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Rule |

"We are to admit no more causes of natural things, than suchreaba@th true and sufficient to explain
their appearances.
To this purpose the philosophers say, that Nature doesngpihivain, and more is in vain, when less

will serve; for Nature is pleased with simplicity, and atfieaot the pomp of superfluous causes."

Sir Isaac Newton, The Mathematical Principles of Naturald3bphy
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1 Summary

Ribulose 1,5-bisphosphate Carboxylase/Oxygenase (Ea)hissa key enzyme of photosynthesis, it catal-
yses the carboxylation of ribulose 1,5-bisphosphate (Ru®Rich is the main pathway for the fixation
of atmospheric, inorganic CQnto organic biomass. Despite its central role for plantabetism, the
enzyme suffers from several shortcomings that necessitatdpundance in nature. Compared to other
metabolic enzymes the catalytic rate of plant Rubisco fseratlow (~2-3 s1). Furthermore, a prominent
side reaction is the oxygenation of the substrate RuBP. ttaptly, Rubisco is also prone to inhibition
under physiological conditions.

A lysine residue in the active site pocket of Rubisco must &ramylated and bind a Mgion as
cofactor for the enzyme to become catalytically active.dBig of RuBP to uncarbamylated Rubisco, or
of 2-carboxy-arabinitol 1-phosphate (CA1P) to the carblateyg enzyme at night, results in the trapping
of the sugar phosphate and inhibition of the enzyme. Inbibibf Rubisco provides a mechanism for the
regulation of Rubisco activity in response to varying eonimental conditions. The inhibited Rubisco
complexes are stable and cannot reactivate spontaneongdbr physiological conditions. In plants,
inhibited Rubisco must be reactivated in an ATP dependemtngraby the protein Rubisco activase
(Rca) an ATPase associated with various cellular acts/{fAA+).

Rca catalyses the ATP-dependent remodeling of Rubiscoamilddtes the release of the bound sugar
phosphate but is not actively involved in carbamylationhef &ctive site. Since Rca is essential for plant
growth and required for maintaining Rubisco activationiwoyit has been dubbed the "catalytic chaper-
one" of Rubisco. Interestingly, Rca forms polydisperseetmgeneous oligomers in solution which vary
in size between 50 kDa and 600 kDa. Additionally, Rca is heaité and it has been proposed that it is a
limiting factor for the photosynthetic potential of plantsder moderate heat stress, which might become
increasingly problematic as the Earth’s temperature asge due to climate change. However, in the
absence of a structure, the oligomeric state of the actizgrea as well as a mechanism for its Rubisco
activation function remained elusive.

In the present study, the structure, the oligomeric statetlh@ mechanism of Rubisco activase were



1 Summary

investigated. The crystal structure of an N- and C-ternynalincated Rca construct frolicotiana
tabacumwas solved at a resolution of 2.95 A by seleno-methioninglsiisomorphous replacement with
an anomalous scatterer (SIRAS). The structure of the ttadcubunit shows the classical AAA+ archi-
tecture consisting of a N-terminal nucleotide binding donand a C-terminal 4-helix bundle. Whereas
the nucleotide binding domain is folded in a non-classicas$tnann-fold typical for AAA+ proteins,
the 4-helix bundle domain differs from the classical AAA+#ddopology. It features a small helical
insertion, containing critical amino acid residues reedifor the recognition of the substrate Rubisco.

Guided by the structure key features of Rca frbhicotiana tabacumwere targeted for mutation.
Specifically, amino acid changes were introduced in thetpet&kca oligomer interface and in the pu-
tative pore loop residues involved in the Rubisco remodelMutations in the putative subunit-subunit
oligomerisation interface generally disrupted oligom@mniation of Rca in the nucleotide free state, but
also identified an arginine to alanine mutation that leasdtmftion of stable hexamers in the nucleotide
bound state while preserving wildtype activity. Negatit@rs electron microscopy of this mutant lead
to a low resolution model of Rca in the hexameric state, wiigsumably reflects the active oligomer
of the enzyme. Additional density was observed on the "tage sf the hexamer, which presumably
corresponds to the N-terminal domain absent in the cristdllconstructs. In analogy to other AAA+
domains, it is hypothesized that the N-terminal domainismgas a substrate adaptor to Rubisco, consis-
tent with reports of deletions and mutations in this domaitation of amino acids in the loops facing
the central pore in the hexameric state of Rca partiallyimethATPase activity but showed greatly di-
minished Rubisco activation activity, indicating a role floe pore loops in Rubisco activation.

The combined structural as well as biochemical data predéntthis thesis provides a framework for
the detailed mechanistic analysis of Rubisco activatioplamts. The data suggests that the active state
of Rca is a hexamer. Initial Rubisco recognition is medidtgdhelix H9 and the N-terminal domain and
remodeling of Rubisco might involve partial threading oftdiaco through the central pore by the pore

loops.



2 Introduction

Proteins are abundant biological macromolecules made @mafo acids and named after the Greek
word "proteios" which means elementary. They are found witmgsly in all domains of life and are
essential for almost all biological functions. Proteinsabiological "machines" serving diverse roles,
ranging from structure forming assemblies to signalingatialytic activities. The function of a protein is
determined by its structure, which ultimately is encodetha sequence of the 20 proteinogenic amino
acids forming the unbranched protein chains. The elu@datf protein structures is therefore a method

to investigate the biological function and mechanism ofagin.

2.1 Protein folding

Since the structure of a protein defines its function, prdpleling of the newly-synthesized, disordered
chain into its native, three dimensional structure is egslenThe information for the structure of the
native state is encoded in the primary sequence of a prasidemonstrated by Christian Anfinsen in
the early 1960's[I1[IR[[B][4] through refolding experimisrwith Ribonuclease A. The main driving force
of protein folding in solution is the burial of hydrophobils chains in the interior of the protein and
the entropy gain of solvent molecules (water) releasechduthis process. Other stabilizing forces are
salt bridges between opposite charges, hydrogen bondsaandev Waals contacts between atoms. The
native state of a protein is therefore energetically lowantthe unfolded state and usually represents the
most stable state of the systemh [4]. However, since prowgsnglly require some degree of flexibility
for their biological function, the native state is only 18-cal/mol more stable than the unfolded state.
Thus the temperature range for protein stability is reédginarrow(5].

Since random sampling of all possible conformations to lrehe native state requires a timescale
orders of magnitudes longer than measured refolding tinhgsateins in vitro, a pathway on which
proteins fold must exist]6]. This can be illustrated by theltdimensional energy landscape of protein

folding, called the folding "funnel" in which the coordiratof a conformational state (usually expressed
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as the dihedral angles between the freely rotating bondpéptide) are plotted against the energy of that
conformation. Figur&2]l1 shows a simplified, two dimensidolling energy landscape. The unfolded
protein U reaches the global energy minimum of the nativie $iaon a certain pathway. Note that energy
landscapes can be "rugged" and therefore have local enémnanthat are associated with kinetically
trapped intermediates. The "ruggedness" of the energtape determines the speed of folding, since
more local minima lead to more kinetically trapped interiages and therefore slower folding. While
small proteins may fold very fast (timescale ;a6), more complicated architectures often have a very
rugged folding energy landscape and therefore fold very limmescale of min to h) or even fail to reach
their native state in vitro. In these cases, partially fdliermediates often still display hydrophobic
patches on the surface, by which they can aberrantly oligamend aggregaté&l[7]. Furthermore, the
intracellular environment is highly crowded, reachingtpio concentrations of 300-400 gfll[8]. The
occluded volume effect, while stabilizing native protgirotein interactions, also facilitates aggregation
of partially unstructured protein states [8] [9] and evea thrmation of ordered amyloid aggregates,

which are often associated with toxicity.
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Figure 2.1:Folding and aggregation pathways in the cell.

A: Simplified two-dimensional energy landscape for a pratdiocal minima correspond to kinetically trapped
intermediate states and slow down the folding process. rAbeintermolecular interactions can lead to formation
of disordered or ordered (amyloid) aggregates. B: Foldimdyaggregation pathways in the crowded environment
in the cell. The unfolded protein U can reach the native ftatéa the intermediate |, however, aggregation and

amyloid formation are competing side reactions. AdaptethffZ0] and [T1].



2 Introduction

2.1.1 Molecular chaperones

Large multi-domain proteins often require molecular cliapes to fold in a biologically relevant timescale
and to prevent potentially toxic aggregation (as recemiyewed in [10] [5] [7]). Since mutations in a
protein can destabilise the native structure or influeneefdlding pathway, molecular chaperones can
also act as an evolutionary buffer allowing for increasedegie variation (demonstrated for Hsp901[12]
as well as GroEL/ES[13]). The observation that chaperoaesatso facilitate the degradation of ter-
minally misfolded client proteins (reviewed in]14]), leal @an emerging role of molecular chaperones in
protein quality control and homeostasis. Since a declingratiein homeostasis during aging has been
proposed and aggregation-associated (neuro-) degemedateases are correlated with aging, regulation
and mechanism of molecular chaperones are a field of inenssearcH [15]116].

All molecules that interact with or assist proteins in acimpgj their functional, native state without
being present in the final structure are defined as molechkgerones (as originally proposed by Ellis
[L7]). Proteins of this family of molecules are also ofteasdlified as heat shock proteins (Hsp) due to
their increased expression after heat stress. Differemiarwed classes and mechanisms of molecular
chaperones have been identified and are named after thpactee molecular weights (small Hsp,
Hsp40, Hsp60, Hsp70, Hsp90, Hsp100 and Hsp110). While sisallact as ATP independent, holdases
that buffer aggregation, the Hsp40-Hsp70, the HSP60, th@®she Hsp100 and Hsp110 system require
ATP for their specific functions (reviewed ihl[5].-]10] arid]).7 The Hsp100 chaperones belong to the
ATPase associated with various cellular activities (AAA#)tein family (se€2]2) and actively remodel
and unfold their substrates. They also actively disagdgecgasfolded proteins in cooperation with the
Hsp70 system [18]]5]. In the following sections the Hsp®@feeronin system and the Hsp70 system
are briefly discussed as examples for the complex mechamiémslecular chaperones. The Hspl100

molecular chaperones are discussed in more detail in dooitéixe AAA+ proteins.

2.1.1.1 The chaperonin system

The chaperonins are double-ring complexes with a moleeudéght of 800-900 kDa. They function by
ATPase regulated encapsulation of substrates of up to 6Qirkiree inner cavity formed by the rings.
The chaperonins are classified into two groups (reviewefldn [

Group | chaperonins found in bacteria and organelles oEatrigin in eukaryotes contain 14 sub-

units (GroEL, Hsp60, Cpn60) each in a back-to-back, staglydreptameric double-ring and require a
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cochaperone (Hsp10, Cpnl10, Cpn20) for encapsulation ofghbstrate. The best studied family mem-
ber is the bacterial chaperonin GroEL and its cochaperom&ES&rGroEL is composed of 14 identical
~57 kDa subunits, arranged in two staggered heptameris.rifigach subunit consists of an equato-
rial domain harboring the ATP hydrolysis site, a intermeslidomain linker and an apical domain]19]
[20]. GroEL binds substrates by exposed hydrophobic residii the apical domain of one ring. Sub-
sequently, the ATP-regulated binding of the homoheptas®roES triggers a conformational change
and the release of the substrate into the inner hydropralityc The substrate is encapsulated for one
ATP hydrolysis cycle (~10 s) before ATP binding to the opposing triggers the release of GroES and
the substrate [21]122]123]124]125]. Partially folded sthates rapidly rebind GroEL if a single cy-
cle of folding on the chaperonin is insufficient to reach tlagive state. The complete encapsulation of
the substrate during the cycle prevents aberrant aggoegathich has led to the hypothesis of GroEL
acting like an "Anfinsen cage", practically allowing the stihtes to fold in infinite dilution[[26]127].
The recent finding that GroEL assisted folding can be fakt@m spontaneous refolding (in the absence
of aggregation) challenged this conclusionl [28]I[29]l [3Models have been proposed that explain this
phenomenon by steric confinement and entropy reductioneopitbtein intermediates in the ca@el[30].
Interestingly, most of the ~250 identified protein subsisatf GroEL are 20-50 kDa in size and have a
complexa/3 anda+s topology consistent with the encapsulation mechanismghbequired for folding

of proteins with complex domain topologi¢s[31].

Group Il chaperonins are found in the cytosol of eukaryotels@ntain two eight or nine membered
heterooligomeric rings stacked directly back-to-backeil Bpical domains contain an insertion that en-
ables them to encapsulate their substrate without an additcochaperone like GroES]32]. Among the
most studied group Il chaperonins are the archeal Thermesom the eukaryotic TRIC/CCT. Whereas
the archeal Thermosomes consist of a maximum of three h@oososubunits arranged in a hexadecamer
(e.g. Thermosome dfhermoplasma acidophiluf83]) or octadecamer (TF551B4]), the TRIC/CCT con-
sists of eight paralogous subunits in each r[ng [35]. Copti@initial proposals that TRIC is specialised
for the folding of only a small subset of cytosceletal, eykéc proteins[[36] , it was recently reported
that this chaperonin interacts with a broad range of poliigep that function in many cellular processes
[37]. Due to its slower ATPase rate, TRIiC might have evoh@dite these substrates a longer time to

fold in encapsulatior[38].
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2.1.1.2 The Hsp70 system

The evolutionary conserved Hsp70 system does not rely oapsaéation of the substrates but instead
binds and releases its substrates in an ATP dependent miayynecognizing to a hydrophobic peptide
motive [39] [B]. Hsp70 is comprised of a N-terminal nucleetbinding domain (NBD) with a hexokinase
like fold [40] and a C-terminal substrate binding domain [BBonsisting of a3-sandwich domain with
ana-helical lid [41]. Allosteric regulation of the binding afiity of the SBD by the nucleotide state of
the NBD leads to sequential binding, holding and releasé®fstibstrate. Hsp70 acts in concert with
Hsp40 and nucleotide exchange factors to accomplish(thidrj3he ATP state, the SBD and the NBD
interact and the binding affinity to the substrate is low. id&@m/off kinetics can be observed in this state.
Although the structure of the complex of NBD and SBD in the AJdRind state is unknown, it is likely
similar to the domain arrangement in the solved structurdsgf110 [42] [48] [44]. Binding of Hsp40
and substrates stimulates the intrinsically weak ATPase hathe ADP state the NBD and SBD do not
interact and display characteristics of the isolated domai solution[[45][[45]. Binding affinity for the
substrate is high accompanied by slow on/off kinetics. Exgle of ADP to ATP catalysed by nucleotide

exchange factors restarts the cycle and allows the substrae released.

2.2 AAA+ proteins

ATPases associated with various cellular activities (AAdteins are a subset of Walker (P-loop)
ATPases[[47][[48]. Originally defined as a protein family lwa distinct set of conserved sequence
features (Walker A, Walker B), the nomenclature has beesneletd and named AAA+ to encompass all
structurally similar AAA proteins[[49]. The two nomencla&s, AAA and AAA+, are not strictly dis-
tinguished in the literature and for simplicity examplesoth groups will be discussed here as AAA+
proteins.

AAA+ proteins are found in all kingdoms of life and have a widdiverse set of functions ranging
from motor proteins (Dynein) to DNA helicases (RuvB, SV4Qidase), to vesicle trafficking (Vps4,
NSF) to protein unfolding (Clp, HslUJ[%2]. Their domain cposition is usually very similar, however.
Class | AAA+ proteins contain two AAA+ modules consistingahucleotide binding domain (NBD)
and a 4-helix bundle domain in tandem, while the class llgnst only contain one module 53] 54].
Interestingly, it has been shown that the ATPase activitgrad NBD of some class | AAA+ proteins is

dispensable for the activity and it has been speculatedtieae NBDs are required for proper assembly



2 Introduction

Walker B

% Pore loop 1

helical bundle
subdomain

Sensor 2
nucleotide binding
subdomain
.
SRH /
\I/ R-finger
180°
a8 a7
o5 <= helical bundle

subdomain

Walker B

nucleotide binding

subdomain

a4
al

Pore loop 1

Figure 2.2:Structure and topology of the D2 AAA+ module of the N-ethylmdeimide sensitive fusion protein
(NSF). (1D2N [50))

Structure and sequence features defining the AAA+ proteirilyaare indicated. The structure is shown in a
ribbon representation and colored in rainbow colors froeMnrinus (blue) to C-terminus (red). ATP binding site
(bound AMP-PNP) and Mg are indicated in stick and sphere representations, régglyciSecondary structure
elements are indicated. The topology of NSF correspondsrapeesentative AAA+ topology. The topology

diagram of 1D2N was generated with Pro-origadimi [5dJHelices are represented as tub@strands as arrows.

of the complex (e.g. NSKE50], polZ165]).
In general, AAA+ proteins form homohexameric arrangemavitls a central pore, stabilised by the
presence of nucleotide. The AAA+ modules of class | protétiesefore form two, stacked hexameric

rings [55] [56], while class Il proteins form single hexameaings [57] [52].

Figure[Z2 shows the D2 AAA+ module of NSF as an example for &AAtructure. The nucleotide
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binding domain features a central 5 strandesheet in a Rosssmann fold-like, conserved topology with
an inserted3-strand 4 betweepl and33. The Walker A, Walker B and Sensor | sequence elements
encode loops that are essential for nucleotide binding K§val) and hydrolysis (Walker B and Sensor
) within the NBD. Interestingly, the NBD usually also coms conserved arginine residues aftdrthat

act in trans in the assembled oligomer to form the nuclediidding site, the so called arginine fingers.
The arginine finger is proposed to facilitate allosteric ommication and sense the nucleotide binding
state of the adjacent subunit (reviewed[inl[58]). Anotheseatial sequence element for the biological
function of many AAA+ proteins is the pore loop sequence FZ.2). A conserved sequence element
after 32 faces the central pore and defines a loop. The conservedaicemydrophobic-glycine motif

is essential for substrate interactions but not for ATP inigdr hydrolysis and is proposed to thread
the substrate through the central pdrée [53]. It seems ewfdem studies on ClpX (protein unfoldase in
proteolysis), RFC (clamp loader), Orc1 (DNA remodeler &plication initiation) as well as other AAA+
proteins that interactions with the substrate frequemtiyutate the ATPase rate of AAA+ proteins. This is
often accomplished by a hydrogen bond between a consenvtigte in the Walker B to an asparagine
or serine/threonine at the C-terminus @4, that inhibits ATP hydrolysis. Upon substrate binding a
conformational change is predicted to break this hydrogemdtstimulating ATP hydrolysi$ [59]160].

Thea-helical domain is structurally more diverse, but its canedlogy is a 4-helix-bundle domain. A
conserved sequence motif called the Sensor Il forms theNital part ofa7 and contains a conserved
arginine necessary for ATP binding and hydroly5Is [54].

AAA+ proteins are subclassified into clades based on theégquensequence and structural motives
[67] [54] . In general 7 clades can be distinguished: clanguléw clade, initiator clade, classical clade,
helicase clade, HCLR clade, H2-insert clade and PS-Il irdade.

One of these clades, the so called classical clade compnisstsof the initially identified AAA+ pro-
teins [49] for example p97, Pex1, Pex6, the proteasomal A&émponents, Katanin, Spastin and also
Rubisco activase. Classical clade AAA+ proteins are atradly distinguished by a unique insertion of
a smalla-helical element betweefi2 anda2 in the NBD [61] [54]. Unigue sequence features, such
as the absence of an arginine in the Sensor 2 motif as well@sargnines in position for the arginine
finger, further distinguish them from other AAA+ clades. Maens of this class seem to be functionally
unified by a protein remodeling activity, however, in diffat biological functions such as microtubule
severing (Katanin, Spastin), peroxisome biogenesis (IPexB) or proteolysis (proteasomal AAA+). An

emerging common motive for these activities seems the nméeddaemodeling of substrate proteins by
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ATP-dependent conformational changes, mediated in pattidopore loop residues and the class defin-
ing helical insertion[[62][[53]. ATP hydrolysis is consiéerto mediate intersubunit rearrangements of
the NBD and the C-terminal 4-helix bundle, that are in tuemémitted to other subunits in the hexam-
eric complex by conserved contacts such as the ArgininerBn@él] [55]. Functional diversity seems
to be mainly achieved by N-terminal domains outside the AAAadule that often regulate substrate
specificity and affinity. Indeed, Spastin recognizes thessate tubulin by its N-terminal extensidn[57]
and the classical clade family member p97 (Cdc48) functiondiverse biological processes such as
the ERAD pathway or membrane fusion events of the endoptaseticulum and Golgi apparatus by
recruiting several different adaptor proteins such as S4p1p) [64], p37[165] or Ufd1/Npl4]66] via its

N-terminal domain.

2.2.1 AAA+ chaperones of the Hsp100 family

Unlike most other chaperones, the Hsp100 class of chapgrong only prevent aggregation, they ac-
tively unfold their substrates and even disaggregate idisfoproteins in cooperation with the Hsp70
system[[1B][[5]. Members of this class of chaperone comphieeClp proteins in the bacterial cytosol
and organelles of bacterial origin as well as the Hsp104ercifiosol of lower eukaryotes and Hsp101

in plants. Interestingly, no homologue of Hsp100 has beentified in the cytosol of metazoa so far [5].

All Hsp100 proteins belong to the AAA+ protein class (E€é arid therefore share a common domain
topology. Both class | (with two nucleotide binding domaiesy. yeast Hsp104, bacterial ClpB) and
class Il (with one nucleotide binding domain; e.g. bacteCipX) types of AAA+ proteins are found in
the Hsp100 chaperonds]53]. The Hspl00 class proteins fomothexameric ring assemblies in the
active state[[52]. The bacterial Hsp100s (ClpA, ClpC, Clp¥$)U) are, furthermore, often associated
with a protease (ClpP, HslV), thereby mediating unfoldifigubstrates for degradation.

The bacterial class Il Hsp100, ClpX, is the best studied negmbthe Hsp100 family and functions
in association with the protease ClpP to mediate substredgeadation. The general mechanism for
substrate unfolding in the class Il Hsp100 family seems tdheeATP dependent translocation of the
substrate through the central pore. Essential for intieraetith the substrate are conserved loops lining
the inner, constricted pore formed by the hexameric arrmege (see alsb2.2) 1671 [68[ [69]. ATP
hydrolysis results in conformational changes in the poop land the adjacent subunits thereby leading

to threading of the substrate]62]. The level and extent opeaativity between the subunits is still a
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a matter of debate. Recent studies on ClpX propose a semalgtistic model of ATP hydrolysis and
substrate threading [63]162] .

The class | Hsp100 proteins, ClpB and Hsp104, on the othat hemnot associated with a protease
but cooperate with the Hsp70 system to mediate solubitimatif protein aggregate5 18] 170]. They
contain an insertion in the C-terminal 4-helix bundle damiag¢tween the two NBDs. This so called
M-domain is essential for the disaggregation activity opH34 and ClpB, giving rise to a proposed
"crowbar" like disaggregation mechanism[7LT[7E]][7BI1]74According to this mechanistic model,
large aggregates are first pried apart by the M-domains inf&hd&pendent manner, followed by further
disassembly reactions possibly mediated by the pore longsbg the concerted action of the Hsp70
system. Interestingly, the position of the M-domains inaseembled Hsp100 complex is still a matter
of debate, since different results have been obtained loyrefemicroscopy (EM) studies on Hsp104][75]
[I76] and ClpB [77]. While the M-domain is oriented inward aintercalated in the AAA+ hexamer in
yeast Hsp104 it is oriented outward in the bacterial ClpBaitires (compared i [78]).However, a recent
crystal structure of the class Il Hsp100 ClpC, which in castrto Hsp104 or ClpB associates with the
protease ClpP, shows the M-domain oriented outwards ofékarheric AAA+ arrangement, similar to
the proposed arrangement in CIB][56]. Loop sequenceglihie inner pore are also conserved in class
| Hsp100 proteins and elegant experiments in conjunctich @IpP have shown a translocase activity
for ClpB, suggesting a threading mechanism of disaggregdii9].

Interestingly, yeast Hsp104 appears not only to be involveithe disaggregation of heat denatured
proteins, it is also actively involved in the propagationpotentially beneficial prions (e.g. PSlin
yeast[80]. Recently, certain prion proteins (e.g. Sup3iickvis known to mediate the PSprion state
in budding yeast) have been implicated in the inheritandeeogficial traits ensuring the adaptability of
the population to diverse conditions encountered in ndBe Hsp104 has been suggested to partition

aggregated prion proteins to daughter cells and theresad@eéctly involved in the inheritance of these
traits [81].

2.3 Photosynthesis

The process of light-dependent carbon dioxide fixation amersion into organic sugar molecules is
termed photosynthesis. After the discovery of Joseph tRriegh 1771, that "vegetation restored air

that had been injured by respiration" it took about 70 yeai the collaborative effort of Jan-Ingen
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Housz, Jean Senebier, Théodore de Saussure and Robert tilajecidate the light dependent fixation
of CO, and release of oxygen. Photosynthesis is performed byrimcgae and plants and is one of the
foundations of life on earth. Photosynthetically producatbohydrates not only serve as energy source
for these autotrophic organisms but also for all heterdtimmrganisms such as animals that cannot
produce organic (reduced) carbon containing molecules frorganic (oxidized) carbon sources.

The general equation for the net reaction of photosynthigsis

COy + 2Ho A 9" CHL,O + HyO + 24

where A is a general electron donor. In oxygenic photosyishevater is the electron donor resulting in

the formation of a 6 carbon sugar molecule and the releasgygien:

6C0y + 12H,0 2", 0w Hy06 + 6HyO + 605

The compartmentalised process consists of the "light i@t providing the reducing equivalents
and ATP and the "dark reactions" that build up and reducedhegotydrate chain. In eukaryotes, photo-
synthesis takes place in specialised organelles calledarplasts, which are derived from an endosym-
biotic event with a cyanobacteriurn_[82]. Like mitochonglicaloroplasts are seperated from the cytosol
by membrane layers. A permeable outer membrane and an ammetmeable inner membrane with a
dedicated transport machinery enclose the intermembpates The compartment enclosed by the inner
membrane is called stroma and contains, in contrast to hotwdria, a third membrane-enclosed com-
partment, the thylakoids. Thylakoids resemble a highlgddlvesicle and are arranged in most organisms
in stacks called grana. The thylakoid membranes are the jpiathe light reactions of photosynthesis,

whereas the dark reactions take place in the stronia [83].

2.3.1 The "light reactions"

In the following paragraph the oxygenic electron transgigtit reactions of plant and cyanobacteria
are explained briefly. These organisms employ a two cenéetreh transport, whereas purple photo-
synthetic bacteria, heliobacteria, green sulfur bactenic acidobacteria generally employ a one-center
cyclic electron transporf[84].

Plants and cyanobacteria convert light energy derived fabsorbed photons to chemical energy in
the form of ATP and reducting equivalents, and concomiyaoxidize water and release oxygen. This

conversion involves a linear electron transport from waeNADPH and two light energy converting
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reaction centers, Photosystem (PS) | and Il. Energetjcilly electron flow requires the sequential ab-
sorption of photons at PS | and PS II.

A schematic overview of the process is presented in FigtePhotons absorbed in the light harvest-
ing complexes (LHC) associated with the photosystems arsferred to the special chlorophyll pair in
PS Il called P680 (for pigment with the maximum of absorp@d®80 nm). Excitation of P680 leads to
a rapid charge seperation to P680+ and ultimately electemsfer to the cytochrome b6f complex. Con-
comitantly, protons are transported into the thylakoidémmP680+ is a strong oxidant and subsequently
electrons from the water splitting reaction are transtéteeregenerate P680, which releases oxygen at
the water splitting reaction center, the oxygen evolvingiptex (OEC). Plastoquinone together with the
cytochrome b6f complex and plastocyanin transfer elesttorPS I. The special pair of chlorophyll in
PS I'is called P700 (for the maximum absorption at 700 nm).il&irto PS 1l, a rapid charge separation
leads to the formation of P700+ after excitation and sub=etly to regeneration of P700 by electrons
delivered by plastocyanin. The electrons derived from #uited state of P700 are used to reduce ferre-
doxin in the chloroplast stroma which in turn then reduce<DRAN the ferredoxin-NADP+ reductase
(FNR) in a linear electron flow. However, part of the electralerived from reduced plastoquinone can
also be retransferred to cytochrome b6f to mediate thefa$ protons to the thylakoid lumen in a
process called cyclic electron transport (reviewed 1d [[8®]). The proton gradient that is generated
across the thylakoid membrane by the actions of the watgtisplreactions as well as the cytochrome
b6f complex is used to synthesize ATP by the chloroplasile, ATPase in a process closely resembling
the mitochondrial jF, ATPase.

Notably, in the past decades the complex multimeric enzyhkg light reactions have stimulated ex-
tensive structural analysis. The structure of [87] dsaeePS 11 [88] [89] [90] have been elucidated
and the arrangement of the various cofactors have lead tegedeinderstanding of the mechanism of
the electron transport chain in the light reactions. Moséngly, the structure of PS Il has been solved at
1.9 A and the structure of the Manganese cluster that media¢ewater splitting reactions was revealed
[91]. The enzymes involved in the light reactions are an giarof how structural research on complex

biochemical systems can ultimately contribute to a dedaibechanistic understanding.
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Figure 2.3:Electron and proton flow in the light reactions of photosynthesis.

Schematic representation of the complexes involved in lbetren and proton flow in the light reactions. Linear
electron flow follows along the red arrows. Electrons aréaefrom the oxidation of KO at the oxygen evolving
complex (OEC) through PS I, plastoquinone (PQ/BQRHBifurcated oxidation of PQKoccurs at the cytochrome
b6f complex (b6f) where half of the electrons are lineariynsferred to NADP+/NADPH coupled via plastocyanin
(PC), PS I, ferredoxin (Fd), and ferredoxin-NADP+ oxidaethse (FNR). The other half of the electrons returns
to the PQH pool. Protons released at the OEC and the cyclic reductidnoaidation of PQ/PQH, establish

an electrochemical gradient of protons across the thythik@mbrane. This electrochemical gradient drives ATP

synthesis from ADP at the chloroplasifr ATPase. Adapted froni [86].

2.3.2 The "dark reactions" / The Calvin Benson Bassham cycle

The energy equivalents (ATP) as well as the reducing eqital(NADPH) generated in the light reac-

tions are used to synthesize carbohydrates from inorga@iciCthe dark reactions in the chloroplast

stroma in a metabolic pathway named after Melvin Calvin, eaBenson and Andrew Bassham, who
discovered this metabolic pathway. An overview of the paiyws shown in Figur&2l4. Briefly, the

Calvin Benson Bassham cycle (CBB) can be subdivided inteetiphases: carbon fixation, reduction
and regeneration of the substrate. In a first step, ribulgsdisphosphate (RuBP) is carboxylated by
the enzyme ribulose 1,5-bisphosphate carboxylase/oagge(Rubisco) to produce two molecules of 3-
phosphoglycerate (see Chagpierd.4.1). In the reductipn 3tphosphoglycerate is first ATP-dependently
phosphorylated to 1,3-bisphosphoglycerate and substygueduced and dephosphorylated to glycer-
aldehyde 3-phosphate by NADPH and glyceraldehyde 3-pladsptehydrogenase. In the regeneration
step the majority of the glyceraldehyde 3-phosphate carbolecules is used to regenerate RuBP, the

substrate of Rubisco. This is accomplished in a series ofésase, transaldolase and transketolase reac-
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tions similar to the pentose phosphate pathway. In a finaticrathe precursor ribulose 5-phosphate is
ATP dependently regenerated to RuBP by phosphoribuloas&inOverall the CBB cycle generates one
molecule of glyceraldehyde 3-phosphate from 3 molecul€x®fat the "metabolic cost" of 9 molecules

of ATP and 6 molecules of NADPH (reviewed [n]92]).

\
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Figure 2.4:The Calvin Benson Bassham cycle.

Right: Schematic representation of the chloroplast shgie intricate connection of the light and dark reactions.
Left: Schematic representation of the Calvin cycle. In ghie€G is fixed by the action of Rubisco carboxylating
RuBP to 2 molecules of 3-phosphoglycerate (3-PGA). 3-phoglycerate is subsequently phosphorylated and
reduced in phase 2, resulting in glyceraldehyde-3-phdspl@BP). In a series of isomerase, transaldolase and

transketolase reaction G3P is regenerated to RuBP in phastafted from[[9B].

2.3.3 Photorespiration

Photorespiration is the light and oxygen dependent relebS€©, during oxygenic photosynthesis. Fig-
ure[ZB shows a schematic overview of the photorespiratathivay in contrast to the Calvin Benson
Bassham cycle.

Rubisco not only carboxylates RubP, a prominent side m@ads the oxygenation of RubP to one
molecule of 2-phosphoglycolate and one molecule 3-phdpberate. Photorespiration is mainly con-
sidered to be a salvage pathway for this prominent side iogac2-phosphoglycolate is toxic to the
plant cell and has to be converted to 3-phophoglycerate @rptiotorespiratory £cycle. This cycle
ATP dependently recycles three carbon atoms of two 2-ploggptolate molecules and oxidizes one

to CO,. This oxidized carbon molecule is lost for photosynthesid since oxygenation of RuBP is a
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prominent side reaction of Rubisco, this net carbon losdemmhto a loss of every fifth carbon atom even
in moderate condition$[94]. The photorespiratory pathigagomprised of 8 enzymes in four different

compartments: chloroplast, cytosol, peroxisome and rdndrion. (Reviewed i [95].)

=
e}

otqrespiratipri

Co.

Chloroplast Peroxisome  jitochondrion

(Glyoxysome)

Figure 2.5:Schematic overview of the photorespiratory pathway.

Oxygenation of RuBP by Rubisco is a prominent side reactluat,leads to the formation of 2-phosphoglycolate.
Since this molecule is toxic to the cell and cannot be useduidher carbon fixation in the Calvin cycle it has
to be reconverted to 3-phosphoglycerate by the photordspyrsalvage pathway. The pathway is comprised of 8
different enzymes in the chloroplast, the cytosol, the gpismme and the mitochondrion. Since the oxygenation
of glycolate to glyoxylate is catalysed in the plant perokies, these organelles are often named glyoxisomes in

plants.

Whether the photorespiratory pathway would be dispendalitee presence of a highly specific Ru-
bisco is still a matter of ongoing debate. While the salvafy2-phosphoglycolate seems essential for
all photosynthetic organisms06], it has been shown traitglgrown under elevated G@ conditions
repressing the oxygenation side reaction show less imgrgr@nth than predicted by theoretical mod-
els [97]. This suggested that the photorespiratory pathvesyanother function than the mere salvage of
2-phosphoglycolate. Therefore several other hypotheseahd benefits of the photorespiratory pathway
have been proposed. Since the peroxisomal enzymes for therphpiratory pathway convey resistance
to Pseudoperonospora cubensisdevastating foliar disease pathogen, photorespiraagrbeen impli-
cated in plant defensg&]98]. Whereas the exact mechanishisgbathogen defense is not known, it has
been speculated to be mediated by reactive oxygen speci€s (), ) generated in the peroxisomes
by the photorespiratory enzymes. Another more recent s is the involvement of the photorespi-
ratory pathway in nitrate assimilation, that might expltie decrease in photosynthesis and growth of

plants conducting C3 carbon fixation after long exposuragqdo years) to carbon dioxide enrichment

[99].
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2.3.4 Carbon concentrating mechanisms

Although the photorespiratory pathway might be requireddiner functions than the salvage of 2-
phosphoglycolate, plants, green algae and cyanobactrédvolved carbon concentrating mechanisms
(CCM) to increase the local concentration of £&ound Rubisco to avoid carbon loss due to the oxy-

genation of RuBP.

2.3.4.1 The carboxysome

The carboxysome is a cyanobacterial microcompartmenbsedlby a proteinacous, icosahedral shell
[L0d]. The shell self-assemblés [101] and contains Rukascbcarboanhydrase. After the active uptake
of HCO3~/CO, and accumulation of HC£ in the cytosol the carboxysomal microcompartment ensures
the local release of CQaround Rubisco by carboanhydrage ]100], effectively mgighe local CQ

concentration.

2.3.4.2 The pyrenoid

The carbon concentrating mechanism of algae relies on theacansport of HCQ/CO,, but is evo-
lutionary more diverse than the cyanobacterial CCM. Irgingly, in most algae (e.gchlamydomonas
rheinhardtii) with a carbon concentrating mechanism Rubisco is locatedspecialised microcompart-
ment within the chloroplast lumen called the pyrendid [10®hereas the carboxysome encloses Rubisco
in a proteinacous shell, the pyrenoid shell is composedan€istlike oligosaccharide51103]. Due to the
diversity of employed CCM and the difficulty of biochemigattharacterizing oligosaccharide enclosed

microcompartments the mechanistic details of CCM in algaav@stly unknown.

2.3.4.3 C4 and crassulacean acid metabolism (CAM) photosyn  thesis

Terrestrial plantsEmbryophytahave evolved three different photosynthetic pathwayspi@Bosynthe-
sis as described in previous paragraphs, C4 photosynthiedighe CAM pathway.

C4 photosynthetic plants show a special cellular anatorfigcc&ranz anatomy, characterised by an
arrangement of the so called bundle sheath cells aroundagwilar tissue followed by the positioning
of the mesophyll cells directly on the outer surface of thadbe sheath cells. In the mesophyll cells
CO, (as HCQ) is affixed to phosphoenolpyruvate (PEP) by PEP-carbozylasoxaloacetate, which

is then shuttled to the Rubisco containing bundle sheatl eslaspartate or malate. These C4 acid
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intermediates (after which this photosynthetic pathway lieen named) are then decarboxylated in the
bundle sheath cells releasing €@ the compartment of COfixation by Rubisco. The evolutionary
origin and regulation of this spatial and mechanistic satpam of initial CO, uptake and fixation is a field

of research[[104]1105] stimulated by initiatives for thartsgenic incorporation of the C4 metabolism in
crop plants (e.g. rice) [106] .

Whereas C4 photosynthesis reflects a spatial separatio@pfiftake and fixation, the crassulacean
acid metabolism (CAM) pathway separates the two processapdrally. Evolved mostly in arid, hot
conditions, CQ is initially affixed to PEP by PEP-carboxylase at night. Thsulting oxaloacetate is
converted to malate and stored in the vacuole. This makesdilple for CAM plants to close their stom-
ata by day and reduce water loss, but release f6the fixation by Rubisco due to the decarboxylation

of the stored malaté[1D7].

2.4 Ribulose 1,5-bisphosphate carboxylase/oxygenase (Ru  bisco)

Rubisco is the key enzyme of the dark reactions and argubblynbst abundant protein on eafth [108].
It catalyses the exergonic reaction of 1,5-ribulosebisphate (RuBP) and GQo two molecules of 3-
phosphoglycerate. Despite its crucial role in photosysithets catalytic properties are rather poor when
compared to other enzymes, which presumably necessitatasundant expression [109]. For example
Rubisco not only catalyses the carboxylation but also theeaggving oxygenation of RuBP, that leads
to a net carbon loss and necessitates an energy consumiagealathway for 2-phosphoglycolate the
photorespiration pathway (s€€2]3.3). Additionally, tlagatysed reaction proceeds comparably slow
(kcat ~2-3 s') and Rubisco is prone to inhibition by sugar phosphates.in@gition of Rubisco is

predicted to enhance the photosynthetic properties of glaqts and has been a long standing goal of

the research field (e.d. TTAQTT111]).

Interestingly, Rubisco from different species with onlyahvariations in the sequences of the large
and small subunits display different kinetic and affinitygaeters. Indeed, compared to Rubisco of
green plants, some of the Rubisco enzymes from red algae &tt@ fold higher substrate specificity
for CO, over G, [I17] [I13]. Notably, Rubisco from the red alg&kiffithsia moniliseven displays

kinetic characteristics superior to the best Rubiscosdanmyreen plantd114].
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2.4.1 The structure of Rubisco

Rubisco enzymes have been identified in most autotrophiciegpeSo far four structural forms of Ru-
bisco or Rubisco like enzymes have been identified in prakesy (bacteria, archea) and eukaryotes
(algae, higher plants)TT15].

Rubisco enzymes are always multimers and can contain a (agfkDa) and sometimes a small
subunit (~15 kDa). Besides the sequence of the large sultheitpresence or absence of the small
subunit is one classifying feature of Rubisco sequencessandtures. Of the four types of Rubisco
structures characterised so far, only form | contains alssn@lunit, whereas the oligomerization of the
large subunits to at least dimers is retained in all formgukE[Z6 shows an overview of the different
forms of Rubisco that are described in the following parpgsa Only form I-lIll Rubiscos catalyse the

name giving affixation of C@or O, to RuBP [115].

Form | Form |l Form Ill Form IV

Spinacia oleracea Rhodospirillum rubrum Thermococcus kodakarensis Chlorobaculum tepidum
(1RCX) top view (5RUB) side view (1GEH) top view (1YKW) side view

Figure 2.6:Representative structures of the different forms of Rubiso.

All forms are comprised of antiparallel dimers of large suibei Form | forms tetramers of dimers and is the only
form that requires the presence of the small subunit. FommdlForm IV are structurally highly similar and form

a single antiparallel dimer of large subunits. Form 11l Radai forms tetramers or pentamers of dimers, shown here
is the pentameric form. Large subunits are shown in in greehyallow, small subunits are shown in blue. All
structures are shown in a ribbon representation and arendiaacale. PDB accession numbers are indicated in

brackets under the species name 1RCX]116], 5SRUBI[117], 1{TEH] , 1YKW [119].

2.4.1.1 Form |

Form | Rubiscos are further subdivided into Form | A-D. Forf&kdnd B are found in cyanobacteria, pro-

teobacteria, green algae and plants and thus are commdeiyeckto as green-type Rubiscos, whereas
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form | C and D are found mostly in proteobacteria and rhodtgghgnd thus are called red-type Rubiscos
[L15] [1Z0]. While the branching of form | enzymes probabbcorred before the first endosmybiotic
event, phylogenetical analysis suggest that branchirgtive green and red lineage occurred after the

branching in form I-1V [115].

Figure 2.7:Structure of the large and small subunit of Rubisco.

A: Structure of the antiparallel dimer of form | Rubisco largubunits (fronNicotiana tabacumshown in a ribbon
representation colored in blue and brown shades resplctideterminal mixeds-sheet domains are shown in
darker shades, C-terminal-barrel domains are shown in lighter shades. Large and sullinits forming the
hexadecamericdSg holoenzyme are not displayed. The structure of a tight bipdihibitor 2-carboxy-arabinitol-
bisphosphate (CABP) bound to the active sites is shown inllaahd sticks representation with carbon atoms
colored in green, oxygen atoms colored in red and phosphaesacolored in orange. PDB accession number
4RUB [1Z1]. B: Superposition of small subunit structuresnir different species. All structures are shown as
ribbon representations. Structures are color coded aicgpimtheir origin:Nicotiana tabacungreen 4RUBI[[121],
Synechococcus elongatus PCC 68@dnge 1RBLI[TZ2]Chlamydomonas reinhardtilue 1GK8 [123] Galdieria
partita red 1BWV [124]. Variable loops are named according to thdjaeent3-sheets. Not the variability of the
AB loop, as well as the unique insertion of the additioftalheets EF at the C-terminus of the small subunit of the

red-type Rubisco fron®aldieria partita

All Form | enzymes are hexadecameric complexes consisfiagatramer of antiparallel dimers of the
large subunits capped by four small subunits at the top atidrhprespectively. This gives the complex
a square prism '422’ symmetry. The active site is formed irbaha fide Rubiscos (Form I-111) by a

dimerization of the large subunits mediated by mostly cbdrgteractions. The carboxy-terminals-
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barrel domain of one large subunit forms the active site thigdhamino-terminal mixe@-sheet domain of
the dimerization partnef [120]TIR5] (see Figlird 2.7 A). Blive site opens and closes during catalysis,

mostly by movement of a loop (loop 6) and ordering of the erreC-terminus of the enzymie[126)].

While the structure of the large subunit is highly conserivedll Rubiscos, the structure of the small
subunit is more diverse with the common core consisting afua $tranded anti-parallet-sheet. The
loop between strands A and B together with the extreme Chteisnshow the highest sequence and
structural divergencd [127] (see Figlirel2.7 B). Although $mall subunit does not have a direct role

in catalysis, chimeric Rubisco complexes show differenekt properties e.g. in the specificity for the

substrate CQ[I27] [128].

2.4.1.2 Form Il

Form Il Rubisco consists of a single, antiparallel dimerafe subunits, forming two active sites by
dimerization much like in form | Rubiscos. Found in Protectbda and some Dynoflagellates, form
Il Rubisco was used as a model protein for the catalysis aldéhffassembly of Rubisco for decades,
mainly because the structure of the enzyme of Rhodospiritlubrum was solved already in 1986 [129]

(later refined at higher resolutionT117]) and the enzyméddcbe expressed heterologously.

2.4.1.3 Form Il

Form 1ll Rubisco sequences were first identified in large g@oncscale sequencing studies in archaea
[L3d]. They tend to form dimers similar to the form Il enzymelarger oligomeric states, for example

tetramers or pentamers of dimers[L31[[118] (PDB ID: 2CXEW2X, 2D69 unpublished).

2.4.1.4 Form IV

Form IV Rubisco are not bona fide Rubiscos and show substituri key active site residues involved
in CO, fixation. They have been suggested to bind different sulestifar enolase/lyase type reactions
[L37] of e.g. the methionine salvage pathway. The Rubid@ogroteins identified so far assemble into

antiparallel dimers of large subunits and are structui@bgely related to the form Il enzymées133].
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2.4.2 Folding and assembly of form | Rubisco

Folding and assembly of the form | holoenzyme in plants nexguihe coordinated import of the small
subunit from the cytosol into the chloroplast and the fajdamd assembly of the large subunit, which is
synthesized in the cloroplast. Folding of the large subismiependent on encapsulation in the chloroplast
chaperonin system (Cpn60, Cpnl10, Cpn20 in plants). Althaame cyanobacterial form | Rubiscos
have been successfully expressedircoli using the heterologous GroEL/ES chaperohin [184]]135],
the chaperonins of plant chloroplasts seem to be highlytadafor the folding of plant Rubisco. In
addition, after the large subunit has been released frorohtaperonin cage the assembly of the folded
subunits requires the action of an assembly chaperonaldabieX [136] [137].

RbcX oligomerizes to amv-helical homodimer (Rbcy of two subunits each with a a molecular
weight of 15 kDa[[13l7]. Detailed biochemical experimentgether with EM and crystal structures of
the Rubisco RbcX complex showed that RbgXacts as a molecular stapler, binding to a C-terminal
peptide of one subunit and to the N-terminal domain of ancadjasubunit, thus guiding and stabilizing
proper RbcL dimer formation. Proper dimerization by bimdiof RbcX, also prevents back-binding
to the chaperonin in vitrd [I38]. RbeXs released by binding of RbcS to the assembly intermediate
[137] [138]. Comparison of the crystal structures of thes}_holoenzyme with the crystal structure of
Ls(X5)s assembly intermediate lead to the hypothesis that binditigecsmall subunit displaces RbgX
by ordering of the ‘60ies loop‘ (residues 62-70) in the Nataral domain of the RbcL subunit in a
conformation that prevents contacts to RbEX]139]. Theduges in the ‘60ies loop’ form part of a wall
of the active site and residues in this loop (Thr 62, Trp68)darectly involved in substrate binding. Thus
binding of the small subunit presumably contributes to ioltg catalytic activity in vivo by stabilizing
the loop residues in a catalytically competent confornmatiigurd 2B shows an overview of the folding
pathway of form | Rubisco. The complex and highly specialiassembly pathway shows that evolution
of Rubisco might be highly restricted by the difficult foldipathway for the large subunits explaining
the high conservation of Rubisco large subunit sequenceslhss the rather poor catalytic properties

of the enzyme.
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! RbcX, § .
RbclgSg ¥ RbclLg(RbcX,)g

Figure 2.8:Folding and assembly of form | Rubisco.

After the GroEL/ES dependent folding of the large subuniitcR dimers mediate the correct dimer formation of
the large subunit (1 and 2). The dimers subsequently assemi#tramers while RbcX stays bound (3). Binding
of the small subunit displaces RbcX and the active holoerzftSs) is formed (4). Adapted froni [139].

2.4.3 Reaction mechanism

For catalysis the folded and assembled Rubisco holoenzgmeres the spontaneous carbamylation of
an essential lysine residue (Lys 201) and subsequent giradin M@+ ion in the active site located at
the top of the TIM barrel in the C-terminal domain. This pregés called activation of the enzynie [140]
[147] [142] (Figurd 2D A).

The reaction proceeds by binding of the substrate RuBP asihg of the active site by closure of
loop 6 and ordering of the C-terminus, thus preventing treess of water molecules to the reactive
intermediates (enolate) of the reaction. In an acid bassysad reaction the ketone form of RuUBP is
isomerized to an enediol, which in turn makes an electraphiftack of the gaseous substrates,CO
or O, possible. Structural as well as theoretical models proplesecarbamate of Lys 201 and Lys
175 as important bases and acids in the isomerization oeaff43] [144] [120]. As the product of
the carboxylation is g-ketonic acid, it quickly gets hydrolysed and enzymaticalifotonated to two
molecules of 3-phosphoglycerate. The product of oxygenaimilarly gets hydrolysed and protonated
to one molecule of 3-phosphoglycerate and one moleculepbfddphoglycolate (as reviewed [n[145]).

An important indicator for the existence of the instableabon (carboxylation) or 5-carbon (oxygena-
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tion) intermediates is the tight binding of the intermedianhalogue 2-carboxy-arabinitol-bisphosphate
(CABP), a potent competitive inhibitor of Rubisco. Figliz& B shows an overview of the catalysed
reaction, whereas Figufe P.9 A shows the structure of theessite.

The M@ liganded by the carbamylated lysine 201, aspartate 203 latahgate 204 and three water
molecules in the apo structure plays a crucial role in posigpthe substrates for catalysis. From crystal
structures of the fully activated and CABP bound Rubiscaméotyme it can be concluded that the
substrate RuBP displaces two water molecules coordinatédd3™ and that the gaseous G@vould
replace the third, positioning it for the electrophilicaatk explaining the essential role of a metal ion for
the catalysis of Rubisc®[1R0].

The closure of the loop6 during the reaction cycle seemspermtt mostly on the interphosphate dis-
tance of the bound substrate, however, the exact timingragget for closure remains poorly understood
[128]. Interestingly, mutations in loop6 have shown, thateploop sequence and rigidity/structure influ-
ence specificity of Rubisco, likely through the lysine resid34 at the tip of the loop that is believed
to position the gaseous substrate as well as lock the closgddy a salt bridge to glutamate 60 in the
N-terminal domain[[146]1147]. The loop is further lockedtive closed conformation by ordering of the
C-terminus and formation of ionic contacts of aspartate 4#& so called latch residue - to the main
body of the enzyme [126] [148].

Presumably due to the complex catalytic mechanism sevengfire" products of the Rubisco reac-
tion are known. Products of catalytic 'misfire’ arise at @ais points in the reaction pathway of both
oxygenation and carboxylation. The misfiring product xg&d 1,5-bisphosphate (XuBP), for example,

is formed by misprotonation of the initial enediol internaad [149].
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Figure 2.9:The reactions catalysed by Rubisco.

A: Structure of the activated active site of Tobacco Rubisoand to the inhibitor CABP (PDB 4RUB IR1]).
CABP is represented as a stick model with carbon atoms ablargreen. Selected active site residues are repre-
sented as a stick model with carbon atoms shown in light bl Mg+ ion is shown as grey sphere and the
carbamate group on Lys 201 is shown with cyan-colored cadbom. Selected phosphate residues are colored
orange, nitrogen atoms are colored blue and oxygen atontobmeed red. Structure of Rubisco large subunit is
shown in light brown in a ribbon representation. B: Overvigithe catalytic mechanism of Rubisco. Oxygena-
tion and carboxylation of RuBP are shown. For comparisoh wie catalytic intermediates, the structure of the

inhibitor CABP is also shown. Adapted from[120].
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2.4.4 Regulation of Rubisco activity

Rubisco is a key enzyme in the dark reactions of photosyistteg®l is - under suitable growth condi-
tions - the rate-limiting step, making it the target for riegion of the carbon fixation cycle. Modulating
expression and degradation of Rubisco is probably a mealengfterm regulation. The effect of sev-
eral oxidation dependent modifications of cysteine residneRubisco in the regulation of expression
and degradation of the enzyme is currently being discusEed].] However, short-term regulation of
Rubisco is mostly achieved by a number of effector molecsilied as phosphate or sulfate-anions, phos-
phorylated sugar molecules or NADPHT151]. Most of theseatir molecules bind at the active site
of Rubisco, although another binding site for anorganicsphate has been identified in Rubisco at
the so called 'latch’ site [126] 11%2], the docking site fbetextreme C-terminus of Rubisco. At high
enough concentrations (>10mM), all effector moleculesgméRubisco catalysis by competitive inhibi-
tion, however, at lower, sub-stoichiometric concentragio which likely prevail in vivo - some effectors
(e.g. phosphate or pyridoxalphosphate) greatly faaditattivation of the enzyme by an as yet poorly

understood mechanism and thus positively affect Rubistiaitgd [51].

€O, +Mg?* RuBP + CO, co
E (7_;% ECM——— _ 2
RUBP, CO, + Mgz ™" fixation

XuBP CA1P CA1P,
7 RuBP, PDBP PDBP
Xugp & Rubisco Activase
Rubisco Activase (+ATP)
{(+ATP)

ER ECMI

Figure 2.10:Rubisco regulation by inhibitors and Rubisco activase.

Rubisco (E) must be carbamylated and bind®M¢p be activated (ECM) for C©fixation. Binding of the substrate
RuBP or the misfiring product xylulose 1,5-bisphosphateBRuto the inactivated enzyme result in a stable,
inhibited complex (ER). Binding of the night time inhibitoarboxy-arabinitol 1-phosphate (CA1P) or another
misfiring product, glycero-2,3-pentodiulose-1,5-bisppioate (PDBP), to activated Rubisco similarly result in a
stable, inhibited complex (ECMI). Inhibited complexes ATé> dependently reactivated by Rubisco activasel[151].

Furthermore, inactivation and reactivation (decarbatiyaand carbamylation) of Rubisco seem to
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be a major factor in the physiological short term regulatiérRubisco [151]. The concentration of
magnesium ions and the pH in the chloroplast stroma is fomel@tightly controlled [[I53]. The pH
of chloroplast stroma increases in the light due to the adiathe light reaction, which concomitantly
increases the Mg~ concentration by an unknown mechanism. Lower pH and*Mgpncentrations in
the dark presumably limit the amount of activated Rubisaaigttt [I47]. In addition to that, binding of
the substrate RuBP or the misfiring product xylulose-1dphosphate (XuBP) to the non-carbamylated
form of Rubisco as well as binding of other inhibitory sugéiesphates such as the night time inhibitor
carboxy-arabinitol-1-phosphate (CA1P) to the carbansgddbrm, lead to the formation of stable com-
plexes, that have to be remodeled for reactivation. Theraragsponsible for this remodeling function
was identified in 1985 and accordingly named Rubisco adi&sa) [154]. Figuré 210 shows an
overview of the Rubisco regulation by inhibitors. Since imovRubisco activity critically depends on
the action of Rubisco activase, there is mounting evidehateRubisco activity is mostly controlled by
the activity of Rubisco activase. Interestingly, the dttiwd Rubisco activase is controlled by redox-
regulation in many plant species, which allows for indiremhtrol of Rubisco activity in response to the

redox status of the chloroplast stroma due to illuminatitsl] (sed2.512).

2.5 Rubisco activase (Rca)

The key to the discovery of Rubisco activase was the charzatien of therca mutant strain ofAra-
bidopsis thalianaby Chris Somerville, Archie Portis Jr. and William Ogren. igktrain only grew at
high CO, concentration and accumulated RuBP because of a subByadéereased activation status of
Rubisco[155]156] (hence the strain was namzfor Rubisco activation). A combination of biochem-
ical and genetic experiments lead to the finding that a prptehich later was named Rubisco activase,
was absent in the Arabidopsisa strain. This protein was subsequently discovered to beoresiple for
Rubisco activation[[184]. Upon development of a suitableifro assay for this enzymé&1b4] it was
discovered, that Rubisco activase is an ATP dependent f&bTddeler of Rubisco and therefore facili-
tates the release of bound sugar phosphates but is notlpétivelved in carbamylation or magnesium
ion binding to the active sité [158] (see also Figlire P.1Q)bsequent mutagenesis studies (S€€l2.5.1)
and preliminary EM studies of a putative Rubisco-Rubisctivase complex (séeZ2.5.8.1) gave rise to
first mechanistic insights into the reactivation procesarge scale comparison of sequences of related

ATPases identified activase as a member of the rapidly gmpfaimily of AAA+ proteins in 1999[[49].
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Since the maintenance of Rubisco activity in vivo critigalepends on the action of Rubisco activase,
the mechanism and regulation of activase are the focus adieggesearch. Furthermore, Rubisco
activase is a heat labile enzynie [159]1160], aproperty thight limit the photosynthetic capacity of
plants under moderate heat stress. Therefore, improviigae stability is predicted to result in plants

with improved photosynthetic properties and growth undedenate heat stress [16 L] [162]163].

In addition to the main role of Rubisco activase in the reatibn of Rubisco, there are newly emerg-
ing controversial reports of additional roles of activasglant metabolism. The finding that Rubisco
activase is reversibly associated with the thylakoid memérunder moderate heat stress lead to the pro-
posal of a classical chaperone function of activase for ¢tineponents of thylakoid associated translation
machinery [164]. However,the heat instability of activitself [T60] together with association of acti-
vase with cpn60 under moderate heat striess| [165] arguedsadfais dual role. Furthermore, it has been
shown that the association of activase with the thylakoidhimane can be observed independent of heat
stress, depending on the pH and the ATP levels in the strbB6].[]Another emergent new role is the
involvement of activase in the jasmonate mediated leafssemee pathway in plants. The jasmonate
induced repression of Rubisco activase expression leadpia leaf senescence [167], which might be

explained by a complete repression of the Calvin cycle utitese conditions.

Proteins with sequence homology to Rubisco activase haeelalen identified in filament forming,
heterocystous cyanobacteria [168] and subsequently nRuleidco activase-like proteins (rca-like). In-
activation of Rubisco from these species by known sugasipihates could not be observed in vifrai136],
whereas in vivo the rca-like gene showed a diurnal expragsattern similar to plant§ T169]. In addition,
a knockout strain for the rca-like gene Ahabaena variabiligequired high C@to grow [I70], similar
to a knockout of Rubisco activase in plants, consistent aitlactivase function in vivo. It is interesting
to note that in heterocystous cyanobacterial colonies élséebha can differentiate into two different cell
types under nitrogen starvation. While one population ob&s the ability for photosynthesis and be-
comes the nitrogen fixing cell type, the vegetative cellsangphotosynthesis and deliver carbohydrates
to the nitrogen fixing cells. A requirement for high actieatilevels of Rubisco in these conditions seems

likely, since the vegetative cells have to photosynth#ificaistain the nitrogen fixing cells.
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2.5.1 Putative mechanism of Rubisco activation

To elucidate the mechanism of Rubisco activase severalgenésis studies have been conducted with
the goal to identify critical residues involved in ATP bindiand hydrolysis as well as activation function.
The results of these studies will be discussed here in thiexibof the subdomains of Rubisco activase.
Figure[ZI1 shows the domain architecture of Rubisco aaiend highlights residues critical for the
function. Additionally, Figurd_5]2 provides an overview Riibisco activase sequences and highlights
residues identified in mutational studies. In the absen@estfucture of Rubisco activase most of these

mutations were based on sequence-homology models of R¢henAAA+ proteins [171].

1 68 252 360 383
N-term AAA+ NBD AAA+ 4hb C-e}xt
W16A K112, Q114, K116 45 R241A, R244A, D316K, C-terminal
N-terminal deletions K247A L319V deletion
¢ @ Walker A @ Walker B @ R-finger @ species @ regulation
and vicinity specificity @ of activity
D231R R294A,
@ Sensorl R296A

vicinity of sensor Il

. Mutation affecting Rubisco activation oligomerization

@ Mutation affecting ATP hydrolysis

Figure 2.11:0Overview of mutational studies on Rubisco activase.
Domain architecture of Rubisco activase shown as rectangat. (N-term: N-terminal domain. NBD: nucleotide
binding o/3-subdomain. 4-hb: 4-helix bundle subdomain. C-ext: C-teanextension.) Mutated residues are

indicated together with their respective effect and seqe@bement.

2.5.1.1 The N-terminal domain

Rubisco activase features an N-terminal extension of 68ues [I71]. Truncation of the N-terminal
50 residues of tobacco activase lead to a loss of activasgtyadiut retention of the ATPase activity
[L72]. The same result was independently observed for spinativase, when only the N-terminal 12
residues were truncated. However, N-terminal truncatiohOp 8 or 4 residues lead to preservation of
Rubisco activation[[T43]. Further mutagenesis clearlylicaped a conserved tryptophan residue in the
N-terminal domain (residue 16 in tobacco, residue 11 inagiractivase) as a critical residue for Rubisco

activation [I72]. In many proteins of the AAA+ family N-temal domains serve as adaptors for other
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(substrate-)proteins (SE€R.2). Similar to these N-tesh@idaptor domains the conserved tryptophane 16

might be part of a hydrophobic interaction interface witl ubstrate Rubisco.

2.5.1.2 The nucleotide binding subdomain

Even before activase was classified as a AAA+ protein, seweugagenesis studies aimed to identify
critical residues for the ATPase function. Guided by experits with crosslink-reactive nucleotide ana-
logues [174][[175], the nucleotide hydrolysing domain adl e several critical residues for nucleotide
binding and hydrolysis were identified. The identified resisl mostly map to the well known features
essential for AAA+ ATPase activity (s€eP.2) such as Walkdodp (nucleotide binding K 1127[176],
Q 114 [176], K 116[[1/17]), sensor 1 (nucleotide hydrolysis 31 J178]), Walker B (nucleotide binding
and hydrolysis D 174178] ) and the arginine finger (intetsubinteraction and nucleotide binding R
241, R 244[[170] and K 247 in the viciniti T1I75]).

Interestingly, mutations of glutamine 114 (in the Walker dop) to acidic amino acids (glutamate,
aspartate) lead to slight stimulation of the ATPase agtigih increased Rubisco activation and reduced
inhibition by ADP (se€2.5]2), indicating a possible roleaupling the energy of ATP hydrolysis to the
protein remodeling activity [I76] T180], as well as an inv@ient of this residue in ADP inhibition of

activase.

2.5.1.3 The C-terminal 4-helix-bundle subdomain

The C-terminal 4-helix bundle domain contains residueshirad in the substrate specificity of Rubisco
activase. Rubisco activase from the plant fan8lglonacaege.g. tobacco) does not activate Rubisco
from plants outside the family (e.g. spinadbhlamydomonas reinhardfiand Rubisco activase from
non-Solanacaedoes not activat€olanacedubisco[[181]. A detailed comparison of sequences allowed
the identification of residue substitutions in tBalamydomonas reinhardtRRubisco large subunit that
mediate this species specificity. Mutation of proline 89rgirdne or alanine and mutation of aspartate
94 to lysine resulted in Rubisco that was no longer efficjeatitivated by spinach Rubisco activase
but instead was activated by tobacco Rubisco activasé [[I&&]. A similar comparison of activase
sequences resulted in the identification of two residuetsutigns in the C-terminal 4-helix bundle
that also lead to a specificity conversion. Chimeric Rubattivase of tobacco, in which parts of the C-

terminal domain were replaced by the respective spinaaeseg were able to activate spinach Rubisco,

30



2 Introduction

but were impaired in the activation of tobacco Rubisco[1&4fecific substitution to theon-Solanacaea
sequence of the residues aspartate 316 to lysine and leBtthé¢o valine in tobacco resulted in the
same effect. The analogous mutations innbe-Solanacaeaotton Rubisco activase to ti&olanacea
residues resulted in a conversion of the specificity as WEH]. These results indicated a direct physical
interaction between the C-terminal subdomain of activaskaa equatorial region on Rubisco. Since the
species specificity reversing mutations on Rubisco anddRalactivase seemed to be essentially charge
switch mutations between the residues 94 in Rubisco largerst(lysine forSolanaceaaspartate for
non-Solanaceggeand residue 316 (aspartate fwlanacealysine fornon-Solanacegin Rubisco activase,

a direct salt bridge between these residues was implica&4].[

In addition to these findings related to the interaction leefvRubisco and Rubisco activase, a com-
prehensive mutagenesis study of conserved arginine essjghompted the identification of two arginine
residues in the Tobacco activase (R 294 and R 296) C-termiama&in important for nucleotide hydroly-
sis [179]. While mutation of arginine 294 to alanine leadtpaired nucleotide hydrolysis and impaired
Rubisco activation it also affected subunit oligomerizatiThe mutation of arginine 296 to alanine only
affected nucleotide hydrolysis and Rubisco activation aad therefore interpreted to be the Sensor 2
arginine involved in sensing the bound substrate as welasucleotide. It is interesting to note, how-
ever, that classical clade AAA+ proteins usually do not aona sensor 2 arginine residue for nucleotide

sensing (see2.2).

2.5.1.4 The C-terminal extension

Compared to the core AAA+ subdomains, the C-terminal eideris less conserved in Rubisco activases
and in many species (e.grabidopsis thalianatwo Rubisco activase functional isoforms were identified
that vary in the length of the C-terminal extensibn [185]dlL8nterestingly, deletion of the C-terminal
19 residues of the shorter isoform of spinach Rubisco as#iV@ad to an increased Rubisco activation
and slight reduction of the ATPase rale [L73], confirming ¢ladier hypothesis that the long isoform
might play a role in regulation of Rubisco activase [177k(absd Z51R).

2.5.2 Regulation of Rubisco activase

The finding that the ATPase activity of Rubisco activase shited by ADP [157][17¥] lead to the

hypothesis that activase is controlled by the ATP/ADP ratithe chloroplast stroma, enabling a modu-
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lation of ATP hydrolysis of activase as well as the Rubisdiviyg in response to illumination. However,

while the Rubisco activation status clearly responded figréinces in illumination levels (becoming
more active at higher light intensities), the RuBP, ATP orFAlRvels in the chloroplast did not change
significantly [I87]. The increased sensitivity to ADP initiitn of the long isoform of activasé [1I77],

however, prompted further studies to investigate the etgny function of the long C-terminal exten-
sion.

In many plants activase (e.grabidopsis thalianaSpinacia oleracegOryza sativa has two isoforms,

a short (40-42 kDa) and long isoform (~46 kDa) usually geteerdy alternative splicing, which vary in
the length of the C-terminal extension. Mutation of two caned cysteine residues in the C-terminal
extension of the long isoform of Rca froArabidopsis thalianaesulted in less inhibition by ADP and
higher ATPase as well as Rubisco activation activities & phesence of a fixed amount of ADP in
vitro. The same effect was observed in the presence of theciregl agent dithiothreitol (DTT) and
thioredoxin-f but not DTT and thioredoxin-ni_[188]. Additially, in vitro mixing experiments with
long and short isoforms confirmed a regulatory influence efltmg isoform on the short isoform. In
oxidizing conditions the short isoform was completely bitéd by the presence of the long isoform in
a 1:1 ratio at an ATP/ADP ratio of 1:81189]. Since the leveisamucing equivalents such as reduced
thioredoxin-f increase with increasing light irradiatiaghwas hypothesized that redox-regulation of the
long isoform regulates Rubisco activase activity in resgoio light and therefore also controls Rubisco
activity. This regulatory pathway could be confirmed in viwp expression of just one of the isoforms
in the Arabidopsis thaliana rcanutant. Expression of the short isoform showed high Ruléstivation
levels even in the dark, whereas expression of the longriso&howed a light responsive regulation
of Rubisco activity [T90]. The C-extension of the oxidizedde isoform can be indirectly crosslinked
to residues near the nucleotide binding pocket (peptides Walker A, R-finger and peptides in the
sensor 2 near to the nucleotide binding pocket). It was thergoostulated that the oxidized C-terminal
extension of the long isoforms blocks binding of ATP, expilag the reduced binding affinity to ARS

in the oxidized staté [191] (see alsal5.4).

Although the long isoform of Rubisco activase associateith thie redox-regulation plays a pivotal
role in regulating Rubisco activation in response to vagylight conditions, it is interesting to note that
in some plant species such as tobacco no long isoform hasdewified so far.

Additionally, Rubisco activase expression levels in gdaggnerally fluctuate in a diurnal manner, with

the highest expression at the beginning of the light cyctetha lowest expression during the night[192].
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This regulated expression closely resembles the diurtigbsion cycle of Rubisco.

2.5.3 Oligomeric state

Intriguingly, Rubisco activase from different speciesygiidpersely oligomerizes in a concentration and
nucleotide dependent manner. Various oligomeric sizes 60 kDa to ~600 kDa have been described
dependent on analysis method, ¥g nucleotide and activase concentratibn J193] [194] [1951d].
The specific ATPase as well as the Rubisco activation agtaiid the oligomeric size increase with
increasing concentrations and in the presence of crowdjegta (e.g. 5 % PEG 3350) [194]. This
has been interpreted in conjunction with preliminary EMdsts (sed_2.5.3.1) to indicate that a large
oligomer (>8 up to 16 subunits) is the active state of acid95] [196]. This would be inconsistent
with the typical active oligomer of a AAA+ protein, which ish@xamer[[196]. Indeed, recent studies of
the oligomerization state of a ATP hydrolysis deficient\ade mutant (R294A) by mass spectrometry
show a complex of Rca in the presence of WMgnd ATPyS with a mass corresponding to a hexamer
[197].

Cysteine mutants in the N- and C-terminal domains of Rubastivase coupled with bis-maleidoethane
crosslinking, resulted in highly crosslinked species dfamactivase, implicating contacts between the

N- and the C-terminal subunits in the oligomerization pesce93].

2.5.3.1 Preliminary EM studies and structure of Rubisco act ivase

A preliminary negative stain EM study of a potential comphletween Rubisco activase and Rubisco
from tobacco in the presence of kigand ATPyS has been reported [199] in which the presence of
Rubisco activase seems to increase the diameter of thed®uimsticles. This was interpreted as Rubisco
activase surrounding Rubisdo [17L]1196], maintainingftha-fold symmetry of the Rubisco complex.
Although the AAA+ chaperone RavA (a member of the MoxR sulifignalso surrounds its substrate
mediated by an interaction domain_[200], this arrangemertighly unusual for an interaction of a
classical AAA+ protein with its substrate.

While this thesis was written and a manuscript was prepaveg@ublication, the crystal structure of
the C-terminal 4-helix bundle domain of activase from Cotedush was solved at a resolution of 1.88
A [20T]. These results are compared to the results obtaimedis study in sectioi@.1. Briefly, the

structure comprises the C-terminal 4-helix bundle domwith an extended third helix of the bundle.
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This extended conformation seems to be stabilised by iatet-intramolecular contacts in the crystal, as

discussed in sectidn®.1.

2.6 Aim of this study

Rubisco activase is a key enzyme of photosynthesis in eategyand required for maintaining the activ-
ity of Rubisco. Indeed, activase has been dubbed a "cataljiperone[[141]. Furthermore, Rubisco
activase is a heat labile enzynmie T159]IL60], a property mhight limit the photosynthetic capacity of
plants under moderate heat stress. It has been predicteshtiencing activase stability results in plants
with improved photosynthetic properties and growth undeditions of moderate heat streSs [161]162]
[L&63]. However, the mechanism of this AAA+ remodeling chape has remained elusive in the absence
of a three dimensional structure. Furthermore, the oligarstate of the active enzyme is still unknown.
The aim of this study, therefore, was the determination efdtiucture of Rubisco activase by X-
ray crystallography. Subsequently, structure guided timurts coupled with negative stain electron mi-
croscopy should elucidate the mechanism of Rubisco redictivas well as as the oligomeric state of
the active enzyme. In addition, a detailed characterinabibthe interaction of Rubisco with Rubisco

activase was undertaken.
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3.1 Materials

3.1.1 Chemicals

Unless otherwise stated, chemicals werepad analysisquality and purchased from Sigma-Aldrich
(Steinheim, Germany) or Merck (Darmstadt, Germany). RuB@dun Rubisco activity assays was

purchased from Sigma-Aldrich (Steinheim, Germany).

Table 3.1: Chemicals

Supplier Chemical

Amersham Biosciences (Freiburg, Germany)  NeO;
Bio-rad (Munich, Germany) Bradford assay dye reagent,

AG1-X8 resin CI- form

Biozym (Hessisch Oldendorf, Germany) Biozym LE Agarose

Difco (Heidelberg, Germany) Bacto tryptone, Bacto yeastae, Bacto-Agar
Fermentas (St. Leon-Rot, Germany) GeneRuler 1 kb DNA Ladder

Invitrogen (Karlsruhe, Germany) dNTP set, protein markeiSDS-PAGE,

SYBR Safe DNA gel stain
NuPAGE BT 4-16 % gradient gel
NuPAGE Novex colloidal blue

J.M Gabler Saliter GmbH & Co. KG skim milk

(Obergiinzburg, Germany)

MPI of Biochemistry, Peptide Synthesis Service oligoegxi

(Martinsried, Germany)
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PEQLAB (Erlangen, Germany) IPTG

Qiagen (Hilden, Germany) Ni-NTA Agarose

Roche (Basel, Switzerland) DTT

Roth (Karlsruhe, Germany) Ampicillin, Rotiszint

Serva (Heidelberg, Germany) Acrylamide-Bis, PMSF, SDS,
Serva Blue R

Usb (Wooburn Green, UK) ECL solutions

3.1.2 Enzymes, antibodies and kits

Table 3.2: Enzymes, antibodies and kits

Supplier Reagent
Hampton Research (Aliso Viejo / CA, USA) Crystallizatiorresens and supplies
Jackson Immuno Research (Newmarket, UK) HRP-coupled seacpmntibodies

JPT Peptide Technologies GmbH (Berlin, Germany)  PepSputtdes Epitope mapping
Merck (Darmstadt, Germany) Benzonase
New England Biolabs (Frankfurt am Main, Germany) Restit&nzymes, T4 DNA Ligase
Promega (Mannheim, Germany) PureYield Plasmid Midipregt&w,
Wizard Plus SV Minipreps
DNA Purification System,
Wizard SV Gel and PCR Clean-Up System,
pGemTeasy vector system,
Pfu Polymerase
Sigma-Aldrich (Steinheim, Germany) anti-FLAG M2 mouse mdonal antibody
Stratagene (Heidelberg, Germany) Herculase Enhanced DiNARrase
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3.1.3 Instruments

Table 3.3: Instruments

Supplier

Reagent

Abimed (Langenfeld, Germany)
Bachofer (Reutlingen, Germany)

Beckman Coulter

Bibby Scientific (Stone, UK)
Biometra (Gottingen, Germany)

Bio-Rad (Mtnchen, Germany)

Drummond Scientific (Broomall , USA)

Eppendorf (Hamburg,Germany)

Fisher Scientific (Schwerte, Germany)

GE Healthcare (Mlnchen, Germany)

Hampton Research (Aliso Viejo, USA)

Gilson Pipetman (2, 10, 20, 200, 100Qul)
Hybridization Oven
centrifuges and rotors (CS-6R, J6-MI, Ayan
spectrophotometers (DU640, DU800),
LS6500 multi-purpose scintillation counter
Stuart rotating wheel
PCR thermocycler
Chemidoc XRS,
Mini Protean Il electrophoresis cell,
Power Pac 300,
Horizontal agarose gel electrophoresis
(Wide) Mini-SUB CELL GT
Pipet-aid
centrifuges (5415D, 5417R),
Thermomixer comfort
Accumet Basic pH mete
Akta Purifier, Akta Exgior
Ettan LC, prepacked chromatography columns

Crystallization suegland tools

Hoefer Scientific Instruments (San Francisco, USA) SemiBlaiting systems

Mettler Toledo (Giessen, Germany)
MicroCal (Northampton, USA)
Millipore (Bedford, USA)

Misonix (Farmingdale, USA)
New Brunswick Scientific

PEQLAB (Erlangen, Germany)

Balances (AG285, PB602)
MicroCal VP-ITC MicroCalorigter
Amicon ultra centrifugal filter,
Steritop vacuum filters
Sonicator 3000
Innova 44 incubator / shaker

Nanodrop 1000
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Roth (Karlsruhe, Germany)) ZelluTrans dialysis membrane
Scientific Industries, Inc. (Bohemia / NY, USA) \Vortex-Gerd

Whatman GmbH (Dassel, Germany) Whatman Protran nitrdos#umembrane
Wissenschaftlich Technische Werkstatten pH meter

WTW (Weilheim, Germany)

3.1.4 Buffers and media

Media were prepared with deionised, double-distilled wated subsequently autoclaved. M9 minimal

media was made with autoclaved or sterile filtered ingredian indicated.

LB medium: 10 g/l tryptone
5 g/l yeast extract
10 g/l NaCl
(15 g/l agar for solid medium)

pH 7.1 adjusted with NaOH

M9 minimal medium: 775 ml KO (autoclaved)
20 ml 20 % (w/v) glucose (sterile-filtered)
2 ml 1 M MgSQ; (autoclaved)
0.1 ml 1 M CaC} (autoclaved)

200 ml 5x M9 salts (autoclaved)

5x M9 salts: 64 g/l NeHPOQ, - 7TH,O
2.5 g/l NaCl
5 g/l NHACI
Buffers for protein purification were vacuum filtered throug Steritop filter membrane.

Coomassie destaining solution 10 % ethanol, 7 % acetic acid

Coomassie staining solution 0.1 % (w/v) Serva Coomassie BRk250, 40 % ethanol,

8 % acetic acid
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5x DNA loading dye

Electrophoresis migration buffer

Extraction buffer

TAE
TBS

TBS-T

PBS

PBS-T

Ponceau S staining solution

Pulldown buffer

Purification buffer A

Purification buffer B

Purification buffer C

0.1 M EDTA, 0.1 % (w/v) SDS,
0.025 % (w/v) bromphenol blue, 40 % glycerol

120 mM Tris-HCI, 134 mMghe,
0.1 % SDS

50 mM Tris-HCI pH 7.4, 20 mM MgSQ

20 mM NaHCQ, 0.1 mM NgEDTA, 50 mM g-

mercaptoethanol,

1 mM PMSF
40 mM Tris-acetate, pH 8.5, 2 mM EDTA
50 mM Tris-HCI pH 8.0, 137 mM NaCl, 2.7 mM KCI

50 mM Tris-HCI pH 8.0, 137 mM NaCl, 2.7 mM KCI, 0.1 %

Tween 20

12 mM NaHPQOy/NaH,PO, / pH 8.0, 137 mM NacCl, 2.7 mM
KCI

12 mM NaHPO,/ NaH,PO,, 137 mM NacCl, 2.7 mM KClI,
0.1 % Tween 20

0.1 % (w/v) Ponceau S, 5 % aasgtc a

50 mM Tris-HCI pH 8.0, 50 mM NaCl,
50 mM imidazole, 5 mM MgG

50 mM Tris-HCI pH 8.0,
300 mM NacCl, 10 mM imidazole,

5% glycerol

50 mM Tris-HCI pH 8.0,
300 mM NacCl, 200 mM imidazole

50 mM Tris-HCI-HCI pH 8.0,
10 mM NacCl
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Regeneration buffer 62.5 mM Tris-HCI pH 6.7, 2 % (w/v) SDS,

100 mM B-mercaptoethanol

Rubisco storage buffer 10 mM NaRQy pH 7.6, 50 mM NacCl,
1 mM EDTA, 10 % glycerol

5x SDS-sample buffer 225 mM Tris-HCI pH 6.8, 50 % glycerol
5 % SDS (w/v), 5 %5-mercaptoethanol
0.01 % bromphenolblue (w/v)

SEC buffer 20 mM Tris-HCI pH 8.0,
50 mM NacCl, 2 mM MgC}

Western blot transfer buffer 50 mM Tris-HCI, 20 % methan®2 InM glycine

3.1.5 Strains

Table[3% gives an overview of used bacterial strains.

Table 3.4: Enzymes, antibodies and kits

Supplier strain

Stratagene (Heidelberg, Germanyk. coliBL21 (DE3)

Novagen (Darmstadt, Germany) E. coli DH5«

3.1.6 Plasmids and oligonucleotides

Oligonucleotides used in this study are listed in Tdbld 3@ligonucleotides were purchased from

Metabion (Martinsried, Germany).

Table 3.5: Primers used in this study

name sequence
CrRca2for CTCGGCGGTGGTGTGGCCTCTAGCCGCAAGCAGATG
CrRcarev CTAGGATCCTTAGCGGCTGTAGGCCTCGGGCAG
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AtRca2for CTCCGCGGTGGTGTGAAAGAAGACAAACAAACCGTC
AtRcalrev CTAGGATCCTCAAAAGTTGTAGACACAGGTTCC
Ats2rev CTAGGATCCTTACTTGCTGGGCTCCTTTTC

CTCTTTTTTCCGTAGAAAGTTCCACGGCC

Atlgcforw GCCATCGGCCGTGGAACTTTCTAC

Atlgcrev GTAGAAAGTTCCACGGCCGATGGC

NttruncN CTCCGCGGTGGTAACTTGGACAACAAGTTG
T7term GCTAGTTATTGCTCAGCGG

NtAct_Nterm_Sacllforw| CTCCGCGGTGGTGAACAAATA

NtAct_Nterm_EcoRIrev| CTAGAATTCCTAGTACTGGCGAAGACC

Pept_for TAACTCCGCGGTGGTAGCGGCAGCGGCAGCAACGGCC
TGCTGCTGCATATT

Pept_rev CTACTAGAATTCTTACGCATGCATCGCGCGATGAATA
TGCAGCAGCAGGCC

HueFLAGfor CTGGTGTTGCGCCTCCGGGGTGGAATGGATTACAAAGACGAT

GACGATAAAGCGGGCCGCGGTGGAGAACAAATAGAT

HueFLAGrev ATCTATTTGTTCTCCACCGCGGCCCGCTTTATCGTCATCGTCTT
TGTAATCCATTCCACCCCGGAGGCGCAACACCAG

W16Afor AGTGACAGAGCGAAGGGTCTT
W16Arev AAGACCCTTCGCTCTGTCACT

K92Dfor GTTCACATCACCGATAACTTCTTGAAA
K92Drev TTTCAAGAAGTTATCGGTGATGTGAAC
E138Afor ATGAGTGCTGGAGCGTTGGAAAGTGGA
E138Arev TCCACTTTCCAACGCTCCAGCACTCAT
E140Afor GCTGGAGAATTGGCGAGTGGAAATGCA
E140Arev TGCATTTCCACTCGCCAATTCTCCAGC
S141Afor GGAGAATTGGAAGCGGGAAATGCAGGA
S141Arev TCCTGCATTTCCCGCTTCCAATTCTCC

G142Vfor GAATTGGAAAGTGTGAATGCAGGAGAG
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G142Vrev CTCTCCTGCATTCACACTTTCCAATTC
N143Afor GAAAGTGGAGCTGCAGGAGAG
N143Arev CTCTCCTGCAGCTCCACTTTC

Al44Vfor GAAAGTGGAAATGTGGGAGAGCCAGCC
Al44Vrev GGCTGGCTCTCCCACATTTCCACTTTC
Y188Afor GGAACTACCCAAGCGACTGTCAACAAC
Y188Arev GTTGTTGACAGTCGCTTGGGTAGTTCC
F232Afor ACTGGTAACGATGCGTCCACATTGTAT
F232Arev ATACAATGTGGACGCATCGTTACCAGT
Y236Afor TTCTCCACATTGGCGGCTCCACTTATC
Y236Arev GATAAGTGGAGCCGCCAATGTGGAGAA
R294Vfor TTCGGTGCACTGGTAGCGAGAGTATAC
R294Vrev GTATACTCTCGCTACCAGTGCACCGAA
R294Afor TTCGGTGCACTGGCGGCGAGAGTATAC
R294Arev GTATACTCTCGCCGCCAGTGCACCGAA
D299Afor GCGAGAGTATACGCGGATGAAGTAAGG
D299Arev CCTTACTTCATCCGCGTATACTCTCGC
D299Kfor GCGAGAGTATACAAAGATGAAGTAAGG
D299Krev CCTTACTTCATCTTTGTATACTCTCGC
AC(360)for TTGGCTGACAAATAATAATACCTCAAAGAG
AC(360)rev CTCTTTGAGGTATTATTATTTGTCAGCCAA
Y361Afor TTGGCTGACAAAGCTCTCAAAGAGGCT
Y361Arev AGCCTCTTTGAGAGCTTTGTCAGCCAA
AC(363)for AAATACCTCAAATAGTAAGCACTTGGTGAT
AC(363)rev ATCACCAAGTGCTTACTATTTGAGGTATTT

The expression plasmids pHUE, pHUENtRca and pHUspZ2-cd| [@@2e a gift from Dr. S. Whitney
(ANU, Australia).
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3.2 Molecular biology methods

3.2.1 DNA analytical methods

DNA concentrations were determined by UV spectroscopy oredson a Nanodrop 1000 (PEQLAB).
At a wavelength of 260 nm, one absorption unit correspond®tog/:| double stranded DNA in water.
The absorbance ratio 260/280 nm for pure DNA is approxinate35 [203].

Authenticity of cloned constructs was confirmed by testrigtgtn with suitable restriction enzymes
and sequencing by the MPI sequencing service. For one seiqgeeaction, approximately & of 100
ng/ul plasmid were needed. Sequencing chromatograms werdisediavith the help of the program
ApE (M. Wayne Davis, http://biologylabs.utah.edu/jorgen/wayned/ape), and comparative sequence
analysis was performed by alignment in this program.

Agarose gel electrophoresis was performed in 1 % TAE-agayeks at 7-10 VV/cm supplemented with
SYBR-SAFE (1:5000) in 0.5x TAE buffer. Prior to loading sdegon the gel, they were mixed with 5x
DNA loading dye.

3.2.2 Competent E. coli cells and transformation

Chemically competent DHband BL21 cells were prepared by the Ca€method. Cells were grown
to mid-log phase (OD 600 = 0.5) at 3Z in one liter of LB medium. After chilling the cells on ice for
10 min, the culture was centrifuged for 30 min at 3300 xg°&t.4The supernatant was removed and the
cells were resuspended gently in 20 ml ice-cold 0.1 M Ga@l5 % glycerol. After incubation on ice
for 20 min, 50l of the cell suspension were aliquoted in chilled sterilecten tubes, frozen in liquid
nitrogen and stored at -8G. For transformation, 501 of chemically competent cells were thawed on
ice and mixed with ~100 ng plasmid DNA. After incubation oe for 30 min, cells were heat shocked
at 42C for 90 s and allowed to cool down before 200LB-medium were added. Cells were incubated
with shaking at 37C for 30 min before cells were streaked out on LB-Agar platggpemented with
200 pig/ml ampicillin. A single colony of the transformants wasl@d and inoculated in liquid medium

for further analysis.

3.2.3 Plasmid and DNA-fragment purification

For the amplification of plasmid DNA. coli DH5« were grown for 8-16 h in LB medium containing

the appropriate antibiotics at 3Z with moderate shakin@[2D3]. Plasmids were subsequeniiifigd
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via anion exchange chromatography using the Wizard Plus 8Vpkép DNA Purification System, ac-
cording to the manufacturer’s instructions. In order tofygur isolate DNA-fragments after agarose gel

electrophoresis or enzymatic reactions the Wizard SV GeIR@R Clean- Up system was used.

3.2.4 Polymerase chain reaction (PCR)

Amplification of DNA fragments was achieved by PCR. To amyplifenes from plasmids a high fidelity
polymerase mix named Herculase (Agilent) was used, whilgpBfymerase (Promega) was used for the

insertion of mutations by quick change PCR.

3.2.4.1 DNA amplification by PCR

DNA amplification from plasmids or annealed oligonucleetidvas carried out in the following reaction

and with the temperature cycles shown in TdbIé 3.6. Primezd shown in Table=3.5.

PCRreaction: 2l Herculase 10x buffer
2 ul 2 mM dNTP
0.2 ul (1.2 U) Herculase Polymerase mix
1-30 ng template DNA
0.5ul 10 uM forward primer
0.5ul 10 uM reverse primer

total volume 2Qul

Table 3.6: Temperature cycles for DNA amplification by PCR

Temperature (°C) | time (min) | cycles
95 2 1

95 0.3

50 0.5 35

72 1 min/kb

72 10 1

4 00 1

For cloning in pGemTeasy the amplified DNA was desoxyadeeo&iA) tailed by addition of 0.2I
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Tag polymerase and;2 2 mM dATP and incubation at 7Z for 30 min.

3.2.4.2 Site directed mutagenesis

For site directed mutagenesis of existing plasmids thevigig PCR reactions and cycle conditions were
used. Primers were self complementary and contained theedasutation (see Table~3.5). After the
PCR 0.5ul Dpnl were added to 1@l of the reactions and incubated at°®7for 30 min to digest the

methylated template plasmid before transformation Etooli DH5q.

PCR reaction : 2l Pfu 10x buffer
2 4l 2 mM dNTP
0.38ul (1.2 U) Pfu Polymerase
300 ng template plasmid
0.72ul 10 uM forward primer
0.72p1 10 M reverse primer

total volume 2Qul

Table 3.7: Temperature cycles for DNA amplification for slteected mutagenesis

Temperature (°C) | time (min) | cycles
95 2 1

95 0.5

55 1 18

68 10

68 15 1

4 00 1

3.2.5 Restriction digest, ligation and cloning strategy
3.2.5.1 Restriction digest and ligation

500 ng - 2.9 DNA were digested with 20-60 U of the respective restriceozymes in 20-501 reactions
in buffer according to manufacturers recommendations fora® 37 C. Digested plasmid vector DNA

was dephosphorylated with calf intestinal phosphatase)(@tcording to the manufacturer’s instructions
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prior to further use. Linearized plasmids, as well as pldsimserts were separated by agarose gel
electrophoresis. For further use linearised plasmidsasrpid inserts were purified by the Wizard Plus
SV Miniprep DNA Purification System.

Purified insert and plasmid DNA eluted in deionized waterengsed for ligation. Approximately 100
ng of digested plasmid DNA (pHUE) and an approximately fioletexcess of complementarily digested
DNA insert were incubated with 200 U of T4 DNA ligase in a totalume of 10ul. The reaction was
performed in T4 DNA ligase reaction buffer for 1-12 h at ro@mperature (RT). Afterwards the reaction
mix was transformed ift. coli DH5« cells. Successful ligation was confirmed by restrictionlysia
and subsequent DNA sequencing.

The pGemTeasy vector system (Promega) was used accordimgntafacturers instructions, for liga-

tion of dA tailed PCR products.

3.2.5.2 Precipitation of DNA for sequential restriction en zyme digests

To avoid loss of DNA as a result multiple agarose gel elettoogsis purifications, the DNA was precip-
itated after treatment with the first restriction enzymeaiews:

5 pl 3 M ammoniumacetate (pH 7) and 1@0100 % ethanol were added to o0 of the respective re-
striction enzyme reaction, mixed and incubated on ice fan#@ The precipitated DNA was spun down
at £C at 16100 xg for 10 min, the supernatant was removed and tle¢ pas washed with 3001 70

% Ethanol. After the pellet was spun down again, the supanbatas removed and the pellet was dried
in a centrifugal evaporator (Concentrator 5301, Eppendbdr further restriction enzyme digestion the

pellet was redissolved in 24 of deionized water.

3.2.5.3 General cloning strategy

In this study the expression vector pHUE was used for thedlegous expression of protein constructs
in E. coli [202]. Proteins are expressed with an N-terminal fusionerahkhistidine tagged ubiquitin
(HisgUb), which improves solubility and enables easy proteinifigation by immobilised metal-ion
affinity chromatography (IMAC). Cleavage of the tag by theldiguitinating enzyme Usp2 leaves the
native N-terminus of the protein of interest.

DNA was amplified from plasmids or annealed oligonucleatiddéth a 5’ primer with the 5’-overhang

sequence CTC CGC GGT GGT coding for a Sacll restriction siteell as the C-terminal amino acids
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of ubiquitin [202]. The 3'primer was designed with a 3’-okang encoding for a BamHI or EcoRI
restriction site, both of which are found in the 3’ multiplring site of the vector pHUE (primers
see Tabl¢_3]5). For sequencing and subsequent cloning thailéd constructs were first ligated into
pGemTeasy via the desoxythymidine (dT) overhang of thatired vector according to manufacturers
instructions. Transformation intB. coli DH5« and subsequent colony selection, growth and isolation
yielded enough plasmid with high quality for sequencing &ndl cloning into the expression vector
pHUE.

pGemTeasy with inserted sequences were digested with &atlEcoRI or BamHI either simultane-
ously or sequentially and the purified inserts were ligatéd the pHUE vector digested with the same
enzymes and dephosphorylated by CIP. After transformati@H5«, ampicillin resistant colonies were
picked, grown in liquid medium supplemented with ampinilind the correct insert was confirmed by
sequencing. Mutations in the inserts were generated bylisgeted mutagenesis, unless indicated oth-
erwise.

The coding sequence Ghlamydomonas reinhardtRubisco activase (CrRca) was amplified with the
primer pair CrRca2for and CrRcarev from the plasmid Rca{iEI(C.Liu unpublished), cloned into the
pGemTeasy vector and sequentially digested with Sacll aardHB for cloning into the vector pHUE.
The expression plasmid was named pHUECrRca.

The coding sequence of the short isoformAodbidopsis thalianaRubisco activase (AtsRca) was am-
plified with the primer pair Atrca2for and Ats2rev from thepiid pProEx(AT_RCAK9) (A. Schmeinck
unpublished), cloned into the vector pGemTeasy and seigllgrdigested with Sacll and BamHI and
inserted into the pHUE vector. The expression plasmid waseagpHUEAtsRca.

The coding sequence of the long isoformAeébidopsis thaliand&ubisco activase (AtlRca) was ampli-
fied with the primer pair Atrca2for and AtRcalrev from thegtad pProEx(AT_RCAg1) (A. Schmeinck
unpublished) and cloned into the vector pGemTeasy. Thenat&acll site of AtIRca was removed with
site directed mutagenesis with the primer pair Atlgcfor Atldcrev and sequentially digested with Sacll
and BamHI and inserted into the vector pHUE. The expresdimsmid was hamed pHUEAtIRca.

The coding sequence of the N-terminally truncated Rubistivase (residues 68-383) frofdico-
tiana tabacum(AN NtRca) was amplified with the primer pair NttruncN and Titdrom the plasmid
pHUENtRca [202]. The PCR product was subsequently direditested with Sacll and EcoRI and
ligated into the vector pHUE. The expression plasmid wasathpHUEAN NtRca.

The coding sequence of the N-terminal domain of Rubiscoas#i (residues 1-67) froiicotiana
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tabacum(Nterm) was amplified with the primer pair NtAct_Nterm_Sé&mw and NtAct_Nterm_EcoRlrev
from the plasmid pHUENtRc&[202]. The PCR product was sultseily dA tailed, cloned into the vec-
tor pGemTeasy and subsequently digested with Sacll and lEsaRnserted into the vector pHUE.

Mutations in pHUENtRca or pHUBNNtRca were generated by site directed mutagenesis with the
appropriate primer pairs (see Tabl€l3.5). The expressiclovpHUEFLAGNtRca for the expression of
N-terminally FLAG tagged proteins was generated from pHUtR®4 by site directed mutagenesis with
the primer pair HueFLAGfor and HueFLAGrev by Oliver Mull€ajar (unpublished). Other pHUE-
FLAG expression vectors were generated by restrictionstligéth Sacll and EcoRI and ligation with
complimentary inserts.

The coding sequence of a peptide motif of the Rubisco lagferis (sequence NGLLLHIHRAMHA)
was amplified together with an N-terminal serine glycin&din(sequence SGSGS) by primer overlap ex-
tension PCR with the partially complementary primers Piegptand Pept_rev. The PCR product was dA
tailed, cloned into the vector pGemTeasy and subsequeigthstdd with Sacll and EcoRI and inserted

into pHUE.

3.3 Protein biochemistry

In the following sections all protein biochemical methodgdi in this study will be summarized.

3.3.1 Protein analytical methods
3.3.1.1 Protein sequence alignment

Protein sequences were aligned using the programs Clugga¥4] or MultAlign [205]. Color coded

figures of alignments with indications of secondary striglements were generated with the program

Espript [206].

3.3.1.2 Protein quantification

Protein mixtures were quantified by a Bradford (BioRad protessay) assay after calibration against
known amounts of bovine serum albumin.ubof appropriately diluted protein solution (1:5 to 1:20)
were added to 795l ddH,O and 200ul Bradford reagent, mixed and incubated for 5 min before the

absorbance of the sample at 595 nm was measured on a DU640r@iet (Beckman Coulter).
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Pure proteins were quantified by their absorbance at 280 img tise extinction coefficients listed
in Table[3:8 measured on a Nanodrop 1000 (PEQLAB). Extinatimefficients were calculated with the
program ProtParani [207]. Extinction coefficients of poinitations not listed were the same as for the

respective wildtype NtRca.

Table 3.8: Extinction coefficients used for proteins in gtisdy

Protein extinction coefficient (M~! cm~!) | molecular weight (Da)
NtRca 39880 42759
ANB68 NtRca 29910 35161
AC360 NtRca 38390 40418
AC363 NtRca 39880 40822
ANB68 AC360 NtRca | 28420 32820
NtRca W16A 34380 42644
N-term 9970 7616
HissUb 1490 10597
HisgUb-Peptide 1490 12568
NtRubisco (active site) 113220 67222

3.3.1.3 SDS-PAGE

In order to analytically separate proteins based on appanefecular weight, discontinuous sodium-
dodecylsulfate polyacrylamide gel electrophoresis (FI2&E) [208] was used. Gels were prepared as
described in Tablg=3.9, furthermore, isopropanol was Eyewer the separating gel while the gel-matrix
polymerised. Samples were mixed with 5x SDS-sample buiteled for 5 min at 95C, and centrifuged
for 1 min at 4°C at 16100 xg. Gel electrophoresis was carried out in Minid2no (Bio-rad) electrophore-
sis chambers in the presence of electrophoresis migratifbertemploying a starting constant voltage of
100 V followed by 140-160 V for the rest of the run.

Samples for subsequent mass spectrometry were run on pNeBAGE BT 4-16 % gradient gels

(Invitrogen) according to manufacturers instructions@Q ¥ for 1 h 10 min.
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Table 3.9: SDS-polyacrylamide gel preparation

Solutions (4 gels) 6 % gel 12.5 % gel | 16 % gel 4 % gel
separating | separating | separating | stacking

deionized water 10.8 ml 6.4 ml 4.1 ml 6.1 ml

1.5 M Tris-HCI pH 8.8 5mi 5ml 5ml -

0.5 M Tris-HCI pH 6.8 - - - 2.5 ml

10 % (w/v) SDS 200 il 200 il 200 il 100l

30 % (v/v) acrylamide (AA) 4 ml 8.4 ml 10.7 mi 1.3 ml

0.8 % bis-AA

10 % (w/v) ammonium per-oxo-disulfat 100 ul 100 pl 100 pl 50 pl

TEMED 6 ul 6 ul 6 ul 10 pl

3.3.1.4 Coomassie blue staining of SDS-polyacrylamide gel s

Coomassie blue dye integrates with cationic, nonpolar, lgmtiophobic side chains of a polypeptide.
Coomassie blue staining was used for the visualizationaiépr bands (>500 ng) in polyacrylamide gels.
Protein bands were fixed and stained in the gel matrix by iatndg the gels for 1 hr with Coomassie blue
staining solution. Background staining was removed bybation with Coomassie destaining solution
for 1-3 h.

Precast NUPAGE gradient gels for mass spectrometry wenedtaith NUPAGE Novex colloidal blue

staining solutions according to the manufacturers instns.

3.3.1.5 Western blotting and immunodetection

Western blot followed by specific immunodetection [209] veasployed for specific identification of
protein bands after SDS-PAGE. Proteins were transferreal idgrocellulose membrane in a semidry
western blot (SemiPhor) in transfer buffer at a current ofd® per gel for 1 h. Transferred proteins
were stained with Ponceau S to ensure efficient transfer estdided with water before proceeding with
the immunodetection.

Nitrocellulose membranes were blocked for 1 h at RT in PBSKR W % (w/v) milk powder. The
primary antibody anti-FLAG M2 (mouse monoclonal, Sigma)jsvaluted 1:5000 in PBS-T with 5 %

(w/v) milk powder and incubated with the membrane for 1 h at Rfe membrane was washed twice
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with PBS-T and subsequently incubated in PBS-T for 15 minSHBwas exchanged three times and
the membrane incubated in fresh PBS-T for 5 min. The secgratdibody peroxidase-conjugated goat
anti-mouse (Jackson Immuno Research) was diluted 1:1006B5-T with 5 % (w/v) milk powder
and incubated with the membrane for 1h at RT. The membranewasised again (as above) and bound
HRP coupled antibodies were detected by enhanced chemmaogince (ECL) staining with a 1:1 mix
of Rodeo ECL detection reagent 1 and Rodeo ECL detectiorere&y(usb). Chemiluminescence was

detected on a Chemi-Doc XRS (Bio-rad) gel documentatiotegys

3.3.1.6 Circular Dichroism (CD) -spectroscopy

Structural integrity of purified Rca and Rca mutants wasyaeal by CD-spectroscopy. Proteins were
desalted into buffer (20 mM $HPO,/KH,PO, pH 8) using the Bio-Spin6 chromatography column (Bio-
Rad) according to manufacturers instructions. Proteicentration was adjusted to a final concentration
of 0.1 mg/ml and the CD spectra were recorded on a JASCO CEirspeeter (average of 4 passes, 250
nm to 190 nm, 0.1 nm data pitch, 20). CD-spectra were fitted with the CONFIT algorithm on the
SMP56 base dataset to estimate the secondary structurentor@tructural integrity of point mutant

proteins was verified by CD

3.3.2 Test expression of proteins

E. coliBL21 cells carrying the pHUE plasmid for expression of thepextive proteins were grown in LB
supplemented with 20Q@g/ml ampicillin at 37C in an Innova44 incubator (New Brunswick Scientific)
at moderate shaking (220 rpm) overnight. 5 ml LB media supplged with 20Q:g/ml ampicillin was
inoculated with 5Qul of the overnight culture and grown at 37 to an optical density at a wavelength
of 600 nm (OD600) of ~0.8. The culture was subsequentlyesthifd the temperature to be tested° @7
23°C, 18C) and induced with 0.5 mM isopropy+D-thiogalactopyranoside (IPTG). After the indicated
times (2 h, 4h or ~12 h) cells were harvested by flash freezidguid N,. Cells were subsequently
resuspended in 500 lysis buffer (50 mM Tris-HCI pH 8.0, 300 mM NacCl, 10 mM imidalz 5 % glyc-
erol ) supplemented with 1 mg/ml lysozyme and 1 mM phenyliysilonylfluorid (PMSF), incubated
at £ C for 40 min and lysed on ice by sonication. g0of the lysate were added to 20 5xSDS sample
buffer for analysis of total protein expression. 1d®f the lysate were clarified by centrifugation (16100

Xg, 15 min, £C) and 80ul of the supernatant were added to 205xSDS sample buffer for analysis
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of soluble protein expression. The residual supernatastdiscarded and the pellet was washed with
200l deionized water and spun down again (16100 xg, 15 nfi@)4The pellet was redissolved in 125
ul 1XSDS sample buffer for analysis of insoluble protein eggion. Samples were analysed by 12.5 %

SDS PAGE.

3.3.3 Expression and purification

Unless otherwise stated all protein purification procesluvere carried out at 4C. All heterologously
expressed proteins in this study were expressésl ooli BL21 as a HigUb-fusion constructs using the
pHUE expression vector [2D2E. coli BL21 cells carrying the respective pHUE plasmid were grown i
LB supplemented with 20Qg/ml ampicillin at 37C in an Innova44 incubator (New Brunswick Scien-
tific) at moderate shaking (220 rpm) to an optical density wagelength of 600 nm (OD600) of ~0.8.
The culture was then incubated at'23for ~20 min and expression was induced with 0.5 mM IPTG for
~16 h at 23C. TheE. coli cells were harvested after this incubation period by ctmgfation in J6-Mi
centrifuge with JS 4.2 rotor (Beckman Coulter) at 3300 xg40rmin. Cell pellets were either flash

frozen in liquid Nitrogen and stored at -8C or directly lysed as described in section3.3.3.2.

3.3.3.1 Expression of selenomethionine (SeMet) labeled ANG68 NtRca

Protein for SeMet labeling was expressedEincoli BL21(DE3) harboring the pHUENNtRca plas-
mid grown in M9-minimal-medium with 20@.g/ml ampicillin at 37C in an Innova44 incubator (New
Brunswick Scientific) at moderate shaking (220rpm) to an QD6f ~0.8. At this point, the following
amino acids were added: 12&/ml L-Lys, 100 ug/ml L-Phe, 100ug /ml L-Tyr, 50 pg/ml L- lle, 50
ng/ml L-Leu, 50ug/ml L-Val and 60u:g/ml L-SeMet. Cells were allowed to grow for 15 min to shut
down L-Met biosynthesis before the temperature was rediec2®& C and protein synthesis was induced

with 0.5 mM IPTG for ~16 h.

3.3.3.2 Puirification of His gUb-fusion constructs of Rubisco activase

HisgUb-fusion constructs were captured by immobilised mefaiiaf chromatography (IMAC) and after
cleavage of the ubiquitin moiety further purified by aniorclesnge chromatography.
Harvested cells from 1 | of bacterial culture were resuspdrid 20 ml buffer A (50 mM Tris-HCI pH

8.0, 30 mM NacCl, 10 mM imidazole, 5 % glycerol ) supplementeghd mM PMSF, 1 mg/ml lysozyme,
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5 U/ml Benzonase. The cells were disrupted by ultrasomicatiith a Misonix Sonicator 3000 (20x 20
s bursts, 70 W, 75 s cooling on ice between bursts). Followéngpval of cell debris by centrifugation in
an Avanti J-25 with JA25.50 rotor (Beckman Coulter) for 4thwrat 4°C and 32 800 xg, the supernatant
was applied to a gravity flow column packed with Ni-NTA res@@igdgen) equilibrated with buffer A.
The HigUb-fusion protein was eluted using buffer B (50 mM Tris-HG 8.0, 300 mM NacCl, 200
mM imidazole). The ubiquitin moiety was cleaved overnigh22 C using the deubiquitylating enzyme
Usp2 [202]. The protein solution was dialysed a€4in a ZelluTrans 10-12 kDa dialysis bag (Roth)
against buffer C (50 mM Tris-HCI pH 8.0, 10 mM NacCl) and apglie a MonoQ (GE) column; proteins
were eluted with a linear salt gradient to 500 mM NaCl. Frawticontaining Rca were combined and
concentrated, 5 % glycerol added and the protein storedqguaik at -80°C after flash-freezing in liquid

Na.

Rca for X-Ray crystallographic studies was purified furtbhgrgel-filtration (Superdex 200, GE) in
buffer (20 mM Tris-HCI pH 8.0, 50 mM NacCl). Fractions of the imaligomeric peak were pooled.

Protein purification of the SeMet-labeled protein was peenfed as for unlabeled protein, except that

buffers contained 10 mM-mercaptoethanol.

3.3.3.3 Puirification of other His  gUb-fusion constructs

HigUb-fusion constructs of a peptide motif of the Rubisco lasgéunit of Nicotiana tabacunmwith
an N-terminal linker with the sequence SGSGS ¢Mis-Peptide) were purified by IMAC as described
above. Following elution from the column packed with Ni-NTésin (Qiagen), fractions containing the
protein were pooled and dialysed against pulldown buff@rr(Bv Tris-HCI pH 8.0, 50 mM NaCl, 50
mM Imidazol, 5mM MgC}).

His tagged ubiquitin used as control in the pulldown experita was purified from pHUENtRca, after
cleavage of the ubiquitin moiety from Rca by Usp2, thegdis does not bind to the Anion exchange
(MonoQ) column and was therefore directly pooled and commatad from the flowthrough of this col-

umn.

For storage glycerol was added to the concentrated sanmpéesinal concentration of 5 %, samples

were flash frozen in liquid Nand stored at -8.
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3.3.3.4 Puirification of Rubisco from  Nicotiana tabacum leaves

Leaves fromNicotiana tabacum(common tobacco) were a kind gift from Prof. H.-U. Koop and S.
Kirchner (LMU Botany, Munich). TheéNicotiana tabacunRubisco (NtRbckSs) was purified by crys-
tallization from bulk extract essentially as previouslsdeébed [210].

Briefly 40 g of leaves fronNicotiana tabacunwere frozen in liquid N and plant cells were lysed by
manual grinding with mortar and pestle. The fine powder waseted with 100 ml extraction buffer (50
mM Tris-HCI pH 7.4, 20 mM MgSQ@, 20 mM NaHCQ, 0.1 mM NgEDTA, 50 mM S-mercaptoethanol
and 1 mM PMSF) containing 1 g Casein, 10 ml glycerol and 2 gyoyypolypyrrolidone (PVPP). The
extract was filtered through four layers of Miracloth (Caltiiem) and clarified by centrifugation (27000
Xg, £C, 10 min). The supernatant was passed through an AG1-X8(Bib-Rad) anion exchange
column equilibrated in the extraction buffer. The flowthgbufrom this column was brought to 10 %
PEG 3350 by the dropwise addition of 60 % PEG 3350 in extradbaffer. Precipitated protein was
removed by centrifugation (27000 x¢,@, 10 min) and the supernatant was brought to 20 % PEG 3350
by the dropwise addition of 60 % PEG 3350 in extraction bufféfter 10 min incubation on ice the
precipitated protein was pelleted by centrifugation (Z¥g@, 4°C, 10 min) and thoroughly redissolved
in 5-8 ml of the extraction buffer. The protein solution wagm cleared by centrifugation (27000 xg,
4 °C, 10 min) to remove any insoluble, precipitated proteine Shpernatant was subsequently dialysed
against a low salt buffer (25 mM Tris-HCI pH 7.2, 0.1 mM EDTAY3-5 days at 4C in a ZelluTrans
10-12 kDa dialysis bag (Roth) with frequent buffer changgsbisco protein crystals were removed by
gentle centrifugation (1400 xg, 10 min) and redissolveddatly in storage buffer (10 mM N&PO4 pH
7.6, 50 mM NaCl, 1 mM EDTA and 10 % (v/v) glycerol) and the pinteolution was flash-frozen in
liquid N5 and stored at -8.

3.3.4 Protein crystallization and structure determinatio n
3.3.4.1 Crystallization

Initial crystal screening was carried out by the crystatiian facility at the MPI of Biochemistry. 100
nl protein solution were mixed with 100 nl reservoir solutin sitting drop vapor diffusion at°€ and

RT. The precipitant kits Index (Hampton), crystal platformagic 1 and crystal platform magic 2 (MPI
of Biochemistry, crystal facility) were used for initial reening. Initial crystals of full length NtRca

were obtained from a selected condition of crystal magic2t18% PEG 3350, 50 mM Tris-HCI pH 8),

54



3 Materials and Methods

whereas improved crystals &fN68 NtRca were obtained from a selected condition of theXrsdeeen.

Full-length NtRca crystals were grown using the hangingpdrapor diffusion method by mixing 2
ul protein sample (5 mg/ml) with 21 of reservoir solution at 18 and equilibrating against a reservoir
solution of 500ul (12-18 % PEG 3350, 50 mM Tris-HCI pH 8).

ANG68 NtRca andAN68BAC360 NtRca crystals were grown using the hanging drop vajffustbn
method by mixing 2ul protein sample (5 mg/ml) with 2l of reservoir solution at 18C and equili-
brating against a reservoir solution of 500 Hexagonal rod-shaped crystals were obtained after two
to three weeks with a precipitant containing 50 mM MES-Na p8&} 850 mM magnesiumformate. For
cryoprotection the original drop was mixed 1:1 with mothiguér (50 mM MES-Na pH 6.0, 450 mM
magnesiumformate) containing 35 % glycerol and equildmadgainst mother liquor containing 35 %

glycerol.

3.3.4.2 Data collection, structure solution and refinement

Diffraction data were collected at the ESRF Grenoble on tieas1D14-4, ID23-1 and ID23-2 at 100
K. The high resolution dataset ®N68AC360 NtRca was collected with an additional low resolution
pass with a heavily attenuated beam to prevent overloadedsmn the detector. SeMet incorporation
into the crystallised protein was verified by collecting afmay fluorescence excitation spectrum in the
energy range of the Kl absorption edge of selenium (126 6832V). Anomalous signal from SeMet-
labeled protein was collected at the maximum SeMet absorgieak at 0,9795 A and ' and f” were
estimated with the program Choo¢hT211]. A strategy for datkection was calculated in iMosflrh[2112]
after autoindexing of two wedges of reflection image$s &gart.

Diffraction data were integrated in XD&§1213] and POINTLESEALA [214] |215] and Truncate
[218] were used to convert the integrated datasets to CGRvafoHigh and low resolution pass datasets
for AN6BAC360 NtRca were scaled together and merged in SCALA.

The structure ofAN68 NtRca was solved by single isomorphous replacement avidtmalous scat-
tering (SIRAS) from the dataset of native and SeMet labelatep crystals using direct methods in
ShelXD [2I7]. Nine Selenium sites were found and furthemesfiin SHARP[[2ZIB]. After density
modification in Resolve[]219] with an estimated solvent eontof ~54 % the resulting density map
was readily interpretable and a structural model was manballt using Coot [220]. Density for the

residues 361-383 was not discernible. The final model waseefgainst native data of the crystals of
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ANGB8 AC360 NtRca using iterative refinement in REFMACSR21] anddeidouilding in Coot. Non
glycine residues facing solvent channels without detéetside chain density were modeled as alanines.
The final model contains two Ramachandran outliers accgrirthe program PROCHECKT2R2]. The
atomic coordinates and structure factors have been deddsithe Protein Data Bank under accession

code 3T15. Figures were generated with PyMOL[223].

3.3.5 Analytical size-exclusion chromatography

Analytical size-exclusion chromatography of proteins (B®f 4.7 ;M protomer) was performed on
Superdex 200 PC3.2/30 column equilibrated in SEC bufferng®0 Tris-HCI pH 8.0, 50 mM NacCl, 2

mM MgCls) on an Ettan LC (GE) system (flow 50-1Qd/min). Protein elution from the column was
detected by the absorbance at 280 nm. The column was catilséth globular proteins of known molec-
ular weight (ovalbumin 43 kDa, conalbumin 75 kDa, aldolaS8 kDa, ferritin 440kDa, thyroglobulin

669kDa).

3.3.6 ATPase assay

ATPase activity was assayed spectrophotometrically usiogupled assay monitoring the oxidation of
reduced Nicotinamide adenine dinucleotide (NADH)[224pirffer (100 mM Tricine pH 8.0, 2 mM
DTT, 5 mM MgCl, 2 mM phosphoenolpyruvate, 0.5 mM NADH, 2 mM ATP, 20 U /ml pyaite kinase,
30 U/ml lactate dehydrogenase) with a final Rca concentratf®.351:M Rca protomer (0.1 mg/ml) at
20°C. The oxidation of NADH, which is directly coupled to the geation of ADP, was followed by the
reduction in the absorbance at 340 nm on a DU 800 spectrapietéo (Beckman Coulter).

3.3.7 Rubisco activation assay

Rubisco activase activity was assayed with modificatiorth@fstablished two-step assay [225].
Purified NtRbclgSg was incubated at 5€ for 20 min and subsequently inactivated by desalting on a
NAP5 (GE) column in a C@free, Ny-sparged buffer containing 20 mM Tricine pH 8.0, 150 mM NaCl
and 0.2 mM EDTA, followed by the addition of 1 mM RuBP to fornetRubisco-RuBP (ER) complex.
The ER complex was incubated at RT for 20 min before activatias initiated in buffer containing 100
mM Tricine pH 8.0, 5 mM NaHC®, 5 mM MgCk, 50 mM DTT, 1 mM ATP, 3 mM creatine phosphate,

14 U/ml creatine phosphokinase and Rca and/or mutant erszgin20C. Final concentrations in the
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assay were 11.9M NtRbcLgSg active sites (0.8 mg/ml) and 4;M Rca protomer (0.2 mg/ml). After
various times, aliquots were removed and Rubisco enzymetgaatietermined by a 1 min Rubisco
activity assay. Aliquots were incubated in buffer contagnb0 mM Tris-HCI pH 8.0, 20 mM MgGl 10
mM NaHCQ;/NaH!*COs; (~25 Bg/nmol),2 mM RuBP for 1 min before the reaction was geapby the
addition of 20 % formic acid. Samples were dried down congyeto evaporate residual GO*CO,
and the amount of fixed! CO, was measured by addition of 200 deionized water and 1 ml Rotiszint
eco plus (Roth) and subsequéhC-scintillation counting on a LS6500 (Beckman Coulter).

The 100 % activation activity of wildtype NtRca was ~12:52 nmol Rubisco sites/min/mg protein.
Mutant enzymes were quantified by comparing the initial @tactivation during the first 5 min to

wildtype NtRca.

3.3.8 Disuccinimidyl suberate (DSS)-crosslinking

DSS is a noncleavable crosslinker that contains an amangtive N-hydroxysuccinimide ester at each
end of an 8-carbon spacer arm. It crosslinks free amines<eonple at the N-terminus of the protein or
at lysine side chains that are within 12 Adistance of eackrofturified proteins were buffer exchanged
to 20 mM HEPES pH 8, 150 mM NaCl, 2 mM Mgg£Ulsing the Bio-Spin6é chromatography column
(Bio-Rad) according to manufacturers instructions. Rnstevere crosslinked in the presence or absence
of the nucleotide analogue ARS on ice. The protein concentration, DSS concentratiore(gas fold-
excess over the total protein concentration) and the timéhi® crosslinking reaction are given in the
results section. The crosslinking reaction was stoppecéyatdition of 1 M Tris-HCI pH 8 to a final

concentration of 50 mM. Samples were analysed by 6 % SDS-R&@EHEMmMunoblotting.

3.3.9 Peptide membrane interaction analysis

A custom peptide membrane displaying peptides ofNietiana tabacunRubisco large subunit was
obtained from JPT Peptide Technologies GmbH, Berlin. Thésnorane redundantly displays the se-
quence of the large subunit as tridecapeptides overlappibd residues. The 13 residues long peptides
were and N-termially acetylated and C-terminally covdlebound to a cellulose-PEG-membrane by an
additional g-alanine. Each of the 232 peptide spots (0.37 cm x 0.37 cnniedaapproximately 5 nmol

of peptide.

Before the membrane was used for the first time it was rinsécetim methanol. The membrane
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was subsequently incubated three times in TBS for 10 min ehéRT. To prevent unspecific protein
interactions the membrane was blocked with TBS with 1 % (wiilk powder for 3 h. Following another
washing step with TBS for 10 min, the membrane was then irtedbavernight at 4C with 10 pg/ml
N-terminally FLAG tagged protein (as indicated in the résskction) in TBS containing 1 % (w/v) milk
powder. Subsequently the membrane was washed thee tim&SHT Tor 5 min at RT and incubated in
TBS /1 % (w/v) milk powder containing the primary antibodytislLAG M2 (Sigma) diluted 1:2000 for
45 min. Following a washing step with TBS-T the membrane tias incubated for 45 min in a 1:5000
dilution of the secondary antibody peroxidase-conjuggtedt anti-mouse (Jackson Immuno research) in
TBS/ 1 % (w/v) milk powder. The membrane was washed agairettimees in TBS-T and HRP coupled
antibodies were detected by enhanced chemiluminescef@ie @aining with a 1:1 mix of Rodeo ECL
detection reagent 1 and Rodeo ECL detection reagent 2 (@@miluminescence was detected on a

Chemi-Doc XRS (Bio-rad) gel documentation system.

Controls were performed before each incubation with FLAGged protein following the same pro-
tocol but without the FLAG-tagged protein in the overnigitubation to confirm the complete removal
of bound proteins (see below) as well as to control for unéipdainding of the primary and secondary

antibody to the membrane.

After each incubation and detection the peptide membrarseregenerated by incubation in a buffer
containing SDS ang-mercaptoethanol. Following a washing step with watereghimes, 10 min) the
membrane was incubated in regeneration buffer &C50ur times for 30 min each. The membrane was
subsequently incubated in 10x PBS (three times, 20 mimvi@d by a washing step in TBS-T (20 min)
and TBS (five times, 10 min). This procedure results in theoneahof proteins and antibodies bound to

the peptides.

3.3.10 Pulldown experiments

200 pl NiNTA resin (Qiagen) resuspension was spun down (10000Lxgin, £C) and washed three
times with 1 ml of pulldown buffer . The resin was subsequengisuspended in 200l of pulldown
buffer. Subsequently the resin material was loaded witlb#ie(2 mg of HigUb-Peptide) or the control
(2 mg His;Ub) in pulldown buffer for 30 min at £4C on a rotating wheel (Bibby Scientific). After
incubation the resin was washed twice with 1 ml pulldown éufind resuspended in 200 of this

buffer. Subsequently 1 mg of NtRca was added as prey andatigtdeor nucleotide analogues were
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added to a final concentration of 1 mM. The mix was incubated2fb at #4C on a rotating wheel.
Subsequently the resin material was washed three timest@@! pulldown buffer with the respective
nucleotide or nucleotide analogue added to a final cond@anraf 1 mM. Bound protein was eluted
by incubation of the NiNTA resin in 30@l of buffer B (50 mM Tris-HCI, 300 mM NaCl, 200 mM

imidazole). Eluted protein samples were analysed by 16 %-BBGE followed by Coomassie blue

staining.
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4.1 Protein purification

4.1.1 Purification of Rubisco activase

Rubisco activase frorlicotiana tabacun{NtRca) was purified according to a previously reported pro-
cedure[[20R] with minor modifications. All Rca constructslanutants, used in this study, were heterol-
ogously expressed iB. coli BL21 as a N-terminal fusion with a hexa-histidine taggedduiiin. The

presence of the tag improved the solubility of the respeqtioteins upon expression iin coli.

MonoQ
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Figure 4.1:Representative purification of AN68 NtRca.

12.5 % SDS-PAGE analysis. Molecular weight of marker bands lacation of the respective Rca bands are
indicated. Successive IMAC and anion exchange chromatbgrgielded highly pure protein (lanes MonoQ).
Usp2 mediated cleavage of the N-terminal tag was complate (Icut").

MW: molecular weight marker. P: Pellet. S: Soluble. Ni-NTRooled protein fractions after IMAC. Cut: Protein

after cleavage of the N-terminal tag by Usp2. MonoQ: Differ@mounts of pooled protein fractions after MonoQ.

A representative example of the purification®N68 NtRca is presented in Figure ¥.1. Immobilised
metal ion affinity chromatography (IMAC) using Ni-Nitriletraacetic acid (Ni-NTA) Agarose (Qiagen),

followed by anion exchange chromatography using a Mono@neol(GE) yielded pure protein as anal-
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ysed by SDS-PAGE . Samples for crystallography were furtheified by size exclusion chromatog-
raphy using a Superdex200 GL10/300 (GE). The average yiakl+20-30 mg of pure protein from a
1 | culture of E. coli BL21 grown in LB media. CD-spectra of point-mutant proteinsre identical to

respective spectra of wildtype proteins, indicating thattwere stably folded.

4.1.2 Expression tests for Rubisco activase from other spec ies

Rca sequences from other specigspidopsis thaliana, Chlamydomonas rheinhajdiiere cloned into
the pHUE expression vector and the soluble expression diitterminally Histidine tagged Ubiquitin

fusion protein was assayed. Figlrel4.2 shows a representaterview of the expression analysed by

SDS-PAGE.

Arabidopsis Thaliana short Chlamydomonas Rheinhardtii
Rca Rca
37°C 37°C 23°C 23°C 23°C 23°C 37°C 37°C
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Figure 4.2:Test-expressions of Rca from other species.
12.5 % SDS-PAGE analysis. Location of the Rca bands areatetic The conditions for expressions are indicated
above the lanes. Expression was induced with 0.5 mM IPTG quid@&ent volumes were loaded for each sample.

While Arabidopsis thalianaRca was soluble under the tested conditions, Rca f@namydomonas reinhardtii

was not.

MW: molecular weight marker. U: Total uninduced. T: Totadliced. S: Soluble. P: Pellet. ON: overnight

While Rca fromArabidopsis thalianavas expressed in soluble form at°87and 23C, Rca from

Chlamydomonas rheinhardtivas insoluble under all conditions tested (Fiduré 4.2 Belle

4.1.3 Purification of Nicotiana tabacum Rubisco

Nicotiana tabacuniRubisco was purified from ~8-10 week old plant leaves by ssgiee polyethyleneg-

lycol (PEG) precipitation and crystallisation in a low daliffer, as described previous[y[210]. Figlirel4.3
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shows a representative overview of the purification. TobdRubisco quantitatively crystallised when
dialysed against low salt buffer for 3-5 days (see Figurk @n8l was confirmed to run as a high molecu-
lar weight complex on clear native PAGE (data not shovis)tabacumRubisco appeared to be pure as

analysed by SDS-PAGE (Figure¥.3).The average yield wasndlpure protein from 40 g of fresh leaf

material.
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Figure 4.3:Representative purification of Rubisco.

12.5 % SDS-PAGE analysis. Molecular weight markers as vegetha location of the band for the Rubisco large
subunit are indicated. Rubisco crystallised quantititifrem the redissolved 20 % PEG 3350 pellet and appeared
to be pure (lanes Xtal and Xtal sup).

MW: Molecular weight marker. P: Pellet after lysis and iaitfiltration. S: Soluble after lysis. AG1X8:
Flowthrough after removal of secondary metabolites by A®(CI~ form) column. 10 % PEG sup: Supernatant
of precipitation by 10 % PEG 3350. 10 % PEG pellet: Pellet etjpitation by 10 % PEG 3350 (redissolved in an
equivalent volume). 20 % PEG pellet: Pellet of precipitatiy 20 % PEG 3350 (loaded in an equivalent volume).
20 % PEG sup: Supernatant of precipitation by 20 % PEG 3358l: Reedissolved crystals after dialysis against

low salt buffer. Xtal sup: Supernatant of crystallisation.

4.2 Crystal structure of Rubisco activase from Nicotiana tabacum

4.2.1 Crystallisation of Rubisco activase

Initial crystals in trials with full length NtRca appeareftest 4 weeks of hanging drop equilibration
against a mother liquor containing 12-18 % PEG 3350, 50 mM-HCI pH 8. Only clusters of small,

needle-like, hexagonal rods could be obtained even afieslsseeding or additional screening for suit-
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able additives with Hampton additive screen HR2-428 (Feffid A). To test whether partial degradation
of the full length protein in the drop was necessary for faioreof crystals, the obtained crystals were
taken up in mother liquor, spun down, residual liquid waste&ff and the redissolved pellet was loaded
on a pre-cast NU-PAGE BT (4-16 %) gradient SDS-PAGE gel togretvith a fresh full length protein
control (FigurdZb). Indeed, the crystallised proteinegrpd to be a degradation product of full length
NtRca. Bands of the gel were subjected to in-gel tryptic siged analysed by mass spectrometry (LTQ-
Orbitrap) at the Core Facility of the MPI for Biochemistry(CCyril Boulegue). Additionally, a sample
of the crystals was dissolved in MilliQ-#D for N-terminal Edman sequencing performed by Reinhard

Mentele (AG Lottspeich, MPI Biochemistry).

Figure 4.4:Representative images of protein crystals obtained for dferent Rca constructs.

The crystal shown in D diffracted to 2.95A and produced thiastet used for final refinement of the structure.

A: initial crystals obtained for full length NtRca. B: Regentative cluster of hexagonal rods obtained4d68
NtRca. C: Single crystal oAN68 NtRca. D: Crystal oAN68BAC360 NtRca mounted at ID23-1 beamline at
ESRF Grenoble . Green scalebar corresponds tquh@0

Analysis by mass spectrometry indicated the absence ofarNifial sequence in the detected peptides
of the crystallised sample, whereas the peptide coveratfeedfesh protein sample was close to 100%
(see Figur&l6).

Edman sequencing confirmed the N-terminus of the crystdllsample to start with QYN or NLD
corresponding an N-terminal truncation of 65 or 67 residespectively. This was consistent with the
missing peptide region as analysed by mass spectrome&gipplementary Figute3.6).Based on these
findings a mutant of NtRca was engineered that lacked the@itstesidues AN68 NtRca, number
corresponding to the first amino acid in the construct). tatgsf this construct appeared after several
days as clusters of big hexagonal rods in hanging dropsileaiéd against a mother liquor containing
0.25-0.45 M magnesium formate, 50 mM MES pH 6 (Fidure 4.4 B Rke, single crystals could easily
be detached from the clusters and diffracted to a resolatiarp to 3.3A (FigurdZl4 C and Tadle®.1).
The structure could be solved by Se-Met SIRAS [SeeH.2.2aanitial model was built in the resulting

63



4 Results

MW NtRca Crystal

Figure 4.5:Initial Rca crystals contained an N-terminally truncated fragment of full length Rca.
NU-PAGE BT (4-16 %) gradient SDS-PAGE gel of full length Roacbmparison with the redissolved crystallised
protein. Molecular weights of the marker bands are inditate

MW: molecular weight marker. NtRca: full length Rca. Crystadissolved, crystallised protein

experimental density.

>NtRca
EQIDVDPKKQ TDSDRWKGLV QDFSDDQQDI TRG] DSL FQAP HAVLQSYEYV SQGLRQYNLD NKLDGFYIAP AFMDKLVVHI TKNFLKLPNI
KVPLILGIWG GKGQGKSFQC ELVF] IN PI LE KI. IRQRYREAAE IIRKGNMCCL FINDLDAGAG RMGGTTQYTV NNQOMVNATLM

NIADNPTNVQ LPGMYNKQEN ARVPIIVTGN DFSTLYAPLI RDGRMEKFYW APTREDRIGV CTGIFRTDNV PAEDVVKIVD NFPGQSIDFF GALRARVYDD
EVRKWVSGTG IEKIGDKLLN SFDGPPTFEQ PKMTIEKLLE YGNMLVQEQE NVKRVQLADK YLKEAALGDA NADAINNGSE FAS

>NtRca Xtal

EQIDVDPKKQ TDSDRWKGLV QDFSDDQQDI TRGKGMVDSL FQAPTGIGTH HAVLQSYEYV SQGLRQYNLD NKLDGEFYIAP AFMDKLVVHI TKNFLKLPNI
KVPLILGIWG GKGQGKSFQC ELVFRKMGIN PIMMSAGELE SGNAGEPAKL IRQRYREAAE IIRKGNMCCL FINDLDAGAG RMGGTTQYTV NNQOMVNATLM
NIADNPTNVQ LPGMYNKQEN ARVPIIVTGN DFSTLYAPLI RDGRMEKFYW APTREDRIGV CTGIFRTDNV PAEDVVKIVD NFPGQSIDFF GALRARVYDD
EVREKWVSGTG IEKIGDKLLN SFDGPPTFEQ PKMTIEKLLE YGNMLVQEQE NVKRVQLADK YLKEAALGDA NADAINNGSF FAS

Figure 4.6:Comparison of peptide coverages of a fresh protein sample arthe crystallised sample.
The fresh protein sample is indicated as NtRca, the crisgdlsample as NtRca Xtal. Peptide sequences identified
by mass spectrometry colored in green. Sequences in blagneeidentified. N-terminal sequences not identified

in the crystallised sample were interpreted as N-termmaldation consistent with N-terminal Edman sequencing.

The last 23 C-terminal residues were not resolved in thetreleaensity most likely due to their
flexibility. To further improve resolution, a second constr was engineered corresponding to a N-
terminal truncation of 67 residues and a C-terminal trunoabf 23 residues AN68 AC360 NtRca,
numbers corresponding to the first and last amino acids icdhstruct). Isomorphous crystals of this
truncated protein were obtained in hanging drops equikioragainst a mother liquor containing 0.25-
0.45 M magnesium formate, 50 mM MES pH 6 (Figlirtel 4.4 D) andatitied to a resolution of up to
2.95A. The final model for the structure of NtRca was built agfihed against a high resolution dataset

obtained from these crystals.
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4.2.2 Structure solution and refinement

Table[41 provides an overview of dataset quality, phasimgep and refinement statistics. Rca crys-
tallised in space group Bfa hexagonal space group with a screw axis. The structurinvtiatly solved

by SeMet-SIRAS at a resolution of 3.3A. The selenium subsire was solved using the ShelX pro-
gram package (ShelXC, ShelXD)217] and contained 9 seferdtom positions. The positions were
further refined in SHARF[218] and the phasing power was sefftdo result in a readily interpretable
map after density modification with Resolie T219]. Modelsrevbuilt iteratively using manual build-
ing in Coot [220] and refinement cycles in REFMACT221]. Finalinement and model building was
carried out against a high resolution dataset\M68AC360 NtRca (AB3036) that diffracted to 2.95
A. Due to the steep diffraction intensity decrease with legt&n, the high resolution datasets contained
many saturated reflections at low resolution. Therefordtiaddl datasets were taken with a separate
low resolution pass at lower beam intensity to collect catglow resolution data.

Interestingly, the Wilson B-factor of all collected dattsseras unusually high (e.g., 1134or AB3036),
which is reflected in the average B-factor of the proteindess for the final model of 118%and the
overall limited resolution. Consistent with the thermadtability of the Rca protein, this points to a high
degree of flexibility of the protein, which might have hamgmbprevious attempts to elucidate the protein
structure.

The final model contained one molecule AN68AC360 NtRca per asymmetric unit. Residues 142-
144, 177-190, 208-218 and 235-236 were not discernibledretctron density and are probably disor-
dered. Non glycine side chains facing solvent channels werdelled as alanine, when no density for
the side chain could be identified. The final model overalpldigs satisfying geometry (Tadle¥.1) and

only contains two Ramachandran outliers according to tierizr of the program PROCHECKTZR22].

65



4 Results

Table 4.1: Dataset quality, structure solution and refirgme

AA9291 (native) AB3005 (Se-Met, amalous)

Dataset AB3036 (native)
construct ANGBBAC360 NtRca ANG68 NtRca ANG68 NtRca
beamline ID23-1 ID23-2 ID14-4
wavelength 1.0332 0.8726 0.9795
space group R6 P& P6;
cella,b,c (A) 103.64,103.64,56.68 104.27,104.27,56.74 04.8,104.5, 56.59
cell a,5,7(°) 90, 90, 120 90, 90, 120 90, 90, 120
47.958-83349-3.31)

resolution (A)*

48.06-3.30 (3.48-3.30)
0.046 (0.473)

56.71-2.95 (3.11-2.95)

0.062 (0.505) 0.053 (0.612)

Rmerge* > **
l/sigma* » ** 14.6 (2.7) 16.6 (2.5) 19.1(2.7)
multiplicity * 4.0(3.7) 3.7 (3.8) 5.5(5.3)
completeness (%) 99.9 (100.0) 100.0 (100.0) 99.7 (98.1)
solvent content (%) 54.1 56.3 55.8
Phasing SeMet-SIRAS
sites 9
phasing power cen./accen. 2.17411.777
0.435/0.409

FOM cen./accen.

Refinement

resolution rangé

reflections (test set)

20-2.95 (3.025-2.95)
7051 (350)
0.226 (0.288)

Rwork *
Rfree* 0.296 (0.395)
number of atoms 1919
B-factor (protein) (&) 118
r.m.s.d. bonds (A) 0.014
r.m.s.d. angles’] 1.449
Ramachandran plot**
% most favoured 87.2
10.0

% additionally allowed

*Values in parenthesis for outer shell. ** As defined in Scafg* As defined in PROCHECK.
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4.2.3 The structure of Rubisco activase

NtRca is composed of a 67 residue N-domain, followed by a AAedule and a 23-residue C-terminal
extension (Figur&Zl7 A). The N-domain as well as the 23tesiC-terminal extension are not part of

the crystallised construdi{4.2.1).

A
1 68 252 360 383

N-domain AAA+ NBD AAA+ hb C-e}xt

Figure 4.7:Structure of Rubisco Activase fromNicotiana tabacum.

A: Domain architecture of Rca. (N-domain: N-terminal domaNBD: nucleotide binding/3-subdomain. hb:
a-helical subdomain. C-ext: C-terminal extension.)

B: Ribbon representation of the crystal structure of Rcanftobacco. Disordered loops are indicated by dotted
lines. Two views related by 90are shown. Thed/ and thea-helical subdomains are indicated in teal and gold,
respectively. The canonical AAA+ structural motifs areigaded as follows: Walker A (dark blue), Walker B
(red), sensor | (green) and sensor Il (orange). The diseddgore loops are indicated as light brown dots. The

specificity helix (H9) is shown in violet. Secondary struetelements, pore loops and chain termini are indicated.

Overall, the solved structure exhibits a AAA+ fold topologgnsisting of a nucleotide-binding/ -

subdomain (residues 68-252) andahelical subdomain (residues 253-360).

Helix HO of the o/ 3-subdomain is preceded by a short N-linkerj-hairpin, which stacks on top
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of helix H1 and provides the connection with the N-domain.e & 3-subdomain is folded in a non-
classical Rossmann-fold typical for the AAAproteins and comprises the Walker A, Walker B and
sensor 1 loops required for ATP binding and hydrolysis [53].

The a-helical subdomain of Rca is at its core a 4-helix bundle faltich , however, differs further
from the classical AAA fold topology. While Helices H6, H7, H8 and H10 form the cofethe typical
4-helix bundle, Helix H8 is extended by 10 residues and ifad by a short helical insertion, H9
(residues 315-319). H9 is connected to helix H10 via a 1&lveslinker and has no contact with the
main body of then-helical subdomain (Figufe=4.7 B). Interestingly, mutatf the residues aspartate
316 (to lysine) and leucine 319 (to valine) in helix H9 reestdhe specificity of Rca frorSolanaceae
Rubisco to the Rubisco of non-solanaceous pldnis| [184]s Tt helix must play an important role in

substrate recognition.

Four loop segments (residues 142-144, 177-190, 208-218351@36) were not resolved in the crystal

structures, most likely due to their flexibility.

4.2.4 Effects of N- and C-terminal truncations on the activi ty of Rca

In order to test the activity of the NtRca constructs usedryrstallisation, ATPase activity as well as
Rubisco activation assays were performed. Rubisco aictivaissays were performed with the decar-
bamylated, RuBP inhibited, enzymatically inactive formRufibisco.The speed of reactivation in the
presence of NtRca and ATP was measured by monitoring thegagation of'*CO, into organic sugars
by Rubiscol[(3317)1225].

The effect of N- and C-terminal truncations on the ATPase thedRubisco-activation activitiy has
been investigated previously for Rca of spinach and tob§E£?)] [173]. In agreement with these re-
ports, the N-terminal truncation of 67 residuésN68) resulted in unchanged ATPase activity, but loss
of Rubisco activation (Figure—4.8). The mutation of trygiap 16 to alanine (W16A) resulted in the
same phenotype (Figute"¥.8), indicating an essential folki® residue and the N-terminal domain in
Rubisco activation. It is possible that the Rca N-termirahdin acts as the initial interaction site with
Rubisco, similar to the N-terminal substrate adaptor domai other AAA+ proteins (e.g. Spastin]57],
proteasomal ATPases (ARC,PAN)I226], VpE41227]).

Surprisingly, the C-terminal truncation of 23 residugs0360, AN68 AC360) resulted in a dramat-

ically decreased ATPase rate and loss of Rubisco activéfimure[Z8). In contrast truncation of the
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Figure 4.8:Effects of N- and C-terminal truncations and mutations on the ATPase and activation activities
of NtRca.
Assays were performed at 20 with 2.354M Rca (protomer) (ATPase) and 4.M Rca and 11.9:M RuBP-

inhibited Rubisco active sites (activase activity). Etvars signify s.d. of mean values of at least three experignent

C-terminal 20 residues\C363) decreased the ATPase activity by ~40 % and stimulatdzisBo ac-
tivation 1.5 fold, consistent with a corresponding C-terabitruncation in spinacH_[173]. When the
conserved tyrosine residue 361 (see was mutated to alan8@i ), the ATPase activity was dramati-
cally decreased again and Rubisco activation activity wsis(Figurd’ZB). These results suggest a role
for the C-terminal extension and specifically for tyrosir@l 3n ATP binding or hydrolysis, similar to
findings in the AAAT protein Spastin37]. A direct or indirect involvement o&tlE-terminal extension

in ATP binding or hydrolysis may also provide a mechanisnmréatox-regulation of the ATPase activity

of long Rca isoforms in other specié¢s[228].

4.2.5 Structural analysis of the N-terminal domain

Since the N-terminal domain is critical for the activasedtion of Rca (see Figufe4.8), it was expressed
in E. coli and purified. As expected, the N-terminal domain alone wahereable to hydrolyse ATP
nor to activate Rubisco (data not shown). The secondargtatel of this domain in the presence and
absence of the NtRca AAA+ domain was characterized by CBtspseopy (see Figude—3.9). Table
B2 summarizes the results of the CD-spectra fitted with tBdNEIT algorithm on the SMP56 base
dataset. While full length NtRca aniN68 NtRca showed features consistent with a predominantly

helical secondary structure (44 % and 48 % respectivelg)spgectrum of the N-terminal domain alone
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suggested an unfolded structure with a low conteng-sheets and almost ne-helical content. This is
consistent with the observation that the CD-spectrum\N68 NtRca is similar to the spectrum of full
length NtRca.

A - . WT NtRca

4x10° o

w
X
!
Q
1

—— wtNtRca
—— ANNtRca

o ANG68 NtRca
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Figure 4.9:CD spectroscopic analysis of the secondary structure of Radomains.

While full length NtRca andAN68 NtRca show spectra representative for a mostly ordetieelical structure, the
N-terminal domain alone appears to be largely unstructured

A: Spectra (right) and CONFIT fit (left) of NtRca aniiN68 NtRca. B: Spectrum (right) and CONFIT fit (left) of

the N-terminal domain.

The intrinsically unstructured nature of the N-domain isoasupported by the observation that this
domain was cleaved in the initial crystallisation trialsak&€n together with its critical role in Rubisco
activation, it is tempting to speculate that the N-termidamain is largely unstructured in the absence
of Rubisco and upon binding of Rubisco becomes structuteateby acting as an efficient substrate
adaptor domain. This hypothesis is in accordance with oumendels for the function of intrinsically

unstructured proteins or protein domains [229].
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Table 4.2: Results of the CONFIT fit on the CD-spectra. reggutar dis.:distorted

sample reg. a-helix | dist. a-helix | reg. 5-sheet| dis. 5-sheet| turn | disordered

NtRca 0.263 0.181 0.047 0.057 0.180 0.271
ANG68 NtRca 0.293 0.186 0.049 0.051 0.168 0.253

Nterm 0.022 0.071 0.142 0.095 0.237 0.433

4.2.6 Arrangement of NtRca in the crystal lattice

Activase subunits in the crystal were arranged helicallthvgix subunits per turn (FigufeZZ110). In
the crystal each Rubisco activase subunit is in contact herosubunits by three different protein-
protein interfaces. These interfaces were analysed usBiSA webservelhftp://www.ebi.ac.uk/msd-
srv/prot_int/pisart.htn)l at the European Bioinformatics Institute (EMBL-EBI). TeBL3 provides an
overview of the results. Of the three occurring interfacely the one between the subunits related by
the hexameric symmetry operator (illustrated in Figurélfdisplayed characteristics, that may point to
a biological relevance for oligomerisation in solution. i mterface involves a large number (>30) of
different residues on each subunit and buries approxigated0 A2 of surface area. In comparison, the
other two interfaces involve only a small number of residaed bury less surface area, indicative of a

contact that probably only occurs in the crystalline state.

Top view Side view

Figure 4.10:Arrangement of Rubisco activase subunits in the crystal.
Top view (left) and side view (right) illustrating the hexatal symmetry and the screw axis are shown. Each Rca
subunit is colored in a different color and helices are shagmgylinders. Positions of the specificity helix H9 as

well as the C-termini are indicated in the top view.
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Table 4.3: PISA analysis of the interface. Sym. Op.: Symyngperator. # res A/A*: number of residues involved

in the interface. Area: buried surface area. HB: number dftgen bonds. SB: number of putative salt bridges.

Interface Sym. Op. #res. A| #res. A* | Area (A?) | HB | SB
1 X-y,X,Z-1/6 34 33 1145.6 8 3
2 -y+1,x-y,z+2/3 4 9 206.2 4 | 4
3 -x+1,-y+1,z-1/2 2 3 21.9 0 0

The interface between the subunits related by the hexarsgmenetry operator was predominantly
hydrophobic, with residues of helices H8 and H9 of thbelical subdomain of one subunit (n) packing
against a hydrophobic patch of thg 3-subdomain of the adjacent subunit (n+1) (FidureK¥.11 A and C
Furthermore, residues participating in this interfaceen@ghly conserved, as illustrated in Figlire 4.11
B. Conserved charged contacts are lining the periphenjiohifdrophobic interface, such as a salt bridge
between lysine 92 of the/3-subdomain and aspartate 299 of threlical subdomain and a hydrogen

bond of the carbonyl-oxygen of asparagine 99 and arginide(i28icated in Figur&Z4.11 A).
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Figure 4.11:Interface of NtRca subunits in the crystal.

The interface between the subunits related by the hexarsgmenetry operator shows features indicative for a
biologically relevant oligomerization interface in sort. A large number of conserved residues (>30) in each
subunit generate a largely hydrophobic binding interfag®vieen thex-helical subdomain of one chain and the
al3 subdomain of the adjacent chain.

A: Interface between the-helical subdomain of chain A* and thé 3 subdomain of chain A. Chain A* shown as
ribbon representation colored in teal, chain A shown asaserfepresentation. Hydrophobic residues are colored
yellow on chain A. Mutated contacts (dee412.7 4.4) atieated. B: Two views of the respective interface
related by 90 are shown. Rca subunit of chain A shown as a surface repeggsmand colored by conservation.
a-helical anda/ subdomain of the symmetry mates shown in ribbon representatteal and gold respectively.
C: NtRca subunit shown in a surface representation in the gaiantation as in B. Hydrophobic residues colored
in yellow, basic residues in blue and acidic residues in R&sidues participating in intersubunit interactions are
labelled.
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4.2.7 Mutational analysis of the Rca subunit interface

In solution Rubisco activase forms active heterogeneousolbtigomers of up to 600 kDa in size [196].
Since the large buried surface area as well as the consenttthe subunit interface in the crystal indi-
cated a possible biological relevance for the oligomedsatf Rca in solution, mutations were designed
to disrupt this interface. When valine 302 (indicated inFef4.T1 A) was mutated to lysine, Rubisco
activase was highly aggregation prone and could not be ediiifia soluble active state (data not shown),
most likely due to aberrant hydrophobic contacts. Mutatitirat were designed to disrupt the charged
peripheral contacts, however, were not aggregation-paoidecould be purified in a soluble state.

Analytical size exclusion chromatography (Superdex20@.R@n Ettan LC System) of the mutant
proteins K92D, D299A and D299K (residues indicated in FeddirT1 A), designed to disrupt the con-
served salt bridge between lysine 92 and aspartate 29%leevan apparent molecular weight of ~70
kDa (Figur[ZIPR), consistent with a Rca monomer (expectel@cular weight 42 kDa). Interestingly,
the double mutant K92D D299K, designed to restore the imterfalso eluted at an apparent molecular
weight of ~70 kDa, indicating that this salt bridge could betmaintained when the charges are switched.
This might be due to the formation of favourable intramolacsalt bridges in the mutant protein (K299
to D300, D92 to K85 or K96). In contrast, wildtype Rca eluté@da apparent molecular weight of ~230
kDa when applied at a concentration of 4.¥ protomer. The addition of 1 mM ATP did not substan-
tially change the apparent molecular weight of these matanbf the wildtype Rca (FiguleZ12). As
expected, monomeric mutant proteins were neither abledmlhyse ATP nor to activate Rubisco (Figure
E13).

Disruption of the conserved hydrogen bond between argi@Bve and the carbonyl-oxygen of as-
paragine 99 by the mutation of arginine to alanine or valiR294A, R294V) resulted in an apparent
molecular weight of ~90 kDa in the absence of ATP (Fidurel4.a2 judged from analytical gel fil-
tration. This is consistent with monomeric or dimeric oligers of the mutant proteins. Interestingly,
the apparent molecular weight in the presence of 1 mM ATP \édted to ~300 kDa and ~360 kDa
for R294A and R294V, respectively, indicating a nuclectitbgpendent oligomerisation of these mutants
(Figure[4IP). In agreement with this oligomerisation, B2%vas fully active in ATPase and Rubisco
activation assays (Figufe—4113) whereas R294A showed a ~&lteed ATPase rate and only ~20 %
of the Rubisco activation activity of wildtype, comparabeprevious reports for this mutant[179]. The

properties of these arginine mutants will be explored inerdetail in chaptdr4l4.
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Figure 4.12:Analytical gel filtration (Superdex200 PC3.2) of wildtype axd mutant NtRca.

Mutations of conserved, charged residues in the Rca-Raan#iuhterface resulted in monomeric Rca species in
the absence of ATP. NtRca R294A and R294V oligomerised ipthsence of 1 mM ATP.

Chromatograms of 4.M of Rca protomers (0.2 mg/ml) in the absence (left) and pres®f 1 mM ATP (right)

in buffer (20 mM Tris-HCI pH 8, 50 mM NacCl, 2 mM MgGg) are shown. Elution peaks of globular molecular

weight standards are indicated.
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Figure 4.13Effects of interface residue mutations on the ATPase and aivation activities of NtRca.

While mutation of aspartate 299 and lysine 92 lead to a compdss of activity and monomeric Rca, mutation
arginine 294 lead to an ATP dependent rescue of activity #gdroerisation. Assays were performed at €@with
2.35.M Rca (protomer) (ATPase) and 4uM Rca and 11.9:M RuBP-inhibited Rubisco active sites (activase

activity). Error bars signify s.d. of mean values of at leghste experiments.
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4.3 Rubisco activase and the interaction with Rubisco

To further characterise the mechanism of Rubisco actiwdtjoRca, characterization of the interaction of
Rca with Rubisco was attempted. Pulldown assays, gel iiidirand crosslinking experiments, however,
did not provide evidence for a direct interaction of tobaBetisco activase with tobacco Rubisco, even
with different nucleotide bound states of Rca (data not showhis is most likely due to the transient
nature of this complex. However, since many AAA+ proteing(eSpastin[[5l7], ClpX / CIpA1230])
interact with their respective substrates by recognitiba specific peptide motif, the interaction of C-

terminally FLAG tagged Rca with a peptide array of tobaccdiBeo large subunit was investigated.

4.3.1 A possible interaction of activase with a peptide moti f of tobacco Rubisco

The possibility of an interaction of Rca with a peptide metaf the Rubisco large subunit was investi-
gated by a peptide array binding assay. In this assay 13-eptides covering the sequence of the large
subunit ofN. tabacumRubisco were spotted on to a membrane redundantly, so tietead peptide
spots overlapped in 11 residues. This allows for a redunsizneening of recognized peptide motives.
FLAG-tagged Rca constructs were incubated with this mengeand their binding was detected by in-
direct immunochemoluminescence after several washiqg.st&ince the array is redundant with regard
to peptide sequence, only binding to a series of sequeptids svas regarded as a potential interaction.
Figure[4Z.TH illustrates the results.

N-terminally FLAG-tagged Rca aniN68 NtRca were ATPase active and still able to activate Rubis
(~100 % ATPase activity and ~75 % / ~15 % activation activityvildtype Rca respectively), whereas
the FLAG-tagged N-terminal domain alone was inactive agodesl with the untagged domain.

Primary (anti-FLAG M2 (SIGMA)) and secondary antibodiesRPicoupled anti mouse Ig-G (Jackson
ImmunoResearch)) used to detect bound FLAG tagged prosiowed strong background binding to
an acidic peptide motif oN. tabacumRubisco large subunit (Figute~4114 Background). This might
due to a an affinity of of the FLAG-antibody itself for this sjfec sequence motif, since the FLAG
epitope is also highly acidic. However, FLAG NtRca and FLA®I68 NtRca but not the FLAG-tagged
N-terminal domain alone bound additionally to a continupaptide motif with the consensus sequence
LHIHR (Figure[4ZI3). This peptide motif (residues 291-293RbclL) is highly conserved in Rubisco
large subunits of different species and directly involvadcoordination of a phosphate group of the

Rubisco substrate RuBP and the active sit¢ Mign (FigurdZ1b).
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Background FLAG NtRca

FLAG Nterm

FLAG ANG68 NtRca

Figure 4.14:Peptide array screen for the interaction of NtRca withN. tabacum Rubisco Large subunit.

FLAG tagged NtRca andAN68 NtRca interacted with a continuous sequence motilofabacunRubisco.

Left: Peptide array screens incubated with different FL&Gged proteins and detected by immunochemolumines-
cence.Overlay of grey scale photograph false colored ierga@d chemoluminescence in red. Respective protein /
background indicated above the images. Right: Sequenbe alfietected spots for FLAG tagged NtRca ad68
NtRca. Consensus sequence indicated by a red box. Residugensicorrespond t. tabacunRubisco large

subunit numbering.

Interestingly, this peptide is not accessible on the seréddully-folded Rubisco (FiguieZ.15). There-
fore it is highly unlikely, that binding of Rca to this peptidnotif serves as an initial recognition step.
However, an interaction with this peptide motif might bealwed in triggering the substrate release from
the inhibited ER complex at a late step in the reaction cyiter ATP dependent remodeling of Rubisco

by activase.
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Figure 4.15:Structure of N. tabacum Rubisco and the identified peptide (4RUB[[121]).

The identified sequence motive of Rubisco is not exposed @suhface and directly involved in coordination of

Mg?* and the sugar phosphate substrate in the active site.

Left: Rubisco structure 4RUB in ribbon presentation. &Dimer shown in brown and blue, other large subunits
in green and small subunits in yellow. Right: View of the eetsite. Identified peptide motive indicated in red, the
transition state analogue CABP is shown in dark green antéitMgn as grey sphere. Residues of the identified

sequence motive involved in coordinating the Mdon and a CABP-phosphate are indicated.

Subsequently, experiments designed to verify the intieracf Rca with this peptide motif in free so-
lution were performed. To this end, a N-terminally acestaind C-terminally amidated tridecapeptide
corresponding to the sequence Ac-NGLLLHIHRAMHA-NKas synthesized by the peptide service
facility of the MPI of Biochemistry and the interaction widlttivase was analysed by isothermal titration
calorimetry (ITC). Since the peptide was insoluble at pH&ititeraction was analysed at pH 6, where

NtRca was still ATPase active (~65 % of the ATPase activitytB).

2 mM peptide in buffer (100 mM MES pH 6, 10 mM KCI, 2 mM Mgglwas titrated to 128.66
1M NtRca in the same buffer in a VP-ITC MicroCalorimeter (Mical) and the resulting enthalpy was

measured as the current necessary to keep the referenaadéfe titration cell at the same temperature.

The measured energy change during the addition of peptitdel feo reach saturation. The reaction
is endothermic and compared to usual peptide-proteinaatiens the measured enthalpy is low (Figure
E18) , suggesting that the measured energy is a result sbikiation energy of the peptide itself. The

interaction in solution of Rca with the synthesized peptttierefore, could not be shown using ITC.

Since this might be due to the low pH used in this experimért,peptide sequence together with a
N-terminal five amino acid linker was cloned in the pHUE vectxpressed it. coli and purified as

N-terminal hexa-histidine tagged Ubiquitin fusion. Theuking protein construct was soluble at pH 8
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Figure 4.16:1sothermal titration calorimetry of NtRca and the identifie d tridecapeptide.

The identified sequence motive of Rubisco is not binding ta iRdree solution.

Titration of 2 mM peptide to 128.66M Rca in 100 mM MES pH 6, 10 mM KCI, 2 mM MgGl Upper panel:
Energy flow between cells as a result of injection of the pkpplotted against time. Lower panel: Apparent

binding enthalpy in Kcal/mol plotted against the molaraoatf peptide / Rca.

and used as bait in NINTA agarose pulldown experiments. rE[@UlT summarises the results. NtRca
was used as prey in various nucleotide states, but did rexgictt with the bait HigJb-peptide construct
bound to NIiNTA agarose beyond hexa-histidine tagged Ubigliackground levels under all tested
conditions.

In summary an interacting peptide motif of the tabacumRubisco large subunit was identified by
screening for interactions on a peptide array. However,d$@ell as pulldown experiments suggest that
Rca does not interact with this motif in free solution. Githese results, it seems more likely that the
identified peptide is a false positive identification in theppde array screen, arising from the effects of
the artificial solid-liquid phase interaction between tlegtide (coupled to the solid support membrane)

and Rca (in solution) in the array.
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Figure 4.17:Pulldown of NtRca by HissUb-Peptide coupled to NiNTA agarose.

NtRca in various nucleotide states was not retained by thélisg Ub-peptide construct under all tested conditions.
The detected trace amounts of Rca probably reflect the gfbfilNtRca to the column material or His-Ubiquitin
alone, since they can also be observed in a His-Ubiquititrobpulldown.

Protein input and nucleotide are indicated above the réispdanes. First three sample lanes represent pure protein

input controls. Bands of the respective proteins are iridithy arrows.

4.4 Evidence for a hexamer as the active oligomeric form of

Rubisco activase

In solution Rubisco activase forms concentration-dependetive, heterogeneous oligomers of molec-
ular weight ranging from 90 kDa up to 600 kDa (data not showah [A86]). Remarkably, the specific
activity of Rca increases with increasing concentratiohishas been interpreted as a large molecular
weight complex being responsible for Rubisco activationgether with preliminary EM studie5 199],

this behavior led to a model of Rca surrounding Rubisco iretttevation proces$ [171].

Recently, it has been reported that a previously charae@rutation of arginine 294 to alanine [179]
forms hexameric complexes in the presence of AFPas analysed by nano electron spray ionization
mass spectrometry [197]. Therefore, the fully active angine94 to valine mutant was analysed by
disuccinimidyl suberate (DSS) crosslinking and negatiggslectron microscopy (in collaboration with

Dr. Petra Wendler and Susanne Ciniawsky; LMU Munich Genet&@gn
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4.4.1 DSS crosslinking of NtRca R294V

To analyse the oligomerisation state of wildtype NtRca atiddd R294V in the presence and absence
of nucleotides, DSS-crosslinking was employed. DSS reaitts primary amines such as lysine side
chains or the N-terminal amino group of a protein and croksliamines that are within ~12 A. Protein
samples (4.7:M) were crosslinked with a ~40-fold excess of DSS in buffed (M HEPES pH 8,
150 mM NacCl, 2 mM MgC}) in the presence or absence of 1 mM AfSfor 1 min on ice. Samples
were analysed by 6 % SDS-PAGE. Figlire #.18 shows the reSitise DSS reacts unspecifically with
any primary amine, crosslinked bands on SDS-PAGE are exgpéatappear less focused than bands of

non-crosslinked samples.

WT R294V Rubisco
MW - ATPyS - ATPyS - ATPyS
Nt Rca large Oligomer —» |

Nt Rca Hexamer —»
Nt Rca Pentamer —>

Nt Rea Tetramer —» 200
150

Nt Rca Trimer —»

120
100 ~€— RpcL Dimer

Nt Rca Dimer —» 85

70
60

Monomers / Elution front— - —_—

Figure 4.18:DSS-crosslinks of wildtype NtRca and R294V analysed by 6 % S®-PAGE.

Wildtype NtRca crosslinks as heterogeneous, large corepléx presence and absence of nucleotides, while
R294V seemed to form predominantly hexamers in the presgifcenM ATP4S.

Protein and crosslink conditions are indicated above tepeetive lanes, 0.2 mg/ml (4;M NtRca, 3uM N.
tabacumRubisco active sites) protein were crosslinked with a ~@l@-éxcess of DSS (200M). MW indicates

molecular weight marker. Bands of the respective proteplexes are indicated by arrows.

While ATP~S had no effect on the crosslinking patternNaftabacumRubisco, used as control, the
band patterns of wildtype NtRca and mutant R294V were cldiitgiine presence of 1 mM AHS. In the
absence of nucleotides, wildtype Rca formed heterogenaogslinked complexes ranging from dimers
to a predominant, large complex. In the presence of the atideeanalogue, this large complex was less
populated and bands corresponding to a smaller oligomembeaenore pronounced. Interestingly, the

R294V mutant also formed heterogeneous crosslinked coepla the absence of nucleotides, however,
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bands probably corresponding to dimers, trimers and snlgomers were more pronounced than for
wildtype Rca. In the presence of A%B, crosslinked NtRca R294V predominantly formed a smaller,
defined oligomer, that judged by the overall crosslinkingdaatterns may correspond to a hexamer
(FiguréZ.18).

These observations lead to the hypothesis, that mutatiangofine 294 disturbs the ability of Rca to
form very large oligomeric assemblies in solution, butéast a stable hexamer is formed in the presence
of nucleotide. To further confirm this, mutant R294V comglexvere analysed by negative stain EM (in

collaboration with Dr. Petra Wendler and Susanne Ciniayvsky

4.4.2 Negative stain electron microscopy

Negative stain EM grids of NtRca R294V were prepared, imagetlanalysed by Dr. Petra Wendler and
Susanne Ciniawsky (LMU Munich Gene Center). NtRca R294Yh&oring-shaped particles in the pres-
ence of ATP and ATRS but is amorphous in the presence of ADP or the absence doatidg (Figure
13 A). Particle classification by multivariate statistend symmetry analysis confirmed a hexameric
symmetry of these particles similar to most other AAA+ piosd53] [52](Figurd 210 B).

The final three dimensional reconstructions of Rca R294Wénpresence of ATHS were performed
with imposed six-fold symmetry and resulted in a nominabhatson of ~24 A as judged by a Fourier
shell correlation cutoff criterion of 0.5 (Figuke4]119 C a@by The final density map has a toroidal shape
with an approximate diameter of ~135 A and a height of ~56 Ae fiihg features a central pore with an
inner diameter of ~36 A (Figule 4119 E).

These results suggest a well ordered hexameric arrangesitbna central pore for the fully active
mutant R294V. It was concluded, therefore, that wildtypB & is also likely to form hexamers, however,
the propensity of forming heterogeneous oligomeric stagmired characterization of these hexamers

by crosslinking or negative stain EM.
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Figure 4.19:Negative stain electron microscopy of NtRca R294V.

NtRca R294V forms hexameric rings in the presence of ATP arehs.

A: Negative stain EM micrographs of NtRca R294V (22+4d/ml) in the presence of 1 mM Mg-ADP, ATP or
ATP~S. Scale bars of 50 nm are shown. B: Upper panel: Initial dasesages of NtRca R294V in the presence of
ATP~S (upper row, each class contains 5-10 particles) and msgiions of the final density map corresponding to
the class averages (lower row). Lower panel: First two Eigeages derived from multivariate statistical analysis
of randomly rotated top views. C: Euler angle distributidrttee reconstruction with imposed 6-fold rotational
symmetry. D: Fourier shell correlation curves of the final @gonstruction with (black line) and without (grey
line) loose mask. Resolution measured at the 0.5 cut-défrion is 20 A and 24 A, respectively, as indicated by
dashed lines. E: Final three-dimensional reconstructidiitBca R294V in the presence of A}B. Top and side

view are shown.
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4.4.3 Titration of wildtype Rca with monomeric mutants reve als the minimal

functional unit

To further verify the active oligomeric state of wildtype &¢he potential of the previously introduced
monomeric mutants to inhibit the activity of wildtype Rcasmatilised. The unidirectional mutants
K92D, D299K and D299A were expected to interact with wildtyRca via their remaining intact bind-
ing interface but not with the interface containing the rntiota whereas the bidirectional, double muta-
tion K92D D299K was predicted to interact no longer with wyide Rca (illustrated in FiguleZZPRO0 C).
Consistent with this hypothesis, the unidirectional mtganhibited the ATPase as well as the activase
activity of wildtype Rca when mixed stochiometrically. Thiglirectional double mutant K92D D299K
had no substantial effect on the activity of wildtype Rca wheixed in the same ratio (see Figlire4.20
A).

When equimolar concentrations (4. of each Rca) of FLAG tagged wildtype NtRca and the non-
tagged monomeric mutants were crosslinked by DSS (1 min@n~20 fold excess of DSS), the uni-
directional mutants K92D, D299A and D299K but not the bidiienal mutant K92D D299K lowered
the apparent molecular weight of crosslinked wildtype Rligomers, as judged by 6 % SDS-PAGE
followed by immunoblotting against the FLAG tag.

FLAG tagged, crosslinked wildtype NtRca formed heterogeselarge oligomers on its own or in the
presence of the double mutant K92D D299K. The band correbpgro these large oligomeric states
became even more intense in the presence of additional gedagildtype Rca, since this effectively
doubles the amount of oligomerisation competent subumit¢he presence of the unidirectional mu-
tants, however, bands corresponding to dimeric or trimeoimplexes became more prominent while
bands corresponding to large oligomers became less pramiRiggure[Z.2D B). This indicates that the
unidirectional mutants probably inhibit the ATPase andvatbn activity of wildtype Rca by interfering

with the proper oligomerisation of Rca (illustrated in Figid.Z0 C).
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Figure 4.20:Unidirectional, monomeric mutants inhibit wildtype NtRca by interfering with oligomerisation.
While the unidirectional mutants K92D, D299A and D299K imihiwildtype Rca ATPase and activation of Ru-
bisco, the bidirectional mutant K92D D299K did not. Uniditienal mutants inhibit the oligomerisation of wild-
type subunits as judged by DSS-crosslinking followed by 6B8SPAGE and immunoblotting.

A: ATPase and activation activities of wildtype NtRca mix@dh mutant proteins. Assays were done at@0
with 2.35uM of each Rca (protomer) (ATPase) and 4M Rca and 11.9:M RuBP-inhibited Rubisco active sites
(activase activity). Error bars signify s.d. of mean valoésit least three experiments. B: DSS-crosslinking of
wildtype NtRca mixed with mutant Rca. 4./ of each Rca subunit were crosslinked in the presence of ge6id0
excess of DSS (10QM) for 1 min on ice in 20 mM HEPES pH 8, 150 mM NaCl, 2 mM MgCIBands of the
respective protein complexes are indicated by arrows.tiBosiof bands of the protein marker are indicated by
their respective molecular weight C: Graphical illuswatiof the mechanism of inhibition by the unidirectional,
monomeric mutants. Rca protomers shown in green, mutaitioth& binding interface are indicated by red stars.
Unidirectional mutants can still be incorporated in wilgéyRca complexes and therefore interfere with oligomer
formation (upper row). The bidirectional, double mutans leth binding interfaces mutated and therefore no

longer incorporates into wildtype Rca complexes (lower):ow
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The addition of increasing concentrations of unidirecdlomutants to a constant concentration of
wildtype Rca lead to a concentration dependent decreadeeimdtivity of Rca (Figur€Z.21). This
titration experiment can be used to estimate the minimalbmrmof subunits needed for the activity of
Rca using a mathematical model[231[1232]. The distributtdmutant and wildtype subunits in a given

n-mer can be estimated by a binomial distribution:

P =} )k -pe @1)

where P(K) is the probability that exactly k mutant subunigge incorporated into an oligomer with
the size n and p is the probability to incorporate a mutantisitbSince it can be assumed that wildtype
and mutant subunits have the same probability to be incatpdrinto the complex, p is given by their

ratios in solution
B c(mutant)
P= c(WT) + c(mutant)

(4.2)

It is assumed that if an n-mer of any size incorporates mae time subunit with a mutated binding
site on one interface, it will decay into smaller pieces (hstrated in Figurd—Z2.20) and therefore is
assumed to be inactive. In other words, the active speciesmg be an n-mer that has either none or
just one mutant subunit incorporated. Thus, the distrputf active n-mers in solution is given by the
equation:

P(active) = P(0) + P(1) = (1 — p)" + np(1 — p)™»~ Y (4.3)

which can be fitted on data of the activity of wildtype Rcaatitrd with mutant subunits to result in
parameters for n, the minimal size of the active complex.

Fitting of this mathematical model to concentration sewéh increasing concentrations of the unidi-
rectional mutants suggested that a trimeric complex is tingmal ATPase-active assembly. By contrast,
the functional wildtype Rca oligomer was found to requirdeast 3.5, 4.2 or 5.4 subunits for Rubisco
activation, as calculated for D299K, K92D and D299A, resipely. This analysis is based on the as-
sumption that the unidirectional mutants have the sambtided of being incorporated into oligomers as
does the wildtype subunit and that if an n-mer of any sizerpo@tes more than one subunit with a mu-
tated binding site on one interface, it will decay into smapiieces. It would appear that this assumption
is better fulfilled by the mutant D299A than by D299K or K92D.

Together with the finding that Rca R294V forms active hexatnengs, these titration experiments

support the conclusion that the minimal oligomer of funcéibwildtype Rca is a hexamer.
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Figure 4.21 Titration of wildtype Rca with increasing concentration of unidirectional mutant subunits.

Fitting of the mathematical model (Equatianl4.3) to theation experiment results in parameters for the minimal
functional oligomer of wildtype Rca .

Wildtype Rca concentration was constant at 2.85(ATPase) and 4.7M (activase) protomer, except for the last
data points, which represent the respective mutant alonbisBo was present as 11u8 RuBP-inhibited active
sites. Error bars signify s.d. of mean values of at leasttbBrperiments. The minimal number of wildtype subunits

per functional oligomer is indicated, as calculated fordifeerent unidirectional assembly mutants.

4.4.4 A hexameric model for Rubisco activase

To generate a hexameric ring model of Rca, the module of tystairstructure consisting of the/s
subdomain of one chain bound to thehelical subdomain of the adjacent chain (Figure¥.11) vtefi
onto the ATPase-active D2 ring of the hexameric AAfrotein p97 ([55] (PDB 3CF3)). This module
forms a building block that is invariant through the confational changes of AAA hexamers[[62].
The transition from the helical ring arrangement in the Ragastal to a flat hexamer involved only a
minor inter-domain reorientation. The resulting hexansesimilar in dimensions to the helical subunit
arrangement in the crystal lattice, with an outer diameter1@5 A, height of ~49 A and a pore width of
~30 A. It fits well into the EM density (diameter of ~135 A, heigf ~56 Aand a central pore of ~36 A)
obtained by three-dimensional reconstruction of the Rc@dRzhexamer (FigurEZ19 abd122). The fit
leaves unfilled density on top of the hexameric ring closdnéodentral pore (FiguleZZR?2). This density
could accommodate all or part of the 67-residue N-termioahain, which is not present in the crystal
structure. A similar arrangement of the N-terminal domainlserved in the hexamer model of spastin

[57]. In the hexamer Rca model, the specificity helix H9 isakecl in proximity to the putative N-domain
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density, consistent with a cooperative function in thaeahitecognition of Rubisco (Figuie“ZR?2).

TOP BOTTOM SIDE

Figure 4.22:A hexameric model of NtRca.

A hexameric model based on the crystal structure of NtRcanagative stain EM of NtRca R294V. Additional
density is visible in the EM derived density on top of the hraeaic arrangement. This density might accommodate
part of the N-terminal domain not contained in the crystalcure.

Top, bottom and cutaway side view of the overlay of a hexanmtehbased on six A-a/3 A* units (as shown

in Figure[Z:T1L ) onto the EM reconstruction of the Rca hexamb¢ained from negative-stain data (Fighre%.19).
Helices are shown as cylinders. Each Rca subunit is showliifiesent colour. The pink dashed circle indicates

the unfilled density on the top of the hexamer. The positiothefspecificity helix H9 is indicated.

In order to verify the position of the N-terminal domain aéettop of the Rca hexamer the mutant
R294V lacking the first 67 residueA(N68 NtRca R294V) was analysed by negative stain EM in collabo
ration with Dr. Petra Wendler and her student, Susanne Wahkia Like full length NtRca R294VAN6G8
NtRca R294V formed hexameric rings in the presence of A BrigurdZ.2B A). Three-dimensional re-
construction gave rise to a ring shaped density with a heiffh62 A, a diameter of ~130 A and central
pore with a diameter of ~38 A (FiguEeZ]23 B). The reconstonchad a resolution of ~25 A as judged by
a Fourier shell correlation analysis. However, unlike thieléngth protein AN68 NtRca R294V did not
orient randomly on the grid but showed a tendency to presswveiftop and side but more intermediate

views.
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class averages (5-10 particles)

reprojections of the final density
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unfilled Aensit
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Figure 4.23:Negative stain electron microscopy oAAN68 NtRca R294V.

Comparison of the three dimensional reconstructioANB8 NtRca R294V with the full length protein gave rise to
difference density at the top and the side of the hexamesistamt with the presumed location of the N-terminal
domain. Based on the difference density map, AAA+ domaimieatations in the absence of the N-terminal
domain are likely.

A: Initial class averages oAN68 NtRca R294V (44ug/ml in the presence of ATFS (upper row, each class
contains 5-10 particles) and reprojections of the final dgmnsap corresponding to the class averages (lower row).
B: Final three dimensional reconstruction®N68 NtRca R294V in the presence of AJ8. Top, bottom and side
view are shown. The hexameric model shown as ribbon repiasemin red. C: Comparison of the EM density
maps of NtRca R294V (white) aniN68 NtRca R294V (grey). Overlay of both maps shown in top ade giew.
Difference density map shown in blue in top view. Unfilled siéynand putative location of the N-terminal domain

indicated by arrows. Difference density corresponding £A& domain reorientations indicated.
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When overlayed with the three-dimensional reconstruatidfall length NtRca R294V, the reconstruc-
tion of AN68 NtRca R294V shows marked differences. The reconstructi AN68 NtRca R294V lacks
density at the top and the sides and is 4 A shorter in heighpeoad to full-length NtRca R294V, con-
sistent with the proposal that the density on top repreg@eti-terminal domain, which is not present
in the crystal structure. Additionally, large differencengdity peaks were observed for the core AAA+
domain, possibly indicating inter-domain reorientatiofishe complex in the absence of the N-terminal
domain.

These results are all consistent with the proposed locatidine N-terminal domain at the top of the
hexameric ring, however, possible stain artefacts anditmsed view of theAN68 NtRca R294V might
hinder proper interpretation of the resulting maps. Thereefthe location of the N-terminal domain

remains putative.

4.5 Mutational analysis of pore loop residues

Many AAA T proteins remodel the conformation of their substrates bytigd) threading of their binding
partner through the central pore mediated by the so callesllpops [53]. In these AAA+ proteins pore
loop 1 usually features a very conserved aromatic-hydrojghglycine motive, that is essential for the
remodeling of the protein substrate but not for the ATPaseiBc In Rubisco activase sequences this
conserved motive does not exist in pore loop 1. However, dogience in this region is still highly
conserved within the Rca family (Figute—Z124 A). Pore loogusces (residues 141-145 pore loop 1,
177-191 pore loop 2 and 232-237 pore loop 3) were not fullglkesl in the crystal structure N AC
NtRca most likely due to their flexibility, however, their@pximate location in the hexameric model is

consistent with an exposure to the central pore (Figurd B)24
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N. tabacum
A. thaliana

O. sativa

M. domestica
L. tridentata
V. radiata

S. oleracea

P. patens
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O. lucimarinus

D. melanogaster
Spastin | M. musculus
H. sapiens

Pore loops:

Figure 4.24:Sequence alignment and location of pore loops in Rubisco aease.

The highly conserved pore loop sequences of Rca do not migssical pore loop sequences in Spastin, but are
exposed towards the central pore channel.

A: Alignment of the pore loop sequences in Rubisco activasesSpastins from different species. Similar residues
are shown in red and identical residues in white on red backgt. B: Cutaway view of the central pore in the
hexameric model. Individual Rca subunits are shown in grgeld and blue, respectively, with transparent surface
representation. The pore loop residues are indicated bg ealer for the subunit in gold. Residue numbers for

the residues flanking the the pore loops are indicated. Residot resolved in the crystal structure are modelled

as dotted line.
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It was therefore tested whether mutation of the conserveel lpop 1 residues in NtRca would affect

ATPase or Rubisco activation activity. Pore loop 1 is precebly a short helix (H2) as observed in other

classical clade AAA+ proteins. Mutations in helix H2 (E138Ad E140A) and the first residue of the

pore loop (S141A) resulted in a 60-100 % reduction in ATPateand loss of Activase function (Figure

B23), possibly due to the close proximity of the Walker Bdaaf Rca. Mutation of other residues in

pore loop 1 (G142V, N143A and A144V) reduced the ATPase ratedd % while the activase activity

was reduced by ~40 % for the mutants G142V and N143A but cdeiplabolished for the mutant

A144V (Figure[4.2b). This indicates an essential role faregoop 1 in Rubisco activation. Since the
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aromatic residue of the canonical pore loop 1 motive is cetebt absent in activase sequences, it was

tested whether conserved aromatic residues in pore loogd pa@me loop 3 might compensate for this.
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Figure 4.25:Mutation of conserved pore loop residues.

Pore loop residue Al44 in pore loop 1 as well as aromatic uesidn pore loop 2 (Y188) and pore loop 3
(F232,Y236) are essential for activity.

ATPase and Rubisco activase activities of wildtype NtRcalixiH2 mutants and loop mutants, as indicated. As-
says were performed at 20 with 2.35,:M Rca (protomer) (ATPase) and 4u®1 Rca and 11.9%M RuBP-inhibited

Rubisco active sites (activase activity). Error bars $igeid. of mean values of at least three experiments.

Mutations of the aromatic residues in pore loop 2 (Y188A) park loop 3 (F232A, Y236A) strongly
reduced the ATPase activity and abolished activase fum¢kmure[4.2b). Taken together these results
argue for an active role of all three pore loops in Rubiscatreation. Interestingly, an active role for all

three pore loops has also been shown for the AAA+ proteintBp&as]].
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Rubisco activase is an essential enzyme for photosyntiregikints, since it is required for the ATP-
dependent, maintenance of Rubisco activity in vivo. Sinca R heat labile, it has been proposed that
Rca is a limiting factor for the photosynthetic potentialptéints under moderate heat stress. This will
probably become increasingly problematic in the futurehastemperature of the Earth’s atmosphere
increases due to climate chanfe [162]]163].

In this study, the elucidation of the AAA+ core domains of &g activase lead to a model for the
oligomeric state of the functional activase complex anétiogr with structure guided mutations provided
a framework for the mechanism of Rubisco activase. The ptedavork may serve as the foundation of
more detailed mechanistic studies.

The following sections contrast and compare the resultisfdtudy with results in previous studies

and present an integrated model for the Rca mechanism.

5.1 Comparison of the available crystal structures of the

C-terminal «-helical subdomain of Rubisco activase

While this thesis was in preparation, the 1.8 A crystal stme of the isolated C-terminal-helical
subdomain of Rubisco activase from Creosote blsiréa tridentata a non-Solanacaespecies) was
published (PDB 2THG[201]). While the main chain atoms fa gentral 4-helix bundle of both crystal
structures (residues 250-297 and 325-346 in Creosote bgstesidues 253-300 and 328-349 in tobacco)
can be readily superposed with a rmsd of 0.929 A, the baclbohthe extended part of the C-terminal
domain (298-324 in Creosote bush, 301-327 in tobacco) ¢dmeasily superposed as indicated by a
high rmsd of 4.722 A (structures were superposed with thgraros superpose and Isgkab in CCP4i).
Indeed, the crystal structure barrea tridentata(Creosote bush) features an extended helix H8 with
three additional turns and lacks the small helical insertit® present irNicotiana tabacum This ex-

tended conformation of helix H8 seems to be stabilised bytdgdge between aspartate 309 and lysine
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Figure 5.1:Comparison of the crystal structures for the C-terminal a-helical subdomain of Rca.

A: Ribbon representation of the overlay between dhkelical subdomain ofarrea tridentataRca (blue) and
Nicotiana tabacuniRca (green). While helix H8 is even more extended, the snedittdl insertion H9 is absent in
Rca fromLarrea tridentata Nomenclature of helices is accordingNicotiana tabacuniRca. B: Crystal contact

of the C-terminal domains dfarrea tridentataRca . Rca subdomains are shown in ribbon representatiomé bl
and light blue respectively. The interface between the tarts consists of a close contact of two glycine residues
shown in stick representation (Gly 312 of chain A to Gly 337A distance 3.6 A). The extended conformation
of H8 is further stabilised by a salt bridge between Asp 309lars 313 represented as sticks.

313 and a crystal contact to a symmetry related moleculeifgy312 of chain A to glycine 337 in A* see
Figure[51 B), while in the crystal structure Nfcotiana tabacunthe conformation is mainly stabilised
by the interface to the/s nucleotide binding domain of the symmetry mate. Intergfirthe proposed
Rubisco binding surface dfarrea tridentataRca (region around tryptophan 302 201]) is buried in the

intersubunit interface in the structure Micotiana tabacungsee Figur€Z.11).

However, sincé.arrea tridentatais anon-Solanacaspecies, the structural differences may also reflect
the differences in specificity. Indeed, the stabilizing saidge to lysine 313 irLarrea tridentataRca
cannot form in theSolanacaeaRca as this residue is substituted by an aspartate, whichedethe
species specificity of th8olanacedamily (sed2.5.113 and Figukeb.2). Whether the differsringhe
structures are a consequence of crystal packing or refletatices in function or specificity remains
to be established and cannot be decided in the absence dfubtise of a Rubisco-Rubisco activase

complex or mutational analyses (e.g. mutation of the regionind tryptophan 302).
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5.2 Oligomeric state

Rubisco activase forms polydisperse oligomers with a rasfgeizes from ~50 kDa to ~600 kDa in

a concentration and nucleotide dependent marined [193] [[9%] [L96]. Intriguingly the specific
ATPase-rate as well as the Rubisco activation activity &edoligomeric size increase with increasing
concentrations and in the presence of crowding agents .90 PEG 3350)[[194]. This has been
interpreted to indicate that a large oligomer (>8 up to 18hésactive state of activade [195]1196], but is
also consistent with a smaller, perhaps transient comm@agtihe active species. Recent analyses of the
oligomerisation state of an ATP hydrolysis deficient actevanutant (R294A) in the presence of g
and ATPyS by mass spectrometry showed that Rca formed a complex withsa corresponding to a
hexamer[[197].

The structure of Rca determined in this study allowed thetifieation of the oligomerisation interface
of Rca, which - in agreement with previous crosslinking &ad198] - consists of an interface between
the C-terminala-helical subdomain and the N-terminal nucleotide bindilgndin. Crosslinking and
negative stain EM of the functionally active mutant R294\hftoned a hexameric arrangement in the
ATP~S bound state. Since arginine 294 contributes to the irtterstiinterface by forming a hydro-
gen bond to the carbonyl-oxygen of asparagine 99, the hgpisttis that arginine 294 mediates higher
oligomerisation of Rca, whereas its mutation stabilisesatttive hexameric arrangement in the presence
of ATP~S. Titration experiments with oligomerisation defectivatants (D299A, D299K, K92D) further
support a hexameric arrangement of activase in the actve. st

In summary the results presented in this study suggestatiiagse forms a transient hexamer similar
to other classical clade AAA+ proteins, such as Spastin damia in the active state. This state is most
likely dependent on interactions with the nucleotide ometfe substrate Rubisco. In the absence of the
proper conditions for hexamer formation Rubisco activaseaigomerise into higher order oligomers,

which might have a protective or regulatory function.

5.3 Mechanism of Rubisco activation by Rubisco activase

Figure[5.2 shows an alignment of activase sequences anliphighresidues for which mutation data are
available. Taken together with the structure of the hexameactive state a preliminary model for the

Rubisco activation mechanism by Rubisco activase emerges.
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Figure 5.2:Sequence alignment of Rubisco activase of different spesie

Amino acid sequences of selected Rubisco activase (Rcadlbgoes from plants and green algae were aligned
using Clustal-W. The only Rca from@olanaceaelant listed is Rca oNicotiana tabacumMost species have two

or more Rca isoforms differing in the C-terminal sequen@eoBdary structure elements and name§iootiana
tabacumRca are indicated above the sequences. The Rca subdonuatuistris indicated by blue and teal colour-
ing of secondary structure. In the alignment, similar resglare shown in red and identical residues in white using
bold lettering on red background. Blue frames indicate hogmus regions. The consensus sequence is shown at
the bottom. Signature sequences of the AAA+ family are iaigid below the sequences by coloured bars. Symbols
below the sequence indicate residues for which mutatiom al&t available as detailed in the legend. All sequence
numbering is based on the mature proteins, i.e. after trablast signal sequence is removed. The cleavage site
was experimentally verified only for sequences 1, 2, and 8.

The Uniprot accession codes for the aligned Rca sequenee&0460 Nicotiana tabacumP10896-2 Ara-
bidopsis thalianaP93431 Oryza sativa subsp. japonic®40281 Malus domesticaQ7X9A0, Larrea tridentata
098997 Vigna radiata var. radiataP10871 Spinacia oleraceaA9TBPO, Physcomitrella patens subsp. patgns
D8TZU3, Volvox carteri f. nagariensjsA4RW20, Ostreococcus lucimarinystrain CCE9901).

Figure[5.B shows an overview of the mechanism for Rubisoctik@dion. It is interesting to note that,
in contrast to previously proposed modéls]171], strucamd diameter of the hexameric arrangement
exclude the possibility that a hexamer of Rca surrounds $Rabi

Mutations in either the N-terminal domain or the specificiégidues in helix H9 almost completely
abolished Rubisco activation by Rca (this study dndl[1/ZR[14184]). This indicates a mechanism
in which the initial recognition of Rubisco is mediated bgsle domains. Indeed, helix H9 and the N-
terminal domain seem to be juxtaposed on the "top" surfadkeohexameric arrangement, suggesting
an interaction of Rca and exposed surface residues or lagpesds of Rubisco (e.g. R89, K94 in
Solanacaeh

Mutations in loops lining the central pore severely inlgditactivation activity and therefore must be
actively involved in the remodeling process, suggestingréiad threading mechanism of the substrate in
analogy to ClpX or Spastin and other AAA+ protein remodelimgymes. In comparison the central pore
of Rca is much wider (Rca pore diameter 36A) than the centia pf other hexameric AAA+ proteins,
such as ClpX (essentially fully clos€d62]) or Spastin (2a8tAhe widest poinf[57]), suggesting that Rca
might engage a more complex secondary structure elemernilié&d for remodeling and not a single

peptide motif.
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N-
domain

ATP-dependent, Activation of Rubisco

transient hexamerization by partial threading / unfolding

Figure 5.3:Preliminary model of Rubisco activation by Rca.

Rca forms ATP dependent, transient hexamers in the actwe. sThe initial Rubisco interaction is mediated by
helix H9 and the N-terminal domain, before larger secongamncture element of Rubisco is partially unfolded by
threading through the central pore.

Surface representation of monomeric crystal structuréhamedmeric model of Rca shown in green, the N-terminal
domain was not part of the crystallised construct. EM dgrstibwn in grey. Location of the specificity helix H9
and the potential location of the N-terminal domain aredatid. Surface representation of Rubisco (closed, PDB

4RUB [121]) from Nicotiana tabacum shown with large subsioitloured in blue and small subunits in yellow.

5.4 Possible mechanisms for the regulation of Rubisco activ ase

In many plants activase (e.@rabidopsis thalianaSpinacia oleraceaOryza sativa has two isoforms,

a short (40-42 kDa) and long isoform (~46 kDa) usually geteerdy alternative splicing, which vary
in the length of the C-terminal extension . The oxidationhs tong isoform of Rca results in a more
pronounced ADP inhibition[[188], believed to be involvedregulation of the activase activity in re-
sponse to light irradiation (see alsa215.2). Residuesabttidized C-terminus of the long isoform can
be crosslinked to residues near the nucleotide bindingwitre they are supposed to interfere with ATP
(but not ADP) binding and hydrolysis[IB1]. The previous relidr redox-regulation suggested that this
interaction with the nucleotide binding pocket is only mmisin the oxidized stat€ [1P1].

In this study a conserved tyrosine in the C-terminal extemgresidue number 361) was identified,
which is essential for the ATPase activity of Rca. Mutatidhis tyrosine to alanine almost completely
abolished ATPase activity and hence also the Rubisco #otivdnterestingly, this tyrosine is conserved
in both long and short isoforms of Rca (see Fiduré 5.2) andritle inferred from the crystal structure
that it is close to the nucleotide binding pocket of the nediusit in the oligomer.

The crystal structure as well as crosslinking of N and C-terfif98][191] suggest that the redox-
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regulation mechanism is acting in trans in agreement walpthsitioning of tyrosine 361. It is therefore
possible that the extended C-terminus of the long isoforaivigys near the nucleotide binding pocket
of the next subunit, however, upon oxidation the confororatif the tyrosine 361 is altered to inhibit
ATPase activity and preferentially bind ADP. One way toidigtish between these different models for
the mechanism of redox-regulation would be high resolutirstal structures of the long isoform of Rca

in the reduced and oxidized states, respectively.

5.5 Convergent evolution of activases for green- and red-ty pe

Rubisco

Recently an activase for red-type Rubisco (form | C-D) fremodobacter sphaeroidesalled CbbX,
was identified[[233]. CbbX is also a hexameric AAA+ proteir Blmows only poor sequence homology
to Rubisco activase (< 10 % sequence identity). Interéstitige large subunits of red-type Rubiscos
have an extended C-terminal sequence compared to greerRiypiscos (form | A-B). The red-type
activase CbbX engages the closed ER complex, partialyadsréhe extended C-terminus of the large
subunit into the central pore and thereby remodels Rub@88]] mechanistically resembling ClpX or
other AAA+ unfoldases. The formation of the active, hexdmeomplex for CbbX requires binding of
ATP and RuBP to CbbX. Since ATPase activity depends on bindinRuBP to reach the hexameric
active state and is even further stimulated by the presehBailoisco, CbbX seems to have evolved a
complex regulation of ATPase and activation activity inp@sse to the Rubisco substrate RuBP. Such a
regulation is absent in green-type Rubisco activase.

The crystal structures of both enzymes were solved at cabfresolution and are compared in
Figure[2%. While the NBDs of both AAA+ show the expected #amities, the C-terminak-helical
subdomain seems more structurally diverse. Notably, thieahénsertion (H9) responsible for species
specificity in green-type Rubisco activase is absent in CbbX

Since negative stain EM reconstructions of both enzymesiaiable, the green- and red-type Ru-
bisco activases can also be compared in the active, hexastate ( ATR'S bound NtRca R294V and
RuBP ATPyS bound CbbX, see Figufe®.5). Most prominently the centred i;n the hexamer in CbbX
appears much narrower than in Rca (25 A vs 36 A). Additionétilg N-terminal domain of Rca is clearly
protruding on "top" of the ring, whereas CbbX lacks this domaand appears to be almost flat (Rca height

56 A vs CbbX height 45 A, see Figureb.5).
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A NtRca B RsCbbX

N-extension a/B nucleotide

binding subdomain

Figure 5.4:Comparison of the monomeric structures ofNicotiana tabacum Rca and Rhodobacter sphaeroides
ChbX.

A: Ribbon representation of crystal structure of the grggre Rubisco activasdicotiana tabacunikca B: Ribbon
representation of the crystal structure of the red-typeistabactivase CbbX [PDB ID: 3SYL] in the same orien-
tation of the nucleotide binding domain/3 nucleotide binding subdomains are shown in light blue ctteelical
subdomains are shown in teal. The Walker A and B motifs arevstio dark blue and red, and the sensor | and
Il regions in green and orange, respectively. The pore B)ame indicated in cyan. The helical insertion in the
C-terminala-helical subdomain (H9) in Rca is shown in yellow. Bound $alies are shown in ball- and stick-

form for CbbX. The N-terminal extension of CbbX is shown irrple.

In summary, biochemical experiments as well as a direct @visgn of the structures suggest that
both activases are ATP dependent remodeling enzymes eimplaydifferent mechanism. While CbbX
is able to engage a single extended C-terminal peptide ofatige subunit of Rubisco and threads it
through the narrow pore, the wider pore in Rca suggests tbateRgages a more complex secondary
structure element for remodeling. Additionally, the iaitinteraction of Rca with Rubisco seems to be
mediated by the N-terminal domain and the specificity helé bioth of which have no counterpart in
CbbX. Interestingly, different mechanisms of regulati@vérevolved in the green- and red-type Rubisco
activases. The red-type activase, CbbX, is regulated ldifmjrof RuBP, the substrate of its target protein
and its ATPase activity is stimulated in the presence of &uthi The green-type Rubisco activase on the

other hand is regulated by inhibition by ADP and redox-ragah of the long isoform.

The mechanistic, structural and regulatory difference€labX and Rca suggest that two different
AAA+ proteins were initially recruited for the activatiori Bubisco. Furthermore, Rca and CbbX show

a rather poor sequence homology beyond the core AAA+ sequeratives, whereas their respective
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A NtRca B RsCbbX
TOP

SIDE SIDE

~56 A

~135A ~140 A

Figure 5.5: Comparison of the negative stain electron microscopy recatructions of hexameric Rca and
CbbX.

A: Top and side view of a negative stain EM reconstruction cdRB: Top and side view of a negative stain EM
reconstruction of CbbX(233]. Both AAA+ show a hexameric gdex with similar outer diameters, however,
CbbX features a narrower pore and the density attributelded\tterminal domain of Rca is expectedly absent in

CbbX. Pore diameter and height of the complexes are indiéateed.

substrates form | A and B (green-type) and form | C and D (ygbt Rubisco are highly homologous
[L15]. It seems unlikely that while the Rubisco sequencesrded only little during evolution, the

activating AAA+ diverged so far, therefore CbbX and Rcaeatteem to have evolved convergently.

5.6 Implications and outlook

This work presents the structure of the AAA+ coréNafotiana tabacunikca in the nucleotide free state.
Further structural studies either employing X-ray cryetgiaphy or cryo-EM with bound nucleotides or
nucleotide analogues might contribute to a more detailed wf the conformational changes in response
to the nucleotide state during Rubisco activation and aleuige further insights into the general mech-

anism of AAA+ proteins.
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An important future goal for understanding Rubisco activaby Rca will be the characterization of
the Rubisco-Rca interaction. To this end, heterologouspbexas of Rca (or Rca-like sequences from
cyanobacteria) with Rubisco might present a strategy tdywme stable, "trapped” complexes as observed
for the assembly chaperone RbcX and Rubiécol[139]. Furthexnstructural and biochemical studies
of the N-terminal domain of Rca of other species might prevédidence for the proposed role of the
N-terminal domain as substrate adaptor.

The identification of a conserved residue in the C-termirtégresion, that is essential for the ATPase
activity has lead to a new hypothesis regarding the redgutation of the long isoform of Rubisco
activase. Since to date only a short isoform of Rca was ffiedtin Nicotiana tabacum structural
studies of long isoforms of other species in the oxidized reaidiced states, might provide more insight
into this important regulation mechanism.

The biochemical and structural data presented in this wea#t to a preliminary model for the mecha-
nism of Rubisco activase and provides the structural fraonlefor further studies on Rca. Additionally,
structure guided mutations to improve the heat stabilityRof (e.g. optimizing the packing of the
hydrophobic core or generation of intramolecular saltde&) might be employed to improve the pho-
tosynthetic properties of genetically manipulated crapden moderate heat stress, ultimately leading to

higher crop yields in climate conditions expected for tharrfature [163][162].
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