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Iron—Sulfur Cluster Biosynthesis. Molecular Chaperone DnaK Promotes
IscU-Bound [2Fe-2S] Cluster Stability and Inhibits Cluster Transfer Activity
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ABSTRACT: IscU functions as a scaffold for Fe-S cluster assembly and transfer, and is known to be a
substrate protein for molecular chaperones. Kinetic studies of Fe-S cluster transfer from holo IscU to apo
Fd in the presence of chaperone DnaK demonstrate an inhibitory effect on the rate of Fe-S cluster transfer
from IscU. Binding of DnaK reduces the rate of formation of the Isé¢tdl complex (greater than 8-fold),

but has little influence on the intrinsic rate of iresulfur cluster transfer to apo Fd. Apparently the
molecular chaperone DnaK does not facilitate the process of Fe-S cluster transfer from IscU. Rather,
DnaK has a modest influence on the stability of the IscU-bound Fe-S cluster that may reflect a more
important role in promoting cluster assembly. In accord with prior observations the cochaperone DnaJ
stimulates the ATPase activity of DnakK, but has a minimal influence on IscU cluster transfer activity,
either alone or in concert with DnakK.

Heat shock proteins are molecular chaperones that bindlate the ATPase activity d&. coliHsc66 8). For eukaryotic
unfolded, misfolded, and unstable polypeptides thereby systems, Ssql (Hsc66 homologue) and Jacl (Hsc20 homo-
preventing nonspecific aggregation procesde®). DnakK logue) have been identified as mitochondrial components of
is a member of the highly conserved 70-kDa heat shock the Fe-S cluster biosynthesis machinedy. The hyperther-
protein family (hsp70) and consists of two domains that have mophile Thermotoga maritimdacks Hsc66 and Hsc20, but
been crystallographically characterized as separate discretehe genome does encode DnaK and DnaJ-homologues.
speciesd, 4). The N-terminal domain of DnakK binds nucleo- In this report, we demonstraliem DnaK binding to both
tides (ATP and ADP), has ATPase activity, and interacts TmlscU andHs ISU, and characterize the influence of this
with the cochaperone DnaJ and the nucleotide exchangeprotein complex on cluster transfer activity and cluster
factor GrpE. The C-terminal domain consists of a conserved stability. The role of the cochaperone DnaJ has also been
pB-sandwich peptide-binding region with arrhelical lid. explored and is shown to have minimal involvement in
DnaK peptide substrates are rich in hydrophobic residuespromoting cluster transfer activity. The remarkable similarity
and thus bind to a hydrophobic pocket formed by the of the interaction of DnaK witfmandHsISU-type proteins
p-sandwich and the-helical lid of the C-terminus of DnaK. is of broader significance inasmuch as it demonstrates

Recently, two molecular chaperones, Hsc66 and Hsc20,conserved structural and functional motifs in homologous
were identified in thasc (iron—sulfur cluster) operons). families of proteins extending from bacteria and archeae
ISC proteins are integral components of iresulfur cluster through higher mammals. The data presented herein dem-
biosynthesis pathways in a wide range of organisms, from onstrates an inhibitory influence of DnakK on cluster transfer
Gram-positive and Gram-negative bacteria to archeae andto target proteins, as evidenced by the slower cluster transfer
eukaryotes, including humans. Of the ISC proteins, IscS andrates from IscU to a target apo Fd in the presence of DnakK,
IscU appear to be the most critical. IscU assembles a nascenand introduction of sigmoidal behavior in the kinetic profile
iron—sulfur cluster that is subsequently delivered to target that is consistent with a consecutive-type reaction. Also,
proteins 6, 7). IscS provides the sulfur equivalents to IscU DnaK is observed to have a modest stabilizing influence on
for cluster biosynthesis. Other components include a [2Fe- the IscU-bound Fe-S cluster that presumably reflects a role
28S] ferredoxin, alternate Fe-S scaffolds (IscA), and molecular in facilitating formation of the IscU-bound cluster.
chaperones Hsc66 and Hsc20. Although the roles of Hsc66)\ATERIALS AND METHODS

and Hsc20 in Fe-S cluster biosynthesis are not known, they  saneral ChemicalsAll solutions were argon-purged and

have been shown to bind to IscU in vitro. HSC66 is hangled under positive Ar(g) pressure using standard Schienk
homologous to DnaK (41% identity fdE. coli® proteins)
and similarly possesses ATPase and peptide-binding do- *Abbreviations: ATP*, adenosiné-§,y-imido) triphosphate; BSA,
mains. The ATPase activity of both proteins is stimulated bovine serum albumin; Cyt, cytochromec; DTT, dithiothreitol; E.

_ coli, Escherichia coli Fd, ferredoxin; FPLC, fast protein liquid
by J-type cochaperones (DnaJ for DnaK and Hsc20 for chromatography; IPTG, isopropyl thiogalactoside; Hepes, 4-(2-hy-

Hsc66). Additionally, IscU and Hsc20 cooperatively stimu-  groxyethyl)-1-piperazineethanesulfonic ackds, Homo sapiensisc,
iron—sulfur cluster; LB medium, Luria-Bertani medium; NADPH,
T This work was supported by a grant from the National Science nicotinamide adenine dinucleotide phosphate; PAGE, polyacrylamide
Foundation, CHE-0111161 (J.A.C.). gel electrophoresis; PMSF, phenylmethylsulfonyl fluoride; PCR, poly-
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state.edu. ultraviolet-visible.
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line techniques. Ni-NTA resin was purchased from QIAGEN
(Valencia, CA). Both (CM-32 and DE-52) cation and anion
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equilibrated with 50 mM sodium phosphate, pH 7.4. Frac-
tions were judged for purity by SDSPAGE. All protein

exchange resins, respectively, were obtained from Whatmansamples were stored at either 4-680 °C.
(Aston, PA). Sephadex G-75 and Superose-12 resins were The conditions for cell growth in the case of DnaJ express-
from Pharmacia (Uppsala, Sweden). The reagents, NADPH,ion followed a similar protocol to that described for DnakK.

ATP, ATP* (adenosine '5(53,y-imido) triphosphate), ADP
and cytochrome were all purchased from Sigma (St. Louis,
MO). Hepes was purchased from Fisher (Fair Lawn, NJ),
and Tris-HCl was purchased from Acros/Fisher (Fair Lawn,
NJ).

Cloning of T. maritima DnaK and DnaJ. T. maritima
genomic DNA was obtained from the American type culture
collection (ATCC No. 43589D). Amplification oflnakK
(TIGR locus: TM0373) was achieved by PCR using Pfu
DNA polymerase and the following primers:’-6GGC-
CCGGCATATGGCAGAAAAGAAAGAATTCG-3 and 5-
CCGGCCGGATCCTTACTGATTTGATGTTTCTCC 3The
underlined regions denotddd and BamnHI sites, respec-
tively. The thermocycle was identical to that described in

Cell pellets were resuspended in 4 volumes (w/v) of 50 mM
Tris-HCI, pH 7.4 and sonicated. Subsequently, the crude ly-
sate was centrifuged at 15000 rpnt,@for 0.5 h. The sup-
ernatant and pellet were purified separately. For the soluble
fraction, the solution was added to a Ni-NTA column (Qiagen)
equilibrated with binding buffer and washed with 5 column
volumes of binding buffer followed by 5 column volumes
of binding buffer+ 10 mM imidazole. The protein was
eluted with binding buffer- 200 mM imidazole. The insol-
uble cellular fraction was resuspended in 4 volumes (w/v)
of 50 mM Tris-HCI, pH 7.9 6 M urea. The solution was
centrifuged at 15000 rpm, 4C for 0.5 h, and the pellet was
discarded. The supernatant was loaded onto a Ni-NTA
column equilibrated with binding buffet- 6 M urea. The

the Stratagene manual. Digested PCR products were ligateccolumn was washed with 5 column volumes of binding buffer

with similarly treated vector (either pET21 or pET28®.
coli DH5a was transformed with the ligation mixture using
the CaC} method {0). Clones were confirmed by nucleotide
sequencing at the Ohio State University Plant-Microbe
Genomics Facility. Cloning into pET21 yielded a construct
without a tag or additional residues (pTmDnaK). Cloning
into pET28 resulted in the addition of an amino-terminal His-
tag (pTmDnaKHis).

The cloning ofdnaJ(TIGR locus TM0849) followed the
same procedure as fdnaKexcept that the following primers
were used: 5GGGCCCGGCATATGAAAAAAGAAAA-
GAAGGAT-3 and 3- CCGGCCGGATCCTTAACCGATC-
GTGACTCCGCG-3 where the underlined regions denote
Ndd andBarHlI sites, respectively. The gene was cloned into
pPET28 yielding a construct with an amino-terminal His-tag.

Protein Expression and Purification. E. c@&L21Codon-
Plus(DE3)-RIL was used for protein expression. A 100 mL
Luria-Bertani culture (supplemented with either A§/mL
ampicillin and 35ug/mL chloramphenicol for pTmDnaK
constructs, or 5@g/mL kanamycin and 3ag/mL chloram-
phenicol for p TmDnaKHis constructs) was grown overnight
as a starter culture. The culture was grown td?Asg ~ 0.6
prior to induction with 1 mM isopropyl-1-thig-p-galacto-
pyranoside. Cells were pellet® h after induction and stored
at —80 °C for future use. The cell pellet was subsequently
resuspended in 5 volumes of 50 mM Tris-HCI, pH 7.4, 1
mM EDTA, 1 mM f-mercaptoethanol, and 1 mM PMSF
and sonicated. The lysate was incubated at®@%or 0.5 h,

+ 6 M urea+ 10 mM imidazole, and then the protein was
eluted with binding buffer- 6 M urea+ 300 mM imidazole.
The protein solution was diluted 4-fold with 50 mM Tris-
HCI, pH 7.9 and incubated at 4C with stirring overnight.
The solution was centrifuged at 15000 rpntClfor 15 min,
and the supernatant discarded. The pellet was resuspended
in 100 mM Tris-HCI, 200 mM NaCl8 M Gdn-HCI, 1%
tween-20, pH 7.45-Mercaptoethanol was added to 10 mM,
and the solution was incubated at“@@for 10 min. The sol-
ution was allowed to slowly cool to room temperature, and
then it was diluted 20-fold by the dropwise addition of 50
mM Tris-HCI, pH 7.4, 10 mMj-mercaptoethanol, 50 mM
NaCl, 2 mM ZnC} with stirring. A final centrifugation step
was used to ensure the removal of any remaining insoluble
material.

Expression and purification of human ISHYISU) and
T. maritimalscU (TmIscU) were performed as previously
reported 11, 12). Expression vectors for human ferredoxin
(Hs Fd) and NADPH Fd reductase were kindly provided by
J. L. Markley and G. Schulz, respectively, and purified as
previously described1@, 14).

UV—Vis SpectroscopyJV —vis spectra were recorded on
a Hewlett-Packard 8425A diode array spectrophotometer us-
ing the On-Line Instrument Systems (OLIS) 4300S operating
system software. The concentrations of holo protein samples
were determined from cluster extinction coefficierit$, (12).

Iron Quantitation.Protein concentrations were quantita-
tively assessed from the measured extinction coefficient

and the insoluble material was removed by centrifugation at (above) and confirmed by calculations based on the Bio-

15000 rpm, 4°C for 10 min. For the His-tagged construct,
the cleared lysate was applied to a Ni-NTA column
equilibrated with binding buffer (20 mM Tris-HCI, pH 7.9,

5 mM imidazole, 500 mM NacCl). The column was then
washed with 5 column volumes of binding buffer, binding
buffer + 5 mM imidazole, and then the protein was eluted
with binding buffer+ 195 mM imidazole. His-tagged protein

was subsequently desalted by repeated ultrafiltration (Ami-

con) with 50 mM sodium phosphate, pH 7.4. For non-His-

Rad protein assay. Iron content was measured by the method
of Moulis et al. (L5). In brief, 200uL of 0.05 mM protein

was acidified by the addition of 0L of concentrated HCI.

The sample was then heated to 1@for 15 min, and the
precipitated material removed by centrifugation. The super-
natant (10QuL) was diluted in 1.3 mL of 0.5 M Tris-HCI,

pH 8.5. Subsequently, 0.1 mL of 5% freshly prepared sodium
ascorbate and 0.4 mL of 0.1% bathophenanthrolinedisul-
fonate were added with mixing between each addition. After

tagged constructs, streptomycin sulfate was added to 1% (w/incubating at room temperature for 1 h, iron ion was
v) and stirred at room temperature for 30 min. The sample quantitated from the measured absorbance at 535 nm and a

was then centrifuged at 15000 rpm at@ for 20 min and
the supernatant loaded onto a G-75 gel filtration column

previously constructed calibration curve made with 0.01 to
0.3 mM FeC} solutions.
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Cluster Degradation of Holo IscUHolo Tm IscU was

incubated in an HKM buffer (Hepes 50 mM, pH 7.5, KCI 0.0

150 mM, MgCh 10 mM) with or without addition of DnaK % ‘ m::gﬂ : gzzﬁf\gg + Dnal
(ADP) and DnaJ. The concentrations Bin IscU, DnaK, o &

DnaJ, ADP, and KHPO, were 50uM, 200 uM, 200 uM, 2 < 014 '

mM, and 1 mM, respectively. Control experiments to

determine the stabilizing influence of up to 15 mg/mL of

BSA (Sigma) were also carried out. A 1.0 cm path-length 024

cuvette was used for measurements. Cluster degradation was

monitored at 412 nm, and the resulting absorbance versus

time plots were fitted to a first-order exponential decay. 03l . . . . .
Calibration of Hs Fd Concentrations for Use in a Cyto- 0 5 10 15 20 25

chrome c¢ Assay (7)Jnder pre-steady-state conditions, the Time (hour)

velocity of rEdUCtIO.n of cytochrpme via a NADPH/Fd- . FiGure 1: Cluster degradation of holo IscU. Holam IscU was

reductase/Fd reduction pathway is related to the concentrationncypated in HKM buffer (Hepes 50 mM, pH 7.5, KCI 150 mM,

of holo Fd. Reaction mixtures contained 89 cytochrome MgCl, 10 mM) with or without addition of DnaK (ADP) and DnaJ.

c and 200 nM Fd reductase in 1 mL of potassium phosphate The concentrations 6fm IscU, DnaK, DnaJ, ADP, and KIPO,

buffer (10 mM, pH 7.5). Reactions were initiated by the addi- ‘é":grfag’gﬁﬁéw Wig%ﬁémiofé’gaﬁt‘zﬂi zznr;]“';"rv] d’%nSda nl g m’g‘h%‘éﬁg |
tion of holo Fd and NADPH (40@M) under anaerobic con- rate constants were 0.231 0.19 h'! (DnaK-ADP), and 0.18 ht

ditions and monitored by measuring the increase in absorbancgpnak-ADP + DnaJ).

at 550 nm from reduced cytochromeA 0.5 cm path-length

cuvette was used for measurements, which were recorded anag (Figure 5), and the rate constantga(kip koa kon) and

erobically at room temperature. By varying the concentration competitive dissociation constari) are listed in Table 2

of holo Fd (5-100 nM), calibration curves for reaction veloc-  (parameters defined in Figure 2). All reactions were exam-

ity (OD/30 s) versus concentration of Fd were constructed. ined at 25°C, and data were determined at least in duplicate.
Determination of Reaction Rate Constants for [2Fe-2S] As a control, the activity levels for apo Fd, apo IscU, and

Cluster Transfer from Holo IscU to Apo Fd in the Presence separate reactions that contained only one of the proteins,

of DnaK and DnaJ by the Cytochrome ¢ Ass@go Fd (200 holo IscU or DnaK were analyzed, and all showed no

uM, 20 ul) was incubated with DTT (50 mM, 2@L) for activity. Furthermore, a correction was applied for the

10 min. Holo IscU was incubated with nucleotides (ADP influence of DTT, which can reduce cytochromat a low

and ATP) and various concentrations of DnaK and DnaJ in rate Compared to NADPH/Fd-reductase/Fd reduction, by

HKM buffer for 1 min. Subsequently, 14 of DTT reduced  measuring the rate of reduction of cytochromiey DTT in

apo Fd was added to € of 200 «M holo Hs ISU or Tm a reaction mixture lacking NADPH and Fd reductase.
IscU (previously incubated with DnaK for 1 min). At 10 RESULTS

min intervals, 6uL of this mixture was withdrawn for
evaluation of holo Fd formation by the cytochromassay. Comparison with Prior Cloning, Purification, and Char-
To eliminate the possibility of significant cluster transfer acterization of DnaK and DnaJ. TiBnaK andTm DnaJ
chemistry occurring during this transition phase, the sample were cloned fronT. maritimachromosomal DNA both with
was immediately diluted and assayed. The reaction mixture (DnaK and DnaJ) and without an amino-terminal His-tag
contained 8Q«M cytochromec and 200 nM Fd reductase in ~ (DnakK). DnaK was previously cloned and characterized by
1 mL of potassium phosphate buffer (10 mM, pH 7.5). The Michelini and Flynn with a carboxy-terminal His-tadl.6).
assay was initiated by the addition ofuh of holo IscU- Our biochemical characterization of this protein yielded
apo Fd mixture and NADPH (40@M) under anaerobic  similar results withTm DnaK displaying stability at high
conditions. The final concentrations of Fd and IscU were temperatures, a tendency to self-associate as evidenced by
0.1 and 1uM, respectively. The influence of BSA (up to 15 gelfiltration profiles, and similar ATPase activity (0.02 min
mg/mL) on cluster transfer kinetics was also examined. The at 25°C). Additionally, we find no significant difference in
reduction of Ctyc was monitored by measuring the increase activity between His-tagged and non-His-tagged protdins.
in absorbance at 550 nm. The pre-steady-state velocity (OD/DnaJ expresses equally well, but is largely localized within
30 s) was measured and used to determine the formation othe insoluble cellular fraction. Although we were able to
reconstituted Fd according to the previously constructed isolateTmDnaJ from the soluble fraction, the yield was too
calibration curves. The resulting plot of the yield of low for routine biochemical experiments. Therefore, we
reconstituted Fd versus time was fitted by eq 1 (parametersoptimized conditions for the purification and refolding of
defined in Figure 2), using Origin v.7 software from TmDnaJ isolated from the insoluble fraction. Consistent with
OriginLab corporation (Northampton, MA). prior observations on this class of chaperdBel{, 18), the
cochaperone DnaJ was observed to stimulate the ATPase
[Fd] = activity of DnaK up to 3-fold in the absence of IscU, and
af 1— (k/(k,—ky) exp(—kyt)) +(Ki/(k,— k) exp(k;t))} (1) up to 17-fold if IscU was present.
Influence of DnaK and DnaJ on IscU-Bound Cluster
Ky = [IsCU]ptal(kiatkio[DNaK)/Kp)/(1+[DnaK]/Kp) - (2) Stability.IscU-bound Fe-S clusters are solvent-accessible and
k, = (Koy + Ko)[DNaK]/Kp)/(1 4+ [DnaKl/Kp) — (3) readily degraded? 19). In the presence of Dnak, the
stability of the bound [2Fe-2S] cluster is modestly enhanced
The obtained rate constants,(k;) were fitted to eqs 2 and  and the rate constant for cluster degradation at physiological
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B
k
holo IscU + apo Fd ——2—=  FdIscU _kh_._. holo Fd + apo IscU
+ +
DnaK DnaK
Kp Kp
k
holo IscU.DnaK + apo Fd L FdIscU.DnaK —2 » holo Fd+ apo IscUDnaK

Ficure 2: (A) Hypothetical model for the participation of DnaK in stabilization of the IscU-bound cluster and the competitive inhibitory
influence on cluster transfer to a target apo Fd. (B) Reaction model for the rate laws defined by3eqs 1
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Ficure 3: [2Fe-2S] cluster transfer from DnaK-bound hdim
IscU to apo Fd (at 25C pH 7.4), in the presence of various
nucleotides and DnaJ, was monitored by use of the cytochmme
assay 7). The concentrations of IscU, Fd, DnaK, and DnaJ were
167 uM, 16 uM, 420 uM, and 200uM. The plot of the yield (%)

of holo Fd as a function of reaction time was fitted by use of eq 1.

pH is decreased with measured rate constants of 0:2B1h
the absence of DnaK, 0.19 hin the presence of DnaK-
ADP, and 0.18 h! with both DnaK-ADP and DnaJ added

NADPH-Fd reductase used to mediate electron-transfer
between holo Fd and cytochronte We have previously
observed thafm IscU is able to mediate [2Fe-2S] cluster
transfer to aptis Fd (12). In fact, we have measured relative
rate constants of 0.073 mihand 0.086 min? for TmIscU

and Hs ISU [2Fe-2S] transfer, respectively, to apts Fd.

As demonstrated below, the apparent structural and functional
similarity between bacterial and human homologues also
extends to the influence &fm chaperone DnakK.

To maintain pseudo-first-order conditions the concentration
of IscU was at least 10-fold higher than that of Fd. To
observe the effect of DnaK on cluster transfer, reactions were
carried out in the presence and absence of DnaK. Signifi-
cantly, the binding of DnaK to IscU does not completely
inhibit the reaction, even at saturating concentrations of
DnaK, but rather the molecular chaperone decreases the rate
constant by a factor of 2. Also, a pronounced lag phase was
observed with increasing concentration of DnakK. Interest-
ingly, a direct relationship between the concentration of
DnaK and the length of the initial lag phase of the reaction
was observed. To account for this reaction profile in the

(Figure 1). The presence of DnaJ has a minimal influence Kinetics of cluster transfer, a two-step consecutive reaction

on cluster stability, possibly reflecting additional exclusion

model was proposed that includes formation of an Iséd

of solvent, but this effect was observed only in the presence complex ) followed by cluster transferkg) (eq 1 and
of inorganic phosphate, consistent with the prior observation Figure 2), where&p is the competitive dissociation constant

of ternary complex formation between DnaJ and a peptide
DnaK-ADP-phosphate compleXg = 0.14uM) (20). As a
further control the influence of up to 15 mg/mL of BSA on

for the holo IscU/DnaK complex in the presence of ferre-
doxin. Figures 3 and 4 show a fit of eq 1 to the time-
dependence of Fe-S cluster transfer frfomlscU orHs ISU

the stability of the IscU-bound cluster was examined under to apo Fd. The dependencelafandk, on DnaK concentra-
the conditions used; however, no significant effect was tion was further evaluated by use of eqs 2 and 3 (Figure 5).

observed.
Cluster Transfer from Holo IscU to Apo Fd in the Presence
of DnaK: Reaction ModelTransfer of a [2Fe-2S] cluster

The constantk;, andk;, correspond to the rates of formation
of FdrlscU and FelscU-DnaK complexes, respectively. Rate
constantsky, and ky, correspond to Fe-S cluster transfer

from holo IscU to apo Fd was monitored using a previously within the complexes, FtscU and FdlscU-DnaK, respec-

established cytochromzassay 7). This assay is particularly

tively. These parameters were determined from the depen-

valuable wherHs Fd is used as the reaction substrate since dence of the observed reaction rate constants on the

there is a high level of compatibility betweétfs Fd and the

concentration of DnakK, and these activities were determined
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TmlscU + DnaK HsISU + DnaK
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Yield of Fe-S cluster transfer (%)
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FiGure 4: Transfer of the IscU(ISU)-bound [2Fe-2S] cluster to apo Fd (at@pbwas monitored by use of the cytochromassay 7).
Each symbol represents a different concentration of DnaK (50, 105, 210, 420, 63a0V1j8bhe overall concentrations of apo Fd and IscU
were 16 and 167%M, respectively. Plots of the yield (%) of holo Fd as a function of reaction time were fitted by use of eq 1.

in the presence and absence of bound nucleotides (ADP, Figure 3 shows the process of Fe-S cluster transfer from
ATP, and the nonhydrolyzable ATP analogue adenosine 5 DnaK-boundTm IscU to apo Fd in the presence of various
(B,y-imido) triphosphate, designated ATP*). Analogous nucleotides and DnaJ. DnaK binding to IscU influences the
experiments were also carried out in the presence of theprocess of Fe-S cluster transfer from holo IscU to apo Fd,
cochaperone DnaJ, although as detailed below these provide@specially the formation of the complex IselBd. Nucle-
similar results (Figure 3), and so DnaJ appears to serve nootide-free DnaK shows a higher value for the radifplscU],
significant role for cluster transfer reactions and is not relative to nucleotide-bound DnaK’s. As is evident from eq
explicitly shown in Figure 2. 2, the ratioky/[IscU] reflects the association constant for IscU
Cluster Transfer from Holo IscU to Apo Fd in the Presence binding to apo Fd, where IscU may be free or bound by
of DnaK and DnaJ: Reaction Profile$he reaction scheme DnaK. This association rate is observed to be higher in the
illustrated in Figure 2 necessarily implies the appearance of absence of bound nucleotide (Table 1). The rate for the
a lag phase, since sigmoidal behavior is commonly observednonhydrolyzable ATP*-bound form of DnaK lies between
for a two-step consecutive reaction in the limit whére~ the nucleotide-free form and nucleotide-bound forms of
k.. The likelihood that the proposed reaction model is valid DnaK. The similarity of results for ATP- versus ADP-bound
is substantiated both by the excellent fits obtained to the forms of DnaK is not unexpected inasmuch as the ATP-
experimental data, and by the reasonableness of the fittedoound form will be converted to the ADP-bound state. The
parameters for the reaction chemistry that is described.  only significant difference occurs in the early stages of the
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Ficure 5: (A) Plots ofk; versus concentration of DnaK. (B) Plots lafversus concentration of DnakK.

Table 1: Observed Rate Constants for IscU Binding to Apo Fd, and

[2Fe-2S] Cluster Transfer from DnaK-Bound Holo IscU to Apo Fd
in the Presence of Various Nucleotides and BnaJ

k1/[|SCU], ko,
complexes (M min)~t (min)~*
Tm IscU/DnaK 755+ 40 0.071+ 0.002
Tm IscU/DnaK-ATP* 550+ 25 0.071+ 0.002
Tm IscU/DnaK-ADP 48H- 23 0.070+ 0.002
Tm IscU/DnaK-ATP 450t 20 0.070+ 0.002
Tm IscU/DnaK-ATP/DnaJ 448- 20 0.070+ 0.002

aThese experiments were carried out at a fixed concentration of IscU
and DnaK. The concentrations of IscU, Fd, DnakK, and DnaJ were 167

uM, 16 uM, 420uM, and 200uM. The concentrations of ATP, ATP*,

and ADP were 3.3 mM.

Table 2: Rate Constants for Fe-S Cluster Transfer from Holo IscU

(ISU) to Apo Fa&

Kip Kan Ko

complexes (M min)~1 (min—1) (uM)
Tm IscU/DnaK/Hs Fd 506-24 0.071+0.002 21+2
Tm IscU/DnaK-ATP*/Hs Fd 491 22 0.071+0.002 20+ 2
Tm IscU/DnaK-ADP/Hs Fd 37320 0.070£0.002 15+1
Hs ISU/DnaK/Hs Fd 41620 0.086+ 0.002 27+2
Hs ISU/DnaK-ATP*/Hs Fd 34815 0.0864+ 0.002 25+ 2
Hs ISU/DnaK-ADP/Hs Fd 2310 0.085+0.002 19+1

a Rate constantk, andkz, for TmiscUMs Fd are 3954+ 210 M
min~! and 0.073+ 0.001 min?!, respectively. Rate constariks and
koa for Hs ISU/Hs Fd are 6624+ 320 M~ min~! and 0.0864 0.002

min~1, respectively.

cluster transfer reaction promoted by DnaK-ATP (Figure 3),
when the initial yield of cluster transfer in the presence of
DnaJ is slightly lower than that observed in its absence.
Again, addition of BSA had no significant influence on the
cluster transfer profile.

From the dependence & on DnaK concentration the
magnitudes ok;, andk;, were determined (Figure 5). Table
2 illustrates how the values ddy are smaller than those
observed fok, For examplek;,is ~3954 M1 min—1 for
Tm IscU, whereas that fofm ISU/DnakK, Tm ISU/DnaK-
ATP*, andTmISU/DnaK-ADP is 506 M! min~%, 491 M
min~t, and 373 M1 min~1, respectively. The value &, is
found to be 8- to 11-fold higher than that determined for
kip. Similarly, kjais ~ 6624 M~ min~* for HsISU, whereas
that for Hs ISU/DnakK, Hs ISU/DnaK-ATP*, andHs ISU/
DnaK-ADP is 416 Mt min~%, 348 M min~?, and 239 M
min~t, respectively. FoHs ISU, thek;, (Hs ISU) is 15- to
27-fold greater than that ¢di,. The relatively low values of
kip indicate that DnaK binding to IscU influences formation
of the holo IscU/apo Fd complex. Comparison of the
values shows thatls ISU more rapidly binds téds Fd than
the reaction betweehmlIscU andHs Fd. This is consistent
with facilitated intraspecies protein interactions.

Although the values df,, are slightly higher thakyy, the
differences are minor. For example, thg of TmIscU is
0.073 min!, whereas that foTm IscU/DnaK, Tm IscU/
DnaK-ATP*, andTmIscU/DnaK-ADP is 0.071 mint, 0.071
min~!, and 0.070 min!, respectively. Similar trends are
observed foHsISU. The small differences betweks and
kop indicate that DnaK binding to IscU does not greatly
influence Fe-S cluster transfer between IscU and Fd.
Although the binding of DnaK to IscU inhibits the formation
of the Fd/IscU complex, it does not influence the Fe-S cluster
reaction.

The apparent dissociation constald, for the complex
of DnaK and IscU lies in the range #27 uM (Table 2),
which is reasonable for the binding of a hydrophobic peptide
to DnaK 1), especially in the presence of a competing
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DnaK ( Tm) MAEKKEF -§IP
Dnak (E.Coli) MGKIT
Hsc66 (E.Coli) MALLQISEPGLSAAPHQRRL::-EI-I:V- -RSGGAM
TDYKVR D---mmmmmmmmm e
LF VSI KIT DAW
Q Q HSV-GYDARTN, T PH?IYQFQIADILPM‘I)I
100 120
-—-- Y
VKGQ EPVTE
200 220
GKEEKVL ----
GNRT GEKT

260

B R T VSPS QPLHLEMR.TI
Q TADAT PKHMNIKVTRA
-RE PDRS VQRE VT WQGEISIEQ E IAP

300

MIRG P QRFI
LLACRR EVL RER RP LT ID
TEG I FIPI H
TTL I N I
KPDS--EM R ELV

460 480
RENIF: TGRH s
TI
GAHER
520 540 560
Y E TI H RL IRE INR IPKVKMLF
R FE G QVE T

580

lE IG YLYKSATGGE
MEIAQQ AQQQ DASANNAKDDDWDAEFEEVKDKK
SVDEV

KNVD.QT FAARRMDQSVRRAL

FiGuRe 6: Sequence alignment d@im DnaK, E. coli DnakK, andE. coli Hsc66. Identical residues are shaded.

ferredoxin protein. DnaK appears to possess a |dygior seen to be homologous to that of the DnaK and Hsc66
IscU in the presence of nucleotides (ATP and ADP). proteins fromE. coli, with the exception of a 25-amino acid
Dissociation constants were not determined in the presencedeletion following residue 89Tm DnaK has 53% sequence
of the DnaJ since the kinetic results on which the measure-identity with E. coliDnaK and 40% wittE. coli Hsc66, while
ment is based proved similar in the presence and absence oE. coli DnaK has 41% sequence identity wih coli Hsc66.
the cochaperone. The overall sequence homology of the three proteins is 31%.
Comparison of each domain of the three proteins shows that
DISCUSSION the percent homologies are 35% (ATPase domain), 38% (
T. maritima DnaK is a 596 residue protein with a sandwich), and 9% (C-terminathelical lid). Clearly DnaK
molecular weight of 66 kDal). It contains two domains:  and Hsc66 are highly homologous over the ATPase and
an ATPase domain @362), and a peptide binding domain peptide-binding domains. As is commonly observed)(
that consists of @-sandwich (363-489) and aro-helical the sequence homology is significantly lower in thdelical
lid (490—596). In Figure 6, the sequence ©m DnaK is lid.



Role for Chaperone DnaK in Fe-S Cluster Biosynthesis Biochemistry, Vol. 44, No. 11, 20031291

Previous work has demonstratédcoli IscU to complex likely that this is a manifestation of a more direct role of
with two molecular chaperones, namely, Hsc66 (HscA) and chaperones in mediating the assembly of the IscU-bound
Hsc20 (HscB) 8, 23). Hsc66 binds to residues 9903 cluster, which requires deliver of both iron ion and sulfide
(LPPVK) of IscU, and the binding of IscU stimulates the coordination 25). In this regard, NMR solution structural
ATPase activity of Hsc66. Hsc20 also binds to IscU and studies ofTmliscU (26) and other biophysical measurements
facilitates the interaction of IscU with Hsc66. On the basis (27) have previously demonstrated unusual dynamic behavior
of these binding observations, it has been suggested that théor this protein family. The secondary structureToh IscU
molecular chaperones might facilitate iresulfur cluster is well defined, with sixo-helixes and threg3-strands;
transfer 8). However, no experimental evidence has been howeve, its tertiary structure appears to be fluxional among
reported to support the proposed functions of molecular distinct conformational state®7). DnaK may bind, and
chaperones in this process. DnaK is generally associated withprotect from solvent, a specific conformation for the iron-
cellular housekeeping roles, such as preventing proteinbound intermediate, conferring sufficient stability to allow
aggregation and denaturation. Since it is specifically located final formation of the IscU-bound [2Fe-2S] center.
in theisc operon, Hsc66 has been assigned a more specific Cluster Transfer from Holo IscU to Apo Fd in the Presence
cellular role, especially in iroasulfur cluster biosynthesis  of DnaK and DnaJPreviously, it has been shown that the
(8). However,T. maritimalacks an Hsc66 homologue, and E. coli chaperones Hsc66 and DnaK both bind to Is&y (
so it is reasonable to expect that DnaK is acting in the however, the functional consequence of molecular chaperone
capacity of Hsc66. In fact DnaK has broader specificity than binding had not been described. Here we demonstrate that
Hsc66, but has been shown to bind to the same region ofin the presence of DnaK the Fe-S cluster transfer reaction
IscU as Hsc66, consistent with a similar role in cellular from holo IscU to apo Fd is dramatically influenced. Figure
cluster assembly. The results described here demonstrate th& shows a two-step consecutive reaction model that is
DnaK can bind to IscU and influences both the stability of consistent with the observed rate data: namely, formation

IscU-bound Fe-S clusters and the rate of irawlfur cluster
transfer to a target protein, but in an unexpected fashion.
Comparison of Tm IscWersus Hs ISU Cluster Transfer

Activity toward a Hs Fd Target. Tnis an evolutionarily
ancient organism2d); nevertheless, th&m IscU protein
shows relatively high homology (26% identity and 30%
without the insert) to its human counterpat®). Both Tm
IscU andHs ISU show relatively high activity in cluster
transfer to an apbis Fd target (0.073 min* and 0.086 min*

for Tm IscU versusHs ISU, respectively). MoreovefTm
DnaK displays similar influences on the reaction of both
IscU andHs ISU, with cluster transfer téls Fd displaying

of the FdlscU complex k) followed by cluster transfeiks).
DnaK putatively binds to IscU through a conserved motif
(23), but rather than promoting cluster transfer it appears to
slow down the reaction and lower the yield of Fe-S cluster
transfer (Figures 3 and 4). Whéais comparable in value

to k;, a lag phase is both expected and observed. The
experimental data clearly demonstrate an inhibitory influence
by DnaK on cluster transfer, with the transfer rate observed
to decrease by a factor of 2. We have attempted to explain
the role of theTm homologues in mediating IscU cluster
transfer in terms of a detailed reaction model (Figure 2) that
demonstrates an outstanding fit of experimental data to the

a significant lag phase in each cluster transfer reaction (Figurederived rate law. Inasmuch as the inhibitory influence of
4). These results clearly demonstrate the important roles ofDnaK is not complete, it is suggested that DnaK remains

molecular chaperones in irersulfur cluster biosynthesis, but

also speak to conserved structural and functional motifs in

bound to IscU during the cluster transfer reaction.
The experimental data clearly indicates that the rate of

homologous families of proteins extending from bacteria and formation of the IscU/Fd complex is decreased in the
archeae through higher mammals. These data also providepresence of DnaK. More specifically, the rate constats

a strong justification for the cross useTahandHs proteins
for functional and mechanistic studies.

(complex formation) and, (Fe-S cluster transfer) are both
decreased in the presence of DnaK. Since the rate of

The Influence of DnaK and DnaJ on IscU-Bound Cluster formation of IscU/Fd K5 is significantly greater than the
and Stability.We have previously shown that IscU-bound formation of a tertiary complex (Fd/IscU/Dnak,y) (8- to

[2Fe-2S] clusters are prone to hydrolytic degradatiéh (

11-fold for TmlIscU and 15- to 27-fold foHs ISU), DnaK

The relative rate of cluster hydrolysis ultimately depends on binding to IscU must inhibit complex formation between
both the relative binding energies of the Fe-S center to proteinlscU and Fd. By comparison, the difference between the rate
ligands and the solvent accessibility of the clusters. The constants of Fd/IscUk§,) and Fd/IscU/DnaK Kzp) cluster
influence of chaperones on the kinetics of cluster hydrolysis transfer is relatively small. Therefore, DnaK does not directly
was examined at physiological pH, and the experimental datapromote cluster transfer chemistry, but rather interferes with
clearly demonstrates DnaK binding to holo IscU to slow the complex formation of the target protein (in this case apo
rate of cluster loss (Figure 1). All stability experiments were Fd) with IscU. The inhibitory influence of apo Fd on DnaK
repeated in the presence of DnaJ, and the results were foundinding is also manifest by the increase in the apparent

to be similar to those obtained with DnaK alone. Accord-

dissociation constanip, for the complex of DnaK and IscU

ingly, under conditions of saturating DnaK, DnaJ serves no (15—27uM, Table 2), relative to direct binding of chaperone

significant role in promoting the stability of the IscU-bound
cluster.

to IscU (~1.6 uM for E. coli Hsc66 binding to IscU)Z8)
and binding of a hydrophobic peptide to DnaKp(= 0.06

Inasmuch as complex formation between DnaK and IscU to 2 uM) (21).

is unlikely to change the bond energies for ligation of the

Cluster transfer reactivity was also examined in the

Fe-S cluster to IscU, the observed protection most likely presence of DnaJ (Figure 3), and the results were found to
reflects a change in solvent accessibility following chaperone be similar to those obtained with DnaK alone. Accordingly,

binding. While the influence on stability is modest, it is also

under conditions of saturating DnaK, DnaJ serves no
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significant role in promoting cluster transfer to a target
protein.

Comparison of Tm IscU and Hs ISU Interaction with
DnaK. E. coliHsc66 and DnaK bind to a conserved motif

has very little influence on the intrinsic cluster transfer
activity, impacting only the binding affinity for IscU. This

is entirely consistent with the wealth of literature that
supports a role for nucleotide in defining the kinetic and
thermodynamic parameters for DnaK binding to cognate

on IscU near a conserved Fe-S ligating Cys (Cys 123). (

There are several possible influences of this binding eventpeptides 20, 21, 30, 31), with the cochaperone DnaJ and
on target protein interactions. First, the binding of DnaK may nucleotide exchange factor GrpE regulating these parameters.

change the surface charge distribution on IscU. Since

protein—protein interactions are often dependent on surface REFERENCES

charge distribution, a perturbation of this charge distribution
by DnaK binding may alter the affinity of target proteins
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