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Small molecules that alter protein function provide a means to
modulate biological networks with temporal resolution. Here we
demonstrate a potentially general and scalable method of identi-
fying such molecules by application to a particular protein,
Ure2p, which represses the transcription factors Gln3p and
Nillp'~. By probing a high-density microarray of small mol-
ecules generated by diversity-oriented synthesis with fluores-
cently labelled Ure2p, we performed 3,780 protein-binding assays
in parallel and identified several compounds that bind Ure2p.
One compound, which we call uretupamine, specifically activates
a glucose-sensitive transcriptional pathway downstream of
Ure2p. Whole-genome transcription profiling and chemical epis-
tasis demonstrate the remarkable Ure2p specificity of uretupa-
mine and its ability to modulate the glucose-sensitive subset of
genes downstream of Ure2p. These results demonstrate that
diversity-oriented synthesis and small-molecule microarrays
can be used to identify small molecules that bind to a protein
of interest, and that these small molecules can regulate specific
functions of the protein.

The progress in identifying and expressing all human proteins®
presents an opportunity to develop a small-molecule modulator for
every protein function. Small-molecule approaches to study protein
function have illuminated diverse fields of biology. Examples
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include tetrodotoxin, which enabled the dissection of the action
potential’, and agonists of peroxisome-proliferator-activated recep-
tor-y such as rosiglitazone, which illuminated the regulation of
adipogenesis’. However, in most cases no small molecule that can
modulate the function of a protein of interest is known, and there is
currently no efficient method of identifying these biological probes.
Using the example of the yeast protein Ure2p, we demonstrate a
general two-step method that does not require a high-resolution
structure or a previously characterized small molecule known to
bind the protein. First, diversity-oriented synthesis is used to
produce structurally complex and diverse small molecules effi-
ciently. Second, the resulting compounds are screened for their
ability to bind a protein of interest by using small-molecule
microarrays, a technique for extremely high-throughput parallel-
binding assays. Cell-based studies can subsequently determine
which functions of the protein are modulated by each small
molecule.

The yeast protein Ure2p has been widely studied in several
different contexts. Ure2p is the central repressor of genes involved
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Figure 1 The library synthesis and identification of uretupamine. a, Outline of the
diversity-oriented synthesis leading to uretupamine and other library members'™. b, An
expanded view of 64 compound spots on the 3,780-member small-molecule microarray
(~800 spots cm ™ 2). Cy5-labelled Ure2p was passed over a microarray of the 1,3-dioxane
small-molecule library, and the resulting slide was washed three times and scanned for
fluorescence. The spot corresponding to uretupamine A is shown.

653




letters to nature

in nitrogen metabolism’, is capable of switching to a prion form®,
and is part of a signalling cascade downstream of the Tor pro-
teins™'’. Because there is no known small molecule that binds to
Ure2p, we screened a collection of 3,780 structurally complex 1,3-
dioxane small molecules resulting from a diversity-oriented syn-
thesis''?(Fig. 1a). The molecules are structurally unbiased towards
any particular protein target and can be used to identify specific
probes for many different proteins. This collection of molecules had
been prepared with a ‘one bead—one stock solution’ technology
platform with the use of macrobeads (Fig. la), followed by auto-
mated compound cleavage and the generation of 5-mM stock
solutions in 5ul of N,N-dimethylformamide'"'>'%, The small
molecules were arrayed in high-density on glass slides (~800
spotscm %, 1nl of each compound per slide) with a quill-pin
contact-printing robot'>'’. These microarrays were probed with
fluorescently labelled Ure2p, enabling the protein-binding proper-
ties of each molecule to be tested in parallel with minimal protein
consumption (protein solution: 20 pgml™', 0.2 ml). This method
has been used to detect known interactions such as that between
FKBP12 and a synthetic pipecolyl a-ketoamide'>'® and is applied
here to the identification of novel small-molecule—protein inter-
actions with uncharacterized compounds. Eight compound spots
on the microarrays showed reproducible binding to labelled Ure2p
(see Fig. 1b for one such spot in an 8 X 8 spot array where each spot

is derived from a single-compound stock solution derived from the
diversity-oriented synthesis).

To determine cellular activity, the molecules comprising these
spots were resynthesized and tested for the modulation of endogen-
ous Ure2p function with a PUTI-lacZ reporter system because
PUT1 expression is known to be repressed by URE2 (ref. 17). In
addition to the positive control of rapamycin’, one of the eight
compounds activated this reporter (Fig. 2a). The compound, which
we named uretupamine A, gave a concentration-dependent dose
response that at higher concentrations approached the levels of
reporter gene activation induced by rapamycin (Fig. 2b).

To explore structure—activity relationships, we synthesized a
series of compounds with systematic variations in the structure of
uretupamine A (Fig. 2¢). Specific atomic interactions are respon-
sible for uretupamine binding because most modifications of its
structure resulted in a complete loss of activity (Fig. 2¢). Uretupa-
mine A was rendered functionally inactive by acylation of the
primary amine, replacement of the diphenyloxazole moiety with a
phenyl group or a benzoxazole group or modification of the benzyl
alcohol moiety (Fig. 2¢). However, the C-5 position of the dioxane
ring was tolerant to modification. Because the potency of uretupa-
mine A was attenuated by poor solubility at higher concentrations
in yeast medium, we synthesized a more soluble derivative, uretu-
pamine B, which lacked the C-5 phenyl group on the dioxane ring
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Figure 2 Studies in vivo, dose—response and structure—activity relationships of
uretupamine. a, A yeast strain (DB26-3A) growing in YPD medium expressing a PUTT-
lacZ reporter was treated with 50 nM rapamycin or with a compound that had been
detected to bind to labelled Ure2p on a small-molecule microarray. After 90 min of
treatment at 30 °C, a standard liquid 3-galactosidase assay was performed. Data are
expressed in fold Miller units compared with treatment with 50 nM rapamycin for 90 min.
DB26-3A (MAT« ura3-52 ade2 PUT1-lacZ) was a gift from M. Brandriss. Vehicle:
samples treated with N,N-dimethylformanide (DMF), the vehicle into which library
compounds were dissolved. b, Uretupamine A was resynthesized and tested in the 3-
galactosidase assay by using the PUTT-lacZ reporter at the concentrations indicated for
60 min at 30 °C in YPD medium. ¢, Compounds derived from the uretupamine A structure
were synthesized to explore structure—activity relationships. Listed are 3-galactosidase
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assay results of treatment with each compound at 100 pM (asterisk designates 50 p.M)
for 60 min at 30°C in YPD medium. Data are in percentage Miller units compared with
treating with 50 nM rapamycin for 60 min. Ac, acetate; MDPO, 2-mercapto-4,5-
diphenyloxazole; MBO, 2-mercaptobenzoxazole; Ph, phenyl. d, Binding of uretupamine B
to Ure2p was determined by using surface plasmon resonance (BIAcore 3000) to have a
dissociation constant of 7.5 wM. Data points were acquired in triplicate. Ure2p was
immobilized to CM5 sensor chips by injection of 100 ngmi™" Ure2p in 10 mM sodium
acetate pH 4.5 in accordance with the manufacturer’s procedures. The reference cell was
derivatized with antibodies against glutathione S-transferase (GST) followed by GST
capture. Small-molecule binding measurements and dissociation were in PBS/Tween-20
containing 10% DMF flow rate 5 ul min~").
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(Fig. 2¢). As expected, uretupamine B was more potent than
uretupamine A (Fig. 2¢). Surface plasmon resonance was used to
obtain a binding constant for uretupamine A and B binding to
purified Ure2p. This demonstrated that uretupamine A and B
bound to Ure2p with equilibrium dissociation constants of 18.1
and 7.5 pM, respectively (Fig. 2d), which is consistent with their
potencies in cells.

To determine the precise effects and specificity of uretupamine,
we used whole-genome transcription profiling in wild-type cells as
well as an otherwise isogenic ure2A strain—a ‘targetless’ strain'®.
(Complete transcription profiling data are publicly available in
Supplementary Information and at http://www.schreiber.chem.har-
vard.edu.) Both uretupamine A and B upregulated only a subset of
genes (including PUT1, PUT2, PRBI, NILI and UGAT) known to be
under the control of Ure2p (Fig. 3a, b). The expression of other
genes (including GAPI, MEP2, AGPI, BAT2 and DAL5) controlled
by Ure2p was essentially unchanged (Fig. 3a, b). The compounds
had little or no effect on either set of genes in a targetless ure2A
strain, an otherwise identical strain lacking only the gene encoding
the putative protein to which uretupamines A and B bind (Fig. 3a,
b). This result suggests that a small molecule readily obtained from
diversity-oriented synthesis and screening with the use of small-
molecule microarrays has nearly complete cellular specificity for its
screening partner, at least as judged by its global effects on the
mRNA levels of treated cells.

Although Ure2p-controlled genes are normally thought of as
responsive to nitrogen quality, the subset of genes induced by
uretupamine (PUTI, PUT2, PRBI, NILI and UGAI) has been
shown to be upregulated when glucose is removed from the
media'®. The mechanism for this differential regulation of Ure2p-
controlled genes in response to different nutrient signals is not
understood. Ure2p represses transcription factors Gln3p and Nillp,
which might be differentially regulated to achieve this effect'>*’, To
test this hypothesis, we therefore profiled uretupamine B in gln3A
and nillA strains. Remarkably, we found that deleting GLN3 had

a Wild ty
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little effect on the actions of uretupamine, whereas deleting NILI
abrogated its actions (Fig. 3b). Further confirmation for this
selectivity comes from whole-genome vector-based compari-
sons' ! of four profiles; these comparisons show that URE2 and
NILI, but not GLN3, are critical for uretupamine action (Fig. 3¢).
Northern blot analysis confirmed the effect of uretupamine B on
PUT1I expression (normalized to ACTI expression) in wild-type,
gIn3A and nillA strains (data not shown).

The fact that the binding of uretupamine to Ure2p induces the
expression of glucose-sensitive genes in a NILI-dependent manner
suggests that Ure2p might itself be the target of a glucose-sensitive
pathway. This is in contrast to a glucose-sensitive pathway imping-
ing on Nillp, bypassing Ure2p.

Because Ure2p is a phosphoprotein®'®?% we examined the
phosphorylation state of Ure2p after different types of nutrient
shift. We shifted wild-type cells from the high-quality nitrogen
source, ammonium sulphate, to the low-quality nitrogen source
proline. We also shifted cells from the high-quality (fermentable)
energy source glucose to the low-quality (non-fermentable) energy
sources acetate or glycerol. Surprisingly, Ure2p was not depho-
sphorylated when ammonium sulphate was removed but was
dephosphorylated when glucose was removed (Fig. 4a). These
data indicate that signals not previously thought to regulate
Ure2p alter its phosphorylation state, whereas signals previously
thought to regulate Ure2p do not alter its phosphorylation state. It
remains to be seen whether there is another means by which these
signals can regulate Ure2p function. Identical results were obtained
for cells transferred from a glucose-containing medium to an
ethanol-containing medium and for cells of a different background
(W303) (data not shown). Other stresses (such as 1M NaCl, 1M
sorbitol, pH 9.5 or heat shock) known to upregulate Ure2p-depen-
dent genes®>** did not cause Ure2p dephosphorylation (Fig. 4b,
data not shown). These data suggest that Ure2p is part of a signalling
pathway that specifically responds to glucose.

Kornberg and Krebs first proposed that on energy sources such as

re2,

w.t. | ure2A
PUT1 |+4.0 | +1.1
PUT2 |+2.2 +1.0
UGA1 |+2.2 | +1.2
NIL1 +3.8 +1.1
PRB1 |+4.0 | +1.7

100 uM uretupamine (30 min)

b c
Gene sets w.t. | gin3A | nil1A | ure2A Gene sets w.t. | glin3A | nil1A | ure2A
GAP;A-II\-/;EZZC_"gALs’ +1.1 [+11 | -1.0 | -1.0 g\;\/:;fe 100% | 89% | 56% | 52%
PUTL]EUTPZF’{EL;FM' +23 | +25 |+1.6 |+1.2 UREz;iZ‘Z”de”t 100% | 115% | 51% | 59%

Figure 3 Transcription profiling of treatment with uretupamine. a, The left microarray
corresponds to wild-type cells (PM38) treated with vehicle (DMF) versus wild-type (w.t.)
cells treated for 30 min with uretupamine A at 100 wM. The right microarray corresponds
to ure2A cells (PH2) treated with vehicle versus ure2A cells treated for 30 min with
uretupamine A at 100 M. Profiles were obtained as described®. At the right are shown
specific gene inductions of some URE2-dependent genes from the microarrays. PM38
(MATa leu2-3,112 ura3-52), PM71 (MATw leu2-3,112 ura3-52 gin3A5.:LEU2), MS221
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(MATo ura3-52 nil1::hisG), PH2 (MATo leu2-3,112 ura3-52 ure2A12::URA3) were gifts
from B. Magasanik and M. Brandriss. b, The transcription profiles of wild-type cells
(PM38), ure2A cells (PH2), gin3A cells (PM71) and nil1A cells (MS221) grown in YPD
medium treated for 30 min with 100 wM uretupamine B were obtained. The geometric
means of gene inductions of the sets listed are shown. ¢, An analysis was performed
based on treating individual profiles as high-dimensional vectors and then examining the
ratios of their magnitudes as a measure of relative activity'®?".
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Figure 4 Glucose-sensitive signalling and a model of Ure2p function. a, A wild-type strain
(PM38) was grown to mid-exponential phase in synthetic glucose (dextrose) (SD)—
ammonium sulphate (AS) medium, washed with PBS and split into either SD—AS medium,
SD—AS medium containing 50 nM rapamycin, SD-proline medium, synthetic acetate—AS
medium or synthetic glycerol-AS medium, then incubated with shaking for 1 h at 30 °C.
Control: the sample split into SD-AS medium. Synthetic medium consisted of 1.7 g of
YNB medium, without amino acids and without AS, 2% carbon source, 0.1% nitrogen
source, and auxotrophic supplements when needed (leucine 120 mg ™", uracil

20 mg1~"). Whole-cell lysates were blotted with anti-Ure2p antibodies kindly provided by
R. Wickner as described previously'®. A previous report claimed that Ure2p-
dephosphorylation does occur upon nitrogen limitation but those authors examined cells
shifted from a rich medium to a synthetic-nitrogen-limited medium, thus changing many
variables of the medium simultaneously™®. In our experiments, cells were shifted from a
synthetic medium containing 0.1% ammonium sulphate as a high-quality nitrogen source
to an otherwise identical medium containing 0.1% proline as a low-quality nitrogen
source. Inspection of published Ure2p immunoblots under similar conditions also
supports the lack of a mobility shift?”-?% b, A wild-type strain (PM38) was treated for 1 h
with no drug, 50 nM rapamycin, salt stress (1 M NaCl), high osmolarity (1 M sorbitol) or
high pH (pH9.5). €, A wild-type strain (PM38) was shifted from an SD—AS medium to a
synthetic acetate—AS medium and incubated with shaking for 30 min at 30 °C. This
transcription profile was compared to the profile of the same strain shifted from SD—AS to
synthetic ethanol-AS medium'®. The expression of various subsets of genes was
compared between profiles by using vector algebra and the results are presented in a
colorimetric comparison array'®?". d, Inspection of Ure2p-dependent genes reveals that
uretupamine-sensitive genes behave similarly when cells are shifted to ethanol or
acetate, whereas uretupamine-insensitive genes behave differently. e, Nitrogen quality
regulates the Ure2p—GIn3p/Nil1p complex by signalling to GIn3p/Nil1p, whereas low
glucose concentration regulates the complex by signalling to Ure2p. Low glucose
concentration leads to dephosphorylation of Ure2p to induce a specific set of genes
involved in an anaplerotic sequence, a state mimicked by uretupamine.
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acetate, metabolic sequences called anaplerotic are activated to
replenish tricarboxylic-acid-cycle intermediates™. Yeast cells grow-
ing in acetate containing media have been shown to accumulate
ammonia®®, which leads to the following paradox. Ammonia would
repress the expression of Ure2p-dependent genes, including those
thought to promote survival on acetate as part of an anaplerotic
sequence (PUTI, PUT2 and UGAI1)®. It is possible that acetate-
induced Ure2p-dephosphorylation protects the anaplerotic
sequence from this repression by ammonia. We performed the
transcription profile of yeast shifted from glucose to acetate and
compared it with that of cells shifted from glucose to ethanol.
Genome-wide analysis showed that Ure2p-dependent genes were
differentially affected by the two transitions (Fig. 4c). Unlike
ethanol, acetate caused the downregulation of some Ure2p-depen-
dent genes but, like ethanol, acetate induced those genes activated
by uretupamine (Fig. 4d). Taken together, these data suggest that
Ure2p-dephosphorylation stabilizes the induction of genes for an
anaplerotic sequence when other cellular forces might repress the
expression of these same genes (Fig. 4e).

Our approach to uncovering the role of Ure2p in glucose
signalling is rooted in the principles of reverse genetics. We desired
a method of modulating Ure2p function selectively to examine the
resulting phenotype. Because uretupamine modulates only a subset
of Ure2p function, its effects are more specific than those resulting
from deletion of the URE2 gene. This property of uretupamine
highlights the multifunctionality of individual proteins and
addresses the challenge in proteomics to identify and control all
possible inputs and outputs of each protein. With uretupamine, we
demonstrated a functional connection between Ure2p, Nillp and
glucose levels. We additionally have a means to control this system
more selectively than any physiological stimulus or genetic deletion.
Diversity-oriented synthesis and small-molecule microarrays pro-
vide a potentially systematic method for acquiring powerful probes,
where different small molecules can modulate different aspects of a
protein’s function, preceding the discovery of a genetic allele of a
similar phenotype. O
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A ‘periodic table’ for protein
structures
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Current structural genomics programs aim systematically to
determine the structures of all proteins coded in both human
and other genomes, providing a complete picture of the number
and variety of protein structures that exist. In the past, estimates
have been made on the basis of the incomplete sample of
structures currently known. These estimates have varied greatly
(between 1,000 and 10,0005 see for example refs 1 and 2), partly
because of limited sample size but also owing to the difficulties of
distinguishing one structure from another. This distinction is
usually topological, based on the fold of the protein; however, in
strict topological terms (neglecting to consider intra-chain cross-
links), protein chains are open strings and hence are all identical.
To avoid this trivial result, topologies are determined by con-
sidering secondary links in the form of intra-chain hydrogen
bonds (secondary structure) and tertiary links formed by the
packing of secondary structures. However, small additions to or
loss of structure can make large changes to these perceived
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topologies and such subjective solutions are neither robust nor
amenable to automation. Here I formalize both secondary and
tertiary links to allow the rigorous and automatic definition of
protein topology.

The organization and classification of the bewildering variety of
protein structure has been approached using clustering methods.
Various computer programs have been devised to measure the
three-dimensional similarity of one protein coordinate set to
another’. From these measures, similar proteins can be grouped
together, given a name, and arranged in a hierarchical clustering
with others that share some partial or overall similarity. Depending
on the method of comparison, or the extent of expert judgements
needed, differing classifications of protein structure have emerged,
ranging from one that is almost completely expert-based”, through
partially automated methods™® to an almost fully automatic
method’”. The drawback of these hierarchical approaches is that,
although the close relationships between similar proteins are
reasonably well defined, the more tentative relationships that give
the large-scale structure to the hierarchy are usually beyond the
ability of the computer programs to recognize and are subject to
variation when defined by experts. As a result, the classifications
tend to have numerous small clusters (families of super families) all
roughly grouped into just a few categories that are based on overall
secondary structure content and arrangement.

An important secondary problem in the classification of proteins
is how large proteins should be divided into pieces (domains) that
can be classified more easily. The current approach among the more
automated methods is first to divide and then to classify. However, it
is clear from the expert-based approach that the initial process of
classification can affect how the protein is then broken into domains
and so differences in domain definition are a major source of
inconsistency among the current classification systems®

To avoid the problems associated with a hierarchy, the method
outlined here is based on a set of idealized structures that are
compared with all known structures. (The programs and data
described in this work can be found at: http://mathbio.nimr.mrc.ac.
uk/ftp/wtaylor.) The domain definition problem is less directly
solved, although as the ideal structures are all of domain size, the
best match can be used to define (or bias) the definition of the
domains. This approach is unusual in that it shifts the classification
from a clustering problem to that of finding the best set of ideal
structures that can account for as much protein structure as
possible. As the ideal structures will be generated from rules applied
to basic ‘Forms), this can be viewed as finding a minimum basis set
of generating Forms. These Forms were derived from a model in
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Figure 1 Stick-figure representations of the basic Forms. Each of the basic generating
Forms is represented by ‘stick’” models in which o-helices are red and drawn thicker than
the green 3-strands. a, B layers. Six strands are shown, but the sheet can extend
indefinitely. b, o8B layers. As in a, the sheets can be extended. (Removal of the a-
layers leaves the common 3-‘sandwich’). ¢, Eight-fold o3 barrel. Similar barrels with 5-9
strands were constructed. (See Supplementary Information A.1 for construction details).
By deleting helices and strands from these models, almost all known globular protein
domains of 3 and B« types can be generated. Figures 1 and 4 were prepared using the
program RasMol (http://www.umass.edu/microbio/rasmol).
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