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S elective modulation of gene expression by small
molecule therapeutics has proved elusive ex-
cept for those classes of drugs targeting tran-

scription factors that are modulated by endogenous li-
gands. The steroid receptors comprise the largest family
of such “drug-able” targets. These change conforma-
tion on binding ligand and translocate from the cyto-
plasm to the nucleus, where they interact with chroma-
tin to alter gene transcription. Depending upon the
ligand bound, steroid receptors adopt alternate confor-
mations and may act as either activators or repressors of
gene transcription. For example, binding of the endog-
enous ligand 17�-estradiol to the estrogen receptor in-
duces a compact, active conformation of the receptor,
while tamoxifen, a clinically important drug for treating
estrogen-dependent breast cancer, is a synthetic an-
tagonist of the estrogen receptor that prevents an activa-
tion loop from folding into the compact conformation,
thereby holding the receptor in an inactive, open confor-
mation (1). The peroxisome proliferator-actived
receptor-� (PPAR-�), the molecular target of the fibrates
for lowering plasma cholesterol and triglycerides, and
PPAR-�, the molecular target of the thiazolidinediones
for treatment of insulin-resistant diabetes, are further ex-
amples of molecular targets for important classes of
therapeutics (2). PPARs form heterodimers with the reti-
noid X-receptor (RXR), which also is required for the
function of the vitamin D and thyroid hormone recep-
tors. Other nuclear receptors play key roles in the tran-
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ABSTRACT Spinal muscular atrophy (SMA) is caused by deletion or mutation
of both copies of the SMN1 gene, which produces an essential protein known as
SMN. The severity of SMA is modified by variable copy number of a second gene,
SMN2, which produces an mRNA that is incorrectly spliced with deletion of the last
exon. We described previously the discovery of potent C5-substituted quinazo-
lines that increase SMN2 gene expression by 2-fold. Discovery of potent SMN2 pro-
moter inducers relied on a cellular assay without knowledge of the molecular tar-
get. Using protein microarray scanning with a radiolabeled C5-substituted
quinazoline probe, we identified the scavenger decapping enzyme, DcpS, as a po-
tential binder. We show that the C5-substituted quinazolines potently inhibit DcpS
decapping activity and that the potency of inhibition correlates with potency for
SMN2 promoter induction. Binding of C5-substituted quinazolines to DcpS holds
the enzyme in an open, catalytically incompetent conformation. DcpS is a nuclear
shuttling protein that binds and hydrolyzes the m7GpppN mRNA cap structure and
a modulator of RNA metabolism. Therefore DcpS represents a novel therapeutic tar-
get for modulating gene expression by a small molecule.
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scriptional regulation of xenobiotic and endobiotic me-
tabolism, although these have not been exploited as
therapeutic targets. Beyond the nuclear receptors, how-
ever, few therapeutic targets for modulating gene tran-
scription have emerged. Global alteration of chromatin
function can be achieved by inhibition of DNA- or
nucleosome-modifying enzymes, for example, through
inhibition of histone deacetylation. Valproic acid, a his-
tone deactylase inhibitor, is marketed for the treatment
of epilepsy, but the precise mechanism of its therapeu-
tic action is unclear.

Spinal muscular atrophy is an autosomal recessive
disease caused by deletion or mutational inactivation
of the SMN1 gene. The disease affects 1 in 6000 live
births and is the leading cause of hereditary infant death
(3, 4). Unusually, there is a second, duplicate copy of
the SMN1 gene in humans that is located immediately
centromeric to the functional gene (5, 6). The second
gene, designated SMN2, is transcriptionally active; how-
ever, it splices incorrectly as the result of a single nucle-
otide mutation, such that 90% of SMN2 mRNA lacks
exon 7, the last coding exon in the spliced transcript. Hi-
stone deacetylase inhibitors, including valproic acid (7,
8), have been shown in cells to increase transcription of
the SMN2 gene and to increase levels of the essential

protein product of the gene,
the survival motor neuron pro-
tein (SMN). These also have
therapeutic benefit in mouse
genetic models of spinal mus-
cular atrophy and may be fruit-
ful to explore in human clinical
trials (9).

To explore additional molec-
ular targets for transcriptional
activation of the SMN2 gene,
we used a cell-based reporter
assay to screen �550,000
compounds for up-regulation
of the SMN2 gene promoter.
The reporter assay was con-
structed using a mouse neuro-
blastoma x motor neuron hy-
brid cell line in which was
inserted a synthetic gene con-
taining a fragment of the hu-
man SMN2 gene promoter
linked functionally to a bacte-

rial �-lactamase gene. The ultrahigh throughput screen
yielded two series of chemically amenable hits (10).
These included C5-substituted quinazolines that in con-
firmatory assays increased SMN mRNA levels in SMA
patient-derived fibroblasts and also increased SMN pro-
tein levels and nuclear GEM/Cajal body numbers (a
functional read-out of SMN protein levels) in patient-
derived skin cells (10, 11). Further optimization of the
C5-substituted quinazolines through directed medicinal
chemistry has resulted in a clinical lead for SMA thera-
peutic trials (D156844) (11) (Figure 1). Clinical leads
from the C5-substituted quinazoline series generally
are well tolerated, distribute into brain, and have good
oral bioavailability and an adequate margin of safety for
exploratory human clinical trials.

The clinical lead in the C5-substituted quinazoline se-
ries was optimized in the absence of knowledge of its
molecular target solely on the basis of data from the
NSC-34 cell-based, human SMN2 gene reporter assay.
We therefore set out to identify the molecular target of
the lead series. We did this by developing a highly po-
tent, radioactively labeled C5-substituted quinazoline
analog that could be used to probe high-density human
protein microarrays for potential binders. To develop
molecular probes of the C5-substituted quinazoline
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Figure 1. Structure of the C5-substituted quinazoline D156844 and its effects on cellular SMN mRNA levels.
The structure of D156844, a C5-substituted ether-based 2,4-diaminoquinazoline is shown with its 2-fluoro-
benzyl piperidine substituent. Atoms of the quinazoline scaffold are numbered in italics. a) Fold increase of
�-lactamase in NSC-34 cells treated with D156844 (mean � SD, triplicate wells), EC50 � 9.1 nM. b) Fold in-
crease of mouse SMN mRNA in NSC-34 cells treated with D156844, 100 nM trichostatin A (TSA), or DMSO
(mean � SD, n � 9). c) Synthesis of 125I-labeled C5-substituted quinazoline. D156469, a tin derivative, was
synthesized from D156156 as described in Supporting Information. An 125I sodium iodide/chloramine T pro-
cedure was used to displace the SnBu3 of D156469, yielding the desired radiolabeled C5-substituted
quinazoline.
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therapeutic target, we explored how to introduce a ra-
dioactive 125I label into the compounds while maintain-
ing potency in the cell-based assay. Subsequently, mi-
croarrays containing thousands of recombinant human
proteins immobilized on a solid substrate were probed
to identify specific interactors. The scavenger decapping
enzyme DcpS was identified as an interactor, and mod-
eling studies demonstrated a plausible binding mode
for the lead series based on docking to the previously
determined human and mouse DcpS protein structures
(12, 13). In vitro biochemical studies confirmed that the
C5-substituted quinazolines are potent DcpS inhibitors
and furthermore that their rank order of potency corre-
lates with potency in the cellular SMN2 promoter activa-
tion assay. Finally, we confirmed the binding mode of
the C5-substituted quinazolines by X-ray crystal struc-
ture determination of co-crystals of several C5-
substituted quinazolines bound to DcpS. The struc-
tures reveal that the compounds trap the DcpS dimer
in a catalytically inactive conformation with one mono-
mer “closed” by binding inhibitor while the other mono-
mer is held in an “open” catalytically incompetent con-
formation. Herein we report a “forward” chemical
genetics approach to the identification of DcpS as a
therapeutic target for treatment of SMA. The general util-
ity of DcpS inhibition will be worthwhile to explore in
other diseases where transcriptional activation may pro-
vide therapeutic benefit.

RESULTS
C5-Substituted Quinazolines Increase Endogenous

SMN mRNA in NSC-34 cells. Optimization of the C5-
substituted quinazoline series for human SMN2 pro-
moter inducing activity utilized an NSC-34-derived cell
line expressing an intronless �-lactamase gene under
control of the human SMN2 promoter (10). Since
NSC-34 cells also contain the mouse SMN gene in its
normal chromosomal context, we therefore sought to
learn if the C5-substituted quinazolines would act on the
NSC-34 cells to increase endogenous mouse SMN
mRNA. This would be important information for planned
studies in mouse models of SMA, as well as to demon-
strate that the compounds were acting at the level of
mRNA transcription or processing rather than stabiliz-
ing the �-lactamase reporter protein. To that end, we
carried out real-time PCR studies measuring mRNA lev-
els in cells treated with D156844, a potent C5-
substituted quinazoline, and compared that to the in-

duction of �-lactamase activity driven by the human
SMN2 promoter (Figure 1, panels a and b). D156844 in-
creased SMN mRNA by 2-fold, a level of induction simi-
lar to that of �-lactamase reporter protein from the
SMN2 reporter gene in the cell line. A similar 2-fold in-
crease in SMN mRNA is elicited by trichostatin A, a his-
tone deacetylase (HDAC) inhibitor, although the mecha-
nisms of SMN mRNA induction are clearly different in
this system. Representative C5-substituted quinazolines
fail to generically up-regulate expression of other pro-
moters unlike HDAC inhibitors (10). That induction of
mouse SMN mRNA from the endogenous gene occurs
in this cellular context implies that C5-substituted quina-
zolines such as D156844 affect processes related to
SMN mRNA synthesis, processing, or degradation.

Probing Immobilized Protein Target Arrays for
Potential C5-Substituted Quinazoline Binders. To iden-
tify candidate molecular targets of the C5-substituted
quinazolines, we sought to produce radiolabeled ana-
logs that retained potent SMN2 promoter activity. Our in-
tent was to use these as radioactive probes against hu-
man protein arrays (14). We optimally wanted to derive
high specific activity radioactive probes from the C5-
substituted quinazoline lead series with a preference
for an 125I label. The structure�activity relationship
(SAR) for the quinazoline series suggested that the C5
substituent binds in a hydrophobic pocket that is rela-
tively narrow in the immediate vicinity of the C5 position,
but which becomes progressively larger and is prob-
ably relatively deep distal to the C5 position (11).
Therefore it was hypothesized that a pendant iodo-
substitutent might be tolerated at the C5 position, and
indeed the meta-iodo derivative (D156156) was found
to be the most active piperidine amide-based analog
(11) with an EC50 of 36 nM (Table 1).

Having identified an appropriate iodinated C5-
substituted quinazoline for binding studies (D156156),
we then prepared its tin derivative (D156469), which
supports radioiodination using the iododestannylation
reaction (Figure 1, panel c). This reaction with 100 mol %
incorporation of iodine under carrier-free conditions
would provide a theoretical specific activity of 2200 Ci
mmol�1. We selected additional quinazolines with po-
tent SMN2 promoter activity to use as unlabeled com-
petitors of 125I-D156156 in protein microarray binding
experiments.

High density human protein microarrays were used
as the test bed for probing with 125I-D156156 tracer.
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Represented on the protein microarrays are soluble pro-
teins of potential therapeutic interest including kinases,
phosphatases, nuclear receptors, and enzymes of inter-
mediary metabolism. Proteins are purified under nonde-
naturing conditions and printed as adjacent duplicate
spots on chemically modified glass slides. Additionally,
the arrays contain control elements suitable for posi-
tional mapping of the data acquisition grid, as well as
positive and negative assay controls. The Human Pro-
toArray Protein Microarray v3.0 containing more than
5,000 human proteins was probed with 100 nM of the
125I-D156156 tracer in the presence of 125I-streptavidin
to facilitate accurate positional mapping (Figure 2).

Evaluation of the resultant data set
identified a single potential interacting
protein that was consistently above
background (Figure 2, panel a), corre-
sponding to the human scavenger de-
capping enzyme DcpS, a member of
the histidine triad (HIT) superfamily of
hydrolases (15). DcpS functions in the
3=�5= exonucleolytic pathway for
mRNA decay to hydrolyze the residual
cap structure, m7GpppN, to m7GMP �

ppN (15, 16) and in the 5=�3= pathway
to dephosphorylate the m7GDP decap-
ping product to m7GMP (17). To ad-
dress the specificity of DcpS for bind-
ing to the C5-substituted quinazoline,
ProtoArray protein microarrays were
probed with 125I-D156156 in the ab-
sence or presence of 10 �M unlabeled
competitor molecules (Figure 2,
panel b). Unlabeled C5-substituted
quinazolines including D156156,
D153215 and D156844 effectively
competed with 125I-D156156 for bind-
ing to DcpS, while unrelated com-
pounds such as staurosporine and tert-
butylquinone did not.

Modeling of D156844 in the DcpS
Substrate Binding Site. The role of
DcpS in modulation of gene expres-
sion at the level of mRNA turnover (18)
and pre-mRNA splicing (19) was sug-
gestive that DcpS could be a plausible
cellular target of compounds that could
control gene expression. DcpS was

also a plausible target from a chemical perspective as
the 2,4-diaminoquinazolines are isosteres of the gua-
nine base in the m7GpppN substrate of DcpS. DcpS is
known to have a symmetric dimer conformation in the
absence of substrate (13, 20). The N-terminal domains
(residues Arg40�Arg145) of each DcpS protomer are in-
timately domain-swapped, while the C-terminal do-
mains (residues Gln146�Ser337) that contain the con-
served HIT motif active site residue are self-contained.
Binding of m7GDP induces the movement of the
domain-swapped N-terminal lobes of DcpS effecting clo-
sure of one active site, allowing DcpS to adopt an asym-
metric conformation in which the other, open DcpS

TABLE 1. C5-Substituted Quinazolines Described in the Texta
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monomer contains bound m7GMP and a phosphate
(20). Comparison of the ligand-free and ligand-bound
structures of DcpS indicates remarkable inherent flex-
ibility with the open and closed forms corresponding to
the substrate-bound complex (“closed” form) and the
product-bound complex (“open” form). Heterodimer
mutations of DcpS prevent the overall hydrolytic activ-
ity of the protein by trapping one monomer of the pro-
tein in a closed substrate-bound conformation and re-
stricting the second monomer in an open conformation
(21). Thus, the two active sites of the DcpS dimer appear
to cycle dynamically between closed and open forms
representing substrate binding and product release (12,
13, 20).

In both the open and closed conformations of DcpS,
the m7G base occupies a narrow pocket stacking be-
tween Leu206 and Trp175 and also forms hydrogen
bonds to the Glu185 side chain and the carbonyl oxy-
gen of Pro204. We assumed that the 2,4-diamino-
quinazoline core serves as an isostere of guanine. We
therefore carried out a molecular docking study to as-
sess computationally the binding mode of a potent C5-
substituted quinazoline (D156844) in the closed active
site conformation of DcpS. The coordinate set of human
DcpS containing an active site His277Asn mutation in
complex with m7GpppG substrate was used as the
docking model for these studies (PDB ID 1ST0) (12)
(see Methods). Our docking studies demonstrated a
plausible overlay of the quinazoline scaffold with m7G,
such that a very similar hydrogen bond network is re-
tained with the 2,4-diaminoquinazoline core (Figure 3).

The docked pose for D156844 is consistent with our
SAR data, as we have previously found that any modifi-
cation, derivatization, or deletion of the 2- and/or
4-amino groups resulted in loss of activity in the
�-lactamase promoter assay (11). In the docked pose,
the quinazoline portion of D156844 nicely fills the m7G
binding pocket with excellent shape, hydrophilic, and
hydrophobic complementarity. The computationally rea-
sonable binding pose thus explained why derivation at
the 6, 7, and 8 positions of the quinazoline core was not
acceptable. In the docked pose, the quinazoline ring
displays a potential for ��� stacking with Trp175. The
oxygen substituent at C5, by forming an intramolecular
H-bond with the 4-amino group, preorganizes the
D156844 molecular scaffold to facilitate a preferred tra-
jectory of the C5 substituent that follows an approxi-
mate space filling path occupied by the sugar and
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Figure 2. Protein microarray identification of DcpS as a tar-
get for C5-substituted quinazolines. a) Array images identi-
fying DcpS as a potential D156156 target protein. Arrays
comprising 5,000 immobilized human proteins were probed
with 125I-D156156 in the presence and absence of unla-
beled competitors. Specific displacement of 125I-labeled
D156156 (at 100 nM concentration) by bioactive but dis-
tinct C5-substituted quinazolines (unlabeled at 10 �M con-
centration) was observed. Duplicate features boxed in white
correspond to the positional mapping reagent 125I-strepta-
vidin binding to a biotinylated control protein. Duplicate fea-
tures boxed in red correspond to DcpS. b) Quantified com-
petition binding data with 10 �M competitor normalized
against signals arising from 125I-streptavidin binding to the
biotinylated control protein. Standard deviations across the
replicate assays are indicated.
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triphosphate groups of m7GpppG when it is bound in
the closed active site conformation of DcpS. In turn, the
trajectory of the C5 substitution allows the quinazoline
group to maintain a good hydrogen bonding pattern in
the relatively narrow portion of the cap binding pocket.
Specifically, the C2-amino group makes a coordinated
hydrogen bond network with the carbonyl oxygen of
Pro204 and the side chain of Glu185. Also consistent
with the SAR for the C5-substituted quinazoline series
is that the cap binding pocket becomes progressively
larger distal to the m7G/quinazoline binding pocket.
This explains in part how relatively large C5 substitu-
tions were allowed within the SAR, some of which were
found to be highly beneficial to potency. These presum-
ably gain additional interactions to portions of the tar-
get outside of the tight cap binding pocket.

C5-Substituted Quinazolines Are DcpS Inhibitors.
We next tested if the C5-substituted quinazolines could
influence DcpS decapping activity in purified enzyme
assays measuring the hydrolysis of m7GpppG to m7G.
Decapping reactions were carried out with 32P-labeled
m7Gp*ppG cap structure where the label was at the first
phosphate following the methylated guanosine. Decap-
ping reactions were carried out with a fixed amount of
DcpS in the presence of increasing titration of D156844
and reaction products and substrate resolved by poly-
ethylenimine (PEI) cellulose thin-layer chromatography
(TLC) (Figure 4, panel a). The decapping assays revealed
that D156844, but not a related negative control
D156676, was highly effective at inhibiting recombi-
nant DcpS decapping activity. Surprisingly, the inhibi-
tion observed with D156844 (IC50 	 
15 nM) was more
efficient than the natural cap analog m7GpppG (IC50 	


30 nM), Figure 4, panel b. The differential inhibition of
DcpS by D156844 and D156676 was also observed
with endogenous DcpS in human cell extract. Endog-
enous DcpS decapping activity was selectively inhib-
ited by D156844 added to cell extract (Figure 4, panel c).

To determine the extent of correlation between SMN2
promoter activation and DcpS decapping inhibition, we
profiled a panel of compounds in the DcpS decapping
assay with EC50 in the SMN2 promoter assay varying
nearly 1,000-fold from 4 nM to 2.5 �M (Table 1). We ob-
served a striking correlation between SMN2 promoter
activation and DcpS decapping inhibition (r2 	 0.9857)
over nearly 3 log orders of potency (Figure 5). These
data support the thesis that DcpS is a molecular target
of the C5-substituted quinazolines.

Co-crystal Structures of DcpS with Bound C5-
Substituted Quinazolines. To gain a better understand-
ing of the mechanism of inhibition of the DcpS by the
C5-substituted quinazolines, we determined the X-ray
crystal structures of human DcpS (residues Ala38 to ter-
minal Ser337) together with D156844 (IC50 	 
4 nM,
PDB ID 3BL7), D157493 (IC50 	 
66 nM, PDB ID 3BL9),
and D153249 (IC50 	 
2 nM, PDB ID 3BLA) ( Supple-
mentary Figures 1�6).

As discussed above, the structures of human DcpS
with bound substrate m7GDP, m7GpppA, or m7GpppG
have previously been shown to adopt an asymmetric
dimer conformation (12, 20). Similarly, DcpS with bound
C5-substituted quinazolines also forms an asymmetric
dimer similar in conformation to the closed active site
conformations observed when active site mutant
(His277Asn) DcpS is bound to m7GpppG (PDB ID 1ST0)
(12) (Figure 6, panel a) or when wild-type DcpS is bound
to m7GDP (PDB ID 1XMM) (20). The overall rmsd be-
tween the C�-carbons of DcpS with D156844 bound
compared to that of m7GpppG substrate bound DcpS
is 1.1 Å, excluding the residues Ala71�Gly77, which ap-
pear to be disordered in our C5-substituted quinazo-
line bound crystal structures (the chemical structures of
these residues cannot be effectively modeled from our
X-ray diffraction data). These disordered residues are
relatively far removed from the active site regions and
are likely to be disordered due to the nature of crystal
packing in our crystal forms. The C5-substituted quina-
zolines D156844 and D157493 could each be visual-
ized bound to DcpS in the closed active site conforma-
tion of the asymmetric dimer, contacting residues from
both the N-terminal and C-terminal domains of the two
polypeptide chains. Unlike the structures with bound
cap structure, where m7GpppG is observed to bind at
the open active site, the DcpS protomer in the open con-
formation shows little or no clear binding of D156844
or D157493. However, D153249 was observed to bind

m7GpppG
A-subunit

D156844

B-subunit

Figure 3. Computational model for D156844 binding to the
closed active site conformation of DcpS. An energy mini-
mized conformer of D156844 was computationally docked
into the closed active site conformation of human DcpS
(PDB ID 1ST0). The final pose for D156844 (thick stick) is
shown superimposed on the structure of m7GpppG (thin
stick), both bound into the asymmetric DcpS homodimer
(red � A-subunit; green � B-subunit).
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within both the open and closed conformations, though
in the open conformation only the quinazoline group
could be readily visualized in electron density maps.

Inspection of the binding mode for D156844 reveals
that the 2,4-diaminoquinazoline is an excellent mimic
of the binding mode observed for the m7G group
m7GpppG or m7Gpp bound in the closed conformation
of DcpS. Specifically, the 2,4-diaminoquinazoline
makes hydrogen bond contacts to the A-subunit (PDB
ID 1ST0) side chains of residues Glu185 and Asp205, as
well as a main chain carbonyl from Pro204 (Figure 6,
panel b and Figure 7). On one side, the quinazoline ring
shows ��� stacking interaction with Trp175, and on
the other side it is in contact with the hydrophobic
Leu206 side chain. The quinazoline ring is also perpen-
dicular to Tyr113 of the B-subunit, which forms one side
of the binding cavity. Overall, the m7G moiety and the
2,4-diaminoquinazoline share similar interactions with
A-subunit side chains Trp175, Glu185, Pro204, Leu206,
and Ile219 and with B-subunit side chains Phe108,
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Figure 6. Crystal structures of DcpS bound to C5-substituted quinazolines. a) Superposition of DcpS with bound D156844 and m7GpppG. The
structure of DcpS bound to D156844 (cyan CPK space-filling model) to human DcpS (pink for A-subunit and light green for B-subunit) has been su-
perimposed onto the previously reported structure of human DcpS (dark red for A-subunit and dark green for B-subunit) with m7GpppG (stick
model) bound to both the closed (left side) and open (right side) active site regions (PDB ID 1ST0) (29). The superposition illustrates that D156844
is bound only in closed active site conformation state, whereas m7GpppG is capable of binding into both the open and closed active site pockets.
The DcpS structures with D156844 and m7GpppG bound superimpose with a rmsd on all atoms of 1.1 Å indicating that the conformations of the
two are very similar. b) Superposition of D156844 and m7GpppG in the DcpS active site. The structure of DcpS bound to D156844 (labeled stick
model) to human DcpS (pink for A-subunit and light green for B-subunit) has been superimposed onto the previously reported structure of human
DcpS (dark red for A-subunit and dark green for B-subunit) with m7GpppG (labeled stick model) bound active site regions (PDB ID 1ST0) (29). The
“closed” active-site conformation of DcpS is shown. Amino acid side chains are numbered, and the ligands are identified. The 2,4-diamino-
quinazoline of D156844 ligand adopts an identical binding mode as the m7G group of m7GpppG in DcpS. The C5 substituent of D156844 takes on
a different conformation in binding to DcpS as compared to the pppG portion of the m7GpppG. Side chains that take on significantly different
conformations between the two structures are Tyr273 and Lys142. c) Comparison of the binding pose of D156844 to m7GpppG cap substrate. The
DcpS protein structures of our C5-substituted quinazoline bound structure and that of the m7GpppG bound structure (PDB ID 1ST0) (12) were su-
perimposed with COOT (29). The superposition the DcpS protein structures revealed that the quinazoline moiety D156844 (thick ball and stick)
overlays nicely with that of the m7G moiety of m7GpppG (thin ball and stick) of the 1ST0 structure. In contrast, the C5 substituent of the quinazo-
line follows a different trajectory in the binding pocket compared to the pppG appendage of m7GpppG. The two images are rotated 90° with re-
spect to each other and the protein has been removed. d) Superposition of DcpS with bound D156844 and D153249. The “closed” active-site con-
formation of DcpS is shown in superposition mode for the DcpS co-crystal structures with D156844 (light pink for A-subunit residues and light
green for B-subunit residues) and D153249 (dark pink for A-subunit residues and dark green for B-subunit residues). Amino acid side chains are
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of each ligand takes on a different conformation in binding to DcpS. e) Superposition of DcpS with bound D156844 and D157493. The “closed”
active-site conformation of DcpS is shown in superposition mode for the DcpS co-crystal structures with D156844 (light pink for A-subunit resi-
dues and light green for B-subunit residues) and D157493 (dark pink for A-subunit residues and dark green for B-subunit residues). Amino acid
side chains are numbered and the ligands are identified. The 2,4-diaminoquinazoline of each ligand adopts an identical binding mode in DcpS. The
C5 substituent of each ligand takes on a different conformation in binding to DcpS.
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Asn110, and Tyr113 (Figure 6, panel b). In addition, the
role of side chain Asp205 in forming hydrogen bonds to
the m7G-ribose of m7GpppG in the closed active site
conformation is mimicked (without significant move-
ment of the Asp205 side chain) by a hydrogen bond
with the 4-amino substituent of D156844 (Figure 6,
panel b). Moreover, the observed crystallographic bind-
ing mode for the 2,4-diaminoquinazoline of both
D153249 and D157493 in the closed active site confor-
mation of DcpS are essentially identical to that of
D156844 (Figure 6, panels c and d), which provides fur-
ther evidence of consistency in our understanding of
SAR for binding and inhibition of DcpS.

The C5-substituted quinazoline substituent of
D156844 connects to the piperidine moiety that spans
the sugar�phosphate binding pocket of DcpS, 4.0 Å

above Tyr273, which adopts an alternative rotamer con-
formation to accommodate D156844 binding. Notably,
Tyr273 has previously been shown to adopt alternative
rotamer conformations in the open versus closed sub-
strate binding conformations of DcpS (12, 20). The
sugar�phosphate backbone of m7GpppG turns deep
into the active site pocket, whereas the C5 substituent
of D156844 crosses above the active site, blocking po-
tential access to the catalytic residues. Consequently,
the piperidine ring of D156844 occupies the same
space as the phosphate group of m7GMP in the closed
active site conformation of DcpS observed in PDB ID
1XMM (20) (Figure 6, panel b). In this regard, it is pos-
sible that the C5-substituted quinazolines may stabilize
at least one catalytic intermediate transition state con-
formation of DcpS. The terminal fluorophenyl moiety of
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D156844 is partially solvent-exposed, forming a perpen-
dicular �-stacking interaction with Tyr143. In addition,
Lys142 is found to adopt an alternative conformation
(compared to the m7GpppG bound structure), which ac-
commodates positioning of the fluorophenyl moiety. In
this way the aliphatic portion of the Lys142 side chain
fits nicely between the fluorophenyl group of D156844
and Tyr143.

Together, the computational modeling (Figure 3)
and crystal structures of DcpS bound to different C5-
substituted quinazoline derivatives (Figure 6) demon-
strate that functional binding to DcpS can be supported
by promiscuous substitution at the C5-substituted
quinazoline position, an observation that is congruent
with the SAR data generated during the development of
SMN2 promoter activators, which showed that diverse
C5-substituted quinazoline substituents maintain po-
tent promoter activity. Furthermore, the computational
docking and X-ray structure studies support the possibil-
ity that potency of the C5-substituted quinazolines may
be at least partially attributed to the possibility that vari-
ous C5 substitutions may adopt alternative conforma-
tions within the conformationally dynamic active site
pocket of DcpS.

DISCUSSION
DcpS has not previously been considered a potential
therapeutic target for the modulation of gene expres-
sion or for the treatment of spinal muscular atrophy.
Nevertheless, we have presented compelling chemical,
enzymatic, and structural data to support a structure�

activity hypothesis that DcpS is a molecular target of the
C5-substituted quinazolines. DcpS was identified as a
binder of a potent C5-substituted quinazoline based on
probing the 
5,000 proteins on the ProtoArray Human
Protein Microarray (Invitrogen) with an 125I-radiolabeled
tracer. We further have shown that the SAR data from
cell-based assays of SMN2 promoter activity reflect the
relative potency of such compounds with respect to
their ability to inhibit DcpS in purified enzyme assays.
One of the most potent C5-substituted quinazolines,
D156844 shows an IC50 of 
10 nM for inhibiting DcpS,
which is comparable to the inhibitory potency of an
m7GpppG cap mimetic structure. Furthermore, across a
panel of C5-substituted quinazolines that differ nearly
1,000-fold in SMN2 promoter inducing activity, there
was a significant correlation with in vitro inhibition of

DcpS decapping activity. Finally, we conducted ligand
docking studies and co-crystal structure determination
to define the binding mode of the C5-substituted quina-
zolines to human DcpS, the results of which revealed
that in the closed conformation of DcpS the 2,4-
diaminoquinazoline moiety of the C5-substituted quina-
zolines occupies the same binding pocket as the m7G
purine moiety of m7GpppG substrate. These structural
observations closely corresponded with the SAR ob-
served for the C5-substituted quinazolines in cell-based
SMN2 promoter assays and in measures of GEMs
counts (11). Together, these data provide sound chemi-
cal, enzymatic, and structural evidence identifying DcpS
as a candidate molecular target of the C5-substituted
quinazolines for the potential treatment of SMA.

DcpS as a Small Molecule Target for Modulating
GeneExpression. How might inhibition of DcpS alter
SMN2 promoter activity? We can imagine several indi-
rect ways that C5-substituted quinazolines may affect
SMN gene activity by inhibiting DcpS.

First, DcpS is part of the RNA degradation machin-
ery. Potentially inhibition of DcpS by locking it into an
asymmetric conformation may help to reduce the effi-
ciency of mRNA turnover. DcpS functions in the last step
of mRNA decay to hydrolyze the cap structure following
3= to 5= exonucleolytic decay (16), as well as the m7GDP
following 5= end decapping by the Dcp2 protein (17)
converting both to m7GMP. As such, DcpS is a modula-
tor of cap dinucleotide, m7GDP, and m7GMP levels in
cells and could indirectly affect downstream functions
by controlling methylated nucleotide levels. Disruption
of the yeast DcpS ortholog, Dcs1, results in accumula-
tion of cap dinucleotide and inhibition of 5= to 3= exo-
nuclease activity (18). Therefore, scavenger decapping
activity could feed back to earlier steps in mRNA decay.
Similarly, inhibition of DcpS decapping by the C5-
substituted quinazolines is also expected to accumu-
late products of m7GDP and m7GpppN that could im-
pact pre-mRNA splicing (19) or 5= to 3= exonucleolytic
decay as observed in yeast (18).

Second, SMN2 production could be influenced by
the aberrant accumulation of methylated nucleobases,
which increases their probability of being incorporated
into nucleic acids.

Third, SMN mRNA and protein levels could also be in-
fluenced by the interplay between DcpS and the cap bind-
ing proteins, Cbp20 and eIF4E (22, 19). The ability of
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DcpS to clear potentially deleterious cap structure from
cells is expected to be important in maintaining proper
cellular mRNA homeostasis. An shRNA-directed knock-
down of DcpS leads to a reduction of first intron splicing
due to sequestration of the nuclear cap binding protein,
Cbp20, by the aberrant accumulation of cap structure
(19). As such, DcpS can modulate pre-mRNA splicing.
Similarly, DcpS activity is expected to also modulate
mRNA translation by sequestration of the cytoplasmic
eIF4E cap binding protein. Therefore, disruption of DcpS
activity by D156844 is expected to alter the steady state
level of potentially deleterious cap structure in a cell and
sequester Cbp20 and eIF4E, resulting in the abrogation of
normal mRNA processing and translation.

DcpS could also be directly involved in the stimula-
tion of SMN2 production by a function independent of
its decapping activity. A decapping-independent func-
tion has already been demonstrated for the yeast Dcs1
gene, where glycerol lethality in a dcs1� strain could be
complemented by both a wild type as well as a decap-
ping catalytically incompetent mutant (18). Moreover,
there is ample evidence for proteins involved in mRNA
metabolism to also have a dual function in other path-
ways including transcription (23−27). DcpS could there-
fore also have distinct direct roles in both mRNA decay
and transcription. The ability of D156844 to trap DcpS in
a decapping inactive form might result in shifting the
equilibrium away from a role in decapping and toward
an alternative nuclear function. The predominant
nuclear localization of DcpS (22, 28) would be consis-
tent with this property. Determining whether DcpS can
directly or indirectly function in SMN2 transcription, RNA
processing, or mRNA translation will begin to address
potential roles of this protein in mRNA biogenesis. Fu-
ture efforts to generate DcpS gene knock-out mice and
active site mutation knock-in mice will provide signifi-

cant insights in the mechanism of action of DcpS in
both wild type and SMA disease model mice.

Considering the Value of Protein Structure in
Translational Research. It is worthwhile to discuss the
value of protein arrays and protein structures with re-
spect to leveraging information from chemical genom-
ics research such as we have presented herein. The se-
quencing of the human and other genomes allows
annotation and production of protein arrays such as
the 
5,000 human protein ProtoArray as used in this
study. Our interpretation of the binding data greatly ben-
efited from the public availability of protein crystal struc-
tures of both human DcpS (published by researchers in
the U.S. and Singapore) and mouse DcpS (published by
the Joint Center for Structural Genomics, an NIH-funded
Protein Structure Initiative Center). These available struc-
tures allowed us to apply computational methods to
test hypotheses as to how the C5-substituted quinazo-
lines might bind to the target. Moreover, the reported
methods for protein production and crystal structure de-
termination for both the human and mouse DcpS en-
zymes provided an excellent roadmap for determining
the crystal structure of DcpS bound to the C5-
substituted quinazolines. Publicly available databases
enabled us to identify a potential molecular target of the
C5-substituted quinazolines. These are clinically rel-
evant compounds. Knowledge of their probable mecha-
nism of action through inhibition of DcpS might
provide important insights into additional pharma-
codynamic markers of drug action for use in human
clinical trials, for example, accumulation of m7GpppG
cap structures. Like histone deacetylase inhibitors,
DcpS inhibitors appear to be well tolerated in preclini-
cal animal studies and therefore may provide a useful
therapeutic class for the modulation of gene function.

METHODS
See Supporting Information.

Accession Codes: The X-ray crystal structures of human DcpS
in complex with C5-substituted quinazolines have been made pub-
licly available through the Protein Data Bank (www.rcsb.org/pdb)
entries for ligands D156844 (PDB ID 3BL7), D157493 (PDB ID
3BL9), and D153249 (PDB ID 3BLA).
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