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ABSTRACT

Chloroplast protein iniport is a relatively poorly understood protein trafficking
_system. In other protein import systei_ns, the translocation “machinery” has been identified
and well studied, including the mechanism by‘\.zvhich proteins are unidirectionally transported
across the importing membrane. In the ‘chloroplast, no such “molecular motor” is
3 acknowledged The work described in this d1ssertation isa prelirmnary attempt to assign that .
- role to the major stromal Hsp70, CSSl We have shown, through a vanety of invivoandin
vitro techniques, interaction between a chloroplast transit peptide and two mer'nbers of the
. lIsp70 class of molecular chaperones, DnaK and CSS1. We have also mapped this specific
interaction to the N-terminus of one transit peptide and generallized this N-terminal bias to
- all transit peptides through statistical analyses. Futhermore, we have generated a recombinant
.form of CSS1 and have developed a novel chroiﬁatographic technique to purifyitin an active
form. Finally, we have biochemically characterized CSS1, relating its place within. the Hsp70
protein family and describing its catalytic and chaperone activities in detail. This work
provides the basis for further in vivo and in vitro studies which our data predict will prove

that CSS1 is the chloroplast protein import molecular motor.
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PREFACE

Since his | first introduction to intracellular signal transduction as an
undergraduate, the author of this study has been enthralled by the. concept of “higher ‘
order” design found throughout biology. Not only are the biomolecules which make up
living systems constructed 'to fulfill their immediate chemical ‘functions, they are also
built to coordinate with each other within the larger context of the cell, the organ, and
ultimately, the organism. Multiple layers of information necessary for potential functions,
laid out in a hierarchical manner, are c'ont.ay.ined within systems which seem much simple;,r
at firsf glance. For example, relatively simple side chains of individual amino acids,
which in tun make in proteins, carry -out most of the biochemistry we study. However,
these same functional groups can simult;:meously help or prevent proteins from folding,
help maintain or diminish p;otein stability, respond to extrinsic chemical stimuli and alter
therproteiri’s activity or chemical makeup, and even direct proteins to different locations
within the cell like a postal addres’s on an envelope. This latter topic especially intrigued

“the author and directed him to explore the question of protein trafficking using the
relatively unexplored chloroplast as a model system.

Chapter One provides a brief aﬁd general li;erature review of two ‘topics:
chloroplast protein irhport, which includes -some ‘general concepts of cell
compartmentalization, and molecular chaperones, .with special emphasis on Hsp70’s.
Given thé: relative'ﬂ novelty of fhe’= ‘cllvlllor‘opia;t? import system and the difficulties of

working with higher plants, much .of the material discussed is of a speculative nature.




While the field of molecular chaperones, especially the Hsp70 class, is more established,
applying that knowledge base to chloroplasts must be done conservatively.

Chapter Two is adapted from a published manuscript and is the copyrighted
property of the journal Cell Stress & Chaperones. In this study, we used in vivo and in
vitro techniques to show a specific interaction between the prokaryotic Hsp70, DnakK, and
a chloroplast targeting sequences, transit peptide. We observed co-purification of Dnak
with the transit peptide using an overexpression system in E. coli. We then purified both
the chaperone and the transit peptide to homogeneity. After demonstrating
conformational changes in the chaperone upon transit peptide binding and the transit
peptide’s ability to compete for chaperone binding, we used mild cell lysis conditions to
purify the entire Hsp70 chaperone machine.

Chapter Three is also adapted from a published manuscript and is the copyrighted
property of the journal Plant Physiology. In this study, we used two statistical analyses to
generalize the Hsp70-transit peptjde interaction to all stromally targeted transit peptides
of higher plants in a published database.hWe predicted strongest affjnify at the N-terminus
of transit peptideé and then biochemic‘)ally mapped this interaction to the N-terminus of
the transit peptide from the [;recursor of the émall subunit of rubisco. We also showed
that the transit peptide similarly interacts with the physiologically relevant stromal Hsp70
homolog, CSS1, and could protect Hsp70’s from proteolytic degradation and stimulate
the chaperone’s weak ATPase activity.

Chapter Four is primarily methodolbgical in nature. To further manipulate the

CSS1 system, we generated a recombinant form of the protein from a precursor gene
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construct supplied as a gift. Purification was problématic to say the least. We were forced

to contend with impurities which sha'red almost - all the chemical properties
‘conventionally used“ t6 ‘sépafafe pfrc.>tei-r‘1s.‘ In adliition, at least -one impurity bound to
récémbinant CSSI, éﬁd majﬁtaining_solllbility'of fhé éhaperone required extensive trial-
and—error benchwor.k; ‘I'-Iowev‘er',‘ we; (. Lilﬁmately succeeded in purifying a soluble,
* functional recombinant chaperone by devéloping a novel denaturation/renaturation
chromatography protocol.

Chapter Five continues CSS1 biochemical characterization, but only with. the
.biochemically purified form. We conducted homology analyses of prokaryotic, algal, and
higher plant Hsp70’s to demonstrate the prokaryotic evolutionary origiﬁ of the plastid.
We alsé analyzed the relative homologies of higher plant Hsp70’s from different cellular
locations to.further emphasize the point. After calling into ques.tion the methods used to
predict the gtromal processiﬁg -site for CSS1 and other proteins imported into the
chloroplast, we performed a series of classical, comparati'vé in vitro experiments to
characterize vCSSl’s ability to autophosphorylate lhydrolyze ATP, and be ATPase-
stimulated by peptide . substrate;s and heterologous; co-chaperones. Finally, we
demonstrated CSSl’Ls ability to refold a denatﬁred protein and a transit peptide’s ability to
compete with the denatured protein for CSS1 .binding.

Chapters Two through Five each contain introductory material specific to
the respectivé topics. The data in this study are discussed extensively within ea_ch chapter

as well. Therefore, Chapter Six summarizes the work in toto without belaboring the
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arguments reviewed previously. Chapter Six also identifies criticisms of the project and

offers an outline for several directions of continuing the research.
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Chaptef 1 — General Introduction

CELLULAR COMPARTMENTALIZATION .
- General concepts |

-Eu‘karyotié cells are defined by their diverse membrane systems which
‘compaﬁmentalize their cells into-distinct intraceliular ‘en\"ironments. The advantages of
- partitioning cells are many fold and have led to severalv —evolutionary advantages (Alberts
et al., 1994). First, eukaryotic c.ells\are spatially organizea to ailow for more efficient
J'metabolismv by separatiﬁg and channeling :inte;mediavte. metabolites between active
. metabolic centers. Second, the ability to ge;lerate membrane potentials and specifically
separate metabolites increases the diversity-of metabolic possibilities available to the cell.
Third, eukaryot‘ic'cells can sequester ﬁarmful‘ 6r Apot@ntiall}; toxlic’ compounds from the
rest of the cc%ll or allow two- —mutuq.lly excluéive metabolic‘ bathways "to function-
simultaneously in different compartn;ents‘. Fourth, multiple membrane systéms allow for
a transport system alt@mative to metabolite transport, vesicular transport, which leads to
further advant;gés' including metabolite customization en route to its ultimate destination.
Finally, membfane diversification and asymmetric design have ultimately lead to the
evolution of multicellular organism's. Withqut all of the advantages conferred 'by

compartmentalization listed above, plants and animals could not chemically function.



Protein sorting

As important as . membrane systems are in eukaryotes, all of the diverse
biochenlistry is ultimately carried out by proteins. In order to benefit the celI., certain
proteins must function in a particdlar rnanner'in a specific location at a predetermined
time or developmental stage. 'Although virtually all proteins are synthesized in the
cytosol, most function in a different cellular compartment (Sehatz and Dobberstein, .
1996).. Herein lies the. problem of protein sorting, which is Isummarized in
diagrammatical form in figure 1-1. Each eukaryotic cell. needs a.sorting system.whicn
.can work fast enough to keep up w1th protein synthesw and exact1ng enough to prevent
harmful, or at least wasteful, mlstargetrng of protelns synthe81zed in the cytosol

To solve this problem, the eukaryotic cett has evolved a proficient sortlng system -
which relres on five sets of componenta t_o erisure delivery of proteins to their proper
, destinations (Schatz and Dobberstein, 1996): 1) taréeting information contained vvithin
each newly svnthesized precursor protein, 2) targeting factors on the cis (cytosolic) side
of ‘. the translocating ,membrane which direct the precursor to that rnembrane, 3) a
- translocatlon apparatus wtth a reeeptor and a translocatlon channel to transport the
precursor in an extended conformatlon 4) a mechanism to generate vectorial movement
of the precursor through the channel, and 45) a processing/folding system on the trans
(lumenalj side of | the memb'rane to proddce the functional protein in its native

. environment.



Figure 1-1. Protein trafficking in eukaryotic cells. The solid black line indicates gated
transport; the dotted black lines, transmembrane transport; and the solid gray lines, vesicular

transport.
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Targeting signals

Every protein that functions in'a non-cytosolic location cqntains sequence
information necessary and sufficient to initiaté the targeting and translocation processes.
Although most targeting signals are cleavable N-terminal extensions, some are C-
terminal or even intémal and reﬁﬂn as part c;f the functional protein post translocation.
Since ER, mitochohdrial, and pléstid protein import involves N-terminal, cleavable
transit peptides, this discussion will be limited to those targeting signals and their 7
respective cytosolic targeting factors. |

In general, targeting sequences themselves share littlé homology among different
precursors, even those which utilize the same import pathway. Variations in length and
amino acid composition preclude all but the most rudimehtary comparisons for

similarity. However, some relatibnﬁhips within each class of targeting signal can be

surmised from analyzing many precursors. For example, ER signals, called signal . -

. peptides because of their similarity to bacterial secretory sequerices, are generally 20-70
amino acids in length and contain three loosely defined domains: 1) the N-terminus
usually contains several basic fesidueé, 2) the middle region is generally hydrophobic,
and 3) tﬁe C-terminus has the potential to form an amphipathic a-helix in a membrane-
mimetic environment (von Heijne, 1984; von Heijne, 1985).

In contrast, mitochondrial and plas'tid signals contain many hydroxylated residues
throughout their sequences (von Heijne et al.., 1989). However, the similarity between
presequences (mitochondrial) and transit pgpfides (plastid) ends there. Presequences are

much shorter (17-42 residues), have basic N-termini, and hydrophobic C-termini (von



Heijne et al., 1989). Mitochondrial presequences have also been shown to form
amph1path1c a-helices when exposed to lipids found in mitochondrial membranes (Tamm
and Bartoldus, 1990) Trans1t peptides, on the other hand, range from 25 to 125 residues
‘1n length and have hydrophobic N-termini, basic middle regions, and helix forming C-
termini (Bruce, 1998; von Heijne et al., 1989), yet have little to no secondary structure in
aqueous solution (von Heijne and Nishikawa, 1991). The latter two observations are
supported by recent work in which the C-terminal third of a transit peptide interacted
with the non-bilayer forming lipids monogalactosyldiacylglycerol and
digalactosyldiacylglycerol in liposomes resetnbling the chloroplast outer envelope
(Pinnaduwage and.Bruce, 1996).

Because of .the third membrane system in green plastids (chloroplasts), the
thylakoid, precursors -destined for-the thylakoid lumen ,have bipartite transit peptides
(Cline and Henry, 1996; Weisbeek et;al.,‘ 1989);,These precursors are imported into'the
stroma of the chloroplast by. the common 1mport pathway and then “exported” into the
thylakoid via a varlety of newly descrlbed pathways (reviewed in Keegstra and Cline,
1999). Thus, chloroplasts have a-total of six targeted destinations for protein trafﬁckmg:‘
1) the outer envelope, 2) the intermembrane space between envelopes, .3) the inner
envelope, 4) the stroma, 5) the thylakoid h1embrane, and 6) the thylakoid lumen. The
great majority of the precutsors targeted to the latter five locations are initially imported
by a common pathway, regardless of ultimate destination or transit peptide sequence..

Given the complex arrangement of the chloroplast and the fact that transit peptides are



the most divergent set of all targeting signals known, discovering the mechanisms of the

initial sorting of chloroplast precursors remains a fundamental challenge today.

Cytosolic Targeting Factors .

In the ER; one form of the initial sorting is carried out by a cytosolic factor
) known as the signal recognition particle (SRP), which binds to the nacent signal sequence
and recruits the precﬁrsor, riboséme and all, to the ER membrane for co-translational
translocation into the ER lumen (Sanders and S(;hekman, 1992; Waters et al., 1986). In
the mitochondrial system, two cytosolic factors have been identified which enhance the
targeting aﬁd import efficiency of mitochondrial precursors. First, the -presequence
binding factor (PBF) was purified ;md shown to bind élbpresequence and stimulate
precursor import in vitro (Murakami and Mori, 1990). Interestingly, when Hsp70 was
~ added to the PBF/precursor4comp'1‘ex, import Was enhanced even further. Second, the
mitochondrial importl stimulation factor (MSF) was shown to maintain precursor import
compétence by preventing folding prior to import (Hachiya et al., 1993). MSF also
rescues aggregated précursérs in an A’I;P;dependent manner and is inhibited -by treatment
with N—ethylmaieimid‘e. Tﬁerefore,\.'ﬂachiyayl and co-workers concluded that MSF is a
multifunctional, mitochondrial-specific molecular chaperone.

Although an early study ‘describe‘s the possibility of molecular chaperones as
cytosolic targeting factors in the chloroplast import system (Waegémann ;:t al., 1990),
only recent work makes this hypothesis seem probable. The transit peptide of the

precursor of the small subunit of Rubisco (SStp) can be phosphorylated by a cytosolic
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kinase (Waegemann aﬁd Soll, 1996). This phosphorylated transit peptide resembles the
phosphopeptide bil;ding motif for 14-3-3 proteins. When phosphorylated SStp is exposed
to wheat germ lysate, specific 14-3-3.pr0tf;ins and a cytpsolic Hsp70 homolog form a
complex with the transit peptide 1n an ATP-dependent manner (May and Soll, 2000).
This interaction is especially significant since 14-3-3 proteins can act in both recruitment
of Hsp70s (Ballinger et al., 1999; Hohfeld et al., 11995) and in phosbhorylation-mediated
signal transduction pathways (AitKen et al., 1992; Dubois et al., 1997). Additionally,
protein import using.this complex proceeds four-fold faster than with precursor alone. It
is important to note, however, that cﬁosolic factors are not required for either

mitochondrial or chloroplast protein import in vitro.

ER VS. M]TdCHQNDRIAL PROTEiN IMPQRT SYSTEMS

The reports of cytosolic‘fa;:tbrs in chloroplast protein import discussed above are
preliminar&, originating from the same laboratofy. Much more study in this and other
areas are needed before the entire process can be properly delineated. To gain insight into
the chloroplast system, a brief revie'w’ of other, better characterized prétein import
systems is helpful.

The ER contaiﬁs an evélutionarily conserved heterotrimeric central membrane
channel, Sec61 (Panzner et al., 1995). Although capable of co-translational translocation
without Hsp70 participation (Hamman et al., 1998), Sec61 associates with a tetrameric

Sec62/63p complex (Panzner et al., 1995), which is required for lumenal Hsp70

recruitment (Lyman and Schekman, 1997), during post-translational translocation. Of |



i

these components,.only BiP; the lumenal Hsp70 homolog, consumes ATP, a means to

provide directionaiity to the traﬁslocatio_n process (Matlack et al., 1999).
Because mitochondria and chloroplasts are thought to have prokaryotic origins,
the nﬁtochondﬁal system is perﬁapsla bett.er model system for studying chloroplast
protein import than the ER. Still, proteinl translocation into mitochondria shares‘ many
charac':teristicg of ER protemlmportBoth s:)iIs;ems’ form-tight, aqueous cha;nnels to post-
translationallyl 1mportnuclear-encodedprecursor ;'roieins in response to activation by
targeting signalél;'ontained w1th1n fﬁe 'préc’:u;s'c;rlé‘z(lh’iath et al., 1998), and both use trans-
localized Hsp70s, to consﬁme ATP in ordér to: achievé translocation (Panzner et al.,
1995; Ungermann et al.‘, 1994). In fact, botﬁ systems use proteins with J-domains similar
to that 1n btactf.:rial Dnal (ER, Sec63; mitochondria, Tim44) to recruit their respective
Hsp70s to the trans side ;)f the translocating membrane (Bomer et al., 1997; Lyman and
Schekman, 1997).
| However, mitochondrial import occurs across two membranes instead of one.
Therefore, its import machinery and conditions are inherently more complicated. ‘For
example, the mitochgndria has t§vo membrane éhannel complexes, one in the outer
membrane and one in the inner membrane. During import, these complexes form contact
* sites b-etweenv the membranes so that vtranslc;cation occurs acro‘ss both membranes
si;nultaneously (Schatz and vDobbersteiﬁ, 1996). Also, mitochondrial precursor proteins
can associate with cytosolic targeting factors which guide their post-translational import
pfOcesses (Hachiya et al., 1994; Murakami aﬁd Mori, 1990). furthermore, mitochondrial

import requires a membrane potential to drive translocation across the Tim (Translocon



at the Inner membrane of Mitochondria) components (Martin et al., 1991; Ungermann et

al., 1996).

Depending on the presentation of the precursor to the mitochondrial outer
membrane, the pfecursor is bound by a complex of either Tom70/Tom37 (Haucke et al.,

1995) or Tom22/Tom20 (Haucke et al., 1996). The bound precursor is then delivered to

the outer membrane translocation channel, which consists of at least five pfoteins:

Tom40, Tom38, Tom7, Tom6, and Tom5. Tom40 forms the central channel (Vestweber

et al., 1989), while the other proteins are not essential for translocation (Alconada et al.,
1995).- Once the precursor has moved ‘across the outer membrane, the electrochemical

potential of the inner membrane engages the precursor to the Tim complex (Ungermann

‘et al, 1996). Eight proteins (Tim33, Tim23, Timl7, Timl4, Timll, Tim44,

SSC1{mitochondrial Hsp70}, and Mgel) provide the channel and drive translocation into .

the matrix in an ATP-dependent manner (Berthold et al., 1995; Kronidou et él., 1994;

Rassow et al,, 1994; Schneider et al., 1994).

CHLOROPLAST PROTEIN IMPORT APPARATUS AND MODEL

Unlike the mitochondrion or other organelles, the chloroplast is the metabolic
workhorsg of  the plant cell. The chloroplast carries ‘out eVefything from energy
production and carbon assimilation during photosynthesis to starch, lipid, amino acid,
protein, and nucleotide biqsynthesis to ion homeostasis to nitrogeﬁ and sulfur
assinﬁlation (Alberts et al., 1994). Given the diverse metabolic properties of chloroplasté,

the fact that Rubisco accounts for half of the protein in every leaf, and the number of
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chloroplasts per cell (as many as 1000), chloroplast protein import is the most active
form on [;roféin transloéaﬁqn in all of 'biology.A
| The cﬁloroplast import system has been studied for over 20 years (Chua‘ and
Schmidt, 1978; Highfi‘eld-and Eliis, 1978), yet most of the progress made so far has beén
iq identif);ing catalyﬁc requiremenfs and participatihg proteins (reviewed in Keegstra ar.1d
- Froehlich,. 1999). 'Little évideﬁcc; 6f component stoichiometries or ratios of bound:freely
diffus-able Tic ‘(Trar.lslocator at fhe Inner envelope of the .Chloropllast) and Toc
: (Translocator at the Outef eriveldpé of 'thé Chlofoplast) components exists. Also, no one
‘has demonstrated functions for most of t‘hese paﬂicipants ~or analyzed the .
sfr,ucture/fuﬁction relationships between phe import machinery and .the diverse precursor
r rproteins.' " |
The following, which is gummarized in Figure 1-2, is a Bﬂef overview of our
current state of knowlédge i éonéeminé the chloroplast protein iﬁlport system, its
compongnts, and theirﬁrépoSéd"rdlésl iil_=the transport process. Unlike the mitochondrial
systém (Schley‘leyrd*et"él., “1982‘),'ir{it’i'ati6ﬁ of.‘;.plroAtein import iﬁto_the chloroplast does not
require an electrochemical gr'a'dlie;n’tf (Fluegge - and Hinz, 1_986); Energetically', the
chloropiast import proce-ss can be diVided into four’ steps: 1) an energy-independent,
reversible inférac;tion between the precursor, the"lo'uter envelqpé lipids, and the docking
protein/receptor, 2) a Toc complex formatibn step requiring ~50-100 pM cytosolic ATP
or GTP, 3) a translocating step requiring 250-350 uM ATP in the intermembrane space,
and 4) a translocating steﬁ requiring 500 uM t.o ‘1 mM ATP in the stroma (reviewed in

Keegstra and Cline, 1999). Many protein components of the outer envelope are protease-
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Figure 1-2. Transit peptide-mediated protein import into chloroplasts. Gréphical
representation of the suggested order of events, energetic requirements, and participating

proteins of the outer and inner chloroplast envelopes.
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sensitive (Cline et al., 1985), and precursor proteins are thought to translocate in an

unfolded conformation (Pilon et al., 1992). The latter topic will be discussed later.

Early stages of 1mport

The role of transit pept1de—l1p1d 1nteract1ons is welll established (van't Hof et al
1991; van't Hof et al .1993) and is generally viewed as the 1n1t1al interaction between a
precursor protein and the chloroplast (Bruce 1998 P1nnaduwage and Bruce, 1996). This
interaction is ‘sequence spec1f1c z;nd l1p1d class dependent The C-terminus of SStp
lnserts, to sonle degree,ﬂ 1nto ' b1la)ters contehmng; the non-b1layer forrmng lipid
monogalactosyldiacylglycerol, which co'mpn'ses about 17% of ‘the lipid content in the
outer envelope (Piinn.aduwage)and Bruce, 1996). N |

After this initial targeting -event, the proteinaceous Toc complex performs three
necessary functions in the protein import process: 1) specific transit peptide recognition,
‘2) precursor translocation initiation, andl 3) contact site formation with the inner envelope

(reviewed in Keegstré and Ffoehlich,'1999), see Figure 1-2). As mentioned earlier,

phosphorylated transit peptides bind 14-3-3 proteins and cytosolic Hsc70 from wheat .

germ, enhancing their import competence' (May and Soll, 2000; Waegemann and Soll,
1996). A likely docl(ing site for this te_rnary complex is the newly identified Toc64,
peripheral membrane proteln lzvhich contains 14-3-3 _motifs itself and co-purifies and
crosslinks with other Toc and Tic components-in the presence of precursor proteins

(Sohrt and Soll, 2000). For the p‘urpo‘ses’of this discussion, “integral” membrane proteins
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are membrane proteins which contain functional domains on both sides of a membrane; .
~while “peripheral” membrane proteins do not.

Several laboratories have independently identified three other Toc components--
Toc159, Toc '75, and Toc 34~-through crosslinking, co-purification, or both (Akita et al.,
1997; Ma et al., 1‘996; Nielsen et al., 1997). In theveallrliest stages of protein import pr'ior‘
to the first NTP energy requirement, the precursor interacts with To;:64, Toc159 and
(indirectly) Toc34 (Kouranov qﬁd Schnell, 1997; Perry and Keegstra, 1994), the latter
two containing GTP bindipg domains (Késslg:r et .al., 1994; Seedorf et al., 1995). The
role(s) of GTP in the import process is not understood, but regulation of early transport
intermediates and initiation of contact site formation wﬂith tﬁe inner envelope have been
-proposed (Keegstra and Froehlich, 1999).

Toc159, another peripheral membrane protein, was originally identified as Toc86
(Hirsch et al, 1994, Peny.and Keegs&a, 1994), which was proven to be a pr(l)teolytici
fragment of Toé159'(Bolter et al., 1998). It is Believed that ToclS9 contains contains a
precursor binding site because Toc159 antibodies block precursor binding (Hirsch et (al.,:
1994) and ‘precursors reéd’ily crosslink to thi§ putative receptor (Kouranov and Schnell,
1997, i\/Ia et al., 1‘996).' On the other hand, no evidence exists of prec;ursor binding
‘ directly to the ‘pen'pheral protéin Toc34, althc;ugh it may regulat'e precursof binding to
T00159 (Kouranov and Schnell, 1997) The fourth Toc. component Toc 75, is the only
1ntegra1 membrane protein in the Toc  complex and is therefore most 11ke1y a protein
conductmg channel. In addition to binding transit peptides in an NTP-dependent manner

(Kouranov and Schnell, 1997, Ma et al., 1996), Toc75--when reconstituted into
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-liposomes—-also exhibits voltage sensitive ion conductance properties which are

* specifically regnlated by transitv peptides (Hinnah et al., 1997).

| Late stages of import
The best charactenzed T1c prote1n is T1c110 which was- first identified by
‘1mmunoprec1p1tatlon (Kessler and Blobel, 1996) and crosslinking (Lubeck et al., 1996)
studies. T1c110 is an integral membrane protein with the majority of its sequence
‘ exposed to the stroma (Jacltson et al., '1998), a topology which may allow Tic110 to
recrnit molecular chlaperones to; the inner__envelope ln a manner similar to that of Tim44,
which recruits SSC1 (Stress Seventy éognate 1) to the inner mitochondrial membrane
" during protein A import" (Rassow et al.,- 1994; Schneider et al., 1994). Chaperone
recruitment to‘the inner envelope w1ll Ibe d1scussed in detail later
T1c22 and T1c20 were or1g1nally 1dent1f1ed and characterized by crosslinking
~ strategies and shown to 1nteract w1th each other and the Toc complex (Kouranov and
Schnell, 1997) Whlle T1c22 is a per1pheral membrane prote1n wh1ch is exposed to the
1ntermembrane space and contains no nucleotlde or peptlde b1nd1ng motifs, Tic20 is
integrated into the ‘ inner | envelope,'; extendiné a hydrophilic domain into the
intermeml)rane space andla basic domain into the stroma. Based on these observations,
Tic22 is proposecl.t?o facllltate contactisite‘ formation with the Toc complex while Tic20
© serves vto anchor T1022 to the inner: envelope'
‘Tic55, wh1ch has.only been 1dent1f1ed by one lab via blue—nat1ve polyacrylarmde

gel electrophores1s (Caliebe et al 1997) is 'the least well characterized T1c component
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and contains- a Rei‘s'ke‘-'type iron—sulfnr: center whose function is'unknowni If Tic55 is
covnfirmed as ’a chloroplaet pl:otetn import contponent, any role of the .redox center would
be a novei phenlomeno'n in organellar protein trafficking.

A poss}i’ble protein condueting channel was also discovered recently, but‘hasn’t
“been purified or given _a:) ‘”Tie” designation (van den Wijngaard and Vredenbetg, 1997).
Instead, ‘the 50-picosiemens anion. channel is called the protein import telated anion

channel, or PIRAC. Ass001at1ng with Tic110 (van den Wijngaard and Vredenberg, 1999) :

the channel is gated by 100 uM ATP coupled with-a chloroplast precursor protein

(Dabney-Srmth et\al.,,l9_99§ ~van den lengaard et al., 1999; van den Wijngaard and
Vredenberé, 199‘7-)'. ProceSsed' of; tmncated*preeurusor' pro'tei:ns have no effect on' the
~channel. ‘ | | | |

The ve_ry“recent discoverv of Tic40, which also assoctates with Ticl110, may
ultimately have the greatest ‘ .significance with respect to rhoiecular -.chaperone
involvement in Achloroplast_ protein import (Stahl et al:., 1999).‘ Tie40 was originally
descn'bed - as i‘ic/’I‘oc40—simultaneoﬁle oecnpying both the outer and inner
envelopes—,hy"generating partiaﬂy atransloc':at_ed intermediate precursor proteins'in vitro
- (Ko et al., 1995; Wu et al., 1994;).‘After refining the chloroplast fractionation process,
crosslinking TlC40 to T10110 and performmg detalled 1mmunoh1stochemlcal studies,
Stahl and co-workers (1999) proved that TlC 40 is'a penpheral membrane protein_ and ‘
resides exclus1vely 1,n the inner envelope with the majonty of its sequence exposed to.the
stroma. When Tic40fs amino acid sequence w‘aslanalyzed, the only homology observed

was with the Hsp70 interacting protein (Hip), which is a 14-3-3-protein. A Tic40/CSS1 |
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interaction would be a directly parallel to the Tim44/SSC1 interaction in the
mitochondrial import system (Rassow et al., 1994; Schneider et al., 1994). Althoug;h
Tic40 and CSS1 have not been crosslinked or co-purified to date, these findings
described above, taken together with the transit peptide-Hsp70 interaction studies from
our laboratory (Ivey and Bruce, 2000; Ivey et al., 2000), provide a strong case for Hsp70
involvement as a molécular motor in chloroplast protein import.

The last step in the import process involves cleaving the transit peptide and
folding the processed protein into its native structure. The stromal processing peptidase
(SPP) cleaves the targeting sequences from most precursor proteins upon import into the
stroma. SPP must recognize and cleave hundreds, perhaps thousands, of structurally
unrelated precursors. Although a loose consensus for proteolytic cleavage (V/I-X-
A/CYA.) has been identified based on 32 non-homologous precursors with known
cleavage sites (Gavel and \;c;n ‘Héijne, 19905, most precursors lack one or more features
of this conéen‘sué. After ciea\/:age; ‘rﬁature prlc')ieins are folded/assembled in the stroma by
molecular chéperones a's'they would bé in the cytosol (Hemmingsen et al., 1988). CSS1
and other chaperone activity in the import process will be discussed after a brief

introduction to molecular chaperones.

HSP70 INVOLVEMENT IN CHLOROPLAST PROTEIN IMPORT

General concepts concerning molecular chaperones

From early studies “of the spontaneous, reversible folding properties of

ribonuclease A in vitro, Anfinsen (1973) proposed that all of the information necessary
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for a protein to fold and achieveits native structure is Contained Within its primary amino
acid sequence. In pr1nc1ple this paradigm continues to be true However, in shaping the
study of protein folding, the unchallenged dogma eventually led to the idea that protein
foldlng in vivo occurs through a s1milar process. This mistaken notion has been
completely amended in the last’ 15 years primarily- because of the discovery of several
'proteins which 'c‘ontrol the‘processes by which proteins attain their native structures in the
cell. These proteins 1nclude spec1alized “foldases such as protein disulfide isomerase
and peptidyl prolyl 1somerase as well as the ubiqultous and more familiar molecular

chaperones (rev1ewed in Geth1ng and Sambrook 1992 and Hendrick and Hart], 1993).

[

Several years ago, the working deﬁnition for a rnolecular chaperone was “.a
‘ protein that binds to and stabilizes an ‘otherwise' unstable conformer of another
protein;and by controlled binding and releasevof the substrate protein, facilitates its
correct fate in vivo; be it folding,v oligorrieric asse‘inby,transpoxt to a‘particular subcellular
cornpartrnent, of controlled switching between active/inactive conformations” (Hendrick
and Hartl, 1993). Today, we know that chaperones are"also involved in a whole host of
other cellular activities, such as replicative: enzyme activation targeting of proteins for .
degradatlon force generdtion for prote1n translocation, antlgen delivery, and apoptosis

1nh1b1tion _]ust to name a few (rev1ewed in Lund 1995 and Mallouk et al., 1999).

As the definition implies, rnolecular chaperones function primarily by forming
noncovalent interactions with unfolded -or incorrectly folded polypeptidechains, thus

stabilizing them and preventing or reversing the formation of aggregates. Given the high
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protein conceﬁtration in vivo, such ,un.pr,oducti've reactions would be strongly preferred
with non-native polypeptides over the correct folding pathway. Therefore, molecular
chaperones protect new or stressed proteins from the cellular millieu, most often by
interacting with solvent-exposed, hydrophobic regions of protein substrates which would

normally be buried in the native state. Although mechanistically unclear, repeated cycles

of binding and release by the chaperones result in a functional conformation of the newly

folded protein without covalent modification to it or the molecular chaperones involved.
Energy is required for these processes, usually in the form of ATP (Bukau and Horwich,
1998).

From a thermodynamic perspective, the non-native protein is bound by the
chaperone(s) at a low energy state, or thermodynamic minimum, in which it is “trapped”
and lacks sufficient activation energy to achieve a transition state and possibly assume a
different conformation. As a result of binding and release by the chaperone(s), the non-
native protein is transferred to a higher energy state in which other conformations may
result. A subset of these newly possible conformations, particularly those resembling the
lowest possible energy state,’are usually classified as “native” (Todd et al., 1996).

Although first descﬁbed in reference to their specific induction during cellular
stress response (Craig, 1985; Lindquist, 1986), molecular chaperones are expressed
constitutively and are essential for cell Viabilify and growth (Craig, 1989; Fayet et al.,
1989). Therefore, the common abbreviation “Hsp”, which stands for “heat shock
protein”, is sometimes substituted with the more accurate “Hsc”, for “heat shock

constitutive” or “heat shock cognate”. The numbers after the textual abbreviations, such
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as “70” in “Hsp70”, -signify the molecular weight in kilodaltons of that particular

chaperone or chaperone class.

The HspﬁO chapel‘one maéhine -

Hsf)70s may functibﬁ alone in the cell, But uéually ir'irco“njunction wich Hsp40 anci,
in prokaryotic and organellar systems,'Hspéo (reviewed in Bukau and Horwich, 1998).
~Thesé threé proteins, which are evolutionarily consérved ihroughout biology, interact
with more proteins than any othéf céllulér machinery. The E. coli chaperone ﬁachine,
which is i)y far the best characterized, céﬁsists of DnaK (Hsp70), Dnal (Hsp40), and

GrpE (H§p20). : | |
" The molecular basis for DriaK’s peptide éffinity ﬁas been studied using in vitro
. and crystaliographic techniques (Gragérév et al., 1994; Rudiger et al., 1997; Schmid et
al., 1994; Zhu et al., 1996). Substrates are. short, contiguous polypeptide segments of 5
. ar;linoacids‘ in lengtﬁ. Thesé peptides are geherally hydrophobié in nature, with leucine
“and isoléucine prevalent. as the clent\r‘al' ‘rles}vih‘cliue; Basic residues are preferred to fla‘nk this’
central region, vl?ut, ,.dé not qéntriﬁuté tothe idjﬂr‘ect interactions between DnaK and its
subétrate. In contrz;;s,t),' ac‘idicl rie-sic_iuesA are excluded .rfr‘om the central binding core and the
flanking regions almost \J;Iithout éxéebﬁon. Such sequences occur approxilﬂately every 36
residues in proteins and pref;areqtially localize to buried 8 straﬁds (Gragerovk et al., 1994;

Rudigef et al., 1997; Schmid et al., 1994).

A high affi;lity peptide, which must be extended such that it is separated from the

rest of the protein by at least 10 A, binds in a B sandwich motif in the C-terminal peptide
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.. binding domain (Figlil"e“l—:}A).' ’I;he sandwich consists of four f§ strands, Wi’lOSC loof)s act.
to “cradle”'the peptide, followed by a flexible hiage- ;egion and then two o helices which
- fold-over the peptide like a “lid” during f)eptide b;nding. 'The binding channel, which is 7
- A long and 5 A wide, maintains seven ‘H‘-bo‘nds with the five central residues of the
substrate through main chain atoms in the ‘éhaperone’s B turns (Zhu et al., 1996).
DnaK’s other globalar domain at it’s N-terminus harnesses energy derisled from
ATP threugh hydrolysis (Figure 1-3B). The tertiary structure lis nearly ielentical to that of
hexokinase, ‘anothe.r< ATP-binding enzyme l_(DeLuca-F.laherty et al., 1988). Two
subdomains are divided lay a deep'c.left v;/hich contajns the nucleotide binding pocket.,
The mechanistic basis by which ATP hydiolysis leads to the mechanical work necessary
. to 'eﬁanvge 'the‘ conformation of the peptide substrate is not known. Although the ATPase
' dorﬂaia can function alone, significant conformaﬁonal changes in this domain during
ATP hydrolys1s are only observed in the intact chaperone (Buchberger et al., 1995).
Stlmulatlon of ATP hydrolys1s probably through other conformational changes
is'v;_he primary function of the co-chaperone, DnaJ (Karzal and McMacken, 1996; Szabo
et al., 1996; Wall et al.,; 1994), ‘Inter‘actio’n witthnaK is accomplished by a hallmark, N-
_tern.lihal“"J-domaia”which contains a conserved I-Iis;Pro—Asp motif in a loep betweenv
tw‘o‘helices (Wall et al., 1994) The C-terminal dom'ai‘n‘ean also bind peptide subst.r.atxels,
Wthh will be d1scussed shortly |
In add1t10n to exh1b1t1ng weak ATP. hydrolysm act1v1ty, DnaK alone also releases

ADP and P, too slowly for physmloglcal processes This problem is remedied by GrpE

(Dekker and Pfanner, 1997, Liberek et al., 1991; Mlao et al., 1997). Crystallographic ‘
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Figure 1-3. X-ray crystal structures of Hsp70s. ct-helices are shown in read; B-sheets, in

yéllow; coils, in white. (A) The C-terminal peptide binding domain of E. coli DnaK. (B)

The N-terminal ATPase domain of bovine cytosolic Hsc70.
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studies of the ‘sfablé?c'orﬁ'p'iléﬁf‘l:;étjwéer\i" @ GrpE dlmer and a DnaK monomer show that one
of the GrpE subtmits 6pens' DnaK’s nucleotlde :Biﬁ&ing cleft, rotating subdomain IIB by

' 14° relative to its ADP-bound conform~ation‘ (Harrison et al., 1997).

ATPase cycle |
The ATi’ase cycle of DnaK, which is summarized in Figure _1-4, is essentially
Dr{aK’s alternation betwe;en -t\-NO states (McCarty et al., 1995; Pallérqs et al., 1993;
Schmid et al., 1994). FiI:St, ‘DnaK’s ATP—’bound state exhibits low affinity and fast
' exéhange: rates for peptide éubstré.tes, and the peptide binding pocket is open. Second, the
ADP-boﬁnd state displays high affinfty aﬁd slow exchange rates for peptide substrates |

with the peptide binding pocket closed. | |

At the start of tvhe>cycle, ATP is bound by the chaperone. After a slow structural
'rearrangement ‘_(Ha and McKay, 1995; Theyssen et 'al., 1996), hydrolysis can be
kiné;ically coupled to felease 01; e);change of any previously bound peptide. Thﬁs, the
ADP-bound fonh is stabilized with respect to a new peptide substrate. Tﬁis transition is
. the key régqlatory point in the entire cycle a;ld is controlled by Dnal, which binds and
_stimulates DnaK’s ATPase activity (Liberek etal., 1991; McCarty et al., 1995). Coupling
of ’en(\argy e.xpenditure to préductive peptide suBstrate binding by DnaK eﬂsures a stable
‘interaction with the incomiﬁg pebtide substrate and prevents futile ATPase cycles in tﬁe
absence (;f substrate. Thislhypothesis is supported by the fact that DnalJ ~mediated ATPase
' ls'timulation is al\;vays greater when substrates are (present. After hydrolysis and peptide

binding, DnaK’s affinity for DnalJ is reduced, and DnaJ dissociates (Gamer et al., 1996).
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Figure 1-4. ATPase cylce of E. coli DnaK. Diagrammatic representation of the prototypical
Hsp70 ATPase reaction cycle including interaction by-the co-chaperones Dnal and GrpE,

and binding of an unfolded peptide substrate.
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Figure 1-4. ATPase cylce of E. coli DnaK

27



GrpE then binds the ternary complex of DnaK/ADP/peptide and induces release of the
nucleotide. ATP quickly binds DnaK again, causing dissociation of both GrpE and the
now folded peptide substrate, bringing the cycle full circle.

Further regulation of Hsp70s in the eukaryotic cytosol seems probable since no
GrpE homologs have been found to date. In yeast, the cytosolic DnaJ homolog, Ydjlp,
stimulates both ATP hydrolysis and nucleotide exchange (Ziegelhoffer et al., 1995). Even
more diverse forms of regulation in eukaryotic systems seem to exist in the forms of two
newly discovered cytosolic proteins wlhich bear no resemblance to any other co-
chaperones. Hip is proposed to stabilize the Hsp70/ADP/peptide ternary complex,
essentially displaying an anti-GrpE activity (Hohfeld et al., 1995), while Hop stimulates
nucleotide exchange in a manner similar to that of GrpE (Frydman and Hohfeld, 1997;

Hohfeld and Jentsch, 1997).

Hsp70 involvement in organellar protein import

Hsp70 chaperoﬁes play k‘ey:rolnes-in post-translational protein translocation in
prokaryotic systeins (Wild et al., 1992), as well as in the endoplasmic reticulum (Vogel et
al., 1990), mitochondria (Kang ét al.‘, 1990),‘and probably the chloroplast (Ivey and
Bruce, 2000; Ivey et al., 2000; Kourtz and Ko, 1997; Waegemann et al., 1990). While
evidence for Hsp70 involvement in the bacterial, mitochondrial, and ER systems is
definitive, we are much less certain in the case of the chloroplast. Less work has been

done with plant systems because of the historical inability to perform genetic knockout
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studies. To better understand what might be occurring in the chloroplast, we look to the

better characterized systems of the ER and mitochondria for insight.

Ratchet vs. motor

In the posttranslational protein import pathways of the ER, mitochondria, and
chloroplast, precursor proteins are generaily thought to traverse the envelopes in an
extended; unfolded confoﬁnation (reviewed in Schatz and Dobberstein, 1996). This
condition requires maintaining a multitude of precursors in import competent
conformations befqre;_ and .dulfirlxg’_’ imﬁort, \,pr.o'viding an energy-dependent mode for
physically moving; @h; p.rqltei‘n‘:s ,J,,gqr(c-)ss‘ .the‘ . memﬁranes, and finally refolding and
assembling the :Q;egﬁrsqrs an‘e‘ 1mport 1s complete The only known class of molecules
able to function iﬁ all tﬁese c:apacities*is that of moieéular chaperones.

‘ How do they achieve precursor translocation? To date, evidence exiéts for two
divergent but not mutually exclusive models which may provide a possible translocation
mechanism. The Brownian Ratchet Médel (Simon et al., 1992) describes Hsp70s binding
to precursors emerging from the membrane during import to éerve as “anchors” §vhich
passively prevent retrograde motioh into the cytosol. Random thermal fluctuations allow

for small portions of the extended precursors to move further into the interior of the
organelle, which allows Hsp70s to bind at more interior pbsitions, trapping more and
more of the protein in the organeile until import is complete. |

The more recent Molecular Motor Model (Glick, 1995) also involves direct

chaperone interaction with the precursor, but here, the organellar Hsp70 itself is anchored
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to the memb;ane. ATF;'-d'ependeﬁt coﬁfé)qn;itional changes in Hsp70 allow for the
precursors to b'el é(;ti:\;eijjr “plilled” ‘acros;.s the f;li;mbrane in re;;eated cycles of precursor
binding and release until the entire prec(ur:so.r is imiiorted. In the ER, the “anchor protein”
is Sec63 (Sanders et al., 1992); in ﬁﬂtochondria, Tim44 (Schneider et al., 1994). Both
- Sec63 and Tim44 have homology to the co-chaperone Dnal (reviewed in Brodsky, 1996),
which functions in combination with Hsp70 and GrpE to form the DnaK chaperone

sytem (reviewed in Hendrick and Hartl, 1993).

Potential Hsp70 involvement in the chloroplast protein import system

The chloroplast actually contains three Hsp70 homologs (Marshall et al., 1990).
: Wﬁile one'is associated with the outer envelope (Ko et al., 1992), two are soluble in the
strorﬁa (Marshall et al., 1990). Of the latter, the major form, Chloroplast Stress Seventy 1
(CSS1; not to be confused with the mitochondrial Hsp70, SSC1), has been cloned
: (Mﬁshall and Keegstra, 1992). Despite one report of Hsp70 interactilon with a precursor
(Waegemann et al., 1990) and several of Hsp70s involved in translocation complexes
(Nielsen et al., 1997; Schnell et al., 1994; Waegemann and Soll, 1991), the potential role
of this chaperone in chloroplast protein import has not been characterized, although the
obvious post import role of protein folding is apparent (Madueno et al., 1989; Tsugeki

and Nishimura, 1993).

Although CSS1 is the only organellar chaperone shown to directly interact with a

| physidlogical targeting sequence (Ivey and Bruce, 2000; Ivey et al.,, 2000), and

‘ chloroplasﬁc homologs of DnaJ and GrpE have been identified (Schlicher and Soll,
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1997), no putative membrane anchor protein had been found in the chloroplast inner
envelope until recently (Stahl et al., 1999). Because specific Hsp70 affinity for the
tetratricopeptide (14-3-3) repeat setjuences is well documented (Irmer and Hohfeld,

1997; Prapapanich et al., 1996), Tic40 is a prime candidate for CSS1 recruitment.

Given the chloroplast import machinery’s robust protein unfolding ability
(Ameﬁca et al., 1994; Guera et al., 1993) and apparent capacity to import very small
folded proteins (Clark and Theg, 1997), the simplest forms of the models described
above may not adequately portray what is happening in the chloroplast. Mitochondria, on
the other \hand, caﬁnot import péntially folded protein domains (Wienhues et al., 1991).
Unlike the ER and mitochondria, the translc;cation machinery of the chloroplast is
thought to contain éeveral other nucleotide triphosphate hydrolases besides Hsp70: Toc86
and Toc34, part of the initial receptor complex at the surface of the chlorplast (Kessler et
al., 1994; Seedorf et ‘al., 1995); IAP70/Coni76; the Hsp70 associated with the inner
surface of the outer envelope (Kourtz and Ko, 1997; Schnell et al., 1994), which could
explain a separate ATP-depencient step in the intermembrane space (Scott and Theg,
1996); and ClpC, an hsp100 homolog originally described in prokarybtes as a regulatory

subunit for the ClpP housekeepihg protease (reviewed in Squires and Squires, 1992).

Potential ClpC and Cpné60 invollw"ement‘
ClpC is also an abundant soluble, stromal protein (Moore and Keegstra, 1993;
Shanklin et al., 1995), although it adsorbs nonspecifically to membranes and surfaces

(Shanklin et al., 1995). Like Hsp70, ClpC also associates with translocation complexes
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- (Akita et 51., 1997; Caliebe et al., 1997; Nielsen et al., 1997), though not in a precursor-

dependent fashion (Nielsen et al., 1997). HoWever, ClpC/hsp100’s chaperone properties

are evident: hspl00’s ATPase activity is .actiVa'ted by its substrates, hsp100 can protect

proteins from. heat denaturation, disaggregate proteins, and assist in protein-DNA-

complex assembly (Wawrzynow et al., 1995). Hsp100 can also substitute for the DnaK

chaperone system in some roles during replication (Wickner et al., 1994). However, this

causes some targeting to tne ClpP protease. In fact, the yeast mitochondrial ‘hspl()O
homolog .interacts posttranslocationally witn newly imported precursor proteins in. the
absence of mitochondrial Hsn70 (Schmitt et al., 1995) and targets aBnormal precursors to
an as-yet-unidentified protease for degradation.

The primary obstacle for ClpC serving to drive chloroplast protein import is the

concept of specificity. Unlike Hsp70s, which are known to bind many, many proteins

(Hendrick and Hart], 1993), hspl00’s are characterized by relationships with specific -

cellular /targets (Sciuires and Squires, 1992; Wickner et al., 1994), most of which are

marked for degradation. The ssrA-tag, a C-terminal sequence motif (Ala-Ala-Asn-Asp-
Glu-Asn-Tyr-Ala—Leu-Ala—Ale) added te damaged proteins prosttranslafionally - in
prokaryotes, ‘conveys hsp100 affinity for any protein, regardless of its folding status
(Keiler et al., 1996; Tu et al., 1995). In these cases, binding to hsp100 signals proteolysis
by ClpP. The highly conserveci region of hsp100 responsible for this function is the PDZ-
like domaln a non-linear armno acid sequence Wthh is repeated in some . hsp100
homologs (Levchenko et al 1997) These PDZ domalns found in the C-terminal reglons

of all PDZ-contalnlng protelns confer spe01flc protein-protein interaction propertles to
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all members of the family (reviewed in Fanning and Anderson, 1996). However, not all '

known hsp100 targets have homologously tagged C-termini. In a recent study, another
potential recognition factor--tne sequence LD(A/L) at or near an a-helix--common to all
observed hsp 1‘00 binding proteins was identified (Wawr_zynow et al., 1996).

Therefore, ClIpC’s more 1ike1y role in'chloroplast protein import involves protein
~ turnover. Degradation in the stroma is ATP-dependent, or at least ATP-stimulated
(Malek et al., 1984; Shanklin,et al., 1‘995)\ Unassembled (Liu and .iagendorf 1984;
Schmidt and Mishkmd 1983) and mlstargeted chloroplast (Halperin and Adam, 1996)
E prote1ns are- also degraded in the stroma in’ an ATP-dependent manner. Since the

. abundant ClpC/ClpP protease system is the only ATP—dependent protease system
identified to date, it is a strong candidate for a general housekeeping enzyme. This
- system could possibly serve at a branch point immediately following import to determine
whether -or not to allow the newly ‘imported precursor to proceed with'folding and
asseml‘aly‘ or to be degraded. ClpC’s two nucleotide binding domains, wnich are common
to prokaryotic permeation proteins (Squires and Squires, 1992), provide another
possibility for Clpé function Clpé most liltely interacts directly with Tic110 (Akita et
al 1997, Cahebe et al 1997 N1elsen et al 1997) because, in isolated complexes which
lack Tic110 (Schnell et al 1994; Waegemann and Soll, 1991) ClpC is not present e1ther

Likewise, Cpn60 is also present in translocation complexes which contain Tic110
(Kessler and Biobel, 1996). Cpn60 is a Hsp60 chaperonin homolog which was originally
de'scribe_d‘as the_ Rubisco binding protein (RBP) because of its ability to' assemble the

hexadecameric holoenzyme (Hemmingsen et al., 1988). Cpn60/Cpnl0 are functional
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homologs of the bacterial GroEL/GroES chaperonin system.. Whether Cpn60 acts to aid.

in protein insertion into the inner envelope, promote translocation of precursor proteins,

and/or fold newly imported proteins is not known.

SUWARY

As this diséussion has shown, the two disparate fields of research, molecular
chaperones and protein trafficking, have been joined in recent years. That Hsp70s serve
as molecular ratchets and rﬁotors in organellar translocation systeLms is now well
established. Our laboratory is currently attempting to show that CSS1 drives protein

import into the chloroplast in a similar manner. The following chapters are the initial

groundwork en route to proving that thesis.
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Chapter 2-In vivo and ir vitro interaction between DnaK

and a chlorpolast transit peptide

ABSTRACT

Chloroplast transit peptides have been proposed to function as substrates for Hsp70

molecular chaperones. Although many models of chloroplast protein import depict Hsp70’s
as the translocation motor that drives protein import into the organelle, no direct evidence
has demonstrated that transit peptides function either in vivo or in vitro as substrates for the
lchaperone. In this report, we demonstrate that DnaK binds SStp in vivo (the full-length
transit peptide for the precursor to the small subunit of Rubisco) when fused to either
glutathione-S-transferase (GST) or to a His¢-S-peptide tag (His-S) via a1I1 ATP-dependent
mechanism. Three independent biophysical and biochemical assays confirm the ability of
DnaK and SStp to interact in vitro. The co-chapér"é)ﬁes, Dnal and GrpE, were also associated
with the DnaK/SStp complex. Therefore, both GST-SStp and His-S-SStp can be used as
affinity-tagged substrates to study chaperone/transit peptide interactions, as well as providing
anovel, functional probe to study the dynamics of DnaK/DnaJ/GrpE interactions in vivo. The
combination of these results provides the first experimental support of a transit peptide-
dependent interaction between a chloroplast precursor and an Hsp70. These results are
discussed in light of a general mechanism for protein translocation into chloroplasts and

mitochondria.
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INTRODUCTION

Although the chloroplast contains its own genome, the vast majority of chloroplast
localized proteins are nuclear-encoded and synthesized as larger molecular -weight
precursors. These precursors contain an amino-terminal extension known as a transit peptide
that is both necessary and sufficient to direct the targeting and translocation of precursors
into the chloroplast with high fidelity (reviewed in Bruce and Keegstra, 1994). This transit
peptide enables the productive interaction of precursors with the translocation apparatus of
the chloroplast envelope. Early sequence analysis of transit peptides suggested the existence
of three loosely conserved domains (Karlin-Neumann and Tobin, 1986). However, only
recent work, combining both in vitro (Pilon et al., 1995; Pinnaduwage and Bruce, 1996;
Bruce, 1998) and in vivo (Kindle, 1998; Rensink et al., 1998) approaches, has demonstrated
that different regions of the transit peptide perform different functions in the import process.
A persistent problem with this quasi-modular orgédnization is that little to no homology exists
between different transit peptides. This degeneracy is particularly difficult to explain and
argues either for some unknown common secondary structure and/or for the involvement of
an interaction which intrinsically requires low amino acid sequence specificity.

Although precursors targeted for different organelles lack homology in their targeting
sequences mos current models of protein translocation across a membrane include a
peripherally attached Hsp70 that functions as molecular motor (Craig et al., 1989; Ostermann
etal., 1990; Scherer et al., 1990; Brodsky et al., 1995; Schatz and Dobberstein, 1996) Since
the Hsp70 chaperones are known to have degenerate peptide substrate specificity, they are

able to bind a diverse set of precursor proteins during import into these organelles. Although
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not supported by direct evidence, current models of chloroplast protein transport assume a
diréct interaction between the transit peptide ‘of the incoming precursor and the peptide
binding domain of thé molecular chapcron'e (Gray and Row, 1995; Keegstra et al., 1995;
Heins et al., 1998). Consistent with these ﬁlodels, it has been the proposal that one of the
functional propertiés of chloropla:st transit peptides is as a substrate for Hsp70 chaperones.
:This proposal has been supported by a-st'atistical analyéis indicatiﬁg that transit peptides are
flexible structures enriched in sequences that are predicted to exist as a random coil (von
Heijne and Nishikawa, 1991). Yet, to date there has been no evidence either fdr a direct
interacﬁon of transit peptides with Hsp70, nor is there clear agreement on the involveﬁlent
of Hsp70 in the chloroplast protein import process (Soll and Waegemann, 1992; Nielsen et
| al., 1997). |

In this study, we demonstrate the first dirept interaction between a chloroplast transit
. peptide and thé prékaryotic Hsp70 homologue; DnaK. Although not the physiological
chaperone involved in cﬁloroplast protein import, DnaK is highly homologous (>74
similarity) to the majér chloroplast Hsp70, CSS1 (Marshall and Keegstra, 1992), and DnaK
has been recently shown as'a valid’ model chaperone for studying interactions between

mitochondrial precuirsors and.the mitochondrial Hsp70, SSCI (Zhang et al., 1999). In vivo

and in vitro evidence’establish that the full lengthit'ransit peptide for the precursor to the .

. small subunit of Rubisco contains one or more sequences that function as a high affinity,
ATP dependent substrate for DnaK. The implications of these findings on the interactions
between precursors and molecular. chaperones are discussed for chloroplast and

mitochondrial protein import.
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MATERIALS AND METHODS

‘Construction of vectors for expression of SStp

The pea prSSU gene in pSP65 (Promega) was digested' with BamHI/Sphl to release
a 220 bp fragment which lacked the codons for the first five amino ‘acids, MASM]I, and the .
last two amino acids at the C-terminus, QY. This fragment was ligated into a BamHI/Sphl
digested pGEM-7Zf (Promega) to yield pGEM-7Zf-SStp'. To rebuild the C-terminus of SStp,
pGEM-7Zf-SStp' was di géstéd with‘S'phI/ApaI aﬁd alinker was inserted which added codons
encoding QY at the C-terminus. Th;s linker also e’néinéered a Smal site to enable cloning
into pGEX.2T (Pharmacia). This construct, pGEM.7ZE-SStp?, was then digested with
BamHI/EcoRYV and a second linker was inserted which rebuilt the N-terminal MASMI
sequence. This construct, pGEM¥7Zf—SStp3, was then di éested with BamHI/Smal to liberate
a 188 bp fragment, which was inserted into a BamHI/Smal digested pGEX-2T vector to form
pGEX-2T-SStp. Primers corresponding to regiofi$ flanking the SStp-encoding region were
used to amplify the insert via standard PCR protocols which engineered BamHI and EcoRI
restriction sites at the 5’ and 3’ ends of the amplified product, respectively. The amplified
product was digested and li géted into pET30a vector (Novagen) to yield pET30a-SStp. Botﬁ

constructs were confirmed by DNA sequencing.

E. coli protein expression .
The first construct (pGEX-2T-SStp), which placed the sequence encoding SStp in
frame at the C-terminus of glutathione-S-transferase, was transformed into E. coli [BL (21)].

The cells were grown to a cell densify corresponding to an ODy, of 0.6, induced with 100
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' pMisopropylthio-p-D-galactoside [IPTG] for one hour, pelleted, resuspended, and lysed by

sonication on ice in PBS, pH 8.0 containing 1% ‘(‘V/V) Triton X-100, 1 mM DTT,.-5 mM
EDTA, 2 mM leupeptin, 2 mM pepstatin, 1 mM PMSF, 5.mM 1,10-phenanthroline, and 3I
mM ADP. The second construct (pET30a—SStp), which placed the SStp seqlience at the C-
terminus of the dual His-S tag, was transformedinto E. coli [BL(21)(DE3)]. The cells were
grown to a cell density corresponding to an O.D.¢,, 0f 0.6, induced With 1 mM IPTG for three
hours, pelleted, resuspended, and lysed by sonication on ice acc'o‘rding to a pET Manual

protocol (Novagen).

Stepwise purification of DnaK, SStp¢, and GST

The lysate was centrifuged at 25,000 x g for 30 min at 4°C; The resulting supernatant
was then loaded at 4 °C onto a 5 ml column of glutgthione-Sepharose (Pharmacia). The
column was first washed with 10 &olums volumes of PBS containing 1% Triton, then
equilibrated with DnaK elution buffer (PBS, pH é.O containing 2 mM MgCli2 and 50 mM -
KCI). DnaK was eluted with 3 mM ATP in the same buffer. Next, the column was
equilibrated with thrombin buffer (PB;S, pH S.Q contair;ing 2.5 mM CaCl,). Thrombin (5
units) was then added‘onto the column in the same buffer and allowed to di‘gest the fusion K
protein for4-6 hours. Aftér SStpgsrelution in thrombin buffer, glutathione-S-transferase was
eluted by equilibrating the colﬁmn v\;ith PBS coﬁtaiﬁing 5 mM reduced glutathidne.

The lysate was centrifugéd at 25,000 x g for 30 min at 4 °C.' The resulting supernatant -
was then loaded at 4 ‘;C onto a 5 ml column of glu@thione-Sepharose (Pharmacia). The -

column was first washed with 10 column volume's of PBS containing 1%_Tn'ton, then
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equilibrated with DnaK elution buffér (PBS, pH‘ 8.0 g:ohtaining 2 mM MgCI2 and ‘50 mM
KCI). DnakK was eluted with 3. mM ATP in- the same buffer. Next, the column was -
equilibrated with thrombin buffer (PBS, pH 8.0 céntaining 2.5 mM CaCl,). Thrombin (5
units) was thén added dnto the column in the same buffer and allowed to digest the fusion
protein for 4-6 hours. After SStpggy el;ltion in thrombin buffer, glutatﬂione-S-transferasé was
eluted by ¢qui1ibra£ing the column with PBS containing 5 mM reduced glutathione.

Purification of SStp,;,S

Purific;étion of SStpy;s Was carried out, unless otherwise noted, under denaturing
conditions in urea according to a pET Manual protocol (Novagen). The fusion protein was
digested with enterokinase after removing the urea with a linear gradient until the column
was equilibrated with wash buffer (Novagen). Eluted SSt’pms was separated from the protease
by ultra-filtration through a 30 kDa MWCO meimbrane and concéntrated using a 1 kDa
- MWCO membrane. The peptide was then dialyzed into buffer A [25 mM Trié, 20 mM-
HEPES (pH 7.15),47.5 mM KCl and 2.25 mM'Mg(OAc)Z], aliquoted, and frozen at -85 °C. |

| Purification of SStpy wés carried out, unleés otherwise noted, under

denaturing conditions in urea according to a pET Manual protolcol (Novagen). The fusion
p;otein was di gested with enterokinase after removing the urea with a linear gradient until
the column was equilibrétéd with waéh buffer (Novagen). Elut‘ed SStpys Was separated from
the protease by ultra-filtration tﬁrough a30 kDé MWCO membrane and concentrated using

a1kDa MWCO membrane. The peptide was then dialyzed into buffer A [25 mM Tris, 20
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mM HEPES (pH 7.15), 475 mM KCl and 2.25 mM Mg(OAc),], aliquoted, and frozen at -85

°C.

Circular dichroism, Th*’ luniinescencé, and frypt(;phan fluorescence measurements

Circular dichrosim spectrometry was performed on a Jasco J-40A Spectropolarimeter
at 20°C using circulaf quartz cells with pa?hlengths of 0.1 cm and a sensitivity setting of 1
x10°to 5x 10%. Upon addition of SStp, the complex was allowed to equilibrate at 20°C for
10 min. The CD spectra are reported i;'l millidegrees optical rotation after baseline correction
for the buffer (TBS plus Mg-ADP). Measurements of the DnaK/SStp complex were also
corrected by substraction of the contribution of the transit peptid@ alone.

Intrinsic flourescence measﬁre;ments of DﬁaK’ s single tryptophan were performed on
a Perkin Elmer LS 50 B Luminescc;,nce Spectrometer. Samples were excited at 290nm with
a slit with of 1 nm. DnaK (1 pM) was added to TBS in the presence of 3 mM MgADP.
Purified SStp was added to yield a molar ratio of SStp : DnaK from 0-10. Upon addition of
SStp the comﬁlex was allowed to equilibrate for 10 min at 20°C for 10 min. Spectra were
read at 20°C at a scan rate of 1 nm/sec. All spectra were initially corrected by baseline
subtraction (TBS plus MgADP).

Sensitized luminescence, aﬁsin g from the resonance energy transfer from tryptophan
to Tb*’, was performed on a Pcrkin-Eliner LS 50 B Luminescence Spectrometer. For

' !

excitation of the tryptophan chromophore, the sample was excited using a pulsed xenon flash )

lamp with a pulse width at half-peak height of 10 us. The decay time was 1 ms; the gate time

was 10 ms. Excitation was at 290 nm; both the excitation and emission slit widths were set
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at5 nm. For phosphorescence méasurements, equimolar concentrations of terbium chloride
and disodiurrl ATP were added to solutlons containing either SStp, DnakK, or a mixture of
both SStp and DnaK. Terbium’s ebsorption spectrum overlaps tryptophan’s emission
spectrum, allowing non-radiative transfer upon excitation of tryptophan at 290 nm. The
phosphorescence spectra of these solutions due to terbium emission were then collected from

450 to 650 nm.

Native gel shift competition assay with ’I-RCMLA
DnaK bindirlg competition studies with reduced, carboxymethylated o-lactalbumin

radiolabeled with iodine (**I-RCMLA)--similar to those performed by Freeman and co-

workers (Freeman et al., 1995)--were carried out by incubating '*I-RCMLA, DnakK, and the

* . competing peptide (SStp) for 30 minutes at 37°C in Buffer A. Native Sample Buffer [100

- mM Tris-HCl, pH 6.8 containing 10% (v/v) glycerol and 0.04% (w/v) bromphenol blue] was

added and the samples were resolved by electrophoresis on a 6% native acrylamide gel: gel
buffer, 400 mM Tris-HCl pH 8.6; stacking gel, 4.5% (w/v) acrylamide with' an
acrylamide: b1s acrylamlde ratio of 30: 0 8in 120 mM Tris-HCl, pH 6.8; running buffer, 25

mM Trls-HCl pH 8. 3 contammg 192 mM glycme The protems were then fixed with acetic

. acid, the gels were dr1ed and autorad1ograms developed Quant1tat1ve scanning densitometry

was performed w1th a Molecular Dynamlcs Model 3000 Series Computing Densitometer.
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Glutathione-agarose affinity precipitation of E. coli chaperones

Small cell cultures (10 ml) were grown and induced normally but lysed by sonication
in buffers contains different detergent and/or salt concentrations. The crude lysates were spun
at 16,000'[x g. Aliqﬁots of eac';h of the superﬁatahts were added to microfuge tubes éontaining
100 pl of glutathione-Sepharose and mixed gently for five minutes at 4 °C. After washing
the glutathione-Sepharose in batch three times with 1 ml of the same lyéis buffer, SDS
sample buffer was added directly to the glutathione-Sepharose to elute the bound proteins.

Electrophoreéié', wéstern plotting, and far-western'blotting

All appropriate sarﬂples ;vere boiled in‘ redﬁéing SDS-PAGE sample buffer, run on
10-20% gradient SDS-PAGE, and stained with coommassie brilliant blue (C.B.B.).
Appropriate samples were electroblotted to polyvinyl difluoride [PVDF] membrane, and
Western blots were performed witi'l d—Dnaﬁ, &,iDnaJ , (X—GrpE, and o-GST antibodies.
Secondary antibodies were conjugated to alkaline phosphatase. Far Western blots were
performed on samples containing His-S-SStp with the RNAse S proteiﬁ conjugated to
alkaline phosphatase. All blots were developed with 5-bromo-4-chloro-3-indolyl phosphate
[BCIP] and Nitro Blue Tetrazolium [NBT].  All apprbpn'ate samples were boiled in reducing
SDS-PAGE sample buffer, run on 10-20% gradient SDS-PAGE, and stained with
coommassie brilliant blue (C.B.B.). Appropriate samples were electroblotted to polyvinyl

difluoride [PVDF] membrane, and Western blots were performed with o-DnaK, a-Dnal, -
GrpE, and a-GST antibodies. Secondary antibodies were conjugated to alkaline phosphatase.

Far Western blots were performed on samples containing His-S-SStp with the RNAse S
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protein éonju gated to alkaline phos'phatase; Al'l‘bllots were develéped with 5-bromo-4-chloro-

. 3-ind01y1 phosphate [BCIP] and Nitro Blue Tefrazblium [NBT].

RESULTS
Association of DnaK with SStp fusion proteins in E. coli
The full-length transit péptide for the pga small sulbunit' of Rubisco was cloned into,
pGEX-2T to generate a GST-SStp fusion (32 kDa) and into i)ET30a to produce ai—Iis-S-S stp
fusion (11.5 kDa). The organization andﬂsequence of the resulting SStp frorﬁ both of these
vectors is shown in Figures 2-1A and 2-1B.,Botﬁ fusion péptjdes contain protease cieavage;
- sites which allow the separation of SStp from the respecti.ve' fusion partner. Routiﬁely, 1-2
mg -of the purified péptide was recé\'/erec.l per liter of E. ~coZi jculture using the pGEX
expression system, whereés the pET system yielded 60-80 mg ‘of purified peptide per li£er
of E. cqli culture. Part of the discrepancy in yiéld may be due to the difference in solubility
of the GST-SStp (hi ghl)" soluble) and His-S-SStp (majority forms inclusion bodies) fusioﬂ
| proteins in vivo. GST;SStp ishighly suscéptible to cellular ﬁroteases inas ljttle as 40 minutes
after induction, as shown in Figure 2-2A, whereas His-.’S.-SStp, a much smalléf peptide with
less overall structu;e, remains intact after thrc;e hours of induction (Figure 2-2B). The full-
length transit peptid; for the péa small subunit of Rubisco waS',éiohed into pGEX-2T to
generate a GST-SSti) fusion (32 kDa) and into pET-30ato producé a His-S-SStp fusion (11.5
“kDa). The organization and sequence of the resulting SStp from both of these vectors is

- shown in Figures 2-1A and 2-1B. Both fusion peptides contain protease cleavage sites which
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- Figure 2-1. Design of SStp fusion constructs. (A) Expression of SStp in pGEX-2T yields a-

32.6 kDa fusion product with SStp attached to the C-terminus of glutathione-S-transferase.

Upbﬁ cleavage with thrombin, the resulting SSprST contains two additional N-terminal

amino acids, glycine and serine. Also, both fusion proteins contain the first two amino acids

' (MQ) of the mature domain of small subunit and a tyrosine at the C-terminus of SStp. (B)
Expression of SStp in pET-30a yiélds a 12.1 kDa fusion product with SStp attached to the
.C-terminus of the S-Tag epitope sequence. Upon cleavage with enterokinase, the resulting

| SStpy,s contains seven additional N-terminal amino acids, AMADIGS.
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A.

pGEX-2T-SStp

‘Thrombin Site

Y
[GsT] - [Ceu-VolPro-ar-Gly-ser] « [iransitpeptide ]

1 F
28 kD 6.6 kD
—

SStpqg,.

Hye'N-GSMASMISSSAVTIVSRASRVQSAAVAPFGG-
LKSMTGFPVKKVNTDITSITSNGGRVKCMQY-coo

* pET302-SStp

Thrombin Site
Enterolinse Site

Tis-Tog] - - [ReMetA A= GhSer] - [transit peptide]
[t M ] 1 ']

1 F
55kD 6.6 kD

S5tpg;s

H,*N-AMADIGSMASMISSSAVTIVSRASRVQSAAVAP-
FGGLKSMTGFPYKKVNTDITSITSNGGRVKCMQY-coO

Figure 2-1. Design of SStp fusion constructs.
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Figure 2-2. GST-SStp and His-S-SStp expression. (A) Western blot of E. coli whole cell

extract with o-GST antibody at various stages of induction of GST-SStp expression. (B) Far

western blot of E. coli whole cell extract with S-protein alkaline phosphatase conjugate

during induction of His-S-SStp expression.
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allow the separation of SStp from the respective fusion partner. Routinely, 1-2 mg of the
purified peptide was recovered per liter of E. coli culture using the pGEX expression system,
whereas the pET system yielded 60-80 mg of purified peptide per liter of E. coli culture. Part
of the discrepancy in yield may be dtle to the difference in solubilit;t of the GST-SStp (highly
soluble) and His-S-SStp (majority forms inclusion bodieé) fusion proteins in vivo. GST-SStp
is highly susceptible to cellular proteases in as little as 40 minutes after induction, as shown
in Figure 2-2A, whereas I—Iis-S-S>Stp, a much smailer pe;itide with less overall structure,
remains iiitact ztftqr three iiours o% induction (Figure 2-2B).

\E;ilen the GST-SStp fusion protein was eluted from the glutathione-Sepharose
column, t;vo major bandsv_;.w.ere routinely observed: GST-SStp with a molecular weight of
~32 kDa zind a second prc;tein wi.th an apparent molecular weight of 70 kDa. The 70 kDa
protein was strongly associated with GST-SStp, as extensive washing with 1% Triton and
1 M NaCl did not disrupt the complex (data not shown). Thrombin cleavage of the bound
GST-SStp released SSth;T from GST, and thé 70 kDa protein co-eluted with SStpgsy from
the glutatiiione—Sepharose ct>lumn (Figure 2-3A). Attempts to separate SStpggr from this 70
kDa piotein via ultra-filtration through a 30 kDa MWCO membrane yielded no prgtein in
the flow-through (data not shown), further indicating the existence of ai high molet:ular
weight complex. Western blottin”g~ idetitified the 70 kDa protein as DnaK, the prokeiryotic
- Hsp70 homologue (Figure 2#3B). This interaction was mediated through SStpger since
isolation of GST from cells containing tixe contrt>_1 pGEX-2T plasri1id did not contain DnaK

(discussctl later).
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Figure 2-3. Co-purification of DnaK and SStp. (A) C.B.B. stained SDS gel of the eiution
profile from a glutathioné-Sepharose column after thrombin: treatment. A 70 kDa
contaminant protein (DnaK) co-elutes with SStpggr. The minor band at 26 kDa, which is
constant in everyufraction, shovs./s column leakage of cleaved GST. The 4 kDa band is-an i -
vivo degradation product of SStp after 16 hours of induction. (B) Western blot of the
fractions in (A) probed with o-DnaK confirmed that the coritamiﬁating protein is the
. molecular chaperone DnaK interacﬁng in vivo with 8Stpger. (C) The imidazole elution
prdfile from a Ni-Sepharose column was probed with o-DnaK (upper panel) in a western blot
and with the S~proteiﬁ-alkaline phosphatase conjugate (lower‘p'anel) in a far western blot.

The cells were lysed under native conditions (without denaturant).
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To verify that the sequences responsiﬁie fof DnaK interaction were localized in Sstp,
a second fusion protein, His-S-SStp, was expressed in E. coli. When “native” lysate from
these cells was applied to a Ni-Sepharose column, His-S-SStp and Dnaﬁ co-purified in the
same fractions. This fusion protein allows the S-peptide epitope to be detected via its
interaction with an alkaline phosphatase conjugate of S-Protein (Kim and Raines, 1993).
Figuré 2-3C shows a duplicate western and a far-western analysis of imidazole elution
fractions, using an a-DnaK antibody in the former and an S-protein/alkaline phosphatase
conjugate in the latter. Again, DnaK co-eluted with His-S-SStp. DnaK did not co-elute with
the vector-encoded control peptide containing both the His-tag and the S-tag epitopes (data
not shown). Taken together, these."d'éta stronéliyA indicate that SStp contains sequences
recognized by DnaK when expressed in E. coli. This DnaK/SStp association is independent

of SStp’s fusion partner and is seen for both.moderate and strong levels of expression.

Purification of DnaK, SStpgsr and GST

Binding and/or hydrolysis of ATP induces Hsp70s to undergo a conformation change
which results in the release of their peptide substrates (Liberek et al.’, 1991; Szabo et al.,
1994). Therefore, after sample loading and column washing, 3 mM ATP was used to elute -
pufe DnaK from thg glutathione-Sepharose column (Figure 2-4A). Subsequent thrombin
digestion of the remaining protein on the column yielded pure SStpgsr (Figure 2-4B), and
finally, GST was eluted with 5 mM glutathione (Figure 2-4C). Thus, thre;e proteins were

sequentially purified from a total E. coli lysate utilizing a single chromatography step. That
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Figure 2-4. Purification of SStpgsr- (A) C.B.B. stained SDS gel of the elution profile from
a glutathione-Sepharose column after incubation with 3 mM ATP. DnaK elutes alone,
leaving GST-SStp bound to the matrix. (B) C.B.B. stained SDS gel of the elution profile
from the same glutathione-Sepharose column in (A) after subsequent thrombin treatment.
Pure SStpggp elutes from the column. (C) GST elutes after subsequent equilibration with 5

mM glutathione.
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SStpgsy dissociated from DnaK in an ATP-dependent fashion indicated that it was bound via

the peptide binding domain of DnakK, similar to other DnaK substrate

In vitro analyses‘ of the DnaK-SStp interactioh

To explore the ability of DnaK and SS-tp to interact in vitro, we conducted several
'biolphysical and biochemical aﬁalyses to defect ;:onformational changes in DnaK upon
addition of SStp.

Initially, for a global average of possible peptide binding-induced secondary changes'
in DnaK, circular dichroism was performed in the presence and absence of SStp (Figure 2-
5A). The increase in.magnitude of the negative peak at 211 nm upon addition of SStp is

similar to spectra previously observed for Hsc70/1ieptide complexes in which B-turn content

increased (i.e., stabilized) while B-sheef content decreased (Park et al., 1993). Because

conformaﬁonally extended peptide Subé&ates‘ bind to B-turns in DnaK’s substrate binding
domain (Zhu et al., 1996). This further shows SStp’s authenticity as an in vitro DnaK
substrate.

Next, analysis of DnaK’ s tryptophan fluorescence specﬁum was utilized to determine
if a secondary structural chan gé at position 102 occurred upon SStp bindjng. Upon excitation
at 290 nm, purified DnaK exhibited an emission peak at ~347 nm (Figure 2-5B), indicating
that W102 resides in a relativelry hydrophilic regioﬁ of the native protein. Addition of SStp,
even up to 10 times the molar ratio of DnakK, did not significantly affect the quantum yield
or emission wavelength maximum; therefore, W102 remains in a hydrophilic environment

when DnaK is bound to SStp. Given that W102 is positioned at the surface of DnakK,
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Figuré 2-5.In vitr;o analyses of DnaK/SStp interaction. (A) Circular dichroism spectra of
DhaK (500 nM) in the presence and absence of SStp (500 nM). (B) Tryptophan fluorescence
emission spectra of DnaK (1 pM) in the presence and absence of SStp. (C) Stimulated
luminescence spectra of Tb” (300 uM) complexed to ATP (300 p.M) in the presence and
absence of DnaK (1 pM) and/Q’r SStp (1 or 2 UM as indjcateAd).‘ (D) Native gel shift
competition assay with "“I-RCMLA (7 |iM), DriaK (0.7 \M), and SStp (70 |.M). ’f‘Putatfve
DnaKg,.. : L RCMLA complex; **Putative DnaK, ,omer : | L.RCMLA complex;
*#*unbound 'I-RCMLA Peptide #1 = GKGDDIFVHRKGDGND; Peptide #2 =

DGNDITDSDGNDKLSEFS.

56






specifically at the “ti‘;;” pf vsubd'oméin 2of fttle ‘A.'lf_Pasc. domain (Harrison et al.,.1997), these
findings are not surprising.

To, derhonstEate that SStp binding in vitro affects DnaK’s ATPase domain as well,
energy transfer experiments were conducted to 6bserve any distance changes between W102
and the ATP binding site at the opposite end of DnaK’s subdomain 2 (Harrison et al., 1997)
upon addition of SStp. Terbium(III) complexed to ATP at DnaK’s ATP binding site allowed

for a specific luminescence labelling strategy to observe this phenomenon. Upon addition of

"TbATP to purified DnaK and initial excitation of W102 at_290 nm, Tb* exhibited

characteristic sensitized luminescence dependent on excitation by W102 emission at 320 nm .

(Figure 2-5C). When an equimolar amount of SStp was added, the luminescence intensity
decreased, .indjcatin g an increased distance betyveen W102 and Tb* upon SStp binding. The
affect was also safuratable, because doubling the amount of SStp did little to change the
luminescence signal; therefore, SStp'inte_ractS( with DnaK in a 1:1 stoichiometric ratio,
consistent with current evidence and models for other peptides. SStp alone did nét stimulate
Tb*? luminescence. Because the R0 value for tryptophan (doﬁor) and Terbium (acceptor)
(Kwok and Churchich, 1994) is many fold less than the distance between W102 and the
ATP-binding site (Harrison et al., 1997), no specific distance calculati‘ons were aftempted.
ﬁo@ever, the smaller peak values were caused by conformational changes and not ATP
hydrolysis becauée nucleotide exchange, not hydrolysis, is the lifrliting step in the ATP cycle
of DnaK (see Chapter 1 for discussion).

Finally, to show that SStp can competitively bind DnaK, native gel éhift assays were

performed with ’I-RCMLA and purified DnaK. Several studies have previously shown that
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. the pénnaneptly 'urllfoldc;d nature of R_CMLA allows if to function as a model substrate for
DnaK and other Hsp70 homologﬁes (Cyr et al., 1992; Freeman et al., 1995). ABy cQ:
incubaﬁng DnaK with both I[.RCMLA and a c;ompetin g non-labeled substrate, the relative
affinities for the _twd :c,vul;_strrﬂa‘t“es ‘\(':ah,‘bev gvalp;ited. The autoradiograph in the left panel of
Figure Z-SD slho'viys' tw'o nc;,“; l;anas of iovx;ér electrophbretic mobﬂity when ®I-RCMLA was
incubated with DnaK (lane 3). Thesé two bands. pro‘b‘ably reflected '*I-RCMLA association
with a monorﬁer and dimer form of DnaK similar to what has béen observed in other reports
(King et al., 1995; Schonfeld et al., 1995). When purified SStp was added to the incubation
at a 3.6-fold mass excess relative to "“I-RCMLA, the two bands with lower mobility were
disrupted and RCMLA regained its original mobility. Scanning densitometry of these bands
indicated that less than 10% of the original radiolabeled complex persisted in the presence
.o'f ‘SStp, indicating that SStp succeésfully competed as an alternative substrate for DnaK.: In

fact, SStp prevented the formation of both DnaK,, . pe: “I-RCMLA and DnaKgy,:'*1-

RCMLA compleXes. The right panel of Figure 2-5D shows two competitor peptides with .

sequences unrelated to SStp and which failed to compete with “I-RCMLA for DnaK

binding.

Purification of a cellular DnaK/DnaJ/GrpE chaperone complex

Glutathione—Sepharose affinity precipitation was used to evaluate the ability of

SStpgsrto associate simultaneously with not only DnaK but also other members of the E. coli
DnaK chaperone machine. When the E. coli cells were lysed under mild conditions (Figure

-2-6; no detergent, NaCl at low, medium, and high cohcentrations) DnaK, DnalJ, and GrpE
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Figure 2-6. Co-Chaperones are affinity-pfecipitated with DnaK and GST-SStp. Western
blots of purified complexes using various cell lysis conditions (see Materials and Methods).
U = uninduced cells (no IPTG) and I = induced cells (100 mM IPTG). The bldt in the top
panel was probed with a-DnaK; the second panel, a-Dnal; the third panel, o-GrpE; and the
bottom panel, o-GST. Note the in vivo proteolytic degradation of GST-SStp under all lysis

conditions.
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all co-precipitated with GST-SStp. Neither DnaK, DnaJ, nor GrpE were co-precipitated from
lysates of cells transfqrmed with the control plasmid pGEX-2T (Figure 2-6, pGEX-2T).
Consistent with results described above, these findings indicate that sequences contained -
within SStpggr mediates the interaction with chaperones. Interestingly, the interaction
between DnaK and GrpE is quite stable and is detected under all of the lysis conditions

except high concentrations of the zwitterionic detergent, Deriphat-160, and the anionic

detergent, SDS. Convérsely, Dnal co-precipitated only with low concentrations of Deriphat- -

160 and SDS, or with no detergent (NaCl only). Whether Dnal’s association with the
con;plex was mediated via direct ;'nteraction Witi‘l SStpgsr or,: alternatively, by its association
with the other chaperoneé, has not i)een determined. Nonetheless, co-purification of the entire
Dné.K chaperone complex providés .fuijthe'r direct evidence that SSthST serves as an Hsp70

substrate in a cellular environment, albeit a microbial one.

DISCUSSION
A directinteraction between the Hsp70 class of molecular chaperones and chloroplast

transit peptides has been propdsed previously (von Heijne and Nishikawa, 1991). Although

several recent studies have attempted to identify the linear peptide sequences recognized by’

Hsp70s (Blond-Elguindi et al., 1993; Gragerov et al., 1994; Rudiger et al., 1997), none have

directly analyzed precursor proteins or their targeting sequences. However, it has been shown

recently that by applying results on the peptide binding preference for DnaK to a group of
mitochondrial presequences, that, as arule, they are are predicted to contain sequences which

function as good substrates for DnaK binding (Zhang et al., 1999). The validity of this
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observation is strengthéned bymoleculﬁr 'rhocieiiri’g‘dé;é that suggests that the peptide bindin g
cavity of thé mitochondrial chaperone, SSC1, is very similar to the binding site on DnaK that
has been solved by crystallography (Zhu et al., 1996). In this report, we demonstrate the first
direct interaction between the Hsp70 clélss of molecular chaperones and a full—\lcngth
targeting sequénce. Spécifically, the chloroplast transit peptide, SStp, was observed to co-
purify with DnaK under all but the harshest buffer conditions, indicating a tightly bound

complex. This DnaK/SStp interaction is independent of SStp’s fusion partner and is specific

‘for sequences in the transit peptide since DnaK failed to associate with either GST or the

dual epitopé tag, His-S alone. This interaction is mediated through the DnaK peptide-binding

.domain and like othef high affinity suBstfatgs, SStp’s association is modulated by the status

of nucleotide binding.

The stability of the DnaK/SStp interaction was sufficient to allow purification of the

entire DnaK/DnaJ/GrpE chaperone complex: Thi$ represents the first demonstration of an

affinity-tagged substrate able to recover the in vivo assembled chaperone complex. An
artificial substrate, CRAG, was shown to be recognized ‘by DnaK when expressed in E. coli
(Sherman and Goldberg, 1991). However, this substrate was also found to bind large

quantities of GroEL (E. coli Hsp60) as well as lower amounts DnaK. In addition, the La

‘protease and several other unidentified proteins were also observed to bind CRAG. These

additional interactions plus the fact that a significént amount of DnaK (~30%) could not be

released from the CRAG protein with ATP, argue for more than one mode of chaperone

Ainteraction and suggest possible non-specific interactions. In contrast, our work has shown

that SStp is specific for DnaK and can be readily removed by ATP treatment. For these
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" reasons, we p‘ropbse”.that,S‘Stp is an ideal DnaK substrate that can be used to explore the -

. reaction dynamics of the DnaK chaperone cycle both in vivo and in vitro. Expression of SSt[;
- “could alsb be .used to monitor the effects of cellular and env_ironfnental stress on chéperone
expressipn. |
. | Finall}%, a prociuctive'Hsp70/ttgnSit peptide interaction might play an important role
during the coqfsé‘ of c’hloroplast protein import. In ﬁn’tochondi‘ia, a precursor’s targeting
R seqﬁéﬁ;e has beén proposed to interact with Hsp70 not only to facilitate translocation, but
"alsé vtbﬁvesv,ent't’he,site of proteolytic cleavage to the métrix proces;_s'in g protease (Klaus et al.,
19965. ThlS interaction is‘ supporieci i)y an earlier observation that the precursor for
mjtochondrial éspartate‘ amindfranéferase bound to DnaK (Schmid et al., 1992). Howéver,
- unl‘ike'S;S.t.p, this interaction did.not include the Ico-chapero\nes, Dnal or GrpE, and was easily
di‘;mpted by low salt treatment. The fact that no complex was found with the mature protein
' .suggests that DnaK fecogﬁition mé); be via the ﬁrésequence és predicted recently (Zhang et
" al., 1999). However, in chloroplast protein transport, a strong Hsp70-transit peptide
-interaétion niay occur-at more than one site during protein import. In fact, four different
Hsp70 hémologues are associatc;,d with the chloropiast: Com?70 binds to the outer surface of
the outer envelope (Ko et al., 1992), IAP70 resides within the infermembrane space
‘(Marshall et al., 1996), CSS1 is the major stromal Hsp70 (Marsﬁall et al., 1990), and a

thylakoid lumen homdlogue was most recently discovered (Schlicher and Soll, 1996). The

possible involvement of multiple Hsp70s in the chloroplast protein import pathway may

constitute a significant difference between the protein translocation apparatus of the

chloropiast, which contains a robust “unfoldase” activity able to overcome the folded status
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ofa precurSof '('Gliie'rax et al., 1.9,9‘3;.'13;-1{1611'ca é:'t?a‘ll',' 1994; Clark and Theg, 1‘997), and that of

mi,tochondria," which' cannot drive the 1mport of “tightly-folded” precursors (Eilérs and
Schatz, '1986; Véstweber and Schatz, 1988). The plaéement of Com70 at the outer envelope
and IAP70 in the inter-membrane space would provide two aciditional ATP-dependent sites
fdr pfotéin uﬁfolding (Schnell et al., 1994; Kourtz and Ko, 1997). The ability of IAP70 to
fﬁriction as a “molecular motor” in the intermembrane space would also provide a
mechanism to allow precursors to cross the chloroplast envelope one membrane at a time,
as was recently reported (Sc;ott and Theg, 1996). |

Additional work in our laboratory has analyzed the transit peptides in the CHLPEP
database (von Heijne et al., 1991) using the data of Rudiger and co-workers (1997) and found
: that most transit peptides are predictéd to contain at least one predicted Hsp70 binding site
(Ivey and Bruce, manuscript in preparati‘on). Statistical analysis of the placement of these
Hsp70-interacting regions suggest that primarily séquences at the N-terminus are responsible
for this interaction. This observation is very intriguing since a similar analysis of

mitochondrial presequences has observed a similar N-terminal placement of Hsp70-

interacting domains (Zhang et al., 1999). The commonality of these two observations argues -

for a universal placement and involvement of Hsp70-interacting domains in the post-
translational transport of proteins into both the chloroplast and mitochondria. Perhaps this
observation is not surprising considering the organelles’ common prokaryotic origins and
evolution via endosymbiosis. It will be _interestingv td determine if chloroplast and
n;itochdndn'al Hsp70 homologs binci transit peptides in vivo and to determine where within

the targeting sequence this interaction takes place.
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Chapter 3-Identification of a Hsp70 recoggition domain

 with the Rubisco small subunit transit peptide

'ABSTRACT . |

The int‘er.actvi(;ﬁi'betwicveeﬁ SStp gﬁd thI Hsp70 molecular chaperones, E. coli DnaK
_and P.»sativum CSSI; was investig:ated'ir‘l detail. ’f‘wo statistical analyses were developed
and used to investigate aﬁd predict regions of SStp recognized by; DnaK. Both algorithms .
suggested that DnaK would have high affinity for the N-terminus of SStp, moderate
: affinity for the central region, andn low affinity for the C-terminus. Furthennore, both
| algorithms predicted this affinity pattern. for >75% of the transit peptides analyzed in the
CI—ILPi-EP database. In vitro association'betweeh SStp and these Hsp70s was confirmed
by three independent assays: limited tfypsin resistance, ATPase; stimulation, and native
gél shift. Finally, synthetic peptides scanning the length of SStp and C:-'terminal deletion
mutants of SStp were used to experimentally maﬁ the region of greétest DnaK affinity to
the N-terminus. CSS1 displayed a similar affinity for the N-terminus of SStp. The major
stromal Hsp70’s affinity for the ‘N—terminué of SStp and other transit peptides supports a
molecular motor model inv \}VhiCh the chaperone functions as an ATP-dependent

translocase, committing chloroplast precursor proteins to unidirectional movement across

the envelope.
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- INTRODUCTION

-The semi-autonomous chloroplast, which contains its own genome,- acquires the
vast majority of its proteins as. nuclear-encoded, larger molecular weight precursors
synthesized in the cytosol and transported across the envelope membranes. These
precursors contain an amino-terminal extension known as a transit peptide, which is both
necessary and surficient to direct the targeting and rranslocation of precursors with high
_4 fidelity (reviewed in Bruce and Keegstra, 1994). Specifically, transit peptides enabie the
productive interactron of precursors with two distinct (membrane protein complexes: the
Toc components and Tic components (Schnell et al., 1997). Recent progress has been
. made in identrfying many of the individuai components associated with Tic (Kouranov et
‘al 1998; Lubeck et al., 1996) and Toc (lesch et al., 1994; Kessler et al., 1994; Seedorf
et al., 19953). However with the exceptlon of the Hsp70 homologs, none of the
components 1dent1ﬁed to date are related to proteins identified in the other membrane
translocation systems, such as l'_)acteri'al seererion, mitochondria, and the endoplasmic
reticulum (Svc‘hatz and Dobberstein, 1996).

* contrast, much less progress has been reported on the rnolecular analysis of the
~ functional properties of the transit péptide itself. Despite >256 transit peptides sequences
in the CﬁLPEP database (von Heijne et al.,, 1991) and hundreds of more recently
identified transit peptides, few .in-depth »struetural or functional analyses of these
seqnences are in evidence (Krrmm et al. 1999' Lancelin et al., 1994; Wienk et al., 1999).

However, arguments have recently been made ‘to suggest that transit peptides are

modular with’ d1screte domams provrdmg drfferent functional roles. Although early -
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sequence analysis suggesteld the existence of 'three' semi-conserved domains (Karlin
Neumann and Tobin, 1986), only recent work combining both in vitro (Bruce, 1998;
Pilon et al., 1995; Pinnaduwage and Bruce, 1996) and in vivo (Kindle, 1998; Rensink et
al., 1998) approaches demonstrates that different regions of the transit peptide perform
different functions in the import process. Altﬁough these analyses have only been
performed for a>few transit peptides, the emerging consensus is that transit peptides

contain three functional domains. The N-terminal domain appears to perform an essential

. yet undefined role in the initiation and commitment of the precursor to translocation, the

central region is more dispensable, functioning as a flexible hinge region between the N-
and C-terminus, and ﬁnally the C-terminus may be involved both in lipid interaction and
in correct processing by the stromal proéessingpeptid'ase. An obvious problem with this
modular organizaiion is that transit pépﬁdesv ;'ary,widely in length and share very limited
sequence homology. This sequence degene;acy is paﬁicularly (iifficult to explain in light
of tl;e essential role that the N-terminus performs in chlorbplagt import (Kindle, 1998;
Pilon et al., 1995). Therefore, eitﬁer a common yet unknown secondary structure or the
involvement of an interaction which intrinsically requires low sequence specificity would
provide the best hypothesis for the mechanism of transit peptide function.

Most of the current mgdels of protein translocation include a peripherally
attached molecular motor (Schatz and Ddbberétein, 1996). In the mitochondria and the

ER, this motor is believed to be a Hsp70 molecular chaperone. The involvément of

Hsp70 as the molecular motor assumes a direct interaction between the incoming

precursor and the peptide binding domain of the molecular chaperone, and most current
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models show the. targeting sequence as the region of the precursor that is recognized by
the chaperone (Gray and Row, 1995; Heins et al., 1998; Keegstra et al., 1995). Indeed, a
recent study shows significant interaction bet‘ween mitochondrial presequences and
DnaK (Zhang et al., 1999). Consistent with these models, chloroplast transit peptides
have been sugge;téd to serve as substrates for .Hsp70 chaperones (Von Heijne and
Nishikawa, 1991). Althougﬁ this proposal is supported by statiétiéal analyses indicating,
that transit peptides are enrichgd in sequences prédicted to exist as random coils, to date)
.only one report has demonstrated a direct interaction between a transit peptide and Hsp70-
(Ivey and Bruce, 1999). In any event, no clear agreement exists for the invol\‘/ement of
Hsp70s in the- chloropiast protein import process (Nielsen et al., 1997; Soll' and
Waegemann, 1992).

‘In this repoﬁ we have investigated the chloroplast &msit peptide sequences which
enable it to function as a substrate for the Hsp70 class of molecular chaperones. Based oﬁ
. the results of two independent statistical-algorithms which caiculate an index of DnaK
'afﬁnity, we predtict-'that lthe t;ansit p‘e[A),tide for prSSU (SStp) contain’s two regions which
shoﬁld be recogniz.ed'by DnakK. Whg_en these algorithms are appliéd to the transit peptides -
in the CHLPEP database, >95% of the transit peptides analyzed contained at least one
potgntial ‘DnaK recognition domain. Furthermore, these sequences" occurred
’prelcvlorninantly ;t thé N-terminus of the transit peptide. We h;ve verified this .ihteraction
.f04r SStp by three in. vitro aséays: 'a proteolysis protection assay with DnaK; substrate
i sti‘muiatiqn of ATPase activity with CSS1, and a native gel shift aésay with both Hsp70s.

Finally, we have éonﬁrmed the algorithms’ predictions by partially mapping the transit
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peptide regions responsible for DnaK/CSS1 interaction using both co-affinity
precipitation. of DnaK. and the in vitro native gel shift assay. The results of these
observations are discussed in the céntext of both transit peptide design and the potential

involvement.of Hsp70s as the chldroplést translocation molecular motor.

MATERIALS AND METHODS

Predictive DnakK affinity algorithms:

- Phage Display Based Algorithm— In work by Gragerov and co-workers (Gragerov
et al., 19§4), an index of .each amino aci‘d’.s appearance in high-affinity vs. low-affinity
peptides in a RPPD library were: céalculatecll. For example,\‘the value determined for
leucine was 23 reﬂégtirllgt the:ragic; of “fre',duefncél of occurrence of leucine found in selected
Vs. unseleéte&‘pﬁ;ge. Usmg thésé :/alu.é.s:,:’\)\'/e ;1eveloped a siﬁple algorithm using -a
sliding six amiﬁo Iacid‘;)vin-d'ow-i;ll one ammo ﬁcid steps to predict DnaK’s affinity to
transit peptides in the CHLPEP and 'PTP99 (Ivey et al., manuscript in preparation)
databases. For each window, we multiplied the indices of siIx adjacent amino acids in
SStp:

An iy Xy Xy X s X s X
where A, is an index of the six-amino acid window’s affinity for DnakK, i, is the third
residue in the window, i_,, is the fourth residue; etc. Methionine, cysteine, and glutamate
were statistically underrepresented in the display library, so we assigned them values of 1

for equal probability of being in a strongly or weakly selected peptide. Based oﬁ values

obtained when the algorithm was applied to several peptides described in the original
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study, we designated a “cut-off” index value of 2.0. Therefore, a six amino acid window
with an index value greater than 2.0 is predicted to have an affinity for bind DnaK,

similar to a strongly selected peptide from the original study.

Cellulose Displav Based ‘Algorithm- A second, more recent report utilized 3725
synthetic, cé}lulos,é-bouhd peptides :. (13mer§) whicb; span the length of 37 naturally
occurring protein{s to develop a CBPS ‘algorit'hlr’_‘n for DnaK affinity (Rudiger et al., 1997).
In this study, each amino acid is assigned a AAG® value that reflects the change in free
energy of the DnaK/pepfide complex when that amino acid is present. Because of the
apparent preferences of different amino acids to accommodate different positions relative
to the center of the DnaK peptide-binding pocket, three AAG® values are assigned to each
amino acid. As described in Rudiger et al. (1997),
A,=033*L )+ (0.66*L, ;) + (1.06 *L,)+(133*L ,)+C,+C+C +
" Can + Cop + (L33 ¥ Ry,0) + (1.00 * Ryz) + (0.66 * R,.5) + (0.33 * R, )
" "where A“ is an index of the 13 amino acid window’s affinity for DnaK, n describes the
amino acid’s position relative to the center of DnaK’s binding site, and L, C, and R are
éx'pen'mentally derived values for each amino acidlleft-'of-cepter, center, and right-of-
center; respectively. The weighting values (0.33, 0.66, 1.00, and 1.33) were statistically
determined by Rudiger and co-workers (1997) to maximize the accuracy of the
algorithm. We appliea this algorithm via a sliding 13 amino acid window in one amino
acid steps to predict DnﬁK’s affinity to transit peptides in the CHLPEP dataBase. Based
on valués obtained .when the aigon'thrn was applied to two peptides described in the

original study, we designated a “cut-off” index value of —4.0. Therefore, a 13 amino acid
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window with a AAG® value less than —4.0 is predicted to bind DnaK similarly to a

strongly selected peptide from the original study.

SStp fusion proteins
SSfp fusions with GST (pGEX vector, Pharmacia) and the dual His-S Tag (pET
- vector, Novagen) as well as DnaK were expressed and purifed as despribed previously
(Ivey and Bruce, 1999). SStp derived from the His-S Tag system was used for all in vitro
analyses involving purified components.
| . C-terminal ‘deletions of Pﬁs-S-SStp were generated via Exonuclease III digestion
using the Erase-a-Base kit (Promega). Briefly, pET30a-SStp was linearized with HindIII,
and the 5’ overhangs were filled in with oc-phosphorylthiolatgs to generate blunt,-
exonucleasé-resistant ends. This linear plasmid was then restricted with EcoRI to
generate a single 5’ overhang for Exolll digestion. The exonuclease rexactiorvl was stopped
at timed intervals, and the samples were treated \with S1 nuclease and Kleﬁow fragment
to generate blunt, ligatable ends. The mixed plasmid species were recircularized, -
transformed into E. c,ol;' cells, and screened using direct colony PCR with the forward and
reverse T7 promoter primers. 'Isolafed DNA from appropriate transformants was
sequenced using an ABI 373 au’tomated sequencér. Three deletion mutants--His-S-
SStpASI,‘ His-S-SStpA25, and His—S-SStpA36-—lacking 5, 25 and 36 amino acids,
respectively, from the C-terminus of full length His-S-SStp were selected for use in these
studies. Coincidentally? all the deletions were in frame with the optional, C-terminal His-

Tag engineered into the pET30a vector.
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Limited trypsin proteolysis of DnaK

DnaK was subjected to trypsin digestion (5 ng/mg Hsp70), as in (Freeman et al.,

. 1995) in .50 pl reactions for 60 minutes at 37_°¢ in Buffer C (20 mM Tﬁs—HCl; pH 6.9, .
100 mM ED“TA, 100 mM NaCl). SuBsequen’t | assayé also contained oc—lactalbumin,-
RCMLA, or SStp as potential DnaK substrates. Aliquots were removed during the course
of the digestion and immediately boiled in SDS Sample Buffer (100 mM Tris-HCI, pH
6.8 containiﬁg 10% (v/v) glycerol, 0.04% (w/v) bromphenol blue, 0.1% (w/v) SDS). The
samples wérq run on SDS—PAGE with protein 'visualization by C.B.B. staining.
Quantitative scanning densitometry was performed using a Molecular Dynamics Model

3000 Series Computing Densitometer.

Puriﬁqgtion of ,C'SSIL from Psatzvum '

CSS1 was purified :(fro‘m 14 d‘a’y" old cotyledons applying an affinity
chromatograi)hy metilod ;c,imilar tb thét uéed éo pﬁrify Hsc70 (Schlossman et al., 1984).
Fractionated stroma from P. sativum was preﬁared (Bruce et al., 1994) and diluted 1:10
with Buffer M [20mM HEPES (pH 7.5), 20 mM NaCl', 2.5 mM Mg(OAc),, 1 mM DTT;
and 0.1% Triton X-100]. Next, the entire .sample was loaded on£o an A’I‘P—agarose
column (Sigma, Catalog # A-2767) pre-equilibrated with Buffer M at 4°C. The column
was washed exhaustively with Buffer M, then Buffer M containing 1 M NaCl, and finally
Buffer M again. CSS1 was then eluted with 10 mM ATP in Buffer M titratedl to pH 7.5.
The authenticity of CSS1 was demonstrated via cross-reactivity on ;1 Western blot probed

with a polyclonal a-DnaK antiserum. Eluted fractions containing CSS1 were dialyzed
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exhaustively and concentrated in Bhffer'M by ultra-filtration against a 30 kD MWCO

membrane, aliquoted, and stored at -85 °C.

CSS1 ATPase activity

ATPase activity assays were performed with [y-*P]JATP in Buffer M as

~ previously described (Sadis and Hightower, 1992). Each 50 pl reaction contained CSS1,

unlabeled ATP, and [y-*?PJATP and was incubated at 37 °C. Peptide substrates were

. provided at 100-fold molar excess relative to the chaperdne.' Aliquots of the reaction

mixture 'were withdrawn at regular infefvals and mixed with 1 ml of 50 mM HCI1 / 5 mM
H,PO, cdnfaining 7% (wiv) activated charcoal. After microcentrifugation, 200 pl aliquots

of the free *?Pi-containing supernatants were removed and counted via scintillation.

- Monitoring spontaneous ATP hydrolysis was necessary because Hsp70 ATPase activities

are extremely low,

Spreadshegt for ATPase assays of Hsp76s ﬁsing [y-*P]-ATP

Cal'culatip»n-‘ to'f: H$p70’s ‘ATPase 'aiqtiyity from the ex‘tremely sensitive assay
which u’ses‘ [y-**P]-ATP was not: ﬁjvial. vThc‘:r‘cfbré, we developed a flexible spreadsheet
(Figure 3-1) which takes user data and calculates Specific activities while displaying thc;,
key factors in the calculation. The following is a step-by-step example of howl thé

spreadsheet was used.

74



Figure 3-1. ATPase activity calculation spreadsheet. User data is input on the left
column. The spreadsheet then adjusts the calculations to compensate for radioactive
decay, Hsp70 concentration, and dilution factors before generating the specific ATPase

activity in pmol ATP / min / pmél Hsp70.
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‘ '

32P-ATPase,‘Assays -

Assay Description:

Name:

Experiment Date (M/D/Y):

Comments:

Ci/mmol

Specific Activity: 3000 Koptope Decay Correction Factor: 1.050
Kkotope Reference Date (M/D/Y): 2/498 ° Corrected Specific Activity: 3149 Ci/mmol
Counting Date (M/D/Y): ~2/398 ’
Speciflc Activity per Volume: 0.01 mCi/ul Corrected Specific Activity per Volume: 0.010 mCi/pl
Dilution Factor of Eotope: 1 Diluted, Corrected Spec. Act. per Volume:} 0.01050 {mCi/pl
Kotope Volume per Reaction: 0.2386 pl l]so!ope Concentration:} 3.33E-06 M
Cold ATP Concentration: 50 p M Diluted kotope Concentration:} 3.33E-06 M
Reaction Volume: 50 p Kotope Conc.in Re action:; 1.59E-08 M
Hsp70 mass /Assay: 1 %3 CiConcentration In Re action:} S.01E-08 {Ci/pl
Hsp70 MW: 78000 Da Ratio of Cold:Hot ATP 3143
Time-point Volume: 8 wl | 1 Cl:{ 2.22E+12 jdpm
! HCVCharcoal Volume: 500 pl Clper Time -point:] 4.01E-07 ICl
Scintillation Sample Volume: 75 pl dpm per Time -point:} 8.90E+05 {dpm
Counting Efficiency: 1.00 kotope per Time -point:{ 1.27E-13 {mol
Eotope Purity Factor: 90 % HCUCharcoal Dilution Factor: 0.016
Scintillation Fraction Factor: 6.667
Hs p70 Molecules:} 1.28E-11 imol
Experimental 0 -5 10 15 20 A cpm/ pmol ATP /min
Sample Condition min (cpm) | min (cpm) { min (cpm) { min (cpm) | min (cpm) min R-squared /pmol Hsp70
1 ATP Only #DIV/O! #DIVIO!
R 2{ nCSS1+bufiM 1895 2590 . 2822 4086 4257 1253 0.9468062 2.07

Figure 3-1. ATPase activity calculation spreadsheet.
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" Definitions of variables

1) Specific Activity: enrichment of y-P in ATP sample; supplied by manufacturer in

Ci/mmol.

2) Isotope Reference Date: date to which specific activity is normalized.

3) Counting Date: date on which samples are counted via scintillation after ATPase

assays are performed.
4) Specific Activity per Volume: specific activity of [y-*P]-ATP multiplied by the mmol

of [y-**P]-ATP present, then divided by volume of the stock solution; both

mmol and volume are suppliéd by the manufacturer.

5) Dilution Factor of Isotope: multiplicative factor by which [y-**P]-ATP is diluted

before addition to reaction samples.

6) Isotope Volume per Reaction: volume of diluted isotope added to each reaction

sample.

7) Cold ATP Concentration: concentration of unlabeled ATP in the reaction samples.
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8) Reaction Volume: total volume of each of the reaction samples.
9) Hsp70 mass / Assay: mass of the individual Hsp70 in each of the reaction samples.
10) Hsp70 MW: molecular mass of the particular Hsp70 used in the reaction samples.

11) Time-point Volume: volume of reaction sample removed and added to the

HCI/HPO,/charcoal mixture at each time point.

12) HCl/Charcoal Volume: volume of the HCl/Charcoal mixture to which the time-point

volume is added.

13) Scintillation Sample Volume: volume' of the supernatant from the HCl/Charcoal

mixture added to the scintillation fluid.

14) Counting Efficiency: assumed to be 100% for the high-energy B-particle emitted

during P decay; therefore, the multiplicative factor is 1.00.

15) Isotope Purity Factor: chemical purity of [y-**P]-ATP (unofficial communication with

manufacturer).
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16) Isotope Decay Correction Factor: using the radioactive decay law for *P, the factor is

0.485 * (Counting Date - Isotope Reference

equal to the specific activity multiplied by e

Date)

17) Corrected Specific Activity: specific activity multiplied by the isotope decay

correction factor.

18) Corrected Specific Activity per Volume: specific activity per volume multiplied by

the isotope decay correction factor.

19) Diluted, Corrected Specific Activity per Volume: corrected specific activity per
volume divided by the dilution factor of isotope.

~

20) Isotope Concentration: specific activity per volume divided by specific activity, then
divided by 1000 mCi/Ci, then divided by 1000 mmol/mol, then divided by

106 ul/l.

21) Diluted Isotope Concentration: isotope concentration divided by the dilution factor of

isotope.

22) Isotope Concentration in Reaction: diluted isotope concentration divided by the

reaction volume, then divided by the isotope volume per reaction.
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23) Ci Concentration in Reaction: Idiluted, corrected specific activity per volume divided
by 1000 mCi/Ci, then multiplied by the isotope volume per reaction, then

 divided by the reaction volume.

24) Ratio of Cold:Hot ATP: molar ratio of unlabeled to radiolabeled ATP in the reaction
'samples; cold ATP concentration multiplied i)y 0.000001 uM/nM, then
~ divided by isotope concentration in reaction.
25) 1 Ci: 2.22 x 10" dpm; definition of a Curie.
26) Ci per Time-point: Time-point volume multiplied by Ci concentration in reaction.

27) dpm per Time-point: Ci per Time-point multiplied by 2.22 x 10"

28) Isotope per Time-point: isotope concentration in reaction multiplied by Time-point

volume, then multiplied by 0.000001 /ul.

29) HCl/Charcoal Dilution Factor: time-point volume divided by the sum of time-point

volume and HCl/Charcoal volume.
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30) Scintillation Fraction Factor: HCl/charcoal volume divided by the scintillation

sample volume.

31) Hsp70'Molecules: Hsp70 mass / assay multiplied by 0.000001 pg/g, then divided by

Hsp70 MW.

ATPase specific activity calculation

The raw data géhératéd in these assdys :are counts of free **P; per minute,
presumably from hydrolyzed [y->*P]-ATP. With many time points, A cpm/minute can be
calculated from the slope of £hé line of cpm vs. time. Then, A cpm/minute can be
converted into pmol ATP hydrolyzed/minute, and ultimately the specific activity, in pmol
ATP hydrolyzed / minute / I;mol Hsp70, can be calculated with the following formula:

A cpm/minute * Isotope lper Time-p‘oint/ dpm per Time-point / Hsp70 Molecules * Ratio
of Cold:Hot ATP / HCIl/Charcoal Dilution Factor * Scintillation Fraction Factor /
Counting Efficiency / (Isotope f’urity Factor *0.01)

An example of the spreadsheet is given in Figure 3-1 with ,ar41 actual assay analysis
which employs all of the calculations described Yhere. All Hsp70 ATPase assays were

performed in triplicate, realizing a standard error <10%.

Co-precipitation of DnaK with Ni-sepharose
~ His-S-SStp and His-S-SStp truncation mutants were expressed in E. coli as '

described previously for His-S-SStp (Ivey and Bruce, 1999). Small cell cultures (10 nﬂ)
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were grown and induced ﬂormally but lglsed by sonication ‘in native Lysis Buffe;
(Novagen). The crude lysates were spun at 16,000 x g; then, each of the supernatants -
were was added tolmicrofuge tubes coptaitﬁng 100 pl of Ni-Sepharose (Pharmacia) and
mixed gently for five minutes at 4 °C After washing the Ni-Sepharose itl batch three
times with 1 ml of tlte same lysisqbuffer‘atldr »centrifuging, SDS salhple buffer‘\yas added
‘directly to the Ni-Sephérose to elute the bountl' ptoteins. After SDS-i’AGE' and
’élé’ctrc;blotting onto PVDF membrane, the blt)t was divided latefally; The upper haﬂf was
. probed with a-DnaK antiserum;vlthe/ lower half, with S-protein conjugated to alkaline

phosphatase.

Native ,gel shift competition assay with I.RCMLA

- DnaK and CSS1 binding -comipetition studies with I RCMLA were performed
as described by Freeman and co-workérs (Fréeman et al., 1995). Briefly, the Hsp70 was
incubated with '“I-RCMLA and the competing peptide/protein for 30 Itlinutes at 37°C in
Buffer  A. Native Sample Buffer (100 mM Trils-HCI, pH 6.8 pontaining '10% (v/v)
glycerol and -0.04% (wiv) bromphenol blue) was added and the samples were resolved by
electrophorésis on a 6% native acrylamide gel. The proteins were then fixed with acetic
at:id, ’the gels were ‘dri'ed, and autoradiogrants developed. Quantitative scanning
densitometry,was perfonned .v‘vith a Molecular Dynamics Modél 3000 Series Computing

Densitometer. - :
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RESULTS
~The N-Terminus of transit peptides are predicted to interact with DnaK
To investigate more precise region(s) within SStp responsible for chaperone

association, we used previously published data in two novel algorithms, the first of which

was derived from a RPPD analysis (Gragerov et al., 1994). The second algorithm was

obtained from data in a CBPS analysis (Rudiger et al., 1997). The RPPD and CBPS
algorithms calculate a DnaK affinity index for a sliding window of six and thirteen aﬁind
acids in length, respecﬁvely. Ahalysis 'Qf the entire .SS'tp’ sequence by both algorithms
implicated the same regions as inté?zi&ing with DnaK (Figure 3-2A and 3-2D). To
compare the algorithms’ predictive. il;d‘icés\ against the expeﬂmenfally determined DnaK
bindi;lg activ.ity to given peptide subst;ates, fivé peptides reported from the RPPD library
and two from the CBPS study were analyzed with their respective algorithms (Figure 3-
2A and 3-2D). In i)oﬁh cases, thé f‘contr_o"l” péptides aefined experimental limits for DnaK
affinity. Utilizing the RPPD algoﬁghm, an 1ndex value greater than 2.0 should be strongly
, selccte;d by DnaK.‘ Using the CBPS léngFiFhI{l, w}lich deécribes free energy changes, high
affinity regions h:;ve index .values less.than —4.0. Based on these criteria, DnaK is
predicted Ato éxhibit a strong association for the region-of SStp centered at amino acid
position 10 and may possibly. interact‘ with a second site centered at position 37.
Intgresti,ngly,l thése two regions of SStp align well with one another When caiculated from

. either algorithm.
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Flgure 3-2. Predictive DnaK Affinity Algorithms. (A) through (9] utilizedata found in the ‘
RPPD\ study (Gragerov et al.,‘ 1994); (D) through (F) utilizes data found in the -CBPS study
'(Rudige‘r etal., 1997). ('A)' and (D)‘, DnaK afﬁnity algorithms (see materials and methods foi' :
details) applied to SStp frcm pea. Also shownin nght of (A) is the analysis cf five peptides
reported from the original study The '5611d bars indicate values obtained using peptides from
the ori glnal phage display study Wthh were "Stron gly Selected" A=NRLLLT, B=ARLLLT,
and C NRLLLA The hatched bars 1nd1cate values obtamed using "Weakly Selected"
pept1des D—KWVHLF and E—LLTNRG In the nght of (D) are values from two peptides
from the onginal( study: AKTLIL_S‘HIRFYV, a strongly | selected vpept1de, and :
VVliIARNYAGYG, a weal(ly selected t)eptide.. tB) and (E), The algorithms applied 'to all
" angiosperm prSSU transit peptides in the CHLPEP database. The average values at each
stition in the sequence afe plotted. :(C) and F )’,‘ Distribution by thirds of predicted highest
. and second highest affinity regions in 115 angiosperin, stromally targeted transit peptides
in the‘C}’.ILPEP database. (G) and @O, RPPD analyses of nitrite reductase and fructose-1,6-'
‘ bisphosphatase respectlvely (H) and (J ) CBPS analyses of nitrite reductase and fructose-

1. 6—b1sphosphatase respect1vely

gt
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The profile of pea SStp shown in Figure 3-2 (A and D) is typical of prSSU transit
peptides from other organisms (data not shown) and the transit peptides of other
stromally targeted precursors. Figure 3-2 (B and E) represents the average of all
angiosperm prSSU transit peptides found in the CHLPEP datal;ase (von Heijne et al.,
1991). Again, both algorithms strongly agree that these transit peptides display a major
peak of predicted DnaK affinity at the N-terminus and exhibit a similar periodicity of
successive peaks wl{ose affinity for ‘DnaK diminishes toward the C-terminal cleavage
site. The apparent small ;;eak .values, especielllly>in' Figure 3-2E, reflect averaging of
“misaligned” peaks. | |

Furthermore, when these analyses were performed for 115 transit peptides from
stromally localized angiosperm precursors in the CHLPEP database, the domain with the
highest predicted DnaK affinity occurred in the N-terminal region of ~70% of the transit
peptides analyzed (Figure 3-2C and 3-2F). Moreover, both algorithms predicted that
~T70% of the transit peptides contained a second peak of lower strength positioned in the
central region. Finally, only ~5% of the peptides contained a prominent peak in the C-
terminal region, indicating that this domain was largely devoid of sequences that would
function as good substrates for DnaK recognition. Both algorithms predicted at least one
high affinity site for >95% of transit peptides tested and were in good alignment
agreement ~80% of the time (data not shown). Two unrelated transit peptides, from
precursors for nitrite reductase (Spinacia, Figure 3-2G and 3-2H) and fructose-1,6-
: bisphosphétase (Pisum, Figure 3-1I and 3-1J), also show DnaK affinity profiles similar to

that of prSSU using both algorithms.

86



Correlation between predictive algorithms for transit i)eptide homology and
Hsp70 Affinity | |
“Another way to challenge the veracity of transit peptides’ N-terminal bias for
Hsp70 afﬁnity' was to compare the RI"PD and CPBS affi'ﬁity écc;res for sequences which
fit the loose transit peptide ‘;consens;s” very well and thosé for sequences which do not. .~ -
Therefore, of the 636 transit peptides in the PTP99 database, we chose those with the 15 ‘
highest and 15 lowest scores on the ChlofoP neural network-based transit peptide
identification algorithm (Emanuelsson et al., 1999). The ChloroP analysis provides and
index for the transit peptide “homology” 6f a putative transit peptide compared to proven
sequencés. Figure 3-3A shows that, indeed, the tra;nsit peptides with the highest ChloroP
~ 'scores are also predicted to bind H§p70 primarily at their N—térrnir;i, with less affinity in ~
the middle region and little affinity at the C-terminus. In contrast, the transit peptides
wiéh the 15 lowest ChlofoP scores (Figure 343]3) are bredicted to have either equal Hsp70 -
affinity through@ut their s:equer'lces or a-.sl‘i,c‘;ht bréference at their C-terrrﬁni. Therefore,.
* the more homologous a given transit ‘pe;;tide is to the quintessential transit peptide, the

more likely that sequence is to bind Hsp70s at its N-terminus.

SStp ass«l)ciatioh, with DnaK providgs pr(;tease protection B
In order to experimentally assess the validity of the algorithms’ predictions, three
in vitro assays wére performed which explored the cbnsequences of an .Hsp70/SStp
interaction. Previous studigs have shown that ﬁép70s uﬁdergo a change in conformation

upon binding to akpeptidel substrate such that the substrate-bound form is more resistant -
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Figure 3-3. RPPD and CBPS algorithms applied to the 15 highest- (A) and 15 lowest-

ChloroP scoring (B) transit peptidés in the PTP99 database.
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to trypsin digestion (Cyr. et al.,.1992; Ffecman et al., 1995; Palleros et al., 1992). Using
the components purified above, we investigated ‘whether a simﬂar interaction could be
demonstrated in vitro by employing the ﬁmﬁed trypsivn proteolysis techniquye.}RCI\/lLA, a
permaﬁently unfolded protein and model Hsp70 silbstrate; and SStp were also .utilized to
_protect DnaK ffom trypsin degrad‘ation. When incubated with trypsin alone, DnaK was
readily digested, yielding a 43 kD fragment (Figure 3-4A, top panel). This fragment
probably corresponded to tiheA N—ternﬁnal ATPase domain of DnaK. However, in the
’presence of IQ-fold molar exéesses of RCMLA (Figure 3-4A, middle panel) or SStp
(Figure 3-4, bdttom panel)i DnaK wés protected substantially from proteolysis. This
protection is not simply the result of unfolded ‘substrates competing for the protease
because the ncontrol substrate, native o-lactalbumin, failed tbA protect DlnaK from trypsin
-digestion (data not shown). The amount of intact DnaK remaining at each time point was
~ quantitated via scanning densitometry and plotted in Figure 3-4B. Whereas ~40-60% of
the DnaK remaingd i;itact aftc\:r“one-hpur. of trypsin digestion in the presence of RCMLA
or SStp', DnaK alqne.;vés(lliallr.rlos‘t c'omplgtely dige(sted (<5% remajning) by trypsin in the
same timg f\ran‘l_e’. These results support previous observations that in. vitro binding of a
substrate, 'eithé:r RCMLA or SStp, induces a signiﬁcant,' substrate-dependent
conformational ‘change, rendering the Dné.K much more resistant to trypsin digestion.
These results cénfirm that sStp contains at least one sequence which serves as a good
- substrate for Hsp70 binding as was predicted from earlier secondary structural analyses

(von Heijne and Nishikawa, 1991).

f
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Figure 3-4. Substrate Protection of DnaK from Trypsin Degradation. A, 0.7 pM DnaK was
treated with trypsin after a five minute incubation in the presence of no unfolded protein
substrate (upper panel), 7 UM RCMLA (middle panel), and 7 pM SStp (lower panel).
Aliquots were removed at the given times and immediately boiled in SDS sample buffer. All
samples were examined by SDS-PAGE and C.B.B. stained. B, Quantitation of the amount

of intact DnaK remaining at each time point in A for each treatment.
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SStp stimulates the ATPase activity of CSS1

A second indicator of a protein or peptide’s interaction with Hsp70/DnaK as a
substrate is the stimulation of the intrinsic ATPase activity of the chaperone (Sadis and
Hightower, 1992; Ziegelhoffer et al., 1995). We have used this assay to evaluate the
ability of boih RCMLA and full-length SStp to stimulate the intrinsic ATPase activity of
purified CSS1. First, CSS1 was purified from intact P. sativum chloroplasts via ATP
affinity chromatography. Figure 3-5A shows the ATP elution profile from the ATP-
Sepharose affinity column. Western blotting\ indicated that the major band at 73 kD was
CSS1 (Fjghre 3-5B). Subsequent CSS1 ATPage assay results, as shown in Figure 3-6,
showed a basal activity of ~2.6 pmole ATP/frlin/pmole enzyme. This rate was stimulated
to ~5.1 pmole ATP/min/pmole enzyme when a 100-fold molar excess of either RCMLA
or SStp was added to the reaction. This effect was dependent on the specific interaction
of the chaperone with a substrate since an equal addition of native o-lactalbumin did not
result in ATPase stimulation. Both the substrate levels required and the level of
stimulation observed were_ quite i;c,irr'lilar :t'o>those observed for DnaK’s stimulation by

RDMLA (Liberek et al., 1991)..

Mapping of the SStp regions recognized by in E.coli

The in vivo association of SStp and DnaK, described by Ivey and Bruce (1999),
was used to experimentally map the region of SS£p responsible for DnaK binding and
~ provide support for the algorithms’ predictions. First, C-terminal deletion mutants of

SStp fused to the duél His-S Tag (Figure 3-7A) were expressed in E. coli. Then, co-
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Figure 3-5. Biochemical Purification of CSS1 from Pea. A, C.B.B. stained SDS gel of the

elution profile from an ATP-agarose column after incubation with 10 mM ATP. B, Western

blot of the fractions in A probed with a-DnakK.







Figure 3-6. S»Stp ‘Stimulation of CSST- ATPase A‘ctivity. 0.7 pM CSS1 was incubated
with 50 uM cold ATP and [y-**P]JATP (3000 Ci/mmol; molar ratio of unlabeled:**P-
labeled, 5250:1) in the absence and presence of 70 WM native o--lactalbumin, RCMLA,

or SStp. Spontaneous hydrolysis indicates liberated **Pi in the absence of chaperone.
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Figure 3-6. Stimulation of CSS1 ATPase activity.
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Figure 3-7. Affinity Precipitation of DnaK with C-terminal Deletions of SStp. A, Amino
acid sequences of His-S-SStp and C-terminal deletions. Residues in bold correspond to SStp.
Black boxes indicate the N- and C-terminal His-Tags, while grey boxes indicate N-terminal
S-Tags. B, upper panel, Far-western of His-S-SStp deletions apd the His-S Tag alone using
the S-Protein conjugated to alkaline ph‘osphat‘aée;v lower panel, western blot of the samples

in the upper panel using o-DnaK antiserum.
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affinity precipitations of DnaK using Ni-Sepharose were performed for each deletion and
the His-S Tag alone. Figure 3-7B, upper panel, shows equal loadings of the three
deletions and the His-S Tag visualized by Far-Western blotting. The lower panel is a
© Western blot of the same sampies él;owing DnaK binding to every deletion containing at
least part of the SStp sequence. However, DnaK did vnot bind to the His-S Tag itself,
whicﬁ serves as a négative control. Therefore, sequences in the first 24 residues of SStp
must contain a DnaK recognition motif allowing this interaction in vivo. Because the .
experiment did not include N-terminal SStp deletions, these data do not exclude the

possibility of other DnaK binding sites C-terminal to amino acid position 24.

In vitro interaction of DnaK and CSS1 with the N-terminus of SStp

To furth;ar test the algorithms’ predictions for SStp, aﬂcompetitive native gel shift
assay was used. Incubation of '“I-RCMLA with purified DnaK results in the formation
of at least two stable complexes whose electrophoretic mobiliéies on native
polyacrylamide gels are retarded relative to 125I—R._CMLA alone (Figure 3-8A, lanes 1-3).
The two discrete corﬁplef(eé méy ‘répresént“ L.RCMLA associated with a monomeric
and a dimeric form of DnaK, éincé- se;}eral Hsb7bs exist in ~an equilibrium between a
monomeric and dimeric species (Azerh et al., 1997; Palleros et al., 1991). To determine
the | relative affinity of DnaK for different peptide substrates, syntheﬁc, unlabeled
peptides were added to the I-RCMILA-DnaK incubation as competitors for binding to
1257

DnaK. Competitive association between the unlabeled peptide and DnaK displaces

RCMLA, thus reducing the amount of !'?’I-RCMLA-DnakK
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Figure 3-8. Mapping the High Affinity DnaK Binding Site(s) Within SStp. A,
Autoradiogram demonstrating I-RCMLA/DnaK complex stability and subsequent
competition by unlabeled competitors in a native gel system. DnaK was added to a final
concentration of 0.7 uM, while the concentrations of '“I-RCMLA and SStp were 7 uM and
70 WM, respectively. B, Autoradiograms of *I-RCMLA /DnaK complexes in the presence
of the N-terminal (upper panel), middle (middle panel), and C-terminal (lower panel) thirds
of SStp from pea. Again, the DnaK concentration was 0.7 WM and '"I-RCMLA
concentration was 7 WM. Molar ratios of the unlabeled competitor to "“’I-RCMLA are shown

in lanes 5 through 8.
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complexes. Figure 3-8A shows an autoradiogram of a competitive gel shift assay in
which '»I-RCMLA-DnaK complexes formed in the presence of 10-fold molar excess of
SStp or synthetic 20 amino acid peptides spanning the SStp seéuence. SStp effectively
competed with “I-RCMLA for DnaK binding as previously shown (Ivey and Bruce,
1999). Synthetic peptides (20-mers) corresponding to the N-terminal (1-20), middle (21-
40), and C-terminal (41-60) thirds of SStp clearly competed with an activity very similar
to their predicted values of DnaK affinity (Figﬁre 3-2A and 3-2D). This difference in
activity was confirmed when the unlab7eleAd’.SStp 20-mers were titrated relative to '»I-
RCMLA (Figurg 3-8B). The N-terminal seqﬁences (peptide 1-20) competed best with
BL.RCMLA for DnaK, whereas the central region (peptide 21-40) was conside.rably less
effective and the C-terminal region (pepfidc 41-60) displaced '*I-RCMLA even less than
the central regidn (Figure 3-8B). |

In previous work, three peptides of similar length which are not predicted by
either algorithm to bind DnaK and are thus clear negative cdntrols, were tested and failed
to disrupt the "*I-RCMLA-DnaK complex (Ivey and- Bruce, 2000). Thus, SStp bound
DnaK with higher affinity than any of the 20-mers, but the greatest local affinity for
DnaK was detected in the N—temﬁﬂal 20 vam‘i;lo écids, and progressively less affinity was
found toward the mi‘ddle and C-fernﬁﬁal thirds of'SStp. |

Thus far; we have shown that SStp functions in vivo and in vitro as an effective
substrate for DnaK. The major chloroplast Hsp70 homologue, CSS1, is most similar to

prokaryotic homologs of DnaK, with 55% amino acid sequence identity and 74%

similarity (Marshall and Keegstra, 1992). Therefore, one would predict similar peptide
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" . binding propertles for both chaperones Using punfled CSS1 instead of DnakK,

compet1t1ve gel sh1ft assays were performed as described above. The results for both
DnaK and CSS1 are represented graphically in Flgure 3- 9 The trend observed for DnaK
‘binding to SStp was almost identical to that observed for CSS1, suggesting that both

ehaperones ‘preferred sequences found at the N-tenrﬁnal region of SStp.

‘ DISCUSSION

| ~Although several recent studies have attempted to identify the linear peptide
“ sequences recognized by Hsp?Osl (Blond-Elguindi et al., 1993; Gragerov et al., 1994;
Rudiger et al., 1997), only one has directly analyzed targeting sequences (Zhang et al.,
1,999). Zhang and coworkers also used ‘_the same CBPS algorithm used in this study to -
predict- interactions“bet—ween rnitochondrial vpreseq.uences'and DnaK. The current studS/,
v ho'webéf‘,, dernonstrates for the first time: a dtreet interaction between an organellar
molecular chaperone and a ph?siologic'ally' ‘r‘elevant precursor targeting seqnence.
' Specificaily, ’our data confinn that the transit',peptide of prSSU contajns one or more

- sequences that are recognized by two Hsp70 chaperones, DnaK and CSSII.'

Transnt peptlde desngn §

Both the X-ray crystal structure of the DnaK peptide-binding domain and peptlde
.' binding studies of, a,-enkaryotic Hsp70 i‘ndi’cate a preference for binding substrates 6-'8
| arnino» acrdslin length '“(Flynn: et al., t991; Zh.u; et al., 1996). ‘Therefore,,thel full-length

SStp may -con.tajn up to seven- contiguous ,DnaI_(‘/CSVSISbinding sites., To-identify. the
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Figure 3-9. Comparison of SStp Binding by DnaK and CSS1. Native gel shift competition
assays were used to compare the binding of SStp by DnaK and CSS1 and to map the highest
affinity site for both Hsp70’s. The solid bars were quantified from the autoradiogram in
Figure 6A. Using the same '“I-RCMLA, chaperone, and competitor concentrations as

before, the hatched bars were obtained similarly using CSS1 instead of DnakK.
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‘number and position of po"teﬁt‘i'hl_ DnaK bihdihg.Sités in SStp, we utilized data from two

extensive stud_ieé (Gfageiov et él., 1994,Rud1ger et al., 1997) which provide statistical

data on the probability of individual amino acids to occur in DnaK selected peptides.

Both algorithms predict potential DnaK binding sites in SStp. Moreover, both algorithms

predicted that the strongest peptide-DnaK interactions were restricted primarily to the N-
terminus. When these é.nalyses were applied to all prSSU transit peptides from
angiosperms in the CHLPEP database (von Heijne et al., 1991), N-terminal bias was
observed by both algorithms. This suggests that the Hsp70 binding site(s) at the N-
terminus of p‘rSSU is a conserved trait, indef)endent of phylogeny.

‘Although many stromal proteins, such as the precursors to fructose-1,6-

“bisphosphatase .(Pisum) and nitrite reductase (Spinacia), show very similar patterns to

SStp, analyses of 115 angiosperm transit peptides for stromally localized precursors
indicéte that the placement of high-affinity binding sites is not absolutely conserved.
However, both algorithms indicate that %95% of theése tfansit peptides contain at least

one potential Hsp70 recognition domain and that ~70% of these transit peptides contain

“sequences at their N-terminus predicted to most favorably interact with Hsp70s. In

addition, both analy’s.es indicate additional sife(s) with lower affinity found within the
éentral third of the transit peptide énd that, for most transit peptides, the C-terminal third
is largely devoid of Hsp70 binding sites. Additionally, traﬁsit peptides which best fit the
criteria for identification as transit peptides are predicted to bind Hsp70s in the same
manner. Becau#e import data does ﬁot exist for the PLP99 transit peptides tested, we

c‘ann(‘)t correlate predicted Hsp70 affini;cy to import efficiency.
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However, the predictions discussed above were confirmed experimentally for
SStp, which scores relatively high in the ChloroP analysis. The trypsin resistance and the
ATPase stimulation data reported here support previous observations that in vitro binding
of a substrate, either RCMLA or SStp, induces a significant, substrate-dependent
conformational change. Binding of the peptide substrate renders DnaK more resistant to
trypsin digestion and more active as a ATPase. These results confirm that SStp contains
at least one sequence which serves as a good substrate for Hsp70s, as was predicted from
earlier secondary structural analyses (von Heijne and Nishikawa, 1991). -
. Together these results suggest that chloropfast transit peptides have one or more
regions which may function as a high-affinity substrate for Hsp70s. A shared peptide
sequence preference among chaperones is expected since a recent study with three Hsp70

homologs (Hsc70, BiP, and DnaK) shows several common peptide binding tendencies

(Fourie et al., 1994). Interestingly, the full length transit peptide appeared to display

greater interaction than any of the 20-mers. These data argue strongly that CSS1-peptide
substrate interactions are generally governed by the same rules as those for-DnaK.

Our observation that CSS1 exhibits high affinity for the N-terminus of transit
peptides and diminishing affinity towgrd the C-terminus has several important
implicat’ions. First, if translocation proceeds with the N-terminus first, as most models &
depict, the suggested design would enable the §merging transit peptide to encounter the
chaperone at the earliest possible point in the translocationi process. This initial
interaction may represent the first committed step of protein translocation. Second, most

transit peptides may contain additional secondary Hsp70-binding sites which would
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- enable multiple chaperone molecules to concurrently bind the precursor and drive
translocation. The ohservation that full-length SStp was a better substrate than any of the
20-mers suggests that m'ultiple.potential binding sites may promote some level of

cooperativity, possibly by interaction with both substrate binding domains of the DnaK

- dimer. This multiplicity of binding sites could be the basis for why certain precursors are

translocated more efficiently. Third, these observations may confirm the hypothesis of a

modular organization of transit peptides.

Chloroplast Hsp70s asmolecular motors ahd “unfeltlases”

The most wtdely accepted generic protein import model describes an 'active,
energy-dependent “molecular metorf’ which is bound to the m’embtane and directly .
utilizes a conformattonal change in the chaperone to'unidirectionally drive translocation -
(Gisler et al., 1998; ‘Glick, 1995). Our data directly support the hypothesis».that an
. individual. transit pet)tide contains one or more Hsp70 recognition domains, enabling a
ptecursor to s1mu1taneous1y engage more than one chaperone molecule concurrently.
during translocatlon Analyses of prSSU transit peptldes in CHLPEP indicate at least two
s;uch sites. Interestlngl‘y, the two sites are separated by ~26 amino acids, which would be
si)ffieient tdspan a-hilayer. Therefore, this spacing.could allow one transit peptide to
‘ simultaheouslyt engage two chapercines oh either side ot a tnentbrane. If both high
, aff1n1ty sites are active in recru1t1ng Hsp70s the ab111ty of SStp to 1nteract concurrently
~ with two Hsp70 molecules may eynerglstlcally promote ‘a much’ stronger unfoldase

activity than rmght be expected from the sum of their individual contributions, assuming

\
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a steady supply of ATP to promote release of the transit peptides. Differences in amino
acid sequences of transit peptides from different precursors could then affect their
translocation efficacies, which would constitute a novel form of post-transcriptional/post-
translational regulation of gene expression.

Although most investigators agree that isolated translocation complexes contain
one or rﬁore Hsp70s (Schnell et al., 1994; Waegemann and Soll, 1991), recent reports
also deécribe a second potential molecular chaperone, ClpC, associated with the
translocation complex (Akita et al., 1997; Nielsen et al., 1997). Howeve;, no evidence of
transif peptide .or precursor binding has been presentec_l; z.md the presence of ClpC in a
translocation complex is independent of the presence of a precursor protein (Nielsen et
oal, 1997). Furthermore, organellar Clp homologs have been implicated in the
degradation of misfolded precursor proteinsl poét—import (Halperin and Adam, 11996;

Schmitt et al., 1995)

Concluding relﬁarks

Our study utilizes the first statistical analyses which predict a common
biochemical activity associated with chloroplast transit peptides.'This general profile
defines a novel proﬁert»y intrinsic to the design of stromally targeted transit peptides
whose pnmary séqﬁeﬁcés.‘are lotﬁe&iée:un;eldtéd. it will be interesting to extend these

analyses to transit peptides of precursors destined to other chloroplast compartments and

other organelles to determine the universality of this observation.




Interestingly, recent work has shown that when a small N-terminal region is

deleted from the ferredoxin or plastocyanin transit peptide, transport into chloroplasts is
reduced to an undetectable level both in vitro and in vivo (Kindle, 1998; Pilon et al.,
1995). Although these reports conclude that the N-terminal region of the transit peptide is
required for efficient protein translocation, neither provide an explanation for this effect.

Analyses of these two transit peptides by the above algorithms indicate that the

characterized deletions remove potentially critical Hsp70 binding sites.
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Chapter 4-Expression, purification, and characterization of

a recombinant form of the major stromal Hsp70, CSS1

:ABSTRACT v

We have e);pi'e‘ssed the mature form of thé nuéleér—éncoded pea chid_roplast H§p7Q,
, ,CSSI, in E. coli. Using the pET30a expression vector (Novagen), we have replaced thev
- transit peptide at the N-terminus of prCSS1 withthé dual epitdpe tag His-S. The PIis6—Tag :
allows for affinity purification with Ni-Se'pharose while the S:-Tag pfovides an antigenic
_» marker. Puriﬁcatioﬁ of large quantitiles of soluble, active His-S-CSS1 were not feasible under
mild buffer condit;ions, so we déveIoped a rilovel purification method which employs initi.al
denaturation of the crude cefllular‘ extracf with urea. Renatured CSS1 funct‘ioned similarly to
the chaperone purified from P. sativum with respect .to basal and peptide-stimulated ATPase
activities. Finally, protein expression conditidiis  in E. coli were optimized. = This
recombinant form of the major stromal chloroplast Hsp70 provideé a valuable tool further

characterization of CSS1 and the chloroplast prbtein import system.

INTRODUCTION

Involvement of the Hsp70 class of molecular chaperones iﬁ protein trafficking is well
documented in bacterial, ER, and mitochondrial systems (SCl“l&tZ and Débberstein, 1996).1In
most models, the hsp70 homolog is attached péripherally to thé trans side of the translocating
membrane and functions either passively as a ratchet (Matlack et al., 1999) or actively as a

motor (Voisine et al., 1999) to drive protein translocation in an ATP dependent manner. |
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: AIthough no-direct evidence exists, each model assumes that chaperone interaction
is directed by the N-terminal targeting sequences of the precursor proteins. In fact, most of
the evidence for chaperone involvement in protein trafficking stems from genetic and

cross‘linking studies (reviewed in Schatz and Dobberstein, 1996). Our laboratory has

approached the question of Hsp70 involvement in chloroplast protein import from a different

perspective. We initially established a novel and phy§iologically relevant proi)erty of the
targetin g sequence, or transit peptide, for the precursor of the small subunit of rubisco (SStp)
‘involving explicit intgractions with the the Hsp70 class of molecular chaperones, specifically
 with bacteriﬂ Hsp70, DnaK (Ivey and Bruce, 2000). Next, we showed that SStp interacts
with the fnajor stromal Hsp70 from pea, CSS1, in a similar manner, and that this interaction
can be mapped to the N-terminal portion of moét stromélly targeted transit peptides (Ivey et
al., 2000).

" Since CSS1 fnay serve as the molecular motor driving Itran'sldcation from the trans
side of the chloroplast -innér envelope, we decided to characterize the protein purified from
P. sativum (Ivey and Bruce, manuscript in preparation). However, in order to fully
manipulate CSS1’s behavior in vitro and to study its rolés invivo, a recoﬁbinant form of the;
protein is negded. To this end? we have generated a recombinant form of the protein from a
gene construct of the nuclear-encoded precursor and expressed the. His-S-CSS1 flis-ion.
protein in E. coli. |

Since Hsp70’s are ﬁb_undantly expressed throughout biology? most are not engineered
into an expression system, but instead are pﬁﬁfied from thé source oréénism via standard

biochemical techniques. For example, DnaK from E. coli was originally purified using
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ammonium sulfate precipitation with -a combination of ion exchange, affinity, and
'hydrophbbic interaction chromatographic techniques followed by differential sedimentation
centrifugation (Zylicz and Georgopoulos, 1984). Even organellar »homologs, such as that
from N. pseudonaréis;us chromoplasts, have been purified by similar, conventional means
(Bonk et al., 1996). When'recombinan.t forms are available, most are still expressed
homologously, as in the case of yeast mitochondrial Hsp70, or SSC1 (Kubo et al., 1999).

His-tagged SSC1 can be purified from mitochondria either by nickel affinity chromatography

~ or a combination of ATP affinity and ion exchange chromatography. In fact, the only.

heterologously expressed Hsp70, other than CSS 1,‘ of which we are aware is human cytosolic
Hsp70 expressed in E coli (Macejak et al., 1990). Macejak and co-workers obsérved poor
expressioﬁ, low solubility, and only partial purification of their protein after é'pplying ion
exchange and ATP affinity chromography to a crude lysate containing their overexpressed

protein. Overall, the protein yield was calculatéd to be 1-3 ug pér liter of E. coli culture.

Therefore, we opted for the high-yield, T7 Polymerase-based pET expression systern

from Novagen. Initially, we expressed His-S-CSS1 and attempted to purify it by standard

nickel-affinity chromatography protocols. When we could not obtain pure protein, we

utilized a novel technique which uses denaturing cell lysis conditions and, although

developed entirely independently, is similar in certain aspects to a protocol used to

resolubilize the non-catalytic surfactant protein b (Holzinger et al., 1996). By then
performing nickel affinity chromatography, stepwise dialysis, and ion exchange
chromatography, we obtained.pure His-S-CSS1 in high quantity. Fihally, we demonstrate

that recombinant CSS1 has basal and peptide-stimulated ATPase activities similar to CSS1




purified from P. sativum stroma.

MATERIALS AND METHODS

His-S-CSS1 subcloning

The gene for the nuclear-encoded precursor of the major stromal Hsp70, CSS1, was
kindly provided by Dr. K. Keegstra in the cloning vector pSP65. The gene was amplified out
of the cloning vector via PCR using the pfu editing DNA polymerase (Stratagene). The 5’

sense oligonucleotide hybridized to the coding region for the N-terminus of the mature

domain of the protein and contained an Ncol restriction site. The 3’ antisense oligonucleotide
hybridized to the coding region for the C-terminus of CSS1 and contained an EcoRI site. -

After the PCR product was digested, the gene was ligated into the expression vector pET30a

as shown in Figure 4-1, which engineered a dual N-terminal tag, His-S, as explained before

for His-S-SStp. The inserted CSS1 gene wis sequenced in its entirety to confirm that no

mutations were present due to PCR amplification (Figure 4-2).

Attempts at His-S-CSS1 purification using native lysis conditions

The pET30a-CSS1 construct \;vas transformed into E. coli BL21(DE3) cells and
grown at 37°C to an O.D'.‘600 bf 0.6 anci induced with 1 mM IPTG for three hours. The cells
were lysed with a French Pressure Cell at 1500 p.s.i. in 20 mM Tris-HCl, pH 7.9, 500 mM
NaCl, 5 mM imidazole, 1 mM DTT to maintain prote‘in‘ structure. After centrifugation at

50,000 x g for one hour at 4°C, the crude supernatant was subjected to affinity

chromatography by application to a nickel-charged chelating sepharose resin (Pharmacia)
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Figure 4-1. Vector design of His-S-CSS1. The region of the prCSS1 gene encoding the N-
“terminal transit peptide was excluded during PCR amplification. Upon ligation into the

pET30a vector, an N-terminal dual epitope tag, His-S, is engineered to generate the fusion

protein.
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pET30a-CSS1

Thrombin Site
Enterokinase Site

[HisTag] = [ S-Tag] = [AL] = [mCssi]

5.0kD

75 kD

Figure 4-1. Vector Design of His-S-CSS1
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Figure 4-2. Sequencing the CSS1 gene. Primer séquénces: T7 Promoter, TTAATACG-
ACTCACTATAGGG ; 171-193 Primer, GCGGCAGGCGGTTGTGAATCCCG;'567—596
Primer, AACTATTTTGGTATTTGACCTTGGAGGTGG; 986-1016 Primer, AGG-

ATATTGATGAGGTGATTCTTGTTGGTGG ; 1361-1385 Primer, TCCGTTTAGACG-

GTATCCCTCCCGC ; and T7 Terminator Primer, GCTAGTTATTGCTCAGCGG.




CSS1 gene: 2.12 Kb

L
I
T7 Promoter Primer
mEEn
171-193 Primer
567-596 Primer
986-1016 Primer

1361-1385 Primer

T7 Terminator Primer
ans

Figure 4-2. Sequencing the CSS1 gene.
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equilibrated in Binding Buffer according to a Novagen protocol. The resin was washed
exhaustively, and His-tagged CSS1 was .eluted into 1 ml fractions with I M imidazole.
Fractions from the affinity chromatography containing the fusion protein were pooled
and dialyzed against Buffer M. Thla protein sample then was concentrated via ultrafiltratioﬁ
using a 30 kD MWCO membrane and subjected to an anionic excﬁangc resin, Q-Sepharose
A-(Ph'armacia), equilibratéd i\ri Buffer M. After exhaustive washing with Buffer M, the prqtein
was eluted into 5 ml fractions using a continuous NaCl gradient from 0.1 M ‘to 0.5M.
Fractions from the ion exchange chromatography were pooled and dialyzed against
Buffer M. The protein sample then was concentrated via ultrafiltration using a 30 kKDMWCO
membrama and subjected to pativé acrylamide gel electrophoretic elution on a Bio-Rad 491
Prep Cell. Thé native gél consisted of 90 ml of 7% acrylamide in the running gel and 20 ml
of 5% acrylamide in the stacking gel. Gel and buffer components for native electrophoresis
are described in more detail in Chapter 3. After lbéciing 10 ml of the protein sample, the gel
was run with i)uffer recirculation at 35 mA for 15 hours. With the flow rate of the collection

buffer at 0.25 ml/min, fraction collection (5 ml eaéhj was started after 8 hours. Samples from

every fifth fraction were boiled in SDS and subjected to PAGE.

His-S-CSS1 pﬁfificati&n iléiflg,&enafﬁring lysis buffer conditions

E. col(i'."faLzl(DE:s) cells Were transformed with pET30a-CSS1, grown, and induced
as before. After induc:t-ion, the i:e'lis were lyséﬁ in Ii.Buffer M conta‘ining 6 M urea using a
French Pressure cell. After centﬂfugation a‘t; 50,000 x g for one hour at 4 °C, the crude

supernatant was subjected to affinity chromatography by application to a nickel-charged
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chelating sepharose resin (Pharmacia) equilibrated in denaturing Binding Buffer according
to a Novagen protocol. After the resin was washed exhaustively with Binding Buffer
containing 6 M urea, the buffer was changed to native Binding Buffer through a linear
gradient over 10 column volumes and two hours at 4°C. Refolded His-S-CSS1 was then
| eluted from the resin with 1 M imidazole.
Fractions from the affinity chromatography containing the fusion protein were pooled
and dialyzed against Buffer M, which is Buffer M lacking Mg(OAc), and containing 5 mM
DTT and 2% glycerol. After dialysis, Mg(OAc_)2 was added to 2.5 mM. The protein sample
was concentrateci Yia ultrafiltration‘,usinlg a 30 kD MWCO membrane and subjected to an
anionic exchange resin, Q-Sepharose, e;quilibrated to Buffer M, (Buffer M containing 5 mM
DTT and 2% glycerol). After exhaustive washing with Buffer M,, the protein was eluted into
5 ml fractions using a continuous NaCl gradient from 0.1 M to 0.5 M. After dialysis into

Buffer M,, the protein was concentrated, aliquottéd, and stored at —85°C.

ATPase assays

Hsp70 ATPase activity was measured as described in Chapter 3. Briefly, each 50 pl
reaction contained His-S-CSS1, unlabeled ATP, and [y->*P]ATP and was incubated at 37 °C.
Peptide substrates were provided at 100-fold molar excess relative to the chaperone. Aliquots
of the reaction mixture were withdrawn at regular intervals and mixed with 1 ml of 50 mM
HC1/ 5 mM H;PO, containing % (w/v) activated charcoal. After microcentrifugation, 200
ul aliquots of the free **P-containing supernatants were removed and counted via
scintillation. Observation of spontaneous ATP hydrolysis was necessary because Hsp70
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ATPase activities are extremely low.

RESULTS

Novel purification methodologies for recombinant CSSI

Figure 4-3 displays the alternative ‘schemclas used -for His-S-CSS1 purification.
‘Initially, we attempted to puﬁfy IHis;taéged CSS1 by conventional means in buffer
- conditions designed to maintain the chaperone’s'.natiVe three dimensional structure. A crude
extract from cells expressing His-S-CSS1. was applied to a column containing a nickel-
. chdrged chelating resin. ﬁnfortunately, an estimated majority of the proteiﬁ, eluted from the
column after washing with an intermediate concentration of imidazole, appeared to be
endogenous E. coli proteins and/or N-terminal CSS1 degradation products (Figure 4-4).

CSS1 contains a signature trypsin cleavage site which is common to most Hsp70’s
(Chappell et al., 1987) and yields the intact N:terminal ATPase (domain confirmed by
. western blot; data not shown). Coincidentally, E. coli contains many proteases which have
specificities similar to that of trypsin.. Therefore, the broad spectrum of fragment sizes in our
. gel must have contained many other proteins as well and thus required further explanation.

Before further purifications attempts were made, the protein sample was dialyzed in
Buffer M, (see Materials and Methods).-Many, combinations of buffe;s, pH’s, salts, divalent
_ cations, reducing agents, detergents, and even dialysis techniques were tried unsuccessfully
in attempts to maintain-protein solubility while removing the imidazole from the protein
sample (data not shown). Finally, rapid dialysis using a buffer coﬁtajning glycerol and the

detergent Triton X-100 but without any divalent cation (Buffer M), followed by addition of
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Figure 4-3. Alternate purification schemes for His-S-CSS1. Left, initial attempts to purify
the fusion protein without denaturation. The ATPase fragment, which contained the His-tag,
" bound to the affinity column and associated with the intact chaperone throughout the process.
Right, purification of His-S-CSS1 via denaturation and refolding. Denaturation remoqu
most of the contaminant proteins and also prevented the His-tagged ATPase domain from

associating with the intact chaperone:!
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Mild Purification Conditions

Generation of crude lysate
Contains His-S-CSS1
and many contaminants

v

Nickel affinity chromatography
His-Tagged proteins bind
Some contaminants bind

v

Progressive dialysis into Buffer M l

S

Maintains His-S-CSS1 solubility

v

Anion exchange FPLC
His-S-CSS1 binds
Some contaminants still bind

v

Native electrophoretic elution
His-S-CSS1 co-elutes with
the ATPase fragment

Denaturing Purification Conditions

Generation of crude lysate
Contains urea, His-S-CSS1,
and many contaminants

v

Nickel affinity chromatograph
His-Tagged proteins bind
No other contaminants bind

v

Refold His-S-CSS1 on column
Recover native structure and activity

v

Progressive dialysis into Buffer M,
Maintains His-S-CSS1 solubility

!

Anion exchange FPLC
His-S-CSS1 elutes separately
from ATPase fragment

Figure 4-3. Alternate purification schemes for His-S-CSS1.



Figure 4-4. Affinity chromatography using native lysis conditions. Coomassie stained SDS-
PAGE gel showing the imidazole elution profile of His-S-CSS1 from a Ni**-Seapharose

resin.
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Mg(OAc),, proved successful. Apparently, millimolar concentrations of divalent cation,
when present with 1 M imidazole and a highly concentrated His-Tagged protein, cause
aggregation

of that protein. Even when using Buffer M, a significant portion of the contaminant proteins
preferentially precipitated during dialysis, possibly because they were not correctly folded
during urea .remo{/al in the affinity chromatography etep (data not $hown5.

To further purify the tecombinant CSS1, we applietl fractions whicﬁ contained the
protein from the previ‘Qusi step to i01;1 exchange FPLC (Figure 4-5). However, the technique
failed to si gttificantly enri‘chv the COneentrati on of the recombinant protein (based on western
blotting; date not shown) Agam degradatlon/contammatlon appeared to be the source of the
majority of the eluted protem Thus far the proteins eluting with His-S-CSS1 demonstrated
high aff1n1ty for nickel as well asa snmlar affinity for the ion exchange resin and poss1bly
affinity for Hls S-CSS1 1tse1f |

Next, we applied the i ion exehange fractions which contained His-S-CSS1 to native
acrylamide gel electrophoretic elution (Figure 4-6). We observed the first significant
enrichment of the chaperone with respect to the centanﬂnants since the affinity
chromatography--the smallest contaminants eluted ﬁret. However, many proteins, including
the major contaminant at 47 kD which appeared CSS1’s ATPase fragment fused to the His-S
dual eptitope tag since it cross reacted with an o-DnaK polyclonal antiblody, co-eluted with
intact His-S-CSS1. |

Having failed to purify the recombinant chaperone using affinity ehromatography

based on His,-Tag technology, ion exchange chromatography based on protein charge, and
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Figure 4-5. Ion exchange chromatography using native lysis conditions. Coomassie stained
SDS-PAGE gel showing the NaCl gradient elution of His-S-CSS1 from a Q-Sepharose

resion.

|
1
128 :






Figure 4-6. Native polyacryamide gel electroelution. Coomassie stained SDS-PAGE gel

showing the elution profile over time from a native preparative acrylamide gel.
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native electroﬁlibrétic‘ }'éliition based on prbtein size, we concluded that native
bufferconditions were not suitable for this purificaﬁon. Given that the Hisy-Tag/Ni**
interaction, unlike other protein/Ni** interactions, can withstand denaturing buffer conditions
(Novagen protocol) and that DnaK is at least partially refoldable in vitro (Palleros et al.,
1992), we decided to use 6 M urea in the initial cell lysis buffer. Under these conditions,
when the crude extract was subjected to affinity chromatography, the imidazole-eluted
fractions contgined only intact His-S-CSS1 and its N-terminal degradation products (Figure
4-7). Not:e'_;the appﬁent loss of Ni** affinity of many c;f the cqntaminant bands (compare to
Eigure 4-45 due to the chaotropic action of urea. . |
| It—v‘vas important to clarify that the affinity chromé;.togfaphy did not yield proteins
_ which had 5r\10 chance of proper folding. After the crude sarflple was loaded onto the column
1and washéd exhaustively in urea-containing buffer, the Iurea.w;a.s removed in élinear gradient
ﬁnﬁl the th:e; column was equilibrated with the original, native buffer. This process allowed
for slow rei"dlding of the proteins on the column. After dialy?iﬁ g ’thé protein sample in Buffer
‘MZ’ the sarpple was subjected to ion exchangé chroma_togré.phy as before, when the prgitgin
s@ple had never been denatured. This'time', ﬁowéver, an aéceptable separation between the
contaminant bands and the intact fusion protein was achieved with the linear NaCl gradient
(Figure 4-8). Therefore, initial denaturation of all the proteins in the crude cellular extract
with urea enabled the combination of affinity and ion exchange chromatographies to purify
His-S-CSS1.
Finally, yield of fhe recombinant pfotein was optimizéd by varying the growth and

induction temperatures and the IPTG levels. The optimum conditions were growth and
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Figure 4-7. Affinity chromatography using denaturing lysis conditions. Coomassie stained
SDS-PAGE gel showing the imidazole elution profile of His-S-CSS1 from a Ni**-Seapharose

resin.
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. Figure 4-8. Ion exchange chromatography using denaturing lysis conditions. Coomassie
stained SDS-PAGE gel showing the NaCl gradient elution of His-S-CSS1 from a Q-

Sepharose resion.
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induction at 27°é ‘and induction with‘iP’i‘G at 2mM The iﬁprovement in the recombinant
protein expressi;;ﬁ lie;vel whér'; 'cvompa}fe'df té) the %irllnitiyé'l expression conditions (growth and
induction at 37°C, 1 mM IPTG) was quite remarkable. For the gel shown in Figure 4-4, the
bacterial cultﬁre was grown and induced normally. Each lane of the gel was loaded with 20
ul from 1 ml fractions, and the initial cell éulture volume was 8 liters. For the gel shown in
Figure 4-8, the lower'temperatures and higher IPTG concentration were used. However, each
‘. lane of this gel was loéded with only 2 ul from 1 ml fract_i;)ns, and t\he initial cell culture
-volume was only 1 liter. Given that tﬁe peak band intensitf_es in both gels are similar, the
amount of induction and/or protein s£ai)ility is greatlS' e:nhanced iund@r the optimized

expression conditions.

ATPase activity of recombinant CSS1
| To demonstrate that His-S-CSS1 was pererly refolded during its purification, we
performed afunctional assay to détermine whethef 'the chapefone exhibited ATPase a‘ctivity,»
K and if so, whether that activity could be s"timulate‘dr by an unf;olded pepﬁde substrate. Figure
:4-9 shows a basal ATPase activity of ~2.8 prnolte\A”I‘P/min/pmole enzymé. This rate was
stimulated to ~4.3 ﬁmole ATP/min/pmole enzyme when a 100-fold molar excess of RCMLA
was added to the reaction. This effect was dependent on the specific interaction of the
chaperone with aksubstrate sjﬁce an equal additiop of native o-lactalbumin did not result in
ATPase stimulation (dgta not shown). As in the case of native CSS1 purifieci from pea
stroma (Ivey et al., 2000), both the substrate levéls required and thé levels of basal and -
stimulated ATPase activity observed were similar to those fo£ DnaK (Liberek et al., 1991).
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Figure 4-9. ATPase activity of renatured His-S-CSS1. The recombinant Hsp70 displays
basal and peptide-stimulated ATPase activities. Spontaneous ATP hydrolysis must be

monitored because Hsp70's are very weak ATPases.
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Figure 4-9. ATPase activity of renatured His-S-CSS1.
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' DISCUSSION
Lessons learned in His-S-CSSl purification
Several factors contnbuted to the dlfﬁculty of purifying intact recombinant CSS1.
First, the afﬁmty column hkely did not bind the His-tagged protein exclusively and,
therefore, additional purification steps would have been required in any event. Second, the
si gnaturé trypsin cleavage site in Hsp.70’ s between the ATPase and peptide bindin g domains,
. which has been exploited By others'in structural studies (DeLuca-Flaherty et al., 1988),
worked to our disadvﬁntageThis is evidenced in Figures 4-5, 4-6, 4-7, 4-8, and 4-9, Where
the ATPase doméin rérnains zvlfter-. obvious proteolytic cleavage in vivo‘. Third, when not
subjected to denaturing conditions, the ATPaée ddmain, and ﬁosgibly other prdteins as well,
' fqrmed complexes with His-S-CSS1 " stable enough to withstand ion exchange
.chromatography and nati\;e electrophoretic elution. Fourth, the obsérvation that a His-tagged
protein; imidazole, and a divalent cation were not simultaneously soluble in aqueous buffer
was not intuitive, ‘but fequired e;(tensive trial and error to discover. Finally, the diyalent
cation Mg? was required for protein stability as discussed for pea CSSI in Chapter 3.
Therefore, we were initi;cllly reluctant to prbéeed with a purification protocol containing even
_ brief steps which lacked Mg*. |
Fbrtunatély, the protein s;)lubility difficulties were solved and purification proceeded.
However, we were unable to obtain the purified recombinant protein until we employed urea
in the initia1 lysis buffer. The purpose of urea was three-fold. First, the urea prevented any
molecular interaction weaker than‘_.that' of the _His-tag/Ni2+ interaction from occurring during

sample loading and washing, thefeby prev'ent‘ing any non-His-tagged protein from binding
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to the affinity reéin. Second, the urea prevented protein—proteiﬁ interactions which mlght
have lead to co-purificaﬁop of some unfolded protein witﬁ high éffinity for Hsp70’s. Third,-
the circumstances under whicil the urea was removed from the affinity column allowed each
molecule of the His-tagged proteins to refold independently from one another. Having fhe
proteins bound to a‘ sing14e NiZ* ion effectively isolated each protein molecule and prevented
intermoieculﬁr interactions which might have lead to aggregation.. Thus, réfolgﬁng was
carried ou_t in a virtual “infinite dilution” of the protein.

F(’ntunately, the ATPase fragment did not dimerize with the intact chaperone after
refolding. Whether dimerization must occur in vivo, or the stucture of the refolded ATPase
fragment.and/or intact His-S-CSS1 did not allow for dimerization in vitro, or some other
factor present tonly qnder mlldbuffer qpnditioné _pl'OII}OFGd dimerization is not clear. In faqt, o
there is little ‘;agreeﬁént on( whether tl:ie'A’l;i’déé domam is involved in dimerization at all
(Palleros et al., i§93; Richarme 'a‘nd Kohlyama, 1593; Benaroudj et al., 1995; Schonfeld et -

al., 1995).

Alternative Purification Methods

In the future, more Ifacile recombinant CSS1 purification meth‘odologies,‘which have
been used to purify other H;p70’s, may be developed. For exampie, a monoclonal antibody
~ generated against the relatively unique C-terminal peptide binding domain of CSS1 could
be employed in an antibody column to purify the protein in a single step, as in the case of
bovine cytosolic Hsp70 (Peake et al., 1991). We had no opbuﬂunity touse such a technique

since we did not have an antibody generated specifically against CSS1.
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Another thierr rnay“pe~ to enurp'iey;a‘ c'lenatr;lred ?eptide covalently borlnd onacolumn.
A mi'xture‘ of yea;st: ﬁsp’]Q’ S froxrl a crude ex‘t_r;ret“were plrrified using immobilized, denatured
alcohol oxidase V(E\./ers. et'al., 1'.9‘93). In orlr ]aborat:or);, we ha\re a colurrrn to which SStp is

‘bound at its C-terminus. However, we decided not to use it to purify His-S-CSS1 from a

crude lysate for severa1 reasons. First, SStp is extremely sueceptible to preteases in crude E.
coli extracts (Ivey and Bruce, 2000), probably because of its unfolded natrlre in aqueous
solution (Bruce, 1998). Second, we suspected that CSS1 would bind not only His-S-CSS1,
but also DneK, GroEL (Hsp60), and a host of other molecuiar chaperone contaminants. . °
Third, we have erlly a few miilliliters of the column prepared, whieh is difficult to prdduee
and vwas originally intended for use with purified protein components.

Finally, perhaps the most interesting CSS1 purificatie'n system to enrploy would be
an affinity tagged form of CSS1 expressed in the plant itself, s.imil_ar to His-tagged SSC1 in
yeast mitochondria (Kube et al., 1999). One-step fiur‘ificétiorl from the organelle would be
relatively simple and possibly rewarding. First, the protein expressed homelogeusly would
most likely. remain inract. Without His-tagged -fragments, purification would much less
complicated. Second, other proteins of interest in protein folding and profein import may co-
purify with CSS1 due‘to pre-existing complexes formed in vivo. This technique could be
used to purify and clone chloroplast homologs of the co-chaperones DnaJ and GrpE. More
importantly, this methoci, coupled with controlled membrane solubilization, could show
whether Tic40is the CSS1 membrane ancher, which could ultimately demonsrrate that CSS1

is the translocation motor of chlorplast protein import.
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Chapter S-Phylogenetic and Biochemical Characterization

- of the Major Stromal Hsp70. CSS1 -

ABSTRACT

Although Hsp70s have been isolated in complexes containing chloroplast .
precursor proteins and the triajo; stromal Hsp70, CSS1, binds'r transit peptides
' specifically, the role of Hsp7d involvement in chlqroplast protein import femajns unclear.
Also, little characterization of the chloroplast chaperone itself is in evidence. The Hsp70
class of molecular chaperones is conserved throughout biology, and we have performed
phylogenetic analyses with many recently available sequences of Hsp70s from
cyanobacteria, ;lgae, and higher plants—from several cellular compartments—to support
the theories of prokaryotic chloroplast origin and evolutionary divergence in eukaryotic
Hsp70s. We have also purified CSS1 from pea and tested it for several known Hsp70
functions including ATPase and autophésphorylation activities, cation and pH
dependencies, co-chaperone interaction, and protein folding. These results are discussed

in the contexts of Hsp70 evolutionary conservation and the chloroplast protein import

system.

INTRODUCTION

The " vast fna}ority of org.‘an‘elie-bound‘ precursor proteins synthesized in the
cytosol contain hecéssary and sufﬁciéﬁt tdrget.iﬁ‘g)"information within their amino acid
sequences (reviewed in Schatz and Dobberstein, 1996)‘. Targeting sequences of the same

precursor from different organisms lack, in addition to any significant secondary
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structure (von Heijne et al., 1991; von Heijne and Nishikawa, 1991), high sequence
similarity. Furthermore, unrelated precursors share almost very low sequence similarity,

even though they might be targeted for the same organelle and share a common import

pathway. Because of this lack of similarity among targeting sequences, most models of -

organellar protein import include a hoinoldg of the Hsp70 class'of molecular chaperoneé
attached peripheraﬂly as a molecular motor (Craig et al., 1989; Ostermann et al., 1990;
Scherer et al., 1990; Brodsky et al., 1995; Schatz and Dobberstein, 1996). Hsp70s are
well known for their degenerate: péptide substrate specificities and their ability to bind a
diverse set of unfblded;protéiiis (Foqi‘ié et alg, 1”9I94'; Rudiger et al., 1997).

The major chloroplast Hs“p7l0'homolog, CSS1 (Chloroplast Stress-Seventy 1)
forms a stable complex in vivo and in.vitro with the chloroplast targeting sequence, or
transit peptide, of the ‘précumor for the s_mall subunit of Rubisco (ribulose-1,5-
bisphosphate carboxylase/oxygenase) Cvey and Bruce, 2000). Likewise, significant
interaction between mitochondrial presequences and DnaK, a prokaryotic Hsp70
homolog, has been reported (Zhang et-al., 1999). Unlike the mitochondrial system, no
cleﬁr agreement that the Hsp70 class of molecular chaperones is involved in protein
import to the chloroplast exists (Soll and Waegemann, 199‘2; Nielseﬁ et al., 1997).
However, recently reported statistical arguments for Hsp70 affin-ity for transit peptides
are quite compelling (Ivey et al., 2000). Not only are virtually all transit peptides
predicted to bind Hsp70s, but a significant majority are expected to share high affinity at
the N-terminus of the targeting sequence, moderate affinity in the middle, and little if any
affinity at the C-terminus. This region-specific affinity, while not direct evidénce of

CSS1’s role as an ATP-driven molecular motor in chloroplast protein import, provides
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the only ;étionale for the. almost complete lack (;f primary sequence similén'ty among
transit peptides anld 'for the uni-directional movement of precursor proteins across .the
chlqroplést envelope. |

- In this study, we relate CSS1 to the Hsp70 class of molgcﬁlar chaperones at—large. 4
Many algal and higher_ plant Hsp70s have been cloned receﬂtly which provided the basis.
for inedep-th phylogenetié -compan'sons and other analyses. Therefore, we first report the
evolutionary conser‘vatioﬁ and divergence of Hsp70s with emphasis on the origins of
chloroplastic homologs. We also outline a novel purification strategy using denaturation ‘
and on-thé-cAolumn refolding techniques to achieve an active, soluble, and Anionon_leric
enzyme specigs. Finally, we show that CSS1 behgves similarly to other Hsp70s in vitré
: with {espect to ATPase and autophbsphofyléfibh activities. These resulfs provide insiéht
into th(; gommbhaiities 'of Hsp70 function éﬁd- fhérefore 1end credence to the argument

~ for CSS1 involvement in ‘chloroplast i)fotein import.

MATERIALS AND METHODS
Sequence similarity analyses
Hsp70 protein sequences were acquired f;om the GenBank protein sequence . -
‘ datai)ase ‘between 10/28/98 . and 11/2/98. Accession numbers are as foll-ows:
Synéchococcus DnaK 2, 1706478; Synechocystis 'DnaK 2, 118730; Cyanella (chloroplast-
encoded, ct.), 1016208; ct. Cryptomonas, 99343; ct. Porphyra, 2147178;. ct. Pavlova,
'232002 ; ct. Cucumber, 1143427 ; ct. _'Watefmeldn, 092815; ct. Spinach, 2654208; ct.
Pea, 399942; ct. Chlamydomonas, 1225970; Synechosystis DnaK 3, 3122023; Ana'baena,
I2073390; Synechococcus DnaK 3, 1706479; Synechoby;tis DnaK .1, 2495354;
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Synechococcus DnaK 1, .1706477; A}'abidopsis (cytosolic, cy.), 3043415; cy. Rice,
763160; cy. Spinach, 2642648; cy.‘ Maize, 123593;' cy. Torﬁafo, 2119719, cy. Wheat,
2827002; cy. Pea, 1771479; cy. Soybean, 123601; cy. Chlamydomonas, 81239; Tomato
(endoplasmic reticulum, er:), 1346172; er. Soybeaﬂ, 2642238; er. Tobacco, 729620; er.
Maize, 1571520; er. Rice, 024182; er. Arabidopsis, 1303695; er. Spinach, 388065; Pea
) (mitbchondrial, mt.), 20835; mt. Kidney Beaﬁ, 22636; mt. Potato, 300264; mt. Spinach,
049045; ct. Daffodil, 1839631; ct. Squash, 421811, ct. Maize, 6478933.
The amino acid sequence of each Hsp70 was divided according to the consensus
pentapgptide sequence, DIY‘I\L,ﬂbgtWﬁerj' the N-terminal ATPase and C-terminal peptide-
binding dofngins’ (approximalt.elx rés@due" 383) prior to analysis via the Clustal Method
(Higgins and Sha;rp’,ﬁ_1.988;.‘Thor‘npson:ef al., 1—994; Higgins et al., 1996). For Hsp70s with
cleavable N-terminal targeting seciuences, the consensus pentapeptide sequence, VGDIL,

was chosen to'signify the N-terminus of the ATPase domain.

Purification of Hsp70s, co-chaperones, and SStp

Native CSS1 from P. sativum was pﬁﬂfied as described previously (Ivey et al.,
2000). Briefly, CSS1 was purified from 14 day old cotyledons using an affinity
chromatography method similar to that used to isolate bovine clathrin uncoating ATPase,
or Hsc70 (Schlossman et al., 1984). Fractionated stroma was prepared (Bruce et al.,
1994) and dilufed 1:10 with Buffer M [20mM HEPES (pH 7.5), 20 mM NaCl, 2.5 mM
Mg(OAc)z, 1 mM DTT, and 0.1% Triton X-100]. The sample was loaded onto an ATP-
agarose column (Sigma, Catalog #A-2767) which had been pre-equilibrated with Buffer
M at 4°C. The column was washed with Buffer M, then with Buffer M containing 1 M
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NaCl, and finally with Buffer M again. Finally, CSS1 was eluted with 10 mM ATP in
Buffer M titrated to pH 7.5. Eluted fractions containing CSS1 were dialyzed and
concentrated into Buffer M by ultra-filtration against a 30 kD MWCO membrane,
aliquoted, and stored at -85 Oc.

DnaK was purified as described previously (Ivey and Bruce, 2000). Briefly, E.
coli BL21 cells transformed with pGEX-2T-SStp were grown to a cell density
corresponding to an ODg, of 0.6, induced with 100 pM IPTG for one hour, pelleted,
resuspended, and lysed by sonication on ice in PBS, pH 8.0 containing 1% (v/v) Triton
X-100, 1 mM DTT, 5 mM EDTA, 2 uM leupeptin, 2 uM pepstatin, 1 mM PMSF, 5 mM
1,10-phenanthroline, and 3 mM ADP. The lysate was centrifuged at 25,000 x g for 30
min at 4°°C. The resulting supernatant was then loaded at 4 °C onto a column of
glutathione-Sepharose (Pharmacia). The column was first washed with PBS containing
1% Triton, then equilibrated with DnaK elution buffer (PBS, pH 8.0 containing 2 mM
MgCl, and 50 mM KCl). DnaK was eluted with 3 mM ATP in the same buffer. After the
column was equilibrated with thrombin buffer (PBS, pH 8.0 containing 2.5 mM CaCl,),
thrombin was then added onto the column in the same buffer and allowed to digest the
fusion protein for 4-6 hours. SStp was then eluted with thrombin buffer. Eluted fractions
containing DnaK or SStp were dialyzed and concentrated into Buffer M by ultra-
filtration, aliquoted, and stored at -85 °C.

Hsc70 from V\;heat germ was purified as described previously (Miemyk et al.,
1992). Briefly, pulverized wheat germ was steeped in an appropriate buffer and

centrifuged to remove particulate matter. The supernatant was applied to an ATP affinity
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matrix (Sigma). After washing, Hsc70 was eluted with 10 mM ATP. After dialysis into
Buffer M, the protein was concentrated, aliquotted and stored at —85°C.

His-tagged forms of AtEl from A. thaliana (Accession #1498064) and MgE1
from S. cerevisiae . (Accession #585221) were purified using techniéues described in
Chapter 4 (Ivey and Bruce, manuscript in preparation). Briefly, E. coli BL21(DE3) cells
were transformed with either pET30a-CSS1, pETXXXX-AtEl, or pETXXXX-MgEl.
Each of the cultures of 41 was. grown to a cell density corresponding to an ODg, of 0.6 at
37°C, and induced for three hours with 1 mM IPTG. After.induction, the cells were-lysed -
in Buffer M containing 6 M urea using a French Prf;ssure cell. Each lysate waé clarified:
via centrifugation at 50,000 x G for one hour at 4°C. The crude supernatant was then
applied- to a nickel-charged, 'chelating affinity ‘matrix (Pharmacia) equilibrated in

- denaturing Binding Buffer according to a Novagen protocol. After the resin was washed
with Binding Buffer containing 6 M urea, the buffer was chaﬁged to native Binding
Buffer through a linear gradient over 10 colﬁmn volumes and two hours at 4°C. Then,
either refolded Aﬁl or MgE1l was eluted from the resin with 1 M imidazole. AtE1 and

‘ MgEl eluted as pure, intact proteins. fract‘ions from the affinity chromatography

containing each of the fusion proteins were pboled and dialyzed against Buffer M,. After
dialysis, Mg(OAc), was added to 2.5 mM. The protein samples were concentrated via
ultrafjltration using a 16 kD MWCO membranf:, aliqliotted, and stored at —85°C.

Purified forms'.of E. coli Dnal (Acé;assion #1786197) and GrpE (Accession

#462364) were purchased: from StreésGen Bic'>techjnologies Corporation (Victoria, BC). -

RCMLA and native o-lactalbumin were purchased from Sigma. The N-terminus of the
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mature form of CSS1 from P. sativum was determined by automated peptide sequencing
using the Edman method (reviewed in Walsh et al., 1981) at St. Jude Children’s Research .

. Hospital.

ATPase assays

Hsp70 ATPase activity was measured as described in Chapter 3. Briefly, each 50
. W reaction con‘tained His-S-CSSi, unlabeled ATP, and [y-’P]ATP and lwas incubated at
37 °C. Peptide substrates were provided at 100-fold molar excess relative to the
chaperone. Aliqppts gf t.he< reéétidn rixture wére withdrawn -at regular intervals and
mixed with 1 ml of 50 mM'HCI /5 mM H,PO, éontaiﬁing 7% (w/v) activated charcoal.
After microcentrifu'éation, 200 N aliquoté of th;a free 32p,containing supernatants were
removed and counted via scintillation. Observation of spontaneous ATP hydrolysis was

- necessary because Hsp70 ATPase activities are extremely low.

Autophosphofylation of CSS1

His-S-CSS1’s autophosphorylation activity was tested essentially as aescﬂbed
previously for DnaK (Zylicz et al.', 1983). Bﬂeﬂ;', 50 ul reactions containing purified
* CSS1 in Buffer M, were incubated for 30 nﬁnutes in the presence of 50 uM total ATP
(unlabeled and [y—”P]A’fP,) and varying concenUaﬁons of either MgCl,, MnClz, or CaCl,.
The protein was precipitated with TCA to remove uﬁincorporated [*P], wéshe_d .with
acetone, and countéd via a scintillation ’c‘ounter. In the cétion dependence studies, the

buffer was set to pH 7.5.
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Luciferase fefolding assays

Luciferease was renatured using molecular chaperone systems essentially as
previously described (Scﬁumacher et al.,, 1996). Briefly, 100 nM Firefly Luciferase
(Promega) in Stability Buffer (25 mM Tricine-HCI, pH 7.8, 8 mM Mg(OAc),, 0.1 mM

EDTA, 10 mg/ml BSA, 10% glycerol, and 0.25% Triton X-100) was denatured to less

that 1% of its original catalytic activity by incubation at 42°C for 15 minutes and

subsequent incubation on ice for 10 minutes (data not shown). Refolding samples of 100
ul containing 5 nM luciferase, 1 uM each of chaperone and co-chaperones, and 50 uM
competitor were prepared in Refolding Buffer (10 mM: Tris-HCI, pH 7.5, 3 mM
Mg(OAc),, 50 mM KCI, 2 mM DTT, and 4mM ATP) and incubated at 22°C for two
hours. At 30 minute ipteryals, 5 uliof each reaction was added to 120 ul of Assay Buffer
25 mM Tricine-HCl, pH 7.8, 8mM Mg(OAc);,'»O.l mM EDTA, 8 mM DTT, 100 uM D-
luéiférin, 240 MM cOenzymt_é,A, and 0.5 mM ATP). Microtiter plgtes were blocked for 1
hour at 37°C with Bufferv M containing 1% gelatin prior to sample additibn. \Light
production was measured immediately on a luminometer. In all experiments, recovered

luciferase activities were compared to samples which had not been denatured at 42°C.

Molecular modeling |

The peptide-binding domain of CSS1 (residues 450-608) was modeled after the
X-ray crystal structure (Zhu et al.;, 1996) of the peptide-biﬁd_iqg dbmain of the
prototypical Hsp70, DnaK (residues 389-597). First, the DnaK/peptide structural

coordinates were downloaded from the Protein Data Bank (Brookhaven). Then, using the
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software Insight II (1995 version), the aftiino acid compositions were changed to those of

CSS1/SStp. All su‘bseqﬁent ca'lculatiéns ;Nere'carried out using the AMBER force field
(Weiner et al., 1986) interfaced with the molecular mechvanics package DISCOVER
(BIOSYM/Molecular Simulations) opérating on a Silicon Graphics Indigo-2 workstation.
After restrained conjugate gradient minimizations (500 iterations), random structures

were generated by subjecting the model to unrestrained dynamics at 600 K for 10 ps.

Then, ‘r‘fo~1ding” was simulated through a series of restrained (X-ray coordinates for-

DnaK imposed) molecular dynainics (1 ps) at 400, 350, and finally 300 K, with a final

restrained conjugate gradient minimization until the r.m.s. derivative was less than 0.01 -

kcal/A. Molecular modeling calculations were carried out with a 2-atom-thick water shell

with a dielectric constant of 80.. :

RESULTS
Ew.'olutionary conservation among chloroplastic Hsp70s

Although cyanobacteria contain three distinct classes of prototypical Hsp70s,

" higher planté and algae express only one as the major stromal form, CSSI1. Figure 5-1.

illustrates this point with phenograms for both the highly conserved N-terminal ATPase
domain as well as the C-terminal peptide binding domain. Not. surprisingly,

cyanobacteria Synechococcus and Sjnechocystis share at least some similarity among all

three CSS classes. Interestingly, all chloroplast-encoded algal and nuclear-encoded

higher plant CSS1’s are most homologous to Class 2 cyanobacterial Hsp70, clearly

demonstrating that Class 2 is the progenitor of the evolutionarily conserved, major
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Figure 5-1. Phenograms of the three classes of Hsp70 present in cyanobacteria, algal

‘ chloroplasts, and higher plant chloroplasts. The N-terminal ATPase and C-terminal peptide-

binding domains are analyzed separately. Chloroplasts from both algae and higher plants

show the highest sequence similarity with Class 2 cyanobacterial DnaK.
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stromal Hsp70 for both algae and higher plants. Further analysis shows the expected
patterns of higher similarity between the displayed members of cyanobacteria, algae, and
plants, respectively. The lone exception is Class 1, showing little similarity even among"

cyanobacteria.

Higher plant vHsp7.0 similarit)" |

As in mammalian systems, Hsp70 similarity in higher plants and the alga,
Chlamydomonas is based primarily on compartmentahzatron Although an earlier work
suggested this concept with much fewer examples (Mremyk 1997), the phenograms in

Figure 5-2 strongly supports this and :several other points as well. First, the more recently

o evolved eukaryotlc Hsp70 homologs res1de in the cytosol and ER. For all higher plant

and Chlamydomonas examples shown the cytosohc and ER Hsp70s show less variance
b_etween each other than any other p_ossible comparison. This argument holds‘for both the
l‘\l‘:terrrﬁnal ATPase domain as well as the C-terminal peptide binding domain. Seeond,
plastidic and mitochondrial forms share less simllarity between each other or to either the
c};otosollc or ER forms. These data suggest:three distinct evolutionary origins for the
Hsp70s shown _here: eukaryotic,» plastidic, and mitochondrial.Third, while
Chlamydomonas cytosolic Hsp70 (_CcHsp70) is : most distantly related within the
cytosolic Hsp7t)s, it is even | more distantly related to any other sequence shown.

Therefore, CcHsp70 suggests an evolutionary link between higher plants and algae.
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Figure 5-2. Phenograms of cytosolic, ER, plastidic, and mitochondrial CSS1 from higher
plants. The N-terminal ATPase and C-terminal peptide-binding domains are analyzed

separately. Similarity relationships are based on subcellular compartmentalization.
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The true N-terminus of CSSs1

,After confirming the unblocked N-terminqs of CSS1 purified from pea, we
compared the transit peptide;s and SPP cleavage sites frbm higher plant CSS1 sequences

/
(Figure 5-3). The -transit Ape‘:ptide.s~ for cucumb}er, watermelon, spinach, and pea CSS1
share a moderate leye;l of simil_‘;rity,,(e‘St:}%).' In. gpntgast, their predicted SPP cleavage sites' ,
and mature N-termini are identica1<?from po§itiog -3 to +7. These observations agree with
documented levels of similarity between transit peptides and Hsp70s, respectively (Gavel
and von Heijne, 1990; Boorstein et al., 1994).

Interestingly, pea CSSl’s true SPP cleavage site is IvS YEKV, which is shifted
N-termihally by t:hree~a‘mino acids relative to it’s bredicted cleavage site (Emanuels;on et -
ql., 1999‘).: Although not in agreement with the neural network consensus sequence for -
transit peptides or the older consensus, R-(X)3-I/V-R-A/CVC (Gavel and von Heijne,

' 1990), of CSS1. Our data are corroborated by previously sequenced N-termini of

daffodil, squash, and maize CSS1.

Chaperone and co-chaperone purification
Figure 5-4 is a demonstration of of the purification of chaperones and co-

chaperones not seen previously. The 68 kD native form of wheat germ Hsc70 is shown in
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Figure 5-3. The predicted vs. the experimentally confirmed N-terminus of CSS1 in
higher plants. The stromal processing protease does not cleave CSS1 at the predicted site,

but three residues tpward the N-terminus.
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Mature N-terminus
(from sequencing)

Figure 5-3. The true N-terminus of CSS1.
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Figure 5-4. Purification of chaperones and co-chaperones. Coomassie stained SDS gel
' demonstrating protein purity: 1) MW_Stapdards; 2) Hsc70 from wheat germ; 3) AtE1 from

A. thaliana; 4)'GrpE from E. coli; 5) MgEl from S. cerevisiae; and 6) Dnal from E. coli.
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lane 2. Lanes 3 and 5 show His-tagged forms of AtEl1 and MgEl1, respectively. Both
proteins were refolded on the nickel-chelating affinity column. Finally, native forms of
GrpE and Dnal, purchased from StressGen Biotechnologies Corp. are shown in lanes 4

and 6, respectively.

Comparative Hsp70 ATPase activities

As a primary indicator of CSS1 function, we performed a functional assay to
determine whether the chaperone exhibited ATPase activity, and if so, whether that
activity could be stimulated by an unfolded peptide substrate. Figure 5-5 (middle panel)
shows a basal activity of ~1.§ plﬁoie ATP/min/pniole enzyme. This rate was stimulated
to ~3.3 pmole ATP/min/pmole enzyme when a 160—fold molar excess of RCMLA was
added to the reaction. This effect was depéndent on. the specific interaction of the
chaperone with a substrate since an equal addition of native ot-lactalbumin did not result
in ATPase stimulation (data not shown). As'in the case of native CSS1 purified from P.
sativum stroma, both the substrate levels required and the level of stimulation observed
were similar to those observed for DnaK (Liberek et al., 1991). For comparison, identical
ATPase assays were performed with E. coli DnaK (Figure 5-5, top panel) and wheat
germ Hsc70 (Figure 5-5, bottom panel). The basal and stimulated ATPase activities for
DnaK were 1.2 and 4.6 ATP/min/pmole enzyme, respectively; for Hsc70, 0.6 and 2.5

ATP/min/pmole enzyme, respectively.
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Figure 5-5. ATPase activities of "Hsp70s. The basal (solid squares) and substrate
stimulated (solid pircles) ATPase activities of E. coli DnaK (A), His-S-CSS1 (B), and

wheat germ Hsc70 (C) are shown.
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- Cation eff:ecfs and pH optima for CSS1 Activities
CSS1’s enzymatic activities were further characterized by determining the pH
optima for the chaperone’s ATPase as well as its autophosphorylation activities. Figure
5.6 shows pH profiles for both. As-in the case for DnaK (Zylicz et'al., 1983), CSS1
. shcwed a marked difference in pH ‘optima for these tWo activities. The ATPase optimum
was ~7.5, while the autophosphorylation optimum was ~6.2. Therefore, at physiological

pH, the ATPase activity, which is the normal catalytic activity during non-stress

conditions, would be predominant, whereas the autophosphorylation activity would

" appear to be triggered by stress.

In addition to stimulation at lcw pH, autophosphorylation of CSS1 was stimulated
specifically'by Ca*. Figure 5-7 shows,autophosphorylation as a function of increasing
concentration of magnesium calcium or manganeseions Only high concentrations of
- Ca? much h1gher than thosel requlred by protem kinases involved in signal cascades,
'such as Ca +/Calmodulm kmase ]I (Nalrn and Greengard 1987), stimulated activity.
While the calc1um requ1rement in vivo ma); be much lower than seen here, our results
vagree with other data concerning stimulation of DnaK’s autophosphorylation activity

(Cégielska and Georgopoulos, 1989; Dalie et al., 1990).

ATPase stimulation of native CSS1 by co-chaperones
These results show that CSS1 by itself exhibits basal and peptide-stimulated

ATPase activities (Ivey et al., 2000). However, in every prokaryotic and organellar

system thoroughly studied to date, Hsp70s can function with at least two co-chaperones




Figure 5-6. pH optima for ATPase and autophosphorylation activities of CSS1. The pH
optimum for ATPase activity is ~6.2, which is well below physiological pH; for ATPase

activity, ~7.5, which is within the physiological pH range.
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Figure 5-6. pH optima for ATPase and autophosphorylation activities of CSS1.
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Figure 5-7. Calcium stimulation of CSS1’s autophosphorylation activity. Unlike calcium,
neither magnesium nor nianganese stimulates CSS1 autophosphorylation. The calcium

requirement for peak stimulation is 16 mM, which is well above the physiological range.
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Figure 5-7, Ca™ stimulation of CSS1's autophosphorylation activity.

169



which are homologs of bacterial DnaJ and GrpE, which stimulate ATP hydrolysis and
nucleotide exchange, respectively (reviewed in Brodsky, 1996). Since no chloroplast co-
chaperone homologs were available for analysis, we chose one DnaJ ‘(from E. coli) and
three GrpE horhologs (from E. coli, A. thaliana éytosol, and S. cerevisiae mitochondria)
to examine possible co-chaperone stimulaltion of the ATPase cycle of CSS1.

Table 5-1 summarizes the results of native CSS1’s basal and co-chaperone
stimulated ATPase activities. The basal activity of 1.7 pmol ATP/min/pmol CSS1 is only
two-thirds the activity previously_,reported (Ivéy et al., 2000), However, batch-to-batch
variation is not uﬁcofnmon in such eﬁzyme preparatiohs. All of the results shown are
averages from triplicate expefiments using the same batch of CSS1.

Surprisingly, DnalJ alone did not sigﬁificantly stimulate CSS1’s ATPase activity.
Of the three GrpE homologs, only tﬁe bacterial form stimulated activity beyond standard
deviation limits: Since; GrpE had a greater stimulatory effect on activity than Dnal,
nucleotide :‘exchar;;ge 'rﬁay be a ‘m.or;: lirr'liting.factoAr than ATP hydrolysis in the overall
ATPase cycie. . | o

When héterologous versions of the eﬁtire DnaK/DnaJ/GrpE molecular chaperone
machine were reconstituted, only those versions containing “prokaryotic” components
G.e., evblutionarily conserved from prokaryotic origins) exhibited ATPase activity
4significantly higher than the basal. MgE1 as well as GrpE, in combination with Dnal,
stimulaitéd CSS1 ATPase activity, whereas AtE1 was not significant as a nucleotide

exchange factor by Dnal.

170



Table 5-1. Co-chaperone stimulation of CSS1 ATPase activity. All assays were conducted

in triplicate. Activities are shown with standard deviations.
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Table 5-1. Co-chaperone stimulation of CSS1 ATPase activity.

| pmol ATP/min/ Fold
Hsp70 DnaJ G-rpE | pmol CSS1 Stimulation
(1 molar eq.) (2 rﬁolar eq.) (2 molar ed.)
CSS1 - - 1.7+£0.3 1x
CSS1 E.coli - 1.8+£04 1.1x
CSS1 - MgE1 2.1+£03 1.3x
CSS1 - AtE1)  2.2+0.4 1.3x
CSS1. - E. coli 3.9+0.2 2.3
CSS1 E.coli MgE1 2.7+0.4 1.5x
css1 - E. coli AtE1) 21+02  1.2x
E. coli E. coli 5.3+0.2 3.2x

CSS1
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Interestingly, CSS1 was stimulated most (~3-fold) by the E. coli co-chaperones.
Whether the co-chaperones functioned better with each other and/or CSS1 to produce this
effect is unknown. However, given that CSS1 is more closely related to DnaK than
mitochondrial or cytosolic Hsp70s (Ivey and Bruce, manuscript in preparation), it is
appealing to think that CSS1 would function better with bacterial co-chaperones than

with mitochondrial or cytosolic ones.

CSS1-mediated recovery of luciferase activity and SStp competition

DnaK and CSS1 have been shown to bind SStp (Ivey and Bruce, 2000; Ivey et al.,
2000), and CSS1’s ATPase activity is stimulated by SStp and bacterial co-chaperones
(Ivey et al., 2000). However, the ultimate test of any chaperone is to repeatedly bind
proteins trapped in non-native states in order to allow for recovery of protein function.
Renaturation of luciferase, denatured by heat and trapped in an unfolded conformation,
by the Hsp70 molecular chaperone machine has long ‘been established (Hendrick et al.,
1993; Schroder et al., 1993; Schumacher et al., 1994; Szabo et al., 1994). To further
characterize CSS1 as a legitimate chaperone, we performed luciferase refolding assays,
substituting CSS1 for DnaK.

Though CSS1’s ATPase activity was only stimulated 3-fold by DnalJ and GrpE,
refolding of luciferase was entirely dependent on addition of the co-chaperones (data not
shown), which is consistent with earlier studies (Schumacher et al., 1994; Szabo et al.,
1994). Therefore, all experiments were performed using CSS1 and Dnal, with GrpE as

the reaction initiator.
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Figures 5-8A and 5-8B show luciferase a'cti‘vity recovery mediated by DnaK and - ‘

CSS1, respectively. Initially, no recovefy of luciferase activity could be observed. After

many attempts, it was concluded that the microtiter plates, which awere dvertised as

having a low affinity for non-specifié pro-tein' inferactions, required additional blocking
by gelatiﬁ.
- Both data sets were normalized to 100% of thé recovéréd acﬁivity of any sample

within each set of experiments. Overall, ﬁnaK was able fo fécilitate recovery of |
approﬁimately 11% of the original luciferélse activity prior to denaturé.tion, whereas 
CSS1 only helped recover approximately 2% activity withip 2 hours. However, recovery

seemed to approach a ‘plateau with DnakK, whereaé recovery proceeded at a linear rate in

. the experiments with CSS1. Therefofe, the data suggest thgt, given enough time, CSS1

'may renature as much luciferase as DnaK. The appa;‘enl discrepancy may be due to

differences in cooperation between the homologou's. and heterologous chaperone

machines.

As in the cases of Hsp70 binding and ATPase activify stimulation (Ivey and

Bruce, 2000; Ivey et al:, 20(,)0),_‘ RCMLA and- SStp competed efféctively in this in vitro

assay to affect» Hsp70 activity. At _10,000—fol'd"v'molAz%rl excess, both unfolded competitors

red;lced luciferase recovery to background IQ\?qls (negative control not showﬁ). In

contrast, nati\:/e OL-'lactalbumin appeared to slightly stimulate luciferase reco;)ery in both

cases, possibly by blocking the microtiter plates from non-spec;iﬁcally binding dehqtured .

luciferase. Overall, the data demonstrate that CSS1. is able to productively
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Figure 5-8. Luciferase renaturation by Hsp70s. Recovery of luciferase activity is based
as a percentage of the total activity recovered in 2 hours for DnaK (A) or CSS1 (B) in

individual experiments.
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Figure 5-8. Luciferase renaturation by Hsp70s.
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function in a chaperone machine to recover the enzymatic activity of luciferase and that

unfolded physiological substrates can compete with luciferase for chaperone binding.

CSS1 and DnakK bind unfolded peptideé “virtually” identically

Other questions of CSS1 functionality remain. For example, how does CSSI
REALLY bind peptide substrates? Since no structural data for CSS1 is available, our
laboratory simulated CSS1-peptide binding using DnaK as a model. Fi gure 5-9 shows the |
imposition of two peptide-binding- domain structures: (1) DnaK (red) binding the
sequence NRLLLT (yellow), and (2) simulated CSS1 (blue) binding a seque'nce fron; the
N-terminus of SStp, ASMISSS (white). The virtual CSS1/SStp structure was generated
by modeling after a known DnaK/peptide structure (Zhu et al., 1997) and then simulating
denaturation and refolding. Even after compléte structural randomization, CSS1's
peptide-binding domainy was predicted to refold into a tertiary structure which strongly
resembles that of ]jnaK. The B-sheet ‘peptide-binding “pocket” just underneath the
peptide substrate is very similar to that of Dnak, as is the a-helix “lid” situated above the
B-turns. Not’ suprisingly, the SStp fragme'nt océupies the binding site in an extended

conformation. .

DISCUSSION
Evolutionary conservation of CSS1
Algae and higher plants appear to have universally conserved a homolog from

Class 2 of the cyanobacterial Hsp70s as the major stromal isoform of the chaperone. The
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.Figure 5-9. Molecular Modeling of CSS1. Peptide-binding domains of DnaK (red) and
CSS1 (blue) binding the unfolded peptide substrates NRLLLT (yellow) and ASMISSS

(white), respectively.
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highly conserved gene is higly expressed in cyanobacteria, chlqroplast-encoded in algae,
and nuclear-encoded higher plants. This genetic trail strongly 'suggevsts a direct
evolutionary line from cyanobacteria to algae chloroplasts to plant chloroplasts.
Strikiﬁgly, similarity is conserved even in the more variable peptide binding domains of
the chaperone, further suggesting long-term retention of substrate specificity.

Another feature common to chloroplasts and cyanobacteria is the number of
Hsp70 homologs present in each. Three homologs have been detected.in pea chloroplasts
(Marshall et al., 1990), although only CSS1 has been cloned (Marshall and Keegstra,
1992). CSSZ and CSS3 are expressed at much lower levels than CSS1 and, upon cloning,
their mature do;najns may exhibit high sequence siﬁlilarity with Class 1 and/or Class 3
cyanobacterial DnaK’s. Alternatively, mitochendrial and/or the “eukaryotic Hsp70s” may
have evolved from Class 1 and/or Class 3 DnaK, since the phenograms in Figure 5-2
suggest three predecessors for the major groups of higher plant Hsp70s: eukaryotic,
mitochondrial, and plastidic. The latter two organellar systems, while believed to have
evolved through endocﬁetie events; shglre h‘i”gher einﬁlarity through CSS1 conservation
than either do With'mor‘e re‘cehtly( evolved‘higﬁer plants which also encode, in the
nucleus, cytosolic and ER homologs (‘AB‘osto:n e't aﬂ., 1996; Miemnyk, 1997).

Transit peptide evolution and conservation are much less obvious. Cyanobacterial
Hsp70s do not require organellar targeting and therefore contain no targeting information
in their amino acid sequences. The algal CSS1’s shown are chloroplast- encoded and are
synthesized in the same cellular compartment in which they function, thereby bypassing
the need for a transit peptide. Higher plant CSS1 transit peptides, unlike mature precursor

domains, share little similarity, even between precursors of the same protein .from
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different organisms (von Heijne et al., 1991). Even the most recently developed a priori
primary sequence-based prediction methods cannot accurately forecast either transit
peptide identification (~80% accuracy) or cleavage site. (~60% accuracy) given a
chloroplast precursor sequence (Emanuelsson et al.,‘ 1999). Therefore; the most likely
basis for the common functions of transit peptides—targeting, interaction with the
translocation mzichinery, and presentation of the precursor to the stromal processing
protease—is probabiy founded in secondary structural properties (or lack thereof) and/or
interaction with ;iprotein(s), such as CSS1, which hzis the cépacity to accommbdate such
diverse sequences. - |

Functi'"ognal,. éharacieriigiiioii of CSSl D S

CSSI displt‘a);ed -wiid—'typé i:hé.ractefistiéé“. for ATPase activity, both basal and
peptide-stimulated. These activities are similar to those of other Hsp70s, of both
prokziryoti.c and veukaryotic origin. In all cases, the Hsp70s exhibited a marked
stimulation by‘additibn of the permanently unfolded protein, RCMLA, a model substrate,
presumabiy by stimulating nucleotide exchange (Sadis and Hightower, 1992).

CSS1 also behaved similarly to E. eoli DnaK in terms 6f pH optima for ATPase
and autopiiosphorylation activites. The reason for the difference in‘the pH optima for
these two aciiv,ities is significant. Under healthy growth conditions, the ATPase activity
is favored. Therefore, Hsp7(i functions normal.lyvin the cell. In fact, normal cycling with
co-chaperones and pepticie ;ubSUates along with_ nucleotide exchange actually inhibitg
Hsp70s autophosphorylation activity (Panagiotidis et al., 1994). Stress conditions on the

other hand, such as high temperature (Sherman and Goldberg, 1993) or low pH (Zylicz et
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‘al., 1983),. stimulate both the ATPase and. autqphosphdrylatioﬁ activities of Hsp70s,
'providing. the chaperone with an enhanced. ability to bind fragile proteins, and prevent
" misfolding and aggregation (McCaﬂy and Walker, 1991). Apparently, phosphorylated
Hsp70s are handicapped in other roles, such as assisting in the trémslocation of secretory
precursors (Miernslk et al., 1992).

CSS1 can function in vitro with co-chaperoﬁes as well.. In this study, CSS1’s
ATPase activity was stimulated ov’er 5-fold by the nearest evolutionary homologs of
DnaJ and GrpE tested. As suggested by Figurel 5-1 and 5-2, CSS1 and its homologous
chaperone machine should be more closely related to that in the bacterial system than to
those either in the “eukaryotic” or mitochondrial systems."lg“herefore, it is not suprising
that CSS1 functioned best with E. coli co-chaperones. It wi}l be interesting to see whether
- CSS1’s ATPase activity is stimulated to a higher degree ~by chloroplast DnaJ and GrpE
homologs. However, explict involvement of co-chaperones in chlvoroplast\ protein import
is not known, although there is evidence of GrpE paﬂicipatiop in the mitochondrial
irﬁport apparatus (Kronidou ét al., 1994; Laloraya et al., 1994; Voos et al., 1994;
Laloraya S, 1995; Westermann et al., 1995)."

GrpE is essential in other Hsp70 functions, such as luciferase refolding (Schroder
et al., 1993). Upon addition of GrpE to a mixture of DnaK or CSS1, Dnal , and denatured
luciferase, the chaperone proceeded to refold luciferase such that its native activity was
recovered. Without the nucleotide exchange factor, both chaperones were unable to
proceed through their ATPase cycles ‘;t rates é_uff_icieﬂt to refolq luciferase in the
observed time frame. It is significant to note the difference is the tates of luciferase

¢

recovery between DnaK and CSS1. Because chloroplast co-chaperone homologs were
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unavailable, all conclusions concerning the data must be qualified. Most likely, DnaK
- refolded luciferase faster because its ATPase activity was stimulated up to 50-fold by
Dnal and GrpE (reviewed in Bukau and Horwich, 1998), whereas CSS1’s ATPase
activity was only stimulated 5-fold by E. coli’s co-chaperones. *

Finally, the most direct proof to date that SStp binds CSS1 via the peptide binding
site in its C-terminal domain is provided by the competition studies with RCMLA; SStp,
and native a-lactalbumin. As seen in simple binding (Ivey and Bruce, 2000) competitions
and in ATPase stimulation studies: (Ivey et al., 2000), native proteins do not affect Hsp70
function, whereas RCMLA and SStp, both unfolded proteins in aqueous solution,
compete effectively for DnaK and CSS1 binding against each other and other unfolded
proteins. Here, a molar excess of SStp actually prevents CSS1 from refolding denatured
luciferase, as evidenced from the lack of luciferase activity even after two hours. Thus,
we have strong evidence that SStp can bind CSS1 in a physiologically relevant manner.
However, definitive proof of CSS1 involvement in chloroplast protein import will require
detailed transgenic studies including anti-sense suppression and dominant-negative

mutant phenotype generation. |

Modeling CSS1 after DnaK

One of the ultimate goals of our work is to fully characterize CSS1 as a molecular
chaperone. To do this, we must not only establish catalytic and chaperone activities, but
also describe the mechanisms of these activities in detailed structural terms. Our

preliminary attempt to do so involved an exercise in molecular simulations based on the
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DnaK moael whose structure is.l;nowﬁ; Iﬂtere‘stinglgl,t*wle. fouhd t'hat CSS1 adopté a
structure very similar to that of DnaK when bound t‘cS:an. ﬁnfqldcci pebtide substrate, even
- after .COmi)letc structural .raﬁdoximization. Given the high ciégr_ee Iof sinﬁlarity between the
peptide-binding d”omai;ls of CSS1 and DnaK ’(~75 P), it stands tdrefa-{son that’ their
(;Verall strﬁcgures, binding site;%, and. ultimately‘ their substrate specificities, would be

similar.
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Chapter 6 ;‘ Final remarks

~ PilOJECT SUMMARY

-Ultimately, this project ‘aeco‘rnplished four important objecﬁves all of which
- suggest that CSS1 (and/or possibly IAP7‘O)‘ functions as molecular Inotor which drives
ATP-dependent protein import into ,chl_or'oplasts. First, we described a bona fide
interaction between fhe transit peptide, 'S‘S‘tp:, and CSS1. To our knowledge, this is still
the only direct evidence for an~ "organellar‘ Hsp70 interaction with a physiologically
revelant peptide subStrate. In- all ’other studies’.to date, interaction of the transit peptide
with any protein involved in import has been assumed because of indirect observaﬁons
such as .isolated protein complexes and crosslinking studies . using whole precursor
proteins. We have demonstrated the validity of Hsp70-SStp interaction oy many in vivo
and in vitro criteria: 1) co-purification with DnaK; 2) deliberate dissociation from DnaK
using ATP; 3) biophysical analyses-to look at DnaK conformational changes upon transit
peptide b1nd1ng, 4) pept1de binding competltlon studies with DnaK and CSS1; 5) ATPase
stimulation of DnaK and CSSl 6) substrate protectlon from proteolysis stud1es with
DnaK; and 7) prote1n foldmg competltlon stud1es w1th DnaK and CSSl

l

Second we have expenmentally mapped the Hsp70-SStp interaction to the N-

. :} o l“ a“

perrmnal third of. SStp ThlS was accomphshed in vivo using truncated C-terminal deletion
mutants of SStp, Using a His-S fusion which contained the N-terminal portion of SStp we
co-purified DnaK. Synthetic peptides corresponding to the N—ternnnal, middle, and C-
terminal thifds were used to prove the N-terminal bias for Hsp70 affinity in vitro. We

then used statistical analyses to generalize this affinity pattern as an intrinsic property of
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transit peptides and the first common biochemical characteristic attributable to these
unrelated sequences.

Third, we have biochemically characterized the native form of the first cloned
chloroplast Hsp70 homolog, CSS1. All of the known Hsp70 functions, including ATPase
catalytic activity (basal, peptide-stimulated, and co-chaperone stimulated),
autophosphorylation (basal and cation-stimulated), pH dependence, peptide binding, and
protein folding, indicate that CSS1 functions similarly to other Hsp70’s and is
functionally related most closely to i-ts prokaryotic progenetors.

Finally, we have developed the means to conduct all the experiments described in
this study and many more with a recombinant form of CSS1. The relative ease of
generating large quantitieé of highly pure CSS1 Will allow for many more experimental
permutations a;lci repetitions, which will increase confidence in all future studies. Also,
the novel denaturation-renaturation protocol we developed may have applications in other
cases in which proteins are expressed as aggregates or where purification is especially

difficult.

SELF-CRITICISM AND FUTURE STUDIES

Perhaps the single greatest criticism of our work is that we failed to conclusively
show that chloroplast protein import requires a molecular motor and that CSS1 (or
IAP70) is that motor. We concede the pointr, but we argue that the work presented in this
study constitutes the necessary groundwork to ensure that ongoing studies are conducted

with as much forethought and foresight as possible. Because we have dissected the CSS1-
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SStp interaction primaﬁiy in vitro, future investigations will benefit from'a detailed
understanding of the phenomenon and in vivo wiil therefore yield more meaningful
results. For example, on¢ could attempt to reconstitute protein import into liposomes
" comprised of chlofoplast envelopes, which form right-side-ouf vesicles (Waegemann et
al., 1992). Waegemann and co—workers did not observe protéin import; however, they
sonicated their envelopés iﬁ a simple buffer duﬁng liposome preparation. We would like
to prepare liposomes in the presence of concentrated stroma, which contains CSS1. We
bélieve that measurable protein import will proceed in such a syétem.

Import 'in this thylakoidless “chloroplast” system would provide many advantages
- over ‘(Eoﬁventional organellar import. First, experiments could be performed more often
bécause plants woqld not have to be grown fér every experimeht. More importantly, the |
investigator would gain virtually unlimited freédom in What components could be added
or removed from the envelopes and stroma prior to lipdsomé preparation. CSSI could be
immunodepletéd or added in excess to show a potential concentration dependence on
import rate. CSS1 could even be used alone with-and without ATP, leaving‘out the rest of
'fhe stromal components. Since we now have recombinant CSS1, extensive mutational
analyses could be performed to determine thé cﬁtical residues for tranéit peptide 'bindinjg‘, :
- ATPase activity, and enyelopé anchoring.
These experiments could progress relatively quickly bécause a wealth of
4 rhutational analysis is alréady available for Hsp70’s and transit péptides. For example,
éne could make an I4A_mutation in SStp, which s'h'c—)uld lower the peptide’s affinity for

Hsp70’s, and perform the same kinds of import experiments. Alternatively, one cquld- use
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the DnaK mutant E171A, which exhibits no protein folding activity yet retains its ATP
hydrolysis activity. Since the highly conserved residue E171 is in the ATPase domain,
this amino -acid most likely helps couple ATP. hydrolysis to peptide binding. This
structure-function relationship could be explored in the CSS1 system as well.

The real proof of CSS1 involvement in the import process, must ultimately come
from m vivo work with transgenic plants. With the advent of plant knockoﬁt technologies.
(Gaymard et af., 1998; Mtao and -Lam, 1995), these studies may become routine in the
near future. Observing altered phenotypes. and subsequent organellar import
characteristics may result from several transgertic' techniques: 1) overexpressing wild-
type CSS1, 2) suppressing CSS1 expression with anti-sense constructs, and 3)

introdu>c.iri'g mutant forms of CSS1 and precursor proteins (we only characterized one

. wild-type transit peptide thus far). These types of systematic analyses in model systems -

“such as‘A.' thaliana will ultimately prove or disprove one of the central hypotheses of our
work.
Another limitation of this study was the exclusion of other chloroplast Hsp70 and
co-chaperone hqmdlogs. Theée, ‘pr'oteiﬁs 'Wefé ,si‘fni)l‘y not available to us witltitl the time
frame of -this study. In the future, characterization of the homologous chaperone machine
‘shouldiqbe performed to simply verify the conclusions presented in this study. Then, if
recombin'ant forms are available, all 'of the in vitro and trarisgetlic work described above
may be attempted with these proteins also. |

Finally, the functional homology between CSS1 and its prokaryotic homologs

may be further explored. Novel studies may include in vivo complementation with pre-




exiéting E. coli strains carrying the temperature sensitive, conditionally lethal dnaK"
mutation. CSS1 could be engineered into an expression construct under the coﬁtrol of. a
bacterial heat shock promoter and transformed into the mutant host. At the nén-
permissive temperature, the endogenous DnaK would become inactive while CSS1
expression would be induced. Bacterial survival would then indicate successful
complementation. The same set-of CSS1 mutational analysis could be done in parallel
with the work described above. - |

One of the most promising directions for this project has alrezidy been started: the
PTP99 database of transit peptides. This newer version of the CHLPEP database has
more than twice as many seéuencés, complete informatibn on each sequence, multiple
accession number cross-referencing, ChloroP transit peptide homology predictions,
stromal processing peptidase cledvage site prediction, and many other improved logistical
features. More importantly, We have inéorporated many novel statistical analyses into the
database as well. For example, we have examined the distribution of a number of amino
acids with transit peptides, :such as serine an:d threonines as vyell as the helix-break
;esidues, proline-and glycine. We have also been developing a unique software package
- which will apply the RPPD and CBPS algorithms to all transit peptides. These predictive
tools will accelerate our underétanding of the modular design of transit peptides and will
help target future efforts toward productive mutational anélyses to determine ‘the
functional anangemen£ of individﬁal aﬁ;ino .acids.'

Unfortunately, not all c.>f these and other original pfoject goals of this study were

fealized. Perhaps, some of the plans described above were overly ambitious for a single
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Ph.D. dissertation. In any event, the time has come for this author to move on. However,
many unique experimental tools are now available, and this project is poised to continue

along many paths.

~
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