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SUMMARY

Can a heterotrophic organism be evolved to synthe-
size biomass from CO2 directly? So far, non-native
carbon fixation in which biomass precursors are syn-
thesized solely from CO2 has remained an elusive
grand challenge. Here, we demonstrate how a com-
bination of rational metabolic rewiring, recombinant
expression, and laboratory evolution has led to the
biosynthesis of sugars and othermajor biomass con-
stituents by a fully functional Calvin-Benson-Bas-
sham (CBB) cycle in E. coli. In the evolved bacteria,
carbon fixation is performed via a non-native CBB
cycle, while reducing power and energy are obtained
by oxidizing a supplied organic compound (e.g., py-
ruvate). Genome sequencing reveals that mutations
in flux branchpoints, connecting the non-native
CBB cycle to biosynthetic pathways, are essential
for this phenotype. The successful evolution of a
non-native carbon fixation pathway, though not yet
resulting in net carbon gain, strikingly demonstrates
the capacity for rapid trophic-mode evolution of
metabolism applicable to biotechnology.

INTRODUCTION

Whether CO2 can or cannot be transformed into sugar and

biomass by carbon fixation is arguably themost basic distinction

we make in defining the metabolism of an organism. Carbon fix-

ation by autotrophs is the biochemical gateway to the organic

world, as obligate heterotrophs are dependent on this supply

of organic carbon. How difficult is it to evolve from one trophic

mode of growth to another? Specifically, can the ability to syn-

thesize biomass from CO2 be introduced into a heterotrophic

organism? Exploring the process in which a heterotrophic bacte-

rium, such as Escherichia coli, is evolved to synthesize sugars

fromCO2 can serve as amodel system to tackle these questions.

The utilization of one-carbon compounds, such as CO2, meth-

anol, andmethane, has been recently drawing attention as a low-

cost, abundant feedstock option for biochemical production (Li

et al., 2012; Müller et al., 2015; Siegel et al., 2015). Recent

studies have demonstrated that a wide variety of non-native

metabolic pathways can be integrated into model microorgan-
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isms, allowing the synthesis of value-added chemicals using

sugar as a feedstock (Galanie et al., 2015; Yim et al., 2011). How-

ever, efforts to synthesize sugar from inorganic CO2 by intro-

ducing a non-native carbon fixation cycle have never been

successful. Carbohydrate biosynthesis through carbon fixation

in E. coli would not only open exciting avenues to directly utilize

CO2 for chemical production, but could also serve as a platform

to rapidly optimize carbon fixation enzymes and pathways for

subsequent implementation in agricultural crops (Lin et al.,

2014; Mueller-Cajar and Whitney, 2008; Parikh et al., 2006;

Shih et al., 2014). Furthermore, this experimental approach could

shed light on cellular adaptations associated with horizontal-

gene-transfer events, on the plasticity of metabolic networks,

and on the evolutionary emergence of a biological novelty.

The achievement of novel biological phenotypes on laboratory

timescales is at the heart of efforts such as the long-term evolu-

tionary experiment, which studied how E. coli developed the abil-

ity to utilize citrate throughout several tens of thousands of gener-

ations (Blount et al., 2008; Maddamsetti et al., 2015; Wiser et al.,

2013). These studies show the intricate dynamics of potentiating,

actualizing, and refining steps during the evolutionary process

(Quandtet al., 2015) andshed light on the interplaybetweenselec-

tion, historical contingency, and epistatic effects. In parallel to lab

evolution, which forces the selective conditions, synthetic biology

efforts manipulate the genetic makeup with the aim of rationally

designing desired phenotypes (Church et al., 2014; Galanie

et al., 2015). In spite of significant progress, nothing as extreme

as expressing a fully functional pathway that changes the trophic

mode of an organism has been ever shown to be achievable.

The Calvin-Benson-Bassham cycle (Bassham et al., 1954)

is, by far, the most dominant carbon fixation pathway in the

biosphere out of all six known natural alternatives (Fuchs,

2011; Bar-Even et al., 2012). Previous efforts to show functional

expression of the CBB cycle carboxylating enzyme, ribulose-

1,5-bisphosphate carboxylase/oxygenase (RuBisCO), in E. coli

have relied on the supply of a glycolytic carbon source (e.g.,

glucose) to replenish RuBisCO’s substrate, ribulose-bisphos-

phate (RuBP) (Durão et al., 2015; Gong et al., 2015;Mueller-Cajar

and Whitney, 2008; Parikh et al., 2006; Zhuang and Li, 2013).

These important studies therefore did not achieve the defining

function of the CBB cycle of autocatalytic sugar synthesis from

inorganic carbon. While this approach led to the elegant con-

struction of a RuBisCO-dependent E. coli as a platform for

directed evolution of RuBisCO activity (Durão et al., 2015; Muel-

ler-Cajar and Whitney, 2008; Parikh et al., 2006), evolving a
une 30, 2016 ª 2016 The Author(s). Published by Elsevier Inc. 115
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:ron.milo@weizmann.ac.il
http://dx.doi.org/10.1016/j.cell.2016.05.064
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2016.05.064&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Decoupling Energy Production

and Carbon Fixation in E. coli to Achieve

Hemiautotrophic Growth

Two recombinant enzymes are needed to com-

plete a carbon fixation cycle in E. coli: RuBisCO,

the carboxylating enzyme, and the kinase prk. The

remaining reactions required for the reduction and

substrate regeneration phases of the cycle are

endogenous to the metabolic network of the host,

as part of gluconeogenesis and the pentose

phosphate pathway. Deletion of the phospho-

glycerate mutase genes (DgpmA and DgpmM)

disrupts carbon flow in the glycolytic/gluconeo-

genic backbone and generates two disconnected

sub-networks: (1) a carbon fixation module con-

taining upper glycolysis, the pentose phosphate

pathway, and the two foreign CBB enzymes and

(2) an energy module, containing lower glycolysis

and the TCA cycle, supplying reducing power and

ATP. In a scenario in which an organic carbon

source (e.g., pyruvate) is utilized by the energy

module to supply the energetic demands of the

carbon fixation cycle, the cellular building blocks

derived from carbon fixation module metabolites

(e.g., phospho sugars, such as ribose-P; see Fig-

ure S4 for details) can be synthesized from inor-

ganic carbon using the non-native CBB cycle. The

remainder of the biomass building blocks (those

emanating from the energy module metabolites,

e.g., organic acids for many of the amino acids), as

well as the energy requirements of the cell, are

supplied directly via the catabolism of the organic

carbon source. In such a hemiautotrophic growth

mode, CO2 and energy carriers are the sole inputs

for the production of biomass precursors in a

carbon fixation cycle.

See also Figures S1, S2, S3, and S4.
complete carbon fixation cycle capable of autocatalytically

generating biomass from CO2 has remained an open challenge.

Here, we report achieving a fully functional and autocatalytic

carbon fixation cycle in E. coli, capable of hexose, pentose

and triose sugar synthesis with no input of organic carbon into

the cycle. Energy and reducing power are supplied by the oxida-

tion of an organic acid (pyruvate) in an isolatedmetabolic module

and thus no net carbon gain is achieved at this point. This is the

first example of a non-native carbon assimilation cycle in which

all of the pathway intermediates and products are solely synthe-

sized from CO2 and the required co-factors.

RESULTS

Metabolic Cutoff in Gluconeogenesis Allows for the
Decoupling of Energy Harvesting from Biomass
Synthesis in E. coli

Out of the dozen of reactions utilized by autotrophs in the CBB

cycle for the biosynthesis of sugars from CO2, only two enzy-

matic activities are absent in E. coli: phosphoribulokinase (prk)
116 Cell 166, 115–125, June 30, 2016
and RuBisCO. The native enzymes of

gluconeogenesis and the pentose phos-

phate pathway in E. coli can catalyze all
other reactions (Figure S1). Therefore, heterologous expression

of RuBisCO and prk could, in principle, equip E. coli with the

enzymatic machinery needed to execute all CBB cycle reactions

and achieve the synthesis of sugar, as well as other major

biomass constituents, from CO2.

Inspired by the powerful tool of genetic screens, in which

genomicperturbationsandcontrolledgrowthconditionsarecom-

bined to identify new phenotypes, we have used a computational

framework based on flux balance analysis to analyze hundreds of

gene-deletion combinations and identify perturbations in central

carbon metabolism that, together with RuBisCO and prk expres-

sion, couple the rate of carbon fixation to cellular fitness (Figures

S2 and S3; Experimental Procedures). Our analysis pointed to a

yet unexplored scenario in which targeted severing of gluconeo-

genesis would decouple energy harvesting and biomass produc-

tion into two independent metabolic networks (Figure 1). This

rewired metabolism could drive the synthesis of sugars and other

essential biomass components from CO2 as the sole carbon

source, while production of cellular energy would be obtained

from the catabolism of an organic carbon in the energy module.
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Figure 2. Chemostat Evolution Leads to a Hemiautotrophic Phenotype

(A)Theancestor strain (left) containinggpmAandgpmMdeletionswasevolved inaxylose-limitedchemostat suppliedwithanexcessofpyruvateandCO2.Additional

deletions of pfkA, pfkB, and zwf resulted in RuBisCO-dependent (but not hemiautotrophic) catabolism of xylose in the initial heterotrophic growth (Figure S5).

Propagation in a chemostat ensured xylose-limited growth, resulting in strong selective pressure toward increased carbon fixation flux. When mutations arise that

create a fully functioningCBBcycle, they enableCO2 to be the sole carbon input for the required biomass precursors. If carbon fixation by theCBBcycle couldmeet

cellular demand for phospho-sugars, growth dependency on xylose would be alleviated and the hemiautotrophic strain (right) could take over the population.

(B) Around day 50 of chemostat evolution, an increase in optical density (OD) (black diamonds) and a decrease in pyruvate concentration (purple circles) were

observed, indicating a takeover by an evolved clone with a metabolically distinct phenotype. Culture samples from dayz50 onward (shaded green) were able to

grow in minimal media with pyruvate as the only organic carbon source in an elevated CO2 atmosphere, both on liquid media and agar plates. Dashed lines are

sigmoidal fits.

See also Figure S5.
This scenario goes beyond previously described RuBisCO-

dependent strains (Gong et al., 2015; Mueller-Cajar andWhitney,

2008;Parikhet al., 2006;ZhuangandLi, 2013) byemployinga fully

functional autocatalytic CBB cycle in which, as in autotrophic or-

ganisms,CO2, ATP, and reducingpower are the only inputs for the

synthesis of sugars.We termed thismodeof growth, not known to

occur in nature, hemiautotrophic growth (i.e., half-autotrophic, as

it cutsmetabolism into two parts, only one ofwhich is autotrophic)

and aimed to explore it in the lab. Our design for decoupling en-

ergy harvesting and CO2 fixation does not result in a net gain of

carbon when energy is obtained from the oxidation of an organic

carbon source (e.g., pyruvate). However, it creates a malleable

platform to test the functionality of synthetic carbon fixation path-

ways and offers powerful modularity in the choice of energymod-

ule for carbon fixation.

Heterologous Expression of CBB Cycle Components Is
Not Sufficient to Sustain Hemiautotrophic Growth
We have experimentally followed this scenario by severing

gluconeogenesis through the deletion of the phosphoglycerate

mutase genes gpmA and gpmM. These deletions separate cen-

tral metabolism into two disconnected sub-networks (Figure 1):

(1) a carbon-fixing CBB module containing upper glycolysis,

the pentose phosphate pathway, and the recombinant CBB en-

zymes and (2) an energy module containing lower glycolysis and

the TCA cycle, which supplies ATP and reducing equivalents to

power carbon fixation by the first module. Notably, all of the six

cellular phospho-sugars (G6P, F6P, R5P, E4P, GAP, and 3PG)

that are starting points for biosynthetic pathways diverging out
of central carbonmetabolism have to be synthesized completely

from CO2 by the CBB module (Figure S4). An organic-acid

feeding the energy module, such as pyruvate, could provide

reducing power and ATP for carbon fixation and thereby allow

the synthesis of biomass precursors in the CBB module from

CO2. Importantly, our metabolic design couples the biosynthesis

of sugars and other essential biomass constituents to the activity

of the complete carbon fixation cycle, and not to individual enzy-

matic steps or sub-modules in the pathway.

In contrast to our computational prediction, a gpm double-

deletion mutant expressing recombinant RuBisCO, prk, and

carbonic anhydrase, provided pyruvate as a single organic car-

bon source, failed to grow in an elevated CO2 atmosphere.

This strain grew only when a second carbon source, a pentose

sugar directly feeding the CBB module, was also provided

(e.g., xylose), thus allowing biomass precursors to be synthe-

sized from the externally supplied sugar (Figures 2A and S3D).

Since our model does not account for regulatory and kinetic ef-

fects, we hypothesized that the organism failed to grow hemiau-

totrophically because a finely tuned flux distribution might be

required, for example, to balance the rate of sugar uptake by

biosynthetic pathways branching from the CBB cycle intermedi-

ates with the rate of sugar biosynthesis from CO2 fixation.

Continuous Evolution in a Chemostat of RuBisCO-
Expressing Cells Leads to Sugar Synthesis from CO2

While rational design is limited in predicting necessary changes

in regulatory or kinetic parameters, directed evolution is a power-

ful alternative to explore the multivariate fine-tuning required for
Cell 166, 115–125, June 30, 2016 117



Figure 3. Growth without Xylose Is Dependent on CO2 Availability

In contrast to the ancestral strain, evolved clones isolated from all three che-

mostat experiments were able to grow in minimal media, supplemented solely

with pyruvate (doubling time of z6 hr). In all cases, growth required elevated

CO2 conditions (pCO2 = 0.1 atm) and no growth was detected under ambient

atmosphere. Similarly, evolved clones, but not the ancestral strain, were able

to form colonies on minimal media agar plates when supplemented with

pyruvate under a high CO2 atmosphere (inset).

See also Figure S6.
operating non-native pathways (Sauer, 2001). Our metabolic

design, which couples the biosynthesis of sugars and derived

biomass components to the functionality of the non-native

CBB cycle, allowed us to harness natural selection by using a

chemostat-based evolution regimen that continuously main-

tained selective conditions for a hemiautotrophic phenotype.

The ancestral strain of this evolution experiment was a dou-

ble-knockout gpm strain expressing recombinant RuBisCO,

prk, and carbonic anhydrase with the additional deletions of

phosphofructokinase (pfkA and pfkB) and glucose-6-phos-

phate-1-dehydrogenase (zwf). Collectively, these metabolic

manipulations made RuBisCO carboxylation essential for xylose

catabolism during heterotrophic growth and eliminated oxida-

tion of hexose sugars through the oxidative pentose phosphate

pathway (Figure S5).

The ancestral strain was propagated in a xylose-limited che-

mostat (dilution rate of 0.08 h�1, doubling time ofz9 hr). The sur-

rogate sugar (i.e., xylose) was supplied to initiate the evolutionary

process, as shown in Figure 2A. We set the composition of the

feedmedia such that theCBBmodule surrogate sugar ([xylose] =

0.1 g/l) became strongly limiting, and the energy module sub-

strate was supplied in excess ([pyruvate] = 5 g/l). The scarcity

of xylose in the chemostat imposes a strong and continuous se-

lective pressure on cells to utilize theCBB cycle for sugar biosyn-

thesis directly from the abundant inorganic carbon (i.e., CO2) in

order to alleviate the dependency on xylose. The inherent dy-

namics of a chemostat forces cell growth to equal the dilution

rate and thus ensures that the concentration of xylose in the che-

mostat is extremely low and decreases even further as cells

adapt. We hypothesized that this selection process will favor

mutations that lead to a fully functional CBB cycle that bypasses

the need for xylose, thus enabling a hemiautotrophic strain to
118 Cell 166, 115–125, June 30, 2016
take over the population. High levels of CO2 (pCO2 = 0.25 atm)

were maintained throughout the experiment to maximize the

RuBisCO carboxylation rate and prevent competing oxygena-

tion reactions.

After inoculation, xylose concentration quickly fell below the

detection limit (<1 mg/l) as expected for a sugar-limited chemo-

stat regimen, while the concentration of pyruvate remained in

considerable excess (z2 g/l), as shown in Figure 2B. Due to

severing gluconeogenesis by gpm deletion, carbon from pyru-

vate could not be used for sugar biosynthesis to compensate

for the xylose limitation. However, excess pyruvate could poten-

tially serve as a source of energy and reducing power to be

utilized by the CBB module as it evolves to function as a

xylose-independent CO2 fixation cycle. During the first 40 days

of growth (z100 chemostat generations), we observed no signif-

icant change in cell density and nutrient concentrations in the

effluent media. Over the following 20 days, we noticed a gradual

increase in cell density, accompanied by a steady decrease in

pyruvate concentration. Finally, around day 60 (z150 chemostat

generations; Figure 2B), the concentration of pyruvate dropped

to an undetectable level (<1 mg/l), suggesting that growth was

no longer limited by xylose availability and that pyruvate became

fully utilized. Importantly, in contrast to the ancestral strain, cul-

ture samples from day 50 onward (Figure 2B) were able to grow

in minimal media when supplied with only pyruvate and elevated

CO2 (doubling time of z6 hr; Figure 3). In ambient CO2, no

growth was detected in either liquid media or agar plates.

Plasmid curing from an evolved clone isolated from the che-

mostat resulted in the loss of the newly acquired phenotype.

Cured cells lacking the RuBisCO- and prk-encoding plasmid

did not grow in minimal media when only supplemented with

CO2 and pyruvate (Figures S6A and S6B; Experimental Proce-

dures). We retransformed the cured strain with a modified

plasmid, in which RuBisCO, prk, and carbonic anhydrase were

placed under the control of two separate inducible promoters.

Regaining the hemiautotrophic phenotype was only observed

on co-induction of both enzymes (Figure S6C). This result indi-

cates that the novel growth mode is indeed dependent on

the co-expression of RuBisCO and prk, as expected of CBB-cy-

cle-mediated synthesis of sugars from CO2. We observed the

evolution of clones able to grow solely on CO2 and pyruvate

in two additional independent chemostat experiments (appear-

ing on days 60 and 130; Figures S7A–S7C; Experimental

Procedures).

Mass Spectrometry Reveals that CO2 Is the Sole Source
of Carbon for Sugar Biosynthesis in the Evolved Cells
The ability of evolved bacteria to grow in the absence of xylose

suggested that the CBB cycle evolved to operate in the absence

of an organic input into the CBB module. To test if the intracel-

lular pool of phospho-sugars and other CBB-cycle-derived

biomass components are indeed synthesized solely from CO2

fixation, we propagated the evolved strain in minimal media,

supplemented with isotopically labeled 13CO2 (p13CO2 = 0.1

atm) and non-labeled pyruvate. Isotopic labeling analysis using

liquid chromatography-tandem mass spectrometry (LC-MS/

MS) showed that sugars and biomass building blocks derived

from the CBBmodule were almost completely 13C-labeled, while
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Figure 4. Isotopic Labeling Experiments Demonstrate the Biosynthesis of Sugars and Other Biomass Components from CO2

(A) Isotopic labeling analysis, in which evolved clones were grown with isotopically labeled 13CO2 as an inorganic carbon source and non-labeled pyruvate as an

energy source, showed almost full labeling of all CBB intermediates and the derived biomass building blocks. Inmarked contrast, TCA intermediates and biomass

components originating from the energy module show low levels of labeling, as predicted for a hemiautotrophic growth mode. This indicates that the evolved

strain synthesizes CBBmodule biomass precursors from CO2 using the non-native CBB cycle, while the biomass precursors originating from the energy module

are synthesized from the supplemented pyruvate.

(B) In a reciprocal setup in which non-labeled CO2 was supplied in addition to uniformly labeled pyruvate, the labeling pattern was again in agreement with

hemiautotrophic growth expectations: CBB intermediates and the derived amino acids were mostly non-labeled (as the supplied CO2), while metabolites in the

energy module were mostly labeled.

(C) Metabolically unperturbed BW25113 E. coli in which RuBisCO and prk were not recombinantly expressed. As expected when lacking the gpm metabolic

cutoff and RuBisCO, when uniformly labeled 13C-pyruvate was supplied as a carbon source, the intermediates of glycolysis and the pentose-phosphate pathway

were fully labeled. TCA cycle intermediates and the derived biomass components were not fully labeled due to the usage of non-labeled bicarbonate in ana-

plerotic reactions (denoted CO2 for simplicity). The mean percentage (±SD) of three replicates is shown.
those derived from the energy module were almost totally unla-

beled as shown in Figure 4A (Experimental Procedures). This

serves as evidence of a fully functional CBB module operating

in E. coli, capable of synthesizing sugars directly from CO2.

The labeling pattern was further verified in a reciprocal experi-

ment in which we propagated the bacteria in the presence of uni-

formly labeled 13C-pyruvate and unlabeled CO2 (Figure 4B).

Small deviations from homogeneous labeling of CBB produced

molecules were expected due to the refixation of CO2 released

from the TCA cycle. Similarly, low levels of labeling in TCA cycle

intermediates resulting from inorganic carbon usage in anapler-

otic reactions can be seen in control experiments (Figures 4C,

S5C, and S6D). Finally, isotopic analysis of the overall biomass

content revealed that z35% of cellular carbon originated from

CO2 fixation (Figure S6D), matching the known fraction of

biomass produced from CBB module metabolites (Neidhardt,

1987) (Figure S4).
The Only Gene Mutated in All Three Lab Evolution
Experiments Is at the Main Flux Branchpoint of the CBB
Cycle
To identify the mutations responsible for the emerging metabolic

phenotype, we performed whole-genome sequencing of clones

displaying hemiautotrophic growth, isolated from three indepen-

dent evolutionary chemostat experiments (Figures S7A–S7C;

Experimental Procedures). z80 mutational events were identi-

fied in our analysis, none of them in RuBisCO or prk (Tables

S1, S2, and S3). Ten genes were independently mutated in

more than one clone (Figure 5A), and only a single gene was

mutated in all three experiments. This gene, ribose-phosphate

diphosphokinase (prs), encodes for an enzyme that phosphory-

lates ribose-5-phosphate and is the main flux branchpoint of the

CBB module in which a pentose sugar is diverted toward

biomass production. All three mutations were within the coding

sequence: two of which were missense mutations (A95T and
Cell 166, 115–125, June 30, 2016 119
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Figure 5. The Genetic Basis Underlying the Hemiautotrophic Phenotype

(A) Venn diagram summarizing the intersection among mutations accumulated in hemiautotrophic evolved strains isolated from three distinct chemostat ex-

periments. A detailed description of the mutations can be found in Tables S1, S2, and S3. In the ancestral strain for the second chemostat experiment (exp. II) a

DmutS deletion that induces hyper-mutability was introduced (only mutations occurring between chemostat inoculation and hemiautotrophic phenotype

emergence are depicted).

(B) Ribose-phosphate diphosphokinase (prs), the main flux branching enzyme of the CBB module by which ribose-phosphate is diverted toward biomass

production, was the only gene in whichmutations appeared in all of the chemostat evolution experiments. Structural analysis (based on themost closely available

crystal structure, that of Bacillus subtilis showingz70% sequence similarity to the E.coli homolog) indicates that the mutations are located in catalytically active

regions of the enzyme, either on the ribose-5-phosphate substrate binding loop (turquoise) or on a second loop containing the ATP binding site and an allosteric

regulatory site (dark blue).

See also Figure S7 and Tables S1, S2, and S3.
G226V), and the third was an 18-bp tandem duplication, leading

to in-frame insertion of six amino acids (R105_A110dup). Struc-

tural analysis showed that all prs mutations arose within loops

participating in substrate binding and catalytic activity (Figure 5B)

(Eriksen et al., 2000). When the prs wild-type sequence was re-

introduced to the evolved genetic background (Experimental

Procedures), replacing the mutated prs sequence, the pheno-

type was lost: growth was only observed when xylose was sup-

plemented in addition to pyruvate and CO2, as in the ancestral

strain. Given that prs is the main branchpoint in which a pentose

sugar is shunted from the CBB cycle toward biomass, we hy-

pothesized that a change in one ormore of the enzymatic param-

eters of prswas required for CBB cycle operation as discussed in

the next section.

The rate of mutation accumulation identified in the evolved

hemiautotrophic strains exceeds those reported in previous

adaptive evolution studies (Barrick et al., 2009; Foster et al.,

2015). This can be the result of several contributing factors,

such as the known increased mutation rate under carbon starva-

tion (Notley-McRobb et al., 2003; Novick andSzilard, 1950). Simi-

larly, the tailored selective conditions we have used give ample

ground for beneficial mutations that can (partially) restore fitness

and shift the evolutionary dynamics toward a ‘‘strong selection,

strongmutation’’ regime (Desai andFisher,2007) inwhichsucces-

sivemutational sweeps andmutational cohorts are known to lead
120 Cell 166, 115–125, June 30, 2016
to relatively fast fixation ofmutations. Interestingly, we note a bias

in the spectrum of fixed mutations in some of the strains isolated

from distinct experiments (Tables S1, S2, and S3). The underlying

basis of this observation is currently unclear. In terms of copy

number of the plasmid harboring RuBisCO and prk, we did not

observe any consistent variations in the evolved strains versus

the ancestor and the plasmid sequence did not show any muta-

tions (Experimental Procedures).

Modeling the Autocatalytic Carbon Fixation Cycle
Suggests that Fine-Tuning of prs Catalytic Rate Is
Essential for Metabolic Stability
In contrast to linear metabolic pathways in which stable meta-

bolic steady-state can be achieved, regardless of the specific ki-

netic properties, the stability of autocatalytic cycles (consisting

of a set of metabolites which regenerate more of themselves

with each turn of the cycle) is not guaranteed. The stability de-

pends on the topology of the cycle and the kinetic parameters

of the enzymes involved (Reznik and Segrè, 2010). This is

demonstrated in the simplified model shown in Figure 6A, con-

sisting of an autocatalytic effective carbon fixation reaction

ðnCBBÞ and a biomass generating reaction ðnprsÞ from which

assimilated carbon is shunted toward biosynthesis. The stability

of the steady state in this metabolic network depends on the

kinetic properties of the enzymes, as these parameters govern
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Figure 6. Stability Analysis of Autocatalytic Carbon Fixation Cycles

(A) Simplified model for an autocatalytic carbon fixation cycle. We consider a

two-reaction pathway in which a generalized carbon fixation reaction auto-

catalytically produces a metabolite (R5P) from an external supply of CO2

(effectively performing five carboxylations, nCBB = nRuBisCO=5). A second reac-

tion consumes R5P for the production of biomass. For clarity, we assume
the response to a perturbation in the intracellular concentration

of the metabolite at the flux branchpoint. Explicitly, for a stable

steady state to exist in the carbon fixation cycle, the Michaelis

constant of prs must satisfy: ðVCBB
max =K

CBB
M Þ> ðVprs

max=K
prs
M Þ (where

Vmax = ½E�,kcat and VCBB
max and KCBB

M are effective parameters that

are a function of all the reactions composing the CBB cycle).

This relation ensures that enough flux remains in the cycle to

ensure autocatalysis (Figure 6B; Supplemental Experimental

Procedures).

In order to test the model prediction, we measured in vitro the

reaction rates of mutated prs toward its substrate ribose-5-

phosphate. In all cases, as shown in Figure 6C, we found an

approximately 2-fold decrease in ðkprscat=K
prs
M Þ following the evolu-

tionary process, consistent with the stability analysis require-

ment (Experimental Procedures; no changes were observed in

the Prs protein expression levels). This observation of conver-

gent evolution strengthens the hypothesis that, in addition to

the expression of recombinant CBB cycle enzymes, changes

in the kinetic properties of endogenous components, which

interact with the non-native pathway, are essential for a stably

operating carbon fixation cycle and hence for the hemiautotro-

phic phenotype to emerge. We found that a mutated prs was

not sufficient to allow hemiautotrophic growth when introduced

on the ancestral strain background (Experimental Procedures),

demonstrating that while fine-tuning of fluxes at the flux branch-

point via the prs mutation is essential, this mutation alone is not

sufficient to fully reconstruct the phenotype.

To further identify endogenous metabolic components that

require fine-tuning to achieve stable operation of the carbon fix-

ation pathway, we conducted a fourth chemostat evolution

experiment (Figure S7D), in which one of the observed prsmuta-

tions (R105_A110dup) was introduced to the genetic back-

ground of the ancestral strain. In addition, we knocked out the

PEP synthase regulatory protein (ppsR), as this gene is the

only shared mutation between experimental repeats I and II
irreversible Michaelis-Menten rate laws. Model parameters for each reaction

are the Michaelis constant (KM) and the maximal reaction rate (Vmax = ½E�,kcat ,
where [E] is the enzyme concentration and kcat is the turnover number). For a

steady-state concentration to be stable, the derivative of nprs with respect to

R5P concentration has to be higher than the derivative of nCBB at the steady-

state point. This relation will imply that if R5P concentration deviates from its

steady state, the flux through the reaction branching to biomass synthesis

would stabilize the R5P concentration. In terms of metabolic control analysis,

this is equivalent to requiring that the elasticity of the prs reaction is greater

than the elasticity of the CBB reaction at the steady-state point.

(B) Schematic of the stability analysis in the phase space of R5P concentration

showing the net flux at the branchpoint. The steady-state concentration of R5P

(inferred from setting nCBB = nprs) and the stability of the steady state are

determined by values of the parameters. Assuming themaximal rate of carbon

fixation is lower than biomass synthesis ðVCBB
max < Vprs

maxÞ, a non-zero stable

steady state exists if the enzymatic parameters of prs satisfy the relation

ðVCBB
max =K

CBB
M Þ > ðVprs

max=K
prs
M Þ.

(C) Experimental in vitro reaction rate measurements of purified prs enzymes,

with either wild-type or mutated sequences. All of the mutated prs enzymes

from the evolved strains show z2-fold decrease in their kcat=KM values, as

predicted by the stability analysis. The measured values in respect to the wild-

type enzyme were 57% ± 2%, 65% ± 6%, and 38% ± 3% for the A95T,

G226V, and R105_A110dup prs mutations, respectively. The mean percent-

age (±SD) of three replicates is shown.
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Figure 7. Acquired Mutations Focus on Flux Branchpoints and

Carbon Metabolism Regulators

A fourth evolution experiment was initialed with a modified ancestral strain,

containing additional mutations in prs (R105_A110dup, underlined) and ppsR

(knockout, underlined). Emergence of the hemiautotrophic phenotype was

detected in <100 chemostat generations. Whole-genome sequencing of iso-

lated clones revealed that six mutations, in addition to prs and ppsR, were

acquired in the evolutionary transition toward hemiautotrophic growth (red).

Out of a total of eight mutations appearing in this hemiautotrophic strain, four

are found in flux branchpoints, shunting cycle intermediates toward biomass

(serA, pgi, and glmU in addition to prs), an additional three are in regulators of

carbonmetabolism (crp,malT, and ppsR), and one (xylA) is in the catabolism of

the surrogate xylose sugar not used by the final evolved phenotype. A detailed

description of the mutations can be found in Table S4.

See also Table S4.
beyond prs (Experimental Procedures). While the introduction

of these two mutations to the ancestral background was not suf-

ficient to achieve hemiautotrophic growth, xylose-limited che-

mostat evolution (dilution rate of 0.035 h�1) rapidly led to the

emergence of a hemiautotrophic phenotype in <100 chemostat

generations (Figure S7D). Whole-genome sequencing of hemi-

autotrophic clones isolated from this chemostat experiment re-

vealed that six mutations were fixed in the evolutionary process

(Figure 7; Table S4). Strikingly, almost all of the newly acquired

mutations appeared in either flux branching points toward

biomass from the CBB cycle (serA, pgi, and glmU) or global reg-

ulators of carbon metabolism (crp and malT). Four out of these

six loci were mutated in at least one previous experiment (crp,

glmU, xylA, and the mal operon). These results demonstrate

that the functionality of the non-native CBB cycle depends not

only on the introduction of heterologous enzymes required to

construct the pathway but also on the fine-tuning of endogenous

components interacting with it, mostly biosynthetic enzymes

feeding from the carbon pool of the cycle (Figure 7).

DISCUSSION

While several synthetic metabolic pathways have been success-

fully integrated into model microorganisms, such as E. coli and
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S. cerevisiae, the introduction of an autocatalytic carbon fixation

pathway into a heterotrophic host has remained a standing chal-

lenge (Müller et al., 2015; Siegel et al., 2015). In this study, we

demonstrate that the combination of rational design and labora-

tory evolution can rapidly evolve a strain to convert CO2 into

sugars and other biomass components via non-native carbon

fixation machinery. The striking ability of E. coli to rapidly change

its growth mode demonstrates that central carbon metabolism

can be extremely adaptive when subjected to selective condi-

tions and extends the possibilities for achieving novel metabolic

phenotypes. Successful introduction of carbon fixation into a

heterotrophic model organism suggests that closely related

radical modulations of C1 central carbon metabolism, such as

the desired synthetic methylotrophy (Whitaker et al., 2015), syn-

thetic mixotrophy (Fast et al., 2015), and synthetic electrotrophy

(Lovley, 2011), can be well within reach with a similar approach.

From an industrial perspective, even though not translated to im-

mediate industrial applications, a fully functional non-native CO2

fixation cycle is a critical milestone toward synthetic lithoauto-

trophy. Our strategy to decouple energy and carbon fixation

metabolism enables powerful modularity in the choice of energy

module used to energize the synthetic cycle. The methodology

we present of selection-based evolutionary transitions can be

directly extended to establish a synthetic methylotrophic strain,

utilizing industrially relevant energy sources, such as methanol,

to drive CO2 fixation. Furthermore, previous studies described

the ‘‘paper biochemistry’’ of several fully synthetic carbon fixa-

tion cycles, not known to occur in nature, with promising pre-

dicted kinetic properties (Bar-Even et al., 2010). Our results

suggest an experimental route to implement these pathways

in a fast growing, genetically malleable model organism, such

as E. coli.

In contrast to a traditional design scheme, in which individual

components or sub-modules are tested and then integrated, our

metabolic design focused on the coupling of cellular fitness to

the desired functionality. While the initial rational design, arising

from our in silico analysis, was not sufficient to achieve the

desired phenotype, it formed the genetic basis and suggested

the selective conditions under which a complex metabolic tran-

sition evolved. The ability to create synergy between rational

metabolic design and laboratory evolution by tailoring the appro-

priate experimental setup is essential for harnessing natural se-

lection to fine-tuning the metabolic network. Quantitative a priori

prediction of the interactions between endogenous and newly

introduced metabolic functions is often challenging due to the

lack of sufficient information regarding the kinetics, energetics,

and regulation of the relevant components. A design that cou-

ples cellular fitness to the activity of a non-native pathway is

therefore useful. Such coupling allows the harnessing of natural

selection in a controlled environment to obtain the necessary

fine-tuning between native and non-native metabolic functions

to achieve the desired phenotype. Since chemostats inherently

implement a feedback mechanism that continuously increases

the selection stringency in response to improvements in the

desired pathway activity, they can serve as an ideal platform

for evolving pathways that utilize non-native substrates, such

as inorganic carbon. A dynamic selection stringency, as in the

case of chemostats, enables growth during the early phases of



laboratory evolution by supplying limiting amounts of a surrogate

sugar (i.e., xylose), which compensates for the lack of full

pathway activity, even if the carbon fixation pathway performs

suboptimally (Kleeb et al., 2007).

The hybrid approach demonstrated here of rational design

combined with laboratory evolution has allowed us, for the first

time, to achieve a fully functional carbon fixation cycle in a heter-

ologous host. Our results make evident the remarkable plasticity

of metabolism and provide a malleable platform for deciphering

the biochemistry and evolution of carbon fixation. The rapid

emergence of a novel metabolic phenotype in laboratory time-

scales suggests a route for synthetic biology efforts to optimize

pathways of biotechnological importance that can drive transfor-

mative advances in our ability to tackle the grand challenge of

resource sustainability in years to come.

EXPERIMENTAL PROCEDURES

Strains and Genomic Modifications

An E. coli BW25113 strain (Grenier et al., 2014), referred to in the text as ‘‘wild-

type,’’ was used as the parental strain for further genomic modifications. The

genome sequence of the parent used for constructing the ancestor strain

differed from the E. coli strain BW25113 at four loci: ptsI (D464N), fabR

(V42G), btuB (G162A), and fhuA (frameshift). These mutations were acquired

duringearly handlingof the strain prior to chemostat inoculation. The strain inoc-

ulated in the chemostat for the evolutionary experiment, referred to in the text as

‘‘ancestor,’’ contained further genomicmodifications:wedeletedphosphoglyc-

erate mutase genes (gpmA and gpmM), phosphofructokinase genes (pfkA and

pfkB), and 6-phosphate-1-dehydrogenase (zwf). In addition, we further deleted

the aceBAK operon encoding for the enzymes of the glyoxylate shunt, thus

ensuring that a bypass using the tartronate semialdehyde pathway cannot

be used to grow on pyruvate as a sole organic carbon source in Dgpmmutant.

A detailed description of the methods used for performing genomic modifica-

tions can be found in the Supplemental Experimental Procedures. The ancestral

strain inoculated in the second chemostat experiment contained a DmutS

mutation that induces hyper-mutability. Detailed information regarding the

genotype of clones showing hemiautotrophic phenotype, referred to in the

text as ‘‘evolved isolated clones,’’ appears in Tables S1, S2, S3, and S4.

Recombinant Expression of RuBisCO, prk, and Carbonic Anhydrase

For recombinant expression of the CBB cycle components, we constructed a

synthetic operon encoding the His-tagged type II RuBisCO (cbbM) from Rho-

dospirillum rubrumATCC 11170 (courtesy of Prof. Michal Shapira), His-tagged

phosphoribulokinase (prkA) from Synechococcus elongatus PCC 7942 (cour-

tesy of Prof. Ichiro Matsumura), and carbonic anhydrase (Rru_A2056) from

Rhodospirillum rubrum (CA). Synthetic ribosomal binding sites were used to

achieve different levels of expression, as previously described (Zelcbuch

et al., 2013). The synthetic operon was cloned into a pZA11 expression vector

(Expressys). Detailed information regarding the construction and sequence

of the plasmid containing the synthetic operon (pCBB), plasmid curing, and

the reintroduction of modified plasmids can be found in the Supplemental

Experimental Procedures.

Growth Conditions

Cells were grown on M9 minimal media, supplemented with 34 mg/l chloram-

phenicol and suitable carbon sources, as specified in the text. Agar plates

were prepared using ultrapure agarose (Hispanagar). Growth curves were ob-

tained by culturing cells in 96-well plates incubated at 37�C in a gas-controlled

shaking incubator (Infinite M200, Tecan). In experiments in which frozen bac-

terial stock was used to inoculate the culture (e.g., 13CO2 labeling experi-

ments), cells were first streaked on solid minimal media supplemented with

pyruvate (0.5%) and xylose (0.1%) to facilitate initial growth. Several colonies

were then streaked on solid minimal media supplemented with pyruvate. Once

growth was observed, liquid minimal medium supplemented only with pyru-
vate was inoculated. We found that, in order to achieve the transition between

xylose containing medium and pyruvate alone, it was required to sample

several colonies to ensure hemiautotrophic growth initiation. All growth was

performed in enriched CO2 atmosphere (pCO2 = 0.1 atm).

Computational Analysis of RuBisCO-Dependent Strains

To computationally identify candidate mutants in which cell growth is coupled

to the flux through non-native CBB enzymes, we implemented an algorithm

based on the principles of flux balance analysis (FBA) (Orth et al., 2010). We

started by considering combinations of up to three enzymatic reaction knock-

outs in central metabolism and filtered out all those combinations that allow

growth without any flux in RuBisCO. For those that cannot produce any

biomass without RuBisCO, we calculated a slope defined as the biomass

production rate achieved by allowing a unit of flux in RuBisCO. All other con-

straints were the same as in standard FBA, where the rate of biomass produc-

tion is maximized. Details regarding software implementation can be found in

the Supplemental Experimental Procedures.

Chemostat Evolution

Chemostat-based laboratory evolution was conducted in four independent

experiments. Gas inflow composition was 25% CO2, 5% O2, and 70% N2

and temperature was maintained at 37�C. We used Bioflo 110 chemostats

(New Brunswick Scientific) with a working volume of 0.7 l except in the second

experiment, which used a DASBox bacterial fermentation system (DASGIP)

with a working volume of 0.1 l. In the first and third experiments, the dilution

rate was set to 0.08 h�1 (equivalent to 9 hours of doubling time) with a feed

input of M9 minimal media supplemented with 5 g/l sodium pyruvate,

100mg/l xylose, and 34mg/l chloramphenicol. In the second and fourth exper-

iments, the dilution rate was set to 0.035 h�1 (equivalent to 20 hours

of doubling time) with a feed input of M9 minimal media supplemented with

5 g/l sodium pyruvate, 25 mg/l xylose, and 34 mg/l chloramphenicol.

Isotopic Labeling Experiments

For mass isotopologues distribution analysis, cells were cultured in M9

minimal media, either in the presence of a uniformly labeled 13C-pyruvate

and unlabeled CO2 or in a reciprocal setup with isotopically labeled 13CO2

(Cambridge Isotope Laboratories) and a non-labeled pyruvate. For experi-

ments in which gaseous 13CO2 was used, culture tubes were placed in a trans-

parent air-tight container and flushed with five volumes of isotopically labeled

gas mixture (10% 13CO2, 10% O2, and 80% N2). Cells were incubated in a

shaking incubator at 37�C and harvested during exponential growth. For the

extraction of intracellular metabolites, we used cold (�20�C) acetonitrile:me-

thanol:water (40:40:20) extraction solution. A ZIC-pHILIC column (4.6 3

150 mm, guard column 4.6 3 10 mm; Merck) was used for liquid chromatog-

raphy separation using gradient elution with a solution of 20 mM ammonium

carbonate, with 0.1% ammonium hydroxide and acetonitrile at 0.1 ml/min.

Detection of metabolites was performed using a Thermo Scientific Exactive

high-resolution mass spectrometer with electrospray ionization, examining

metabolites in a polarity switching mode over the mass range of 75–

1,000m/z. Compound identities were verified by matching masses and reten-

tion times to authenticated standards library. In addition we analyzed the

labeling of proteinogenic amino acids obtained from the acid hydrolysis of pro-

tein biomass as described in the Supplemental Experimental Procedures.

Data analysis was performed using TargetLynx (Waters) and the Maven soft-

ware suite (Melamud et al., 2010). Total carbon labeling was calculated ac-

cording to the formula:

labeled fraction=

Pn
i = 0mi � i

Pn
i = 0mi � n

:

Further details and the description for the measurement of isotopic carbon

ratio in whole-biomass samples can be found in the Supplemental Experi-

mental Procedures.

Whole-Genome Sequencing and Analysis

DNA was extracted from sampled cultures using a DNeasy Blood and Tissue

Kit (QIAGEN), and sequencing was performed using an Illumina Hiseq 2500
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platform. Detailed information regarding sample preparation can be found in

the Supplemental Experimental Procedures. A reference genome was con-

structed based on the E. coli strain BW25113 (Grenier et al., 2014) and the

sequence of the CBB enzymes encoding plasmid as a second contig.

Sequence alignment and variant calling was achieved by use of the breseq

pipeline (Deatherage and Barrick, 2014). The breseq program was used to

identify genomic variants, including SNPs and insertion-deletion polymor-

phisms (INDELs). We note that our analysis does not capture certain types

of mutations, such as copy number variations.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and four tables and can be found with this article online at

http://dx.doi.org/10.1016/j.cell.2016.05.064.

An audio PaperClip is available at http://dx.doi.org/10.1016/j.cell.2016.05.

064#mmc7.
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