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and the functional activation of Zuo by Ssz binding remains
unclear.

In this study, we investigated the architecture and conforma-
tional dynamics of yeast RAC and its implications for co-chap-
erone function. We report that the complex assembly involves
the C-terminal domain of Ssz and the N-terminal 62 aa of Zuo,
and leads to significant stabilization of both subunits. Changes
in dynamics observed in the Zuo J-domain upon complex for-
mation might be the basis for functional activation of the
co-chaperone.

EXPERIMENTAL PROCEDURES

Strains, Growth Conditions, and Complementation Analysis—
Standard yeast growth and transformation procedures were
used (14). For strain details, see supplemental materials. For
complementation analysis, zuoA and sszA strains were trans-
formed with a plasmid expressing either Zuo-AN62
(pmCUP313-AN62Zuo0) or Zuo wt (pmCUP313-Zuo) under
copper control or the empty vector pmCUP313 (HIS) (for
details see supplemental materials). Strains were grown to
log phase on glucose-containing -HIS medium and then
spotted in a 5-fold dilution series on -HIS plates with or
without hygromycin B at different concentrations and incu-
bated at 30 °C.

Protein Purification—Ssz, Zuo, and Zuo-AN62 were ex-
pressed with an Ulpl-cleavable N-terminal His,-Smt3 tag in
Escherichia coli BL21/pCodonPlus by induction at 30 °C with
0.5 mMm isopropyl-1-thio-p-galactopyranoside in the presence
of appropriate antibiotics. Cells were resuspended in lysis
buffer (40 mm HEPES-KOH pH 7.4, 500 —~1000 mMm potassium
acetate, 5 mm MgCl,, 2 mm B-mercaptocthanol (B-ME), 5%
glycerol, and 1 mm ATP for Ssz), lysed by French Press, and
lysates were cleared for 30 min at 4 °C at 30,000 X g. The super-
natant was applied to Ni-IDA matrix (Protino; Macherey-Na-
gel, Diiren, Germany); eluted material containing 250 mMm im-
idazole was supplemented with His,-Ulpl protease and
dialyzed overnight. Contaminants were removed by ion
exchange chromatography over a ReSourceQ 6 ml (Ssz) or a
ReSourceS 6 ml (Zuo) column.

HX Experiments, Mass Spectrometry, and Data Processing—
HX experiments were performed as described earlier (15, 16).
80-200 pmol of purified Zuo, Ssz, Zuo, and Ssz, or purified
RAC were preincubated with or without 0.6 mm ATP for 5-10
min at 30 °C. Amide hydrogen exchange was initiated by a
20-fold dilution into D,O-based buffer (25 mm HEPES, pH 7.4,
50 mm KCI, and 5 mm MgCl,) at 30 °C. After incubation for
fixed time periods (10 s to 2 h), the exchange reaction was
stopped by addition of 1 volume of ice-cold quench buffer (400
mm KH,PO,/H;PO,, pH 2.2). Quenched samples were imme-
diately injected into an HPLC sctup and analyzed on an clec-
trospray ionization-quadrupole time of flight-mass spectrome-
ter (QSTAR Pulsar, Applied Biosystems) as described (15, 17).
D, O buffer for the HX experiments was prepared using 99.85%
D,O (Euriso-top), lyophilized, and redissolved five times in
fresh D,O volumes. For details of the HPLC separation and data
processing, see supplemental materials.

Ribosome Binding, Ssz Binding, and Tryptic Digestion—See
supplemental materials.
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RESULTS

RAC Formation Decreases the Conformational Dynamics of
Zuo and Ssz—To understand which structural elements of Zuo
and Ssz contribute to RAC complex formation, we purified
recombinant Zuo and Ssz individually and set out to test for
their structural changes upon complex formation. We also co-
expressed Ssz and Zuo in E. coli to isolate RAC as a stable com-
plex. All purified proteins were soluble, but Ssz was recovered
with low yield and required addition of 1 mm ATP during the
purification procedure to improve solubility.

To define the binding interface of Ssz and Zuo, we measured
the conformational and dynamics changes induced upon com-
plex formation by amide hydrogen-deuteron exchange (HX)
combined with mass spectrometry (MS) (18). In HX experi-
ments, accessible amide protons of a protein exchange rapidly
for a solvent deuteron, whereas protons buried in the protein
core or involved in hydrogen bonding remain protected. Con-
formational changes and binding interfaces to partners are
resolved by changes in solvent accessibility of amide hydrogen
positions in the protein. Purified Zuo, Ssz, or RAC were diluted
into a D,0O-based buffer, incubated for fixed exchange periods
of 10 s to 2 h, and after stopping the exchange reaction, the total
number of deuterons incorporated in each protein was deter-
mined by MS (15, 16).

Zuo exchanged as much as 64% of all available amide hydro-
gens to deuterons in a 2-min HX reaction (268 deuterons, D),
and thus displays high structural dynamics (Fig. 14). Compar-
ing the exchange properties for Zuo and Zuo assembled in RAC
(designated hereafter Zuo(RAC)), we found a small but signifi-
cantly decreased deuteron incorporation in Zuo(RAC) at short
reaction times (Fig. 1A). Thirteen amide protons were pro-
tected from exchange at 10 s HX in RAC. This protection then
decreased to 3 amide protons after 2 h. Assuming that the com-
plex is kinetically stable (see below), this rapid decline in pro-
tection suggests that primarily fast exchanging regions within
Zuo are affected by complex formation.

The Ssz subunit showed even faster exchange of amide
hydrogens over time than Zuo did (Fig. 1B). Ssz exchanged 73%
of all available amide hydrogens in a 2-min reaction and 84% in
30 min (incorporation of 373 and 431 deuterons, respectively,
Fig. 1B). This unusually fast exchange kinetics is indicative of a
highly dynamic and loosely folded protein conformation. Be-
cause nucleotide binding affects the conformational dynamics
of other Hsp70 family members (15, 19, 20), we added 0.6 mm
ATP to the reaction. The presence of ATP resulted in strongly
decreased deuteron incorporation to 45% after a 2-min HX
reaction (Fig. 1B), indicating a substantial stabilization of Ssz by
ATP. Under these conditions, the exchange rate corresponds to
that observed for canonical Hsp70 chaperones like DnaK (15,
20). The nucleotide-induced stabilization, however, vanished
with longer incubation times in D,O, implying that the nucle-
otide is released within minutes. We could not conduct exper-
iments using nucleotide-free Ssz because the protein was too
unstable under this condition, and purified Ssz used in this
study contained residual amounts of ATP and ADP (data not
shown).
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FIGURE 1. Amide hydrogen exchange kinetics of Ssz, Zuo, and RAC. Time-dependent incorporation of
deuterons in: Zuo versus Zuo in the complex (Zuo(RAQ)) (A), in Ssz with and without ATP (B), in Ssz versus Ssz in
RAC (Ssz(RAC)) in the presence of ATP (C), Ssz in RAC with and without ATP (D). The left y axis indicates the
number of deuterons incorporated into the protein, and the right y axis the fraction exchanged in % of total
exchangeable amides. All values in this figure are uncorrected for back-exchange. The HX reaction conditions

are 0.4 um Ssz, Zuo, or RAC with or without 0.6 mm ATP at 30 °C.

Next, we compared Ssz to Ssz assembled in RAC (designated
hereafter Ssz(RAC)) in the presence of ATP to specifically
report about the effect of Zuo binding (Fig. 1C). The binding of
Zuo to Ssz resulted in a pronounced exchange protection of
Ssz(RAC); Ssz(RAC) incorporated 59 deuterons less than Ssz
alone in a 2-min reaction. This protection persisted up to HX
reaction times of 2 h, indicating that the complex is kinetically
very stable. Interestingly, comparison of HX kinetics of
Ssz(RAC) in the presence and absence of ATP showed that
Ssz(RAC) was also stabilized by the addition of nucleotides in
its complexed form (Fig. 1D), whereas Zuo in RAC was not
atfected by ATP (supplemental Fig. S1B). We conclude that the
Ssz stabilization effect of ATP binding is not transmitted fur-
ther to Zuo within the complex.

The C-terminal Domain of Ssz Constitutes the Major Binding
Site for Zuo—Next, we combined our HX setup with on-line
pepsination prior to MS analysis to map the specific regions
within Ssz and Zuo that are affected by complex formation and
thus are potentially involved in the interaction surface.

We first compared the HX peptide profiles of Ssz and
Ssz(RAC) in the presence of ATP. We detected two categorices
of peptides: (i) peptides that incorporated less deuterons in the
complex than in Ssz alone (HX protection), and (ii) peptides
that exhibited no changes between the two conditions. Fig. 24
shows representative mass spectra for Ssz peptides harboring
HX protection (peptides 209 —216 and 499 —510), or no changes
in HX properties (peptide 102-117). Overall, we found partic-
ularly strong HX protection effects in regions 396 —447 and
479 -538 of the C-terminal domain of Ssz (Fig. 2, C and E and
supplemental Fig. $2). These regions localized to the predicted
B-sheet subdomain and a-helical lid region of the C-terminal

assumption fits well with a recent
deletion analysis of Ssz showing
that a fragment encompassing the
ATPase domain but lacking the
C-terminal substrate binding do-
main is strongly impaired in Zuo binding (11).

ATP and Zuo Binding Have Distinct Stabilizing Effects on Ssz—
Using the same methodology, we furthermore localized the
regions of Ssz, Ssz(RAC), and Ssz(Zuo) affected by ATP bind-
ing. Strong HX protection upon addition of ATP was observed
for segments 217-280, 291-312, 335-349, and 358 —374 in the
ATPase domain, whereas no effects were observed in the C-ter-
minal domain of Ssz (Fig. 2, D and E and supplemental Fig. $3).
The protected segments constitute most of lobe II of the Ssz
ATPase domain according to the Hsp70 standard domain
nomenclature (21) and do not coincide with any regions
affected by Zuo binding (Fig. 2, C, D, and E). We conclude that
ATP binding predominantly affects the ATPase domain of Ssz,
involving regions that are distinct from the segments stabilized
by Zuo binding.

The Flexible N Terminus of Zuo Is Stabilized upon Binding to
Ssz—We next sought to identify regions of Zuo involved in Ssz
binding and compared Zuo with Zuo(RAC) or Zuo in the in
vitro assembled complex (Zuo(Ssz)) in HX pepsination experi-
ments. We found extensive HX protection upon complex for-
mation that localized to a single region at the N terminus of Zuo
covering aa 1-51 (Fig. 3, A-D and supplemental Fig. $4). Inter-
estingly, this N-terminal region revealed very fast HX exchange
kinetics with almost complete exchange of its amide hydrogens
within 10 s in uncomplexed Zuo (Fig. 3B). It appears highly
flexible and loosely folded in the absence of Ssz, whereas it
becomes less dynamic in the presence of Ssz. This region thus
constitutes the potential binding site for Ssz. Moreover, addi-
tional smaller protection effects were observed in the C termi-
nus of Zuo (peptides covering aa 394 —428, Fig. 3C and supple-
mental Fig. $4). However, the functional importance of these
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FIGURE 3. Zuo N terminus is strongly stabilized by Ssz binding. A, HX properties of Zuo uncomplexed and

224-235,m/z = 571,9333,z = +3) incubated in H,0 (0%) or for 2 min in D,0 in the uncomplexed state (Zuo),
in the complexed state (Zuo(RAC)), and in the reconstituted complex (Zuo(Ssz)). 100% designates a control
spectrum for the same peptides obtained from fully deuterated RAC. The samples during HX contained 0.5 pum
Zuo, or 0.5 um RAC, or 0.3 um Zuo and 0.6 M Ssz, and 0.6 mm ATP. B, kinetics of deuteron incorporation into
selected segments of Zuo in the absence (M) and the presence of Ssz (Zuo(RAC), ¢ ; Zuo(Ssz), X). The axis on the
left indicates the number of deuterons incorporated into the particular peptide, and the axis on the right the
corresponding fraction exchanged in % of total exchangeable amides. C, difference of deuteron incorporation
between Zuo and Zuo(RAC) after different incubation times (10 s to 30 min) in D,0. The data were resolved to
individual peptic peptides as indicated by the start and end residue numbers of the corresponding segments
(see also supplemental Fig. S3). D, schematic model of the domain structure of Zuo colored according to the
observed HX protection patterns induced by Ssz binding. Black, HX protection upon Ssz binding; dashed, HX
deprotection upon Ssz binding, gray, no changes in HX properties upon Ssz binding, and white, no data
available. Protection and deprotection effects were considered that were = 1 D and = 10% of the total
exchangeable sites for at least one HX time point measured in all peptides covering a particular region.

ciated protein (pellet, P) by ultra-
centrifugation and subsequently
analyzed by SDS-PAGE and Coo-
massie Blue staining. Wt Zuo and
Zuo-AN62 were detected only in
the pellet fraction together with 80 S
ribosomes in a 1:1 stoichiometry,
demonstrating the intact ribosomal
binding capacity of the Zuo-AN62
mutant (Fig. 4C, compare lane 12
with lanes 4 and 8). However, Ssz
targeting to ribosomes was only

FIGURE 2. Association with Zuo affects the C-terminal domain of Ssz, whereas ATP binding stabilizes the ATPase domain of Ssz. A, HX properties of Ssz

reconstituted complex (Ssz(Zuo)). 100% designates a control spectrum for the same peptides obtained from fully deuterated RAC. The samples during HX
contained 0.5 um Ssz, or 0.8 um RAC, or 0.3 um Sszand 0.6 um Zuo, and 0.6 mm ATP. B, truncated Zuo-AN62 mutant protein does not induce HX protection in
Ssz.Mass spectra of the same peptides from Ssz incubated in the presence of the Zuo-AN62 for 10 s in D, O buffer. The samples during HX contained 0.4 um Ssz
and 0.8 1M Zuo-AN62, and 0.6 mm ATP. C, difference in deuteron incorporation between uncomplexed Ssz and Ssz(Zuo) (gray bars) or Ssz(RAC) (black bars) after
10 s of incubation in D,0O buffer. The data were resolved to individual peptic peptides as indicated by the start and end residue numbers of the corresponding
segments. D, difference in deuteron incorporation for Ssz(Zuo) (gray bars) and Ssz(RAC) (black bars) in the presence or absence of 0.6 mm ATP after 10 s of
incubation in D, 0 buffer. For the effect of ATP on Ssz alone, see supplemental Fig. S2. E, schematic model of the domain architecture of Ssz colored according
to the observed HX protection patterns induced by Zuo and ATP binding, respectively. Black, HX protection induced by Zuo, resp. ATP binding. Gray, no
changes in HX properties upon Zuo or ATP binding and white, no data available. Protection effects were considered that were = 1D and = 10% of the total
exchangeable sites for all peptides covering a particular region.
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FIGURE 4. N-terminal 62 amino acids of Zuo are required for RAC forma-
tion. A, time-dependent trypsin (0.4 ng/ul) digest of Zuo, RAC, and Ssz (each
0.3 g/ pl). Samples were analyzed by ESI-MS and on SDS-PAGE with Coomas-
sie Blue staining. B, Zuo-AN62 does not associate with Ssz. Zuo wt and Zuo-
ANG62 (1.6 um) were incubated with N-terminally Hiss-tagged Ssz (1.6 um) in
the presence and absence of 2 mm ATP. The mixture was applied to a Ni-NTA
matrix. After washing, the fractions eluted by imidazole were applied on SDS-
PAGE and were Coomassie Blue-stained. C, Zuo-AN62 binds to yeast ribo-
somes but fails to target Ssz to the ribosome. 4 um Zuo wtand Zuo-AN62 were
incubated with 2 um purified 80 S yeast ribosomes with or without Ssz, fol-
lowed by ultracentrifugation through a sucrose cushion to separate unbound
chaperones in the supernatant (S) from ribosome-associated chaperones in
the pellet (P) fraction. The fractions were separated by SDS-PAGE and were
Coomassie Blue-stained.

possible in the presence of wt Zuo, and not in the presence of
Zuo-AN62 (Fig. 4C, lanes 6 and 10). Thus, Zuo-AN62 docs not
stably associate with Ssz and is no longer able to target Ssz to
ribosomes. We conclude that the N-terminal 62 aa of Zuo are
essential for binding to its Hsp70 partner Ssz and targeting it to
the translation apparatus.

The N-terminal 62 Amino Acids of Zuo Are Essential and
Sufficient to Mediate Complex Formation with Ssz in Vivo—To
clucidate the role of the N-terminal domain of Zuo in vivo, we
analyzed the ability of Zuo-AN62 to complement the hygromy-
cin B sensitivity phenotype of yeast cells deleted for Zuo.
Expression of wt Zuo from a plasmid at wt level fully restored
growth of zuoA cells (Fig. 54). Whereas zuoA cells expressing
the Zuo-AN62 mutant displayed ameliorated growth on hygro-
mycin B compared with zuoA cells, they were still impaired in
comparison to zuoA cells complemented with Zuo or wt cells
(Fig. 5A). Similar results were obtained in complementation
analysis of the NaCl-sensitive phenotype of zuoA cells (supple-
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mental Fig. S5). Importantly, the hygromycin B sensitivity of
zuoA cells expressing Zuo-AN62 corresponded to the growth
properties of sszA cells (Fig. 5A). Hygromycin B sensitivity of
cells lacking Ssz is less pronounced than that of cells deleted for
Zuo, most likely due to residual activity of Zuo in the absence of
its complex partner (11). Zuo-AN62 thus also displays residual
function, but its inability to associate with Ssz results in a phe-
notype similar to that of complete absence of Ssz.

Finally, we fused the first 62 aa of Zuo, or the first 102 aa
representing the entire N-terminal segment preceding the
J-domain, to the unrelated J-domain of Ydjl together with a
C-terminal His, tag for affinity isolation. Fusion to the J-do-
main of Ydj1, a Hsp40 homolog in the yeast cytosol that does
not react with Ssz or Ssb (7), was important to stabilize the
unfolded N terminus of Zuo. These two constructs, designated
Zuo-(1-62) and Zuo-(1-102), were expressed in yeast cells
deleted for endogenous Zuo, and their association with Ssz was
probed by pull-down experiments using the His tag of the
recombinant Zuo fusion proteins (Fig. 5B). Whereas no Ssz
protein was present in the control reaction, Ssz specifically co-
purified with both the Zuo fusion proteins in the eluates (Fig.
5B). As control, we also expressed the His-tagged J-domain of
Ydj1 lacking the Zuo moicty in zuoA cells and confirmed that
this domain did not interact on its own with Ssz in vivo (data not
shown). We conclude that the N-terminal 62-aa Zuo segment is
portable to other proteins and sufficient to mediate interaction
with Ssz in vivo. Taken together, our data demonstrate that the
N terminus of Zuo comprises the major structural element for
binding the partner chaperone Ssz both, in vitro and in vivo.

DISCUSSION

Zuo and Ssz are members of the Hsp40 and Hsp70 chaperone
families, respectively, but display a number of atypical features
compared with their canonical homologs. One of the most
remarkable of them is the formation of a stable complex that is
required for function of this system as co-chaperone for
another Hsp70, Ssb. How Zuo and Ssz assemble into RAC and
how their association enables Zuo to act catalytically onto Ssb
was as yet not understood in the absence of structural
information.

In this study, we provide information on the complex archi-
tecture and implications for its function. We combined amide
hydrogen exchange experiments and traditional biochemistry
to define the complex interface and its conformational dynam-
ics, and found that (i) the subunits Ssz and Zuo individually are
highly dynamic and strongly stabilized by their association into
RAC, (ii) the Zuo-specific N-terminal extension is an essential
structural element of RAC, (iii) the complex interface involves
the N-terminal region of Zuo and the C-terminal domain of Ssz,
and (iv) association into RAC results in increased dynamics of
the Zuo J-domain.

The intrinsically dynamic conformation of Ssz is stabilized
both by ATP binding and by Zuo binding. The regions affected
by the respective ligands are distinct: ATP binding specifically
causes the compaction of the ATPase domain, whereas Zuo
binding affects most of the C-terminal domain of Ssz (Fig. 6).
We note that ATP stabilizes the ATPase domain of Ssz also in
the complex with Zuo, but Zuo does not sense this effect. From
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FIGURE 5. The N-terminal 62 aa of Zuo are sufficient for RAC assembly in vivo. A, complementation analysis
of the hygromycin B sensitivity of zuoA cells. Haploid yeast strains (wt and different mutants expressing
indicated constructs from plasmid) were grown in minimal medium to early log phase and after serial 5-fold
dilutions spotted on —HIS plates or —HIS plates containing hygromycin B as indicated. Plates were incubated
for 3 days at 30 °C. The symbol (—) indicates cells carrying empty vector for control. B, association with Ssz of
chimeric fusion proteins carrying the N-terminal zuotin region. The N-terminal aa 1-62 and 1-102 of Zuo fusion
proteins carrying a C-terminal His,, tag were expressed in zuoA cells and subsequently affinity purified using a
Ni-NTA matrix and tested for co-purification of Ssz. Totals (T) show the levels of Ssz in the lysates used for the
affinity pull-downs. Eluates (E): Western blotting against Ssz and the His, tag of the Zuo mutants 1-62 and
1-102 showing co-purification of Zuo mutants with Ssz. Zuo-(1-102) Western blot detection revealed two
additional signals for unknown reasons.

Ssz + ATP

NS ™

RAC + ATP

FIGURE 6. Model for the RAC complex assembly and architecture. ATP (yellow) binding strongly stabilizes
the ATPase domain of Ssz (blue). However, ATP binding is only transient, and complex formation with Zuo
(pink) is thought to be independent of the ATP status of Ssz. RAC assembly involves the C-terminal domain of
Ssz and the N terminus of Zuo, and leads to a pronounced stabilization of the engaged moieties in both
proteins and to the formation of a kinetically very stable heterodimer. Domains with significant changes in
conformational dynamics upon ligand/partner binding are indicated in dark blue (Ssz) or in purple (Zuo).
Moreover, association of Zuo with Ssz results in increased dynamics of the Zuo J-domain region carrying the
HPD motif, which is likely to contribute to the activation of RAC as co-chaperone. ATP binding to RAC has no
effect on the conformational dynamics of Zuo but additionally stabilizes the ATPase domain of Ssz in the
complex.

Ssz thus does not display conforma-
tional changes characteristic of
canonical Hsp70 chaperones in
response to nucleotide binding.
Other findings also indicate that Ssz
cannot be considered a classical
Hsp70 chaperone: its C-terminal
domain is shorter than that of other
family members (5) and it appears to
not bind to substrates (7). More-
over, Ssz does not efficiently hydro-
lyze ATP (11).

Following these considerations,
the importance of the nucleotide-
induced stabilization remains un-
clear. We could not specifically test
whether ATP binding is required for
complex formation or RAC activity
because no nucleotide-free Ssz in
soluble state could be obtained.
However, a recent study showed
that a Ssz mutant deficient in ATP
binding can complement the phe-
notype of sszA cells in vivo, suggest-
ing that the assembly of a functional
RAC can occur even in the absence
of bound nucleotide (11).

We found that binding of Zuo to
Ssz induces major structural or
dynamic changes in most of the
C-terminal domain of Ssz. The
observed stabilization effects can
result from direct involvement of
the affected regions in the complex
interface or from reduced confor-
mational flexibility indirectly in-
duced by complex formation. In
both cases, we conclude that this
domain plays an important role in
complex formation. In agrcement
with these findings, a study by
Rospert and co-workers (11) dem-
onstrated that a Ssz mutant com-
prising the ATPase domain and
lacking the C-terminal domain
could not stably interact with Zuo.
In classical Hsp70 chaperones, the
C-terminal domain is dedicated to
substrate binding. In Ssz however,
this domain seems to assume a dif-

our data, we thus expect the binding of ATP and of Zuo to serve
distinct functions.

The pattern of nucleotide-induced HX protection in Ssz does
not correlate with those observed for the classical Hsp70 DnaK
(15). Specifically, the ATP-induced stabilization of the A'l'Pase
domain is more extensive in Ssz, and no deprotection of seg-
ments in the predicted B-sheet region of the C-terminal poten-
tial substrate binding domain is observed upon A'T'P binding.

ferent role and respond to interaction with the N terminus of
Zuo (Fig. 6). We find here again evidence for a divergence in
function of Ssz as compared with classical members of the
Hsp70 family. Another example of such divergence was
reported for yeast Sse. Although Sse shares structural elements
with Hsp70 chaperones, it functions as a nucleotide exchange
factor and uses its C-terminal domain to embrace its partner
Hsp70 (22, 23).
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Our analysis of the Ssz HX properties shows that a second
region comprising segments 171-179 and 209-216 of the
ATPase domain is affected by binding to Zuo. Making use of
sequence alignments and known Hsp70 structures, we find that
these segments localize more precisely to lobe Ia, in the region
thought to be involved in docking of the C-terminal domain
onto the ATPase domain in Hsp70 chaperones. We thus
hypothesize that the binding of Zuo to the C-terminal domain
of Ssz affects interdomain docking. Alternatively, Zuo may con-
tact both domains directly. Further investigations will be nec-
essary to clarify the details of Ssz mode of association with Zuo.

Weidentified the N-terminal 62 aa of Zuo as an essential and
sufficient structural element for stable interaction with Ssz,
both in vitro and in vive (Fig. 6). This N-terminal extension is a
feature specific to Zuo-like proteins, and the interaction
reported here is therefore characteristic for RAC complexes.
Because Zuo only exhibits marginal stimulation of Ssb ATPase
activity in the absence of its partner Ssz (7), we reason that this
particular association mode must influence Zuo function. Spe-
cifically, it must affect the Zuo J-domain, responsible for inter-
action with Ssb and A'T'Pase stimulation. Our HX data revealed
increased dynamics in the J-domain of Zuo in the RAC complex
(Fig. 6). The affected segments (aa 99 -168) comprise the HPD-
motif, which is known to be the site of interaction with Ssb (7).
We thus speculate that this change in dynamics of the J-domain
upon association with Ssz results in activation of Zuo.

In sum, these data allow us to derive a model suggesting a
novel mechanism for converting Zuotin and Ssz chaperones
into a functional dimer (Fig. 6). The C-terminal domain of Ssz is
engaged into the stable interaction with the J-protein Zuo and
thus displays an altered function compared with canonical
Hsp70 homologs, which use this domain for the transient ATP-
controlled substrate binding. Although ATP binding signifi-
cantly stabilizes Ssz in its monomeric form as well as in the
heterodimer, nucleotide binding is rather transient and does
not seem essential to drive complex formation. However, com-
plex formation essentially relies on the interaction of Ssz with
the N-terminal segment of Zuo. Additionally, binding of Ssz to
the N terminus of Zuo transmits a signal into the adjacent J-do-
main thereby increasing the accessibility of its HPD motif and
activating RAC as co-chaperone. Further experiments are
required to unravel the details of this mechanism of activation.
The results of this study provide the essential groundwork to
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understand the architecture of this atypical complex and enable
the design of appropriate strategics for further investigations.
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