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Unraveling the means to the end in
ATP-dependent proteases

Mark Hochstrasser and Jimin Wang

In the ATP-dependent proteases, separate internal chambers function in substrate unfolding and degradation.
These chambers are linked by narrow channels, requiring a protein to unfold completely in order to pass between
them. New work suggests that substrates are unraveled from one end first and are translocated vectorially into

the proteolytic core.

As is also often true for protein transloca-
tion across membranes, protein degrada-
tion within the chambers of ATP-
dependent proteases requires that the sub-
strate protein be unfolded and threaded
through a very narrow opening or conduit?.
Deciphering the mechanisms by which ATP
binding or ATP hydrolysis is used to drive
these unfolding and translocation events
represents a major experimental challenge.
In a recent paper in Molecular Cell,
Matouschek and colleagues? suggest that
ATP-dependent proteases initiate unfolding
by peeling off one end of the protein, which
is marked by a protein degradation signal;
this end is then funneled into the central
hydrolytic chamber of the protease2. The
efficacy of this mechanism does not corre-
late with the spontaneous global unfolding
rate of the protein or with the overall stabil-
ity of the native state. Instead, it appears to
relate to the ability of the protease to initiate
a local unraveling of a terminal protein seg-
ment, which in turn triggers a cooperative
unfolding of the protein or protein domain.
This directionality in unfolding may be
coupled to the vectorial transfer of the
tagged protein end into the proteolytic core.

Degradation by ATP-dependent
proteases

Intracellular protein degradation is essen-
tial both to control levels of key regulatory
proteins and to eliminate abnormal pro-
teins®4. In all organisms, these tasks are
handled by one or more architecturally
related ATP-dependent proteases, such as
the 26S proteasome in eukaryotes and the
caseinolytic proteases CIpAP and ClpXP
and the heat shock locus HsIVU protease
in archaea and eubacterial. These multi-
chambered protein complexes consist of a
ring-shaped subcomplex of six ATPase
subunits that aligns coaxially with a sec-
ond, barrel-shaped subcomplex; the pro-
tease active sites are inside the central
cavity of the barrel (Fig. 1a) (the protea-
some regulatory complex has additional,
non-ATPase subunits). The substrate
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Fig. 1 Structures of HsIVU, an ATP-dependent protease, and the DHFR substrates. a, An important
feature of ATP-dependent proteases inferred from the crystal structure of HsIVU is the alignment
of narrow channels in the ATPase and protease subcomplexes, as seen here in cross section view.
HslV (made of two rings, colored cyan and magenta) peptidase sites (gold CPK modeling within
white circles) are located on the surface of a large central cavity; ATPase sites (gold CPK modeling
within the magenta circle, nearly buried) are located inside HslU (green). Two vertical white lines
mark the narrowest pore diameters of ~5.0 A, where the end of the substrate is proposed to be
tethered!. b, Structural features of the substrate DHFR, with its secondary structure labeled
sequentially. The inhibitor methotrexate is shown as a CPK model; the new termini of circular per-
muted (CP) mutants are marked with magenta spheres (Pro 25, Lys 38, Asp 70, and Ala 145) with
the native termini joined by a Glys-linker linker (dotted line). ¢, An example of CP mutant construc-
tion (CP Pro 25). Solid triangles are the attached degradation signals. In this example, residues 1-24

(densely mashed box) follows residues 25-159 (lightly mashed box) and the Glys-linker.

binding chamber of the ATPase subcom-
plex and the proteolytic chamber of the
protease subcomplex are linked by chan-
nels that are no more than 5-13 A in
diameter at their narrowest points (Fig.
1a). This minuscule pore size places severe
constraints on how a substrate protein can
be translocated into the proteolytic core,
with complete unfolding of the polypep-
tide likely to be necessary. Elegant studies
over the last two years with CIpAP and
ClpXP have demonstrated a global
unfolding of substrate prior to or con-
commitant with translocation®-,

The ATP-dependent proteases need to
distinguish proteins that should be
degraded from those that should not*. For
the 26S proteasome, this usually involves

recognition of a polyubiquitin chain on
the substrate by one or more ubiquitin-
binding subunits in the ATPase subcom-
plex. For substrates of the other
chambered proteases and for certain 26S
proteasome substrates, structural ele-
ments within the protein are directly rec-
ognized, but the important features of
these degradation signals are poorly
understood in most cases. Proteolysis by
conventional proteases such as proteinase
K differs from the ATP-dependent com-
plexes in that no degradation signals are
needed but spontaneous substrate unfold-
ing is required for complete degradation.

Following binding to the ATPase sub-
complex, the substrate polypeptide is
unfolded and translocated into the
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hydrolytic chamber. Protein unfolding
can occur independent of translocation,
and translocation can also be uncoupled
from proteolysis of the substrate®. What,
then, drives unfolding? The best clues
come from what would seem at first
glance to be the opposite process — chap-
eronin-assisted protein folding.
Enhancement of protein folding rates by
chaperonins appears to be driven by forc-
ing local unfolding events. In the
GroEL-GroES chaperonin, such unfold-
ing is induced by mechanical stress on the
protein®. Simultaneous binding of the
substrate to hydrophobic sites within the
chaperonin folding chamber coupled to a
large, cooperative  conformational
rearrangement in the chaperonin driven
by ATP binding results in stretching forces
on the protein that literally pull its mis-
folded segments apart. Upon release into
either bulk solution or the protected chap-
eronin cavity, the protein can then
attempt to refold along a path that leads to
the native state.

How ATP-dependent proteases
unfold substrates

Analogous mechanical forces may under-
lie protein unfolding in the ATP-depen-
dent proteases, which would break the
unfolding process into multiple catalyzed
steps of local denaturation. A degradation
signal at either the N- or C-terminus
could supply a protease binding site at one
end of the protein substrate, and addition-
al interactions might be provided by pro-
tease binding to hydrophobic substrate
sites exposed by transient local unfolding

events. A prediction of this model is that
the local structure near the degradation
signal can dictate whether or not unfold-
ing — and therefore degradation — can
occur.

The experiments by Lee et al.?2 were
designed to investigate the unfolding
capacities of several ATP-dependent pro-
teases. The authors initially noted an
unexpected difference in the ability of
tight-binding ligands to impair the degra-
dation of the enzyme dihydrofolate reduc-
tase (DHFR) or of the ribonuclease
barnase when these proteins were tagged
at their N-termini with a degradation sig-
nal. Methotrexate binding to DHFR
almost completely blocked DHFR degra-
dation by CIpAP or the proteasome,
whereas barstar association with barnase
had no effect on the degradation process
with either protease. This was surprising
because barnase is thermodynamically
more stable and undergoes spontaneous
unfolding at a lower rate than DHFR.

To explore this discrepancy between
overall folding stability, which can be
monitored by proteinase K digestion and
susceptibility to degradation by ATP-
dependent proteases, Matouschek and col-
leagues? performed a series of experiments
with circularly permuted forms of E. coli
DHFR. These proteins have nearly identi-
cal three-dimensional structures, but their
N- and C-termini are located at different
places (Fig. 1b)°. The circular permutants
(CP) chosen by Lee et al.2, the new N-ter-
mini of which begin at Pro 25, Lys 38, Asp
70 and Ala 145, have enzymatic activities
equal to or greater than that of the wild
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Fig. 2 A possible pathway for DHFR CP Pro 25
vectorial unfolding beginning at its new N-ter-
minus. When the N-terminus is unfolded, it can
be tethered in the protease translocation pore,
which might help prevent protein refolding.
The unfolded structural elements that have
passed through the pores should be degraded
(and are therefore not depicted). Peeling a
strand from the outside of a B-sheet requires
breaking one backbone hydrogen bond per
residue. Pulling a strand from inside a B-sheet
requires breaking two backbone hydrogen
bonds per residue, which may exceed the maxi-
mal unfolding force that ATP binding and/or
hydrolysis would provide per reaction cycle in
the protease-associated ATPases. Breaking a
hydrogen bond can cost up to 5 kcal molt in a
buried hydrophobic core, which has a low
dielectric constant. The maximum energy that
ATP hydrolysis provides is 7.3 kcal mol* under
standard conditions. Degradation of proteins
with signals linked to such structures would
depend on thermal fluctuations in folding to
aid in overcoming the unfolding energy barrier.
a, Amodel of the CP Pro 25 mutant described in
Fig. 1. Peeling away helix aA exposes residues
interacting with Ala 26, Leu 28, Trp 30, and Phe
31 (magenta sticks) on this helix, and destroys
the methotrexate binding site. b, Exposed
hydrophobic residues (magenta) after unravel-
ing of helix oA include Tyr 151 and Phe 153 on
strand 3H, Tyr 111 and lle 115 on BF, Met 92 and
lle 94 on BE, Leu 40 on BB. c, A local unfolding
event separates BB and BE, allowing destabi-
lization of the domain. This step is no more
energetically costly than peeling a strand from
the outside of a sheet. It includes breaking one
backbone hydrogen bond per residue, begin-
ning at a secondary structure-breaking residue,
Pro 39. d, Unfolding could proceed by succes-
sive peelings from the outside to helix aD.

type enzyme and have folding stabilities
within 2.6 kcal mol-! of the wild type. In
the absence of methotrexate, wild type
DHFR and all of the CP mutants were
degraded efficiently by CIpAP or the pro-
teasome when they were tagged with the
appropriate degradation signals. A frag-
ment of pre-cytochrome b, was used as an
N-terminal tag recognized by CIpAP. For
proteasomal binding, an N-terminal
sequence that directs polyubiquitin chain
addition was used. When the degradation
tag was attached to the N-terminus of the
test protein, binding of the inhibitor com-
pletely blocked degradation of the wild
type and CP Lys 38 proteins and largely
prevented breakdown of CP Asp 70.
Surprisingly, however, methotrexate failed
to inhibit CP Pro 25 degradation even
though CP Pro 25 is more stable than CP
Lys 38 in both the presence and absence of
methotrexate. When a degradation tag was
attached at the C-terminus, binding of
methotrexate protected the wild type
enzyme from degradation by ClpXP but
not the CP mutants. Importantly, global
stabilization of the DHFR proteins by low-
ering the temperature during the proteoly-
sis assays affected degradation of the
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different CP mutants in the same manner
as did ligand binding — that is, the dra-
matic differences in degradation kinetics
were not due to some peculiarity of
methotrexate binding.

In short, when global protein unfolding
was inhibited by tight ligand binding or
lowered temperature, the exact point of
attachment of the terminal degradation
signal had a profound impact on the sus-
ceptibility of the protein to ATP-depen-
dent degradation. Why should this be so?
Matouschek and colleagues? noted that
degradation was impaired when the pro-
tein segment directly linked to the prote-
olytic tag was buried within a structural
domain such as a [-sheet (Fig. 1b).
Energetic barriers for unfolding such sta-
ble structural motifs apparently exceed the
maximum energy that the ATPases can
provide through conformation changes
induced by ATP binding or hydrolysis.
Unfolding these domains might require
spontaneous unfolding of other parts of
the protein in order to allow further ATP-
dependent unfolding and translocation
into the protease core. Binding of
methotrexate inhibits global unfolding
and thus may block the only favorable
unfolding route(s) available.

Vectorial unfolding by
ATP-dependent proteases

A hypothetical pathway for the vectorial,
ATP-dependent unfolding of DHFR CP
Pro 25 is shown in Fig. 2. In this model,
the protease initially unravels a terminal
structural element from the surface of the
folded protein, leading to a destabilization
of the protein domain and further unfold-
ing. Peeling secondary structural elements
from the folded structure would expose
previously buried hydrophobic surfaces,
which could bind hydrophobic sites in the
unfolding chamber of the protease-associ-
ated ATPase complex and thus stabilize
the intermediate structurel. These peel-
ing/local unfolding steps can be reiterated
to unfold the entire protein. In the
ATPase—protease complexes, the exposed
end is presumably threaded into the nar-
row protease access channel even as the
protein is unfolding. Exactly how the ini-
tial binding of the N- or C-terminal tag
gives way to insertion of the tagged end

296

into the translocation channel remains to
be determined.

Vectorial protein unfolding and degra-
dation were most clearly demonstrated by
Lee et al.2 by using multidomain fusion
proteins flanked on one end or the other
by a degradation tag. If a DHFR module
was placed between a barnase module and
an  N-terminal degradation signal,
methotrexate binding blocked both
DHFR and barnase degradation. Barstar
had no effect on the proteolysis of either
domain. In contrast, if the order of the
DHFR and barnase modules was reversed
so that the degradation signal directly
flanked barnase, the barnase domain was
completely degraded in the presence of
methotrexate, and a relatively stable prod-
uct containing full length DHFR was gen-
erated. Because barnase was protected
from degradation only if a methotrexate-
stabilized DHFR module was interposed
between it and the degradation signal,
these findings strongly suggest that mul-
tidomain proteins are degraded by the
sequential destruction of domains begin-
ning at the degradation tag. Recently, it
has been directly demonstrated, using the
interaction of fluorophores placed at
either end of a CIpAP substrate and in the
ClpP interior, that substrates are translo-
cated in a vectorial fashion, beginning
with the signal-bearing end*2.

This degradation mechanism would
also lend itself to the partial degradation
of certain proteins if the protease were to
encounter a domain that is unusually dif-
ficult to unfold. A potential example is the
processing by the proteasome of the
105 kDa precursor (p105) of the NF-kB
transcription factor. In fact, Lee et al.2
showed that destabilizing mutations in the
N-terminal domain of the precursor,
which is normally destined to become a
subunit of NF-kB, result in complete pro-
teolysis of p105. Partial processing of p105
also depends on a conserved glycine-rich
region, but the model of Matouschek and
colleagues? does not address this require-
ment.

Loose ends

While the vectorial unfolding/degradation
model for ATP-dependent proteases is
appealing, additional experiments are

required to determine whether it can be
generally applied to other substrates and
to other ATP-dependent proteases. There
are a few instances, in addition to the p105
processing example mentioned above,
where existing data cannot be fully
accounted for by the model. In some het-
eromeric protein complexes, one subunit
can be targeted for degradation by infor-
mation in a partner protein that is itself
spared from destruction. In the
umuD/umuD’ dimer, for instance, the
N-terminal 24 residues of umuD target
the complex to the ClpXP protease, but it
is the umuD’ subunit that is degraded
(umuD’ is the same as umuD except it is
missing the 24-residue N-peptide)®.
Another potential complication is that
virtually all the experiments here were
done with proteins synthesized in rabbit
reticulocyte lysates, so some results may
reflect the activity of unidentified compo-
nents of the lysate. Nevertheless, Lee et al.2
have produced a provocative new view of
how ATP-dependent proteases combine
their roles as protein unfoldases and pro-
tein destroyers, and further work is sure to
refine the model that they have proposed.

Mark Hochstrasser and Jimin Wang are at
Yale University, Department of Molecular
Biophysics & Biochemistry, 266 Whitney
Avenue, P.O. Box 208114, New Haven,
Connecticut 06520-8114, USA.
Correspondence should be addressed to
M.H. email: mark.hochstrasser@yale.edu

1. Horwich, A.L.,, Weber-Ban, E.U. & Finley, D. Proc.
Natl. Acad. Sci. USA 96, 11033-11040 (1999).

2. Lee, C., Schwartz, M.P., Prakash, S., Iwakura, M. &
Matouschek, A. Mol. Cell in the press (2001).

3. Hochstrasser, M. Annu. Rev. Genet. 30, 405-439
(1996).

4. Wickner, S., Maurizi, M.R. & Gottesman, S. Science
286, 1888-1893. (1999).

5. Weber-Ban, E.U., Reid, B.G., Miranker, A.D. &
Horwich, A.L. Nature 401, 90-93 (1999).

6. Kim, Y.I, Burton, R.E., Burton, B.M., Sauer, R.T. &
Baker, T.A. Mol. Cell 5, 639-648. (2000).

7. Hoskins, J.R., Singh, S.K., Maurizi, M.R. & Wickner,
S. Proc. Natl. Acad. Sci. USA 97, 8892-8897. (2000).

8. Singh, S.K., Grimaud, R., Hoskins, J.R., Wickner, S. &
Maurizi, M.R. Proc. Natl. Acad. Sci. USA 97,
8898-8903. (2000).

9. Shtilerman, M., Lorimer, G.H. & Englander, S.W.
Science 284, 822-825. (1999).

10. Iwakura, M., Nakamura, T., Yamane, C. & Maki, K.
Nature Struct. Biol. 7, 580-585. (2000).

11. Wang, J. et al. Structure Fold. Des. 9, 177-184 (2001).

12. Reid, B.G., Fenton, W.A., Horwich, A.L. & Weber-
Ban, E.U. Proc. Natl. Acad. Sci. USA, 98, in the
press (2001).

13. Gonzalez, M., Rasulova, F, Maurizi, M.R. &
Woodgate, R. EMBO J. 19, 5251-5258. (2000).

nature structural biology ¢ volume 8 number 4 « april 2001



