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ABSTRACT: Ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) occupies a critical position in
photosynthetic C@fixation and consequently has been the focus of intense study. Crystal-structure-
guided site-directed mutagenesis studies have met with limited success in engineering kinetic improvements
to Rubisco, highlighting our inadequate understanding of structural constraints at the atomic level that
dictate the enzyme’s catalytic chemistry. Bioselection provides an alternative random mutagenic approach
that is useful for identifying and elucidating imperceptible structdumction relationships. Using the
dimeric Form |l Rubisco fromRhodospirillum rubrumits gene bcM) was randomly mutated and
introduced under positive selection irEscherichia colicells metabolically engineered to be dependent

on Rubisco to detoxify its substrate ribulose 1,5-bisphosphate. Thirteen colonies displaying improved
fithess were isolated, and all were found to harbor mutatiombdM at one of two codons, histidine-44

or aspartate-117, that are structurally adjacent amino acids located about 10 A from the active site.
Biochemical characterization of the mutant enzymes showed the mutations reduced #®ir specificity

by 40% and decreased their carboxylation turnover rate by4Po. Structural analyses showed histidine-

44 and aspartate-117 form a hydrogen bondRirrubrumRubisco and that the residues are conserved
among other Form Il Rubiscos. This study demonstrated the utility of directed evolutiéndali for
identifying catalytically relevant residues (in particular nonobvious residues disconnected from active
site residues) and their potential molecular interactions that influence Rubisco’s catalytic chemistry.

Ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisits recycling necessitates the photorespiratory carbon oxida-
co') catalyzes the reaction responsible for virtually all global tion cycle that recycles only three-quarters of the carbon
CQO, assimilation into biomass. Rubisco’s influential role on incorporated into 2-PG and wastes metabolic enetpyThe
the global carbon economy stems from its positioning in the ability of Rubisco to discriminate between the substrates
gateway between the inorganic and organic phases of theCO, and Q is given by the specificity constarg, =
carbon cycle 1, 2). This important role contrasts with the (k% /Kc)/(k2,{Ko), Which represents the ratio of the enzyme’s
catalytic shortcomings of Rubisco that have resulted in it carboxylation efficiency (carboxylation rat’() divided
being a popular target for structuréunction studies that  py theK,, for CO, (K()) to oxygenation efficiency (oxygen-

might ultimately be useful in engineering more efficient 4tion rate K2,) divided by theK,, for O, (K,)) at equal CQ
versions for increasing photosynthetic carbon assimilation gng g concentrationss).

(3). Rubisco is both sluggish, carboxylating its pentose
substrate ribulosesfat a rate of 213 s* to produce two

molecules of 3-phosphoglycerate (3-PGA), and lacks speci-

ficity, oxygenating ribulose-to produce a molecule each — o0 "o ever, significant differences in the kinetic properties

of 3-PGA and 2-phosphoglycolate (2-PG). While 3-PGA s ;. quaternary structures of Rubiscos from different phy-
metabolized to triose phosphate by the photosynthetic Carbonlogenies. Three distinct forms of Rubisco have been de-

reduction cycle, 2-PG is considered a waste product Sincescribed, all of which contain dimers of large (50—53

. . . kDa) subunits that contain the catalytic sité).(Form |
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DP0450564 and LPO347461. enzymes, which tend to possess highvalues (-40—170),
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5073. Fax: +61-2-6125-5075. E-mail: spencer.whitney@anu.edu.au. (S, ~13—16 kDa) subunits and are found in land plants,
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L Abbreviations: carboxyarabinitol,P2-carboxyarabinitol-1,5-bis-  contain only L subunits and are found in some photosynthetic
phosphate; EPPSI-[2-hydroxyethyl]piperazind\'-3-propanesulfonic proteobacteria, chemoautotrophic bacteria, and certain di-

acid; fructose-R fructose-1,6-bisphosphate; IPTG, isopropyb- noflagellate algae@). These Rubiscos tend to feature high
thiogalactopyranoside; PAGE, polacrylamide gel electrophoresis; ribu- 9 gaeq] 9

lose-, p-ribulose-1,5-bisphosphate; Rubisco, ribulosedtboxylase/  Kear ValUes but are relatively poor at distinguishing between
oxygenase; SDS, sodium dodecyl sulfate. the gaseous substrateg,{ ~ 10—20) (10, 11). The more
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All Rubiscos share a common ancest6y 4nd therefore
possess a conserved catalytic mechanism and active site
conformations that are virtually superimposaliieg). There
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recently described Form Il Rubiscos found in Archeae T pe 1: R. rubrumRubisco Variants Evolved in the
species can form novel decameric structures that comprisemm1-pACBAPPRK Cells
a pentagonal ring of L dimerdsl.p).

An abundance of crystallographic and biochemical studies

evolved amino acid mutations

has led to a detailed understanding of the Rubisco reaction g‘gﬁf‘gt Cﬁg?,gtes

mechanism and many of its structuiinction relationships cloneé H44N H44Q D117H D117V others torbcM

(7, 8). These expansive analyses have recently culminated 5 ;54 X S462C 2

in a synthesis which proposes a thermodynamic rationale 0.1 x P237S

for Rubisco’s kinetic limitations ¥3), possibly explaining 0.1E X VA57A 1

the limited success in engineering more efficient versions 0258 x 2
L . S 0.250¢ x

by site-directed mutagenesis that have inevitably led to 455 9

improvements in one or more kinetic properties occurring 0.25G x R428L

at the detriment of others (reviewed in reffs14). 0.1A* x

More recently, the high transformation efficiencies of 8'?? x y

Escherichia coli(up to 16° transformantg/g plasmid) has 0.25A % P465L 1

been used in directed evolution experiments to sample 0.25C x 1

sequence diversity to evolve Form | Rubisco from the 0.1D x 1

cyanobacteriun8ynechococcuBCC6301 15). This study aThe asterisk (*) and the pound sigf) {ndicate identical rbcM

demonstrated the ability to metabolically engin&ercoli sequences.

toward Rubisco dependency, based on alleviating the toxicity

of ribulose-R introduced into the cells following transforma- ~ coding sequence (MDQSS) are changed to MAMITPSL.
tion with phosphoribulokinase (PRK)L6). The Synechoc-  Plasmid pTrcK191M encodes a nonfunctional Lys-191-Met
occus PCC6301 Rubisco was evolved toward improved Rubisco mutant, and pACPPRK contains theSynechoc-
fitness in theE. coli system, resulting in the isolation of three  0ccusPCC7942prkA gene from plasmid pETS7PRKLE)
variant Rubiscos that each contained a Met-259-Thr mutationcloned into pACYC184 under the control of tHBAD

in the L subunit that improved functional assembly of the Promoter (Bap). Plasmids pTrcH44Q, pTrcD117H, and
enzyme inE. coli by >5-fold and modestly improved its ~PTrcD117V correspond to clones pBADO.25D, pBADO.1A,

catalytic efficiency 17). and pBADO.lC,'res.pectiver, and pTrcH44N contains only
Here we apply a comparable coli selection system to the H44N mutation irrbcM from clone pBADO.1B (Table

evolve the Form Il Rubisco frorRhodospirillum rubrum ~ 1)- All cloned and selected DNA sequences were fully

toward an improved fitness in a novel physiological context. S€duénced using BigDye terminator sequencing (Applied

Structural and kinetic analysis of the evolved variants Biosystems) on an ABI 3730 sequencer (Biomolecular

revealed a previously unexplored conserved hydrogen bongR€source Facility, JCSMR, ANU).

that is functionally linked to sustaining G, specificity Error-Prone PCR Amplification of rocM Genes and the

thus establishing directed evolution of Rubiscdincolias ~ construction of Plasmid LibrariesThe rbcM gene in
a useful tool for investigating structuréunction relation-  Plasmid pTrcrbcM was amplified under different stringency
ships in the enzyme. conditions using the primers Trc5'{6EAGGTATATAT-

TAATGTATCG-3) and Trc3 (5ATCTTCTCTCATCCGC-
EXPERIMENTAL PROCEDURES CA-3) that anneal to the vector sequence on either side of

the pTrcHisB multiple cloning site. On the basis of the

Transformation and Growth of E. colstrains XL1-Blue  method described in reff9, each amplification reaction (50
(Stratagene), DH10B, and RR1r@rA™ derivative of HB101 4L final volume) containd 5 U recombinant Taq DNA
that contains the allelic mutatiomasa-14 andleuBb6 resulting polymerase (Invitrogen), 1 PCR buffer, 2 ng of plasmid
in a proline and leucine auxotrophic phenotype) transformed template, 12 pmol of each primer, 0.2 mM of each dNTP,
with plasmids were grown in LuriaBertani (LB) media  and 1.5 mM MgCJ. The error rate of the amplification
containing the requisite antibiotic (ampicillin, 2@ mL™*; reaction was enlarged by increasing the amount of 10xM
kanamycin, 30ug mL™*; chloramphenicol, 34 mL™). mutagenic buffer (8 mM dTTP, 8 mM dCTP, 48 mM Mgl
Following transformation of theE. coli strain MM1 (a and 5 mM MnC}) added. The cycling conditions were one
AgapA:Km' mutated RR1 strain, see below) the cells were cycle at 95°C (2 min) then 25 cycles at 9% (30 s), 50°C
incubated fo 1 h at 37°C in permissive medium (M9 (30 s), and 72C (2 min). PCR products were purified using
minimal media containing glycerol (0.4% v/v), malate (0.4% the Wizard SV PCR and gel cleanup system (Promega),
w/v), and cas amino acids (0.4% w/v)) before centrifuging digested wittHindlll and EccRl, cloned into pTrcASTOP,
(800Qy, 1 min), removing all the liquid media by aspiration and transformed into electrocompetent DH10B cells. The
before suspending the cells in saline solution (0.9% NaCl transformation reactions were diluted 10-fold into LB-
(w/v)) and plating on agar solidified (1.5% w/v) permissive ampicillin liquid media and grown overnight at 37TC.
media. Plasmid DNA was prepared to produce supercoiled plasmid
Plasmid ConstructionDetailed procedures for the con- libraries.

struction of plasmids are provided in Supporting Information.  Growth of E. coli under Rubisco-Dependent Conditions.
Plasmid pTrcrbcM contains thR. rubrumRubisco gene  The Rubisco-coding plasmids (including the super-coiled
(rbcM; also known ascbbM (6)) from pRR1 (L0) cloned plasmid libraries) were transformed into electrocompetent
downstream of thérc promoter in plasmid pTrcZSTOP. MM1-pACBAPPRK cells and washed with 0.9% (w/v) NaCl
The first five codons in th&. rubrumRubisco N-terminal before plating 95% of the cells on selective media (M9 media
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supplemented with 0.4% (v/v) glycerol, 0.05% (w/v) cas French pressure cell (140 MPa), and the Rubiscos were
amino acids, 0.5 mM IPTG, and 0.05% or 0.075% purified as described in r&f4. The thermal stability of each
arabinose) and 5% on malate-free permissive media (to assesesnzyme was measured by differential scanning calorimetry
the transformation efficiency) both containing ampicillin and (DSC) using a VP-DSC calorimeter from MicroCal Corpora-

chloramphenicol. Selective plates were incubated at@3
in air or in air supplemented with GO(CO, levels
maintained at~2% (v/v) using a Vaisala infrared gas

tion (Northampton, MA). The cell volume was 0.51 mL, and
the enzymes were dialyzed i L of DSChbuffer (20 mM
Hepes-NaOH, 50 mM NacCl, 0.5 mM EDTA, 20% glycerol,

analyzer controller) while permissive plates were incubated pH 8) and diluted to final concentrations of u®1. Values

at 37°C overnight in air.
R. rubrum Rubisco Expression Analys$fibisco content

of the apparent temperature of unfoldifig, were obtained
from DSC unfolding peaks of upward scans (using a scan

was measured in pTrcrbcM (mutated and nonmutated) rate of 90 K h't) using the DSC in Origin software.

transformed MM1 colonies actively growing on selective
media or XL1-Blue cells grown in LB-ampicillin liquid

Rubisco KineticsThe purified Rubisco preparations were
used to measure the Michaelis constants for substrates CO

media. Scrapings of the MM1 cells were suspended in (K.) and ribulose-P (Kruss) at 25°C, pH 8, using*4CO,-

extraction buffer (100 mM EPPS-NaOH pH 8.0, 1 mM
EDTA, 0.05% (w/v) E. coli protease inhibitor cocktail
(Sigma)), their Olgyo measured and diluted to equivalent cell

densities before lysing with a french pressure cell (140 MPa).

The soluble cellular protein was collected by centrifugation
(120 min, 16004, 4 °C), and aliquots were either mixed with
SDS buffer for SDS PAGE analysi2@) or used to measure

fixation assays according to r&0. Ribulose-R was syn-
thesized and purified as described28f The Rubiscos were
preactivated for 30 min with 20 mM Mggland 40 mM
NaHCG; before assaying for activity. The data was fitted to
the Michaelis-Menten equation and the catalytic turnover
rate () was calculated from th&. measurements made
under nitrogen by dividing the extrapolated maximal car-

protein content using the dye-binding Pierce Coomassie Pluspoxylase activity by the concentration of Rubisco active sites
kit. Samples were run on duplicate SDS-gels and either i the assay quantified by [P€]carboxyarabinitol-Rinhibi-
stained with Coomassie blue to confirm equal protein loading oy binding @2) and stoichiometric binding of the inhibitor

or blotted onto nitrocellulose, an&. rubrum Rubisco
expression was analyzed using antibodies to [@ymbio-
dinium Form Il Rubisco as described previousl21j.
Rubisco content in the XL1-Blue extracts was quantified by
[2-1“C]carboxyarabinitol-Rinhibitor binding after preincu-
bation with 40 mM NaHC®and 20 mM MgClJ as described
(22). Purified [24“C]carboxyarabinitol-Pwas synthesized
according to ref23. The binding assays were done in
duplicate and incubated for 20 min with 15 or 48 [2-1“C]-
carboxyarabinitol-p at 25 °C with the same amount of
Rubisco-bound-[24C]carboxyarabinitol-Precovered by gel
filtration in both assays, indicating tight binding to both the
wild-type and mutatedR. rubrumRubiscos.

Ribulose-RB Quantification.Scrapings of similarly sized
colonies of MM1-pACGAPPRK cells transformed with pTr-
crbcM (13 days) or mutant plasmids (9 days) actively

confirmed by comparative immunoblot analysis (see above)
of the purified enzymes. The G, specificity (&) was
measured in reactions equilibrated with an atmosphere of
O, accurately mixed with 0.5% (v/v) CQusing Westhoff
pumps at pH 8.3 as described in 8§ As both oxygen and
fructose-R are competitive inhibitors with regard to Rubisco
carboxylation and ribulose;Rixation, respectively, th&,
measurements were made at different oxygen concentrations
(0, 10, and 20% (v/v) oxygen mixed with nitrogen using
Wosthoff pumps) an&Kgr,sp Was measured in the presence
of 0, 120, and 24@M fructose-B. The inhibition constants
(K) for O, (Ko) and fructose-P (K/(FBP)) were then
calculated by fitting the data to the equatiéff® = Km(1 +

I/K;) wherel is the inhibitor concentration and’™ is the
measuren, at different inhibitor concentrations.

growing on plates of selective media (0.05% (w/v) arabinose) ResuULTS

were suspended in 1.5 mL of extraction buffer, and 1 mL
was rapidly frozen by mixing with 2 mL of 75% (v/v)
methanol chilled to-80°C. The frozen cells were harvested
by centrifugation (600§) for 5 min at—10 °C. Frozen cell
pellets were resuspended in 5% (v/v) trifluoroacetic acid,
sonicated for 10 s to complete lysis, and centrifuged @@ 4

A High-Throughput Selection System for Rubiscotyti
in E. coli. The concept of Rubisco-dependédht coli was
first proposed by our laboratory27) and was based on
coexpression of phosphoribulokinase (PRK) and Rubisco in
a glycolytic deletion mutant where tlgapA gene (coding

(1300@, 5 min), and the supernatant was collected and dried glyceraldehyde-3-phosphate dehydrogenase) has been re-

with a gentle stream of N The dried residue was dissolved
in 200 uL of water, and ribulose-Pcontent was measured
using NaH*CQ; assays. The cell number of the unfrozen
cells was determined from absorbance ¢gPDmeasurements
and used to calculate cellular ribulosg-¢®dncentration as
described previouslylg) knowing 3.6x 10’ RR1 cells mL?t
have an Olgy of 0.5.

Rubisco Extraction, Purification, and Thermal Stability
Analysis. Plasmids expressing wild-type and mutated
rubrumRubiscos were transformed into XL1-Blue and grown
in 1 L LB-ampicillin at 37 °C, and at a Oky, of ~0.6
Rubisco production was induced with 0.5 mM IPTG for 6 h
before harvesting by centrifugation (5 min at 6@R0The

moved. Introducing a metabolic shunt consisting of PRK and
Rubisco was predicted to complement thgapA mutation,
thus resulting irk. coli that were dependent on Rubisco (and
PRK) expression when grown on minimal media containing
a carbon source (such as glycerol) upstream of the glycolytic
lesion. However, despite numerous attempts an MigapA
strain (derived by insertional inactivation gapA in the
proline/leucine auxotrophiE. colistrain RR1 that is aecA*
derivative of HB101, see Experimental Procedures) express-
ing spinach PRK andR. rubrumRubisco could not grow
under selective conditions on M9 media containing glycerol,
leucine, and proline (Morell, 1990 unpublished data). Recent
re-examination of the selection system found that the toxicity

cells were suspended in extraction buffer and lysed with a induced by ribulose-Pbuild-up following PRK expression
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(A) 0.04% CO, 2.5% CO,
T23c  37°C  23°C 3r°c
10days 4days 10days 4 days

prrerbelt - - 1 ":. -

pTrerbeM pTreK191M
L-arabinose % (w/v) 0,05 0.075 0.05 0.075

T - - -

Ficure 1: Rubisco-dependef. coli selection. (A) MM1-pACGAP-
PRK cells were transformed with pTrcrbcM and pTrcK191M
(encoding functional and nonfunction®. rubrum Rubisco, re-
spectively) and plated on selective media (M9 media containing
0.4% v/v glycerol, 0.05% w/v casamino acids, 0.5 mM IPTG, and
0.05%L-arabinose). Growth was only observed if the cells were
transformed with functional Rubisco and plated out at elevated
levels of CQ. (B) Inability of MM1-pACBAPPRK-pTrcrbcM cells

to grow on selective media containing 0.075% (w/varabinose
after 10 days at 23C in air supplemented with 2% (v/v) GO

pTreK191M
(8)

in E. coli (16) could be alleviated by coexpressing bacterial
Rubiscos at elevated levels of @@nd supplementing the
growth media with limiting concentrations of casamino acids,
analogous to that recently observed)(

Coexpression of PRK and Rubisco in the MMigapA::
KmR) and its parental RRE. coli strains used a two-plasmid

Mueller-Cajar et al.

avert uneven induction of the pBAD promote28[ and
thereby enable accurate modulation of PRK production in
the MM1-pACP*PPRK cells using varying inducert{
arabinose) concentrations. On selective media containing
0.05% (w/v) L-arabinose, MM1-pA@PPRK cells trans-
formed with pTrcrbcM (encodin®. rubrumRubisco) were
able to form colonies after 10 days at Z3in air containing
2% (v/v) CG but not at slightly higher-arabinose (0.075%
(w/v) concentrations (Figure 1B). In replicate experiments
performed at 37C, the MM1-pAC*PPRK cells transformed
with pTrcrbocM were able to grow at higher inducer
concentrations (0.2% (w/\)-arabinose) after 4 days, indicat-
ing the slower growing cells at Z& appeared more sensitive
to the selection pressure than those grown at@7

Directed Eolution of R. rubrum RubiscoUsing the
selective condition where the. rubrumRubisco was unable
to support growth in MM1-pA@*°PRK cells (i.e., on
selective media containing 0.075% (w/sarabinose at
23 °C, Figure 1B), the enzyme was evolved toward an
improved fitness in this novel physiological context. Two
supercoiled plasmid libraries of tllbcM gene were gener-
ated using error-prone PCR at two different mutagenic
stringencies (see Experimental Procedures) and designated
0.1xMrbcM and 0.25xMbcM (containing 190 000 and
288 000 library members, respectively). These were trans-
formed into electrocompetent MM1-pAEPPRK cells, and
~10P cells from each library were plated on selective media

system that was comprised of a pACYC184-based plasmid containing 0.075% (w/v).-arabinose. Five percent of the

(pACBAPPRK), encodingSynechococcu®CC7942 PRK
under the control of the-arabinose inducible BAD promoter
(28), and pTrcHisB-based plasmids containiRgodospir-
illum rubrum Rubisco generpcM) variants that coded for
functionalenzyme (pTrcrbcM) oramutawedM (pTrcK191M).
pTrcK191M codes for inactive enzyme due to a mutation at

transformation was plated on permissive media (selective
media without -arabinose) and formed a confluent cell lawn.
On the selective media, 5 and 20 colonies from the
0.1xMrbcM and 0.25xMbcM transformed cells, respectively,
had formed after 10 days. The pTrcrbcM plasmids from the
0.1xMrbcM colonies (designated pBADO.1AE) and eight

the catalytically essential active site lysine residue at codon of the 0.25xMbcM colonies (designated pBADO.254)

191 that is required to bind nonsubstrate Q0 form a
carbamate that initiates Mg binding thus ‘activating’ the
active site for catalysis8j. Contrary to that expected, the
growth of small colonies were observed when RR1-pA&C

were isolated, and thdscM was sequenced. Mutation rates
of approximately 1.1x 10-3and 1.3x 103 were calculated
for the 0.1xMbcM and 0.25xMbcM libraries, respectively,
with all the clones having a mutation either at the codon for

PRK cells transformed with pTrcK191M were grown on histidine-44 or aspartate-117 (Summarized in Table 1). The
selective media (M9 media supplemented with 0.4% v/v His-44 had mutated to the amide functionalities of asparagine
glycerol, 0.05% (w/v) cas amino acids, 0.5 mM IPTG, and (H44N) or glutamine (H44Q), and Asp-117 was mutated to
0.05% (w/v)L-arabinose) in air or air supplemented with either histidine (D117H) or valine (D117V). Apart from
2% (v/v) CO (data not shown). Similar false positives were clones pBADO0.25D and pBADO.25E, all mutants were

also reportedX5) using the wild-typeE. coli strain K12 that
effectively limited the number of cells that could be
effectively screened on a agar platet@0* colony forming
units (cfu). Interestingly, no false positives were observed
for MM1-pACBAPPRK-pTrcK191M cells grown on selective
media at either CQ level. In fact, MM1-pACAPPRK

derived from different PCR products since they contained
unique substitutions in theilcM sequence or the same
mutation originated from different libraries (for example,
clones pBADO.1A and pBADO.25F).

To confirm the mutations at codons His-44 and Asp-117
imparted the improvement in fitness, pTrcrbcM variants

colonies only grew on selective media when transformed with containing singlebcM mutations that coded for the H44N,
a plasmid encoding functional Rubisco and incubated at H44Q, D117H, or D117V mutations were retransformed into

elevated levels of CQ(Figure 1A). Consequently MM1 was
a preferred host for the Rubisco-dependEntcoli system

MM1-pACBAPPRK. Unlike the wild-type control, the evolved
Rubisco variants were able to support growth on selective

and allowed plating of very large numbers of transformants media containing 0.075% (w/v) arabinose (Figure 2A). This
(~3 x 10 cfu) per agar plate. suggested that the other observed mutations (both silent and
Modulating the Sensitity to Rubisco Fitness in MM1.  nonsilent, Table 1) were not the primary determinants for
Screening for changes in the catalytic fitness of Rubisco in the improvement in fithess of the evolved. rubrum
MM1-pACBAPPRK cells was achieved by adjusting the Rubiscos.
concentration of-arabinose (which induced PRK expres- Biochemical and Biophysical Characterization of the
sion) in the growth media. Thara-14 mutation in MM1, Selected Mutant®ossible mechanisms by which the evolved
which prevents metabolism afarabinose, was expected to Rubisco variants might improve the tolerance of Ehecoli
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(A) Srowthon 0.095% (B) Rubisco expression k2, indicated the oxygenation rate of the four variant
(wiv) L-arabinose . ¢ . . .
Wikt bype Coomassie-soluble cell protein Rubiscos were equivalent or slower than wild-typeubrum
il kD . . .
'S Rubisco. The mutant Rubiscos also had litte26%) or no

change in their apparefty, for ribulose-B K&, and were
more susceptible to competitive inhibition by fructose 1,6-
H44Q - HA44N - immunoblottotal cell protein bisphosphate (FBP)20) than the wild-type enzyme (i.e.,
e +-— - — - | lower K,(FBP) values, Table 2). Taken together, the lower

a7

15 Immunoblot-soluble cell protein carboxylation K,/Kc) and oxygenation i€,/Ko) efficien-

D117H D117V +— - e | cies of the mutant Rubiscos and equivalent ribulose-P

SOORe 17 062 055 693 0TI Colular binding affinities indicated their capacity to process ribulose-
& 20 0\\«\* ON\«* i P, was reduced compared to the wild-type. Consistent with

. ) ()G i after 10 d ecti g ain this, the cellular ribuloseconcentrations were 3-fold
IGURE 2: rowth after ays on selective media containing ,; ; ) AD ;

0.075% (w/v)L-arabinose at 23C in air supplemented with 2% hlgggr in MM1-pAC*®PRK cells gxp.rehssrgng the rgutgnt
(v/v) CO, of MM1-pACBADPRK cells transformed with pTrerbeM-  Rubiscos £0.5-0.9 mM) compared with those producing
based plasmids coding wild-type and mutakedrubrumRubisco  the wild-type enzyme (0.17 mM, Figure 2B).

that contain glutamine and asparagine substitutions at histidine-44 It was reasoned the improved growth rate of the cells

(H44Q, H44N) or histidine and valine substitutions at aspartate- expressing the lower specificity Rubiscos may be duk.to

117 (D117H, D117V). (B) SDS-PAGE and immunoblot analysis : : : ]
of wild-type and mutanR. rubrumRubisco expression (arrow) in coli preferrlng the oxygenation product 2-PG over_ the
the total and soluble cellular protein from 2210° MM1-pACBAP- carboxylation product 3-PGA. Metabolism of 2-PGHncoli

PRK transformed cells actively growing on selective media occurs via 2-PG phosphatase (coded byghk gene 80))
containing 0.05% (w/v).-arabinose. The corresponding ribulose- producing glycolate which can be readily used as a sole
P, cellular_ con_centrations are shown in italics. m, molecular weight ~arbon source to support cell growtBd). To examine this
marker with sizes shown. h . . .

ypothesis a\gph E. colimutant (strain JW3348 from the
Keio collection 82)) was transformed with pA®PPRK and
the variant Rubisco genes, and their growth on selective solid
media containing varying levels ofarabinose (inducer of
PRK) were compared against similarly transformed wild-
type RR1 cells. In cells producing just Rubisco, the relative
growth of bothE. coli strains on LB containing 0.5 mM
IPTG were unvaried. However differences in colony growth
were observed between the strains with the inclusion of PRK.
Analogous to MM1 cells, the mutant Rubiscos conferred a
growth advantage to RR1-pA¢°PRK cells on selective
media (0.025% (w/v) arabinose, 0.5 mM IPTG) and grew
faster and indifferently on permissive media (Figure 1 in
Supporting Information). In contrast, the growth of the
JW3348-pACAPPRK cells producing wild-type or mutant
Rubiscos were similarly constrained on permissive media
(and on nutrient-rich LB media, data not shown) and totally
impeded on media containing minimal levels.efrabinose
(0.025% w/ v) (Figure 1B in Supporting Information). This
sensitivity to PRK and Rubisco production precluded the
discrimination of any growth variation between thgph
PRK cells producing either wild-type or mutant Rubiscos.

to ribulose-R toxicity include improvements in the relative
stability or level of functionaR. rubrumRubisco produced

in the cells. Using purified enzyme, DSC scans of the heat-
induced unfolding showed the apparent temperatures of
unfolding (Ty,) were comparable for the mutant (H44N,
73.2°C; H44Q, 72.3C; D117V, 72.7°C; D117H, 72.8C)

and wild-type (72.9C) R. rubrumRubiscos indicating the
conformational folding and intrinsic stability of mutant
Rubiscos were similar to those of the wild-type. Immunoblot
analysis of the total and soluble cellular protein from MM1
cells actively growing on selective media showed the mutant
and wild-type R. rubrum Rubisco produced in vivo was
soluble and accumulated to similar levels in tBe coli
(Figure 2B,C). Likewise, both immunoblot and [&z]-
carboxyarabinitol inhibitor binding analyses showed the
expression level of the Rubisco mutant proteins in XL1-Blue
E. colicultured in LB liquid media were the same as, or not
more than 40% lower than, the wild-type enzyme that
accumulated to~3% of the total soluble cellulaE. coli
protein. This indicated the observed improvement in fithess

was not due to an increase in the amount of functional | =~ plating experiments colonies of JW3348-BAC

RUb'§00 prqc_iuced in the MM_l cglls. , PRK-Rubisco producing cells grew normally on selective
Using purified enzyme the kln_etlc properties of the H44N, adia and even on media containing 0.05% (w/gyabinose
D117V, D117H, and H44Q Rubisco variants were measured (jata not shown). Consistent with their sensitivity to PRK-

in a bid to identify the mechanism(s) by which they were g pisco production it was shown by restriction analyses of
selected. Compared with wild-tygd®. rubrumRubls_co, all PACBADPRK from these cells that PRK production had been
four evolved variants showed-40% reductions inSyo, disrupted by inclusion of transposons within v coding
indicating they were identically impaired in their ability to  rggion (data not shown). This alleviation of PRK production
dlscrlmlnatce between Cfand Q (Table 2). The carboxylase  py"transposon inactivation was not unique to JW3348 and
turnover k) of the Rubisco variants was also impaired \yas also observed in pAE°PRK-pTrcrbcM transformed
relative to wild-type, showing-40% and 22% decreases for RR1 and XL1BlueE. coli cells grown on nonpermissive
the Asp-117 and His-44 mutants, respectively. The apparentse|ective media containing 0.075% (w/jarabinose but

affinity for CO, was additionally perturbed by the mutations never observed in MM1 cells under any selective condition
resulting in higher Michaelis constant&() for CO, (Kc) (data not shown).

for the mutant Rubiscos, in particular the H44Q mutant. In

contrast the measurdd, (K., for O,) values indicated no DISCUSSION

change for the D117V mutant and only modest differences We describe the application of a high-throughgutcoli

for the remaining three Rubisco variants. Calculations of selection that successfully yielded an array of reproducible
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Table 2: Kinetic Parameters of Wild-Type and EvolMedrubrumRubiscos

S0 K Ke Ko K KK K27K,o K@) K(FBP)

Rubisco  (K*Ko/kKo) (s (uM) (uM) (sH  (sITmMY)  (simMY (uM) (uM)
wild-type 9.0+ 0.3 12.3+£ 0.3 1494+ 8 159+ 25 1.4 83 8.9 63t 2 465+ 70
Di117v 53+0.1 7.4+0.3 196+ 18 199+ 51 1.5 38 7.6 55 6 3474+ 83
D117H 5.3+ 0.1 7.5+ 0.2 192+ 10 153+ 35 1.1 39 7.3 48t 8 245+ 64
H44Q 5.3+ 0.1 9.3+ 0.6 301+ 38 185+ 58 1.2 31 6.4 56t 14 348+ 40
H44N 5.5+ 0.3 9.8+ 0.4 204+ 18 116+ 25 1.0 48 8.8 59 11 3204+ 92

a Rate calculated from maximal carboxylase activity extrapolated from the Michaééaten fit fromK. measurement$.Rate calculated from
the equatiorSy, = (K{Ke)/(Ka{Ko) (36).

(A) it Hlilm - crystal structures revealed the residues form a hydrogen bond

G, S RAGYGTVATAANF ARESSTGTRVEVC in _R. rubrum RubISCO.WIth thg hydrogen bound to the

H. marinus By ELEV e Viaens sissinssssss S imidazole nitrogen of His-44 acting as donor, and a carboxyl

2 gg‘fggg;ga N o oxygen of Asp-117 being the acceptor (Figures 3B and 4).

gﬁ ge}r;itéficans .S... .%EA. ofislassmans samzmann g This hydrogen bond is absent in the corresponding Form |

oaoLacter SpP .. v ... P N . .

Symbiodinium gp PR & DR O [ N.. Rubiscos (Figure 3C).

S GEEREEd S T L In theR. rubrumenzyme His-44 is positioned in the center
- D1r_]7m of a-helix B which contains a completely conserved, and

R. rubrum ' ' catalytically essential, glutamate residue (Glu-48; terminol-

g. marinus ogy of strands and helices follow34)). Asp-117 is located

G. ;g?ﬁggiga on the N-terminal end of-strand E (Figure 3). During

T. denitificans
Rhodobacter sp
Symbiodinium sp
S. oleracea

catalysis, the gas addition reaction of Rubisco is mediated
via a catalytically essential lysine (Lys-329) that is located
at the apex of the flexible loop 6 that ‘closes’ over the active
(C) site during catalysis. The amine functionality of Lys-329 is
thought to polarize the oxygen atoms of substrate, CO
making the carbon more electrophilic and susceptible to
nucleophilic attack from the enediol intermedialg §). In

the ‘closed’ form of the enzyme, Glu-48 forms a salt bridge
with Lys-329, presumably ensuring its correct positioning
during loop-closurel 8, 35). It thus seems likely that the
loss of the structural hydrogen bond between His-44 and
Asp-117 inR. rubrumRubisco, as brought about by the

Ficure 3: Conservation and location of histidine-44 (His-44) and selected mutations, m_ay sufficiently alter the pOSItIO_n_Ing_ of
aspartate-117 (Asp-117) R. rubrumRubisco. (A) Partial sequence ~ Glu-48, thereby affecting loop closure and the positioning
alignment around thR. rubrumHis-44 (H-44) and Asp-117 (D117)  of Lys-329. This is consistent with the observed reductions
residues (|n bold and boxed) with six Form Il and one Form | |n S:/O and kgat |n the evolved Va”ant enzymes (Table 2)

Se%ﬂgggess %'ﬁ{3ﬁggigfgfg%‘;ﬁﬁgﬁfg;gnmg%E&ﬁgg&uﬁgfco since previous studies have shown that mutations that affect

are shown. GenBank accession nos. for Rubisco sequences are d&€ positioning of Lys-329 haVe_ led to reductions ir_‘ both
follows: R. rubrum YP_427487; Hydrogenaibrio marinus parameters], 14). The apparent importance of the His-44/

BAD15326; Dechloromonas aromaticayP_286836;Gonyaulax Asp-117 hydrogen bond to the GO, specificity may

polyedra GONRI5B; Thiobacillus dentirificans YP_316396;  gyniain the conservation of these residues in Form II
Rhodobacter sphaeroiddsSAP66890 oR. capsulatusAAB82048; . . . .
Symbiodiniunsp., AAG37859. (B) Structure of one L subunit from  RUDiscos since, although characteristically having By

nonsubstrate bourld. rubrumRubisco (PDB code 5RUB) showing values, a further decline in the abl'lty of a Form Il Rubiscos

the structural hydrogen bond between His-44 and Asp-BIJ (  to discriminate between G&nd Q may be detrimental to
that is not present in (C) the L subunit of spinach Form | Rubisco the survival of their natural hosts.

where the corresponding residues are Ala-56 and Ala-329PDB . . . . .
code 8RUC). Structures were assembled using DS viewer Pro Despite all the isolateR. rubrumRubiscos sharing quasi-

software. identical biochemical properties, it remains unclear as to how

this clearly defined biochemical phenotype imparts an
Form Il R. rubrumRubisco variants that contained mutations improved fitness compared to the wild-type enzyme in the
at either His-44 or Asp-117 that displayed quasi-identical MM1-pAC®*°PRK  cells. On the basis of our current
kinetics (Tables 1 and 2). A comparison with other Rubisco understanding of the selection system, an increased capability
L sequences showed that the residues are both found in thdor the detoxification of ribulose45hould confer increased
N-terminal domain of the L subunit and are conserved in fithess. However, on the basis of the in vitro kinetic
Form Il enzymes but not in the hexadecameric Form | where measurements made with purified enzyme, the isolated
the corresponding residues tend to be alan8® (Figure mutants did not meet this requirement. Both the carboxylation
3A). Examination of the kquaternary structure &. rubrum and the oxygenation efficienciekC(/K. and K,{Ko, re-
Rubisco showed both residues are located adjacent to eaclspectively) of all the mutants were less than those of the
other and are positioned within 10 A of the bound ribulose- wild-type, indicating a reduced capacity to process ribulose-
P, substrate. Closer examination of the available Rubisco P, which was supported by higher ribulosgtevels in cells
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Lysi91

"
HIS44 kY

HIS44

ASP11T ASPUT

Ficure 4: Stereoview of the conserved active site residueR.irubrumRubisco and the relative location of the selected residues (PDB
code 9RUB 89)). The active site region of every Rubisco is formed between a moiety of the C-terminal (TIM-barrel) domain of one L
(yellow residues) and a smaller region of the N-terminal domain of the adjacent L (blue resigu@s)dctivate the site, nonsubstrate £O

binds to the amine group of a lysine (LYS-191, numbering relative.toubrumRubisco) to form a carbamate moiety (light blue) which

is stabilized by Mg" (green) binding and enables ribulosgdhding (orange) §). The mutation of ASP-117 or HIS-44 may affect the
positioning of glutamate-48 (GLU-48) that influences the positioning of a conserved lysine in loop 6 (LYS-329, not shown as dynamic
movement of loop 6 residues precluded their structural resolution) that directs the addition of gaseous substrate to ritpdosefalytic

closure of the loop. The orientation of residues between HIS-44 and GLU-48 and those on either side of Asp-117 and His-44 are shown
as thin lines.

expressing the mutant enzymes. The lowep/C@specificity not shown), and screening under different £&nhd Q

of the mutants would favor the oxygenation of the ribulose- pressures is expected to yield further interesting mutants that
P,, resulting in the production of more 2-phosphoglycolate will increase our understanding of Rubisco structure
(2-PG) relative to 3-phosphoglycerate (3-PGA) in the cells. function relationships as well as providing insight into ways
If 2-PG can be preferentially metabolized Bycoli relative in which the selective pressures within the MM1 host might
to 3-PGA, then this may serve as the selection pressure bybe manipulated toward selecting for ‘useful’ traits, such as
which the mutants were selected, providing an alternative an increased rate of ribulose-Barboxylation or improved
fitness solution in the MM1-pAB'PPRK selection system  selectivity for CQ over Q.

other than increasing ribulose-tirnover. In support of this

possibility we found the phenotypically normagph E. coli ACKNOWLEDGMENT

strain JW3348, which cannot make 2-PG phosphatase, was
highly sensitive to coexpressing PRK and Rubisco whose
production was toxic to growth. While this sensitivity
obscured our attempts to show a growth advantagegfh
PRK cells producing wild-type Rubisco (hypothetically
resulting from a higher proportion of 3-PGA/2-PG produced
relative to cells producing the mutated Rubiscos), the
sensitivity to 2-PG production associated with thgph
mutation potentially provides a useful strategy for incorpora-

tion into MM1 cells (where false positives due to transposon  Detailed experimental procedures for construction of the
silencing of PRK production are not selected) to enable transforming plasmids, thAgapA:Km® strain MM1, and
screening specifically for Rubisco mutants with improve- the comparative growth experiments of RR1- FABPRK
ments in Sy Such efforts would benefit from a better  and JW3348-pABACPRK expressing the different Rubiscos.

understanding of the physiological properties that influence This material is available free of charge via the Internet at
Rubisco fitness in MM1, particularly if we are to fully exploit  http://pubs.acs.org.

the high genetic diversity that can be screened by heterolo-
gous expression ii. coli (~5000 cfu per crhof media using
MM1-pACBAPPRK). For example, to increase the throughput

We thank Inger Andersson for valuable comments on the
manuscript, John Andrews for his contribution to the
research, Jeff Wilson for the photography, Adele Williamson
for assistance in acquiring the DSC data, and Akira Wadano
for plasmid pETS7PRK. Strain JW3348 was a gift from the
National BioResource Project (NIG, Japar: coli.
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