
Annexation of a High-Activity Enzyme in a Synthetic Three-Enzyme
Complex Greatly Decreases the Degree of Substrate Channeling
Chun You† and Y.-H. Percival Zhang†,‡,§,*
†Biological Systems Engineering Department, Virginia Tech, 304-A Seitz Hall, Blacksburg, Virginia 24061, United States of America
‡Cell-Free Bioinnovations Inc., 2200 Kraft Drive, Suite 1200B, Blacksburg, Virginia 24060, United States of America
§Gate Fuels Inc., Blacksburg, Virginia 24060, United States of America

*S Supporting Information

ABSTRACT: The self-assembled three-enzyme complex
containing triosephosphate isomerase (TIM), aldolase
(ALD), and fructose 1,6-biphosphatase (FBP) was constructed
via a mini-scaffoldin containing three different cohesins and
the three dockerin-containing enzymes. This enzyme complex
exhibited 1 order of magnitude higher initial reaction rates
than the mixture of noncomplexed three enzymes. In this
enzyme cascade reactions, the reaction mediated by ALD was
the rate-limiting step. To understand the in-depth role of the
rate-limiting enzyme ALD in influencing the substrate
channeling effect of synthetic enzyme complexes, low-activity
ALD from Thermotoga maritima was replaced with a similar-
size ALD isolated from Thermus thermophilus, where the latter had more than 5 times specific activity of the former. The
synthetic three-enzyme complexes annexed with either low-activity or high-activity ALDs exhibited higher initial reaction rates
than the mixtures of the two-enzyme complex (TIM-FBP) and the nonbound low-activity or high activity ALD at the same
enzyme concentration. It was also found that the annexation of more high-activity ALD in the synthetic enzyme complexes
drastically decreased the degree of substrate channeling from 7.5 to 1.5. These results suggested that the degree of substrate
channeling in synthetic enzyme complexes depended on the enzyme choice. This study implied that the construction of synthetic
enzyme enzymes in synthetic cascade pathways could be a very important tool to accrelerate rate-limiting steps controlled by
low-activity enzymes.
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Synthetic biology is bringing engineering design principles to
biological systems. The primary goal of synthetic biology is the
design and construction of new biological functions and
systems better than their natural counterparts or even non-
natural ones, for example, enzymatic conversion of beta-1,4-
glucosidic bond-linked cellulose to α-1,4-glucosidic bond-linked
starch.1 These biological systems are generally constructed from
parts to modules to pathways to systems. The vision and
outcomes of synthetic biology could influence many other
scientific and engineering fields as well as various aspects of
daily life and society.2 Although it receives less attention
compared to in vivo synthetic biology, cell-free synthetic
biology is essentially vital to the synthesis of special proteins
and polysaccharides, as well as the economical production of
biofuels, biochemical, and potential food/feed from biomass
sugars.3−8

Inspired by natural multienzyme complexes, building
synthetic enzyme complexes containing multiple cascade
enzymes as building modules is a powerful tool in synthetic
biology regardless of them occurring in vivo or in vitro. Such
synthetic enzyme complexes can be constructed by gene fusion,
coimmobilization, coentrapment, and scaffold-mediated assem-

bly.9 Recently, scaffold-mediated assembly received more and
more attentions due to their features: high-retaining enzyme
activity, flexible engineering ability for multimeric proteins, and
assembly in vivo or in vitro.10 Scaffolding templates used for
synthetic enzyme complexes include DNA,11−15 RNA,16 and
proteins.17−19 Protein-based scaffoldins may be more advanta-
geous in cell-free biosystems for advanced biomanufacturing
than DNA or RNA-based scaffolds because they are less costly
and can be produced on large scales.20

Synthetic enzyme complexes mediated by scaffoldins could
facilitate substrate channeling, which is a process of transferring
the product of one enzyme to an adjacent cascade enzyme
without full equilibration with the bulk phase.10,21 The
associated benefits of substrate channeling include the
protection of unstable intermediates, the forestallment of
substrate competition among different pathways, the mitigation
of toxic metabolite inhibition, the conversation of energy stored
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in glycosidic bonds, etc.10,18,22−26 For example, Keasling and his
co-workers demonstrated to optimize the stoichiometry of the
three-enzyme complex organized by scaffoldins to rapidly
remove toxic metabolites in the in vivo synthetic pathway. As a
result, the product titer was increased by 77 folds with low
enzyme expression and reduced metabolic load.18 In our
previous study, an in vitro synthetic three-enzyme complex
containing triosephosphate isomerase (TIM, EC 5.3.1.1),
aldolase (ALD, EC 4.1.2.13), and fructose 1,6-bisphosphatase
(FBP, EC3.1.3.11) was constructed by using cohesins and
dockersin from cellulosomes, and this enzyme complex showed
more than 1 order of magnitude higher initial reaction rates
than that of the noncomplexed enzyme mixture.25 In this
enzyme complex, the reaction mediated by ALD from
Thermotoga maritima (TmALD) was the rate-limiting step
because its specific activity (i.e., 0.2 U/mg in the aldol
condensation direction) was approximately two and four order
magnitudes lower than those of FBP (i.e., 18.7 U/mg) and of
TIM (i.e., > 3000 U/mg), respectively.27 Although the degree
of substrate channeling of the enzyme complex relative to the
noncomplexed enzyme mixture was reported to be related to
the linker length, enzyme orientation, and scaffold stoichiom-
etry,20,21 the choice of enzymes especially responsible for
catalyzing the rate-limiting step in synthetic enzyme complexes,
was not investigated in a single-factor experiment.
Not all of synthetic enzyme complexes exhibit enhanced

reaction rates compared with their noncomplexed enzyme
mixture counterparts. For example, a three-enzyme complex
linked together by using non-natural amino acid incorporation,
heterobifunctional linkers, and azide−alkyne cycloaddtion
exhibited comparable kinetic behaviors with the uncoupled
enzymes.28 In the enzymatic conversion of cellulose to starch,
the synthetic two-enzyme complex containing cellobiose
phosphorylase and α-glucan phosphorylase had the same
reaction rate as that of their simple enzyme mixture.1 In this
study, we discovered a new ALD whose activity in the aldol
condensation direction is about 5 times higher than that of
TmALD, and investigated the influence of the annexation of
this enzyme into the TIM-ALD-FBP complex on the degree of
substrate channeling in the single-factor experiment (Figure 1).

■ RESULTS AND DISCUSSION
Discovery of a Highly Active ALD. ALD, TIM, and FBP

are cascade enzymes in the glycolysis and gluconeogenesis
pathways. TIM catalyzes the reversible conversion of
glyceraldehyde-3-phosphate (G3P) to dihydroxyacetone phos-
phate (DHAP). ALD catalyzes the reversible aldol condensa-
tion of G3P and DHAP to fructose 1,6-bisphosphate (F16P).
FBP catalyzes the irreversible conversion of F16P to fructose 6-
phosphate (F6P) (Scheme 1). These enzymes are also the key
enzymes for cell-free production of high-yield hydrogen from a
variety of sugars.29−31 Because it had a specific activity of 0.22
U/mg in the aldol condensation direction at 60 °C, much lower
than TIM from Thermus thermophilus (3500 U/mg) and FBP
from T. maritima (18.7 U/mg) at 60 °C,27 TmALD catalyzed
the rate-limiting step when three enzymes had a molar ratio of
1:1:1. To increase overall reaction rates when using decreased
protein loadings, it was vital to discover more active enzyme
building blocks.
By searching enzyme database (BRENDA) for published

enzyme characteristics, we found that ALD from Thermus
aquaticus (TaALD) had a very high specific activity of 46 U/mg
at 70 °C on the direction of F16P cleavage.32 Unfortunately,

the genomic DNA of T. aquaticus is not available in our
laboratory. Comparing the amino acid sequence of the open
reading frame TTC1414, which was annotated to encode a
putative ALD in Thermus thermophilus, with that of TaALD, we
found that the sequence identity of TtcALD and TaALD was
92%, whereas the sequence identity of TmALD and TaALD
was only 51% (Supporting Information Figure 1). Therefore,
we hypothesized that TtcALD may be a high-activity ALD.
After cloning, expression in E. coli and purification, the specific
activity of the purified TtcALD was about 1.1 U/mg at 60 °C in
the aldol condensation direction, approximately five times
higher than that of TmALD.

Construction of Synthetic Enzyme Complex Contain-
ing High-Activity ALD. To understand the in-depth
mechanism of the substrate channeling occurring in the TIM-
ALD-FBP enzyme complex, we attempted to investigate the
influence of the annexation of high-activity TtcALD
(HA_ALD) into the TIM-ALD-FBP complex on the degree

Figure 1. Schematic representation of the self-assembled three-enzyme
complex containing TIM-CtDoc, LA_ALD-CcDoc, FBP-RfDoc, and a
mini-scaffodlin containing three different types of cohesins and one
family 3 carbohydrate-binding module. In it, LA_ALD could be
replaced with another high-activity ALD (HA_ALD). Here, each pair
of the matching cohesin and dockerin is presented in the same color.

Scheme 1. Cascade Reactions Catalyzed by the Enzymes
TIM, ALD, and FBP, in Which the Reaction Mediated by
ALD Was the Rate-Limiting Step

ACS Synthetic Biology Research Article

dx.doi.org/10.1021/sb4000993 | ACS Synth. Biol. 2014, 3, 380−386381



of substrate channeling. The synthetic mini-scaffoldin (CBM-
Scaf3) was constructed to contain a family 3 cellulose-binding
module (CBM3) at the N-terminus followed by three different
type cohesins from the Clostridium thermocellum ATCC 27405
CipA, Clostridium cellulovorans ATCC 35296 CbpA, and
Ruminococcus f lavefaciens ScaB25 (Figure 1). The dockerin-
containing TIM, HA_ALD, and FBP were constructed by the
addition of CtDoc from C. thermocellum CelS, CcDoc from C.
cellulovorans EngE, and RfDoc from R. f lavefaciens ScaA at their
C-terminus, respectively (Figure 1). The addition of a dockerin
to TIM, ALD, and FBP did not influence their activity (data
not shown), as reported elsewhere.17 The four E. coli BL21
strains harboring the expression plasmids expressed soluble
recombinant proteins separately. When the four cell extracts
were mixed together, the high-specificity interaction between
cohesins and dockerins allowed each pair of cohesin and
dockerin to bind tightly at the molar ratio of 1:1,33 forming the
synthetic three-enzyme complex (Figure 1). In the presence of
solid regenerated amorphous cellulose (RAC), the synthetic
three-enzyme complex was adsorbed on the surface of cellulosic
material through a CBM3 in the mini-scaffoldin. After washing
and centrifugation, the synthetic three enzyme complex was
purified and immobilized on RAC, as described previously.17

RAC, which was made through cellulose dissolution and
regeneration in water, has a large-surface external area, different
from other adsorbents whose surface areas are internal.34,35

SDS-PAGE analysis was conducted to check protein
expression and purification (Figure 2). Four E. coli cell extracts
containing TIM-CtDoc, HA_ALD-CcDoc, FBP-RfDoc, and

CBM-Scaf3 were shown in Lanes 1−4 of Figure 3, respectively.
The scaffoldin was purified by RAC pull-down experiment
(Lane 5, Figure 2). When RAC was mixed with the cell extract
containing the scaffoldin and another cell extract containing
TIM-CtDoc, HA_ALD-CcDoc, or FBP-RfDoc, the high-affinity
interaction between the cohesin and dockerin resulted in the
formation of the unifunctional enzyme complex containing one
scaffoldin and one dockerin-containing enzyme, exhibiting two
bands in SDS-PAGE analysis (Lane 6−8, Figure 2). When RAC
was mixed with the four cell extracts, the synthetic three-
enzyme complex (i.e., TIM-HA_ALD-FBP) was formed and
purified,17 exhibiting three bands in SDS-PAGE (Lane 9, Figure
2) because the bands representing HA_ALD-CcDoc and FBP-
RfDoc overlapped together due to their close molecular
weights. The intensity of the overlaid band reflected by
HA_ALD-CcDoc and FBP-RfDoc was about 2-fold of the band
of TIM-CtDoc, suggesting that one scaffoldin can bind one
TIM, one HA_ALD and one FBP, as reported previously.25

Similarly, the three-enzyme complex containing low activity
TmALD (LA_ALD) was self-assembled as described pre-
viously,25 where one scaffoldin can bind one TIM, one
LA_ALD and one FBP (Lane 12, Figure 2).
The enzyme activities of dockerin containing enzymes (TIM-

CtDoc, HA_ALD-CcDoc, LA_ALD-CcDoc, FBP-RfDoc, Lane
6−8, Lane 11, Figure 2) that were attached to scaffoldin were
the same with their dockerin-free counterparts. These results
were consistent with those in a previous study.36

Substrate Channeling of Two Enzyme Complexes. To
study the degree of substrate channelling of the three-enzyme

Figure 2. SDS-PAGE analysis of the enzyme complexes and purified LA_ALD and HA_ALD. Lane M, protein marker; Lanes 1−4, cell extract
containing TIM-CtDoc, HA_ALD-CcDoc, FBP-RfDoc, and CBM-Scaf3 (i.e., CBM3-CtCoh-CcDoc-RfCoh), respectively; Lane 5, RAC adsorbed
CBM-Scaf3; Lanes 6−8, RAC adsorbed CBM-Scaf3 and TIM-CtDoc, HA_ALD-CcDoc, and FBP-RfDoc, respectively; Lane 9, RAC adsorbed CBM-
Scaf3, TIM-CtDoc, HA_ALD-CcDoC, and FBP-RfDoc; Lane 10, cell extract containing LA_ALD-CcDoc; Lane 11, RAC adsorbed CBM-Scaf3 and
LA_ALD-CcDoc; Lane 12, RAC adsorbed CBM-Scaf3, TIM-CtDoc, LA_ALD-CcDoC, and FBP-RfDoc; Lane 13, RAC adsorbed CBM-Scaf3, TIM-
CtDoc and FBP-RfDoc; Lane 14, purified dockerin-free LA_ALD; Lane 15, purified dockerin-free HA_ALD.

Figure 3. Profiles of F6P production catalyzed by 2 μM of the three-enzyme complexes and the mixture of the two-enzyme complex with the
nonbound low activity ALD (A) and high activity ALD (B).
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complexes relative to the two-enzyme complexes with dockerin-
free ALD, the two-enzyme complex (TIM-FBP) was prepared
by mixing the three cell extracts containing CBM-Scaf3, TIM-
CtDoC, and FBP-RfDoc with the help of RAC. The TIM-FBP
complex was purified to homogeneity (Lane 13, Figure 2). Two
dockerin-free C-terminal His tagged ALDs were purified by Ni-
NTA resins (Lane 14 and 15, Figure 2).
The F6P formation profiles were examined on 2.5 mM G3P

mediated by the two three-enzyme complexes (i.e., TIM-
LA_ALD-FBP and TIM-HA_ALD-FBP) and two combina-
tions of the one two-enzyme complex (TIM-FBP) and one free
HA_ALD or LA_ALD (Figure 3). The concentration of each
enzyme component was 2 μM. The degree of substrate
channelling was defined as the ratio of the initial reaction rate of
the synthetic three-enzyme complex to the two-enzyme
complex with a nonbound ALD at the same enzyme
concentration. At 2.5 mM G3P, the initial F6P generation
rate mediated by the three-enzyme complex containing
LA_ALD (i.e., TIM-LA_ALD-FBP) was approximately 0.79
μM s−1, approximately 7.5-fold higher than that of the two-
enzyme complex plus the nonbound LA_ALD (Figure 3A). In
contrast, the initial F6P generation rate mediated by the
synthetic three-enzyme complex containing HA_ALD (i.e.,
TIM-HA_ALD-FBP) was approximately 0.82 μM s−1, only 1.5-
fold higher than that of the two-enzyme complex along with the
nonbound HA_ALD (Figure 3B). This result indicated that the
three-enzyme complex containing high-activity ALD exhibited
lower degree of substrate channelling than the three-enzyme
complex containing low-activity ALD. The degrees of substrate
channelling of both of the synthetic enzyme complexes
decreased as G3P concentration increased, suggesting that the
substrate channelling may be more important under low
substrate reaction conditions (Figure 4).

The apparent kinetic parameters of the three-enzyme
complexes and the two-enzyme complex (TIM-FBP) along
with the two nonbound ALDs were determined based on
Michaelis−Menten kinetics (Supporting Information Figure
2). It was noted that apparent kcat and Km values of the free
enzyme mixture (Table 1) were valid only for 2 μM of the
noncomplexed enzyme mixture because of the nonlinear
dependence of initial rate on enzyme concentration.25 The
three-enzyme complexes (TIM-LA_ALD-FBP and TIM-
HA_ALD-FBP) both decreased Km values compared to the

two-enzyme complex with the nonbound ALDs and increased
kcat values (Table 1). It was surprising that the catalytic
efficiencies (kcat/Km) of the two three-enzyme complexes were
comparable, being about 80 mM−1 min−1, although their ratio
of the specific activity of the annexed HA_ALD to LA_ALD
was 5.

Substrate Channeling of the Different Ratio Enzyme
Complexes. Cell-free synthetic biology allows us to easily
control experimental conditions to investigate the clear
relationship between inputs and outputs. Furthermore, we
adjusted the ratio of LA_ALD to HA_ALD in the three-
enzyme complexes from 3:1, 1:1 to 1:3 (Figure 5). For

example, when the molar ratio of LA_ALD to HA_ALD was
3:1, the three-enzyme complex mixture contained 1.5 μM of
TIM-LA_ALD-FBP enzyme complex and 0.5 μM of TIM-
HA_ALD-FBP enzyme complex; the noncomplexed mixture
was 2 μM of the two-enzyme complex (TIM-FBP), 1.5 μM of
dockerin-free LA_ALD, and 0.5 μM of dockerin-free HA_ALD.
The initial rate of the F6P formation was measured on 2.5 mM
G3P at 60 °C. Clearly, the annexation of more high-activity
ALD in the three-enzyme complexes decreased the degree of
substrate channeling from 7.5 to 1.5 (Figure 5). These results
strongly suggested that the construction of synthetic enzyme
enzymes in cascade pathways could be a very important tool to
accrelerate rate-limiting steps controlled by low-activity
enzymes. Also, these result implied that the degree of substrate
channeling depended on the enzyme choice.
In conclusion, the degrees of substrate channeling of the

synthetic TIM-ALD-FBP complexes were investigated by the

Figure 4. Degree of substrate channeling for the two three-enzyme
complexes in terms of substrate concentration.

Table 1. Apparent Kinetic Parameters for the Two Three
Enzyme Complexes and Two Non-complexed Enzyme
Systems

name Km (mM) kcat (min−1)
kcat/Km

(mM−1 min−1)

TIM-LA_ALD-FBP 0.48 ± 0.13 38.5 ± 4.3 80.8
LA_ALDa with TIM-
FBP

1.51 ± 0.22 8.3 ± 0.6 5.5

TIM-HA_ALD-FBP 0.52 ± 0.15 42.4 ± 3.9 81.7
HA_ALDa with TIM-
FBP

0.79 ± 0.08 34.0 ± 1.1 43.2

aThe Km and kcat values of LA_ALD and HA_ALD were the same as
those measured in the cases of LA_ALD with TIM-FBP and HA_ALD
with TIM-FBP, respectively.

Figure 5. Degree of substrate channeling of the synthetic enzyme
complexes containing a different ratio of LA_ALD to HA_ALD.
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annexation of high-activity and low-activity ALDs at different
ratios. The annexation of high-activity enzyme decreased the
degree of substrate channeling greatly. This study provided a
clear evidence whether substrate channeling was observed or
not depended on enzyme choice.

■ METHODS

Chemicals. All chemicals were reagent grade or higher,
purchased from Sigma (St. Louis, MO) or Fisher Scientific
(Pittsburgh, PA), unless otherwise noted. Microcrystalline
celluloseAvicel PH105 (20 μm)was purchased from
FMC (Philadelphia, PA). Large accessibility regenerated
amorphous cellulose (RAC) was prepared from Avicel through
cellulose dissolution and precipitation as previously described.37

The PCR enzyme was Phusion DNA polymerase from New
England Biolabs (Ipswich, MA). The oligonucleotides were
synthesized by Integrated DNA Technologies (Coraville, IA).
Strains and Medium. Escherichia coli Top10 was used as a

host cell for DNA manipulation, and E. coli BL21 Star (DE3)
(Invitrogen, Carlsbad, CA) was used as a host cell for
recombinant protein expression. The Luria−Bertani (LB)
medium was used for E. coli cell culture and recombinant
protein expression. The final concentrations of antibiotics for E.
coli were 100 mg/L ampicillin or 50 mg/L kanamycin.
Construction of Plasmids. The plasmids are summarized

in Table 2. The plasmids pET20b-cbm-scaf3, pET20b-tim-
ctdoc, pET20b-tmald-ccdoc, pET28a-tmald and pET20b-fbp-
rfdoc were constructed as described previously.17,27

Plasmid pET20b-ttcald had an expression cassette containing
the ttcald gene (Ttc1414) from T. thermophilus HB27. The 918-
bp DNA fragment containing the open reading frame (ORF) of
the fructose-bisphosphate aldolase (Ttc1414) was amplified by
PCR from the genomic DNA of Thermus thermophilus HB27
using a pair of primers (forward primer: 5′-TAACT TTAAG
AAGGA GATAT ACATA TGCTG GTAAC GGGTC
TAGAG ATCT-3′; reverse primer: 5′-AGTGG TGGTG
GTGGT GGTGC TCGAG AGCCC GCCCC ACGGA
GCCGA AAAGC-3′). The vector backbone of pET20b was
amplified by PCR using a pair of primers (forward primer: 5′-
GCTTT TCGGC TCCGT GGGGC GGGCT CTCGA
GCACC ACCAC CACCA CCACT-3′; reverse primer: 5′-
AGATC TCTAG ACCCG TTACC AGCAT ATGTA TATCT
CCTTC TTAAA GTTAA-3′). The PCR products were

purified using the Zymo Research DNA Clean & Concentrator
Kit (Irvine, CA). The insertion DNA fragment and vector
backbone were assembled by prolonged overlap extension PCR
(POE-PCR),38 and then the POE-PCR product (DNA
multimer) was directly transformed into E. coli TOP10 cells,
yielding the desired plasmid.
Plasmid pET20b-ttcald-ccdoc had an expression cassette

containing the ttcald gene (Ttc1414) from T. thermophilus
HB27 and a dockerin module from endoglucanase EngE (943−
1030 amino acids, GenBank Accession number: AAD39739.1)
of Clostridium cellulovorans. The DNA fragment containing
ttcald gene was amplified with a pair primerd (forward primer:
5′-ACTTT AAGAA GGAGA TATAC ATATG CTGGT
AACGG GTCTA GAGAT CTTGC-3′; reverse primer: 5′-
CTTGG ATTCC TGGTA ATACC TTACC AGCCC GCCC
CACGG AGCCG AAAAG C-3′) based on the genomic DNA
of T. thermophilus HB27; the pET20b-ccdoc vector backbone
was amplified with a pair of primers (forward primer: 5′-
GCTTT TCGGC TCCGT GGGGC GGGCT GGTAA
GGTAT TACCA GGAAT CCAAG-3′; reverse primer: 5′-
GCAAG ATCTC TAGAC CCGTT ACCAG CATAT GTATA
TCTCC TTCTT AAAGT-3′) based on the template of
plasmid pET20b-tmald-ccdoc. Plasmid pET20b-ttcald-ccdoc
was assembled based on the above two DNA fragments by
using restriction enzyme-free, ligase-free and sequence-
independent Simple Cloning.38 All the plasmid sequences
were validated by DNA sequencing.

Recombinant Protein Expression and Purification.
The strains E. coli BL21 Star (DE3) containing the protein
expression plasmids were cultivated in the LB medium
supplemented with 1.2% glycerol at 37 °C. When A600 reached
about 0.75, 100 μM isopropyl-beta-D-thiogalactopyranoside
(IPTG, a final concentration) was added and the cultivation
temperature was decreased to 16 °C for ∼16 h. After
centrifugation, the cell pellets were resuspended in a 50 mM
HEPES buffer (pH 8.5) containing 1 mM CaCl2 and 50 mM
NaCl. The cells were lysed by ultrasonication. The cell extracts
(10 μL) were loaded into 12% SDS-PAGE to check the
expression level of the four proteins. Protein purification of His-
tag containing protein was conducted routinely by using Ni-
NTA resins.39

One-Step Metabolon Purification and Immobilization.
After roughly estimation of each targeted protein expression

Table 2. Strains and Plasmids

stains or plasmids characteristics ref

E. coli
Top10 F−mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 galE15 galK16 rpsL(StrR)

endA1 λ-
Invitrogen

BL21 Star (DE3) F−ompT hsdSB (rB−mB−) gal dcm rne131 (DE3) Invitrogen
Plasmids

pET20b-cbm-scaf3 AmpR, mini-scaffoldin expression cassette containing a CBM3 module from C. thermocellum CipA and three different
cohesins from C. thermocellum, C. cellulovorans, and R. f lavefaciens

17

pET20b-tim-ctdoc AmpR, ttctim-ctdoc expression cassette containing TIM module (TTC0581) from T. thermophiles and the dockerin module
from C. thermocellum

17

pET20b-tmald-ccdoc AmpR, tmald-ccdoc expression cassette containing TmALD module (TM0273) from T. maritime and the dockerin module
from C. cellulovorans

17

pET20b-ttcald-ccdoc AmpR, ttcald-ccdoc expression cassette containing TtcALD module (Ttc1414) from T. thermophiles and the dockerin
module from C. cellulovorans

this work

pET20b-fbp-rfdoc AmpR, fbp-rfdoc expression cassette containing FBP module (TM1415) from T. maritime and the dockerin module from R.
f lavefaciens.

17

pET28a-tmald KanaR, tmald expression cassette containing TmALD protein, which was purified based on the C-terminal 6× His tag gifted by J. J.
Zhong

pET20a-ttcald AmpR, ttcald expression cassette containing TtcALD protein, which was purified based on the C-terminal 6× His tag this study
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level by SDS-PAGE, 20 mL of the cell lysate supernatant of
TIM-CtDoC, 10 mL of the cell lysate supernatant of TmALD-
CcDoc or TtcALD-CcDoc, 10 mL of the cell lysate supernatant
of FBP-RfDoc were mixed with 6 mL of the cell lysate
supernatant of mini-scaffoldin CBM3-CtCoh-CcDoc-RfCoh
(i.e., CBM-Scaf3), making sure that TIM-CtDoc, TmALD-
CcDoc or TtcALD-CcDoc, FBP-RfDoc were a little in excess
compared to CBM-Scaf3. Then, 100 mg RAC was used to
absorb CBM3-containing enzyme complex at room temper-
ature for 5 min. After centrifugation at 3710 g for 10 min, the
RAC pellet was washed in 20 mL of 100 mM HEPES (pH 7.5)
containing 50 mM NaCl and 1 mM CaCl2 three times. After
centrifugation at 5000 rpm for 10 min, the RAC pellet was
obtained as immobilized enzyme complex. Then, 200 μg of
pellet was resuspended in 40 μL of 1× SDS loading buffer.
After boiling for 2 min, 10 μL of the supernatant was loaded
into 12% SDS-PAGE to check the interaction between mini-
scaffoldin and dockerin containing enzymes.
Enzymatic Activity Assays. The activity of TIM was

measured in 100 mM HEPES pH 7.5 containing 10 mM
MgCl2, 0.5 mM MnCl2 at 60 °C for 5 min containing 2 mM D-
glyceraldehyde 3-phosphate. The reaction sample (65 μL) was
withdrawn at indicated time intervals. The reactions were
terminated by adding 35 μL of 1.88 M perchloric acid. After
centrifugation, the pH of the supernatant was neutralized with
13 μL of 5 M KOH. The product dihydroxyacetone phosphate
was measured by using glycerol 3-phosphate dehydrogenase in
the presence of 0.15 mM NADH at 37 °C. ALD activity was
assayed in 100 mM HEPES (pH 7.5) containing 10 mM MgCl2
and 0.5 mM MnCl2 at 60 °C for 5 min with 5 mM of D-
glyceraldehyde 3-phosphate in presence of excess TIM, FBP,
and PGI. The specific acivity of ALD was measured at its
concentration of 2 μM. The reaction was stopped with HClO4
and neutralized with KOH. The product glucose 6-phosphate
was analyzed at 37 °C with liquid glucose reagent set (Pointe
Scientific). T. maritima FBP activity was determined based on
the release of phosphate.40 The overall reaction activity of three
enzymes was measured in a 200 mM HEPES buffer (pH 7.5)
containing 10 mM MgCl2, 0.5 mM MnCl2, 1 mM CaCl2, and
2.5 mM glycerealdehyde-3-phosphate (G3P) at 37 °C. In order
to determine the substrate channeling, two enzyme systems
were tested to determine the enzymatic activity: RAC
immobilized three enzyme complex and dockerin-free ALD
with RAC immobilized two enzyme complex containing TIM
and FBP. For the activity assay, 2 μM of the enzyme systems
were used. The reaction systems contained only enzymes or
substrates were performed as negative controls. The reaction
was stopped with HClO4 and neutralized with KOH. The
production of fructose-6-phosphate (F6P) was measured by
using a glucose hexokinase/glucose-6-phosphate dehydrogen-
ase assay kit (Pointe Scientific, Canton, MI) supplemented with
the recombination phosphoglucose isomerase.41 The kinetic
parameters of two enzymes systems were determined from the
overall enzymatic activities at different G3P concentrations
Michaelis−Menten equation.
Other Assays. Protein mass concentration was measured by

the Bio-Rad Bradford protein dye reagent method (Bio-Rad,
Hercules, CA) with bovine serum albumin as a reference. The
protein mass based on the Bradford method was calibrated by
their absorbance (280 nm) in 6 M guanidine hydrochloride.
The purity of protein samples was examined by 12% SDS-
PAGE. The SDS-PAGE gel was stained by Bio-Rad Bio-Safe
Colloidal Coomassie Blue G-250. The intensity of the band in

the gel was analyzed with Quantity One (Bio-Rad, Version
4.6.7).
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