Molecular Basis of Metal-lon Selectivity and
Zeptomolar Sensitivity by CueR

Anita Changela, et al.

Science 301, 1383 (2003);

AVAAAS DOI: 10.1126/science.1085950

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at www.sciencemag.org
(this information is current as of July 21, 2010 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/cgi/content/full/301/5638/1383

Supporting Online Material can be found at:
http://www.sciencemag.org/cgi/content/full/301/5638/1383/DC1

This article cites 33 articles, 16 of which can be accessed for free:
http://www.sciencemag.org/cgi/content/full/301/5638/1383#otherarticles

This article has been cited by 138 article(s) on the ISI Web of Science.

This article has been cited by 33 articles hosted by HighWire Press; see:
http://www.sciencemag.org/cgi/content/full/301/5638/1383#otherarticles

This article appears in the following subject collections:
Cell Biology
http://www.sciencemag.org/cgi/collection/cell_biol

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2003 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.

Downloaded from www.sciencemag.org on July 21, 2010


http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/help/about/permissions.dtl
http://www.sciencemag.org/cgi/content/full/301/5638/1383
http://www.sciencemag.org/cgi/content/full/301/5638/1383/DC1
http://www.sciencemag.org/cgi/content/full/301/5638/1383#otherarticles
http://www.sciencemag.org/cgi/content/full/301/5638/1383#otherarticles
http://www.sciencemag.org/cgi/collection/cell_biol
http://www.sciencemag.org

Molecular Basis of Metal-lon
Selectivity and Zeptomolar
Sensitivity by CueR
Anita Changela,"* Kui Chen,?* Yi Xue,? Jackie Holschen,?

Caryn E. Outten,” Thomas V. O’'Halloran,’2}
Alfonso Mondragén'y

The earliest of a series of copper efflux genes in Escherichia coli are controlled
by CueR, a member of the MerR family of transcriptional activators. Thermo-
dynamic calibration of CueR reveals a zeptomolar (102" molar) sensitivity to
free Cu™, which is far less than one atom per cell. Atomic details of this
extraordinary sensitivity and selectivity for +1 transition-metal ions are re-
vealed by comparing the crystal structures of CueR and a Zn?*-sensing ho-
molog, ZntR. An unusual buried metal-receptor site in CueR restricts the metal
to a linear, two-coordinate geometry and uses helix-dipole and hydrogen-
bonding interactions to enhance metal binding. This binding mode is rare among
metalloproteins but well suited for an ultrasensitive genetic switch.

E. coli maintain a strict cellular copper quota
within a narrow range, about 10* atoms per
cell (~10 pM), by using numerous copper
homeostasis pathways to control and allocate
the metal to a few important enzymes (/, 2).
One of the first responses of E. coli to even
mild copper stress is the expression of the
efflux pump CopA, a homolog of the Menkes
and Wilson disease proteins, which removes
Cu™ from the cytosol into the periplasm (3,
4). Copper-induced expression of CopA and
CueO, an oxidase postulated to catalyze the
air oxidation of Cu* to the less toxic Cu**
form in the periplasm (3, 6), is controlled by
CueR (3, 7-9), a member of the MerR family
of metalloregulatory proteins. This family in-
cludes metal-responsive transcriptional acti-
vators such as the zinc sensor ZntR (7, 10)
and the mercury sensor MerR (71).

Similar to other MerR metalloregulatory
family members, CueR exhibits a metal-
selective behavior in vivo, activating the tran-
scription of copA in response to elevated
extracellular concentrations of the salts of
coinage metals, such as copper, silver, and
gold, but not of zinc and mercury (7-9, 12).
Such selectivity can derive either from cellu-
lar components (i.e., metallochaperones or
transporters) that control metal accessibility
to CueR or from the intrinsic metal-
recognition properties of CueR itself. To ad-
dress the molecular basis of this selectivity,
we thermodynamically calibrated CueR in an
in vitro metal-responsive transcriptional
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switching assay using well-defined copper-
metal-buffering systems. Various metal salts
were titrated into run-off transcription assays,
in which purified CueR regulates RNA polym-
erase (RNAP) transcription at the P,
promoter (/3). Initial studies of CueR show a
lack of metal-dependent transcriptional acti-
vation: The switch is “on” without addition of
any metal ions, even in the presence of high
concentrations of avid Cu™-binding ligands
such as glutathione (GSH) (14, 15) (fig. S1).
Transcriptional activation by CueR is sup-
pressed only when millimolar concentrations
of cyanide (CN™), which has a higher affinity
for Cu™ than has glutathione (14, 16), are
added to the assays. Transcription can be
recovered upon the addition of Cu* back to
the cyanide-containing assays, thus indicat-
ing that copper binding to CueR is tight but
reversible under these conditions.

Titration of different metals in the presence
of 1.0 mM cyanide (Fig. 1A) reveals transcrip-
tional-activation profiles that reproduce the in
vivo behavior of the CueR/promoter system (7,
9, 12). Transcript levels rise steadily with in-
creasing amounts of Cu™, reaching saturation at
50 uM total Cu™. Titrations with either Ag™* or
Au™ ions in the presence of 1.0 mM CN~ gave
similar CueR-response profiles (Fig. 1A). Con-
sistent with in vivo results (9), neither Hg?* nor
Zn?" induced any CueR-mediated transcription
in vitro (Fig. 1A). Indeed, little direct binding of
Hg?* or Zn?>* to CueR is observed when com-
petitors such as dithiothreitol (DTT) are present
(17). The parallels between the in vivo and the
in vitro studies indicate that CueR is capable of
directly distinguishing metal ions with a +1
charge from metal ions with a +2 charge in
gene regulation.

To calibrate the Cu™ response profile of
CueR, we designed additional transcription
assays under a series of metal-buffering con-
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ditions that precisely control the free Cu*
concentration. Given critical stability con-
stants for the Cu™/CN™ system, the pK, of
CN~ (where K, is the acid dissociation con-
stant), and total CN~ concentrations that ex-
ceed both copper and protein concentrations
(i.e., =1.0mM), the free Cu™ concentration
in vitro can be readily buffered at values in
the range of 10723 to 10~ ¥ M (pH 8.0) (fig.
S2) (16). Half-maximal CueR induction oc-
curs at a free Cu® concentration of 2 X
10721 £ 1 X 10~2! M, corresponding to a
zeptomolar CueR sensitivity for Cu™ (Fig.
1B). For comparison, the Zn>* sensor, ZntR,
exhibits half-maximal induction at a much
higher level (1.15 X 1075 M free Zn?**
concentration) (/). Considering that the low-
est formal intracellular concentration of free
copper is ~107° M (i.e., one free copper
atom per E. coli cell with a volume of 1.5 X
1071 liter) (1), the CueR switch is tripped at
a copper concentration that is formally 11
orders of magnitude lower than one free Cu™
atom per cell. This thermodynamic result in-
dicates that Cu™ binds to CueR much more
tightly than to glutathione, the most abundant
thiol in the cell, and is consistent with the
observation that GSH alone is not a reason-
able competitor for Cu™ in the CueR activa-
tion of P, (fig. S1). These results lead us
to propose that neither free Cu™ nor copper-
glutathione complexes constitute a persistent
“copper pool” in the prokaryotic cytosol un-
der normal growth conditions.

To understand metal sensitivity and se-
lectivity in the MerR family of metal-
loregulatory proteins at the atomic level,
we solved the x-ray crystal structures of
metal-bound forms of two representative
members that discriminate between metal
ions with a +1 and a +2 charge: E. coli
CueR and E. coli ZntR. The structures of
Cu*-, Ag™-, and Au*-bound forms of
CueR were determined to 2.2, 2.1, and 2.5
A resolution, respectively, whereas the
structure of an N-terminally truncated frag-
ment of ZntR bound to Zn>* was solved to
1.9 A resolution (/3). The overall structure
of the CueR dimer is identical in all three
metal-bound states. Each monomer can be
divided into three distinct functional do-
mains: a dimerization domain flanked by a
DNA-binding domain and a metal-binding
domain (Fig. 2A). The structure of the
CueR DNA-binding and dimerization do-
mains is characteristic of the MerR family
of proteins and shares the same topology as
the structures of two other MerR-family
transcriptional activators, BmrR (/8) and
MtaN (19, 20), which respond to the pres-
ence of organic substrates.

In each CueR structure, the metal ion is
buried in a solvent-inaccessible site in a loop
at the dimer interface (Fig. 2B) and has only
two coordinating ligands: the S-atoms of con-
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served Cys''? and Cys'?® (Fig. 3A). These
residues define the end points of a 10-residue
loop that extends from the C-terminal end of
the dimerization helix up to the N-terminus of
a short two-turn a helix. In the dimer, only
one metal-binding loop is fully ordered, even
though another metal is bound at the equiv-
alent site in the dimer. Residues 115 to 119 of
the second monomer are disordered, perhaps
due to differences in crystal packing. This
disorder suggests that flexibility in the ex-
tended region of the metal-binding loop may
allow metal access to the buried binding site.
The metal-binding loop of one monomer rests
against the N-terminal end of the long dimer-

ization helix and the preceding loop of the
other monomer, interacting primarily through
backbone contacts. The short two-turn « he-
lix that extends from the metal-binding loop
packs against the DNA-binding domain of
the other monomer and against both dimer-
ization helices by way of several conserved
hydrophobic residues (Fig. 3). These exten-
sive hydrophobic interactions effectively
form a scaffold that stabilizes the buried
metal-binding site.

Coordinate-covalent bonds between the
Cu™ ion and the two sulfur atoms of Cys!'!?
and Cys'?° exhibit Cu-S bond distances of
2.13 A with an essentially linear S-Cu-S bond

Fig. 1. Metal selectivity and sen-

sitivity of CueR in transcriptional
regulation of copA in vitro. The
incubation buffer (pH 8.0) was
3 treated with Chelex to remove
exogenous metals. Concentra-
tions used were as follows: CueR,
50 nM; RNAP, 5 nM; and DTT, 1
mM. The percentage of induction
relative to the maximal induc-
tion achieved by Cu™ (% induc-
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Fig. 2. (A) Overall structure of the Cu-
CueR dimer. The ribbon diagram depicts
one monomer in gray and the functional
domains in the other monomer in color,
with the DNA-binding domain in blue, the
dimerization helix in red, and the metal-
binding domain in purple. The N-terminal
DNA-binding domain consists of two he-
lix-turn-helix motifs and a three-stranded
antiparallel B sheet. The second helix-turn-
helix motif of the DNA-binding domain is
followed by a five-residue loop connecting
to a 10-turn « helix. This long « helix links
the DNA-binding domain to the metal-
binding domain and contributes to the
bulk of the dimerization interface by form-
ing an antiparallel coiled coil with the
equivalent helix of the other monomer.

The copper ions are shown as cyan spheres, and the coordinating cysteines,
Cys'2 and Cys'?°, are highlighted in ball-and-stick representation. Most of
the metal-binding loop of one monomer (residues 115 to 119) and the last
eight residues at the C-termini of both monomers are disordered and are

10-28 10-22 10-21 1020 10-19 10-18 10-17 10-16 10-15
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VIl R (squares), and 1.0 mM CN- (dia-
monds), respectively (76). The
vertical line represents the free
Zn?" concentration that induces
half-maximal transcription of
the ZntR/promoter system (7).

DNA-binding
domain

angle of 176° (Fig. 3A). Extended x-ray ab-
sorption fine structure studies on copper-
CueR complexes confirm this coordination
environment and demonstrate that the copper
is unequivocally in the +1 oxidation state
(21). The metal-binding domain in Ag*-
CueR and Au™-CueR is identical to that
found in Cu™*-CueR, except for longer metal-
sulfur bond distances (Ag-S: 2.35 A; Au-S:
2.32 and 2.39 A). All sulfur-to-metal distanc-
es and bond angles (176° to 177°) are con-
sistent with the average values for linear,
two-coordinate Cu™, Ag™, and Au™ com-
plexes found in the small-molecule Cam-
bridge Structural Database.

Mutation of Cys''? or Cys'?® in CueR
abrogates all response to Cu™, Ag*, and Au™
in vivo (/2) and in vitro (27), and the struc-
ture confirms that the surrounding environ-
ment does not allow for other types of inter-
actions with the metal. The closest residue
with metal-binding potential is Ser”” from the
second monomer, which has a Cu-Ovy dis-
tance (4.4 A) that is too long for primary or
secondary covalent-bonding interactions. In-
stead, Ser”” is within hydrogen-bonding dis-
tance to Asp'!> and several main-chain atoms
of the metal-binding loop (Fig. 3, A and B).
These interactions may be important in main-
taining the conformation of the metal-binding
loop and stabilizing the quaternary interac-
tions in the dimer interface.

The overall structure of the truncated
ZntR dimer is similar to that of CueR and
consists of one helix-turn-helix motif of the
DNA-binding domain, the dimerization helix,
and an intact metal-binding domain. In ZntR,
both metal-binding domains are well ordered
with two Zn®" ions bound at each site
through Cys'!4, Cys!!>, His!!®, Cys'?4, and
Cys” (Fig. 3A), which is supported by bio-
chemical data showing a diminished response
to Zn*>* upon mutation of any of these resi-
dues (22). The dinuclear Zn-binding site
shows each Zn?>" ion in a tetrahedral coordi-

not included in the model. (B) A space-filling model of CueR reveals the
solvent inaccessibility of the bound metal. The protein is shown in gray and
its orientation is similar to that used in (A). The sulfur atoms of the cysteine
ligands are colored yellow, and the buried Cu™ ion is depicted in blue.
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nation environment with a Zn-Zn distance of
3.6 A. Cys''" and Cys'?* (equivalent to
Cys!'2 and Cys'?? in CueR) serve as ligands
to Zn1, whereas Cys'!® and His!!® coordinate
Zn2. Cys” (equivalent to Ser’” in CueR)
from the other monomer acts as a bridging
ligand to the two Zn?" ions, thus linking the
metal-binding domain of one monomer and
the dimerization domain of the other mono-
mer. An oxygen atom of a bridging phos-
phate or sulfate group acts as a fourth ligand
to each Zn?" ion. In contrast to the CueR
metal-binding site, the coordination environ-
ment of the metal-binding loop in ZntR is
optimal for binding of divalent metals.

The crystal structures of CueR and ZntR
reveal several determinants of metal-ion selec-
tivity. A residue at the N-terminus of the dimer-
ization helix extends across the dimer interface
to contact either the metal-binding loop (Ser””
in CueR) or directly to the metal ion (Cys’ in
ZntR) and plays a unique role in discriminating
between +1 and +2 ions (Fig. 3). A serine is
found at this position in all MerR homologs
responsive to +1 ions, whereas a cysteine is
present in homologs that are known to respond
to +2 ions (Fig. 4). Because +2 metal ions
typically prefer higher coordination numbers
than +1 ions of the coinage metals, discrim-

Pro113

ination is first conferred at the level of coor-
dinate-covalent bond formation. Second,
CueR restricts the bound metal to a low
coordination number by hydrophobic and
steric restrictions, which contribute to a
shielded coordination environment.
Electrostatic features of the metal receptor
cavity are the third contributing factor in
defining the extraordinary metal affinity and
selectivity. In CueR, the buried S-Cu-S center
formally has a net negative charge arising
from two thiolate anions and one +1 charged
metal. The structure reveals a series of weak
interactions that compensate this buried
charge and provide an electrostatic compo-
nent to the metal-binding free energy beyond
the Cu-S bond energy (Fig. 3, B and C).
Charge neutralization of the thiolate of
Cys'? likely arises from interactions with the
positively charged end of the helix dipole and
two backbone H bonds that originate from the
short two-turn « helix extending from the
metal-binding loop. In CueR, Pro'?! con-
strains the S atom of Cys!2° such that it is
centered directly over the N-terminus of the
short helix (Fig. 3C). A Cys-Pro motif at the
N-terminus of an « helix allows for favorable
interactions of the cysteine with the helix
dipole (23), and such a motif is conserved at

O,
lle123
3 6 -
Ilel 22 Ala118
Pr0121 Asp119
N

REPORTS

the end of the metal-binding loop in many of
the MerR family members (Fig. 4). Mutation
of this proline diminishes the Hg?* response
of MerR, consistent with a key role for the
Cys-Pro motif (24). Cys!'!? accepts only one
hydrogen bond (Fig. 3B) and the closest pos-
itively charged residue is a conserved lysine,
Lys®! (the N{-S distance is 5.5 A). The
charge-charge interaction of Lys®! with the
Cys'!'? thiolate, although distant, could con-
tribute additional charge neutralization.
These electrostatic- and hydrogen-bonding
interactions lead to charge neutrality when a
+1 ion, but not a +2 ion, binds. This allows
CueR to discriminate against Hg?"-binding
in what is otherwise a stable linear dithiolate
Hg-coordination environment.

A structure-based sequence alignment of
MerR metalloregulatory homologs allows for
predictions of metal selectivity in other family
members (Fig. 4). A serine or cysteine at the
N-terminal end of the dimerization helix pro-
vides a clear distinction between putative +1
and +2 metal-responsive subgroups within the
MerR family. In the case of PmtR, a role in Zn?>*
homeostasis has been proposed (25); however,
the structure-based alignment (Fig. 4) suggests a
role in Cu™ regulation. For SoxR, a MerR ho-
molog that uses an Fe-S cluster to sense oxida-

Pr0113
Gly 114
3 3 Asp115 o]
Cys112 {(

‘
. 9, \:\ Asp116
280 "
o
21

Ser77 Ng\-\

Cys120

zs'
Hz
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Fig. 3. (A) Side-by-side close-up views showing details of the metal-binding regions in CueR and ZntR.
The CueR structure reveals a linear Cu™ dithiolate coordination by conserved Cys''? and Cys'?°. The
Cu™ ion is depicted as a cyan sphere, and secondary structural elements are shown in the same color
scheme as in Fig. 2A. Other functional groups residing on the metal-binding loop are shown, but do not
make any contacts to the metal. Ser”” from the other monomer is oriented away from the metal. A
close-up view of the metal-binding region of ZntR is presented in a similar orientation to that of CueR.
The domains are shown in the same color scheme used for CueR. The two Zn?* jons are depicted as
green spheres. Zn1 is coordinated to Cys''* and Cys'?* of the metal-binding loop, and to Cys’® from the
other monomer. Zn2 is coordinated to Cys''® and His'"® of the metal-binding loop and Cys”® of the
other monomer. Each Zn?* atom is also coordinated by an oxygen atom of a bridging phosphate ion,
shown in ball-and-stick representation with the phosphate atom colored magenta. The coordinate-
covalent bonds to the metal ions are shown in orange. (B) Schematic diagram detailing various
hydrogen-bonding interactions at the CueR metal-binding site. Residues from the metal-binding loop
and the first turn of the C-terminal a helix are shown in black, and residues from the other monomer
are highlighted in red. Hydrogen-bonding interactions (within 3.2 A for N/O donor/acceptor pairs and
3.8 A for S-X acceptors) are depicted by dotted lines. S-Cu bonds are shown by bold lines. (C) Close-up
view looklng down along the « helix extending from the C-terminus of the metal-binding loop reveals
that Cys'?C is centered on the helix and only 2.0 A away from its N-terminus. Whereas Cys''? and the
metal ion also appear to be oriented over the helix dlpole both are distant from the N-terminal end of
the helix (approximate distances of Cys''? and the Cu™ ion to the N-terminal end of the « helix are
~6.5 and 4.0 A, respectively). Structural elements and bonds are colored using the same scheme as in Fig. 2A, and the metal-binding loop has been
omitted for clarity.

H2N Arg75
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Fig. 4. Structure-based
alignment of sequences
corresponding to the
dimerization and metal-

Metal bindi 2-turn
etal bindin _heli
loop 9 a-helix

Dimerization helix

binding domains of var-  cu, Ag, Au(1) CueR(E coli) 72 NAEPG DDSA. . D!;PI
; CueR(P puti da) 72 EHCSG. DHRP. . DCPI
ious - metalloregulatory CueR(Y pestis) 72 EECPG. DEGA. . DOPI
MerR family members. CueR(V chol er ae) 72 ASCPG DCP
The sequences of £. coli AMRS mibt) 12 S0.C bo. | Dol
CueR and ZntR were H R(R | egumi nosarun) 71 HACHGAD. RP. . DOPI
aligned on the basis Pnt R(P mirabilis) 72 QECQG. DNNP. . IDCPI
L vV v
of structural similarities ;. o, oy pu(11) zntR(E col i) 73 DPEFHTRQESK NDARNG. TANSSVYES] LEALEQGASGVKSGC
revealed upon superpo- ZntR(S typhi nuriun) 73  DPEHHTCQESKSI|V NDACCG. TAHSSVYCS| LEAL EQGASGAKSGC
sition of the crystal ZntR(Y pestis) 73 DPDHHTCQESKSHVDSRIESOVE SEACCG. TSHATTYCSI LEALEQGATEELI KV
/ ZntR(V chol er ae) 74  EATEHSCAEVKAITS NDACCGHVEDNASHCSI LAALE. . . .. .. . ..
structures.  Secondary Znt R(S onei densi s) 73 DKSNWACADVKGWDL SNACCG. GPRSAEHCSI LEAL ESSTERVRFEH
structural elements are ZccR(B pert ussi s) 70 DNHEAGCAPI i RQRCASARPD. AEDCGA LHGL SEMQVEERPER
shown above the align- CadR(P puti da) 71 DSPDDSCGSVNALI E RRRCN. . . AQGA. ECAl LQQLETNGAVSVPET
g PbrR(R metal i durans) 74 R PDQDCGEVNMIL E REACSG. . ARPAQSCG LQAL SDCVCDTRGTT

ment using the same L.

domain color schemeas ~ Ho(11) Ner R(Tn501) 78 |DGTH. AEHKL KRYREKVADL. 1:SELVCACHA, . RRGNVSCPIEIASE QGGASL AGSAM
Jom Ner R( Tn21) 78 DGTH AEHKL KDVREKIVADL. VCACHA. . RKGNVSCPLI ASHGGEAGL ARSAM
in Fig. 2A. CueR and MerR(S marcescens) 78 DGTH. AEHKL DL VFACHA. . RQGNVSCPLI ASI QGEKEPRGADA
ZntR homologs were MerR(S aur eus) 73 TVQKTKEN ERKVQEL L LEELKEKCP. . DEKAMYTCPI|I EFUMGGPDK. . . . .
dlassified based on se- NerR(B sp. RO607) 73 DRDEAK I UKl EDLKRIIE KERCP. . ENKDI YECPII ETUMKK. . . . . . . .
quence similarity, par-  2Fe2S center  SoxR(E col i) 82 E QsS LDRRI HTLVALRDELDG . . 1 GHON. SRSDUPLRNPGDRL GEEGT
ticularly in the metal- SoxR(S typhi) 82 E QAS L DRRI HTLWALRDELDG . . . Cl GOGCLSRSDCPLRNPGDRL GEHGT

SoxR(P aeruginosa) 80 Al RLSA TERI LRDQLDG . . . O GOGCLSL QACPLRNPGDQL SAE

binding region. Relevant
metal inducer(s) for each +1 and +2 subgroup are listed to the left of the
alignment, except for SoxR, which responds to oxidative stress using an Fe-S
cluster. Residues that bind metal in the CueR and ZntR structures or are
predicted to bind metal in other members are highlighted in yellow and marked
by black arrowheads above each subgroup. Identical residues within each sub-
group are highlighted in pink, and conserved residues are colored in blue. The
alignment shows how proteins responding to + 1 ions share a unique signature
SerXXVal(Lys/Arg) (where X is any amino acid) at the N-terminal region of the
dimerization helix, a CysXGlyX,AspCys metal-binding loop followed immedi-

ately by a Pro, which is the N1 residue of the next helix. Alternative signatures
are found for members responding to +2 ions. The Hg?*-sensing proteins are
predicted to have a Cys at the N-terminus of the dimerization helix and a
CysXgCys loop also followed by a Pro as the first residue in a helix. The
Zn?*-sensing proteins have a Cys at the N-terminus of the dimerization helix
followed by a CysX,Cys motif with no Pro following the last Cys. Finally, SoxR
appears to have a shorter dimerization helix followed by a CysX,,Cys loop
containing no Pro residues, but an additional CysXCys motif characteristic of
Fe-S—binding sites in other proteins.

tive stress (26), the alignment suggests that the
2Fe-2S cluster will bind in a loop resembling the
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Autophagy Genes Are Essential
for Dauer Development and
Life-Span Extension in C. elegans
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Both dauer formation (a stage of developmental arrest) and adult life-span
in Caenorhabditis elegans are negatively regulated by insulin-like signaling,
but little is known about cellular pathways that mediate these processes.
Autophagy, through the sequestration and delivery of cargo to the lyso-
somes, is the major route for degrading long-lived proteins and cytoplasmic
organelles in eukaryotic cells. Using nematodes with a loss-of-function
mutation in the insulin-like signaling pathway, we show that bec-17, the C.
elegans ortholog of the yeast and mammalian autophagy gene APG6/VPS30/
beclin1, is essential for normal dauer morphogenesis and life-span exten-
sion. Dauer formation is associated with increased autophagy and also
requires C. elegans orthologs of the yeast autophagy genes APG1, APG7,
APG8, and AUTT10. Thus, autophagy is a cellular pathway essential for dauer
development and life-span extension in C. elegans.

Under conditions of high population densi-
ty, limited food, or increased temperature,
Caenorhabditis elegans nematodes revers-
ibly arrest in an alternate third larval stage,
the dauer diapause, which is specialized to
survive in an unfavorable environment (/).
Entry into dauer is regulated by different
signaling pathways, including transforming
growth factor (TGF-), cyclic guanosine
monophosphate, and insulin-like signaling.
Single-gene mutations in the insulin-like
signaling pathway that promote constitu-
tive dauer phenotypes also prolong adult
life-span (2). Despite extensive character-
ization of regulatory signals, the cellular
pathways involved in dauer morphogenesis
and longevity are not well understood.
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The regulation of dauer entry in C. el-
egans shares similarities with the induction
of autophagy in other eukaryotes. The en-
vironmental cues that promote dauer mor-
phogenesis in C. elegans are also potent
stimulators of autophagy in yeast and mam-
malian cells (3, 4). Through autophagy,
cells generate sufficient pools of amino
acids to synthesize proteins that are essen-
tial for survival when the environmental
food supply is limited. Components of the
insulin-like signaling pathway that posi-
tively (e.g., daf~-18) and negatively (e.g.,
age-1 and aktl/akt2) regulate dauer entry in
C. elegans may also regulate autophagy in
mammalian cells (5, 6). Furthermore, auto-
phagy may be involved in life-span exten-
sion induced by dietary restriction in mam-
mals (7), in delaying leaf senescence (8, 9),
and in developmental processes that require
extensive cellular and tissue remodeling
(10). We therefore postulated that autoph-
agy is essential in both dauer development
and life-span extension in C. elegans.

To test this, we used RNA interference
(RNAIi) (/1) to inhibit autophagy genes in
C. elegans that carry a loss-of-function mu-
tation in daf-2, the C. elegans insulin-like
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tyrosine kinase receptor (12). daf-2(el1370)
animals are temperature-sensitive daf-c
class mutants (/3), with inappropriate con-
stitutive dauer entry at 25°C and extended
adult life-span at lower temperatures (such
as 15°t0 22.5°C) (12, 14) that allow repro-
ductive growth. C. elegans contains candi-
date homologs of several yeast autophagy
(APG) genes. We focused on bec-1, the C.
elegans ortholog (T19E7.3) of yeast APG6/
VPS30, because its mammalian counter-
part, beclin 1, is important in autophagy,
embryonic development, and tumor sup-
pression (15, 16). In both yeast and mam-
malian cells, Apg6/Vps30/Beclin 1 is part of
a Class III phosphatidylinositol 3-kinase
complex that is thought to be important in
mediating localization of other Apg proteins
to preautophagosomal structures (17, 18).

C. elegans bec-1 encodes a predicted 375—
amino acid, coiled-coil protein that shares 28%
homology with yeast Apg6/Vps30p and 31%
homology with human Beclin 1. To determine
whether bec-1 is a functional homolog of yeast
APG6/VPS30, we tested its ability to restore
autophagy and vacuolar protein sorting in
APG6/VPS30-disrupted (Aapg6/vps30) yeast.
Using differential interference contrast micros-
copy, we found that Aapg6/vps30 yeast trans-
formed with C. elegans bec-1 or human beclin
1, but not with empty vector, showed an in-
crease in nitrogen starvation—induced autoph-
agy similar to that of Aapg6/vps30 yeast trans-
formed with yeast APG6/VPS30 (Fig. 1A). In
contrast, Aapg6/vps30 yeast transformed with
either C. elegans bec-1 or human beclin 1 were
unable to properly sort and mature the vacuolar
protein carboxypeptidase Y (CPY) (Fig. 1B,
top). This defect was not due to a lack of stable
C. elegans BEC-1 or human Beclin 1 protein
expression in yeast (Fig. 1B, bottom) and could
not be overcome by overexpression of the
Apg6/Vps30p binding partner, Vps38p, that is
part of the yeast vacuolar protein sorting com-
plex (/8) (Fig. 1B, middle). Thus, similar to
human beclin 1 (15), C. elegans bec-1 comple-
ments the autophagy but not the vacuolar pro-
tein sorting function of APG6/VPS30 in yeast.
In addition, we examined the C. elegans bec-1
expression pattern using a reporter gene in
which the bec-1 promoter was fused to green
fluorescent protein (GFP) coding sequences
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