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Designing Small-Molecule 

Switches for Protein-Protein 


Interactions 
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Mutations introduced into human growth hormone (hGH) (Thr175 -+Gly-hCH) 
and the extracellular domain of the hCH receptor (Trplo4 -+ Cly-hGHbp) 
created a cavity a t  the protein-protein interface that resulted in  binding affinity 
being reduced by a factor of lo6.A small library of indole analogs was screened 
for small molecules that bind the cavity created by the mutations and restore 
binding affinity. The ligand 5-chloro-2-trichloromethylimidazole was found t o  
increase the affinity of the mutant hormone for its receptor more than 1000-
fold. Cell proliferation and jAK2 phosphorylation assays showed that the mu- 
tant hGH activates growth hormone signaling in  the presence of added ligand. 
This approach may allow other protein-protein and protein-nucleic acid in- 
teractions t o  be switched on or off by the addition or depletion of exogenous 
small molecules. 

A large number of cellular processes involve 
specific protein-protein or protein-nucleic acid 
interactions, including signal transduction, tran- 
scription, cellular trafficking, and mitosis. 
Many of these interactions are regulated either 
by posttranslational modification (e.g., phospho- 
rylation, acylation, and methylation) or by bind- 
ing of ligands such as guanosine triphosphate, 
cyclic adenosine monophosphate, and hor-
mones. There are few general strategies for 
the generation of synthetic molecules that 
directly modulate these interactions. Here we 
report a two-step approach for regulating bio- 
molecular interactions. First, a cavity is intro- 
duced at a protein-protein or protein-nucleic 
acid interface that results in a loss of binding 
energy. A library of small molecules is then 
screened for ligands that bind the cavity and 
restore the protein-protein or protein-nucleic 
acid interface. Using this strategy, we generated 
a ligand-gated growth factor-growth factor re- 
ceptor interaction between human growth hor- 
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mone (hGH) and its receptor (I, 2). 
The initial event in signaling through the 

hGH receptor is the binding of hGH to site 1 of 
the extracellular domain of the receptor 
(hGHbp) to form a high-affinity complex (dis- 
sociation constant K, = 0.3 nM). A high-reso- 
lution x-ray crystal structure (3) of this complex 
reveals an interface of about 1300 A2 that in- 
volves 31 side chains on the hormone and 33 
residues on the receptor (4). Alanine scanning 
mutagenesis revealed that Trpl@' and Trp16' of 
hGHbp are critical bindmg determinants (4). 
The binding affinity of the Trp'O" -+ Ala mu- 
tant of hGHbp is reduced by more than 2500- 
fold relative to wild-type hGHbp. The side 
chains of these residues pack with surrounding 
nonpolar side chains from both hGH and 
hGHbp to form a hydrophobic core that, togeth- 
er with a network of hydrogen bonds and five 
interprotein salt bridges, makes up the protein- 
protein interface (5). It has been shown that 
interface remodeling that repacks the 150 A3 
cavity introduced by the Trpl@' -+ Ala muta- 
tion can restore a substantial fraction the 
binding energy (6).  Similar results have been 
found with mutations to the hydrophobic cores 
of other proteins (7). In addition, a mutant of 

sizes from Jamaica. Identical but separate models 
were run for the Jamaica and New Hampshire 
populations. Model details can be found at Sci- 
ence Online at www.sciencemag.org/featuresl 
data/1049756/shL 
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T4 lysozyrne was stabilized by incorporation of 
exogenous benzene into a hydrophobic cavity 
in the protein interior (8).Benzene also shifted 
the dimer-trimer equilibrium of a GCN4 
leucine zipper Asn16 +Ala mutant by binding 
to a hydrophobic cavity in the trimer (9). 

These results suggested that it might be 
possible to selectively repack a hydrophobic 
cavity created at the hGH-hGHbp interface 
with an exogenous small molecule. Such a mol- 
ecule might be expected to act as a molecular 
switch-addition of the ligand should result in 
binding of a low-affinity hGH mutant to the 
receptor and activation of the signaling path- 
way. To test this notion, we substituted Trp'O" 
in hGHbp and Thr17' in hGH with glycine. The 
Thr175-+ Gly mutant was expected to M h e r  
reduce the interaction between the two proteins 
(the binding affinity of the Thr17' -+ Ala mu- 
tant is reduced 25-fold) and make the cavity at 
the interface larger to accommodate indole an- 
alogs that might complement the defect. 

To screen for small molecules that comple- 
ment the hGH-hGHbp interface defect, we 
panned phage-displayed hGH against immobi- 
lized hGHbp in the presence of added ligand. 
This assay allows one to M h e r  optimize cavity 
shape by screening a phage-displayed hGH li- 
brary for mutants that improve the ligand- 
"hole" complementarity. hGH was displayed 
on the NH,-terminus of pIII protein of filarnen- 
tous phage as previously described (10). The 
Trplo4-hGHbp mutant was immobilized on 
streptavidin-coated magnetic beads through a 
unique biotinylated cysteine generated by mu- 
tation of surface Sel"O1 (11). This residue is 
distant from binding site 1 but blocks the sec- 
ond hGH-hGHbp interface (site 2) when linked 
to a solid support (4). A library of roughly 200 
indole derivatives and derivatives of structural- 
ly related 5- and 6-membered fused aromatic 
heterocycles including benzimidazoles, quino- 
lines, isoquinolines, benzothiazoles, and pu- 
rines was screened for ligands that complement 
the binding epitope mutations (12). 

To carry out the screen, we divided the 
small molecule library into 17 groups with 
about 10 compounds per group; the compounds 
were dissolved in dimethyl sulfoxide (DMSO) 
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and diluted to a final concentration of 100 pM. 
Phages were panned against immobilized re- 
ceptor in the presence of ligand, and after ex- 
tensive washing, the number of recovered 
phage was quantitated (13). The relative phage 
recovery ratio is shown in Fig. 1A; only group 
E consistently yielded a substantially higher 
recovery of phage in the presence versus ab- 
sence of added ligands (14). To identify the 
highest affinity ligand in group E, we iterated 
the screening process with single compounds in 
the binding buffer. Only 5-chloro-2-t~ichloro- 
methyl benzimidazole (E8) increased the re- 
covery of the hGH mutant phage (Fig. 1B); all 
other compounds had a negative affect on 
phage recovery. Molecules with similar struc- 
tures to E8 were then selected from the original 
librruy and assayed individually; several other 
positive compounds were identified (Figs. 1C 
and 2). A com~arison of these structures with 
those of compounds that do not affect phage 
binding reveals that the benzimidazole ring is 
an essential feature for binding to the cavity at 
the protein-protein interface. Small hydropho- 
bic groups such as chloro or methyl groups are 
preferred at the 5-position, whereas the 2-
position is more tolerant of larger substituents. 
Substituents as small as a methyl group at the 
6-position abolish binding. 

Surface plasmon resonance was used to 
quantitate the binding affinity between the mu- 
tant hormone and its receptor in both the pres- 
ence and the absence of compounds identified 
from the phage panning experiments (15). The 
binding affinity of the Thrl" + Gly-hGH 
mutant to the Trplo4 +Gly-hGHbp mutant in 
the absence of added ligand was too low to 
accurately measure (K, > 1 mM; Fig. 3B). All 
of the compounds that improved phage recov- 
ery substantially increased the binding aflinity 
between the mutant hormone and receptor (Fig. 
3A and Table 1); the highest increase in binding 
affinity was observed for E8. The binding af- 
finity of the mutant hormone for the mutant 
receptor increased greater than 1000-fold in the 
presence of 100 pM E8 to a K, value of 260 
nM. Although the phage recovery ratio does not 
correspond quantitatively to the measured affin- 
ity enhancement by the ligands, compounds 
that increased the phage recovery ratio always 
improved the binding aflinity (phage recovery 
under nonequilibrium washing conditions also 
likely depends on other parameters such as 
association and dissociation rates). 

To determine whether Thrl" + Gly-
hGH acts as an agonist in the presence of E8, 
we carried out JAK2 phosphorylation and cell 
proliferation assays established for growth hor- 
mone signal transduction with the interleukin-3 
(IL-3)-dependent promyeloid cell line, FDC- 
P 1 (1 6,17). A construct pAC30 (1 8)containing 
the full-length mutant hormone receptor 
(Trplo4 + Gly, Se?O1 + Cys-hGHR) was 
used to transfect FDC-PI cells. A stable cell 
line AC30C8 was established by proliferating 
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Fig. 1. Phage recovery ra- 
tios in the presence of the 
small molecule mixtures 
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mutant receptor, ligands, 
and DMSO; n2, negative 

I. control without ligands 
and DMSO; n3, negative 
control without ligands 
but with 1% DMSO. The 

I 
phage recovery ratio was 
normalized t o  that for the 
n3 experiment (relative 
phage recovery = 1). (A) 
Relative phage recovery 
in the presence of com-
pound groups A t o  H. (B) 
Relative phage recovery 
in the presence of individ- 
ual compounds of group E 
(E2 t o  E10). (C) Relative 
phage recoverv in the pres- 
enc i  of selected com-
pounds that closely re-
semble E8 for Thr17= + 
Cly- hCH mutant phage. 

Ligands 

Fig. 2. Structures of li-
gands that comple-
ment the defective in- 
terface between Thr175 
+ Cly-hCH and 
Trp104+Cly-hCHbp. 

Fig. 3. Effect of 5-chloro-2-tri- 
chloromethyl benzimidazole (E8) 
on binding affinity of Thr17' + 
Cly-hCH t o  Trp104 + Cly-
hCHbp. (A) Sigmoidal associa- 
t ion curve of mutant hormone 
and receptor in the presence of 
100 u M  E8. (B1 Surface plasmon 
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resoiance response in 'the ab- 
sence of E8 compound. 
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Fig. 4 Mitogenic sig- A 
naling through the mu- 

8 

tant hCH-hCHR a m -  # # 

plex in FDC-P1 cells. , Y Y 
J J  

presence of E8. In the 
positive control, a n -  
centration of 11-3 was 
10 units/mL The Thrl'= 4 JAK2 

+ Cly-hCH (T175C- .- . (130 wa)  

hCH) commmkm was 
112 nM, and the ligand 
concentration was 50 pM when induded. DMSO (0.2% vlv) was also 
induded in all reactions. (6) Cell proliferation of transfected FDC-PI cells for 
Thr17= Cly-hCH in the presence (+) versus absence (0) of 50 pM ligand 
E8. Cell growth was normalized to the 11-3 response at 5 uniWmL 

the transfected cells in the presence of a 1 12 nM 
concentration of Tl~r ' '~ + Gly-hGH and a 50 
pM concentration of E8 (the compounds in 
Fig. 2 show no cytotoxicity at concentra- 
tions 1 5 0  pM). Stably transfected cells were 
then assayed for mitogenesis in the presence 
and absence of the mutant hormone with and 
without ligand E8. The phosphorylation of 
JAK2 (Fig. 4A), an early event in the mitogenic 
intracellular pathway for the hGH receptor, 
shows that robust mitogenic signaling is stim- 
ulated only in the presence of the mutant hor- 
mone and 50 pM E8 (19). Dose-dependent 
proliferation of FDC-P1 cells (Fig. 4B) further 
confirms that E8 gates mitogenic signaling by 
the mutant hGH-hGHR complex (median ef- 
fective concentration EC,, = 10 nM) (20,21). 
Moreover, small molecdes that showed no af- 
finity in either the phage or surface plasmon 
resonance assays did not stimulate mitogenesis. 
These results demonstrate that small molecules 
can be identified that not only mediate binding 
of mutant hormone but also switch on the signal 
transduction pathway. 

The success of this approach for modulating 
macromolecular interactions with a limited set 
of protein mutations and relatively small library 
of ligands suggests that it may be relatively 
easy to generalize this strategy to other systems. 
These include other growth factors, cytokines, 
and chemokines; DNA binding molecules such 

Table 1. Dissociation constants (Kd) between 
wild-type (wt) and mutant hCH and its receptor a t  
binding site 1 and the effects of  small ligands on 
binding affinity. 

hCH hCHbp Ligands Kd 

wt wt None 
wt W104A None 
T175G W104C None 
T175G W104G 100 )LM D9 
T175C W104C 100p.ME8 
T175G W104G 100 )LM F3 
T175C W104C 100 p.M H9 
T175C W104G 100 )LM Dm 

*Data were taken from (4). 

as transcription factors and repressors; and pos- 
sibly enzyme-substrate complexes. The same 
strategy could be used to complement an inter- 
nal cavity in a protein during translation and 
folding. Ultimately, this approach may allow 
conditional activation or inactivation of cellular 
events mediated by macromolecular interac- 
tions in vivo (23). 
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Proliferation, But Not Growth, 
Blocked by Conditional Deletion 

of 405 Ribosomal Protein S6 
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Because ribosome biogenesis plays an essential role in cell proliferation, control 
mechanisms may have evolved to recognize lesions in this critical anabolic 
process. To test this possibility, we conditionally deleted the gene encoding 40S 
ribosomal protein S6 in the liver of adult mice. Unexpectedly, livers from fasted 
animals deficient in S6 grew in response to nutrients even though biogenesis 
of 40S ribosomes was abolished. However, liver cells failed to proliferate or 
induce cyclin E expression after partial hepatectomy, despite formation of 
active cyclin D-CDK4 complexes. These results imply that abrogation of 40S 
ribosome biogenesis may induce a checkpoint control that prevents cell cycle 
progression. 

A proliferating eukaryotic cell expends 80% 
of its energy on the biosynthesis of protein 
synthetic components, most notably ribo
somes. This energy is used not only to gen
erate ribosomal components, but also to 
transport, process, and assemble them into 
mature ribosomal subunits (1). A change in 
the ratio of ribosomes to mRNA can modify 
the pattern of proteins synthesized (2), ulti
mately leading to deleterious effects on the 
cell. Thus, regulatory mechanisms may have 
evolved to sense the need and state of the 
translational machinery. Although such mech
anisms have been described in bacteria (3, 4), 
none have been reported in higher eu-
karyotes. To address this issue, we condition
ally deleted the S6 gene, 1 of 33 405 ribo
somal protein genes (5), in the liver of adult 
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mice. The effect of deleting the S6 gene was 
then examined in two experimental para
digms thought to require biosynthesis of nas
cent ribosomes: (i) nutrient-induced growth 
after a period of fasting, and (ii) mitogen-
stimulated proliferation after partial hepatec
tomy (6). 

To delete S6, we used the interferon-a 
(IFN-a)-inducible Cre/loxP system (7). The 
mouse S6 gene was cloned (8), inserted into 
a loxP-targeting vector (Fig. 1A), and intro
duced into embryonic stem (ES) cells by 
homologous recombination (9). Heterozy
gous mice were generated and crossed to 
obtain homozygous floxed S6 (f S6) offspring 
(Fig. IB), which were phenotypically normal. 
These mice were then crossed to transgenic 
mice expressing CRE under the control of an 
IFN-a-inducible, Mx promoter (7). Southern 
blot analysis of adult tissues from fS6/CRE+ 

mice after intraperitoneal injection of IFN-a 
(10) revealed either the 4.6-kb fS6 band or 
the expected 9.1-kb band (Fig. 1C), repre
senting the S6 gene fragment after CRE-
induced recombination (Fig. 1A). The dele
tion was complete in liver, whereas the effect 
was variable in other tissues, with no detect
able deletion of the gene in either testis or 
brain (Fig. 1C). No deletion of the fS6 gene 

was observed in untreated fS6/CRE+ mice 
(11). Livers of IFN-a-treated fS6/CRE+ 

mice contained no detectable S6 mRNA, but 
mRNA for glyceraldehyde 3-phosphate dehy
drogenase (GAPDH) and other ribosomal 
proteins was present in similar amounts as in 
f S6/CRE" mice (Fig. ID) (11). Hepatic his
tology was normal in liver cells in both f S6/ 
CRE+ and f S6/CRE" mice, although differ
ences in f S6/CRE+ mice were apparent by 
30 days after IFN-a treatment (11). Thus, the 
S6 gene can be efficiently deleted in the liver 
with no immediate deleterious effects on the 
mouse. 

Fasting triggers an almost 50% reduction 
in liver weight, total protein, and ribosome 
content (12). Upon refeeding, ribosome bio
genesis is activated, and the liver regrows to 
its normal size, with no effect on cell number 
(13). Therefore, homozygous f S6/CRE" and 
fS6/CRE+ mice were treated with IFN-a, 
then 2 days later deprived of food for 48 
hours, before being refed for 24 hours. Liver 
mass of f S6/CRE" and f S6/CRE+ mice de
creased during the 4 8-hour fasting period, 
with total weight and protein content declin
ing by greater than 40% in both cases (Fig. 
2A) (14). After refeeding, liver mass and 
total protein content recovered to the same 
extent and at the same rate in f S6/CRE+ as in 
fS6/CRE~ mice (Fig. 2A) (14). To examine 
the effect of the S6 deficiency on global 
translation, we analyzed ribosomes from liv
ers of f S6/CRE+ mice on sucrose gradients 
(15). The proportion of ribosomes in actively 
translating polysomes was indistinguishable 
in normally feeding fS6/CRE+ and fS6/ 
CRE - mice, with the mean polysome size 
decreasing to the same extent in both cases 
during fasting (Fig. 2B). Upon refeeding, the 
mean polysome size in the livers of fS6/ 
CRE" mice recovered to that of normally 
feeding animals, whereas in livers from refed 
f S6/CRE+ mice, 405 subunits were absent 
and 605 subunits increased (Fig. 2B). Despite 
the absence of 405 subunits, the total number 
of ribosomes in polysomes increased, al
though the mean size and total amount of 
polysomes was less than in f S6/CRE- mice 
(Fig. 2B). Thus, deletion of S6 alters 405 
ribosome biogenesis, but the remaining ribo-
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