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Supplementary Information

SI Materials and Methods

Activity Assay and Determination of pH and Temperature Dependence

Phosphoribulokinase activity was measured spectrophotometrically (Cary 60 UV-Vis; Agilent) at
25°C in 1 ml cuvette containing 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 20 mM KCI, 2 mM
ATP, 2.5 mM phosphoenolpyruvate, 0.2 mM NADH, 5 U ml" pyruvate kinase, 6 U ml™ lactate
dehydrogenase and enzyme preparation. Following 1 min of blank acquisition, the reaction was
started by the addition 0.5 mM ribulose-5-phosphate.

Temperature dependence was evaluated on aliquots of 4tfPRK and CrPRK desalted in PBS buffer
and incubated for 20 min at temperatures ranging from 20°C to 60°C. Following incubation, the
activity was assayed at 25°C as described above. Activities were measured on two independent
protein purifications and are expressed as percentage of the highest measured activity.

The pH dependence of purified enzymes was determined in Britton-Robinson buffer for pH values
ranging from 5.0 to 8.5. For pH values ranging from 9.0 to 10.0, 100 mM Glycine buffer was used.
To ascertain that pH and buffer composition do not block pyruvate kinase and lactate
dehydrogenase activity, their activity was controlled measuring the rate of NADH oxidation in a
coupling assay performed at 25°C in 1 ml cuvette containing the above mentioned buffers and 10
mM MgCl,, 20 mM KCI, 2 mM ADP, 0.2 mM NADH, 10 U ml”! pyruvate kinase, 12 U ml™” lactate
dehydrogenase. Following 1 min of blank acquisition, the reaction was started by the addition 2.5
mM phosphoenolpyruvate and monitored spectrophotometrically at 340 nm.

Once the functionality of pyruvate kinase and lactate dehydrogenase was verified, to ascertain that
their activity did not limit the measurements of PRK activity, the concentration of both enzymes
was increased (i.e. from 5 to 15 U ml"' for pyruvate kinase and 6 to 18 U ml" for lactate
dehydrogenase) up to concentrations that did not increase PRK activity further.

Determined the experimental conditions, PRK activity was measured on a Cary 60 UV-Vis

spectrophotometer (Agilent) at 25°C in 1 ml cuvette containing the above mentioned buffer at



different pH values, 10 mM MgCl,, 20 mM KCl, 2 mM ATP, 2.5 mM phosphoenolpyruvate, 0.2
mM NADH, 10 U ml" pyruvate kinase, 12 U ml™ lactate dehydrogenase and enzyme preparation.
Following 1 min of blank acquisition, the reaction was started by the addition 0.5 mM ribulose-5-
phosphate. Activities were measured on two independent protein purifications and are expressed as
percentage of the highest measured activity.

Crystallization and Data Collection.

Aliquots of 2 ul for both proteins were mixed to an equal volume of reservoir, and the prepared
drop was equilibrated against 900 (CrPRK) and 750 (AfPRK) u1 of reservoir.

CrPRK crystals were obtained in different conditions of the Extension Kit from Hampton Research
(solutions 22: 12% w/v PEG 20K, 0.1 M MES, pH 6.5; 26: 30% w/v PEG MME 5K, 0.1 M MES,
pH 6.5, 0.2 M ammonium sulfate; 30: 10% w/v PEG 6K, 5% v/v MPD, 0.1 M HEPES, pH 7.5) and
Structure screen 1 from Molecular Dimension (MD1-01-CF, solutions 35: 30% w/v PEG 4K, 0.1 M
Tris-HCI, pH 8.5, 0.2 M lithium sulfate; and 50: 15% w/v PEG 8K, 0.5 M lithium sulfate). The
conditions were optimized and the best diffracting crystal grew in about 10 days, from 22% w/v
PEG MME 5K, 0.1 M MES, pH 6.5,0.2 M ammonium sulfate. CrPRK crystal appeared as needle-
like, in the majority of the cases forming a cluster. Aggregates were manually separated and the
thicker individuals fished.

AfPRK crystals showed a bipiramidal morphology and grew in three to five weeks from a reservoir
solution containing 1.4 — 1.7 M sodium malonate, pH 5.0. The best diffracting crystal of AfPRK
was obtained in 1.5 M sodium malonate, pH 5.0.

Crystals were mounted from the crystallization drop into cryo-loops, briefly soaked in a cryo-
protectant solution containing 30% w/v PEG MME and 20% v/v PEG 200 for CrPRK and 1.7 M
sodium malonate, pH 5.0, and 30% v/v glycerol for AfPRK, then frozen in liquid nitrogen.
Diffraction images were recorded at 100 K at the Elettra synchrotron radiation source (Trieste,
beam line XRD1) for CrPRK and at the European Synchrotron Radiation Facility (Grenoble, beam

line ID14-4) for ArPRK. Data collection parameters are reported in Table S4.



The data at a resolution of 2.6 A for CrPRK and 2.5 A for AfPRK were processed using XDS (1)
and scaled with SCALA (2). The correct space group was determined with POINTLESS (2) and
confirmed in the structure solution stage. Data collection statistics are reported in Table S5.
Structure Solution and Refinement.

CrPRK structure was solved by molecular replacement using the program PHASER (3) from
PHENIX (4) starting from the coordinates of PRK from Methanospirillum hungatei (PDB code
5SB3F) (5) deprived of sulfate ions and water molecules. The protein chain was traced by Autobuilt
from PHENIX (4) and Buccaneer (6) from CCP4 package. The refinement was performed with
REFMAC 5.8.0135 (7) selecting 5% of reflections for R;,... The manual rebuilding was performed
with Coot (8). The residual electron density map showed the position of a sulfate ion for each
monomer coming from the crystallization solution, which was added to the model. Water molecules
were automatically added and, after a visual inspection, confirmed in the model if the relative
electron density value in the (2F, — F,) maps exceeded 0.19 e¢A? (1.0 o) and if they fell into an
appropriate hydrogen bonding environment. The last refinement cycle was performed with
PHENIX (4). The final model of CrPRK lacks six residues at the C-terminal end of both chains.
The structure of CrPRK without sulfate ions and waters, was used as initial model to solve the
AfPRK structure by molecular replacement using MOLREP (9). The refinement was performed as
described for CrPRK. The final model of AtPRK lacks three residues at the N-terminal domain and
seven and ten residues at the C-terminal domain of chain A and B, respectively.

The refinement statistics of both structures are reported in Table S5. All structure figures were
prepared using PyMOL (The PyMOL Molecular Graphics System, Schrodinger, LLC).

Small Angle X-ray Scattering Data Collection.

Data collection parameters are reported in Table S4. A Size Exclusion Chromatography SEC-SAXS
experiment was performed using a HPLC system (Shimadzu) directly connected to the
measurement capillary. A volume of 100 ul of reduced CrPRK (6.1 mg ml"') was loaded onto a

Superdex 200 10/300 GL column (GE Healthcare) pre-equilibrated in 50 mM Tris-HCl, 150 mM

4



KCI, pH 7.5. The sample was eluted at a flow rate of 0.5 ml min" and SAXS frames obtained by 1 s
exposure were collected continuously. The automatic pipeline for SEC-SAXS data analysis
implemented at BM29 was used to assess the quality of the collected data (10).

Small Angle X-ray Scattering Data Analysis.

Afterwards, a classification of the collected frames as buffer (0-14 ml) or protein frames (14-17.75
ml) was performed on the basis of the SAXS intensity trace (Fig. S13). Statistical test implemented
in CorrMap (11) aided by visual inspection, was used to choose the superimposable buffer intensity
profiles. The averaging of the buffer profiles, the subtraction of the averaged buffer intensity from
the protein data and an automatic analysis of the subtracted protein profiles was performed with a
Matlab script. The script used the tools of the ATSAS package (12) to automatically obtain from the
subtracted intensity 1(q): (i) the I(0) and the gyration radius (R,) via the Guinier approximation (13)
I(q) = 1(0)-exp[-(qR, )/3]; (ii) the pair-distance [p(r)] function, from which the maximum particle

dimension (D,,,,) was estimated, in addition to an independent calculation of I(0) and R,. Estimates

of the MW were also determined both from the Porod invariant (14) as 0.6 times the Porod volume
(V,) for roughly globular particles (12) and by the invariant volume-of-correlation length (V,),
through a power-law relationship between V., R, and MW that has been parametrized (15). The
protein frames giving constant R, values were scaled to the intensity of the elution maximum and
averaged in order to obtain a single representative scattering profile with good signal to noise ratio,
presented in the results and used for modelling.

Modeling from SAXS Data

The sequence and the homodimeric state of CrPRK were given as inputs in GASBOR and a 2-fold
symmetry was imposed in the calculations. A series of 10 models was generated. The similarity of
the structures obtained by repeated calculations was checked by DAMAVER (16) in which the
superposition is performed by the SUPCOMB code (17).

All programs used for SAXS data analysis and reconstruction, belong to the ATSAS package 2.7

(12). The graphical representations of the obtained three-dimensional models were built by using
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PyMOL (The PyMOL Molecular Graphics System, Schrédinger, LLC).
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Fig. S1. Schematic representation of the CB cycle. The crystal structure of six chloroplast
enzymes from different organisms: RuBisCO, ribulose-1,5-bisphosphate Carboxylase/Oxygenase
from Spinacia oleracia (PDB ID code 1AUS) (18); GAPDH, glyceraldehyde-3-
phosphatedehydrogenase from Arabidopsis thaliana (PDB ID code 3K2B) (19); TPI, triose
phosphate isomerase from Chlamydomonas reinhardtii (PDB ID code 4MKN) (20); FBPase,
fructose-1,6-bisphosphatase from Pisum sativum (PDB ID code 1DCU) (21); TK, transketolase
from Chlamydomonas reinhardtii (PDB ID code 5ND5) (22); SBPase, sedoheptulose-1,7-
bisphosphatase from Physcomitrella patens (PDB ID code 51Z3) (23); RPE, ribulose-5-phosphate
3-epimerase from Solanum tuberosa (PDB ID code 1RPX) (24), is shown. For the remaining three
enzymes, the crystal structure of the most homologous enzymes from non-photosynthetic organisms
is reported: PGK, phosphoglycerate kinase from Bacillus stearothermophilus (PDB ID code 1PHP)
(25) approximately 60% homologous to Chlamydomonas reinhardtii PGK1 (sequence accession

number A8JCO04); FBA, fructose-1,6-bisphosphatealdolase from Toxoplasma gondii (PDB ID code



STIS) (26) approximately 55% homologous to Arabidopsis thaliana FBA1 (sequence accession
number Q9SJU4); RPI, ribose-5-phosphateisomerase from Toxoplasma gondii (PDB ID code
4ANML) approximately 50% homologous to Spinacia oleracia RPI (sequence accession number

QSRU73).



Fig. S2. Crystal structure of AfPRK’s monomer. (A) Topology diagram of A/PRK. Similarly to
CrPRK (Fig. 2A), the monomer is composed by a mixed 3-sheet of nine strands, by nine a-helices
and four additional small B-strands indicated by . (B) Cartoon representation of the monomer
structure of AfPRK. Similarly to CrPRK (Fig. 2B) the central 3-sheet is sandwiched between helices
a3, o4 and a6 and helices al, a7, a8 and a9. The right end of the monomer consists of stand 37

involved in the dimer interface, while the four additional B-strands (f1’ to 4’) form the left

external end of the dimer.
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Fig. S3. Parameters determined by SEC-SAXS analysis of CrPRK. (A) 1(0) trace (dots) and R,
determined by the Guinier approximation (diamonds) and R, calculated from the P(r) function
(squares). (B) 1(0) trace (dots) and MW estimated from the Porod volume (diamonds) and from the

volume-of-correlation (squares). (C) I(0) trace (dots) and D,,, estimated from the P(r) function

max

(squares). The frames used in the average to obtain the representative scattering profile, are

highlighted in black compared to the grey neglected frames.
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Fig. S4. Active site and TRX-dependent regulation of AtPRK. (A) The catalytic cavity is shown.
The distance between the regulatory cysteines is higher than 13 A. (B) Catalytic cavity electrostatic
surface potential. The bottom of the catalytic cavity is marked by a positive potential. The negative
potential region observed on the left side of the cavity, is suggested to be involved in the correct
positioning of TRX close to regulatory cysteines. (C) The pK, of Cysl5 was determined by
measuring the IJAM-mediated inactivation as a function of pH. (D) Molecular environment of
Cys15 considering a sphere of 5 A centered on its thiol group. The hydrogen bonds between the

thiol group and the neighboring residues and the corresponding distances, are shown.
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Fig. SS. Binding site of the sulfate ion in CrPRK. The interactions between a sulfate ion coming
from the crystallization solution, and protein residues in (A) subunit A and (B) subunit B, are
represented. Salt-bridges are formed with Arg64 and Arg67, and hydrogen bonds with Tyr103 and

His105.
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P. profundum YNOMPESFTEWOKLPENT DVIllF YEIEHEGGV |
P. luminescens --YNQLPETFTEWESLPKOTDVEY]

E. amylovora  RSGKGKSRKMLETYDEAVP------- --WNQVPETFTEWQPLAEFTDVlF Y HEGMEGGV

S. flexneri QSGKGKSRKMLETYDEAVP------- --WNQVPETFTEWQPLPEFTDVEFY] GGV

S. medicae = RRGVGRTRHYVEIDDAEAVK--—--—----- FGSDPETFTDWEEFR-DSDLAF vEIEEGCA
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R. sphaeroides  ETGQGRTRTMVEDDAEAAR-- --TGVAPENFTDWRDFDSDSHLIME Y| HEMBGAV

A. cryptum  ATGTGQYRHNIEDODEAER------—--—- YGGTPETFTEWEDL PART DL v EEEGA YV

X. flavus = ATGSGRFRHHVEDAGEAKL----------- YNTEPERFTDWEDLEQGT DF Y EIEMGAV

N. hamburgensis ESGTGNTRYMVEIDDVESAK----------- HGVPPETFTDWOALPENSDLIF YEEGEGAV
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M. capsulatus ETGTARRRFHVENEAESQRL --GGYKPETFTEWEEVPAGTDLEF Y[
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P. profundum GEVNAAEHVELLEGMVE I VNLEW I QiR T R DREHEREAEVE SEVRSMDE T
P. luminescens POHNJASHVELLVGEVEIVNLEWI QL I TG EoE2§DsvvRSMDE
E. amylovora PLENJRENVRLLVGEVEIVNLEWIORL VR T s PIREsBREAE DS VVRSVER
S. flexneri POHNJAOHVELLVGEVEIVNLEWIORL IR T s piREsErEAEMDSVVRSMER
S. medicae DTINLAQHCELKHGEVEVINLEW I Ol ER<BTRE Y B~ 0Tl REVER
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TS----NPFSAKGEPSLD--ESRVVI |

VRTS----NPFSAKAPSLD--ESEIVI
--VTs----NPFAARGHRPSLD--ESGvvv
--VBTS----NPFAAKGPSLD--ESEvVI
--VRTS----NPFIARWEPTPA--ESILVI
--VRTS----NPFIARWEPTPA--ESILVI

VBTs----NPFISEE@PAPD--ESMVVI

TS----NPFVARHVPSAD--ESEVVI
TS----NPFIARWEPTAD--ESVVVI
--VTs----NPFIARWEPTAD--ESIVVI
--VRTS----NPFVARWEPTPD--ESMVVI
--VBTS----NPFIARWEPTPD--ESMVVI
--VRTs----NPFISEwlPTPD--ESMVVI
--VRTS----NPFIARWEPTAD--ESMVVI
VBTs----NPFIARWRPTPD--ESMVVI
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VRTS----NPFIARDEPTPD--ESMVVI
--VTs----NPFIARDEPSAD--ESEVVI
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--KEBETAPL-EYLREELEOKTTT-KHFDPV

B AKEYI IVEVLFSDL-I--—--—-DEPTG---KFLKJLETKNNL-KHISPA
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--DENEG---KILREEVAMKEGV-ENFDAP
--EENEG---KVLRJMVMKEGV-NEgNPV
--DENEG---KVLRMVMKEGV-PFFEPV

EVLE --DBDEG---KVL OKEGV-KE@NPV
EVLITL Ip-- NEG———KVLmMKEGV—KYSPV
--DENEG---KVLREKLEAMKEGI -KFFNPV
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oK 1 YRVl 1 FElALOSVERITYLTEAPP---ELYKJLELKSGDFVPTEPT
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KLEVD TYJOIflKIODSRF-HPSL--LDSQSTL---DWY SERLEME IME-HPVSEV
E\\; %K\IY EMJBK IODSRI PPEWTEIARGSAR———EKYS\rIIQQILD—HPLDEV
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RDOHESARHE 1 GFSRFGRD--——--LGWKK---NIYRSILOTATS-CSMDHI
-GVYRJVLYOKKQD-RTIRNI

ORFEAESOK YBVEVRVRF SKYGRE -KIYQSLSQNRIT-KSIEDV
FerfvARSCLFBAREIR IAFSKYGRD VSEKR---NVYRTLCQSRLD-KSIGDV

WRAYE}\IRIACSGY—— -—GEEASEERNVYRTILOKKLL-QQMVET
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RFRG-——=-=-———=---—- IEN---VDEf§---YLLSMIQGSFMSRENTLVVPGEKMS —---—
RFRf------------- LTQ---IDF§---YLLAMLQGSFVSSINTIVVPGEKMG-----
HFQG-———=--———--- LED---IDF[§---YLLSMLQGSFISHIKTLVVPGEKMG-----
HFRN--————-—————— LEG---IDF---WLLAMLQGSFISHINTLVVPGEKMG--——-

B---YLLSMLHNSYMSRANGIVVPGDKLD-----
RFAK-——---——--——- PQS---IDFE---YLLSMLHNSYMSRANEIVVPGDKLD-----
RFAN-——-————————- PKG---IDFQ---YLLSMIHDSFMSRANT IVVPGEKME--——-
RFRE-----—--—--—- PKG———IDFI———YLLNMLNDSFMSRPNTIVVPG!KME —————
RFRN-——-————————- PRG---IDFjg-—-YLTSMIHGSWMSRANEIVVPGNKLD-----
RFRE--—--—--—--—- PHG---IDF[J---YLLAMLHGSFMSRANGIAVPGNKFD--—-—
RFRf--------—---- PHG---IDFJ§---YLLSMIHNSFMSRANEIVIPGNKQD-----
REKN----—-—-——-—- PRG---IDFJ§---YLLSMIPNSFMSRANEIVIHGSKMD-----
REKN--—--———————- PRG---IDFJ---YLLSMIPSSFMSRANGIVIHGSKLD--—-—
RFKN-——————=————- PRG---IDFA---YLLSMIQGSFMSRANEIVIHGAKLD-----
RFKS-——-—-——-———- PRG---IDFA---YLLSMIQGSFMSRANEIVIHGSKMD-----
RFKE-—————————-—- PGKFN-VDF[§---YLLAMLONSFMSRENEIVIPGEKMG-----
RFR------—-----—- PKE---ENFg---TLLOMLPGSFMSRSNTLVIPGTKMG--——~
REVE--—--—-——--—- PKRFG-VDF[---TLLVMINGSFISRRNTIVVPGEKMV-----
RFRN-——=---—==———- PQG---VDFg---YLLNMICNSFMSRRNT IVVPGEKMG--——-
RFKE--—--—--—--—- PKKLQ-IDF[§---YLLSMIHDSFMSRRNEMVVPGEKMG-----
SEKK---—----—-—-- DLSLT-GSKJ--GATMKMYDDDWE@NPVTVVEMBEE I DMDNMA
SEKRK----—-——--——- DLTLT-GSK[--GATLKMYDDDWF@NAVTVVEMBEE I DMDNME

YMFEEEGSTVDWDPCAGPGAMA-CPY[J--GTRVRYYNEMSGEKHAHVEEVREVFG---ET
Y@IEKG-SSVTWKPC--GDNLQ-CEY[§--GLOLAYYTEEYME@HPAEVEEMEVIH---NL
YAMBEG-ASITWKPN--PNKLT-TSAE--GVLFKSYQODEWFE0S VEVElEVBEK I D---SL
YEWBEG-SDIEWVPP--RNKLA-SSAEGAGLKIYOKTEKWAGKDAAV IGMBEKYD---KI
Y@FBEG-SEIEWAPS--ADKLS-SPAF--GIKLSYKQEQYFEADVAVVEMETFD---NI
Y@FBEG-STIAWTPA--PSKLS-SSGR--GLTMAYGTEDY Y@KPAQVVEMBETFD---NI
FlFBEG-SSIEWTPA--PTKLS-SPAR--GIKLAYYPEEFFEKDAQVEEMBENFD---NI
FlFBEG-STIEWTPC--GKKLT-CAY[E--GIKFRYGTEMYMESEVTVEEMNERFD---KL
JEG-STISWIPC--GRKLT-CSYB--GIKFFYGPDTYY@KEVTVEEMBEOFD---KL
Y@FBEG-STISWIPC--GRKLT-CSYR--GIKFFYGPDTFFEEEVEVEEVBE0oFD---KL
Y@FBEG-STISWIPC--GRKLT-CSY[--GIKFFYGPDIYYDNEVEVEEMEOFD---RL
YlFBEG-STISWIPC--GRKLT-CSY[§--GIKFFYGPDTY YENEVEVEEMBEOFD---KL
YWEFBEG-STISWIPC--GRKLT-CSY--GIKFSYGPDTFY@NEVTVVEMMEMFD---RL
YIFQEG—STISWIPC——GRKLT—CSYH——GIKFNYEPDSYFDHEVIVIEﬂEIQFD———RL
Y@FBEG-STISWIPC--GRKLT-CSYf--GIKFFYGPDTYYDNEVEVEEMBEQOFD---KL
Y@FBEG-STINWIPC--GRKLT-CSYf--GIKFSYGPDTYFEOEVEVEEMBE0FD---RL
JEG-SSISWIPC--GRKLT-CSYRB--GIKFSYGPDAY Y@HEVEVEEMBEOFD---RL
Y@FBEG-SSITWIPC--GRKLT-CSYR--GIKFFYGPDTYFENEVTVElEVBEOFD---RL
Y@FBEG-STISWIPC--GRKLT-CSY[§--GIKFFYGPETYKENEVEVVEMNEOFD---RL
Y@FB0G-STVSWIPC--GRKLT-CSF§--GIKMFYGPDTYY[EEE EMBEOFD---KL
YIFEEG—STISWIPC——GRKLT—CSFP -GIKMFYGPDTWY QEzlglE QFD---KL
YlFBEG-STISWIPC--GRKLT-CSF--GIKMFYGPDTWYEOEVEVEEVMBEOFD---KL
Y@YBEG-STIDWIPC--GRKLT-CSY[f§--GIKFHYGPDNWYNHDVEVEEVRENFE---KL
RAISDVCW----~ KPNFP-NSD--ELTFCYGTTDYF@RPAGYlS IN8EFA----P
Y@FBRATISDVCWK----PNFPN-SDEE-—--LTFCYGTQDYFERPAG VS IB@EFA----P
Y@FBEG-STITWIPC--GRKLT-CSY[--GIRLSYGPDEY YEHPVEVEEVERFE---KL
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Fig. S6. Sequence alignment and phylogenetic analysis of 69 PRKs. (A) The sequences
annotated as PRKs were retrieved from Uniprot and aligned using the phylogeny webserver suite

(www.phylogeny .fr) (27). Blue areas in the “Gblocks” line define the conserved areas, later used by

the software to determine the phylogeny. The alignment was performed by MUSCLE and curation
by Gblocks. Annotations used are as follow: black boxes within the sequences indicate conservation
of the residue in more than 70% of the sequences. Walker A (P-loop) and Walker B motives are
represented by a red or green area, respectively, and the clamp loop is highlighted by a yellow area.
Bars (l) or Hashtags (#) denote residues implicated in RuSP or ATP binding, respectively. Plus sign
(+) indicates two Aspartate residues shown to be crucial for catalysis by mutagenesis in R.
sphaeroides (28). Star signs (*) indicate Cys residues implicated in disulfide bridges (Cys16 with
Cys55; Cys243 with Cys249) (29), numbers below are for C. reinhardtii PRK. Blue and red bars on
the right side indicate clusters of bacterial and archeal PRK, respectively, while the green one
indicates the cluster of eukaryotic and the purple one is for the cyanobacterial PRKs. Species names
in bold are indicating the 4 species with known structure. Uniprot accessions numbers and other

details, for all protein sequences are reported in Table S6. (B) The phylogeny was built with

PhyML and the tree with TreeDyn. The visual was obtained with iTOL (http://itol.embl.de/) (30).
Bootstrap values superior to 0.7 are represented by black circles with a radius proportional to the
value. Branch lengths are represented by straight lines at indicated scale, while dashes are presented
for the sake of clarity. The clades are colored in function of their kingdom (Bacteria in blue,
Archaea in red and Eukaryotes in green) except Cyanobacteria clade which is in purple.
Photosynthetic species are in bold indicated by a yellow circle while the others are italicized.
Species for which the PRK has a known structure, i.e. R. sphaeroides (31), M. hungatei (5), C.

reinhardtii and A. thaliana, are represented in the color of their kingdom.
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Fig. S7. Sequence and structural alignment of the four structurally known PRKs. The

alignment was performed with Espript (http://espript.ibcp.fr) (32) using the sequence and the

structure of AfPRK (Uniprot accession code P25697 and PDB ID code 6H7H); CrPRK (Uniprot
accession code P19824 and PDB ID code 6H7G); RsPRK (Uniprot accession code P12033 and
PDB ID code 1A7J) (31), MhPRK (Uniprot accession code Q2FUBS5 and PDB ID code 5B3F) (5).
The sequence of both photosynthetic PRKs is much longer (349 and 344 residues for AfPRK and
CrPRK, respectively) than bacterial (290 residues) and Archae (323 residues) PRKs. Sequence
identities among considered PRKs are: 75% for AfPRK vs CrPRK; 35% for AfPRK vs MhPRK;
32% for CrPRK vs MhPRK; 22% for AfPRK vs RsPRK; 24% for CrPRK vs RsPRK. The sequence

identities were calculated by Clustal Omega (33).
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Fig. S8. pH and temperature dependence of photosynthetic PRKs. The enzyme activity of
AfPRK (A and C) and of CrPRK (B and D) was evaluated at different pHs (upper panels) and

temperatures (lower panels). Values are reported as means + SD (n=3).
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Fig. S9. Electrostatic surface potential of A. thaliana TRX-fl and TRX-m2. Structure
represented as ribbon (A, B) and electrostatic surface potential (C, D) of the homology model of
Arabidopsis thaliana TRX-fl (A, C) and TRX-m2 (B, D). The crystal structures of Spinacia
oleracea TRX-f and TRX-m (PDB ID codes 1FAA and 1FB6) (34) were used as template to model
Arabidopsis thaliana TRX-f1 and TRX-m2, respectively. The sequence identity of Arabidopsis
thaliana TRXs with spinach enzymes is 59% and 75% for TRX-f1 and TRX-m2, respectively. The

homology modelling was performed with Swiss-Model (35).
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Fig. S10. Dimer interface of bacterial and Archaea PRKs. Dimer interface of (A), octameric
Rhodobacter sphaeroides PRK (PDB ID code 1A7J) (31) and (B), dimeric Methanospirillum
hungatei PRK (PDB ID code 5B3F) (5) is highlighted by a red box. The dimer interface of bacterial
PRK is formed by three (3-strands and one a-helix while in Archaea enzyme by two [-strands. The

calculated dimer interface areas are 1667 and 1695 A2, respectively.
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Fig. S13. UV trace of the chromatogram profile of CrPRK analyzed in SEC-SAXS mode.

Frames collected as buffer (from O to 14 ml) are highlighted in blue; frames collected as protein

(from 14 to 17.5 ml) are highlighted in black; frames highlighted in red have been used for SAXS

analysis.
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Table S1. SEC-SAXS data analysis of reduced CrPRK.

Concentration (mg ml™")

6.1 (injected)

Structural parameters

q interval for Guinier linear fit (nm™) 0.12-0.38
I(0) [from Guinier approximation] 420+0.1
R, (nm) [from Guinier approximation] 343+0.01
q interval for Fourier inversion (nm™) 0.12-3.5
I(0) [from P(R)] 424 +0.06
R, (nm) [from P(R)] 3.55+0.01
D, (nm) 11.2+0.5
Porod volume estimate (nm®) 115+ 10
DAMMIN excluded volume (nm?*) 138 + 1
Dry volume calculated from sequence (nm’) (v=0.735 cm’ g™) 95
Molecular mass (kDa)

From I(0) 70

From Vc 70

From Porod invariant 85

From Porod volume (x0.625) 72

From excluded volume (x0.5) 69

From sequence 77.8
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Table S2. Accessibility values (ASA) for cysteine residues and a strictly conserved arginine.

Residue

(Cr/Av) ASA (A%

CrPRK AfPRK

A B A B
Cysl6/15 14.5 8.5 7.6 10.6
Cys55/54 10.6 10.6 6.3 95
Cys61 559 58.7 / /
Cys243 26.6 37.8 534 14.8
Cys249 424 31.1 14.8 50.6
Arg64/63 514 88.7 82.6 88.2

*Radius of the probe solvent molecule 1.4 A
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Table S3. Secondary structure element content in the structurally known PRKs.

PRK Quaternary Helix content Sheet content Other
structure (%) (%) (%)
C. reinhardtii Dimer 31.2 219 469
A. thaliana Dimer 323 219 45.8
M. hungatei Dimer 50.0 22.2 27.8

R. sphaeroides Octamer 41.2 169 41.9




Table S4. X-ray (CrPRK and AtPRK) and SEC-SAXS (CrPRK) data collection parameters.

CrPRK
CrPRK AtPRK
SEC-mode
Detector Pilatus 2M ADSC Quantum Q315r Pilatus IM
Beam geometry (mm®) 0.1 x 0.1 0.1x0.1 0.7x0.7
Wavelength (A) 1.240 0.940 0.990
Capillary diameter (mm) / / 1.8
Sample-to-detector
239.85 393.43 2872
Distance (mm)
Ao (°) 0.5 0.7 /
q* range (nm™") / / 0.033-4.9
Exposure time (s) 5 5 1
Flow (ml/min) / / 0.5
Temperature (K) 100.0 100.0 277.15

*q = 4m sin(0)/A, where 20 is the scattering angle and A is the X-ray wavelength.
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Table S5. X-ray data collection and refinement statistics.

CrPRK

AtPRK

Data collection

77.68,83.55,133.15,

116.30, 116.30, 106.81,

Unitcell () 90.00,90.00, 90.00 90.00,90.00, 90.00
Space group P2,2,2, 14,

Resolution range* (A) 4438 —2.60 (2.72 — 2.60) 82.23 -2.47 (2.58 -2.47)
Unique reflections 27230 (3280) 24824 (3107)
Completeness™ (%) 99.6 (100.0) 97.6 (99.6)

R, e 0.076 (0.770) 0.091 (0.435)

CC,, 0.997 (0.743) 0.997 (0.947)
I/o(I) * 13.6 (1.7) 112 (2.3)
Multiplicity* 5.1(5.3) 6.9 (6.5)
Refinement

Resolution range* (A)
Reflection used

RR;,*

rmsd from ideality (A, %)

N° atoms

Non-hydrogen atoms
Protein atoms
Solvent molecules

Hetero atoms
B value (Az)
Mean

Wilson
Protein atoms
Solvent molecules

Hetero atoms
Ramachandran plot (%)*
Most favoured

Allowed

Disallowed

39.86 —2.60 (2.69 - 2.60)
27162 (2666)
0.227/0.262
0.004,0915

5360
5319
31
10

62.4
59.0
62.3
56.2
85.5

91.1
74
1.5

46.77 -2.47 (2.57 - 2.47)
24672 (2786)
0.226/0.281
0.011,1.128

5385
5355
30
/

78.4
525
78.4
70.3

914
6.0
2.7

*Values in parentheses refer to the last resolution shell

¥As defined by MolProbity (35)

37



Table S6. Proteins used for phylogeny.

(€p) wop3uny eIqo.OBH 3Y3 J0 J3quIdINH ! (Zt) dnouB Yvs 2Y3 JO 1IN,

Abojowoy Aq paiiaful sah woelg «S3Idouawens-yys orzess BUISOS L L

ABojowoy Aq paiafur soh wolelq  ,s3idouswens-yys 045AS8 wnanuiod} wnjAloepoaeyd wn3nuiodu d

[2A2] 3d1dsURI) JE 25UBPIAS [EIUBWILIAAXT sah wolelq  4s3|idouawens-YyS ££0560 SISUaUIS e[|23UopO sisuauls ‘0

urajoid payipald sah £020212) +BLEZIYY-HYS 151520 suejeu ejjaimo28ig subjou g

|2A2] 3d1IosueL) 38 22UPIAG [R3UBWLIAAXT soh a1ejjaSeouq £S21B[02AY-HYS 11570 ejnun| snskooikd jnunj -

|2A2] 3d1IosueL) 38 20UBPIAG [E3UBWLIAMXT sah a1ejja8e0uq +S91B[03A|Y-HYS £17670 wnupahjod wnuipojngur wnupadjod 7

(0t) 066T ‘U480 pue 43|30y pue Apnis siyL seh elhydordans sejue|dipuin 1695d eueljey sisdopiqely oupioY} Y

(ot) 066T ‘ua430 pue Jajs30y soh e1hydordans seue(dipuin 20€9d wWinARSa. WnoNLL wnapse <y

(ot) 066T ‘U240 pue J2js30y soh e1hydordans sejueidipUIA 66VOEVYD 65560d eadela0 epeulds Dpadpiajo S

(T¥) Z66T “|© 32 PismojeyaIN sak’ elhydordans aejuejdipuin vLLLTd n IquIasajn n W

ABojowoy Aq paiafu soh e1hydordans 8vNS8Q pu2|| |[2uiBe] 4 jpow s

ABojowoy Aq paiafur soh e1hydordens 517968 (eduesoyoin ‘dsqns essjiwesieq snjndod) (1ejdod wes|eq uizisap) ediesoyin snjndod Dpdipdoyoi g

ABojowoy Aq paiafu soh elhydordans sequejdipuin PNYLEY suajed ejjon1wodsAyd suad g

|2A2] 3d1osueL) 38 20UBPIAG [E3UBWLAMXT sah elhydordans sequejdipuin 995400 (s1suayoyls snuid) (2on1ds eYYIS) SISUBYRYS BadIY sIsuaLYs ‘d

[2A9] 3d11dsue.] 18 9dUIPIAS [e3usWILISdX] sah ejhydordans 2ejue|dipuin 189€6d winAiRes wnsig wnApRps “d

pawpipasd uizzoud / (S) £T0T “|e 32 ouoy sah elhydopoyy YZEXTN eueinydins pleo pupINYdINs ‘9

(ov) 066T ‘u2480 pue 43jsa0y soh 21hydouojyd 20V9E4VY dAIBY ©7861d pieyuIal seuowopAuwe|yd nmpoyuial

ujajo0.d pardipaid soh. 21Aydosolyd Ly¥18a IsualieSeu °§ 1133482 XOA|OA 123 ‘A

ABojowoy Aq paiafu soh 21hydouojyd 69EN0SOVOY 1ne) SN220021150 unoy 0

ABojowoy Aq paiafur soh 21Aydouojyd sequeidipuin £M34TO EPOWIWOD SEUOWOLIN Dppowwios ‘W

ABojowioy Aq pa.iafu soh 21Aydouojyd sequejdipuin 124713 eLeA B]j210[YD syigoLpA )

u1230.d payipaid sah 2eadAydoidey #eiqoidey 851520 wnased wnisauwAlg wnniod ‘o

[2A3] 3d1osue] 38 20UBpIAG [E3uBWLAdXT ssh seaskydordey #eiqoeH S1720 uaYIn| enojaed (LIBYIN] SISAIYIOUOI) LIBYIN| BWBUOIDEIQ uayin| ‘g

[2A3] 3d1dsue.] 38 3dU3PIAS [e3usWIISdX] seh ejhydordAin #eiqosdey 11920 BI3Y3 EIpJE|IND [ETRD)

[2A3] 3d1dsue.] 38 3DUIPIAS [e3uSWIISdX] sah eozoua|Sn3 s318ABIX] 011v70 sijioess eus|Sn3 sij104b 3

(6€) 686T “[e 12 UURWSSOY e112108q0210.d-¢ £266Td J03e23U snpinendn) 10303U )

papipaid urzioud / (5) £T0T “|e 33 ouoy EL13128q0330.14-g 959SE0 (6S7ST 201V Uledls) sued|LIIURP SN|REqOIYL subaifluap L

ASojowoy wouy pausayul uiarodd / (S) £LTOTZ “[e 33 ouoy PAHINSG e194AX0 SIjIqRAIWOIAYIB N SNIBpIPUED Dpaaffxo ‘W I

ABojowoy woly paiiagul uizoud / (5) £T0Z “|e 32 ouoy T3A190 (eSS utens) wnp d wny qo10yd d

ASojowoy wouy paLiayul ut2301d / (S) £T0Z “[e 32 0uo) ©112198q023014-4 euadeg SONABETVOY (: 1wn| snpqeyIouax) | SNpgeyI030yd suaosaujuIn) d
(wnsouin wnpewoiy)

ASojowoy wouy pausayur uiazod / (5) £T0T “|e 33 ouoy (angyns sjdand) 119198q0210.d u930eg 204¥€Q (a/ Tyv0T 8WION / TOBEOT JHEN / 08T WSQ / 668LT DLV UIEJIS) WNSOUIA WNIEWOIYO||Y wnsouin v

papipaid uizzoud / (S) £T0Z “|e 32 ouoy ©B119}92G0330.d: euaeg 212090 (4388 / TETTT WION / 600EE DDLY uleals) Ayran W

ABojowoy Aq pauiafu e113178q031014 euaeg 9X3vod uauxaly eje31ys auxalf s

ABojowoy Aq paiafu el1a19eq031014 euaeg £ovas3 esonojhwe euimi3 pionojhwp -3

pawipaud uzroid / (S) LT0Z I8 32 ouoy euapeqouehy 121089 TN3zoy $T6ADD eUSBILNGS eLIRINPON buabunds ‘N

pawipasd uzoud / (5) £T0T “|e 32 ouoy el210eqoURAY BANIPI T0L6 D0d esouiSniae sisA011A Dpsouibniap

papipaid utztoud / (5) £10Z “|e 32 ouoy euajdeqoueiy 6NGDSN 150 B qo30} ) TR)

paipaid ueioud / (S) LT0Z “|e 32 ouoy euapeqouehky z9miL8 ((SST6Z 2LV utes) “ds sn20000yp3uAS) (vzi2 20d utens) “ds adayiouey ds a0ay30unA)

ASojowoy woly paLiajul ut2301d / (S) £T0Z “[e 32 0uo) euapeqouehy ZNHAsO (1-dg uess) snyesuo; y 1oy 18 L

ABojowoy wouy pauiaur ui210id / (S) £T0Z I8 32 OUON ea1oeqOURAY L8INLD (T2b£ 20d UlE11S) SN228|OIA 12108G030]D snaopjoin '

A3ojowioy wouy pa.ssyur uizaoud / (5) £10Z e 32 ouoy euzpeqouehy TEIWED (£€6£20d / €T¥6 QDL UIeAs) siliqeLien eudeqeuy. sijiqoLn Y

(8€) €00z “[e 32 1yseAeqoy euapeqouehy 71dTED 26 20d SMesuoja sn20d0ydauAs smpbuoja s

|2A3] 3d11osue1) Je 22UBpIAG [e3uBWLEdXT euapeqouehy T0TLEd (esnzey| / £089 20d utens) ‘ds sisAd0yd3UAS ds spshooyoauhs

(£€) T66T “[2 32 42l12N BLI2198G02101d-0 stogzd snAejy J210eqoyIUEY snapif x

ASojowoy woly paLiajul ut2301d / () £T0Z “[e 12 0u0Y  (anyjns-uou ajdind) saA IRECIESEELLEREIREY euadeg $ONLOD (esvsig utens) stasnjed seuowopnasdopoyy 1g stasnjod 'y

ASojowoy wouy paLiajul ut2304d / (S) £T0Z “[e 32 0uo) B eusioeqoaioig-o 121089 909010 (PTX / 608ET SINION / 6220T NSQ Ule1Is) SisuaBinquiey 1230eqo.] sisuabinquiny N

papipaid utztoud / (5) £10Z “|e 32 ouoy ou ©119108(021014-0 euayeg FOMISY (5-4r utens) winydAsd wniydipioy wnydAs v

(5) £T0Z “le3@ ouoy  (anyns-uou ajdind) so/ [ECHEECLCETFES euadeg TdYYZO pOzELOAY winugns wnjjuidsopoyy wnagniy

(5) LTOZ “le3@ ouoy  (anyns-uou ajdind) so/ ISR EEIFES 121088 €M3N93 99g9vNaY (1-X utens) susnjed seuowopnasdopoyy Xa suasnjpd y

Abojowoy Aq pauiafu e1I219Eq02101d-0 131089 18895d (se21paw Ja41su3) (STHWSM UIEAS) 2B21paW WNIGOzIYIouls apopaws s

ABojowoy Aq paiafu eLI21Eq02101d-D 121089 LpE8sd 1ouls) (nojjaw Jajisu3) (TZOT UleAs) nojIjaW wniqoziyy nopau vy

Abojowoy Aq patiaful BLI2)28G02101d-0 euaeg 00TZEd sues|nA Ja10eqoniN SLUDBINA ‘N

(9€) £g6T ‘ueidey puespaquajie  (nyns-uou sjdind) saA BLI91080210.d-0 euaeg rLVT :8ad £€0TTd ETTITVVY 12eyd ds "y
((0£2€Z 2LV Utens) sUBPIXOOLI3) SN||IDRqOLI24)

ASojowoy wouy paLiajul uiazoud / (S) £T0Z “[e 39 ouoy ou elj[1DRGOIYIPIY euayeg sssrza (SS¥8 GINION / 89£50T dID / 788YT INSA / 0LZEZ DILY UIRIIS) SUBPIXOOLIS SN|[1RGOIYIPIDY subpixooLaf 'y

pawipaid ureioud / (S) £T0Z “|e 32 ouoy ou ej02eydsehing 2eyoay. STIACOOVOY gas ‘ds eauljoueyiay ds paujjounyapy

paypIpaud urzoud / (5) £T0Z e 32 ouo) ou e103eydIRAINg seyouy. SENTI (snueajoniad snuejdoueyian) (28 ¥83S / 98% WIO / TZSTT WSQ uleais) eliesjonad ejuiejoueyiaiy opupajonad W

pawipaud uer0ad / (S) £T0Z I8 39 ouoy ou ej03eydIRAINg seyouy. 7599889 (06-T3 / 8S66T INSA / 9SST-¥VE 201V Ues) suasnjed ejniseydsoueyiaiy suasnjod ‘W

pawipaud uzioud / (S) LT0Z I8 3 ouoy ou ej02eydIRAINg seyoiy 8LVSOr ovTy WSQ 1 | W

pamp1paid uizzoud / () £TOT “[e 32 ouoy ou ejoseysehing seyIY TIXATH 6L WSQ ejod1wi| snuejdoueyiaiy Dpjoanu W

paipaid urpioud / (5) £T0Z “|e 32 ouoy ou ejoaeydieding 2eyly TTIMLD (o9 uresss) | W

pawipasd utoud / (5) £T0Z “|e 32 ouoy ou ej02eydseding EEIE APILY (8Y9 / 0601T INOF / pSTTZ INSQ UIRNIS) 13U00q e|nSaloueyialy 18U00G "W

paipaud ureioud / (5) LT0Z “[e 32 ouoy ou ej02eydieAing seyoiy Z624€Q (0QzTIA3Y / Z90T WSA utens) snpioejd snqojSoLiay snpioojd 4

paipaid usioud / (S) £T0Z “[e 32 ouoy ou ej02eydsehing seyoiy BYITS (9dNS / SETTT INISQ UIeAls) snoyauan snqojSoaeypay snoyfauan 'y

paypIpaud urzoud / (5) £T0Z I8 32 ouo) ou ej03eydsehing seyuy. 800IS8 (69v. / 2LS6T WSQ Uled3s) 12u0oq wnpunjoudinpioy 1au00q 'y

(s) £T02 "[e 32 ouoy ou ej03eydseAing seyuy  TZZSTHEY L1680V e|ydousiayy eleesoueyiaiy pjydowsayy "W

(5) £T0Z “Ie 32 ouoy ou e103eydIRAINY seyoly  098/SNEY 0MMOEY uBjusLew snajjnJoueyIBIN HbusuDw W

(s) £TOT “Ie 32 ouoy ou ej0eydIRAINg seyry  4egs:9ad s8n470 121e8uny wnjjuidsoueylsy 12306Uny ‘W

(5) £T0Z “Je 32 ouoy ou ej03eydIeAing seyly  €8p8983V £SM8YS 0D el2ESOUBYIRIN j12u0d W

(5) LTOZ “Je 32 ouoy ou ej02eydIRAINg 2eUoly  £65858QY 643470 snpunjo.d snqojSoaeydly snpunfoud 'y

‘Aiaua 301diun ay3 jo sniess Jo/pue aduaiaey anayzuAsoloyd wnjAyd wop3uny T 4oy Jeyio “joy 19y30 pasn joudiun uondiasap [|ny - wsiuedio wsiuedio

38



References

10.

11.

12.

13.

. Kabsch W (2010) XDS. Acta Crystallogr D Biol Crystallogr 66(Pt 2):125-132.

. Evans P (2006) Scaling and assessment of data quality. Acta Crystallogr D Biol Crystallogr

62(Pt 1):72-82.

. McCoy AJ, et al. (2007) Phaser crystallographic software. J Appl Crystallogr 40(Pt 4):658—

674.
Adams PD, et al. (2010) PHENIX: a comprehensive Python-based system for

macromolecular structure solution. Acta Crystallogr D Biol Crystallogr 66(Pt 2):213-221.

. Kono T, et al. (2017) A RuBisCO-mediated carbon metabolic pathway in methanogenic

archaea. Nat Commun 8:14007.

Cowtan K (2006) The Buccaneer software for automated model building. 1. Tracing protein
chains. Acta Crystallogr D Biol Crystallogr 62(Pt 9):1002—-1011.

Murshudov GN, Vagin AA, Dodson EJ (1997) Refinement of macromolecular structures by
the maximum-likelihood method. Acta Crystallogr D Biol Crystallogr 53(Pt 3):240-255.
Emsley P, Cowtan K (2004) Coot: model-building tools for molecular graphics. Acta
Crystallogr D Biol Crystallogr 60(Pt 12 Pt 1):2126-2132.

Vagin A, Teplyakov A (2010) Molecular replacement with MOLREP. Acta Crystallogr D
Biol Crystallogr 66(Pt 1):22-25.

Brennich ME, et al. (2016) Online data analysis at the ESRF bioSAXS beamline, BM29. J
Appl Crystallogr 49:203-212.

Franke D, Jeffries CM, Svergun DI (2015) Correlation Map, a goodness-of-fit test for one-
dimensional X-ray scattering spectra. Nat Methods 12(5):419-422.

Petoukhov MV, et al. (2012) New developments in the ATSAS program package for small-
angle scattering data analysis. J Appl Crystallogr 45(Pt 2):342-350.

Guinier A (1939) La Diffraction des rayons x aux tres petits angles: application a 1’étude des

39



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

phénomenes ultramicroscopiques. Ann Phys 12:161-237.

Porod G (1982) General theory. Small-Angle X-Ray Scattering, eds Glatter O, Kratky O
(Academic Press, London).

Rambo RP, Tainer JA (2013) Accurate assessment of mass, models and resolution by small-
angle scattering. Nature 496(7446):477-481.

Svergun DI, Petoukhov MV, Kochet MH (2001) Determination of domain structure of
proteins from X-ray solution scattering. Biophys J 80(6):2946-2953.

Volkov VV, Svergun DI (2003) Uniqueness of ab initio shape determination in small-angle
scattering. J Appl Crystallogr 36:860—-864.

Taylor TC, Andersson I (1997) Structure of a product complex of spinach Ribulose-1,5-
Bisphosphate Carboxylase/Oxygenase. Biochemistry 36(13):4041-4046.

Fermani S, et al. (2010) The crystal structure of photosynthetic glyceraldehyde-3-phosphate
dehydrogenase (isoform A4) from Arabidopsis thaliana in complex with NAD. Acta
Crystallogr Sect F Struct Biol Cryst Commun 66(Pt6):621-626.

Zaffagnini M, et al. (2014) High resolution crystal structure and redox properties of
chloroplastic triosephosphate isomerase from Chlamydomonas reinhardtii. Mol Plant
7(1):101-120.

Chiadmi M, Navaza A, Miginiac-Maslow M, Jacquot JP, Cherfils J (1999) Redox signalling
in the chloroplast: Structure of oxidized pea fructose-1,6-bisphosphate phosphatase. EMBO
J 18(23):6809-6815.

Pasquini M, et al. (2017) Structural basis for the magnesium-dependent activation of
transketolase from Chlamydomonas reinhardtii. Biochim Biophys Acta 1861(8):2132-2145.
Giitle DD, et al. (2016) Chloroplast FBPase and SBPase are thioredoxin-linked enzymes
with similar architecture but different evolutionary histories. Proc Natl Acad Sci USA
24(113):6779-6784.

Kopp J, Kopriva S, Siiss KH, Schulz GE (1999) Structure and mechanism of the amphibolic

40



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

enzyme D-ribulose-5-phosphate 3-epimerase from potato chloroplasts. J Mol Biol
287(4):761-771.

Davies GJ, et al. (1994) Structure of the ADP complex of the 3-phosphoglycerate kinase
from Bacillus stearothermophilus at 1.65 A. Acta Crystallogr D Biol Crystallogr 50(Pt
2):202-209.

Heron PW, Sygusch J (2017) Isomer activation controls stereospecificity of class I fructose-
1,6-bisphosphate aldolases. J Biol Chem 292(48):19849-19860.

Dereeper A, et al. (2008) Phylogeny .fr: robust phylogenetic analysis for the non-specialist.
Nucleic Acids Res 36 (Web Server issue):W465-W469.

Charlier HA, Runquist JA, Miziorko HM (1994) Evidence supporting catalytic roles for
aspartate residues in phosphoribulokinase. Biochemistry 33(31):9343-9350.

Thieulin-Pardo G, Remy T, Lignon S, Lebrun R, Gontero B (2015) Phosphoribulokinase
from Chlamydomonas reinhardtii: a Benson-Calvin cycle enzyme enslaved to its cysteine
residues. Mol. Biosyst. 11(4):1134-1145.

Letunic I, Bork P (2016) Interactive tree of life i'TOL) v3: an online tool for the display and
annotation of phylogenetic and other trees. Nucleic Acids Res 44(W1):242-245.

Harrison DH, Runquist JA, Holub A, Miziorko HM (1998) The crystal structure of
phosphoribulokinase from Rhodobacter sphaeroides reveals a fold similar to that of
adenylate kinase. Biochemistry 37(15):5074-5085.

Robert X, Gouet P (2014) Deciphering key features in protein structures with the new
ENDscript server. Nucleic Acids Res 42:W320-W324.

Sievers F, et al. (2011) Fast, scalable generation of high-quality protein multiple sequence
alignments using Clustal Omega. Mol Syst Biol 7:539-545.

Capitani G, et al. (2000) Crystal structures of two functionally different thioredoxins in
spinach chloroplasts. J Mol Biol 302(1):135-154.

Bienert S, et al. (2017) The SWISS-MODEL Repository - new features and functionality.

41



36.

37.

38.

39.

40.

41.

42.

43.

Nucleic Acids Res 45(D1):D313-D319.

Hallenbeck PL, Kaplan S (1987) Cloning of the gene for phosphoribulokinase activity from
Rhodobacter sphaeroides and its expression in Escherichia coli. J Bacteriol 169(8):3669-
3678.

Meijer WG, et al. (1991) Identification and organization of carbon dioxide fixation genes in
Xanthobacter flavus H4-14. Mol Gen Genet 225(2):320-330.

Kobayashi D, Tamoi M, Iwaki T, Shigeoka S, Wadano A (2003) Molecular characterization
and redox regulation of phosphoribulokinase from the cyanobacterium Synechococcus sp.
PCC 7942. Plant Cell Physiol 44(3):269-276.

Kossmann J, Klintworth R, Bowien B (1989) Sequence analysis of the chromosomal and
plasmid genes encoding phosphoribulokinase from Alcaligenes eutrophus. Gene 85(1):247-
252.

Roesler KR, Ogren WL (1990) Chlamydomonas reinhardtii phosphoribulokinase: sequence,
purification and kinetics. Plant Physiol 93(1):188-193.

Michalowski CB, Derocher EJ, Bohnert HJ, Salvucci ME (1992) Phosphoribulokinase from
ice plant: Transcription, transcripts and protein expression during environmental stress.
Photosynth Res 31(2):27-38.

Burki F, et al. (2010) Evolution of Rhizaria: new insights from phylogenomic analysis of
uncultivated protists. BMC Evol Biol 10:377-395.

Okamoto K, Kondo-Okamoto N, Ohsumi Y (2009) A landmark protein essential for

mitophagy. Autophagy 5(8):1203-1205.

42



