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Fig. 4. ELKS recruits IkBa and regulates IKK activity
through modification of its N-terminal domain. (A)
Extracts from Hela cells, untreated or treated with
TNF-a for 7 min, were immunoprecipitated with
ELKS (N-terminal), NEMO, or IKK2 antisera. Immu-
noprecipitates and cell extracts (50 pg) from each
sample were immunoblotted with antibodies to
IkBew. (B) Extracts from 293T cells transfected with
ELKS-VS5, IkBa-Myc, or vector alone were immu-
noprecipitated with antibodies to V5. Immunopre-
cipitates and cell extracts (50 p.g) were immuno-
blotted with the indicated antibodies. Extracts
from 293T cells transfected with vector alone or
increasing amounts of (C) ELKS-Myc (wild type), or
(D) ELKS(AN)-Myc (amino acids 1 to 134 deleted)
(5 g 10 pg and 20 pg respectively) were im-
munoprecipitated with antibodies to Myc. The im-

munoprecipitates were split into two equal parts. Half the sample was resolved on SDS-PAGE and immunoblotted with antibodies to IkBa and Myc. The other half
of the sample was assessed for IKK activity by an in vitro immune complex kinase assay with GST-lkBa/(1-54) protein as substrate. (bottom) Cell extracts (50 p.g)
from each treated sample were resolved on SDS-PAGE and immunoblotted with the indicated antibodies. (E) Hela cells were transfected with vector alone (3 p.g),
ELKS-Myc [wild type (WT)] (0.3 pg and 3.0 g, respectively), and ELKS(AN)-Myc (0.3 pg and 3.0 pg, respectively) in combination with an HIV-NF-kB luciferase
reporter vector, and assessed for NF-kB—dependent transactivation 48 hours after transfection.
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Computational Design of a
Biologically Active Enzyme

Mary A. Dwyer," Loren L. Looger,’* Homme W. Hellinga}

Rational design of enzymes is a stringent test of our understanding of protein chemistry
and has numerous potential applications. Here, we present and experimentally validate
the computational design of enzyme activity in proteins of known structure. We have
predicted mutations that introduce triose phosphate isomerase activity into ribose-
binding protein, a receptor that normally lacks enzyme activity. The resulting designs
contain 18 to 22 mutations, exhibit 10°- to 10°-fold rate enhancements over the
uncatalyzed reaction, and are biologically active, in that they support the growth of
Escherichia coli under gluconeogenic conditions. The inherent generality of the design
method suggests that many enzymes can be designed by this approach.

Enzymes are among the most proficient cat-
alysts known (7), and they catalyze a wide
variety of reactions in aqueous solutions un-
der ambient conditions with exquisite selec-
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tivity and stereospecificity (2, 3). The rational
design of enzymes has tremendous practical
potential for developing novel synthetic bio-
chemical pathways (4, 5), but presents a for-

Foundation. J.L.D.S. is supported by the NIH National
Institute of General Medical Sciences Minority Access
to Research Careers predoctoral fellowship. V.B. is
supported by Institut National de la Santé et de la
Recherche Médicale (INSERM) and the Philippe Foun-
dation Fellowships.

Supporting Online Material
www.sciencemag.org/cgi/content/full/304/5679/1963/
DC1

Materials and Methods

Figs. S1 and S2

References

26 March 2004; accepted 21 May 2004

midable challenge and is one of the most
stringent tests for understanding protein
chemistry. Here, we present structure-based
computational design techniques (6, 7) that
predict mutations for the construction of cat-
alytically active sites in proteins of known
structure. Using these methods, we converted
ribose-binding protein (§) into analogs
(NovoTims) of the glycolytic enzyme triose
phosphate isomerase (9). Several NovoTims
exhibit rate enhancements of about 10° to 10°
and are biologically active, as seen in their
support of the growth of Escherichia coli
under gluconeogenic conditions.

Triose phosphate isomerase (TIM) is an es-
sential component of the Embden-Meyerhof
pathway (10), interconverting dihydroxyacetone
phosphate (DHAP) and glyceraldehyde 3-
phosphate (GAP) (Fig. 1A). In glycolysis, TIM
channels these two triose phosphate products
of aldolase into pyruvate; in gluconeogenesis,
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Fig. 1. Triose phosphate

isomerase biochemistry. A
(A) Role of TIM in glyco-
lysis (green arrows), glu-
coneogenesis (red ar-
rows), and methylgloxal
metabolism (70, 18)
(G6P,  glucose-6-phos-
phate; F1,6P,, fructose-
1,6-bisphospate; PFK,
phosphofructokinase;
MGS, methylglyoxal
synthetase). (B) TIM
mechanism. (C) Com-
parison of yeast TIM
(76) (pink, flexible loop;
red, catalytic residues;
yellow, phospoglyco-
late) and RBP (8) (I and Il,
N-terminal and C-termi-
nal domains, respective-
ly; H, hinge region; ri-
bose, yellow) structures.

cytotoxic <

A
el

TIM ensures that both substrates are supplied to
aldolase. The isomerization reaction involves
two successive proton exchanges (9) (Fig. 1B)
and is considered an archetype for proton trans-
fer chemistry, which is central to many enzyme
mechanisms (/7). Extensive studies support a
mechanism (9) whereby a carboxylate abstracts
the DHAP pro-R proton at Cl to form a cis-
enediol(ate) intermediate, followed by imida-
zole-mediated proton transfer between the C1
and C2 oxygens, yielding GAP. The C1 proton
equilibrium constant (pK,) of ~18 imposes a
large barrier to proton abstraction (/2), which is
overcome by a low-barrier hydrogen bond (13)
that requires precise functional group alignment
(14-16). Transition states are further stabilized
electrostatically by lysine (15, 16). TIM also
selects a substrate conformation that minimizes
alignment of the enediolate double bond and
phosphate 1 systems, thereby stereoelectroni-
cally disfavoring an undesirable B-elimination
of the phosphate (/7) that produces methyl-
glyoxal, which is cytotoxic in excess (/8). A
mobile loop permits substrate access and se-
questers the reaction from solvent (79) (Fig.
1C). The TIM reaction therefore presents a com-
plex design target demanding simultaneous cap-
ture of many mechanistic principles: acid-base
catalysis, transition state stabilization, reactive
group alignment, low-barrier hydrogen bonds, ste-
reoelectronic control by ground state selection,
electrostatic effects, and protein dynamics (2, 3).

Here, we demonstrate how structure-based
computational design techniques can be used to
introduce isomerase activity into the bacterial
ribose-binding protein (RBP), a periplasmic re-
ceptor that has no known catalytic activity.
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RBP is a monomer and consists of two domains
linked by a hinge region (8) (Fig. 1C). The
protein adopts two conformations, a ligand-free
open form, and a ligand-bound closed form,
which interconvert via hinge-bending motions.
Analogous to TIM, the ribose ligand is seques-
tered from solvent in the closed form. TIM is a
homodimer of o/f barrel monomers (15, 16)
(Fig. 1C). RBP and TIM structures fall into
different topological classes; introduction of
TIM activity into RBP is therefore equivalent to
convergent evolution by computational design.

As a first step, we tested whether RBP can
be redesigned to bind GAP and DHAP, regard-
less of catalysis. We used a recently developed
algorithm (7) to predict mutations that convert
RBP into a receptor for DHAP by changing the
layer of residues directly contacting ribose in
the wild-type protein structure. Sequences that
form stereochemically complementary ligand-
binding surfaces were identified using a com-
binatorial optimization algorithm (7) that inte-
grates ligand docking and placement of amino
side-chain rotamer libraries to locate energetic
minima in a potential function incorporating
van der Waals, hydrogen bonding, solvation,
and electrostatic interactions (20) between
the amino acids and ligand. Four designs
(Fig. 2A) bind DHAP and GAP with mi-
cromolar affinities, as determined by titra-
tion of these substrates into fluorescent pro-
tein conjugates (27), but exhibit no TIM
reactivity in colorimetric coupled enzyme
assays (22). This experiment shows that
RBP can be mutated to bind both sub-
strates, which is a necessary preliminary
finding before the introduction of catalysis.

To design catalytic activity, we developed a
procedure that introduces catalytically active
residues into the receptor design process. This
approach is based on the premise that place-
ment of a subset of reactive amino acid side
chains within an active site in geometries com-
patible with bond formation to a substrate, tran-

sition state, or reaction intermediate captures
major contributions to reaction rate enhance-
ment; the remainder of the binding surface is
formed by residues selected on the basis of
stereochemical complementarity between the
protein and ligand, rather than explicit contri-
butions to catalysis. The design process is
divided into three parts (Fig. 3A). First, a geo-
metrical definition of key interactions contrib-
uting to catalysis is generated (Fig. 3B). Sec-
ond, a combinatorial search algorithm (6)
identifies positions where placement of catalyt-
ic residues and substrate simultaneously satis-
fies these geometrical constraints. Third, the
remainder complementary surface is generated
around the placed substrate with the use of the
receptor design algorithm (7). Designs were
generated using geometrical relations between
the enediolate reaction intermediate and the
three catalytic residues (glutamate, histidine,
lysine) as a minimalist model of interactions
that are critical to catalysis. These definitions
attempt to capture the dominant contributions to
the reaction stereochemistry, without conserv-
ing nonessential features, such as the chirality
of the proton abstraction from DHAP (pro-R or
pro-S attack is allowed). As a consequence of
the additional constraints imposed by explicitly
specifying placement of the catalytic residues,
the calculated sequences are distinct from those
generated in the DHAP receptor designs (see
above). We tested 14 designs subdivided into
three families that differ in placement of the
catalytic residues (Table 1); family 1 has the
proton abstraction chirality that is the opposite
of that from wild type, whereas families 2 and
3 retain the wild-type chirality. Seven designs
show increases in GAP production over back-
ground. One design, NovoTim1.0, is signifi-
cantly more active. It exhibits saturation kinet-
ics [Table 2 (22)] and is competitively inhibited
by phosphoglycolate [inhibition constant
(K,) = 130 uM], a known inhibitor of wild-
type TIM (9) (K; = 4 pM).
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Fig. 2. Predicted struc-
tures of RBP designs. (A)
DHAP-binding  receptor
D1 (stereoview) with li-
gand (orange) and de-
signed complementary
surface residues (blue).
(B) NovoTim1.0 with
enediolate (orange), cat-
alytic residues (red), and
complementary surface
(blue). (€) NovoTim1.2
showing the layer of res-
idues surrounding the ac-
tive site (yellow), muta-
tion of which confers
near-wild type stability
(enediolate, orange; cata-
lytic residues, red; sub-
strate-binding residues,
blue). Also indicated are
the mutations isolated
by directed evolution of
NovoTim1.2 (orange cir-
cles; view hides 264 at

REPORTS

the hinge), that increase enzyme activity (Subscripts indicate the location of a residue position, as follows; I, N-terminal domain; Il, C-terminal domain;
H, hinge. NovoTim1.2.1: Lys”® Asn, Lys?*3 Ser; NovoTim1.2.2: Lys"® Ala, Glu?>®Val; NovoTim1.2.3: Asp?®*_Gln; NovoTim1.2.4: Va'>> Ser).

NovoTim1.0 is less thermostable than the
parent protein (Fig. 4A). We postulated that
steric imperfections in the interactions be-
tween the designed binding-surface residues
and the surrounding protein matrix cause this
decreased stability. Previously, we estab-
lished that, in RBP-based metalloprotein de-
signs, stability is restored by designing mu-
tations in residue layers surrounding designed
binding surfaces (23). We redesigned Novo-
Tim1.0 in a similar manner (Fig. 2C; Table
1). In NovoTiml.1, the 13 original mutations
were retained and 9 additional ones were
introduced by computational design, which
increased the stability by 5°C. In Novo-
Timl1.2, only the three catalytic residues
were retained, and the sequences of the
nine binding and nine interfacial residues
were designed together. NovoTim1.2 sta-
bility is increased by 15°C, approaching
that of the parent protein. NovoTim1.1 has
kinetic properties similar to those of Novo-
Tim1.0, whereas in NovoTim1.2 the cata-
lyzed reaction rate (k_,,) and the Michaelis
constant (K,,) are each improved about
twofold (Table 2; Fig. 4B).

At least 95% of DHAP (GAP) is convert-
ed into GAP (DHAP) in the reaction cata-
lyzed by the NovoTims, as judged by NADH
(NAD™) production (22). The loss of enzyme
activity observed in single-, double-, and
triple-alanine mutants of NovoTiml.2 indi-
cates that all three designed catalytic residues
make critical contributions to catalysis (Fig.
4C). The pH dependencies of the forward and
reverse reactions catalyzed by NovoTiml.2
are similar to those of wild-type TIM (Fig.
4D). These results show that the desired re-
action is predominant, the designed catalytic
groups are key to the enzyme mechanism,

Fig. 3. Computational
enzyme design proce-
dure. (A) Integration
of the algorithms for
placing side chains
and ligands with pre-
defined  geometries
(6) to generate partial
sites that specify the
location and structures
of the catalytically
active residues, with
the design of stereo-
chemically complemen- 5
tary substrate-binding
surfaces (7) to design
complete active sites.

B
geometimal i, protein | | side-chain
constraints of | | coagfold | | rotamers
active site
| S— p—

placement of active
site residues and substrate

partial site(s)

receptor design
complete site

force-field |

(B) Geometric definition used to generate placement of the active site residues. Positioning of the catalytic
residues (glutamate, histidine, lysine) is shown relative to the plane of the enediolate. The enediolate
conformation is designed to minimize phosphate elimination and is derived from the structure of a
phosphoglycolate complex (76). To define the constraints for histidine, a pseudoatom, {5, was placed midway
(circle) between C, and C,. Geometrical constraints are formulated (6) in terms of intervals allowed for bond
lengths (/), angles lw), and torsions (6) for each residue relative to the enediolate: glutamate, [(C,, C;: 2 to 5
A); w,(Cy, €, €2 107° = 30°); w,(C,, C,, O,4: 62.3° + 30°); 0,(0;, C, C;, Cs: 180° = 15°); 0,(C,, C,, C,0,4:
unconstrained); 05(C;, C, O,,, O,,: 0° = 30°); histidine: I(N_,, Us: 2 to 4 A); ,(Cy, N, U 127.5%); w,(N_,,

U, €1 90%); 0,(C., Cop N, U 180°); 6,(Cyps N, s, €2 0° + 30°); 6

N _,, ¥, C;, O: 0° = 45°); lysine: [(O,,

(N,
N:2to 5A) o,(C, 0, N2 90° to 180°); ,(O,, N, C,: 90° to 180%; 0,(C,, G O, N2 180° = 90°); 6,(C,,
O, Ng, C,: unconstrained); 6,(O,, NL' C,, C: unconstrained).

and the active site microenvironment approx-
imates the naturally evolved enzyme.

In E. coli, gluconeogenic growth on lactate
or glycerol requires TIM activity (Fig. 1A).
Glycerol feeds into DHAP and places more
stringent demands than lactate on TIM activity,
because elevated DHAP levels increase cyto-
toxic methylglyoxal production, which is miti-
gated through TIM-mediated conversion of
DHAP into GAP (/8). Complementation of a
TIM-deficient strain (/0), DF502, by overex-
pressed NovoTims was tested on both glu-
coneogenic substrates (24) in the presence
and absence of the inducer isopropyl-3-D-

thiogalactopyranoside (IPTG). NovoTimsl1.0
and 1.2 (1.1 not tested) support IPTG-
dependent growth on lactate, but not glycerol.
NovoTim1.2 was further mutagenized by an er-
ror-prone polymerase chain reaction (25), and
mutants were selected on glycerol. Four isolates
were obtained from about 10° transformants. The
different mutations in NovoTims1.2.1 to 1.2.4 are
localized on the protein surface (Fig. 2C) and
improve k_, and K,, values, with the largest
changes corresponding to twofold and threefold
increases in k_,, and k_, /K, values, respectively.

We have successfully converted a protein
devoid of catalytic activity into a triose phos-
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nearest carboxylate oxygen: wild type, 2.5 A; family 1, 2.9 A; family 2, 3.0 A; family
3,3.1 A. C1 to imidazole N_: wild type, 3.3 A; family 1, 3.6 A; family 2, 3.6 A; family
3,36 A Lysine N, to O2: wild type, 3.2 A; family 1, 4.5 A; family 2, 3.1 A; family 3,
3.0 A. Activity (last column) from a semiquantitative assessment of activity based on
end-point analysis of the forward (DHAP to GAP) reaction: —, background (uncata-
lyzed); +, >5-fold increase after 6 hours; +++, >10-fold after 5 min; ++++,
>20-fold increase after 5 min.

Table 1. Sequences of the designs. Superscripts indicate residue sequence (37)
(Fig.1C); lowercase, wild-type residue retained by the calculation; boldface, catalytic
residues; underline, side chains make hydrogen bonds with substrate. Protein (column
1), DHAP- and GAP-binding receptors, D.1 to D.4; first-round designed enzymes
(NovoTims) are divided into three families, Ntim1(b to e), 2(a to e), and 3(a to d).
NovoTim1.0 is the most active first-round design. The distances of the modeled
catalytic residues approximate the wild-type values (atom names as in Fig. 3). C1 to

Protein Binding surface residues Activity
D.1 NB 115 f16 §89 NQO G137 ﬂ141 K164 §190 GZ15 235 —
D.Z N13 H‘IS f16 G89 K90 5137 K14‘I K‘IS4 S190 SZ‘IS M235 _
D.3 K13 f15 L16 089 §90 §137 M‘|41 K164 1190 A215 V235 —
D.4 K’IB f15 916 §89 §90 §’IB7 K’I4‘I L‘IG4 §190 A215 g235 _

NTim1.0 S13 E‘IS H16 A89 H90 K‘|32 S137 K141 G‘|64 G190 N'|92 f2‘|4 SZ'IS 235 +++
1b S’IB E’IS f’IG A89 H90 K‘IBZ 5137 K‘I4’I G‘IG4 G‘IQO E’ISZ f2‘|4 A215 T235 +
1c §13 E‘IS ﬂ16 A89 HSO 5132 S137 K141 G‘|64 G190 N192 f2‘|4 1215 g235 +
1d S’IB E’IS H16 A89 H90 K‘IBZ 5137 K‘I4’I G‘IG4 G‘IQO E’ISZ f2‘|4 T2’IS 5235 +
1e S13 E‘IS H16 A89 H90 K‘|32 S137 K141 G‘|64 G190 E192 f2‘|4 SZ'IS 235 +
2a SS E10 H13 f‘IS K15 S41 564 d89 H90 K‘I32 K137 K141 G‘IG4 G190 A215 _
2b SQ E‘IO H13 f'IS K16 541 564 d89 HQO K132 K137 K14'| G'|64 G190 LZ'IS +
ZC SS E10 S‘I3 915 516 S41 K64 A89 H90 K‘I32 K137 K141 G‘IG4 G190 A215 _
2d GQ E‘IO H13 f'IS K16 K41 564 d89 HQO K132 K137 K14'| G'|64 G190 A215 —
26 GQ E10 H13 f‘IS K15 S41 564 d89 H90 K‘I32 K137 K141 G‘IG4 G190 A215 _
3a §9 110 A13 ﬂ16 164 W89 HQO V132 E135 G137 §138 K14‘| G‘|64 L189 K190 +
3b §9 I1O A13 516 I64 W89 HQO V132 EBS G‘I37 §138 K141 G‘IG4 L189 K190 _
3c §9 110 A13 ﬂ16 964 W89 HQO V132 E135 G137 §138 K141 G‘|64 L189 K190 —
3d §9 I1O A13 516 M54 W89 HQO V132 EBS G‘I37 §138 K141 G‘IG4 L189 K190 _

NTIm'I'I* §13 §15 ﬂ16 ABS HSO 5132 §137 K141 G‘|64 G190 N192 f2‘|4 §2'|5 235 +++

NTim1.2* §13 E15 H16 289 HQO KBZ §137 K141 G‘IG4 G‘ISO E192 f2‘|4 M215 §235 ++++

*NovoTim 1.1 and NovoTim1.2 are improvements based on NovoTim, with a secondary layer of residues (included in the calculation, but not tabulated: 1.1, I8, H'°, |19, T64, Y105,
A’|38, KZ’I7' r155, 1265 12’ |8’ N'ID, l’|9’ H64' Y‘IOS' t135, A’|38’ I'166, 1255)_

less than wild-type TIM, by factors of 2700 and

Fig. 4. Properties of se- A B =

lected designs. (A) Ther- @ _ 220, respectively; the apparent second-order
mostability  (reported ii : 6000 D=>G rate constant of wild-type TIM approaches the
?rsans;:gjnpmtr:m rer::'tﬂ?eg < 3000 diffusion-limited encounter of enzyme with
T, values) m?)nitore d E = substrate (9). Alanine-scanning mutagenesis
b? temperature depen- g =t indicates that all residues designed to be cata-
dence of ellipticity (28) | 0010 DA, Mbe 03 Iytically active contribute substantially to rate
(wild-type RBP (<), £ = /S [D] (uM) enhancement. Furthermore, the electrostatic mi-
T, = 58°C N(:voT|m1 0 g F000 b G croenvironment as probed by pH dependence of
(T|.n)ﬂT1 (’)3; C_f\ic;\gcé- & < 3t k., is similar to that of the wild-type enzyme.
NovoTim1.2, m( o) T 0 = ® However, it is likely that NovoTims have a sub-
= 52°C). (B) Stead;: 0 50 75 E——" optimal hydrogen bond between the catalytic glu-
state  kinetics  [Line- T(°C) -0.04 0 0.04 008 012 tamate and substrate C1 proton, which is a critical

weaver-Burke transfor- 1S [G]' (uM)!

feature of the TIM reaction mechanism (/4-16).
mation (29)] of Novo-

Timl2  for forward © D [We note that shortening of glutamate to aspartate
(DH AP to GAP, top) and _ 1 0.12 in th; wild-type enzyme (26), presumably d?'
reverse (GAP to DHAP, ] . - stroying the lf)w-bar'n?r hyqrqgen bonds, results in
bottom) reactions. (C) % T T a mutant with activity similar to that of No-
Alanine mutants of cat- i 305 ¢ | 006 3 voTims.] Elaboration of the minimalist mecha-
alytic residues (Glu'™, o & & nism in future designs will allow testing of other
H.isgo' Lys') in Novo- g contributions to rate enhancement, such as protein
erglazihz:zigt(ej?agiam; 0 * 0 dynamics and'long-range electrostatics. o

(30) [effects on rate en- 5 7 9 . The comblned placement of mechanistically
hancements (k_,, chang- pH critical residues with construction of a surface

that is stereochemically complementary to the
entire substrate (and product) is a critical aspect
of the design method presented here. This ca-
pability was absent in previously reported at-
tempts at enzyme design (4) and is likely to be

es), stippled; effects on
Michaelis constant (K,, changes), hashed]. (D) pH dependence of k_, for the forward (°k_,,, A) and reverse
(%k_,, ®) reactions of NovoTim1.2 [calculated 2PPpK, values: forward (6.5, 9.5); reverse (5 9,9. 3)]

phate isomerase, using computational design  tion 10°- to 10°-fold over background. This rate
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techniques to predict 13 to 21 mutations that
introduce three catalytically active residues to-
gether with a stereochemically complementary
substrate-binding surface. This minimalist de-
sign is based on key short-range interactions
observed in naturally evolved TIMs and is suf-
ficient to increase the NovoTim-catalyzed reac-

enhancement is the largest so far as we know
reported for rationally designed enzymes (4, 5).
NovoTim1.2 is sufficiently active to support
growth under permissive gluconeogenic condi-
tions and requires only small improvements to
support full biological activity. Nevertheless,
the k_,, and k_, /K, , values of NovoTim1.2.1 are

the main reason for the much higher rate en-
hancements and apparent second-order rate
constants observed in this study. With the pre-
diction accuracies now within reach of compu-
tational protein design (7, 27) and with the
introduction of increasing levels of mechanistic
detail and sophistication in future designs, we
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Table 2. Kinetic parameters for forward and reverse isomerization reactions.
(last column) is the appar-
ent equilibrium constant [Haldane constant (30 3] calculated from the ratio

Kuncat, Uncatalyzed reaction rate from (32); 2PPK,

cat’

parameters from (9).

REPORTS

k. ./K\ values of the forward and reverse reactions measured at 25°C, 100
mM trlethanolamme pH 7.8 (9, 22). nd, not determined. wtTIM, wild-type

DHAP — GAP DHAP < GAP
i app,
Protein ke K,, k_ /Ky, e k., K,, k_ /Ky, C Keq
(571) ("LM) ( 1 1) cat’ Muncat (S 1) (“’M) (Mf‘lsf‘l) cat’ Muncat
NovoTim
1.0 0.05 330 1.5 X 102 2.4 X 10° nd nd nd nd nd
1.2 0.1 180 5.6 X 102 5.0 X 10° 0.8 92 8.6 X 103 1.8 X 10° 15
1.2.1 0.18 140 1.4 X103 9.0 X 10° 1.5 85 1.7 X 10* 3.4 X 10° 12
1.2.2 0.14 165 8.2 X 102 7.0 X 10° 1.2 89 1.4 X 10 2.7 X 10° 17
1.2.3 0.17 100 1.8 X103 8.5 X 10° 1.2 103 1.2 X 10* 2.7 X 10° 7
1.2.4 0.11 105 1.0 X 103 5.5 X 10° 1.1 51 2.1 X 10% 2.5 x10° 21
wtTIM 487 1600 3.0 X 10° >1X10° 4. X 103 390 1.0 X 107 1.0 X 10° 33

anticipate that the design method will be ex-
tended to other substrates and reactions.
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RNAi-Independent Heterochromatin
Nucleation by the Stress-Activated
ATF/CREB Family Proteins

Songtao Jia, Ken-ichi Noma, Shiv I. S. Grewal*

At the silent mating-type interval of fission yeast, the RNA interference (RNAi)
machinery cooperates with cenH, a DNA element homologous to centromeric
repeats, to initiate heterochromatin formation. However, in RNAi mutants,
heterochromatin assembly can still occur at low efficiency. Here, we report that
Atf1 and Pcr1, two ATF/CREB family proteins, act in a parallel mechanism to
the RNAi pathway for heterochromatin nucleation. Deletion of atf7 or pcri
alone has little effect on silencing at the mating-type region, but when com-
bined with RNAi mutants, double mutants fail to nucleate heterochromatin
assembly. Moreover, deletion of atf7 or pcr1 in combination with cenH deletion
causes loss of silencing and heterochromatin formation. Furthermore, Atf1 and
Pcr1 bind to the mating-type region and target histone H3 lysine-9 methylation
and the Swi6 protein essential for heterochromatin assembly. These analyses
link ATF/CREB family proteins, involved in cellular response to environmental
stresses, to nucleation of constitutive heterochromatin.

Heterochromatin governs diverse proc-
esses ranging from gene regulation and
chromosome segregation to suppression of
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deleterious recombination in repetitive
sequences. In the fission yeast Schizosac-
charomyces pombe, heterochromatin is
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present mainly at the centromeres, telo-
meres, and a 20-kb silent domain at the
mating-type region, the loci that are pref-
erentially enriched in histone H3 lysine-
9 (H3-K9) methylation and the Swi6
protein (a homolog of mammalian HP1 pro-
teins) (/). The mechanisms that define
these chromosomal regions as prefer-
red sites of heterochromatin formation are
not fully understood. Recent studies have
implicated RNAi pathway in targeting of
heterochromatin to repetitive DNA se-
quences in S. pombe and in other organisms
including Tetrahymena, Arabidopsis, and
Drosophila (2-7). It has been demonstrated
that deletions of factors involved in the
RNAi pathway such as Dicer (dcrl),
RNA-dependent RNA polymerase (rdpl),
and Argonaute (agol) disrupt heterochro-
matin assembly at centromeres (4). More-
over, cenH sequence [96% similar to dg
and dh centromeric repeats (8)] that is
present at the silent mating-type (mat2/3)
region (see Fig. 1A) serves as an RNAi-
dependent  heterochromatin  nucleation
center at the endogenous locus and at an
ectopic location (2). Although RNAI
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Downloaded from www.sciencemag.org on September 10, 2008


http://www.sciencemag.org



