W mutant and the WT Bcl-xL, as dis-
cussed above. Nevertheless, the elevated population of the open cryp-
tic site conformation in the F143W mutant was supported by the 
accelerated R2 and the larger Rex values in the RD experiments (fig. 
S2). The residues that showed Rex values >5 Hz are distributed near 
the mutation sites as well as in the cryptic site, indicating that the 
F143W mutation allosterically affected the conformational equilib-
rium in the cryptic site (Fig. 4B). These data indicate that the F143W 
mutation allosterically shifted the conformational equilibrium to a 
larger population of the open cryptic site conformation, thereby im-
proving the affinity to the peptide.

The open cryptic site mutant showed improved druggability
As the F143W mutant showed the improved affinity to the ligand, 
we thought that the open cryptic site mutant might have improved 
hit rate in ligand screening than that of the WT. To test this, we com-
pared the efficiency in enriching the Bcl-xL binding peptides in a 
phage display. A phage library that displayed random 10–amino acid 
foreign peptides on the N terminus of the major coat protein (gVIII 
protein) of bacteriophage M13 was constructed (28), and three rounds 
of panning were carried out against the same amount of the immo-
bilized WT Bcl-xL or F143W mutant. The ratio of colony number 
before and after the panning was compared as the enrichment fac-
tor. In the three rounds of panning, the F143W mutant enriched the 
hit sequence more efficiently than that of WT (Fig. 5A). A linear 
peptide with an enriched sequence, peptide P1, YPLGSPWLRLHS, 

Fig. 2. NMR analysis of the interaction between Bcl-xL and ABT-737. (A) Heteronuclear multiple quantum correlation (HMQC) spectrum of 100 M [Ile-1, Met-, 
Leu-2, Val-2 methyl-1H13C] Bcl-xL in unligated (black) and excess amount of ABT-737 (120 M, red). (B) Normalized CSPs for each residue upon binding to ABT-737. 
(C) Mapping of substantially perturbed residues ( > 0.2 ppm, red;  > 0.1 ppm, orange) on the ribbon representation of Bcl-xL in ABT-737–bound conformation. ABT-
737 is shown in a magenta stick representation.
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showed a clear CSP in the cryptic site (Fig. 5, B and C). In addition, 
the peptide-induced 13C CSPs showed a substantial correlation with 
the allosteric 13C CSP upon binding to ABT-737 (Fig. 5D). These 
results indicate that the obtained hit peptide binds to the WT Bcl-xL 
with the expected binding mode, and the druggability of Bcl-xL was 
improved by the allosteric mutation that has more open cryptic site 
conformation in the unligated condition.

DISCUSSION
Here, we showed a straightforward strategy to experimentally iden-
tify the cryptic site using NMR. Because the cryptic sites have thus 
far been identified only after the determination of the complex struc-
ture, the interactions to cryptic site have been thought to happen in 

an induced-fit manner. However, as we showed here, the open cryp-
tic site conformation is already present in the conformational equi-
librium in unligated Bcl-xL. Thus, ligand binding to the cryptic sites 
can also be achieved in a conformational selection mechanism and 
an NMR dynamics analysis of the unligated protein would be of 
importance to identify the presence of the open cryptic site confor-
mation under unligated conditions. This would especially be true for 
the conformational equilibrium that is slow in its time scale (milli-
seconds in Bcl-xL). The strength of NMR is in its ability to identify 
a site that is distal to the cryptic site and change its conformation 
along with the opening of the cryptic site. Such a site can be identi-
fied by the temperature-dependent chemical shift changes and the 
RD experiments as shown here. Some of the cryptic sites can be 
identified by molecular dynamics simulations (20), and literatures 

Fig. 3. Presence of the open cryptic site conformation in unligated Bcl-xL. (A) Temperature-dependent population changes in the Ile 2, Leu 2, Met 3, and 
Val 1 rotameric states between 288 and 308 K in apo Bcl-xL. The populations in the rotameric states were calculated from the equations shown in Materials and Methods. 
(B) Mapping of residues that showed substantial temperature dependence of their rotameric states. The methyl moieties with >2 SDs of rotameric population shift in 
response to the temperature variation are highlighted in red. (C) Van’t Hoff plot of three resonances that showed the largest temperature-dependent 13C chemical shift 
changes. (D) Methyl CPMG RD experiments of unligated Bcl-xL. The residues that showed substantial Rex (>5 Hz) contributions to the transverse relaxation of the 13C methyl 
moiety are mapped on the structure of Bcl-xL. For those residues in the cryptic site (Leu108, Ile114, and Leu150), the RD plot and their global fitting are shown.
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already pointed out the presence of the dynamics in the BH3 pep-
tide binding interface of Bcl-xL (29). However, experimental evi-
dence is always warranted, and NMR would improve the chance to 
identify the lowly populated and slowly exchanging cryptic sites.

On the basis of the NMR information, a mutant that allosterically 
stabilizes the open cryptic site conformation can be established. 
Such a mutant would improve the ligand hit rate in a ligand screen-
ing. The strength of NMR in identifying and establishing a mutant 
that changes the conformational equilibrium of the distal site is al-
ready described in previous studies (30, 31). It should be noted that 
the allosteric mutation does not introduce any modification in the 
ligand binding interface per se. Therefore, ligands that bind to the 
open cryptic site mutants are expected to bind to the WT protein, as 
shown here for the peptide ligand established with the F143W mu-
tant. It has been shown that there is a correlation between the exper-
imental hit rate and the ability to identify high-affinity ligands (32); 
thus, improvement of hit rate would contribute to improve the pro-
tein druggability. Although we only discussed the F143W mutant in 
the results section, the type of residues that is appropriate for Phe143 
substitution is not known a priori. We also made the F143L mutant, 
which makes the residue smaller as compared to the bulkier Trp 
residue. Unlike the Phe to Trp substitution, the Phe to Leu substitu-
tion did not affect the population of the cryptic site (fig. S5). In gen-
eral, the availability of the x-ray structure of the ABT-737 complex 
helped us to identify the distal site to be substituted; however, as 

discussed above, such a site can also be identified by using NMR 
information. In the case where we already have a compound or an 
endogenous ligand, the discrimination of allosteric versus orthosteric 
chemical shift changes can be established by other NMR methods, 
such as intermolecular nuclear Overhauser effects and cross-saturation 
(33–35), which only reflects the direct binding events. It should also 
be noted that, by using NMR, the distal site to be mutated can be 
identified without compounds. In the case of Bcl-xL, the temperature-
dependent chemical shift changes spread outside of the cryptic site 
and include the interface between the 5 and 6 helices, where Phe143 
is located. Such information might not be obtained from the x-ray 
structure of the unligated Bcl-xL.

The identified peptide sequence (P1), YPLGSPLWRLHS, is sim-
ilar to the canonical consensus sequence of the peptide BH3 peptide, 
which has amphiphilic helix characters (fig. S6) (36, 37). Although 
the canonical sequence has four hydrophobic residues (H1-H4) 
separated by two to three residues, the P1 peptide has only three of 
them (the corresponding amino acid is underlined in the sequence), 
missing the small and acidic residues after the H3 position (fig. S6). 
Thus, the P1 peptide seems to have a room to improve affinity. It 
should also be pointed out that the H1 and H2 sites are the part of 
the motif that binds to the cryptic site in the Bcl-xL. Thus, the pep-
tides that bind to the cryptic site seem to be selected with the F143W 
mutant in the phage-display screening. CSPs, upon binding to the 
P1 peptide, correlate well with those of the ABT-737 binding (Fig. 5). 

Fig. 4. Structural characterization of open cryptic site mutant F143W. (A) Overlaid spectra of the unligated F143W mutant (cyan) and the unligated (black) and ABT-
737–bound (red) WT Bcl-xL. Residues with substantial allosteric CSPs upon ABT-737 binding are shown. The peak positions of the residues that were not subjected to the 
analysis are indicated by *, **, #, and ## for Leu17, Leu90, Val10, and Leu162, respectively. Unligated and ABT-737–bound peaks are connected by a dashed line. (B) Methyl RD 
experiments with the unligated F143W mutant. The residues with substantial Rex (>5 Hz) contributions to the 13C methyl R2 were mapped on the structure of Bcl-xL, along 
with the mutation site. For the residues in the core of the cryptic site (Ile114, Leu162, and Leu166), the RD plots and their global fittings are shown.
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These results indicate that protein druggability can be improved by 
analyzing and modulating the dynamics of the protein interface, 
which would represent a versatile strategy that could be implemented 
in the currently available strategies for the development of PPI 
inhibitors. It is clear that the strategy provided here not only is ap-
plicable to identify a small-molecule ligand but also contributes 
to find a ligand from emerging modalities such as middle-sized 
molecules.

MATERIALS AND METHODS
Expression and purification of human Bcl-xL
The deletion mutant of human Bcl-xL, which lacks the putative 
C-terminal transmembrane region (residues 210 to 233) and a flex-
ible loop (residues 45 to 84), was used in the NMR study according 
to the previous literature (38). The DNA fragment (5′-gccagatct-
catatggaaaacctgtacttccaaggtatgagccagagtaatcgggaattggtcgtcgactttct-
gtcctacaagctgtcgcagaaagggtactcttggtcacagttcagcgatgtggaggaaaatcg-
cactgaagcgccagaaggcaccgaaagtgaagccgtgaaacaggccttacgtgaagctggg-
gatgaattcgagttacgctatcgtcgtgcgttttcggatctgacctctcaactgcacatcacac-
cgggtaccgcgtatcagtcctttgaacaggttgtaaacgagctgtttcgcgatggtgtgaactg-
gggacgtatcgttgcgttcttcagctttggtggcgcattgtgcgtagagtcagtggacaaa-
gagatgcaagtgctggtttcgcgcattgcagcctggatggcgacgtatctgaacgaccatctt-
gaaccgtggattcaggagaatggaggctgggatacgtttgtcgaactctatggcaataacgc-
cgcagctgaaagccgcaaaggccaagaacgctaatag-3′), which encodes the 
deletion mutant of Bcl-xL (we call this deletion protein as WT Bcl-xL 
throughout the paper), was synthesized (Operon) and ligated into 
the pET15b vector (Novagen) at the Xho I restriction sites. Residue 
numbers correspond to the full-length Bcl-xL (UniProtKB, Q07817). 
The resultant vector expresses Bcl-xL with an N-terminal His6-tag 

with thrombin and tobacco etch virus (TEV) protease restriction sites. 
Bcl-xL mutants were constructed by the QuikChange strategy (Agilent 
Technology). Escherichia coli strain BL21(DE3) was transformed with 
the plasmid. The BL21(DE3) harboring the Bcl-xL plasmid was in-
oculated in 10 ml of LB medium containing kanamycin (50 g/ml) 
and cultured at 37°C for 4 hours. The cells collected by centrifugation 
were further inoculated into 1 liter of kanamycin-M9 medium, sup-
plemented with 2H d-glucose (3 g/liter) and 15NH4Cl (1 g/liter), as car-
bon and nitrogen sources. At an optical density of 0.8 and at a 600-nm 
wavelength (OD600), 0.6 mM isopropyl--d-thiogalactopyranoside 
(IPTG) was added to induce Bcl-xL expression. The induced culture 
was further incubated at 32°C for 16 hours. For selective Ile-1, Met-, 
Leu-2, Val-2 methyl-1H13C labeling of Bcl-xL, a QLAM-I1MLVproS 
labeling kit (NMR Bio) that contains [4-13C-methyl, 3,3-2H2]--
ketobutyric acid, [-methyl-13C]-methione, and [2-13C-methyl, 4-2H3]
acetolactate was supplemented into the medium according to the 
manufacturer’s protocol (39). The cells were harvested by centrifu-
gation and frozen at −80°C before purification.

The frozen pellets of Bcl-xL–expressing cells were resuspended 
in lysis buffer, consisting of 50 mM tris-HCl (pH 8.0), 300 mM NaCl, 
10 mM imidazole, and 5 mM -mercaptoethanol, and disrupted by 
sonication. Bcl-xL was purified from the supernatant of the cell ly-
sate. The supernatant was applied to a 3-ml COSMOGEL His-Accept 
column and equilibrated with the lysis buffer. The column was washed 
with 40 ml of the lysis buffer, and then Bcl-xL was eluted with 20 ml 
of elution buffer, containing 50 mM tris-HCl (pH 7.5), 300 mM 
NaCl, 300 mM imidazole, and 5 mM -mercaptoethanol. The eluate 
was concentrated by ultrafiltration, using an Amicon Ultra centrifugal 
filter unit (molecular weight cutoff, 10,000; Millipore) and then passed 
through a 0.22-m syringe filter for further purification by size 

Fig. 5. Efficient screening of the cryptic site–bound peptide by the F143W mutant. (A) Comparison of the enrichment factors in each round of phage-display screening. 
The ratio of hit clone against the whole clone cfu was shown for each panning round. (B) Normalized CSP induced by the hit peptide; 160 M peptide was added to 
100 M WT Bcl-xL. (C) Mapping of the residue that experienced normalized CSP > 0.01 ppm. (D) Correlation plot of the ABT-737–induced allosteric 13C CSPs against the 
peptide-induced 13C CSPs.
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exclusion chromatography. After enzymatic digestion with TEV pro-
tease, the sample was applied to a HiLoad Superdex 75 prep grade 
column (GE Healthcare) and equilibrated with 50 mM sodium 
phosphate buffer (NaPi; pH 6.8) containing 300 mM NaCl and 2 mM 
dithiothreitol (DTT). The elution fraction was collected; buffer-ex-
changed into NMR buffer containing 10 mM NaPi (pH 6.8), 100 mM 
NaCl, and 2 mM DTT; and stored at −80°C until use.

NMR experiments
All titration experiments were performed at the same field strength 
using a Bruker Avance 600-MHz spectrometer equipped with a 
cryogenic triple resonance probe. In contrast, the experiments for 
assignments were performed using both a 600-MHz spectrometer 
and an Avance III 800-MHz spectrometer equipped with a cryogenic 
triple resonance probe. All spectra were recorded using 10 mM NaPi 
buffer (pH 6.8) and 2 mM DTT, in either 90% H2O/10% D2O or 
100% D2O, depending on the experiments. For compound titration 
experiments, 5% of deuterated dimethyl sulfoxide (DMSO) (D6) was 
added to the buffer to increase the solubility of the compound. The 
typical concentration of Bcl-xL was 0.1 mM (subunit concentration). Un-
less otherwise stated, the experiments were performed at 298 K. Spectra 
were processed using TOPSPIN (Bruker Biospin) and analyzed us-
ing Sparky (40). The assignments in the unligated state were estab-
lished by referring the reported assignments (BMRB: 18250) and were 
confirmed by three-dimensional (3D) hCCH-TOCSY, 3D HcCH-
TOCSY, 3D NOESY-13C-HMQC (mixing time, 200 ms), and 3D 
NOESY-15N-HSQC experiments (mixing time, 200 ms). The assign-
ments in the ABT-737–bound state were established by 3D hCCH-
TOCSY, 3D HcCH-TOCSY, 3D NOESY-13C-HMQC (mixing time, 
200 ms), and 3D NOESY-15N-HSQC experiments (mixing time, 
200 ms), referring the crystal structure of the Bcl-xL in complex 
with ABT-737 [Protein Data Bank (PDB) ID: 2YXJ]. The assign-
ments in the ABT-737–bound state were further confirmed by in-
troducing L112I, V126I, L130I, L162I, and L194I mutations. The as-
signments of the F143W mutant were established by referring the 
established assignment of the WT Bcl-xL in the unligated state.

The normalized CSP values (norm) were calculated as follows:

	​​  ​​ norm​​  = ​ √​​​(​​ ​(H)​​ 2​ + ​(C / 5)​​ 2​​)​​​​	

norm was used to compare the amplitude of CSPs in each con-
dition. In contrast, 13C CSPs were used to compare the correlation 
between different conditions, as the 13C chemical shift is known to 
more directly reflect the local conformation (24).

The rotameric equilibria of the Ile 2, Leu 2, Met 3, and Val 1 
angles were deduced from the Ile (1), Leu, Met, and Val methyl 13C 
chemical shifts, respectively. The 13C chemical shifts of methyl sig-
nals are reportedly dependent on the side-chain rotamer, as revealed 
by theoretical and experimental analyses (24–27). The population 
of the trans rotameric state (pt) for each residue was calculated ac-
cording to the chemical shift values of the methyl 13C signals [obs; 
parts per million (ppm)] using Eqs. 1 to 4

	​​ ​13​ C​​​ Met : ​​ obs​​  =  15.9 + 3.6 ​p​ t​​​	 (1) (24)

	​​​ 13​ ​C​ ​​​​​ Ile : ​​ obs​​  =  9.3 + 5.5 ​p​ t​​​	 (2) (27)

	​​​ 13​ ​C​ ​​​​​ Leu : ​​ obs,1​​ − ​​ obs,2​​  =  − 5 + 10.0 ​p​ t​​​	 (3) (25)

	​​​ 13​ ​C​ ​​​​​ Val : ​​ obs,1​​ − ​​ obs,2​​  =  4.1 − 6.6 ​p​ t​​​	 (4) (26)

If the equation yielded a pt value of >1 or <0, then pt was fixed 
to 1 (all trans) or 0 (all gauche-), respectively.

RD profiles of CH3 groups of Bck-xL are obtained using the re-
ported pulse sequences (41) and analyzed by Nessy software for au-
tomated NMR RD data analysis (42).

Construction of phagemid vector and phage library
The phagemid vector containing the DNA sequence for the gVIII sig-
nal and gVIII was generated as previously described (28). For con-
struction of the phage library, two rounds of polymerase chain reaction 
(PCR) were performed. In the first PCR, the resulting phagemid 
vector was used as a template, and the following primers were used: 
5′-AAACAGACCATGGCCATGAAAAAGTCTTTA-3′ (forward; 
underline indicates the Nco I site) and 5′-GTCACCGGATCCCAT-
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGTAAGC-
GAAAGACAGCATCGG-3′ (backward; underline indicates the 
Bam HI site). In the second PCR, we used the products from the 
first PCR as a template, and the following primers were used: 
5′-AAACAGACCATGGCCATGAAAAAGTCTTTA-3′ (forward; 
same as the forward primer of first PCR) and 5′-GTCACCGGATC-
CCAT-3′ (backward; underline indicates the Bam HI site). The re-
sulting fragments were inserted into the Nco I and Bam HI sites of 
the phagemid vector. The resulting phagemid encodes a fusion prod-
uct with the gVIII signal peptide Y-XXXXXXXXXX-M-GSGD and 
gVIII [Y, detectable residue at 280 nm by high-performance liquid 
chromatography; XXXXXXXXXX, 10-mer random sequence (peptide 
library sequence); M, cyanogen bromide (CNBr) cleavage residue; 
and GSGD, flexible linker]. The phagemid mixture was transformed 
by electroporation into E. coli XL1-Blue. The transformants were 
then infected with the KO7 helper phage (Amersham Biosciences). 
The resulting library had a diversity of 7.0 × 105.

Screening of phage library
The phage libraries were cycled through three rounds of binding se-
lection with Bcl-xL. For each round, the WT Bcl-xL or the F143W 
mutant (5 g) in phosphate-buffered saline (PBS) was immobilized 
on the Ni–nitrilotriacetic acid–coated 96-well plates (Pierce) and in-
cubated overnight at 4°C. After, the coating plates were blocked with 
BlockAce (Dainippon Sumitomo Pharma, Osaka, Japan) at room tem-
perature for 30 min and then washed with 0.1% Tween 20 (Sigma-
Aldrich) in PBS (T-PBS). Phage particles were incubated with the plates 
for 1 hour at room temperature. The beads or plates were washed 
three times by 20% BlockAce (Dainippon Sumitomo Pharma) and 
0.1% Tween 20 (Sigma-Aldrich) in PBS (BA–T-PBS) for 3 min. The 
bound phage particles were eluted with 0.1 M glycine-HCl (pH 2.0) 
and immediately neutralized by 1 M tris-HCl (pH 9.0). The eluted 
sample was used to infect fresh E. coli XL1-Blue cells. After three rounds 
of binding selection, individual phage particles were isolated and 
subjected to DNA sequence analysis and the peptide with the result
ant sequence, NH3-YPLGSPLWRLHS-COOH, was synthesized (BEX).

ITC measurements
Calorimetric titrations were performed using a VP-ITC microcalo-
rimeter (MicroCal) at 25°C. For the Bcl-xL–Bak peptide interaction, 
the ITC experiment was performed in 10 mM NaPi buffer (pH 6.8), 
which is the same as the NMR buffer. Bak BH3 peptide with the 
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sequence NH3-GQVGRQLAIIGDDINR-COOH was chemically syn-
thesized (BEX). Protein samples were extensively dialyzed against 
ITC buffers before the experiments. The sample cell was filled with 
10 M Bcl-xL, and 100 M Bak peptide in the syringe was titrated. 
After a preliminary 3-l injection, 24 subsequent 10-l injections 
were performed. The data were fitted using the one-site binding 
model embedded in Origin 7.0 (MicroCal).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/40/eabd0480/DC1

View/request a protocol for this paper from Bio-protocol.
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