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Jaclp is a conserved, specialized J-protein that functions with
Hsp70 in Fe-S cluster biogenesis in mitochondria of the yeastSac-
charomyces cerevisiaeAlthough Jaclp as well as its specialized
Hsp70 partner, Ssqlp, binds directly to the Fe-S cluster scaffold
protein Isu, the Jaclp-Isulp interaction is not well understood.
Here we report that a C-terminal fragment of Jac1p lacking its J-do-
main is sufficient for interaction with Isulp, and amino acid alter-
ations in this domain affect interaction with Isulp but not Ssqlp.
In vivo, such JAC1 mutations had no obvious phenotypic effect.
However, when present in combination with a mutation in SSQ1
that causes an alteration in the substrate binding cleft, growth was
significantly compromised. Wild type Jaclp and Isulp coopera-
tively stimulate the ATPase activity of Ssqlp. Jaclp mutant protein
is only slightly compromised in this regard. Our in vivo and in vitro
results indicate that independent interaction of Jaclp and the Isu
client protein with Hsp70 is sufficient for robust growth under
standard laboratory conditions. However, our results also support
the idea that Isu protein can be OtargetedO to Ssqlp after forming a
complex with Jaclp. We propose that Isu protein targeting may be
particularly important when environmental conditions place high
demands on Fe-S cluster biogenesis or in organisms lacking specialized
Hsp70s for Fe-S cluster biogenesis.

known as the J-domain, which is named for the canonical member of
this group DnaJ fromEscherichia coliThe universal function of J-do-
mains is stimulation of the ATPase activity of Hsp70s, an activity that
requires a conserved histidine:proline:aspartic acid (HPD) '[ripeptideU
and results in stabilization of an interaction between an Hsp70 and its2
client protein. Such activity is critical for Jac1p function, as alteration of =
HPD to three alanines (AAA) profoundly affects the ability of Jaclp to§
stimulate Ssqlp ATPase activity and to rescue the lethal effects of the:
absence of Jaclip vivo (6, 7).

Such ability to stimulate the ATPase activity of an Hsp70 is critical =
because of the differential effects of ADP and ATP binding on client§
(substrate) protein interaction. When ATP is bound to an Hsp70, sub-?{'
strate protein binding and release occur very rapidly. Upon hydrolysis 0('%
ATP to ADP, Hsp70 undergoes a conformational change that slowsy
release of the substrate protein (8). Under physiological conditions
ATP concentrations are high, and Hsp70 bound to ATP is the biologi- £
cally relevant form, ensuring rapid interaction with substrate proteins.
ATPase activity, which s critical for stabilization of the Hsp70-substrate
interaction, is stimulated by both interaction of the client protein in the
substrate binding cleft and J-protein interaction. In addition to their
stimulatory role, some J-proteing(g.DnaJ and Jaclp) also bind sub-
strate proteins directly, and thus it has been suggested that they migh
OtargetO them to Hsp70 (9D13). Such J-protein-dependent client prot
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targeting to Hsp70 has been demonstrati&dvitro using purified com-
Biogenesis of iron-sulfur (Fe-S) clusters, prosthetic groups requiregonents (9D13). However, the physiological importance of this mechag
for the function of a variety of proteins involved in redox reactions,nism for proper function of Hsp70 has not been tested. ;
catalysis, and environmental sensing, is an intricate, highly conserved Although it is clear that Isulp is a substrate of the Ssqlp-Jaclp chaps
process. Eukaryotes utilize proteins homologous to those encoded Erone system, the exact function of the chaperones in the process
the bacterial iron-sulfur cluster assembly operon with Fe-S cluster§e-S cluster biogenesis is still under debate. Current evidence frori
being formed on a highly conserved scaffold protein, called Is&at- S. cerevisiasuggests that the chaperones are important in transferring™
charomyces cerevisiaand subsequently transferred to a recipientthe iron-sulfur cluster from Isulp to an aporecipient protein ratherthan &
apoprotein (1D3). The specialized mitochondrial J-protein, Jaclp, araksembling the cluster on Isulp (14, 15). However, to understand the
its Hsp70 partner, Ssqlp, are also crucial components of the yeast syaechanism of chaperone involvement in Fe-S cluster biogenesis, it is
tem with Isu protein being the only known substrate of this chaperonecrucial to understand how the chaperones interact with Isulp and the
system (4). Similarly, in bacteria, IscU, the ortholog of Isulp, is the onlimportance of this interactiorin vivo. It is established that Ssqlp inter-
known substrate for the specialized chaperone pair, HscB (J-proteirgcts with a specific peptide sequence on Isulp, proline, valine, lysine
and HscA (Hsp70) (5). (PVK) (7, 16, 17), which is located on an exposed loop between two
Although Jaclp is highly specialized, it shares many properties with-helices (18). However, very little is known about how Jaclp or its
other J-proteins. All contain a conserveld 70-amino acid sequence bacterial ortholog HscB interacts with the Isu/lscU protein scaffold.
The structure of HscB, which has been determined by x-ray crystallog-
* This work was supported by the Polish Ministry of Education and Science Project Zrap-hy’ anSIStS Of-a 75-am|r10 acid N-terminal J-domém and an 83-
PO4A 005 30 (to%’.)M.) angby National Institutes of Health Grants RO1GM2 7870 @mino acid C-terminal domain composed of a three-helix bundle (19).
E.A.C.) and 5T326M08349 (to A. J. A.). The costs of publication of this article were NO experimental information was available concerning which resi-

defrayed in part by the payment of page charges. This article must therefore be g, es of Jacip are important for scaffold binding or whether such bind-
hereby marked @dvertisementO in accordance with 18 U.S.C. Section 1734 solely tq
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2Towhom correspondence should be addressed: Dept. of Biochemistry, 441E Bioche!

istry Addition, 433 Babcock Dr., University of Wisconsin, Madison, W153706-1544. Tet.:
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Ing is importantin vivo. Therefore, we set out to obtain #AC1mutant
encoding a protein defective in interaction with Isulp and to determine
he in vivo effect of the decreased interaction. We found that a con-
served patch of residues in the C-terminal domain of Jaclp is directly
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involved in Isulp binding, as replacement of several such residues fiigation of the C terminus of Jaclp frork. colj the C-terminal region
alanines resulted in reduced affinity for Isulp. Surprisingly, under norfrom amino acids 719184 with six histidine codons at th&hd were
mal growth conditions thisJAC1mutant did not display a growth phe- amplified by PCR to construct plasmid pET21d-Jac(71D184).

notype. However, when combined with aB8SQ1mutation causing Expression of Isulg,.,was induced in theE. colistrain C41 (25) by
reduced affinity of Ssqlp for Isulp, growth was defective even at optimalddition of 1 mv isopropyl-1-thio-B3-p-galactopyranoside agzo,& 0.6.
temperatures, suggesting that Isulp targeting by Jaclp can facilitatdter 3 h of growth at 30 jC, cells were harvested and lysed in a French

Ssqglp-Isulp interaction. press set to 15,000 p.s.i. in buffer L (20aTris-HCI, pH 8.0, 10% (v/v)
glycerol, 500 nu KCI, 1 mm phenylmethylsulfonyl fluoride, 0.05% (v/v)
EXPERIMENTAL PROCEDURES Triton X-100). The supernatant was loaded onto a Strep-Tacin column

(IBA) equilibrated with buffer L. The column was washed with 15 col-
umn volumes of buffer L, eluted with buffer L with 2.5 mdesthiobi-
S%tgw, and dialyzed against buffer K (20nmTris-HCI, pH 8.0, 10% glyc-
erol (v/v), 0.01% (v/v) Triton X-100, 200 mKCl).

Jaclp,; mutant proteins were purified according to the original pro

Yeast Strains, Plasmids, Media, and Chemift8trains of S. cerevisiae
used in this study were derived from PJ53, which is isogenié\t803
trp1D1/trplbl ura3bl/ura3bl leu2D3,112/leu2D3,112 his3b11,15/hi
11,15 ade2bl/ade2Dl canlD100/can1D100 GABAL2" met2#1/
met2#1 lys2#2/lys2+#2. Strains designated as wild type atplbl o .
ura3p1leu2b3,112 his3D11,15 ade2D1 can1D100 GieR#1 lysa¢2  10¢0! O by modifying the original protocol to a batch procedure (6).
jacl:ADE2 and contain pRS314-JatAC1mutants were constructed by P rg(jtelnsl vyerk)e fefIUtiﬁ f;gm aTcglu|_r|n Cnl w::hSaOSSOD;O / grla dlentl cgs
changing selected codons to encode alanine by site-directed mutagene'gﬂsI azole in buffer NI (20 mm Tris- ,p. e 6 (VM) glycerol, 0.
(QuikChange protocol, Stratagene) using wild typ&C1($ 350 to" 824) M N.QCL 1 m .phenylmethy_lsul.fonyl fluoride) or |n.the case of the batch
cloned into pRS314 (20) as a template that &P las a marker. In addi- purification with a step e|LI'[IOI:l |n_ bufer (20 m.T”S’ pH 8'.0’. 10% (V/V.)
tion to the mutants discussed in the text, K125A/K129A K132A/Q136Aglycer0|’ O'E.M NaCl, 200 |m|dazole): Fractions containing protein
C145A, K125A/K129A/K132A/I0136A, DI120A/E121A, N147A/D148A were then dialyzed to buffer B (20 mTris, pH 8.0, 10% (v/v) glycerol,
K162A/Y163A, L104A/K107A/D113A/Q117A, K125A/K129A/K132A/ 100 mw KQI). . .
Q136A/L104A/K107A,  K125A/K129A/K132A/K136A/D113A/Q117A Expression of the C terminus of Jaclp (Jac(71D184)) was induced

' ' the E. colistrain C41 (25) by addition of 1 m isopropyl-1-thio-8-p-
K162A/Y163A, D110A/D113A/E114A/Q117A, L104A/K107A/D110A/ . )
E114A, TO8ATT99A/SI00A, I135A/1147A, and D110A/D113A were con-J2/3C10PYranoside aeoo& 0.6. Afte' 3 h ofgrowth at 30 C, cell were o
structed and analyzed. None of these mutants displayed a growth pheng-a r vested and lysed inaFrench press setto 16,000.p.s.|. A_ftgr aplarlfyl
type under the conditions tested. Plasmids containing mutdfClwere spin, the supernatant was loaded on 2.5 ml of nickel-nitrilotriacetic =
transformed into the heterozygous diploidJAC1/jact:ADE?2), and aﬂdéagaﬁ:?\gé iC2, ?:;j ?Aﬁecr:lwaih::v? \Xllt_r;bggem ﬁﬁc?;r;?ﬁ';cél‘.o
tetradswere analyzed for the desired progeny. For overexpression stufl | & 2 9+ ' '

ies,jacl(LKDDEQ and JAC1were subcloned to thedIS3marked 2u column \{olumes), protein was eluted .by a 30{?300 ﬂrnear |m|dazole o
gradientin buffer NI (30 ml at 0.4 ml/min). Fractions containing Jac(71D =
vector pRS423 (21).

To assess the genetic interactions betweesqV472h and jack 184) were collected and dialyzed overnight in buffer B, then loaded on %
(LKDDEQ), thessqIV472 strain was crossed to thigjacl” pRS316- Q-Sepharose (Amersham Biosciences) column equilibrated with buffeg

. . . . . B. After washing with 10 volumes of buffer B, protein was eluted with -
Jac-His strain. Haploidsqlv472h #jacl” pRS316-Jac-His progeny o, gradient of 500300 m NaCl in buffer B (40 ml at 0.3 mli/min). =
from this diploid were theq crossed t§sqV472h to ylgld a Q|pI0|d Fractions containing Jac(71D184) were dialyzedifb against buffer B g
ssqiV472R/ssqlV472h #jacVJACL1" pRS316-Jac-His. Wild type ’

(/2]

. . . . then loaded on a nickel-nitrilotriacetic acid-agarose column at 4 jC (0.58

JAC1landjacl(LKDDEQ) were transformed into this strain followed by 9 iC(0.55
sporulation to obtain the strains indicated in the text. To assess genetic

ml equilibrated with buffer B). Protein was eluted with buffer B contain- S
. . ; Ihg 500 nm imidazole. Protein was dialyzed against buffer B and store
interactions betweerSSCland jacl(LKDDEQ), JAClon 2u vectors atg$ 70iC 4 9 (g
was transformed inta#ssq1SSQ1#jacl/ JACland the desired strains I~ . . . N
. . ; Pulldown ExperimentdSingle concentration and titration pulldowns
obtained upon tetrad dissection. An emptDE2 vector was trans-

. ) : . were performed by incubating indicated concentrations of Isyjg, and
formed into#ssq1SSQ1o yield a# ssqlstrain thatwas Adé  to ensure aclp, in 150 ul of buffer LP for 30 min at room temperature (20

that any growth defects observed were not because of the presence of 8 H Cl, pH 8.0, 10% (vAv) glycerol, 125mKCl, 1 mw phenylmethylsul-

ade2mutationin some strains. Yeastwere grown on YPD (1% yeast extra%ﬂyl fluoride, 0.05% (v/v) Triton X-100, 50 mimidazole). Nickel-nitrilo-

0 0 . . .
2% pgptone, and 2% glucose) O.r on synthetic media as degcrlbed Qz)'tﬁ‘acetic acid-agarose beads were equilibrated with buffer LP and incubated
chemicals, unless stated otherwise, were purchased from Sigma.

oo o ; . with 0.1% bovine serum albumin. 24 of beads were added ®ach reac-
Purification of ProteinslIn all cases, protein concentrations, deter-

ined by using the Bradford (Bio-Rad " ith bovi tion and incubated at 4 C fol h with rotation. The protein bound to
mined by using the Bradford (Bio-Rad) assay system wi OVINE SETUHe heads was washed five times with 5Q00f buffer LP. After the

albumin as a standard, are expressed as the concentration of monome]rﬁTal wash, sample buffer was added to the reaction mixtures, and
Recomblnan.t Mgelps (2?’)_’ IsuLRys, aqd SSqlpi_S’ the wild type and after a short spin all the supernatant was loaded on a SDS-polyacryl-
mutant protelns, were purlfled as descrlped previously (4). To Cons”ucémide gel. The gel was stained using Coomassie Blue or Sypro-Ruby
a p'?s""d ]EOL expression of !sugpelg_lf]avmg a Strep-tag (24) at thi c (Molecular Probes) and quantified by densitometry analysis. No dif-
terminus of the mature protein, a pET3a-Strep-tag vector was made Yerences in results were observed when experiments were performed

cloning the Strep-tag in as a linker using primers Strep-#gatcctg- in the presence and absence of dithiothreitol. All interaction assays
gagccacccgcagttcgaaaadt8nd Strep-R Sagatcatttttcgaactgcgggtg- were performed with apolsulp

gctccag-3pwhich allowed insertion of Strep-tag Il (WSHPQFEK) into Surface Plasmon Resonance (SPR) An&I@e studies were car-

the BamHI. site of pET3§, maintaining the%l}amHl. but not the ried out at 25 jC with a Biacore 2000 instrument (Piscataway, NJ). Pep-
3%BamHI site. DNA encoding mature Isulp (amino acids 37D165) was

then cloned as an Ndel-BamHI fragment into the pET3a-Strep-tag tg‘The abbreviations used are: SPR, surface plasmon resonance; MS, maximal stimulation;
create pET3a-Isu-Strep-tag. To construct an expression vector for puri- ¢, s, concentration giving half-maximal stimulation.
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tide P-PVK (LSLPPVKLHC) was cross-linked to the surface of the sen- Other TechniquedSteady state ATPase assays were carried out as
sor chip CM5 by thiol coupling as recommended by the manufacturerdescribed previously (4). In the ATP assays, release of radioactive inor-
Purified Isul protein was randomly cross-linked to the surface of theganic phosphate from4-32PJATP was measured. Control reactions
sensor chip CM5 by amine coupling as recommended by the manufadacking protein were included in all experiments. Glycerol gradient
turer. Binding experiments were conducted in buffer R 25HEPES- centrifugation was conducted as described in Ref. 4 but using 3 ml of
KOH, pH 7.5, 200 nw KCI, 11 nm MgCl,, 0.005% (v/v) surfactant P20 10D30% (v/v) glycerol gradient.

(Amersham Biosciences)) with the running buffer at a flow rate of 10

ml/min. 60 wl of buffer R containing purified Jaclp and other compo-RESULTS

nents as indicated were used for injections.

Circular Dichroism (CDNMeasurements were performed on an
Aviv 62A DS circular dichroism spectrometer from 194 to 260 nm with

5-s averaging times and 1-nm step size at 25

A top ————— P bottom
3 6 9 12 15
Isu1 - ———
Jac1-C-term |
Jac1-C-term
+|SU1 - A

FIGURE Trhe C-terminal domain of Jac1p binds Isulp. Binding of the C terminus of JACLlis an essential gene. Therefore. to test the function of eac
Jaclp to Isulp was analyzed using glycerol gradient centrifugation as described under ’

OExperimental Procedures.O Purified proteins\were incubated prior to loadingon  Mutant protein, a plasmid carrying a mutanlAC1lwas transformed

the gradient. A, fractions were collected from the top of the gradient and their protein individua”y into a heterozygougijacj_/JAC]_ diploid strain and the
contents assessed by SDS-PAGE followed by silver stainBaglots representing quan-
tification of protein content were obtained by densitometry analysis using Quantity On

software (Bio-Rad).

A
Jacl
HscB

FIGURE 2dentification of a region of Jaclp
important for binding Isulp. A, alignment of  75~1
HscB and Jaclp C termini generated by SWISS-
MODEL (33). Conserved residues, as determined F15CB
by ClustalX (30), are indicated: identical (*), strong
conservation (:), and weak similarity (.). Residues
highlighted in bold indicate those changed to ala-
nine. B, HscB structure (19) with residues corre-
sponding to LKDDEQ and the HPD of the J-do-
main highlighted. The structure was prepared
using Protein Explorer softwareC, #jac1 cells har-
boring plasmid-borne copies of wild type WT)
JACT and mutant JACT were plated on glucose-
rich medium. Plates were incubated at 30 jC for 2
days.
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The C-terminal Domain of Jaclp Is Sufficient for Interaction with
IsulNIn addition to its J-domain, Jaclp contains a C-terminal 114-
amino acid region. To test the prediction that the C-terminal region is

; . . ic. The protein ConCer"[r%'ufﬁcient for interaction with Isulp, we purified a Jaclp truncation
tionwas 5um in 10 mm Tris-HCI, pH 8.0, 80 v KCl in a quartz cuvette

with 1-mm path length. Spectra were measured in millidegrees, cor-
rected for buffer effects, and converted to mean residue ellipticity) (

retaining amino acids 719184 of the mature protein and assessed its
ability to interact with Isulp using glycerol gradient centrifugation and
staining of the resulting fractions, a technique that has previously been
used to analyze the interaction of Isulp with full-length Jac1p (4). Upong
centrifugation, the C terminus of Jaclp alone or Isulp alone peaked irg
the seventh fraction. When mixed together prior to centrifugation, pro- 2
tein migrated further into the gradient, peaking in fraction 9, consistent &
with interaction of the Jac1p C terminus with Isulp (Fig. 1). Because theZ
two proteins co-migrate, immunoblot analysis was used to confirm ag
shift in migration of both Isulp and Jaclp (data not shown). We con- =
clude that the C terminus of Jaclp is sufficient for interaction with =
Isulp.
Alterations in the C-terminal Domain of Jaclp Affect Isulp Bind-g
ingNTo begin to identify the residues of the C terminus of Jaclp thatare o
important for binding to Isulp, alignments were made between the CS
terminus of Jac1p and HscB, tH& coliortholog, the structure of which &
has been solved by x-ray crystallography (19). The 84-amino acid @
termini, consisting of only the threex-helices, are 57% similar sharing o
15 identical residues (FigA). We changed residues predicted to be on =
the surface of Jaclp to alanines, focusing on those conserved betwe§n
HscB and Jaclp as well as charged residues, regardless of their consgr-
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vation. In total, 22 residues were changed, initially in pairs (F#y, l2old %
residuey 2
e
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o growth of the haploid progeny expressing only the mutant Jaclp thaé
resulted from tetrad dissection analyzed. AIRC1mutants had a wild
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FIGURE Binding of LKDDEQto Isulp and stimulation of Ssqlp ATPase activity. A, left panel,Isulp (2.5um)and Jaclp wild type{quares) or LKDDEQ(iangles) with concentration

as indicated was preincubated to allow complex formation. Nickel-nitrilotriacetic acid-agarose beads were added to pull down the complex. Bountipsvas quantitated by
densitometry. The amount of Isulp pulled down by 1gum Jaclp wild type (VT) was set as 1. Values were plotted in Prism using a single binding hyperbola to fit data obtained for wild
type Jaclp K& 2.044( 0.969)and linearregressionto fitJac1p(LKDDEQ) dAtght panel, interaction of Isulp (5um) and Jaclp wild type, LK, DE, DQ, or LKDDE@pwas analyzed
as described for thdeft panel. The amount of Isulp interacting with Jac1p wild type was set to 100%ror bars represent the standard deviation of six independent experiments,
left panel, CD spectra measured for purified Jac1p wild typeriangles) and Jaclp(LKDDEQ)(iares) as described under OExperimental Procedurds@ht panel, Ssqlp ATPase
activity was measured as described under OExperimental Procedures.O Reaction mixtures contained®s§1p, 16um Isulp, 0.8um Mgelp, and Jaclp wild typedpen circles) or
LKDDECQf{lled circles) as indicated. ATPase activity measured in the absence of Jaclp was set to 0. Evaluation of the data according to the Michaelis-Menten equationl yrelde
following parameters: wild type, maximal stimulation (M) 6.99 ( 0.44),C,s& 0.14 ( 0.03); LKDDEQ, M%7.01 ( 0.50),Cy5& 0.26 ( 0.06).

]
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type phenotype under a variety of growth conditions (Fig-,2ata not  at the highest concentration, 1@.m. Binding was not saturable at the
shown). We then concentrated more thoroughly on a region of Jaclgoncentrations tested.
predicted to have a cluster of conserved residues on the surface, L104A,To determine whether the observed defect could be attributed to a
K107A, D110A, D113A, E114A, Q117A (FigB)2 combining all six specific residue, assays were conducted using mutdh€1proteins
mutations in a single copy of th8AClgenejacl(LKDDEQ had awild having combinations of two alterations within the Jac1p(LKDDEQ) motif.
type phenotype (Fig.Q). Equimolar concentrations of Jaclp and Isulp were used. Jaclp(LKDDE
The lack of phenotypes of the mutants suggested to us that either thpulled down 20% as much Isulp as wild type Jaclp (FAgright pane).
interaction with Isulp was not disrupted or was not requirdd vivo  None of the mutant proteins containing twalterations were as defective
under normal conditions. We then focused on the Jaclp(LKDDEQ)n interacting with Isulp as Jaclp(LKDDEQ), as all of the mutant pro-
having 6-amino acid alterations. Wild type Jaclp and Jaclp(LKDDEQins pulled down between 40 and 60% as much Isulp as wild type (Fig.
both having a His tag, were purified and their ability to interact with 3A, right pane). Because these results were consistent with the defectin
Isulp compared. We first used glycerol gradient centrifugation. As thénteraction with Isulp being attributable to at least 3-amino acid
peaks representing Jaclp(LKDDEQ) and Isulp did not shift when thehanges, we focused on Jaclp(LKDDEQ) in subsequent analyses.
two proteins were mixed (data not shown), we concluded that mutant Jaclp(LKDDEQ) Is Not Defective in Stimulation of Ssqlp ATPase
Jaclp was defective in interacting with Isulp. However, because of tecAetivityN The results described above indicate that Jac1p(LKDDEQ) is
nical limitations of the centrifugation assay we were unable to test @efective in interaction with Isulp. To evaluate whether this
variety of concentrations and thus assess the degree to which the affinilecrease in Isulp binding is a specific defect or because of general
of the interaction was affected. Therefore, we developed a pulldowmisfolding of the purified mutant protein, we carried out two exper-
assay. Different concentrations of Jaclp were incubated withi@® iments. First, CD spectra were obtained. The Gpectra of wild type
Isulp to allow complex formation. Nickel-nitrilotriacetic acid-agarose Jaclp and Jaclp(LKDDEQ) were indistinguishable, indicating the dif-
resin was then used to pull down Jaclp and any Isulp bound to it, anfiérences observed in binding were not the result of global misfolding
protein was detected by staining after separation by SDS-PAGE. Bin@Fig. 3B, left pane). Second, as a measure of the activity of the J-domains,
ing of wild type Jaclp was saturable with an apparkgobf! 2 um (Fig. we compared the ability of wild type Jaclp and Jaclp(LKDDEQ) to
3A, left pane). Jaclp(LKDDEQ) interacted with Isulp less well thanstimulate Ssqlp ATPase activity at a variety of concentrations in the
wild type protein, with only 25% as much binding as wild type observegresence of high concentrations of Isulp. The degree of stimulation by
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wild type and mutant Jac1p was very similar (Fig, 8ght pane). Thus, A 30°C
by these two criteria Jaclp(LKDDEQ) appears to be folded properly, meery
indicating that the defect in interaction with Isulp is not because of a2y © & &
global misfolding but rather because of the specific amino acid alter-
ations in the C-terminal domain.

Interaction between Jaclp and Isulp Is Required in Vivo if the Ssqlp-

Jjac1(LKDDEQ)E = T
ssq1(V472F) jac1(LKDDEQ)

Isulp Interaction Is Compromisélac1p(LKDDEQ) is defective in its B 55q1(V472F)
interaction with Isulpin vitro but is able to rescue a strain lacking Jac1p WT jac?(LKDDEQ)
as well as the wild type protein, raising the possibility that the interac- Jag! i —

tion between Jaclp and Isulp is not required under normal conditions

SSCT ol —
in vivo, perhaps because of the robust direct interaction between Ssqlp

and Isulp. To determine whether an interaction between Jaclp and C = 4
Isulp is critical when the Ssqlp-Isulp interaction is compromised, we % 3 ®
combinedjacl(LKDDEQ) with aSSQInutant genessq1V472F, which E s)
encodes an amino acid alteration in the peptide binding cleft. B 2
Ssqlp(V472F) has a greater than 10-fold reduction in affinity for Isulp 2 6 Wr
(26). jacl(LKDDEQ andssq{Vv472F cells grow indistinguishably from ‘f; 1 ® LKDDEQ g
wild type cells (Fig. A). However, the double mutanssq{V472h § 0 2
jacl(LKDDEQ) grows more slowly than either parent at the optimal B T 2
growth temperature of 30 jC and is unable to form colonies at 37 {C. 0 2 4 6 8 10 12 14 16 3
This growth defect is not because of a lower level of Jac1p(LKDDEQ) Isut (uM) g
compared with wild type Jaclp, as immunoblot analysis of cell lysates -4 2
indicated similar levels of Jaclp in the strains (Fi@)4In addition, a 9 §
similar growth defect was observed even when the level of Jac1p(LKDDEQ) 23 ) §'
was! 8-fold higher than normal (data not shown). % ) Q
Evidence of Targeting of Isulp to Ssqlp by Jaclp inWithis syn- ) ﬁ
thetic growth phenotype is consistent with the idea that the interaction £ 1 o WT §
of Jaclp with Isulp is important when the direct interaction between § ® LKDDEQ g
Isulp and Ssqlp is compromised and that such interaction facilitates = 0 s,
formation of an Isu.l.p-Ssqlp complex. If this idga is correct, we would < (') é ; é ;3 1'0 1'2 1'4 1I6 ‘;ﬁ
expect that the ability of Jac1p(LKDDEQ) to stimulate Ssqlp ATPase Jact (uM) s
activity, when Isulp is present, would be compromised, as an INterags ,ee phenotypic effects of combination of jacL(LKDDEQith ssql(V4725.4, &
tion of both Isulp and Jaclp with Ssqlp is required for robust stimula#jac1 cells harboring plasmid-borne copies of wild typeT) JACT and jacT(LKDDEQ) as 2
tion. Titration experiments were performed with Ssq1p(V472F). |Su1p{vell as#jaci ssq1(V472F) cells harboring plasmid-bprne copies of W!|d typgACT and =3
. . . . jac1(LKDDEQ) were plated on glucose minimal medium. Plates were incubated at 30 iC =
was titrated in the presence of excess Jaclp or, inreverse, with an eXcg§$37 ic for 2 dayss, immunoblots of 0.1 optical density of cell lysates from indicated 2
of Isulp in varying concentrations of Jaclp. Because in both titratioatrains probed with polyclonal Jac1p antibody and Ssc1p antibody as a loading control. g’

. . . . . . C, Ssqlp(V472F) ATPase activity was measured as described under OExperimental Pro&-
experiments, a hyperbo“C r6|at'0n5h|p between protein Concentranorﬁures.qop, reaction mixtures contained 0.§wm Ssqlp(V472F), 16m Jaclp wild type

and stimulation of ATPase activity was observed, the data were fit to th@pen circles) or LKDDEQled circles), 0.8umMgelp, and various concentrations of Isulp 2

Michaelis-Menten equation This fitting allowed calculation of the pro- asindicated. ATPase activity measured in the absence of Isulp was set to 0. Evaluation og
. . . . . R the data according to the Michaelis-Menten equation yielded the following parameters: €

tein concentration that yields half-maximal stimulation of the ATPaseuwild type, MS& 3.42( 0.15C, 5& 0.99( 0.18; LKDDEQ, MB3.05( 0.14,Co 5& 3.45(

activity (C, o), a parameter that can be taken as an approximate measuﬁé47.Borrorg, reactior]dmixtu;zs cont;air;ed 0.8um Séqlp(VAl;(iF;, 1ﬁIM )Isulp,d o.sm(nj
) _ gelp, and Jaclp wild typedpen circles) or LKDDEQ mutantf{led circles) as indicated.
of IsulporJaclp aﬁ'mty for Ssqlp.In the presence of ‘]aC:Lp(LKDDE&TPase activity measured in the absence of Jaclp was set to 0. Evaluation of the dat;

the C, gvalue is! 3-fold higher Cy 5& 3.45um, Cy 5& 3.47um) than  according to the Michaelis-Menten equation yielded the following parameters: wild
the value observed for wild type Jaclp titrating either Isulp or Jac1fy/PeMS% 4.01( 0.13Co5& 0.91( 0.12/LKDDEQ, M54.03( 010058 3.47( 0.24.
respectivelyC, s& 0.99um, C, 5s& 0.91um), indicating reduced affinity
for both Isulp and Jaclp(LKDDEQ). However, the similarity of thethe phenotypic results suggest targeting of Isulp to Ssqlp through a
Co.svalues determined for Isulp and Jac1p(LKDDEQ) suggests thghclp-Isulp complex can occur and under some circumstances be
these proteins do not bind to Ssqlp(V472F) independently butequired, the reduction in ATPase stimulation we observed was quite
rather that Jac1p(LKDDEQ) first interacts with Isulp and then the small. The modest nature of the reduction may be because the reduction
Jaclp(LKDDEQ)-Isulp complex interacts with Ssqlp(V472F), as is the affinity of Jac1p(LKDDEQ) for Isulp compared with wild type Jaclp
case for wild type Jaclp and Isulp interacting with Ssql1p(V472F) (Fig. less than an order of magnitude. To test more rigorously whether a
4C and Ref. 26). However, the 3-fold difference between@g values high affinity interaction between Jaclp and Isulp and hence targeting
for wild type Jaclp and Jac1lp(LKDDEQ) is consistent with the fact thadccursin vitro, a substrate that interacted with Ssq1p but not Jaclp was
the ability of Jac1p(LKDDEQ) to bind Isulp is compromised. Thereforerequired. We turned to a peptide derived from the amino acid sequence
formation of Jac1p(LKDDEQ)-Isulp complex requires high concentraof Isulp, P-PVK, containing the binding site of Ssqlp (26). First, the
tions of both proteins and thus is a limited step in activation of ability of Jac1p to interact with this peptide was examined using SPR. As
Ssqlp(V472F) ATPase activity. expected, an interaction between wild type Jac1p and the P-PVK peptide
Altogether, results obtained for Jac1p(LKDDEQ) are consistent withwas not observed (Fig.A. However, wild type Jaclp was capable of
our previous observation (26) that a high affinity interaction betweeninteracting with full-length Isulp using this assay (FidB)5 Moreover,
Jaclpand Isulpis necessary under certain cellular conditions. Althoughcubation of Jaclp with a 33-fold molar excess of P-PVK peptide did

[0]
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A B Jac1 buffer

FIGURE RVK peptide, which does not bind to
Jaclp, stimulates ATPase activity of Ssqlp. A,
SPR analysis of Jaclp binding to P-PVK peptide.
Purified Jaclp at2.5, 10, and 40v concentrations
was passed over the chip surface with P-PVK pep- 20 ¢ ¢

tide cross-linked to the surface of the chip (3000

response units) via its C-terminal cysteine residue. provan

B, purified Isul protein was randomly cross-linked 0 . . _ _ m ; E : 5
to the surface of SPR chip (2500 response units).

Purified Jaclp at um was passed over the chip ¥ 00" 400r 600 E09 1000 0 200 400 600
surface alone {olid line) or prior to injection was Time (s) Time (s)

incubated for 10 min at room temperature in the
presence of 300um peptide PVK {otted line). C,
Ssqlp ATPase activity was measured as described
under OExperimental Procedures.O Reaction mix-
tures contained 0.8um Ssqlp(wild type) (T), 0.8

um Mgelp, 75 um Jaclp, and peptide P-PVK
as indicated. ATPase activity measured in the
absence of P-PVK was set to 0. Evaluation of the
data according to the Michaelis-Menten equation
yielded the following parameters: MS 4.08(
0.25,Co5& 132.9( 29.3.D, same asirC, but with

750 um P-PVK and with Jaclp at various concen-
trations as indicated. Ssqlp(V472F) was at Q@
concentration. ATPase activity measured in the
absence of Jaclp was set to 0. Evaluation of the 0 300 600 900 1200 0 50 100 150
data according to the Michaelis-Menten equation :

yielded the following parameters: wild type, M& Petide-PVK (uM) Jact (uM)
3.96( 0.06,Co5& 16.9( 0.8.E, reaction mixtures
contained 0.8um Ssqlp(wild type), 0.8 Mgelp,
75 um Jaclp wild type, or LKDDE@utant as indi-
cated and peptide P-PVK at 150v or 750umas indi- o 150 pM P-PVK
cated. ATPase activity measured in the absence of 5 - 750 uM P-PVK
P-PVK was set to Bars represent average values for
four separate experiments.Error bars represent
S.D. of measurements;, same as inD, but with
Jaclp(AAA) at concentrations as indicated.

60
40 {Jact buffer

R.U. (normalized)

R.U. (normalized)

(@]
o

Ssq1 WT + Jact Ssq1 WT + P-PVK

Ssq1(V472F)+P-PVK

ATPase (fold stimulation)

ATPase (fold stimulation)

T T T 1 I T T T

m
-

4 T

3 —
Ssq1 WT + P-PVK

2 —
o - 0 50 100 150

Jac1 WT Jac1 LKDDEQ Jac1(AAA) (uM)

-
ATPase (fold stimulation)

ATPase (fold stimulation)

0 UOSIPBIN-UISUOISIAA 10 AlIsianiun 1e B1o-ogl:mmm wolj papeojumoq

not inhibit its ability to interact with immobilized Isul protein, indicat- Jaclp(LKDDEQ) and Isulp, no ATPase stimulation of Ssqlp(V472F§
ing that Jaclp does not bind the P-PVK peptide. The P-PVK peptidevas observed using wild type Jaclp and peptide P-PVK, indicatin@
provides a test condition in which Jaclp does not bind the Ssgqlip- that peptide P-PVK substrate interacting with Ssqlp(V472F) inde-2
strate and, therefore, can be used to assess the importance of Jacpendently of Jaclp was unable to compensate for the lower affinity o2
dependent substrate targetinia vitro. Ssqlp for substrate (Fig.D§. In addition, similar stimulation was &
First, we assessed whether Ssqlp ATPase activity was stimulatedoinserved using peptide P-PVK and wild type Jaclp or Jaclp(LKDDEQ@
the presence of Jaclp and P-PVK, even though Jaclp and the peptideiddicating that Jaclp(LKDDEQ) is not defective in interacting with
notinteract. Titration of P-PVK in the presence of a high concentration Ssqlp (Fig. B). Furthermore, we also showed that independent inter-
of Jaclp (7mm) resulted in maximal stimulation of Ssqlp ATPase activ-action of P-PVK and Jaclp with Ssqlp is compromised when the J-do-
ity of 4-fold (Fig. &), indicating that the efficiency of stimulation in the main of Jaclpis notactive, as in the presence of Jac1p(AAA) and P-PVK
presence of P-PVK was lower than in the presence of high concentrao stimulation of the Ssqlp ATPase activity was observed (FF. 5
tions of full-length Isulp (6-fold stimulation; Fig.E right pane) and Together these results suggest that independent interaction of Jaclp
required a higher concentration of Jac1@{ ;& 16.9um (Fig. D) versus and Isulp substrate with Ssqlp is sensitive to reduction in the affinity of
Cy5& 0.14um in the presence of Isul protein (FigB3right pane)). A Ssqlp either for substrate or for its co-chaperone. Therefore, the defect
similar maximal stimulation of Ssqlp ATPase activity was observed fasbserved with Ssqlp(V472F) and Jaclp(LKDDEQ) was a result of the
titration of Jaclp in the presence of 75v P-PVK (Fig. B). TheC, 5 decreased affinity of both Ssqlp(V472F) and Jac1p(LKDDEQ) for Isulp
values calculated for peptide P-PVK (132 29.28 um) and Jaclp (Fig.4).
(16.92( 3.96um) were 4.5-fold different, consistent with peptide and  Binding of Jaclp to Isulp Is Critical in the Absence of SSdlp
Jaclp interacting independently with Ssqlp. though Jaclp is an ortholog of HscB, Ssqlp appears to have resulted
Because these results indicate that independent interaction dfom a gene duplication during the evolution of the yeast linedgdost
Jaclp and Isulp substrate can result in stimulation of Ssqlp ATPagekaryotes appear to utilize the multifunctional Hsp70 of the mitochon-
activity, we next tested Ssqlp(V472F), which is defective in interact-
ing with both Isulp and the P-PVK peptide (26). In contrast to“B. Schilke, B. Williams, E. Craig, and J. Marszalek, unpublished results.
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PVK motif as a binding site because a PVK-containing peptide derived
from Isulp does not bind to Jaclp, and mutations within the PVK motif

of Isulp do not affect formation of Jac1p-Isulp complex (7). This result
is reminiscent of the finding that DnaJ and its Hsp70 partner DnakK bind
independently to their common substrate, RepA of bacteriophage P1
(31). Such independent binding likely facilitates targeting of Isulp to
Ssqglp. Therefore, on the one hand, the J-domain of Jaclp is responsible

A

Assq1 Ajac1 + JAC1

Assq1 Ajact + LKDDEQ

B Assq1 Ajact for stimulation of the ATPase activity, thereby promoting formation of
—_— Ssglp-ADP and thus a high affinity for Isulp; on the other hand, the
JACT LKDDEQ transient interaction of C-terminal domain with Isulp, independent

from PVK motif, could serve to position Isulp for interaction in the
peptide binding cleft of Ssqlp. The rigidity of the structure of HscB (19)
suggests that such positioning could be quite precise. In literature dis-
FIGURE ®henotypic effects of jac1(LKDDEQyvhen Ssclp functions in Fe-S cluster ; ; ; ;

synthesis. A, #jac1 cells harboring plasmid-borne copies of wild typeWT) JACT as well cussing the functlon of molecular F:haperones, this p-I’OCGSS is referred to
ast#ssq1 cells harboring plasmid-borne copies oADE2 and #ssq1 #jaci cells harboring &S Substrate targeting. However, it can also be considered an example of
plasmid-borneJACT or jac1(LKDDEQ) on high copy (2u) plasmids were grownonglucose g more genera| biochemical mechanism, important in regulation of
minimal medium lacking adenine at 23 jC for 4 days and at 30 ;C for 3 dagsimmuno- . . . . @]
blots of 0.1 optical density of cell lysates from indicated strains probed with polyclonal Many cellular processes including gene expression and S'Qnal'tranSduo‘
Jaclp antibody and Ssc1p antibody as a loading control. tion, referred to as recruitment (32). OAdhesive interactionsO betwe%n
two proteins bring one of the proteins physically close to its biological &

drlgl matrix thqt is also |nvpl\{ed in gener.al protein foldlng and tra,nSIO_substratee.ganother protein and/or nucleotide sequence) thus impos- o
cation along with the specialized Jaclp in Fe-S cluster biogenesis. Con

sistent with this idea. cells lacking Ssalp. althouah very com rom'segfg specificity. The residues involved in recruitment are typically well 3
: wi IS ldea, Ing >sqlp, ugn very promi seParated from those responsible for biological activity. In the case o

are viable, and overexpression of either Ssclp or Jaclp is capable 9 - . e . .
. . interest here, Isulp is recruited for productive interaction with Ssqlp by 2
partially rescuing the growth (27, 28). Rescuetafsqlcells by overex- P P 4-pbyz

) D . ) . . interacting with the Oadhesive surfaceO of the C terminus of Jaclp. ‘&
pression of Jacl requires interaction with Ssclp, as an alteration in the 9 P g
J-domain obviates the effeéTo test whether an Isulp-Jaclpterac

So far, J-protein-dependent targeting, including recruitment of Isulpo
tion is critical for rescue by Jaclp, we compared the ability of wil

dby Jaclp, has been observed omlyvitro, reconstituted with purified ‘f,
type Jaclp and Jacip(LKDDEQ) to res q1 Overexpression of proteins (4,9D11, 31). The identification of residues in Jac1p involved irc
jacl(LKDDEQ) did not improve growth eventhough the wild type

binding Isulp allowed us to examine the necessity of the interactionc%'
and mutant proteins were overexpressed to the same levekfold over between Jaclp and Isulpvivo. Previously ithas been shown that Jaclp &,
wild type levels (Fig. 6). This result suggests that an efficient interaction

can bind to Isulp with this complex being targeted to Ssqlp or that‘g
between Jaclp and Isulp is required when Ssclp is functioning in Fe|-§£Lp can bind to Ssqlp mdepenc?ently of Ja.c.l.p (_7’ 25)._The results C:é
r current study also support the idea of flexibility in binding order. A &

cluster synthesis. Therefore, although the specialized system involvirit . ! 8
ust interaction between Jaclp and Isulp does not appear to be

Ssqglp is capable of tolerating defects that decrease the affinity betvvefe i " ) . B
Jac1p and Isulp, the more general system is not important under typical laboratory conditions. However, if amino acid ?

alterations that are introduced in Ssqlp reduce the affinity of Ssqlp forg
DISCUSSION Isulp, then an interaction between Jaclp and Isulp becomes criticag
nThe in vitro experiments conducted using P-PVK peptide derived from g
&an Isulp sequence illustrate that if the interaction between Jaclp an(;
o P : : : Isulp was to be abolished vivo, targeting would likely be essential.  §
in this region important for interaction with Isulp. Both Hsp70s and Thp int tion bat Jacl 9 p Ig b y 4 when th ?,
J-proteins such as Sis1p and Ydjlp have hydrophobic binding clefts ' "€ INteéraction between Jaclp and Isulp Is required when the gens
in which client proteins bind (29) The lack of such a cleft on the eral Hsp7.0, Ssclp, rather than Ssqlpis functioning |n|ro.n-sulfurcIL.JsFe_ﬁ
triple helix bundle comprising the C terminus of HscB led to the b|ogene§|s. It has receptly beep ShOW_n that_ssglp IS a speuahzegogl
prediction that a conserved acidic patch between residues 97 and 1@karyotic Hsp70 thatexists only in certain fungi, with most eukaryotese
of HscB might be important for interaction with IscU (19). Our results Naving only a single multifunctional mitochondrial Hsp70However,

support this idea, as four of the residues altered in Jac1p(LKDDEQ), Whi&p.cause of thg conservaFion ofaJacl protein th.roughout 'the evolution,
has a significantlyeduced dfinity for Isulp, are located in the region of It i Nypothesized that higher eukaryotic organisms lacking an Ssqlp

the protein predicted to be important for interaction. We were homolog use the general mitochondrial Hsp70 in iron-sulfur cluster
unable to identify specific residues of Jactgtical for interaction biogenesis. This then raises the interesting question of whether the
with Isulp. Alteration of the six residues in pairs had a modest effect off'teraction between Jaclp and Isulp is critical even under optimal
binding, suggesting to us that Jaclp and Isulp interact over a brofowth conditions in organisms lacking an Ssqlp homolog. The final
surface area. Even the disruption of the six residues reduced the affini§SWer to this question will require experiments with organisms con-
less than 10-fold. This idea is also consistent with the failure of Vicker§@ining only the general mitochondrial Hsp70. However, the fact that
and colleagues (16) to identify a single peptide of IscU competent fdhe ability of Ssc1p, the general mitochondrial Hsp70®fcerevisia¢o
HscB binding in their study that successfully identifies the PVK peptidd€scue a defectin Fe-S cluster biogenesis is more dependent on binding
sequence to which the Hsp70, HscA, binds. of JaclptoIsulpthanisthe function of Ssqlp (Fig. 6) supportsthisi‘dea.
The results presented here also indicate that the binding sites foPecause general Hsp70 must interact with many different client pro-
Jaclp and Ssqlp on Isulp are separable. Jaclp does not recognizé‘?ﬂ’@ as well as with different J-proteins responsible for processes such
as protein import, protein folding, and Fe-S cluster biogenesis, selection
5 Craig, E. A., Huang, P., Aron, R., and Andrew, A. (2R86Physiol. Biochem. Pharmacol. of proper substrates may well be dependent on the targeting/recruit-
156, 1D21. ment mechanism provided by interaction of different J-proteins with

Jacl  ee—

Sscl = w—

The results presented here establish that the C-terminal domai
of Jaclp is sufficient for interaction with Isulp and identify residue
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their specific substrate. Thus, one might predict that under such cir-  277,27353D27359
cumstances, compromised interaction between Jac1p and Isulp would: Hoff. K. G., Cupp-Vickery, J. R., and Vickery, L. E. (2003Biol. Chem278,

have devastating effects on cell functionality 37582B37589
. 18. Ramelot, T. A., Cort, J. R., Goldsmith-Fischman, S., Kornhaber, G. J., Xiao, R., Shastry,

R., Acton, T. B., Honig, B., Montelione, G. T., and Kennedy, M. A. (20D4ylol. Biol.
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