
P1: FRK

April 20, 2000 13:53 Annual Reviews AR098-20

?
Annu. Rev. Biophys. Biomol. Struct. 2000. 29:577–606

Copyright c© 2000 by Annual Reviews. All rights reserved

UNNATURAL LIGANDS FOR ENGINEERED

PROTEINS: New Tools for Chemical Genetics

Anthony Bishop, Oleksandr Buzko∗, Stephanie
Heyeck-Dumas, Ilyoung Jung∗, Brian Kraybill∗, Yi Liu,
Kavita Shah, Scott Ulrich∗, Laurie Witucki, Feng Yang,
Chao Zhang∗, and Kevan M. Shokat∗†
Department of Chemistry, Princeton University, Princeton, New Jersey 08544;
e-mail: shokat@cmp.ucsf.edu

Key Words protein engineering, orthogonal ligands, signal transduction,
protein design

■ Abstract Small molecules that modulate the activity of biological signaling
molecules can be powerful probes of signal transduction pathways. Highly specific
molecules with high affinity are difficult to identify because of the conserved nature
of many protein active sites. A newly developed approach to discovery of such small
molecules that relies on protein engineering and chemical synthesis has yielded pow-
erful tools for the study of a wide variety of proteins involved in signal transduction
(G-proteins, protein kinases, 7-transmembrane receptors, nuclear hormone receptors,
and others). Such chemical genetic tools combine the advantages of traditional ge-
netics and the unparalleled temporal control over protein function afforded by small
molecule inhibitors/activators that act at diffusion controlled rates with targets.
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INTRODUCTION

The power of genetic approaches to the study of protein function is the ability to
affect the activity of a single protein in a whole organism; yet the use of genetics
to alter protein function is not an ideal process, because protein levels respond
very slowly to changes at the gene level. In contrast, the use of small synthetic
molecules or natural products to alter protein activity elicit extremely rapid results,
because these agents act at diffusion-controlled rates with their targets and do not
require operation of cellular transcriptional machinery. The small-molecule ap-
proach, however, suffers from problems of specificity, because enzyme inhibitors
are often not specific for just one protein in the organism of interest. Furthermore,
it is often difficult to determine the true spectrum of action of such small molecules.
As tools for studying protein functions, small molecules require extensive charac-
terization before their effects on a complex biological system can be interpreted.

On one hand, genetics offers unprecedented target specificity. On the other
hand, the chemical approach offers unprecedented temporal control over the func-
tion of target proteins. Experimental systems that incorporate the advantages of
both of these approaches are powerful tools for studying protein function in the
postgenomic era.

Recently, the benefits of combining these two approaches have been demon-
strated through a number of studies in diverse areas of cell biology and chemistry.
All of these studies have used the same fundamental approach. First, a small
molecule that binds to the protein of interest is modified in a manner that elimi-
nates its ability to bind to its target. This modified ligand is said to be “orthogonal”
in normal cells because it is completely silent (noninteracting with the natural sys-
tem), in contrast to its unmodified counterpart (Scheme A). Second, the individual
protein of interest is engineered to accept the orthogonal ligand (substrate, in-
hibitor, activator, etc). It is important that the mutation to the protein must affect
only binding to the orthogonal ligand and not introduce any other modification
to protein function. In some situations the engineered protein may not accept the
natural ligand, thus creating a protein that itself is orthogonal. (In this situation,
the protein functions as a conditional allele).

This simultaneous engineering of the target of interest and derivatization of the
small molecule are similar in genetic terms to a suppressor screen, which can reveal
obligate interactions between two proteins. The unprecedented specificity of such
systems arises because the degeneracy of the natural system (multiple proteins that
use the same substrate) is broken down to create the ideal “one-ligand/one-protein”
system.
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?Scheme A Operational definition of orthogonal ligands and orthogonal proteins.
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This review focuses on the use of small molecules to elucidate gene function,
using engineered proteins and unnatural ligands. Several excellent recent reviews
have described analogous approaches to engineering protein-protein interactions
(1–3).

ENGINEERING UNNATURAL CELL-SIGNALING
PATHWAYS WITH CHEMICAL GENETICS

Switching a GTPase into an XTPase

The first engineered protein in a signal transduction pathway to accept an unnatural
substrate was a member of the GTPase family of enzymes (4). GTPases control
many biological processes, including translation, protein translocation, vesicle
transport, nuclear import, and signal transduction. GTPases typically exist in both
GTP- and GDP-bound states. The enzymes interchange between these two states
by hydrolyzing bound GTP to GDP+ Pi, followed by binding of GTP. Several
different effector proteins can accelerate the interchange between the two states
either by acceleration of GTP hydrolysis (GTPase-activating proteins) or by the
exchange of GTP for GDP (guanine nucleotide exchange factors).

One of the best characterized roles of GTPases is in protein biosynthesis. EF-Tu
is a GTPase that is responsible for loading amino-acyl transfer RNAs onto the ri-
bosome during protein biosynthesis. EF-Tu not only loads the amino-acyl transfer
RNA but is also responsible for hydrolyzing the amino acid from the transfer RNA
if it is not the amino acid coded for by the messenger RNA.

What is the energy cost (i.e. number of GTPs hydrolyzed per amino acid loading
step) involved in this process? The problem with making this measurement is that
another GTPase (EF-G) is intimately coupled to EF-Tu’s function during ribosomal
protein synthesis. EF-G is responsible for translocation of the ribosome after each
successive peptide bond formation step. Hwang & Miller (4) proposed that the
role of EF-Tu could be distinguished from that of EF-G by engineering EF-Tu to
accept a nucleotide other than GTP.

Analysis of the highly conserved GTP-binding motif revealed several hydrogen
bonds between amino-acid side chains in EF-Tu and the guanine base of GTP
(Figure 1A, see color insert). Hwang & Miller (4) used site-directed mutagenesis
to disrupt one key H bond, between Asp-138 and the C2 exocyclic amine of GTP.
Mutation of Asp-138→ Asn disrupted the H-bond acceptor function of Asp-138,
and replaced it with an H-bond donor. The presence of an H-bond donor opposite
the exocyclic amine of GTP produces a repulsive (donor-donor) interaction that
Hwang & Miller (4) accurately predicted would lead to the inability of Asp-138–
Asn–EF-Tu to accept GTP as a substrate.

A surrogate for GTP was chosen that contains an H-bond acceptor at the C2
position, XTP (Figure 1B). The xanthine base perfectly complements the mutation
in EF-Tu by providing an H-bond acceptor functionality (carbonyl) to the new
H-bond donor residue (Asn-135). The mutation of Asp-138→ Asn produces an
XTP-dependent allele of EF-Tu. This elegantly designed mutation and chemical
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TABLE 1 Consensus sequences in the GTPase super family

Phosphate and Mg2+ binding Guanine ring binding

G1 G2 G3 G4 G5

Consensus sequence GXXXXGK (S/T) D(X)nT DXXG NKXD TXAX

H/K/N-Ras human GAGGVGKS17 DEYDPTI36 DTAG60 NKCD119 TSAK147

G proteins mammalian GAGESGKS D(X)7TT DVGG NKKD TCAT

Transposase P element GLKKSWKO268 DPDTL283 DVDSG355 NKSD396 TTAS414

complementation work surprisingly well, in that the kinetic constants of the mutant
with the designed substrate (XTP) are indistinguishable from those of the wild-type
enzyme with the natural substrate, GTP (5). Hwang & Miller (4) suggested that, be-
cause the motif NKXD (G4 consensus region) is conserved in all known GTPases,
the mutation of Asp→ Asn should convert any GTPase into an XTPase (Table 1).
This in fact has been the case, as evidenced by the use of this particular strategy
to elegantly decouple single GTPases in many complex pathways (Table 2).

With the (D138N) EF-Tu XTPase in hand, Weijland & Parmengiani (5) de-
termined the energy cost of nucleotide hydrolysis by EF-Tu. Poly(U)-directed
poly (phenylalanine) synthesis was carried out in an in vitro translation experi-
ment in the presence of the XTPase (D138N–EF-Tu), the GTPase–EF-G, ribo-
somes, and all necessary components of ribosomal protein biosynthesis, including
GTP and [γ -32P]XTP (Figure 2, see color insert). By careful quantitation of the
32PO2−

4 produced during each amino acid-coupling cycle, these authors were able
to determine that two cycles of EF-Tu–mediated nucleotide hydrolysis occurred
during each amino acid coupling. Previously it had been impossible to determine

TABLE 2 GTPases that have been successfully engineered to accept XTP

GTPase XTPase Function References

EF-Tu D138N Protein biosynthesis 4, 5

Adenylosuccinate D333N Purine nucleotide metabolism 74

FtsY D441N Signal recognition particle receptor 6

Ypt1 D124N Regulation of endoplasmic reticulum 7, 15
to Golgi vesicle trafficking

HypB D241N Nickel insertion into hydrogenases 75

Ran D125N Nuclear protein import 9

p21Ras D119N Control of MAPK pathway 13

Rab5 D136N Endo- and exocytic pathways 76

Gαo D273N/Q205 G protein-coupled receptor pathway 15

P element transposase D379N DNA transposition 16
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Figure 1 Caption appears at right, on following page.
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?Figure 2 Use of XTP dependent D138N EF-Tu to measure number of XTP ses per amino acid
coupling step in ribosomal protein syntheses. Figure derix data in reference 5.

Figure 1 (from page 2) A. Ribbon diagram of GDP bound to Elongation (EF-Tu). GDP is shown
in balf-and-stick representation, with a bifurcated b aspartale 138 (D138) also shown in balf-and-
stick representation. Atom cgreen= carbon,red= oxygen,blue= nitrogen,white= hydrogen,
purple= phosph Hypothetical structure the orthogonal ligand, xanthine diphosphat (XPD), the
orthogonal EF-Tu mutant (D138N EF-Tu).

A
nn

u.
 R

ev
. B

io
ph

ys
. B

io
m

ol
. S

tr
uc

t. 
20

00
.2

9:
57

7-
60

6.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 "

U
N

IV
. O

F 
C

A
L

IF
., 

SA
N

 F
R

A
N

C
IS

C
O

" 
on

 0
4/

15
/0

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



P1: FRK

April 20, 2000 13:53 Annual Reviews AR098-20

?
ENGINEERING SIGNALING PATHWAYS 581

whether the amino-acyl–loading step (EF-Tu) or the translocation step (EF-G) was
more energy demanding. This finding suggests that, in an as-yet-undefined way,
two different GTP-loaded EF-Tu molecules interact with the ribosome during each
amino acid-loading cycle.

The Specificity Switch from GTP to XTP Is Generalizable

Mutation of the conserved aspartate to asparagine in the highly conserved GTP-
binding consensus motif (NKXD) has been exploited to probe the function of
individual GTPases in complex cell lysates as well as in whole cells (Table 2).

Powers & Walter investigated theEscherichia coliGTPases Ffh and FtsY, which
are homologs of essential components of the eukaryotic signal recognition parti-
cle and its receptor, respectively (6). Ffh and FtsY are GTPases that catalyze the
cotranslational targeting of proteins to the bacterial plasma membrane. To under-
stand the role of each GTP-binding site and GTP/GDP-binding cycle, the FtsY
(D441N) mutant was created, which accepted only XTP as a substrate and did
not accept GTP. After measurement of the GTPase and XTPase activities of Ffh,
and FtsY (D441N), respectively, at different nucleotide concentrations, Powers &
Walter (6) showed that Ffh stimulated XTP hydrolysis by FtsY (D441N) in the
presence of 4.5S RNA and that Fts (D441N) similarly stimulated GTP hydrolysis
by Ffh in a reaction that required XTP. Thus, nucleotide hydrolysis by Ffh and FtsY
appears to occur by a reciprocally coupled reaction in which each GTPase acts as a
GTPase-activating protein for the other GTPase; therefore, Powers & Walters (6)
used the XTPase mutation in this system to uncover a novel way in which GTPases
themselves can regulate the GTPase activity of their associated proteins.

The XTPase mutation has been used to create selectively inhibitable mutants
of the GTPase of interest. Jones et al (7) engineered the yeast Rab family member
Ypt1 to accept XTP rather than GTP, by mutation of aspartate-124 to asparagine,
producing the Ypt1 mutant D124N, which was expressed in yeast and acted in a
dominant fashion to confer growth inhibition and block protein secretion. Because
D124N does not bind GTP or GDP, the dominant inhibitory function of this mutant
can be ascribed to the nucleotide-free form of the enzyme. Because function of
the Ypt1 mutant (D124N) is dominant negative only in the absence of a competent
nucleotide, the inhibition can be relieved by the addition of XTP in an in vitro-
reconstituted system. Jones et al (7) proposed that the nucleotide-free form of
Ypt1 (D124N) acted dominantly by sequestering the GTP exchange factor from
wild-type Ypt1, thus inhibiting the vesicular transport pathway.

Another elegant use of the XTPase mutation has been in combination with
nonhydrolyzable GTP analogs. Because the only active site inhibitors of GTPases
are nonhydrolyzable analogs of GTP, such as GTP(γ )S, such reagents inhibit all
GTPases in a cell or cell lysate. The lack of selective inhibitors has made answering
even the simple question of whether one or more GTPases are required for a given
cell-signaling pathway very difficult. Signal-dependent transport of proteins into
the nucleus was known to involve at least one cytosolic GTPase protein, Ran (8).
To investigate whether other GTPases were also involved, the XTPase mutation in
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Ran (D125N) was made by two laboratories (9, 10). As expected, the Ran (D125N)
mutation was not inhibitable by GTPγS, thus providing a tool for carrying out an
elegant screen for GTPases other than Ran that are important for nuclear import
of proteins. Indeed, in an in vitro assay, nuclear import can be reconstituted by
Ran (D125N)-XTP, yet this pathway remains sensitive to GTPγS, implicating
another unidentified GTPase for the first time. Sweet & Gerace (9) suggest that
the unidentified GTPase could be a component of the nuclear pore complex. In
principle, candidate GTPases could be turned into XTPases by similar mutagenesis,
and their involvement in the nuclear transport pathway could be tested.

The best characterized GTPase, p21Ras, has also been studied by using the
XTPase mutational approach (11). It is interesting that, unlike the previous ex-
amples of GTPases engineered to accept XTP, the corresponding D119N muta-
tion in p21Ras was originally identified by a random screen for mutants with
poor GTP-binding activity (12). These authors characterized the D119N p21Ras
mutant in terms of its inability to bind GTP but did not use XTP as a surrogate
nucleotide for this mutant. The XTPase activity of p21Ras (D119N) has been
characterized in great detail by Schmidt et al (13), especially for the effects of Ras
regulators such as GTPase-activating proteins, the guanine nucleotide exchange
factor Cdc25Mm, and others. The kinetic constantskon andkoff for GDP and XDP
for both wild type and the D119N mutant of p21Ras were determined in a fluo-
rescence assay with methylanthraniloyl-substituted nucleotides (Table 3).

The D119N p21Ras exhibits a 103-fold loss in binding affinity for GDP in
comparison with wild-type p21Ras. The kinetic constants reveal that thekon for
GDP binding to both proteins is almost unchanged, yet thekoff has increased by
∼103for D119N p21Ras. This rapid dissociation rate for GDP from D119N closely
mirrors the fast dissociation of XDP from the wild-type protein, 1150× 105/s
vs 440× 105/s, respectively (13). This again demonstrates the extremely well-
behaved nature of the D-to-N mutation in GTPases and their faithful recapitulation
of function, which is dependent on XTP rather than GTP. The remaining kinetic
comparisons between the wild type and the D119N mutant of Ras are also quite
well matched (Table 3).

Schmidt et al (13) were particularly interested in using the XTP-engineered
p21Ras protein to probe Ras signaling in whole cells by altering the cellular pool
of XTP-XDP. Previously it was shown that D119N p21Ras is an oncoprotein even
though it does not appreciably bind GTP. As a test of whether XTP concentrations
in cells could be increased, Wittinghofer and colleagues (14) measured the inhi-
bition of transforming activity of D119N Ras after microinjection of millimolar
concentrations of XTP and XDP, as well as exogenously provided xanthine. Over
the 6-h time course of the experiment, no inhibition of the transformed pheno-
type was observed. This suggests that the intracellular pools of XTP or XDP are
not manipulatable, owing to the presence of numerous metabolic enzymes, which
interconvert XTP- and GTP-based nucleotides. By a clever strategy, the authors
coinjected a preloaded D119N p21Ras protein with XDP and, using a rapid assay
for induction of DNA synthesis, showed that the XDP-loaded protein in cells was
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TABLE 3 Nucleotide binding of wild-type p21 and p21(D119N)
with guanosine and xanthosine nucleotides

kon koff KA = kon/koff
Nucleotide (106 M s−1) (10−5 s−1) (1010 M−1)

p21 wild type

mGDP 1.5 2.0 7.5

mGppNp 1.8 36 0.5

mXDP 1.2 440 0.027

mXppNp 0.4 〈1200〉 0.003
GTPγS 3.3 9.4 3.5

p21(D119N)

mGDP 〈0.45〉 1150 〈0.0039〉
mXDP 0.51 6.5 0.78

nXppNp 1.0 18 0.55

nontransforming for a period of time. After the D119N Ras mutant releases XDP,
it regains its transforming activity. Thus, the mutant protein behaves like the wild-
type Ras initially after injection and later as an oncogenic protein. These same
authors have also recently characterized further mutations to the D119N p21Ras
to produce severely dominant negative alleles of this protein (14).

One class of GTPases required additional mutagenesis to the well-described
D-to-N mutation. The heterotrimeric G proteins are composed ofα, β, andγ
subunits. On ligand activation of the seven transmembrane classes of receptor
proteins, Gα components are induced to exchange GTP for GDP. When Gαo was
engineered by Yu and colleagues (15) to accept XTP by mutation of D273N, the
protein lost all ability to bind nucleotides. In a search for second site revertants,
these authors used the previously described mutation of Q205L in conjunction
with the D273N mutation. Although the glutamine residue at position 205 is at
the opposite end of the nucleotide-binding site from aspartate-273, the double
mutant was able to accept XTP in the expected fashion. The authors went on
to reconstitute G protein-coupled signaling in Gαo (D273N/Q205L)-transfected
COS cells after cell wall permeabilization and the addition of XDP. Thus, the large
family of Gα GTPases can also be engineered to accept XTP, albeit in the context
of an additional mutation in the active site. The structural basis for the ability of
the Q205L mutation to rescue XTP binding in the context of the D273N mutation
is not known.

In the preceding discussion of the use of GTPase-to-XTPase engineering, the
GTPase in question adhered to the well-described consensus sequence shown
in Table 1. For theDrosophila-encoded P element transposase protein, it was
known that GTP was essential for optimal in vitro transposition reactions. How-
ever, the classic GTP-binding cassette (Table 1) was not present in the trans-
posase, indicating that GTP hydrolysis may or may not be involved in the complex
DNA transposition reaction. To investigate the relationship between GTP-binding
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activity and in vivo transposition ofDrosophilaP elements, Mul & Rio engineered
the D379N mutation in P-element transposase (16).

Mul & Rio (16) used an elegant genetic screen involving excision of a P el-
ement from a reporter plasmid, which creates a functional kanamycin resistance
gene to follow the activity of the transposase. With this cellular assay, many
mutations affecting GTP binding were studied. Even though the P-element trans-
posase does not contain the canonical GTP-binding motif, the D379N, which
corresponds to the residues that can be mutated in the canonical GTPase se-
quences described above, somewhat surprisingly produced a transposase that ac-
cepts XTP rather than GTP. The D379N transposase mutant was then studied in
insect cells, where transposition reactions could be scored by using the kanamycin
resistance-based reporter assay. Strikingly, insect cells transfected with D279N
transposase showed a 50-fold increase in DNA transposition when the cells were
incubated with exogenous xanthosine. Xanthine could also be added extracellu-
larly to induce transposition but afforded only one-half of the induction provided by
xanthosine.

This elegant study demonstrated that the noncanonical GTP-binding motif of
P-element transposase was quite similar, in terms of structure-function relation-
ships, to other GTPases. Furthermore, Mul & Rio (16) used the XTPase mutation
in transposase to demonstrate that nucleotide hydrolysis activity of this complex
protein is essential for DNA transposition, through selective rescue of the cellular
transposition function of D379N transposase by the addition of extracellular xan-
thosine to increase the intracellular concentration of XTP. It is important that Mul
& Rio have shown that the addition of xanthosine in the medium ofDrosophila
Schneider L2 cells leads to an appreciable increase in intracellular XTP. This is
in distinct contrast to the work of Yu et al (15), in which xanthosine treatment of
COS cells did not produce a concentration of XTP to support G protein-coupled
signaling. Either the Gαo (mutant) signaling apparatus requires a higher concen-
tration of XTP or theDrosophilacells possess a different balance of metabolic
enzymes for controlling the GTP-GDP-XTP-XDP pools. In any case, this study
demonstrates that not all in vivo cellular systems will react similarly to attempts
at manipulation of intracellular nucleotide pools.

Because the GTPase family of enzymes represents one of the largest protein
superfamilies in the genome, the XTPase mutation strategy promises to be a very
valuable strategy for selectively manipulating one particular GTPase family in a
complex mixture to carry out functional genomics studies of GTPases.

Seven-Transmembrane Receptors Activated Solely
by Synthetic Ligands

The seven-transmembrane (7-TM) family of receptors is the largest family of
transmembrane receptors in the human genome (17). They respond to photons,
odorants, biogenic amines, lipids, peptide hormones, and other ligands. The 7-TM
receptors control many physiological processes, including heart rate, prolifera-
tion, chemotaxis, neurotransmission, and hormone secretion (18). Ligand binding
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Figure 3 Topology of seven-transmembrane G protein-coupled receptor engineered to re-
spond only to a synthetic ligand. Theκ-opioid receptor is shown with a second extracellular
loop transferred from theδ-opioid receptor to eliminate binding of endogenous ligands of
theκ-opioid receptor.

induces dissociation of heterotrimeric (α, β, γ ) G proteins, which are associated at
the cytoplasmic side of the 7-TM receptors. As discussed above, Gαs are induced
to bind GTP rather than GDP when ligands bind to the receptor.

The 7-TM receptors represent the targets of an estimated 75% of current phar-
maceuticals. Thus the repertoire of specific ligands for individual receptors is
enormous and should allow for simple chemical control of any 7-TM receptor of
interest. However, animal studies are complicated by the presence of endogenous
peptide ligands, which can activate or inhibit signaling events. To get around the
problem of endogenous activation of 7-TM receptors, Coward et al (19) have engi-
neered receptors that respond only to synthetic ligands and not to their endogenous
ligands.

The topology of 7-TM receptors is shown in Figure 3. The ligand-binding site
is composed of contacts from the extracellular loops. Coward et al (19) capitalized
on the fact that peptide hormone-binding contacts are distinct from the contacts
made by small-molecule ligands. Specifically, peptides typically interact with the
extracellular loops of the receptor, whereas small-molecule binding determinants
are closer to the transmembrane domains.

Coward et al (19) engineered the well-characterizedκ-opioid receptor to be
unresponsive to endogenous ligands by swapping an extracellular loop from the
δ-opioid receptor Ro1 (Figure 3). In addition, a point mutation was made in the
first extracellular loop (E297Q). This site was known to contribute to specific
peptide binding, because the cognate residue in theδ receptor is tryptophan (19).
Furthermore, the E297A mutant in theκ-opioid receptor was known to disrupt
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TABLE 4 κ-Opioid receptor and engineered RASSL (Ro2) affinity for
the endogenous ligand dynorphin A and for two synthetic ligands,
bremazocine and spiradolinea

Receptor

Ligand k-WT Ro2

Dyn A(YGGFLRRIRPKLK) 0.06± 0.04 124.52± 19.38 (1946)

Bremazocine 0.04± 0.401 0.05± 0.02 (1.2)

Spiradoline 1.32± 0.38 5.65± 1.19 (4.3)

aData are from 19. Data are expressed in nanomolar as mean± SD. Fold differences from
k-WT are shown in parentheses.

binding ofκ-selective small-molecule agonists. To disrupt the essential chemical
nature of the wild-type residue (Glu) to interfere with peptide hormone binding,
without disruption of small-molecule binding, the conservative E297Q mutation
was made, resulting in receptor Ro2. This engineered receptor displayed>2000-
fold–lower binding affinity for the natural ligand dynorphin A (Table 4). Re-
markably, however, the binding affinity for the synthetic ligand bremazocine was
unchanged.

To test whether the engineered receptors could activate the expected down-
stream signaling pathways in cells, Ro1 and Ro2 were transfected into cells. Rat 1a
cells proliferate in response to Gi signaling, which can be monitored easily as an
increase in DNA synthesis (20). Wild-typeκ–opioid receptor-transfected cells
showed robust proliferation in response to the peptide hormone dynorphin A [50%
effective concentration (EC50) = 10 nM], whereas the engineered Ro1 induced no
detectable proliferation, even at 100-fold-higher dynorphin A concentrations. The
wild-typeκ–opioid receptor and Ro1 showed the same levels of proliferation when
stimulated with the synthetic ligand spiradoline [4.4 nM vs 5.5 nM, respectively
(Figure 4A)]. Thus, the synthetic receptor Ro1 is insensitive to its natural ligand, yet
can activate cellular responses when stimulated with synthetic agonists. Cell cul-
ture systems can demonstrate the feasibility of animal studies, yet many parameters
that can be tightly controlled in cell culture are not manipulatable in an animal.

In an animal, it is difficult to determine a priori whether the receptors that are
activated solely by synthetic ligands (RASSLs) will remain unstimulated, because
of the many complicating factors in the in vivo production of peptide hormones.
Redfern et al (21) directly addressed this question by engineering an Ro1-expressing
transgenic mouse line.

To measure the effect of Ro1 expression in a whole animal, Redfern et al (21)
used heart rate (HR) as a sensitive readout of RASSL responses. Gi signaling in the
heart leads to a dramatic decrease in HR (bradycardia), which can be easily moni-
tored (21). These authors engineered conditional and tissue-specific expression of
Ro1 in mice. When Ro1 was expressed in the heart, whereκ–opioid receptors are
not expressed, the basal HR was 660, compared with a normal mouse HR of 650

A
nn

u.
 R

ev
. B

io
ph

ys
. B

io
m

ol
. S

tr
uc

t. 
20

00
.2

9:
57

7-
60

6.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 "

U
N

IV
. O

F 
C

A
L

IF
., 

SA
N

 F
R

A
N

C
IS

C
O

" 
on

 0
4/

15
/0

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



P1: FRK

April 20, 2000 13:53 Annual Reviews AR098-20

?
ENGINEERING SIGNALING PATHWAYS 587

Figure 4 A.Chemical structure of spiradoline, a selective agonist of theκ-opioid receptor.
B. Effect of spiradoline injection on heart rate of Ro1-expressing mouse vs control littermate
that does not express Ro1 in the heart.

(Figure 4B). Thus, the 200-fold lowering of dynorphin A-binding affinity for Ro1
is sufficient to eliminate all stimulation of Ro1 by endogenous ligands.

When the synthetic ligand spiradoline was injected into the Ro1-transgenic
mice, their HRs instantaneously (within<1 min) decreased to 220 (Figure 4B).
The control mice that do not express Ro1 in the heart showed no bradycardia
in response to spiradoline (HR, 640). Thus the RASSL engineered by Redfern
et al (21) functioned perfectly in the whole-animal system, allowing for future
investigations of a number of physiological and disease-related phenomena that
are controlled by Gi-signaling pathways, including olfaction, taste transduction,
weight control, memory, and locomotion.

In addition to the use of RASSLs to uncover the physiology of G protein-
coupled receptors, Redfern et al (21) propose that RASSLs could be used to control
physiologic responses with exogenously added ligands. The advantage to using
RASSLs to control physiology is the rapidity of the Gi-coupled signal transduction
cascade, allowing for induction of responses (<1 min) in contrast to other systems,
which rely on dimerization (see below) or activation of transcription factors, which
takes minutes or days, respectively.

Because spiradoline activates endogenousκ–opioid receptors, which are pri-
marily expressed in the brain, the Ro1 transgenic system may be most useful
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when used in conjunction with the recently producedκ–opioid receptor knockout
mouse (22). This would allow the use of spiradoline to activate only the introduced
Ro1 receptors and would be predicted to have no effect on Gi signaling in any
tissue.

An alternative approach would be to further engineer RASSLs to respond to
synthetic ligands, which are orthogonal to all endogenous G protein-coupled re-
ceptors. As pointed out by Redfern et al (21), such ligands have been developed,
yet currently they are not sufficiently potent to use in animals. Perhaps the success
of RASSLs in transgenic mice will encourage chemists to address this deficiency,
allowing for RASSLs to be used ubiquitously without the need to knock out the
endogenousκ–opioid receptors. The RASSL system not only is a success in terms
of protein engineering but is also an extremely powerful method for deciphering
the physiological consequences of stimulation of the>1000 predicted G protein-
coupled receptors in the mouse genome.

Protein Kinases with Specificity for Unnatural Nucleotides

Protein kinases play a central role in controlling many diverse signal transduction
pathways in all cells (24–26). These enzymes catalyze the phosphorylation of ty-
rosine, serine, or threonine residues on proteins by using ATP as the phosphodonor.
The identification of the cellular substrates of individual protein kinases remains
one of the central challenges in the field. We have recently developed a chemi-
cal method to tag the direct substrates of two Src family kinases, v-Src and Fyn
(27, 28). To distinguish the substrates of v-Src from all other kinase substrates, we
used structure-based design and site-directed mutagenesis to make v-Src catalyze
a unique phosphotransfer reaction not catalyzed by any other protein kinase in
the cell. We engineered the ATP-binding site of v-Src to uniquely accept an ATP
analog (A∗TP) as the phosphodonor substrate. The engineering of the active site
of v-Src to accept [γ -32P]A∗TP provides a method by which the direct substrates
of v-Src can be specifically radiolabeled in the presence of any number of cellular
kinases (Figure 5, see color insert).

We have extended this strategy to a number of tyrosine and serine/threonine
kinases to accept unnatural ATP analogs (28; Bishop AC, Shah K, Blethrow J,
Ubersax J, Morgan DO, Shokat KM, unpublished data). This was accomplished
by using a semirational design approach. To create an orthogonal ligand, we syn-
thesized N6-substituted derivatives of ATP (27). We then mutated a bulky residue
in the active site of the kinase v-Src, Ile-338, to a smaller group, Ala or Gly. Ile-
338 was chosen because it appeared to be in close contact with the N6 amine of
ATP (Figure 6, see color insert). By screening a large panel of N6-substituted ATP
analogs containing aliphatic or aromatic substituents, we identified the optimal
A∗TP substrates for theI338AandI338Gmutated v-Src kinases.

Initially only the crystal structures of Ser/Thr kinases, protein kinase A (PKA),
and cyclin dependent kinase 2 (CDK2) (29, 30) were available to guide our engi-
neering of the tyrosine kinase v-Src. Crystal structures of PKA and CDK2, which
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?Figure 5 Chemical method of identifying direct downstream substrates of v-Src kinase.
Red ovalsrepresent the conserved kinase domain in different members of the protein kinase
superfamily. Other ovalsrepresent protein-protein association domains.Empty ovals
represent cellular proteins which become phosphorylated by a variety of kinases.Ovals
with a segment missingrepresent mutant kinases which accept “bumped” substrates such
as N6(benzyl) ATP, as shown.Bottom rectanglesrepresent hypothetical avtoradiograms of
protein gels to identify specific substrates of v-Src.
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?Figure 6 Surface representation of the ATP binding pocket in Hck, a Src-family tyrosine
kinase. The solvent accessible surface of Kck within 7Å of ATP is shown inwhitemesh,
the surface of ATP is shown inbluemesh. The portion of Hck’s solvent accessible surface
area (A) formed by T338 (corresponding to L338 in v-Src) is coloredred (mesh) and the
portion of the surface formed by V323 is shown ingreen(mesh). ATP and residues T338
and V323 are shown in stick representation with the following atom coloring: O= red,
N= blue, C=white, P= yellow. This figure was created using GRASP.
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share only∼50% homology to v-Src, served as a limited guide to our design
efforts. Based only on these structures, however, we introduced two mutations
(V323Aand I338A) into v-Src, affording a kinase with good specificity for N6

(cyclopentyl) ATP (27).
In the design of second-generation v-Src mutants, we were guided by newly

solved structures of three tyrosine kinases—c-Src, Hck, and Lck (31–33). Relying
heavily on the Hck-AMP-PNP cocrystal structure and kinase sequence alignments,
we found that a single bulky residue at the position corresponding to Ile-338 in
v-Src is primarily responsible for restricting the ability of wild-type kinases to
accept N6-substituted ATP analogs. To our surprise, N6-(benzyl) ATP was the best
substrate for the v-Src single mutation (I338A or I338G), based on screening a
panel of>35 unique A*TP analogs (28; Shah K, Shokat KM, unpublished data).
We had initially expected that an A*TP with a smaller substituent attached at the
N6 position would better complement the small pocket engineered (Ile→Ala/Gly)
into the kinase.

Although no crystal structure of the engineered v-Src kinase is yet available,
several ligands bound to wild-type Src family kinases have been used to predict the
binding mode of the orthogonal ATP analog, N6-(benzyl) ATP, to the engineered
v-Src (34). From modeling studies, we conclude that, for the N6-substituted benzyl
group to gain access to the existing pocket adjacent to N7, the side chain of residue
338 (a “molecular gate”) must be shortened (i.e.I338AorG). This analysis predicts
that the benzyl ring of N6-(benzyl) ATP partially occupies a pocket already present
in v-Src after the molecular gate, which normally restricts access to this pocket
in all wild-type kinases, is removed by our mutation. This would explain why a
larger than expected A*TP (>80 Å3) is the optimal analog identified in a screen
of >35 A*TPs againstI338Gv-Src (28).

Further study of the binding mode suggested that more flexible links between
the phenyl ring and the N6 amino group of ATP would allow better van der Waals
packing of the added bump on the ligand into the engineered hole in the protein.
It was suggested that one more methylene group could be added to the linker to
allow the aromatic ring more flexibility to reach the existing pocket near the N7

atom of ATP.
In fact, the analog designed with an extra methylene group, N6-(2-phenethyl)

ATP, is a better substrate (kcat = 0.6 min−1; Km = 8µM with I338A v-Src) than
the previous optimal analog, N6-(benzyl) ATP [kcat = 0.5 min−1; Km = 20µM
with the I338A mutant (28)]. For comparison, the kinetic constants for the I338A
mutant with ATP arekcat = 1.0 min−1 andKm = 70 µM (28). This confirms
the prediction that adding extra flexibility into the substrate serves to orient the
orthogonal substrate into the existing pocket above the N7 nitrogen.

To summarize, the binding site for orthogonal N6-substituted A*TP substrates of
mutant v-Src proteins containingI338Aor I338Gmutations has been functionally
probed with a wide variety of A*TPs. The pocket in the v-Src tyrosine kinase that
accommodates the added substituents at the N6 position of ATP is actually present
in the wild-type v-Src kinase. It isaccessto the existing pocket that is controlled

A
nn

u.
 R

ev
. B

io
ph

ys
. B

io
m

ol
. S

tr
uc

t. 
20

00
.2

9:
57

7-
60

6.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 "

U
N

IV
. O

F 
C

A
L

IF
., 

SA
N

 F
R

A
N

C
IS

C
O

" 
on

 0
4/

15
/0

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



P1: FRK

April 20, 2000 13:53 Annual Reviews AR098-20

?
590 BISHOP ET AL

by Ile-338 in v-Src. Rather than engineering a new pocket by mutation of Ile to the
smaller Ala or Gly residues, we believe that theI338GandI338Amutations provide
a path for the N6substituent on the ATP analog to gain access to an existing pocket in
the ATP-binding site. Our laboratory has demonstrated that non-Src family tyrosine
kinases, as well as many Ser/Thr-specific kinases, can be similarly engineered
to accept N6-substituted ATP analogs including N6-(benzyl) ATP (Bishop AC,
Blethrow J, Ubersax J, Morgan DO, Shokat KM, unpublished data).

Uniquely Inhibitable Protein Kinases

The ability to dissect signaling pathways by kinase substrate identification will
certainly allow for more direct analysis of the roles of kinases in many diverse
signaling environments. However, signaling pathways are not simply a summa-
tion of enzyme-substrate interactions. These pathways are highly interconnected,
nonlinear, and exquisitely sensitive. Thus, in addition to biochemical mapping of
pathways, genetic analyses of a pathway’s organization provide important informa-
tion about the key nodes of signal processing, by testing the functional importance
of individual kinases. Unfortunately, because signaling cascades are responsible
for ultrafast regulation of responses to light, oxygen, toxins, etc, genetic methods
often fail to reveal the role of individual kinases because they are slow (days to
weeks) at perturbing the system under study.

Regulation of kinase activity by homologous recombination in a mammalian
genome requires at least 1–2 weeks even using the most sophisticated recombinase-
mediated methods. During these 2 weeks, the signaling pathway of interest typically
responds to the missing kinase by transcriptional up-regulation of a closely related
kinase, which masks the real effect of missing the kinase of interest. A chemical
method of inhibiting any kinase of interest would not suffer from such limitations,
because small molecules can be added to the cell culture medium or the whole
animal and in seconds bind to and inhibit the target.

Truly specific inhibitors for kinases and other members of large-protein super
families are extremely difficult to identify. The stunning size and conserved active
site fold of the protein kinase super family present two serious problems. First,
the simple generation of a small-molecule inhibitor, which is unique for a single-
family member out of a group of>2000 highly homologous proteins, is a daunting
problem.

To rapidly develop uniquely specific inhibitors of any protein kinase in the
genome, we have designed protein kinase inhibitors that inhibit only specifically
mutated kinases. We have termed this approach the design of chemically sensi-
tive alleles of protein kinases (35). To identify a cell-permeable small molecule
that uniquely inhibits Ile-338–Gly v-Src, Bishop et al (35) tethered bulky chem-
ical groups to the previously described Src family inhibitor, PP1 (36). Through
modeling of the Src family-selective inhibitor PP1 (Figure 7, structure 1) in the
active site of the Src family kinase Hck, it was predicted that PP1 would bind in an
orientation analogous to that of ATP, therefore presenting its exocyclic amine (N4)
to the space surrounding residue 338 (32). Thus, the amine was used as a chemical
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Figure 7 Chemical structures of PP-1, and its analogs which contain additional sub-
stituents (highlighted in blue bonds) designed to complement the additional space in ap-
propriately mutated kinases.

hook to attach hydrophobic moieties that would prevent binding of the deriva-
tized molecules to wild-type protein kinases. The same hook would concurrently
generate novel van der Waals interactions with the engineered v-Src.

From a panel of 10 PP1 analogs, the most potent inhibitor of Ile-338–Gly
was (4-[p-tert-butyl]benzamido-1–tert-butyl-3-phenylpyrazolo[3,4-d]pyrimidine)
[50% inhibitory concentration (IC50) = 430 nM; Figure 7, structure 2]. The se-
lectivity of PP1 analog 2 was confirmed against wild-type v-Src, Fyn, Abl, PKA,
and PKC-δ, all of which were inhibited≥700-fold less effectively than the target
kinase. Bishop et al (35) also showed that the equivalent mutation in Fyn also
made it sensitive to inhibition by PPI analog 2 (IC50 = 830 nM), showing that
a chemical genetic approach to protein–small-molecule recognition can rapidly
circumvent the selectivity problem inherent in the structural degeneracy of homol-
ogous protein families.

The use of kinase inhibitors, which are competitive with ATP, is complicated
by the high intracellular concentrations of ATP (1–5 mM in most cell types).
Pyrazolopyrimidine-based inhibitor 2 is highly selective for appropriately mutated
kinases, yet lacks high potency. Typically 100- to 1000-fold increases in cellular
EC50 values are found, compared with in vitro IC50 values for ATP-competitive
kinase inhibitors. Thus, an inhibitor with an IC50 value of 400 nM will require
40–400µM in whole-cell assays, which is a concentration range in which general
cytotoxicity can be induced.

To increase the potency of the pyrazolopyrimidine-based inhibitors, the binding
mode of PP1 in the active site of the Src family kinase. Hck was investigated by
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molecular modeling (32, 34). From this model, it was deduced that derivatization of
N4 was not the only means of generating complementary van der Waals interactions
with the unique binding pocket ofI338Gv-Src. It was predicted that derivatization
of the C3 phenyl ring of PP1 [e.g. a phenyl ring replaced with a naphthyl ring system
(Figure 7, PP1 analog 3)] with a bulky group leads to a steric clash between the
derivatized inhibitor and the molecular surface created by Thr-338 (Figure 8, see
color insert). Mutation of residue 338 to glycine generates a unique binding pocket,
which is predicted to be large enough to accept the naphthyl analog of PP1. It
was reasoned that derivatization of the phenyl group in PP1 with hydrophobic
substituents should afford compounds that complement the corresponding I338G
v-Src–active site, without disrupting any potential hydrogen-bonding interactions
at N4. In addition, this added bulk at the C3 moiety should cause these molecules
to be sterically incompatible with the active sites of wild-type tyrosine kinases,
affording high specificity for the suitably engineered v-Src.

The group of modified inhibitors was screened against the catalytic domain of
the target kinase, I338G v-Src, which was expressed in bacteria and purified as a
glutathione-S-transferase (GST) fusion protein. All of the C3-derivatized analogs
are more potent inhibitors of I338G v-Src than the most potent molecule (2, IC50
= 430 nM) identified from the first-generation panel of N4 derivatized compounds
(35). Two naphthyl analogs of PP1 (analogs 3 and 4) exhibited the greatest potency
(IC50 = 1.5 nM). Under the assay conditions, the parent molecule, PP1, inhibited
its optimal target, Fyn, at only IC50 = 30 nM. These data show that an inhibitor
design strategy combining enzyme engineering with directed small-molecule syn-
thesis could match the potency of molecules identified through screening of large
libraries. Furthermore, this strategy can lead to a significant increase (20-fold
analogs 3 and 4) in affinity over previously optimized inhibitors of wild-type
kinases.

Identification of a selective enzyme inhibitor through chemical genetic design
is useful only if the inhibitor can be used in a relevant cellular context to probe
the target′s function inside the cell. To demonstrate cellular inhibition of the target
kinase by analog 3, Bishop et al (35) treated NIH 3T3 fibroblasts, which ex-
pressed either wild-type or Ile-338–Gly v-Src with the mutant-specific inhibitor
(35). The mutant-selective inhibitor, PP1 analog 3, at 100µM had no effect on the
phosphotyrosine level of cells expressing wild-type v-Src, whereas the phospho-
tyrosine levels of cells that expressed the target kinase were moderately reduced.
It is more striking that, under prolonged drug treatment, it was found that the
Ile-338–Gly–expressing cells selectively reverted to the flattened morphology of
nontransformed fibroblasts. This phenotype was confirmed by staining the actin
stress fibers that are characteristic of normal fibroblasts (Figure 9, see color in-
sert). No change in the morphology or actin organization was observed for the
wild-type v-Src–expressing cells. Thus it was demonstrated that a small-molecule
inhibitor, which is uniquely selective for a tyrosine kinase oncogene product, could
revert the morphological changes associated with cellular transformation.

Only through chemical genetic design coupled with the built-in control of the
wild-type target homolog could such a determination of cellular specificity be
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?Figure 8 Schematic representation of the predicted binding orientation of two classes of
derivatized prazolo[3,4-d]pyramidines. Analogues that were derivatized at N4 may have
lost potency due to an interruption of the ATP-like hydrogen bonding network. This network
is presumably infact in the C3 derivatized inhibitors.
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?Figure 9 I338G v-Src transformed fibroblasts selectively acquire a flattened morphology
and selectively regain actin stress fibers upon incubation with 3. (A) Non-transformed
NIH3T3 cells. (B) Cells transformed by either wild-type v-Src or I338G v-Src were treated
with 0.5% DMSO or 250 nM 3 in 0.5% DMSO for 16 hours. All cells were fixed, stained,
with phalloidin-rhodamine, and visualized by confocal microscopy.
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made. We have recently shown that PP1 analogs 2 and 3 are potent inhibitors of
protein kinases in the Ser/Thr kinase super family, which are engineered to contain
the same pocket, above the N6 position of ATP. This genome-wide approach to
rapidly identifying potent small-molecule inhibitors of protein kinases will be
useful for target validation of protein kinases as well as for generating adult knock-
out-like phenotypes in transgenic animals.

Conditional Alleles of Kinesin and Myosin Motors

Another widely distributed family of ATP-utilizing enzymes is the motor protein
family, including myosins and kinesins. Many different cellular processes are con-
trolled by these force-generating enzymes, including muscle contraction, vesicle
trafficking, cell motility, and axon guidance. To clarify the specific role of indi-
vidual members of these families, two laboratories have developed mutant motors
capable of interacting with unnatural ATP analogs to gain chemical control over
individual motors in cells.

By making a space-creating mutation within the ATP-binding pocket of myosin
1β, Gillespie et al have produced a mutant that is potently inhibited by particular
bulky N6-substituted ADP analogs (37).

The actin-based myosin motor plays a crucial role in many specialized cellular
events including extension of cellular processes (axonal outgrowth), cell division
(cytokinesis), phagocytosis, signal transduction, cell movement, changes in cell
shape during development, hearing, and muscle contraction (38). As many as
18 different myosin isozymes have been identified to date (Table 5). The myosin
super family is divided into the conventional or type II myosins (those involved in
muscle contraction) and the unconventional myosins (types I and III–XV+, as well
as all other myosins). Features common to all myosin isozymes are a conserved

TABLE 5 Alignment of representative sequences from different classes of the myosin family
(Genbank ID)

Class Genbank ID Sequence

RAT MYOSIN 1β (A45439): 49 GSVVISVNPYRSLP.IYSPEKVEDYRNRN 77
Class I: P22467: 46 GPVLVSMNPYKQLG.IYGNDQINLYKGKH 74
Class II: P08964: 109 GLSLVAINPYHNLN.LYSEDHINLYHNKH 136
Class III: P10676: 365 GDILLSLNSNEIKQ.EFPQEFHAKYRFKS 384
Class V: Q99104: 104 GIVLVAINPYEQLP.IYGEDIINAYSGQN 132
Class VI: U49739: 91 ANILIAVNPYFDIPKIYSSDTIKSYQGKS 120
Class VII: U81453: 99 GSILVAVNPYQLLS.IYSPEHIRQYTNKK 127
Class VIII: U94781: 151 GPVLVAINPFKKIP.LYGSDYIEAYKRKS 178
Class IX: S54307: 180 GSILVAINPFKFLP.IYNPKYVKMYENQQ 208
Class X: U55042: 97 GSIIASVNPYKTITGLYSRDAVDRYSRCH 126
Class XI: U94785 96 GNILIAINPFQRLPHLYDTHMMEQYKGAG 125

aConserved tyrosine in rat myosin 1β is highlighted. This residue can be mutated to glycine, allowing N6 substituted ATP
analogs to be accepted as alternative substrates for mutant mysosin 1β.
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head group that encompasses the actin-binding ATP-driven motor region, less-
conserved domains involved in binding regulatory light-chain molecules, and di-
vergent tail structures that likely provide specificity of function (e.g. binding of a
particular cargo) (38).

Myosin binds to and moves along actin filaments in an ATP-dependent process.
The hydrolysis of ATP within the myosin head group leads to the “ratcheting”
of the head group, which charges it energetically to produce force upon return to
the unratcheted state. It is in this bent state, bound to ADP and Pi, that myosin is
capable of binding actin. Release of Pi leads to the unracheting of the actin-bound
head group and the coincident movement of the myosin tail and its attached cargo
towards the positive end of the actin filament. The release of ADP sets the stage
for another cycle of ATP binding and hydrolysis. The binding of ATP releases the
head group from actin. Release and rebinding of multiple myosin head groups
provide the machinery by which myosin motors can move along an actin filament.

Several myosin isozymes have been implicated in the hearing process in mam-
mals. MYO15, myosin VIIA, and myosin VI mutations all lead to apparent hearing
loss in mice. Mutations in MYO15 and myosin VIIA have been mapped in deaf
patients (39). Myosin isozyme expression studies (immunohistochemical tech-
niques and in situ hybridization experiments) have provided insight into the po-
tential players in certain aspects of hearing. However, given that multiple myosin
isozymes are expressed in the auditory hair cells of the ear, direct proof of the role
of a particular isozyme has been difficult. Developmental stresses put in place by
the lack of one isozyme (as in knock-out mice) may result in the use of alternative
isozymes, making genetic studies difficult to interpret.

Gillespie et al designed a system to probe the involvement of myosin 1β in
the hearing process. Making use of the knowledge that ADP release from myosin
is the rate-limiting step in myosin movement along actin (i.e. in the presence
of high concentrations of ADP, movement can be stalled), they have successfully
designed isozyme-specific inhibitors of mutant myosin 1β. Complementary space-
creating and space-filling alterations in the conserved nucleotide-binding site of
myosin 1β and the nucleotide, respectively, have allowed allele-specific inhibition.
Mutation of rat myosin 1β tyrosine 61 (Figure 10) to glycine creates an enlarged
binding pocket capable of uniquely accepting N6-substituted adenosine analogs.
In vitro motility assays show that the mutant myosin is capable of functioning
at or near wild-type levels in the presence of ATP and that its movement was
inhibited robustly in the presence of N6-substituted ADP analogs. It is interesting
that the mutant myosin motor actually moves more quickly (0.12µm s−1) than
the wild-type motor (0.03µm s−1). This is caused by the lower ADP affinity
of the Y61G mutant (Kd = 74 ± 19 µM) compared with wild-type myosin
(Kd = 20 ± 2µM). Because release of ADP is rate limiting for cycling of myosin
(40), it is reasonable that the mutant with a space creating mutation in the adenine-
binding site would move more quickly. The force generated by the mutant myosin
would be predicted to be lower than that of the wild-type protein, but this has
not been determined. It is important that the tyrosine mutated in myosin 1β is
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?Figure 10 Myosin-Iβ Tyr-61 is a suitable residue for substitution. Ribbon representation of
the Dictyostelium myosin-II motor domain complexed to ADP and aluminum fluoride. Note the
close contact between adenine ring of ADP, shown inyellow, and Tyr-135 (Y135) equivalent to
tyrosine-61 of rat or mouse myosin-Iβ, shown inwhite. The NH2-terminal domain (25 kDa) is
shown ingreen, the central domain (50 kDa) is shown inred, and the COOH-terminal domain
(20 kDa in chicken skeletal muscle myosin) is shown inblue.A
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conserved across the myosin family, suggesting that the same strategy could be
applied to other myosin family members.

The large kinesin super family of ATP-driven molecular motors have also proven
amenable to a similar strategy for generating allele-specific inhibitors. Kinesin
and kinesin-like proteins are responsible for movement of organelles along mi-
crotubules (MT), spindle formation, and the segregation of chromosomes at cell
division (41). Kinesin super family members have a conserved MT-binding AT-
Pase head group with structural similarities to the myosin head group (42). Kapoor
and Mitchison examined of the amino acid residues within 5Å of the ADP-N6

atom in the X-ray crystal structure of human kinesin (42) and noticed the presence
of two conserved charged groups (Arg-14 and Arg-16).

Kapoor & Mitchison (43) have, in fact, recently reported the use of just such
an approach to produce kinesin allele-specific activators and inhibitors. Mutation
of Arg-14 to alanine does indeed provide a binding pocket, which is capable of
using N6-cyclopentyl ATP. Not surprisingly, however, the removal of the charged
group in the binding pocket disrupts the ability of the molecule to function with
endogenous ATP, making the mutant kinesin reliant on the N6-substituted analog
for its function (Table 6). Because hydrolysis of ATP, not release of ADP as
in myosin, is the rate-limiting step in the kinesin system, Kapoor & Mitchison
made use of a nonhydrolyzable form of the analog to specifically inhibit the
mutant kinesin. Such allele-specific activators and inhibitors should allow the
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clarification of the role of individual kinesin family members in various cellular
processes.

Conditional Alleles of Nuclear Hormone Receptors

The super family of nuclear hormone receptors is a unique family of transcriptional
regulators. This group of receptors has both DNA-binding and ligand-dependent
transactivation abilities. On selective binding of small-ligand molecules, this fam-
ily of receptors can single-handedly provide a transcriptional signal to specific
target genes (44).

The retinoid X receptor (RXR) activates the transcription of genes in response
to 9-cis-retinoic acid (RA) or 9cRA, its natural ligand. Nuclear receptors such
as RXR are a super family of ligand-inducible transcription factors that, along
with RA receptors (RARs), play a role in the control of cellular differentiation
and vertebrate development through their interaction with RAs. RAs are natural
derivatives of vitamin A (retinol). The RXRs show a binding preference for
9-cis–RA whereas the RARs bind with equal affinity to 9-cis RA as well as to
the stereoisomer, all-trans-RA (t-RA) (Figure 11).

RXR functions as a ligand-binding homodimer, but it is also able to function as
a silent non–ligand-binding partner in a heterodimer with other nuclear receptors.
Altered activation of nuclear hormone receptors in response to ligand binding oc-
curs in natural and directed mutants and results in responses ultimately leading to
diseased states. For example, a Thr-877→Ala mutation in the androgen receptor re-
sults in the inability to bind and activate in response to progesterone, estradiol, and
antiandrogens (45). This mutation is associated with pharmacoresistant prostate
cancer.

Figure 11 Chemical structures of 9-cis-retinoic acid (9cRA) andtrans-retinoic acid (tRA)
along with orthogonal ligands for engineered retinoic-acid receptors.
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The development of receptors that could be activated by selected ligands would
expand the applications for metabolic and genetic control, as well as provide in-
sights into the structural specificity and origin of disease states. The ability to
activate or repress transcription of specific genes by selective or “designer” lig-
ands would provide a tool that is useful for the control of genetic and metabolic
pathways.

Peet et al (46) tested a number of RXR synthetic ligands with a variety of
RXR mutants, and this structure-based mutagenesis was used to change the ligand
specificity of RXR. The amino acid residues Phe-313 and Leu-436 were found
to be crucial in determining ligand specificity. The first class shows decreased
activation by the natural ligand 9cRA and increased affinity for synthetic ligands.
The second class continues to be activated by 9cRA but no longer responds to
synthetic ligands (narrower specificity). Two new classes of mutant RXR proteins
were developed.

Single and double mutants were tested in which Phe-313 and Leu-436 of RXR
were changed to various uncharged amino acids. The Phe-313→ Ile mutation pro-
duced a dramatic shift in specificity—a 40-fold change in favor of the synthetic
ligand LGD 1069 over the natural ligand 9cRA, as compared with the EC50s of the
wild-type RXR (Figure 11). The Phe-313→Ala mutant also displayed a similar
shift in specificity towards the synthetic ligands.

The only Leu-436 substitution to show any change in specificity was L436F. In
contrast to the Phe-313 mutants, L436F shows a ninefold increase (less potent) in
EC50 for the natural ligand 9cRA, and a shift away from the synthetic ligands.

Koh and colleagues (47) investigated another member of the nuclear hormone
receptor family (RARγ ) to selectively activate genes with small molecules de-
signed to bind to engineered receptors. Specifically, the RARγ was rationally
reengineered to respond to novel synthetic ligands.

The crystal structure of t-RA in a complex with RARγ was used for the design of
the engineered receptor-synthetic and ligand pair (Figure 12, see color insert). Two
residues were shown to interact directly with the carboxylic acid moiety of t-RA
through site-directed-mutagenesis studies (48). These two residues (Ser-289 and
Arg-278) possess the critical electrostatic and size recognition elements neces-
sary for ligand binding. Mutation of one or both of these residues to glycine or
to a negatively charged residue (Asp or Glu) results in receptors that prefer neu-
tral or positively charged RA analogs such as ligands 5 and 6 (Figure 11). The
synthetic analogs contain sterically larger groups or cationic groups in place of
the carboxylic-acid moeity of t-RA. These ligand modifications complement the
engineered receptors and are preferentially accepted by the mutants, compared
with the wild type, with selectivities of>threefold between wild-type and mutant
receptors (6) and 14.4-fold induction of the mutant receptor with ligand 5.

The ability to design and synthesize ligands for engineered nuclear hormone
receptors opens up many exciting opportunities to study these complex transcrip-
tion factors with small molecules. Examples of future directions may include
the study of orphan nuclear hormone receptors, in which the natural ligand has
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?Figure 12 Ribbon diagram of 9-cis-retinotic acid bound to RARγ . 9-cis-retinotic acid
is shown in ball-and-stick representation as are the two key residues in RARγ which form
important contacts with the carboxylic acid of 9-cis-retinotic acid. Atom colors are the
same as in Figure 1.
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not been identified, or activation (agonist) of engineered receptors in transgenic
animals.

ENGINEERING SIGNALING PATHWAYS
FOR HUMAN THERAPY

Antibody-Directed Enzyme Prodrug Therapy

One of the major limitations of research strategies that use orthogonal-pair design
is that they generally have little or no direct medicinally relevant applications in
humans. Whereas the introduction of engineered proteins into a variety of lower
organisms is now commonplace, modern medicine is still many years removed
(technologically and ethically) from the generation of transgenic humans. How-
ever, Smith and co-workers (49) and Wolfe et al (50) have recently devised
an elegant approach for using orthogonal enzyme/substrate pairs to selectively
deliver potent cytotoxic agents to tumor cells in vivo.

It had previously been shown that antibody-directed enzyme prodrug therapy
(ADEPT) can be used to deliver chemotherapeutic agents to tumors (51, 52).
ADEPT is used to selectively target an enzyme of interest to a tumor by cou-
pling the enzyme to a tumor-specific antibody. Generally, the selected enzyme
catalyzes the cleavage of a prodrug to release the active drug in the vicinity of
the tumor mass. Thus, a twofold treatment of the antibody-enzyme conjugate, fol-
lowed by the small-molecule prodrug, could lead to potent cytotoxicity directed
to tumor cells. Although such approaches to cancer therapy have great promise,
they also face formidable hurdles. The introduction of foreign enzymes into the
human bloodstream can be highly immunogenic. In addition, ADEPT therapies
often show weak tumor cell selectivity because the prodrugs can be hydrolyzed by
any number of wild-type enzymes in the patient.

Previous to the studies by Smith et al (49), Vitols et al (53) had developed an
ADEPT system by using bovine carboxypeptidase A and prodrugs of the potent
cytotoxic drug methotrexate (MTX). Smith et al set out to lower the immunogeni-
city and improve the target specificity of this system through orthogonal-pair design
(49). Initially, the authors chose to use human carboxypeptidase A1 (hCPA1) to
minimize the immune response from the introduction of a bovine enzyme. More
importantly, they engineered hCPA1 so that it would be capable of hydrolyzing
MTX prodrugs that were not substrates for either wild-type hCPA1 or hCPA2. To
suitably engineer hCPA1, Christianson & Lipscomb used a model of the protein
that had been generated by using the crystal structure of bovine carboxypeptidase
A [CPA (54)]. To this protein they docked a model substrate and found that the
side chain of Thr-268 of hCPA1 was in close contact with the 2 and 3 positions of
the phenyl ring of substrates containing phenylalanine or tyrosine. Because it had
been previously shown that MTX-Phe (7) was an excellent substrate for hCPA1
(53), the authors reasoned that derivatives of MTX-Phe with bulky substituents at
the 2 or 3 positions should be uniquely accepted by mutants of hCPA1 that have
smaller amino acids (glycine or alanine) at position 268.
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Figure 13 Chemical structures of orthogonal substrates for engineered carboxypeptidaseA
designed to facilitate ADEPT (49).

Smith et al (49) synthesized a series of bulky aromatic MTX prodrugs, and,
as would be expected, many of these molecules were extremely poor substrates
for wild-type hCPA1 and hCPA2 (Figure 13) (49). In addition, these molecules
were shown to possess far greater stability than MTX-Phe in pancreatic juice. The
derivatized MTX prodrugs were then screened for their ability to act as substrates
in hCPA1-T268G and hCPA1-T268A. The authors discovered that hCPA1-T268G
was able to efficiently catalyze the hydrolysis of several of the bulky prodrugs
(MTX-3-t-butyl-Phe-8, MTX-3-cyclopentyl-Phe-9, MTX-3-cyclopentyl-Tyr-10,
MTX-3-cyclobutyl-Phe-11, and MTX-3-cyclobutyl-Tyr-12). Using the best sub-
strate of the panel, MTX-3-cyclobutyl-Phe, hCPA1-T268G had a catalytic effi-
ciency (kcat/Km) that was roughly fourfold higher than that of the wild-type enzyme
with MTX-Phe and>4× 105 higher than MTX-3-cyclobutyl-Phe with wild-type
hCPA1.

Smith et al (49) proceeded to demonstrate the utility of this system in a cell
culture system by conjugating hCPA1-T268G to two separate antibodies. The
enzyme was linked to ING-1, which recognizes Epcam, a protein expressed on
many epithelial tumors, and to Campath-1H, which recognizes CDw52, which
is expressed on the surface of lymphocytes (but not in epithelial cells). The an-
tibody conjugates were incubated with the epithelial tumor cell line HT-29 at
various concentrations to test for selective sensitization of the cells to the de-
signed prodrug. It was found that preincubation with 10µg/ml of the ING-1–
hCPA1-T268G conjugate strongly sensitized HT-29 cells to growth inhibition by
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MTX-3-cyclobutyl-Phe and MTX-3-cyclopentyl-Tyr. At this conjugate concen-
tration, the EC50 was∼10 nM, which is roughly the same as with free MTX. In the
absence of the antibody conjugate, the derivatized prodrugs were∼103 less potent.
As expected, in the presence of the Campath-1H–hCPA1-T268G conjugate, the
sensitivity of HT-29 cells to the derivatized prodrugs was unchanged, demonstrat-
ing the immunospecificity of the ING-1–hCPA1-T268G ADEPT strategy.

In further studies, Wolfe et al (50) have investigated the in vivo efficacy of
this orthogonal-pair ADEPT strategy in mouse models. Primary-toxicity studies
showed that 8, 9, and 10 were highly stable in vivo and could be tolerated at doses
10- to 20-fold higher than free MTX. It was also shown that the ING-1–hCPA1-
T268G conjugate localizes to tumor cells in Swiss nude mice bearing LS174T
tumors. Over 144 h after injection, the tumor-to-blood ratio of the conjugate
steadily grew to a maximum of 19.6. Despite these promising signs, however,
treatment of the mice with the conjugate/prodrug therapy did not lead to a reduc-
tion of in vivo tumor growth for reasons that are to this point unclear.

Although, to date, it has not been shown that orthogonal MTX prodrugs will
have an impact on the clinical treatment of cancer, the concept of heightening the
specificity of ADEPT through orthogonal-pair design holds great promise. There
are countless current and future prodrugs for which the general strategy of using
a human enzyme to catalyze a “nonhuman” reaction could potentially prove ap-
plicable. The work of Smith and coworkers has demonstrated that medicinally
important orthogonal pairs can possess enzymatic efficiencies that equal and sur-
pass those of wild-type enzyme/substrate pairs. Ideally, in future approaches that
combine ADEPT with orthogonal pairs, the oncology will correlate more strongly
with the enzymology.

Initiation of Signals with Chemical Inducers of Dimerization

Because protein-protein interactions are key to almost all biological processes,
a novel method for inducing intracellular protein dimerization was developed
by Spencer et al (55). This method makes use of small, cell-permeable organic
molecules called chemical inducers of dimerization (CIDs). CIDs have two binding
surfaces that recognize one or more dimerization domains fused to target proteins.
CID treatment causes the desired proteins to become cross-linked and initiate
signaling. The protein complex can also be rapidly dissociated with the addition
of a modified “CID,” having only one of the two binding surfaces. The dimer-
ization domains were derived from immunophilins FKBP12, cyclophilin (CyP),
and the FKBP12–rapamycin-binding domain of FKBP-rapamycin–associated pro-
tein (FRAP). Various CIDs have been used to initiate a wide array of signaling
pathways by dimerizing receptors at the cell surface [e.g. insulin (56), platelet-
derived growth factor (56), Fas (57, 58), erythropoietin (59), transforming growth
factor (60), and T-cell antigen (61, 62)], to inducibly translocate cytosolic proteins
to the plasma membrane [e.g. the GTP exchange factor Sos (61) and kinases such
as Src (63), Lck, Zap70 (62), and Raf (64)], to import various proteins to (65) and
export (66) them from the nucleus, to regulate gene transcription (67), to induce
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cell-specific apoptosis, and to achieve regulated synthesis of human growth hor-
mone in mice (68). CIDs have also been used to induce frog mesoderm in animal
pole explants.

Initially, CIDs were either homodimers linked by a covalent tether of FK506
(FK1012) or cyclosporin (CsA)2 or a heterodimer of FK506 and cyclosporin
(FK-CsA). Complicating matters, FKBP12-FK506 complex binds to and inacti-
vates calcineurin, a calcium-calmodulin–dependent protein phosphatase (69). This
binding causes impaired signaling of the T-cell receptor followed by immuno-
suppression and toxicity. Therefore, these CIDs were modified synthetically to
counteract their intrinsic biological activities.

Although the control of various signal transduction events with the CIDs has
proven to be versatile, a significant shortcoming of this approach is the poor
specificity of CIDs towards the wild-type immunophilins. The high expression of
immunophilins in cells reduces the potency of CID ligands toward immunophilin
fusion proteins by forming nonspecific receptor-ligand complexes. In transgenic
animals, where there may be few cells expressing the desired fusion protein, the
abundance of natural immunophilin could mask the biological response to CIDs.
To improve the specificity of these CIDs, the orthogonal-pair or “bump-hole”
strategy was developed.

The CIDs were modified to contain bulky substituents that clash with the amino
acid side chains in the receptor, thereby abolishing its binding with wild-type
receptors. Complementary mutations were made in the receptor that restores
binding to these modified CIDs. Initially, cyclophilin-cyclosporin (CyP-CsA) was
used as a model system to make this unique receptor-ligand pair (70). The crystal
structure of the CyP-CsA complex revealed a hydrophobic interaction between
the side chain of MeVal11 of CsA and a pocket of the CyP receptor. A modi-
fied CsA ligand was synthesized, in which the addition of only a methyl group
to MeVal11 was enough to reduce the binding affinity fromKd from 5 nM to
>3 mM with the wild type (Figure 14). As such, four different complementary mu-
tations were rationally designed in the immunophilin receptor. The double mutant
CyP(S99T, F113A) with modified CsA (MeIle11) showed>1000-fold selectivity
(Kd ∼ 2 nM). Although in the NFAT-signaling assay, MeIle11-CsA potently in-
hibited NFAT signaling in cells expressing CyP(S99T, F113A), MeIle11-CsA also
caused the same inhibition in the cells expressing wild-type CyP (IC50∼ 300 nM).
To further improve this specificity, a more orthogonal CsA analog (CsA*) was
synthesized that substituted a cyclopentylsarcosine (Figure 14) for the MeVal11
side chain. This compound does not bind CyP (Kd > 15µM) and thus does not
inhibit calcineurin in the wild-type cells. However, CsA* binds to triple-mutant
CyP (F113G, C115M, S99T; CyP*) with very high affinity (Kd∼ 9 nM). Thus, this
orthogonal receptor-ligand pair provides a potent tool for calcineurin inhibition in
a cell- or tissue-specific manner.

The orthogonal design strategy was also extended to the rapamycin-FRAP
system. Rapamycin binds to both FKBP12 and the FKBP12–rapamycin-binding
domain of FRAP simultaneously to inhibit the activation of p70 S6 kinase and
cyclin-dependent kinases (71). To study the role of FRAP in this pathway, a bump
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Figure 14 Chemical structures of cyclosporin A (CsA) and two analogs of CsA: MeIle
11 CsA,α-cyclopentylsarcosine 11-CsA, designed to complement specifically engineered
cyclophilin proteins. Atoms which were added to CsA to precluded binding to wild-type
cyclophilin are highlighted.
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was added to the FRAP protein by mutating Ser-2035 to either threonine or an
isoleucine. The orthogonal FRAP mutants did not bind the FKBP12-rapamycin
complex and were used to explore its cellular function after inhibiting the endoge-
nous FRAP with rapamycin. This system revealed that inhibition of FRAP blocks
signaling to p70 S6 kinase and 4E-BP, thereby interfering with the translation of
specific messenger RNA transcripts and G1 cell cycle progression.

To prevent rapamycin from inhibiting cell proliferation, nontoxic dimerizers
(rapamycin*) were synthesized with a bulky substituent at the C16 position. Both
methallyl and isopropoxy substituents at this position abrogated rapamycin* bind-
ing to FRAP and allowed T-cell proliferation (72). To identify compensating holes,
a triple mutant of FRAP was tested that restored its ability to bind one of the ra-
pamycin* ligands (from 500 to 10 nM). As a result, Liberles et al (72) were able
to induce targeted gene expression in Jurkat T cells with an EC50 of <10 nM, by
using this orthogonal pair.

Clackson et al redesigned the FKBP-ligand interface to introduce a novel
specificity-binding pocket (73). The crystal structure of a high-affinity synthetic
ligand of FK506 (FKBP ligand 1) with FKBP revealed that the C9 carbonyl
group packs tightly against Tyr-26 and Phe-36 of FKBP (Figure 15a, see color
insert). Therefore C9 carbonyl was replaced by larger ethoxy or ethyl group that
selectively abrogated its binding to the wild-type protein (Kd> 10µM). To rescue
the binding of the orthogonal ligand with FKBP, four different mutants were tested
containing different point mutations at Phe-36. All of these mutants restored bind-
ing and preferredSstereoisomers overR at the C9 position. To further improve
the specificity of theS-ethyl–modified ligand, a trimethoxyphenyl group was used
to replace the branched aliphatic side chains at this position. This resulted in a
highly specific ligand (Kd∼ 0.1 nM), which is 1000-fold more specific for FKBP
(F36V) than the wild-type protein.

Clackson and coworkers (73) have studied the interaction between engineered
(F36V) FKBP and the orthogonal ligands with high resolution by using X-ray
crystallography. The crystal structure, solved at 1.9-Å resolution (Figure 15b), is
the first crystal structure of an engineered receptor ligand pair, and it provides
tremendous insight into the critical design considerations necessary to achieve
high-selectivity ligands for engineered receptors.

The first question answered by this structure relates to the compensatory
changes in the protein that occur in response to the space-creating mutation. The
structure of F36V shows that there are essentially no compensatory structural
adjustments to the rest of FKBP. Furthermore, the F36V mutation opens up an
additional 90Å3 of volume in the active site (Figure 15b).

Analysis of the binding conformation of the engineered ligand exactly agreed
with the predictions in terms of the stereochemical preference for attachment of
the ethyl group to FK506. The most interesting feature of the cocrystal structure is
the failure of the ethyl bump to completely fill the introduced hole in the kinase. A
completely enclosed cavity of∼60Å3 is left unoccupied in the cocrystal structure.
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?Figure 15 Crystal structure of a remodeled interface between the FK506-binding protein (FKPB)
and a synthetic ligand. A cutaway through the solvent-accessible area is shown (green); carbon
atoms of the original complex are shown in white and those of the modified complex are in yellow.
(a) The complex between wild-type FKB and a synthetic ligand, showing the tight complementarity
around the C9 carbonyl group. The sidechain of Phe36 is shown. This interaction has a Kd of
10 nM. (b) Complex of a ligand with a designed C9 S-ethyl bump with F36V FDBP. Apart from
the removal of the Phe36 sidechain, the protein structure is essentially identical to that of the wild
type. Note that the bumped ligand also has a second difference compared to the ligand in (a); a C9
trimethoxy substitent was substituted in place of tert-pentyl to improve affinity. This interaction
has a Kd of 0.1 nM. (c) Overlay of (a) and (b). For further details see (1, 73).
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Furthermore, no ordered water molecules were visible in the structure, suggesting
that the remaining void is not occupied by solvent.

The remaining space in the cocrystal structure actually suggests something more
broadly for engineering of orthogonal-receptor ligand pairs. Even with imperfect
filling of the engineered pocket, it appears that high-affinity interactions can be
recapitulated. One way to interpret this result is to realize that the way in which
such ligands are discovered is first by discovery of an optimal “unbumped” ligand.
This unbumped ligand provides many highly specific H-bond and van derWaals
interactions with the protein target. The addition of a bump to this ligand can
easily remove its ability to bind the protein (orthogonality). However, when a
compensating hole is introduced into the protein, all of the formerly optimized
interactions of the ligand with the protein can be regained by simply removing the
steric insult of the added bump. In addition, the added bump and hole can create
a greater surface area for interaction, which allows for even tighter binding than
the original optimized situation.

The engineered FKBP (F36V) has been used in a wide variety of cell contexts
to control diverse signaling pathways. A chimeric protein, FKBP (F36V) fused
to the intracellular domain of the Fas receptor was expressed both in cells and
in mice. Treatment of the modified ligand AP1903 caused rapid apoptosis of the
engineered cells and in a mouse model, independently of endogenous FKBP.

Thus, the reengineering of the protein-ligand interface allows unparalleled tem-
poral control of gene expression and protein subcellular localization that can be
used for therapeutic purposes in the presence of endogenous proteins

CONCLUSIONS AND FUTURE DIRECTIONS

The ability to genetically program individual proteins in cells or whole organ-
isms for inhibition by small organic molecules should continue to provide highly
specific information about the role of key proteins in complex signal transduc-
tion pathways. The rapid increase in the number of drug targets identified through
genomic approaches could be validated by using such combined chemical and
genetic techniques.

Further structural studies of engineered receptors and orthogonal ligands also
promise to provide interesting insights into the key design features required of
such engineered interfaces.
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