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ABSTRACT Glycolysis is an ancient, widespread, and highly conserved metabolic path-
way that converts glucose into pyruvate. In the canonical pathway, the phosphofructoki-
nase (PFK) reaction plays an important role in controlling flux through the pathway.
Clostridium thermocellum has an atypical glycolysis and uses pyrophosphate (PPi) instead
of ATP as the phosphate donor for the PFK reaction. The reduced thermodynamic driv-
ing force of the PPi-PFK reaction shifts the entire pathway closer to thermodynamic
equilibrium, which has been predicted to limit product titers. Here, we replace the PPi-
PFK reaction with an ATP-PFK reaction. We demonstrate that the local changes are
consistent with thermodynamic predictions: the ratio of fructose 1,6-bisphosphate to
fructose-6-phosphate increases, and the reverse flux through the reaction (determined
by 13C labeling) decreases. The final titer and distribution of fermentation products,
however, do not change, demonstrating that the thermodynamic constraints of the PPi-
PFK reaction are not the sole factor limiting product titer.

IMPORTANCE The ability to control the distribution of thermodynamic driving force
throughout a metabolic pathway is likely to be an important tool for metabolic engineer-
ing. The phosphofructokinase reaction is a key enzyme in Embden-Mayerhof-Parnas gly-
colysis and therefore improving the thermodynamic driving force of this reaction in
C. thermocellum is believed to enable higher product titers. Here, we demonstrate switch-
ing from pyrophosphate to ATP does in fact increases the thermodynamic driving force
of the phosphofructokinase reaction in vivo. This study also identifies and overcomes a
physiological hurdle toward expressing an ATP-dependent phosphofructokinase in an or-
ganism that utilizes an atypical glycolytic pathway. As such, the method described here
to enable expression of ATP-dependent phosphofructokinase in an organism with an
atypical glycolytic pathway will be informative toward engineering the glycolytic path-
ways of other industrial organism candidates with atypical glycolytic pathways.

KEYWORDS Clostridium, metabolomics, metabolic engineering, advanced biofuels,
Clostridium thermocellum

C lostridium thermocellum is a promising candidate for production of lignocellulosic
biofuels due to its strong native ability to consume cellulose. Metabolic engineering

has resulted in strains that produce ethanol at high yield (.80% of theoretical) (1–3).
However, titers above 30 g/L have not been achieved (1, 2, 4), thus limiting commercial
viability of the engineered strains (5).

C. thermocellum belongs to a group of organisms that specialize in cellulose fermen-
tation. These organisms typically have a limited substrate range, preferring to grow on crys-
talline cellulose and its hydrolysis products (6). For many of them, Embden-Mayerhof-Parnas
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(EMP) glycolysis is the only pathway for substrate assimilation, although several variations
are present (7). In these organisms, glycolysis appears to be closer to thermodynamic equi-
librium (8, 9), in part due to the different cofactor usage for several of its reactions (8). In the
case of C. thermocellum glycolysis, it was previously found that pyrophosphate (PPi) was the
main cofactor used in the 6-phosphofructokinase (PFK) reaction instead of ATP; in addition
PPi is also necessary for conversion of phosphoenolpyruvate to pyruvate via the pyruvate-
phosphate dikinase (PPDK) reaction. It was also previously demonstrated that biosynthetic
reactions were insufficient to account for the PPi needed to explain glycolytic flux, suggest-
ing therefore that a nonbiosynthetic reaction was responsible for generating the majority of
the PPi needed by glycolysis (10). A recent study attempted to identify the primary source
of PPi, but the findings were inconclusive (11).

Among these several atypical aspects of C. thermocellum glycolysis (10), the use of PPi
instead of ATP as a high-energy phosphate donor for the PFK reaction has a large effect
on the overall thermodynamics of the pathway for several reasons. One is that the stand-
ard Gibbs free energy of the PPi-PFK reaction (EC 2.7.1.90, DrG9° = 24.6 6 1.4 kJ/mol) is
lower than that of the ATP-PFK reaction (EC 2.7.1.11, DrG9° = 217.8 6 1.3 kJ/mol) (12).
Another is that the ATP/ADP ratio is around 10 in many organisms, whereas the PPi/Pi ra-
tio is around 0.1 (13), which serves to increase the thermodynamic driving force of
the ATP-linked reaction, while decreasing the driving force of the PPi-linked reaction. The
low thermodynamic driving force of the PPi-PFK reaction can explain both the high
reversibility of glycolysis in this organism and the large size of the intracellular hexose
phosphate pools (glucose-6-phosphate [G6P] and fructose-6-phopshate [F6P]) in this or-
ganism compared to organisms with canonical glycolysis, such as Escherichia coli and
Thermoanaerobacterium saccharolyticum, where the hexose phosphate pools are much
smaller (8). It may also explain the low ethanol tolerance of C. thermocellum.

Growth of C. thermocellum is inhibited in the presence of 5 g/L ethanol and com-
pletely inhibited at concentrations of 15 g/L (14). A comparison of changes to relative
intracellular metabolite concentrations in both C. thermocellum and T. saccharolyticum
in the presence of increasing ethanol concentrations revealed that concentrations of
glycolytic intermediates began to accumulate in C. thermocellum cells at much lower
ethanol concentrations than in T. saccharolyticum (15). Of note, the relative concentra-
tions of the hexose phosphate (G6P and F6P) pool—both being immediately upstream of
the PFK reaction—increased significantly as a result of ethanol addition in C. thermocellum,
whereas in T. saccharolyticum the relative hexose phosphate pool sizes remained relatively
similar between the control and ethanol addition experiments, indicating that in C. ther-
mocellum, this reaction is close to thermodynamic equilibrium and the upstream metabo-
lite pool sizes are largely controlled by mass action effects.

The free energy change of a reaction can also be determined by measuring the rela-
tive forward and reverse flux in a reaction (16). In brief, a more thermodynamically
favorable reaction will exhibit greater forward flux than reverse flux. Isotope labeling
experiments where cells are fed a mixture of naturally labeled and universally labeled
substrates can be used to determine the relative forward and reverse fluxes of a reac-
tion, allowing one to infer differences in free energy changes (16, 17). Experiments
with 13C-labeled substrates have shown that glycolysis is much closer to thermody-
namic equilibrium in C. thermocellum compared to organisms that use the canonical
pathway (e.g., E. coli and T. saccharolyticum) (8).

Furthermore, a thermodynamic analysis of elementary flux modes of alternative gly-
colytic pathways identified the PPi-PFK reaction as one of three important genetic
interventions for increasing the overall thermodynamic driving force of the cellobiose
to ethanol pathway (18).

Finally, in experiments designed to increase product titer by growing C. thermocellum
in the presence of high concentration of substrate, a significant fraction of the substrate
is left unconsumed or converted to products upstream of glycolysis (i.e., glucose) (1, 4).

These converging lines of evidence are the basis for our hypothesis that the low ther-
modynamic driving force of the PPi-PFK reaction limits ethanol titer in C. thermocellum and
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that replacing that enzyme with an ATP-linked enzyme would increase ethanol titer by
allowing for more complete substrate consumption and reducing inhibition by product
accumulation. It should be noted that the C. thermocellum genome contains a putative
ATP-pfk gene, Clo1313_0997 (19); however, enzymatic assays to determine the cofactor
usage of the PFK reaction in C. thermocellum indicate that the reaction is exclusively PPi de-
pendent, with no detectable ATP-dependent activity (10), suggesting that either this native
ATP-Pfk was inactive or possessing activity below our limit of detection in cell extracts,
or that our assay conditions were not suitable for measuring its activity. Due to this obser-
vation, and that the native ATP-Pfk is not fully characterized and understood, it was
decided that expressing a heterologous ATP-pfk—in this study taken from T. saccharolyti-
cum (20)—with detectable activity was necessary.

One factor that complicates a simple replacement of PPi-pfk with ATP-pfk in C. ther-
mocellum is that the PPi-dependent phosphofructokinase enzyme in C. thermocellum is
believed to have an additional role in the nonoxidative pentose phosphate pathway,
where it catalyzes the interconversion of sedoheptulose-7-phosphate (S7P) to sedo-
heptulose-1,7-bisphosphate (SBP) (19, 21, 22) to allow for interconversion of hexoses
and pentoses. Deleting the PPi-Pfk protein from C. thermocellum would therefore dis-
rupt not only glycolysis but also the pentose phosphate pathway. In the direction of
hexose to pentose conversion, SBP must be converted to S7P (21, 22). The high ther-
modynamic driving force of the ATP-Pfk enzyme effectively prevents the reverse reac-
tion, and it therefore appears necessary to introduce transaldolase activity to allow
replacement of the PPi-pfk gene with and ATP-pfk gene.

In this study, we investigated the effect of changing the phosphate donor of the
PFK reaction from PPi to ATP on the thermodynamic driving force of glycolysis in
C. thermocellum by deleting the native PPi-pfk gene (Clo1313_1876) and expressing a
heterologous ATP-pfk gene from T. saccharolyticum (Tsac_1362).

RESULTS
Decoupling glycolysis from the pentose phosphate pathway. Strain LL1570 (1)

(Table 1) was chosen as the reference strain for this study since it incorporates previous
engineering with the T. saccharolyticum pyruvate to ethanol pathway—expression of
T. saccharolyticum adhA, nfnAB, adhEG544D, pforA, and ferredoxin (1, 23)—to improve
ethanol yield and titer; this made it the logical starting point for metabolic engineering
efforts to further improve ethanol titer. In addition, since lactate is a minor but none-
theless undesired byproduct of C. thermocellum fermentation (24), the ldh gene was
deleted from strain LL1570 to create strain LL1592 to redirect carbon flux from lactate
to ethanol production. Following the ldh deletion, the first step in replacing PPi-linked

TABLE 1 Strains used in this study

Strain Organism Description Accession no.
Source or
reference(s)

LL1004 C. thermocellum DSM 1313 CP002416 DSMZ
LL1025 T. saccharolyticum Strain JW/YS-485L CP003184 42
LL1570 C. thermocellum Engineered C. thermocellumwith T. saccharolyticum pyruvate to

ethanol pathway (T. saccharolyticum adhA, nfnAB, adhEG544D, pforA,
ferredoxin), deletion of C. thermocellum pfors

SRP144049 1, 23

LL1592 C. thermocellum LL1570 Dldh SRP181986 This study
L1647 C. thermocellum LL1592 PPi-pfk::pTsac_0327-Tsac_0327 SRP222666 This study
LL1648 C. thermocellum LL1647 Clo1313_0718::Tsac_1362 SRP222662 This study
LL1649 C. thermocellum LL1648 DClo1313-0717-0718::pTsac_1362 SRP222669 This study
LL1660 C. thermocellum LL1649 DClo1313_1876 Dtal SRP246483 This study
LL1661 C. thermocellum Sister colony #1 of LL1660 SRP246561 This study
LL1662 C. thermocellum Sister colony #2 of LL1660 SRP246510 This study
LL1663 C. thermocellum Sister colony #3 of LL1660 SRP246511 This study
T7 express E. coli fhuA2 lacZ::T7 gene1 [lon] ompT gal sulA11 R(mcr-73::miniTn10–TetS)2

[dcm] R(zgb-210::Tn10–TetS) endA1 D(mcrC-mrr)114::IS10
NEBa

aNew England Biolabs, Ipswich, MA.
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PFK activity with ATP-linked activity was to decouple glycolysis from the nonoxidative
pentose phosphate pathway (PPP) by eliminating the need for SBP activity. To this
end, the transaldolase gene from T. saccharolyticum, Tsac_0327, and its promoter were
integrated immediately downstream of the PPi-pfk gene. Enzyme assays confirmed
that the resulting strain, LL1647, had gained transaldolase activity levels that were
comparable to those in T. saccharolyticum cell extracts (Fig. 1).

Toxicity of heterologous expression of ATP-pfk. Since C. thermocellum only
grows on C6 sugars and sugar polymers and exclusively uses glycolysis for substrate
assimilation, the PFK reaction is essential for growth. Thus, the next step in replacing
PPi-pfk with ATP-pfk was heterologous expression of an ATP-pfk gene. Initial attempts
to express the T. saccharolyticum ATP-pfk used the strong constitutive Clo1313_2638
promoter (25) to drive ATP-pfk expression. It was observed that the expression plasmid
failed to give transformants despite positive controls obtaining colony counts (see
Table S1 in the supplemental material) comparable to previously reported values (26).
A no-promoter control ATP-pfk expression plasmid (pLL1383) could be transformed
into wild-type C. thermocellum at an efficiency similar to that of an empty vector, indi-
cating that the lack of transformants with the promoter-containing ATP-pfk expression
plasmid was linked to expression and thus activity of the ATP-pfk gene, and not due to
the sequence of the ATP-pfk gene.

To reduce toxicity of ATP-pfk expression, we engineered the ribosome binding site
(RBS) to create plasmids with different predicted translation initiation rates (27) for the
T. saccharolyticum ATP-pfk gene (Table 2). Lower predicted translation initiation rates
allowed us to observe transformants in wild-type C. thermocellum (see Table S1); how-
ever, when these transformants were assayed for PFK activity, ATP-PFK activities were
still below our limit of detection (,0.01 U/mg cell extract protein; see Table S1).

Simultaneous expression of ATP-pfk and deletion of PPi-pfk. The apparent toxic-
ity of a heterologous ATP-Pfk in C. thermocellum needed to be addressed. One possible

FIG 1 Transaldolase (TAL) specific activities of strains used in this study. “ND” indicates that transaldolase activity
was not detected, i.e., it was below our limit of detection (,0.01 U/mg cell extract protein). Cth, C. thermocellum;
Tsac, T. saccharolyticum. The “1” signs indicate the presence of a genetic feature, and the “D” sign indicates that
a gene is deleted. Strain LL1004 is WT C. thermocellum and is a negative control for TAL activity. Strain LL1025 is
WT T. saccharolyticum and is a positive control for TAL activity. Error bars represent 1 standard deviation (n $ 3).
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explanation included the creation of a futile cycling reaction between an ATP-Pfk and
PPi-Pfk, with net result being conversion of ATP to PPi. However, since C. thermocellum
does not have a cytosolic pyrophosphatase activity that would hydrolyze the PPi from
this cycling reaction—which would result in ATP wastage—we considered alternatives.

A second and more likely explanation was that expression of ATP-Pfk in C. thermo-
cellum shifted cofactor usage at the PFK reaction away from PPi to ATP, thus reducing
the glycolytic demand for PPi as a phosphoryl donor. Given that PPi in C. thermocellum
comes from both biosynthesis and primarily from a nonbiosynthetic reaction, the
reduced demand for PPi from the PFK reaction would result in accumulation of PPi in
the cell, as the nonbiosynthetic reaction continues to generate PPi. The effect of PPi
accumulation would be inhibition of biosynthetic reactions, leading to arrest in cell
growth (28). This therefore suggested that expression of ATP-pfk is conditional on dis-
ruption of the nonbiosynthetic PPi mechanism, so that PPi accumulation could be
mitigated.

Since our initial approach of sequentially expressing a heterologous ATP-pfk gene
failed, we devised a two-step strategy to allow for simultaneous activation of ATP-pfk
expression and disruption of PPi generation. It was previously reported that there were
several candidates for PPi generation in C. thermocellum, of which two were believed
to be the likely sources: the membrane-bound pyrophosphatase encoded by the gene
Clo1313_0823, and the ADP-glucose synthase enzyme complex encoded by the two-
gene operon, Clo1313_0717-0718 (10, 11). Since it has previously been reported that
both the membrane-bound pyrophosphatase (Clo1313_0823) gene (20) and the ppdk
gene (10) could be deleted from C. thermocellum, we hypothesized that the APD-glu-
cose synthase enzyme complex (used for glycogen cycling) was the likely candidate for
PPi generation. In the first step, the T. saccharolyticum ATP-pfk was integrated immedi-
ately downstream of the ADP-glucose synthase operon (Clo1313_0717-0718) (see Fig.
S1). To avoid unintended ATP-PFK activity due to unwanted translation of this ATP-pfk
gene, a spacer sequence was included between the ADP-glucose synthase operon and
the T. saccharolyticum ATP-pfk coding sequence, with the predicted effect of signifi-
cantly reducing the translation rate of the ATP-pfk gene. In the second step, the ADP-

TABLE 2 Plasmids used in this study

Plasmid Description Accession no.
Source or
reference

pDGO143 C. thermocellum expression vector KX259110 26
pLL1381 pDGO143 with C. thermocellum Clo1313_2638 promoter driving T. saccharolyticum ATP-pfk;

native RBS with predicted translation initiation rate of;95,000 arbitrary units
ON809502 This study

pLL1382 pDGO143 with C. thermocellum Clo1313_2638 promoter driving T. saccharolyticum ATP-pfk;
modified RBS with predicted translation initiation rate of;500 arbitrary units

ON809503 This study

pLL1383 pDGO143 with T. saccharolyticum ATP-pfk; no promoter driving ATP-pfk expression ON809504 This study
pLL1384 pDGO143 with C. thermocellum Clo1313_2638 promoter driving T. saccharolyticum ATP-pfk;

modified RBS with predicted translation initiation rate of;4,000 arbitrary units
ON809505 This study

pLL1385 pDGO143 with C. thermocellum Clo1313_2638 promoter driving T. saccharolyticum ATP-pfk;
modified RBS with predicted translation initiation rate of;8,000 arbitrary units

ON809506 This study

pLL1386 pDGO143 with C. thermocellum Clo1313_2638 promoter driving T. saccharolyticum ATP-pfk;
modified RBS with predicted translation initiation rate of;14,000 arbitrary units

ON809507 This study

pLL1387 pDGO143 with C. thermocellum Clo1313_2638 promoter driving T. saccharolyticum ATP-pfk;
modified RBS with predicted translation initiation rate of;27,000 arbitrary units

ON809508 This study

pLL1388 Integration vector; introduces T. saccharolyticum transaldolase and its native promoter
immediately downstream of C. thermocellum PPi-pfk gene

ON809509 This study

pLL1389 Integration vector; introduces T. saccharolyticum ATP-phosphofructokinase downstream of
Clo1313_0718 (putative ADP-glucose synthase), with a spacer sequence between
Clo1313_0718 and the ATP-pfk

ON809510 This study

pLL1390 Replacement vector; deletes Clo1313_0717-0718 and the spacer sequence, and replaces it with
the T. saccharolyticum ATP-pfk promoter sequence

ON809511 This study

pLL1391 Deletion vector; deletes C. thermocellum PPi-pfk. In strain LL1647 and its derivatives, this plasmid
also deletes the previously introduced T. saccharolyticum transaldolase

ON809512 This study

pLL1392 Deletion vector; deletes C. thermocellum PPi-pfk only in strain LL1647 and its derivatives ON809513 This study
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glucose synthase operon, as well as the insertion sequence, was replaced by the T. sac-
charolyticum ATP-pfk promoter sequence, thus simultaneously removing ADP-glucose
synthase (the hypothesized PPi-generating mechanism), and expressing ATP-pfk (see
Fig. S1) to ensure that PFK activity was complemented prior to deleting the PPi-pfk.
Gain of ATP-PFK activity in the resulting strain (LL1649) was confirmed by detection of
low ATP-PFK activity (;0.08 U/mg cell extract protein) in cell extracts of strain LL1649
(Fig. 2). While the ATP-PFK activity observed in strain LL1649 was much lower than that
in T. saccharolyticum cell extracts (;0.57 U/mg cell extract protein), it was still greater
than that of non-ATP-PFK-expressing strains, where ATP-PFK was below the limit of
detection (,0.01 U/mg cell extract protein). Analysis of relative gene expression levels
revealed that ATP-pfk expression in strain LL1649 was comparable to that in T. saccha-
rolyticum (see Fig. S2). Proteomic analyses of strains LL1649 and wild-type T. saccharo-
lyticum subsequently confirmed that the relative protein abundance of ATP-Pfk protein
was ;10-fold lower in strain LL1649 than in T. saccharolyticum (see Fig. S3), consistent
with the observed difference in enzyme activity (Fig. 2). The simplest way to reconcile
these observations is that ATP-Pfk expression is limited at the level of translation.

After successfully achieving chromosomal expression of ATP-pfk, we proceeded to
delete the native PPi-pfk gene. Two plasmids were used; one to delete only the PPi-pfk
coding sequence (pLL1392), and the other to delete both the PPi-pfk coding sequence,
as well as the T. saccharolyticum transaldolase expression cassette that had originally
been introduced (pLL1391). We expected that deletion of the transaldolase would not
be possible due to its anticipated essential role (see Introduction); however, the deletion
attempt using plasmid pLL1391 worked, resulting in a strain that had neither PPi-pfk
nor transaldolase (strain LL1660). The deletions were confirmed both by loss of PPi-PFK
(Fig. 2) and TAL (Fig. 1) activities in strain LL1660.

Investigating changes to thermodynamic driving force of the PFK reaction. To
determine whether replacing the C. thermocellum PPi-pfk with a heterologous ATP-pfk leads

FIG 2 PFK activities for strains used in this study, with PPi (red) or ATP (blue) as the cofactor. Where there is no
column plot, PFK activity was below the limit of detection (,0.01 U/mg cell extract protein). The “1” signs
indicate the presence of a genetic feature, and the “D” sign indicates that a gene is deleted. Strain LL1004 is
WT C. therm(ocellum) and is a negative control for ATP-PFK activity, and a positive control for PPi-PFK activity.
Strain LL1025 is WT T. sacch(arolyticum), and is a positive control for ATP-PFK activity and a negative control for
PPi-PFK activity. Error bars represent 1 standard deviation (n $ 3).
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to greater thermodynamic driving force in glycolysis, C. thermocellum strains were cultured
on a 50:50 ratio of naturally and uniformly 13C-labeled cellobiose ([U-13C12]cellobiose). As
previously described (8), the forward PFK reaction will produce a 50:50 mixture of unlabeled
and fully labeled fructose-1,6-bisphosphate (FBP), in turn producing dihydroxyacetone
phosphate (DHAP) and glyceraldehyde-3-phosphate (G3P) in a similar 50:50 ratio of unla-
beled to labeled. However, reverse flux of the fructose bisphosphate aldolase has a 50%
chance to produce M13-labeled FBP (FBPM13; i.e., with three 13C carbon atoms) from this
mixed pool of G3P and DHAP; the FBPM13 in turn can be converted to M13-labeled fruc-
tose-6-phosphate (F6PM13) by reverse PFK flux and then to M13 glucose-6-phosphate
(G6P) by reverse phosphoglucose isomerase flux (Fig. 3A). The relative abundance of the
M13 isotopomer in the F6P pool therefore gives an indication of the reverse flux through
the PFK reaction. A smaller ratio of F6PM13 versus FBPM13 would therefore represent a less
reversible PFK reaction, which in turn would suggest a more thermodynamically favorable
forward PFK reaction (9).

It was observed that the relative abundance of the M13 fractions for both G6P and
F6P were more or less similar among wild-type C. thermocellum and engineered C. ther-
mocellum strains that still contained the PPi-pfk gene (Fig. 3B); the ratios observed for
the M13 F6P and G6P were similar to previously reported results (8). Strains with both

FIG 3 (A) Metabolic diagram of glycolysis around the PFK reaction and the enzymes that catalyze the
reactions. (B) 13C-labeling patterns for key glycolytic metabolites (glucose-6-phosphate, fructose-6-phosphate,
fructose-1,6-bisphosphate, and dihydroxyacetone phosphate) for cells fed a 50:50 mixture of uniformly
labeled and naturally labeled glucose. The “M1” notation indicates the number of 13C-labeled carbon
atoms (i.e., M16 indicates six labeled carbon atoms). The subscript after the strain ID number indicates
biological replicate number. The cofactor specificity of the PFK reaction is indicated below the strain name:
“1” indicates the presence of a reaction, and “2” indicates the absence of a reaction.
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PPi-pfk and ATP-pfk genes (LL1649) showed an M13 labeling pattern similar to that of
the wild type. Deletion of the PPi-pfk to create strain a strain with only ATP-PFK activity
(LL1660) substantially reduced the M13 G6P and F6P fractions, suggesting that switch-
ing the cofactor usage of the PFK reaction from PPi to ATP decreased the reversibility
of the PFK reaction in C. thermocellum.

The M13-labeled fraction is not observed in glucose-1-phosphate (G1P) (see Fig. S4).
Since phosphoglucomutase is present in C. thermocellum (29), and the reaction is close
to equilibrium under standard conditions (DG9° = 0.8 kJ/mol [12]), the lack of reversibility
of this reaction suggests that it is actively regulated.

In comparing metabolite pool sizes across the different samples, we further observe that
expression and replacement of the PPi-pfk gene with an ATP-pfk gene (strain LL1660)
resulted in a significant decrease in the F6P pool size, and a corresponding increase in the
FBP pool size (Fig. 4), resulting in a much greater FBP/F6P ratio than strains that still con-
tained the more reversible PPi-PFK pathway, making the FBP/F6P pool ratios of this C. ther-
mocellum strain more similar to that of organisms with a canonical glycolysis pathway, such
as E. coli (30) and T. saccharolyticum (8). Other significant changes to metabolite pool sizes
include a transient increase in pyruvate concentrations when both PPi-pfk and ATP-pfk were
present (strain LL1649) and a decrease in the ATP pool once all PFK activity was ATP-linked
(strain LL1660).

Effect on fermentation. The engineered strains in this study were cultured on 60 g/L
cellobiose in defined medium to determine whether replacing PPi-pfk with ATP-pfk affected
the quantity or distribution of fermentation products. Consumption of cellobiose and pro-
duction of glucose, ethanol, and acetate (the primary fermentation products in the parent
strain) were largely unaffected. A slight increase in biomass production (measured by pellet
nitrogen) was observed upon deletion of the PPi-pfk gene (strain LL1660) (Fig. 5).

Resequencing analyses. Whole-genome resequencing confirmed the presence of
the various modifications in the strains created in this study (see File S3 in the supple-
mental material). In particular, it confirmed that ADP-glucose synthase was deleted
and replaced by the T. saccharolyticum ATP-pfk promoter in strain LL1649 (as intended)
and that this feature was preserved in strain LL1660 when both PPi-pfk and transaldo-
lase were deleted.

We observed a partial genome duplication in strain LL1660 and three of its sister
colonies (LL1661, LL1662, and LL1663) (see Fig. S5). The evidence for the gene duplica-
tion is that read depth is approximately doubled along the length of the region com-
pared to the parent strain. The presence of a repeated insertion element at each end
of the duplicated region suggests that the duplication was mediated by homologous
recombination. Included in the duplicated region are the CDSs Clo1313_0790 to
Clo1313_1248. This region includes several genes that may play a role in energy metab-
olism and cofactor cycling, including a putative native ATP-pfk gene (Clo1313_0997),
the pta-ack pathway (Clo1313_1185-1186), the membrane-bound pyrophosphatase
(Clo1313_0823), and the pyruvate phosphate dikinase gene (Clo1313_0949); however,
the effect of the gene duplication on these activities was not investigated since its
extent meant there was an impractical number of avenues of investigation to tackle in
one study. One practical implication of this chromosome duplication event is to make
it significantly more difficult to perform subsequent chromosomal modifications in this
region due to the presence of two copies of each gene and potential for additional
unintended recombination events.

DISCUSSION

The absence of transaldolase in C. thermocellum has led to speculation that this or-
ganism uses a variant of the PPP, where SBP-to-S7P conversion is necessary for the effi-
cient generation of C5 compounds, and that this reaction is mediated by the PPi-Pfk
enzyme (7, 21, 22). This was the motivation for introducing a transaldolase gene from
T. saccharolyticum before deleting the PPi-pfk gene. However, the creation of a strain
lacking both transaldolase and PPi-pfk suggests that our previous hypothesis about the
pathway for C6-to-C5 interconversion was wrong. The pathway for interconversion of
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pentose and hexose sugars in this strain is not known. One possibility is that C. thermo-
cellum has alternate means for interconverting hexoses and pentoses; one such path-
way is the L-type pentose phosphate pathway (31), where octulose phosphates play
an intermediary role for conversion between hexose phosphates and pentose phos-
phates. Further study will be needed to determine whether such a pathway operates
in C. thermocellum.

Why was introducing the ATP-pfk gene so difficult? Initially, we suspected that si-
multaneous presence of both ATP-linked and PPi-linked PFK activity would be toxic.
Since PPi-PFK activity is reversible, it presents the opportunity for a futile cycle where

FIG 4 (A) Comparison of log2-transformed peak area values for glycolytic metabolites. (B) FBP/F6P ratios
for the different samples. Subscripts after the strain ID number indicates replicate number. The cofactor
specificity of the PFK reaction is indicated below the strain name: the “1” indicates the presence of a
reaction, and “2” indicates the absence of a reaction.
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ATP-PFK converts F6P to FBP and PPi-PFK converts FBP to F6P, resulting in a net con-
version of ATP 1 Pi ! ADP 1 PPi. Indeed, in organisms that use fructose bisphospha-
tase (FBP; EC 3.1.3.11) for gluconeogenesis, the activities of FBP and PFK are regulated
to ensure that only one is active (32). However, the successful generation of a strain
where both activities are present (LL1649) eliminates that hypothesis. Furthermore, in
that strain, ATP levels are similar to that of the wild-type strain (LL1004) (Fig. 4), indicat-
ing that if any futile cycling is happening, the flux is low enough that it does not signif-
icantly affect the adenylate pool. In other organisms, such as E. coli, PPi-pfk genes have
been heterologously induced and expressed—for the purposes of purifying said PPi-
Pfk proteins—alongside the native putative ATP-pfk (22, 33–36), further casting doubt
on the futile cycling hypothesis.

One of the most significant metabolic impacts of the expression of ATP-pfk was an
increase in the FBP pool. FBP is known to regulate many enzymes. In C. thermocellum
cell extract, the addition of FBP has been shown to effectively abolish glycolytic flux
(37). However, this would not explain the need to disrupt glycogen cycling in order for
ATP-pfk expression to succeed.

The most likely explanation is that the introduction of ATP-pfk caused an increase
in PPi levels, and eliminating the PPi generated by glycogen cycling (by deleting the
ADP-glucose synthase reaction) was necessary to eliminate excess PPi. Although many
organisms have a cytosolic pyrophosphatase to eliminate excess PPi, C. thermocellum
does not (20). PPi levels are known to regulate the activity of both the pyruvate phos-
phate dikinase (Ppdk) and malic enzymes (38). The stimulatory role of decreasing PPi
levels is also consistent with cell extract experiments (F6P stimulates flux, but FBP
inhibits it) (37). Although many factors are still unknown regarding the role of PPi in

FIG 5 Fermentation product profiles for the C. thermocellum strains in this study. Note that concentrations for the
fermentation products are reported in C3 sugar equivalents. The “1” sign indicates introduction of a genetic
feature, and the “D” sign indicates deletion of a genetic feature. Error bars represent 1 standard deviation (n $ 3).
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C. thermocellum metabolism, the strains developed here provide a new and exciting
avenue for testing hypotheses.

A surprising finding of this work was the extremely localized result of replacing the
PPi-pfk gene with ATP-pfk gene. Our current understanding of C. thermocellummetabo-
lism is that it operates close to thermodynamic equilibrium (8). Therefore, we would
expect the introduction of a reaction with a high thermodynamic driving force (such as
ATP-PFK) to deplete upstream metabolite pools and expand downstream ones. We
found that this was, in fact, the case—at least for the metabolites immediately adjacent
to the PFK reaction. However, this effect extended upstream only to G6P, and there
was almost no effect on DHAP levels. This suggests active regulation of other reactions
in glycolysis, or that the metabolic pathways downstream of PFK cannot carry the addi-
tional flux. The localized effect of this change further explains why the titer and distri-
bution of fermentation products was largely unaffected.

MATERIALS ANDMETHODS
Strain and plasmid construction. Figure 6 shows how the relationships among the strains used in this

study; Table 1 provides full details for all strains used in this study. Plasmids used in this study are listed in
Table 2; all plasmids were constructed via isothermal assembly (39), using a commercial kit from New
England Biolabs (NEBuilder HiFi DNA Assembly Master Mix, catalog number E2621). Purification of DNA (plas-
mid or PCR products) was done with commercially available kits from Zymo Research and New England
Biolabs. Transformation of C. thermocellum was performed as previously described (40); plasmid DNA that
was to be transformed into C. thermocellum was purified from Escherichia coli BL21 derivative strains (New
England Biolabs catalog number C2566) to ensure proper methylation of the plasmid DNA (41).

Media preparation and culture conditions. All reagents used in this study were of molecular grade,
and obtained from Sigma-Aldrich or Fisher Scientific, unless otherwise noted.

C. thermocellum and T. saccharolyticum strains were grown at 55°C under anaerobic conditions, either
in tubes when grown in anaerobic chambers (Coy Laboratory Products, Grass Lakes, MI), with previously
described environmental conditions (23), or in sealed serum bottles prepared as previously described (23).

Complex medium CTFUD was prepared as previously described (40); this medium was used for cul-
turing C. thermocellum cells that were to be used in transformations or for preparing genomic DNA for
strain resequencing. Defined medium MTC-5 was prepared as previously described (23) and was used
for all other purposes. T. saccharolyticum cells (used to generate cell extracts of this bacterium for use in
enzyme assays) were grown in MTC-6 medium (42).

Determination of transformation efficiencies. Transformation efficiencies of the ATP-pfk expres-
sion plasmids was determined as previously described (26) by plating serial dilutions of recoveries and
then counting the number of CFU where the dilution allowed for clear differentiation of C. thermocellum
colonies. Transformation efficiency was determined from two independent transformations of the plas-
mids into wild-type C. thermocellum.

(i) Enzyme assays. Cells to be used for enzyme assays were grown, harvested, and lysed to obtain
cell extract as previously described (23). Protein concentrations were determined using the Bradford
protein dye assay (Bio-Rad, catalog number 1856210), with bovine serum albumin used as a protein
standard. All enzyme assays were performed at 55°C under anaerobic conditions.

FIG 6 Diagram of strain lineage. Strains shown in black are previously reported in literature. Strains in red were
created in this study. Modifications that occurred between strains are listed below their respective arrows.
Multiple arrows indicate several sequential modifications.
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(ii) Transaldolase assay. Transaldolase activity was assayed by measuring the formation of glyceral-
dehyde-3-phosphate as previously described (43). The assay reaction was slightly modified from previously
described (43), and contained 100 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 0.3 mM NADH, 1 mM erythrose-4-
phosphate, 1 mM fructose-6-phosphate, 4 U/mL triosephosphate isomerase, 4 u/mL a-glycerophosphate
dehydrogenase, and cell extract. The assay reaction was started with the addition of fructose-6-phosphate.

(iii) 6-Phosphofructokinase assay. The PFK activity was assayed by formation of fructose-1,6-bisphos-
phate and modified from a previously described method (10). The assay reaction contained 100 mM
Tris-HCl, 5 mM MgCl2, 0.15 mM NADH, 1 mM fructose-6-phosphate, 4 U/mL fructose bisphosphate aldolase,
4 U/mL triosephosphate isomerase, 4 U/mL a-glycerophosphate dehydrogenase, cell extract, and 2 mM ei-
ther PPi or ATP. The assay reaction was started by the addition of the phosphate donor (PPi or ATP).

Intracellular metabolite measurements. (i) 13C labeling of C. thermocellum intracellular metab-
olites. C. thermocellum was grown on MTC-5 medium, with the main carbon source consisting of 3 mM
naturally labeled cellobiose (i.e., unlabeled except for the naturally occurring abundance of 13C carbon
atoms), and 3 mM uniformly labeled 13C-cellobiose ([UL-13C12]cellobiose), sourced from Omicron Biomedicals,
catalog number CEL-002. Then, 8-mL cultures were inoculated with 8 or 0.8 mL of inoculum volume and
grown at 55°C under anaerobic conditions. Freezer stocks were prepared by growing cells on MTC-5 with
5 g/L naturally labeled cellobiose to mid-exponential phase (optical density at 600 nm [OD600] of ;0.6 at the
time the stocks were made).

Metabolite samples were harvested when the cells were growing at mid-exponential phase (OD600

;0.5); to ensure that total metabolites extracted were similar across different cultures, the volume of
culture to be harvested in milliliters was determined by dividing 2.5 by the OD600 value at the time of
harvesting, i.e., ;5 mL of culture was harvested when the OD600 of the culture was ;0.5. Intracellular
metabolites were collected as previously described (8) by vacuum filtering a culture through a 0.45-mm
hydrophilic nylon filter to separate cells from medium. The filters were then placed in 1.6 mL of cold
(280°C) metabolite extraction solvent (40% methanol, 40% acetonitrile, 20% water) cell-side down. Cells
were washed off the filter using the extraction solvent, and then metabolites were separated from cellu-
lar debris by centrifugation (8, 44). Metabolite samples were kept at 280°C when not used.

(ii) Analyses of C. thermocellum metabolite samples via LC-MS. Metabolite samples were ana-
lyzed by liquid chromatography-mass spectrometry (LC-MS) as described previously (8). Samples were
dried under N2 gas and resuspended in solvent A (97:3 H2O-methanol with 10 mM tributylamine
adjusted to pH 8.2 by the addition of acetic acid to an ;10 mM final concentration). Solvent B was
100% methanol, and the following gradient was used for chromatographic separation: 0 to 2.5 min, 5%
B; 2.5 to 17 min, linear gradient from 5 to 95% B; 17 to 19.5 min, 95% B; 19.5 to 20 min, linear gradient
from 95 to 5% B; and 20 to 25 min, 5% B. Separation was achieved on a 2.1 � 100-mm Acquity ultra-
high-pressure liquid chromatography ethylene bridge hybrid (UHPLC BEH) C18 column with a 1.7-mm
particle size (Waters) at 25°C on a Vanquish UPLC coupled to a Q Exactive mass spectrometer (Thermo
Scientific) by an electrospray ionization (ESI) source operating in negative mode. Mass spectrometry pa-
rameters were full MS-SIM (single ion-monitoring) scanning from 70 to 1,000 m/z, a resolution of 70,000
full width at half maximum (FWHM), a maximum injection time (IT) of 40 ms, and an automatic control
gain (ACG) target of 1e6. Data were analyzed using the MAVEN software suite (45, 46), and compounds
were identified by monoisotopic mass and retention time matching to pure standards. File S1 in the sup-
plemental material contains data for 13C labeling of intracellular metabolites, as well as the relative
metabolite abundance.

Fermentation product analyses. Fermentation product analyses was done as previously described
(1), with the modification of using 60 g/L cellobiose as the main carbon source instead of 50 g/L to
ensure that ethanol titer was not limited by substrate concentration. Fermentations were performed in
anaerobic sealed serum bottles with the headspace purged with 100% nitrogen and were cultured at
55°C for 168 h (7 days) before they were sampled for analyses.

Fermentation products were quantified by high performance liquid chromatography as previously
described (47). Headspace composition in serum bottles was determined as previously described. Pellet
nitrogen (used as a proxy for cell biomass) was measured as previously described (48).

Gene expression analyses. Measuring the expression of the T. saccharolyticum ATP-pfk and C. ther-
mocellum PPi-pfk was done via reverse transcriptase quantitative PCR (RT-qPCR) as previously described
(26). The primers used for qPCR are reported in Table 3. ATP-pfk expression in each strain was normal-
ized against the expression of the recA reference gene (49) to allow for comparison across different
strains and species.

Proteomics analyses. Cells for proteomic analyses were cultured on defined MTC-5 or MTC-6 me-
dium, depending on bacterial species, and harvested at mid-exponential phase (n = 3). Cells were pelleted,
washed, and then processed for LC-MS/MS-based proteomic analyses as previously described (50). For
each sample, 3-mg portions of tryptic peptides were loaded, separated, and analyzed by one-dimensional
LC-MS/MS using a Vanquish uHPLC plumbed directly in-line with a Q Exactive Plus mass spectrometer
(Thermo Scientific) operating in data-dependent acquisition. Tandem mass spectra were searched against
the relevant C. thermocellum and T. saccharolyticum proteome databases using Proteome Discoverer v.2.3
and informatically postprocessed, as previously described (51).

Protein abundance raw and normalized data are provided in File S2 in the supplemental material.
Sequencing and resequencing analyses. Routine Sanger sequencing of plasmids and PCR products

was performed by Genewiz, Inc. (NJ, USA), with a minimum 2-fold coverage of sequences. Whole-genome
resequencing was performed by the Department of Energy Joint Genome Institute using the Illumina
MiSeq sequencing platform, with minimum 100-fold coverage. Strains were analyzed with the software
CLC Genomics Workbench (Qiagen) using strain DSM1313 as the reference genome (GenBank accession
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NC_017304.1); reads were filtered against strain LL1570 (accession number SRP144049) (1) to exclude
inherited mutations. A summary of the identified mutations is provided in File S3 in the supplemental
material.

Data availability. Whole-genome resequencing data for the strains in this study were deposited in
the NCBI Sequence read archive under the accession numbers listed in Table 1. Plasmid sequence acces-
sion numbers are listed in Table 2. Raw LC/MS data for metabolite samples were deposited in Zenodo
(10.5281/zenodo.7032172).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.8 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.02 MB.
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