
EGF- or PDGF-triggered activation of Ras. This is reminiscent of
mice deficient in the Eps8 activator component of the Rac-GEF
complex Eps8/E3b1/Sos-1 (ref. 25). PI(3)K- and Ras-dependent
ruffling is impaired in the mutant, yet the mice are phenotypically
healthy. Thus, indications exist in vivo for redundancies in Rac-
dependent signalling of cytoskeletal rearrangements. A

Methods
Plasmids
KIAA0640 complementary DNA was provided by T. Nagase (Kazusa DNA Research
Institute). For GFP–SWAP-70 expression in mammalian cells, cDNA of SWAP-70 was
subcloned into pEGFP C1 (Clontech). Point mutations were induced by the QuickChange
site-directed mutagenesis method (Stratagene). For the SWAP-70 (R230C and K291A)
mutants, 5 0 -AAAACTGGACTGAATGTTGGTTTGTTTTAAAACCCAA-3 0 and 5 0 -
GATAAGACTTTTGAAATCAGTGCTAGCGATGCGAAGAAGAAACAGGAGTGGATT
CAA-3 0 were used as sense primers, respectively. For deletion mutants, cDNAs coding for
different segments were inserted into pEGFP C1. pEFBOS HA–RasN17, pEFBOS HA–
RasV12 and pEFBOS HA–Rac were gifts from K. Kaibuchi. pCMV HA–MAPK was
provided by Y. Gotoh. cDNA of the GEF domain of human Sos1 was cloned by reverse-
transcriptase-mediated polymerase chain reaction.

Protein purification and peptide sequence analysis
SWAP-70 purification from bovine brain with the use of PtdIns(3,4,5)P3-APB beads and
amino-acid sequencing were done as described12,26.

Transfection
Transfection of COS7 cells was performed by electroporation. Cells were suspended in
500 ml of K-PBS (30.8 mM NaCl, 120.7 mM KCl, 8.1 mM Na2HPO4, 1.46 mM KCl, 5 mM
MgCl2) containing 20 mg DNA and were pulsed with a Cell-porator (Gibco BRL) at 800 mF
capacitance and 240 V. Transfection of NIH 3T3 cells was done by electroporation as
described above or by lipofection with LipofectAMINE (Gibco-BRL). Transfection of
293T cells was done as described previously27. Introduction of the DNA to cultivated
kidney cells was done by microinjection as described previously28 or by lipofection.

Fluorescence microscopy
Cells were stained for F-actin with tetramethylrhodamine-isothiocyanate-conjugated
phalloidin as described previously28. Cells were examined by confocal fluorescence
microscopy (Olympus IX-70).

GDP release assay for Rac, binding of SWAP-70 to Rac, and Rac activation assay
The GDP release assay was performed as described29. Binding of SWAP-70 to Rho GTPases
was performed as described previously30. For the Rac1 (or Cdc42) activation assay, Rac1
(or Cdc42) was expressed in NIH 3T3, COS7 or primary kidney cells together with wild-
type or mutant SWAP-70. Cells were treated for 5 min with or without PDGF or EGF,
washed with ice-cold PBS containing 5 mM MgCl2, lysed in lysis buffer (50 mM Tris-HCl
pH 7.5, 1% (v/v) Triton X-100, 150 mM NaCl, 10% (v/v) glycerol, 2 mM dithiothreitol,
10 mM MgCl2) and centrifuged for 10 min at 15,000g at 4 8C. Supernatants were incubated
for 30 min at 4 8C with GST–Cdc42/Rac interactive binding (CRIB) (from PAK1),
prebound to glutathione–Sepharose beads. Beads were washed, and bound material was
analysed by SDS–polyacrylamide gel electrophoresis and immunoblotting.
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The 26S proteasome is the chief site of regulatory protein turn-
over in eukaryotic cells1. It comprises one 20S catalytic complex
(composed of four stacked rings of seven members) and two
axially positioned 19S regulatory complexes (each containing
about 18 subunits) that control substrate access to the catalytic
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chamber2. In most cases, targeting to the 26S proteasome
depends on tagging of the substrate with a specific type of
polyubiquitin chain3–6. Recognition of this signal is followed by
substrate unfolding and translocation, which are presumably
catalysed by one or more of six distinct AAA ATPases located in
the base—a ring-like 19S subdomain that abuts the axial pore of
the 20S complex and exhibits chaperone activity in vitro 7–9.
Despite the importance of polyubiquitin chain recognition in
proteasome function, the site of this signal’s interaction with the
19S complex has not been identified previously. Here we use
crosslinking to a reactive polyubiquitin chain to show that a
specific ATPase subunit, S6 0 (also known as Rpt5), contacts the
bound chain. The interaction of this signal with 26S proteasomes
is modulated by ATP hydrolysis. Our results suggest that pro-
ductive recognition of the proteolytic signal, as well as protea-
some assembly and substrate unfolding, are ATP-dependent
events.

We used intact 26S proteasomes—proteases with a relative
molecular mass of 2,100,000 (M r 2,100K)—as the starting point to
identify, by means of crosslinking, the subunit(s) of the 19S complex
that contacts the bound polyubiquitin chain. To construct a reactive
version of tetra-ubiquitin (Ub4), which is the minimal signal for
efficient targeting to proteasomes6, we took advantage of the
absence of endogenous cysteines in ubiquitin and our previous
finding that a P37C mutation is permissive for chain recognition10.
We placed the ubiquitin P37C mutant at the proximal position in
Ub4, and then introduced a radio-iodinated photoreactive cross-
linker (APDP) at Cys 37 via disulphide exchange (Fig. 1). The
reactive group was thus positioned near the proximal Leu 8 (refs
11, 12), whose side chain is necessary for optimal recognition of Ub4

by 26S proteasomes6,13.
Purified bovine 26S proteasomes were pre-incubated with a

stoichiometric concentration (relative to the 19S complex) of the
reactive chain, irradiated with ultraviolet radiation, and resolved by
SDS–polyacrylamide gel electrophoresis (PAGE) under reducing

conditions to visualize crosslinked partner(s) at their normal
molecular masses (Fig. 1). Despite the presence of approximately
18 distinct polypeptides in the 19S complex, there were only three
significant crosslinked products, indicating substantial specificity of
interaction (Fig. 2a, lane 6). The most abundant product was
derived from intramolecular crosslinking, as it co-migrated with
Ub4and was seen in the absence of proteasomes (Fig. 2a; *Ub4, lane 3
and 6). Reactions containing proteasomes and reactive Ub4

uniquely yielded radiolabelled bands with molecular masses of
roughly 48K and 50K (lane 6). The masses of these two proteins
are consistent with identification as subunits of the 19S complex2.
Crosslinking of both proteins depended strictly on ultraviolet
irradiation (not shown), and neither protein crosslinked to Ub1

(lane 5), which does not bind detectably to proteasomes6. Reaction
of the 50K protein, but not the smaller protein, was competed
efficiently by unlabelled wild-type Ub4(Fig. 2a, compare lanes 8 and
6, and b), but not by a mutant Ub4 that does not bind to
proteasomes10 (Fig. 2a, compare lanes 9 and 6). Only the 50K

Figure 2 Specific crosslinking of Ub4 to proteasomes. a, The 50K proteasome subunit

crosslinks to Ub4. Crosslinking reactions (0.5 mM Mg-ATP) contained the indicated

reactive species (Ub1, wild-type Ub4, or Ub4 with proximal ubiquitin L8A (white circles)).

Black circles, wild-type ubiquitin; grey circles, L8A,I44A-ubiquitin. Lane 1, Coomassie

stain of lane 6; lanes 2–9, autoradiograph. Lane 8 shows competition by unlabelled wild-

type Ub4; lane 9 shows competition by L8A, I44A Ub4 (5 mM each). The 50K band is

indicated by a dot in the autoradiograph. *Ub4, product of intramolecular crosslinking

(identical migration of this band on a non-reducing gel excluded its origin in an

intermolecular reaction). b, The indicated competitors were added at 10 mM each.

c, Coomassie stain of Ub4 crosslinking reactions with 1 mM proteasomes or S5a (ref. 13)

(2 mM Mg-ATP). Ub4denotes reaction with chain alone; S1, 2 and S3–12 denote subunits

of the 19S complex. d, Autoradiograph of c. e, Anti-S5a western blot.

Figure 1 Crosslinking strategy. 125I-labelled APDP was linked to Cys 37 in the proximal

ubiquitin of Ub4 by means of disulphide exchange (1 and 4 denote proximal and distal

ubiquitins, respectively). As in the natural chain signal3,4, the ubiquitins are linked by

Lys 48–Gly 76 isopeptide bonds27. After ultraviolet activation in the presence of

proteasomes, the nitrene group of APDP crosslinks to a 19S subunit that is in close spatial

proximity. Treatment of this initial crosslinked product with b-mercaptoethanol (b-ME)

releases the (unlabelled) chain.
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band showed diminished reaction when the L8A mutation was
introduced into the proximal ubiquitin of the reactive chain (Fig. 2a,
compare lanes 6 and 7)—an alteration that diminishes by several-
fold the affinity of Ub4 for proteasomes6. Of note, crosslinking by
wild-type Ub4 was competed efficiently by Ub5-dihydrofolate
reductase (DHFR), a polyubiquitinated substrate with high affinity
for proteasomes6, but not by UbDHFR, which does not bind
detectably6 (Fig. 2b). Thus, only the 50K protein behaved as
expected for an authentic polyubiquitin recognition factor, whose
crosslinking should be sensitive to chain length, competed by an
authentic substrate, and dependent on a hydrophobic contact with
ubiquitin Leu 8 (ref. 6). To exclude the possibility that the 50K
subunit was adjacent to a primary binding protein and reacted only
owing to the long linker arm of APDP, we showed that the 50K
subunit still crosslinked when we moved APDP to the distal
ubiquitin in the chain (not shown).

Purified S5a (also known as Rpn10), an approximately 50K
subunit of the 19S complex, avidly binds polyubiquitin chains13,14.
Not surprisingly, purified recombinant S5a (Fig. 2c, lane 3) also

crosslinked strongly to the reactive chain (Fig. 2d). However,
although S5a was present in the proteasome preparation (Fig. 2e),
the crosslinked 50K protein in the 19S complex was not S5a, as
shown by distinct mobilities of the respective crosslinked products
(Fig. 2d, compare lanes 2 and 3). These results suggest that
interactions between neighbours within the 19S complex occlude
the polyubiquitin-binding site of S5a, and indicate that isolated S5a
exhibits properties that are not manifested when this subunit is part
of the 19S complex. The current results may explain the dispensa-
bility of the polyubiquitin-binding site of S5a subunits for the
degradation of most polyubiquitinated substrates in yeast cells15,16.

The 50K polyubiquitin-interacting protein in the 19S complex
displayed an isoelectric point (pI) of roughly 5 on a two-dimen-
sional IEF/SDS–PAGE gel (not shown). The only known 19S
subunits with these physical properties are the ATPases S6 0 (also
known as Rpt5 and TBP1) and S6 (also known as Rpt3 and TBP7)2,
which are thought to be located at adjacent positions in the
presumptive ATPase ring17,18. Peptide sequencing revealed that
both S6 and S6 0 co-migrated with the labelled band (not shown).
To determine which ATPase(s) was targeted by the reactive chain,
we took advantage of the fact that the chain and its interaction
partner are initially linked by a disulphide bond (Fig. 1). Thus, a
fraction of the relevant ATPase(s) should migrate with an apparent
mass of about 80K in non-reducing SDS–PAGE, and this form
should be immunochemically detectable using antibodies that
distinguish the two ATPases (Fig. 3a, modulator complex lacks S6
(ref. 19). As shown in Fig. 3b, only the S6 0 antibody detected an 80K
band in non-reducing SDS–PAGE of crosslinked proteasomes.
Consistent with the identification of this band as a disulphide-
linked adduct of S6 0 and Ub4, it reacted with ubiquitin antibodies
(Fig. 3c) and the principal fraction of the S6 0 /ubiquitin immunor-
eactivity disappeared after reduction (Fig. 3b, c, compare lanes 6
and 4). Therefore S6 0 ATPase within the 26S proteasome contacts

Figure 3 The 50K crosslinked protein is S6 0 . a, S6 and S6 0 antibodies do not crossreact.

A western analysis of 26S proteasomes (lanes 1, 3) or equimolar modulator, a small

complex that lacks S6 (ref. 19; lanes 2, 4), is shown. b, S6 0 , but not S6, is initially linked to

reactive Ub4by a disulphide bond (western blots). Crosslinking reactions with reactive Ub1

or Ub4(2 mM Mg-ATP) were quenched in SDS with or without b-mercaptoethanol (b-ME).

Sections of the blot corresponding to greater than 60K (top panel) and about 50K (bottom

panel) were analysed separately. c, The 80K complex contains ubiquitin (anti-ubiquitin

western blots; the top panels from b were stripped and re-probed). d, Efficient

crosslinking requires ATP hydrolysis (autoradiograph). 26S proteasomes were depleted of

ATP before crosslinking with reactive Ub4 plus the indicated nucleotide (2 mM, with

10 mM MgCl2). Lanes 8 and 9 show an independent experiment. *Ub4, product of

intramolecular crosslinking.

None

Mg-ATP

Mg-ATP-γS
3,198 3,228 3,258

Gauss

0.05

0.15

0.25

0.35

0 1 2 3 4

τ 
(n

s)
τ 

(n
s)

26S (µM)

Mg-ATP

Mg-ATP-γS

b

0

0.1

0.2

0 2.5 5 7.5 10

Ub5DHFR (µM)

–26S

+26S

c

a

Figure 4 ATP hydrolysis modulates the polyubiquitin chain–proteasome interaction (EPR).

a, Representative spectra. Incubations contained 2 mM Ub4-proxyl; middle and lower

panels also contained 3.6 mM 26S proteasomes with 1 mM Mg-ATP or ATP-gS (plus ATP

regenerating system). b, Titration analysis. Incubations contained 2 mM Ub4-proxyl,

proteasomes and Mg-ATP or Mg-ATP-gS. c, Competition study. Incubations contained

1.7 mM Ub5-proxyl, 2.7 mM proteasomes and Ub5DHFR6 as shown.
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the bound polyubiquitin chain in a specific manner (Figs 2a, b and
3). However, Ub4 did not bind detectably to recombinant gluta-
thione S-transferase (GST)–Rpt5 in a pull-down assay (not shown),
suggesting that the ability to form a functional chain-interaction
site on S6 0 is modulated by the presence of this subunit’s neighbours
within the 19S complex.

Consistent with identification of the S6 0 ATPase as the subunit of
the 19S complex that interacts with the polyubiquitin chain,
efficient crosslinking to S6 0 required ATP hydrolysis, as indicated
by diminished crosslinking of the 50K protein in the presence of
ADP or ATP-gS (Fig. 3d). A series of nucleoside 5’-triphosphates
(NTPs) supported crosslinking in the order ATP < CTP . GTP .

UTP (Fig. 3d), similar to the NTPase specificity of the 19S com-
plex20. ATP-gS is able to maintain the 19S–20S association (our own
unpublished data and ref. 21); therefore, the diminished cross-
linking signal seen in the presence of APT-gS (Fig. 3d) is not due to
impaired proteasomal integrity. ATP hydrolysis may rather be
necessary for efficient binding of the polyubiquitin signal to its
cognate site. To address this possibility, we introduced a spin label
(proxyl nitroxide coupled to maleimide) into Ub4, and monitored
its electron paramagnetic resonance (EPR) spectrum in the presence
of proteasomes. In the absence of proteasomes, Ub4-proxyl dis-
played a spectrum typical of a rapidly tumbling molecule (Fig. 4a,
top panel). Upon addition of 26S proteasomes in the presence of
Mg-ATP, the spectrum became more anisotropic, as demonstrated
by the decreased ratio of the high field peak to the central peak, and
the increased rotational correlation time (t) (Fig. 4a, middle panel,
and b). This effect was eliminated when ATP was replaced with ATP-
gS (Fig. 4a, bottom panel, and b), providing direct physical evidence
that the chain–proteasome interaction is modulated by ATP
hydrolysis. To ensure that the chain binding site monitored in this
experiment was functionally significant, we showed that the Mg-
ATP-dependent increase in t was competed efficiently by Ub5DHFR
(Fig. 4c), indicating that the chain-interaction site monitored by
EPR is that which binds Ub5DHFR with high affinity6. We note that
even in the presence of proteasomes and Mg-ATP, the EPR signal of
the spin-labelled chain is not characteristic of a highly immobilized
molecule22, suggesting that free and proteasome-bound chains are
in rapid equilibrium. Consistent with this model, Ub4 did not co-
sediment with 26S proteasomes on a glycerol gradient (our own
unpublished data).

We have shown that a polyubiquitin chain interacts with the base
of the 19S complex in a manner that places a critical region of the
chain in close proximity to the S6 0 ATPase (Figs 2 and 3). Moreover,
ATP hydrolysis modulates the interaction between the chain and the
proteasome (Figs 3d and 4). Competition by the 26S proteasome
substrate Ub5DHFR in crosslinking and EPR provides evidence that
the site being monitored is that responsible for the recognition of
polyubiquitinated substrates. These results implicate S6 0 specifi-
cally, and the base of the 19S complex generally, in proteolytic signal
recognition. S6 0 is thus one of only a handful of 19S subunits with
assigned functions. A specific role for this subunit in ATP-modu-
lated polyubiquitin recognition is consistent with the ability of a
non-proteasomal AAA ATPase to bind polyubiquitin chains23, and
may also help to explain the severe inhibition of model substrate
degradation caused by a non-conservative mutation in the ATP-
binding site of yeast Rpt5 (ref. 24). (However, because the ATPases
probably form a ring, the effect of ATP on chain interaction could
originate in the ATP site of a different ATPase.) Binding of the
polyubiquitin signal to the base of the 19S complex should effi-
ciently position the substrate for downstream events in proteolysis,
as this subdomain also mediates substrate unfolding7,9and gating of
the axial pore of the 20S complex25. A requirement for the lid of the
19S complex in the degradation of polyubiquitin-tagged substrates8

may reflect as yet undiscovered interactions between a lid subunit(s)
and the chain or substrate. Interestingly, the homogeneous ATPase
subunits of the simpler archaebacterial and eubacterial proteasomes

also mediate substrate recognition, usually by binding to a short
motif within the substrate polypeptide chain2. Our results not
only document a new role for ATP in polyubiquitin-dependent
proteolysis, but also suggest that delegation of a signal-recognition
function to a specific ATPase accompanied the functional diversi-
fication of these subunits in eukaryotes24,25. A

Methods
Antibodies and proteins
We purified 26S proteasomes from bovine erythrocytes26. Antibodies against S6 and S6 0

were from Affiniti. We produced the antibodies against ubiquitin. Antibodies against
Rpn10/S5a were a gift of R. Vierstra.

Reactive chains
Polyubiquitin chains were synthesized enzymatically6,27. APDP (N-[4-(p-azido-
salicylamido)butyl]-3 0 -(2 0 -pyridyldithio)propionamide, 20 mM in DMSO; Pierce) was
diluted to 3.4 mM in 35 ml of 0.15 M phosphate (pH 7.4) and radio-iodinated using
chloramine-T (0.3 mCi of Na125I for 5 min, followed by 5 mM unlabelled KI). Ub4

(proximal ubiquitin P37C, 4 mg ml21) was reduced with 0.5 mM dithiothreitol (30 min,
37 8C), diluted to 50 mM, incubated with 125I-labelled APDP (2 mM, 1 h, 37 8C), and
separated from unincorporated APDP on a spin column to yield APDP-Ub4 at
approximately 106 c.p.m. mg21. We used similar procedures to make reactive Ub1. Reactive
molecules were stored in the dark at 5 8C and used within 1 month.

Crosslinking
26S proteasomes (0.5 mM) were pre-incubated in the dark with reactive Ub1or Ub4(1 mM)
for 10 min (10 ml, pH 7.6, 37 8C) in the presence of 0.5–2 mM Mg-ATP plus 1 mM ubiquitin
aldehyde. To induce crosslinking, tubes were placed on an ultraviolet transilluminator for
2.5 min. Reactions were immediately quenched with SDS sample buffer (with or without
mercaptoethanol as indicated) before resolution by SDS–PAGE.

EPR measurements
Maleimido-proxyl nitroxide (Aldrich) was reacted with Cys 37 (proximal) in Ub4, and
unincorporated spin label was removed by dialysis. EPR samples (5 ml) were loaded into
capillary tubes with an internal diameter of 0.4 mm, and measurements were performed
on a Bruker 300E spectrometer with loop-gap resonator at X-band using 1 mWmicrowave
power28. In Fig. 4 spectra consisted of 25 or 50 summed 30-s scans. Each point in Fig. 4b
was obtained by averaging 75 scans (from two experiments). In Fig. 4c, spectra consisted of
ten scans (to prevent substantial degradation of Ub5DHFR). We calculated rotational
correlation times, t, as described22.
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Microorganisms that use insoluble Fe(III) oxide as an electron
acceptor can have an important function in the carbon and
nutrient cycles of aquatic sediments and in the bioremediation
of organic and metal contaminants in groundwater1,2. Although
Fe(III) oxides are often abundant, Fe(III)-reducing microbes are
faced with the problem of how to access effectively an electron
acceptor that can not diffuse to the cell. Fe(III)-reducing micro-
organisms in the genus Shewanella have resolved this problem by
releasing soluble quinones that can carry electrons from the cell
surface to Fe(III) oxide that is at a distance from the cell3,4. Here
we report that another Fe(III)-reducer, Geobacter metalliredu-
cens, has an alternative strategy for accessing Fe(III) oxides.
Geobacter metallireducens specifically expresses flagella and pili
only when grown on insoluble Fe(III) or Mn(IV) oxide, and is
chemotactic towards Fe(II) and Mn(II) under these conditions.
These results suggest that G. metallireducens senses when soluble
electron acceptors are depleted and then synthesizes the appro-
priate appendages to permit it to search for, and establish contact
with, insoluble Fe(III) or Mn(IV) oxide. This approach to the use
of an insoluble electron acceptor may explain why Geobacter
species predominate over other Fe(III) oxide-reducing micro-

organisms in a wide variety of sedimentary environments5–8.
Geobacter metallireducens, the first organism found to completely

oxidize organic compounds to carbon dioxide with Fe(III) oxide
serving as the electron acceptor9–11, was previously reported to be
non-motile12. However, in those previous studies, motility was
evaluated in cultures grown on soluble electron acceptors such as
nitrate or Fe(III)-citrate. We observed with phase-contrast
microscopy that cells of G. metallireducens that had been grown
on insoluble Fe(III) were motile. Furthermore, when we placed cells
that had been grown on Fe(III) or Mn(IV) oxide onto soft agar plates
they swam out from the line on which they were placed, whereas
cells that had been grown on soluble Fe(III) did not (Fig. 1a).

Cells grown with insoluble Fe(III) or Mn(IV) oxides as the
electron acceptor had lateral flagella that were apparent with
transmission electron microscopy, whereas cells grown with soluble
Fe(III) lacked flagella (Fig. 1b). Examination of 100 cells from each
type of culture revealed that 77% and 68% of cells grown with

Figure 1 Expression of flagella and pili by G. metallireducens. a, Motility agar plate of

swimming motility in response to growth with the electron acceptor indicated. A heavy

suspension of cells was placed onto the plate and, after several days, the appearance of a

light-grey haze extending outward from the initial streak indicated swimming. b, Electron

micrographs showing the absence of flagella on cells grown with Fe(III)-citrate (top left), in

contrast to cells grown with Fe(III) (top right) or Mn(IV) (bottom left) oxides as the terminal

electron acceptor. Scale bars, 1 mm. The bottom right panel is a higher resolution electron

micrograph of pili on cells. Scale bar, 0.1 mm. The contrast of the image was increased to

enhance the visibility of pili. Cells were stained with 4% uranyl acetate and viewed with a

JEOL 100S microscope. c, SDS–polyacrylamide gel electrophoresis of surface proteins

obtained from G. metallireducens cells grown on Mn(IV) oxide (Mn oxd), Fe(III)-citrate

(FeC), and Fe(III) citrate containing glass beads (FeC gls) or silica (FeC Si). The arrow points

to the band consisting of flagellin protein. The molecular size standards are indicated on

the left. d, PCR amplification of pilA from cDNA generated from mRNA. Cells were grown

with the electron acceptor indicated (labelling as in c). Controls in which RNase was added

to the reactions before reverse transcription was carried out showed no bands, indicating

that the RNA preparation was not contaminated with DNA (not shown). The arrow points to

te pilA PCR product. The marker (M) is a 1-kb DNA ladder (New England Biolabs).

letters to nature

NATURE | VOL 416 | 18 APRIL 2002 | www.nature.com 767© 2002 Macmillan Magazines Ltd


