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ABSTRACT

In systems biocatalysis, combining pathway enzymes in vitro allows for the conversion of basic substrates into more complex,
valuable chemicals. However, in vitro enzyme cascades are not yet economically viable for large-scale bio-based chemical pro-
duction. Enhancing pathway efficiency through enzyme colocalization on synthetic protein scaffolds is a proposed solution,
though still debated. We constructed a synthetic protein scaffold that colocalises the first three glycolytic enzymes using co-
hesin-dockerin interactions. Initially, we converted wild-type enzymes to the docking enzyme mode and evaluated their activity.
Next, we demonstrate how the colocalisation of the three docking enzymes on distinct scaffolds enhances the enzyme cascade's
production. Starting from glucose, the multi-enzyme complexes produced fructose-1,6-bisphosphate, confirming the activity
of each enzyme. PfkA, which converts fructose-6-phosphate and ATP to fructose-1,6-bisphosphate and ADP, was identified as
the rate-limiting enzyme. We demonstrated that scaffolding proximity effects lead to higher product output than free docking
enzymes, particularly at lower enzyme densities. Further research is needed to determine the relevance of enzyme colocalisation
under industrial production settings. In addition, optimising an enzyme cascade demands a thorough understanding of reaction
mechanisms and kinetics. The VersaTile method streamlines optimisation studies of modular proteins and complexes, enabling
analysis of a broader design space by bypassing technical preparatory hurdles.

1 | Introduction each amino acid, nucleotide, coenzyme, fatty acid and other

intermediates it needs for growth from glucose. The synthesis

Glucose occupies a central position in the metabolism of all liv-
ing cells. It is the most abundant monosaccharide in nature and
has a high energy potential (AG®’ = —686kcal/mol), making it a
good cellular fuel (Cooper 2000). Moreover, glucose is a remark-
ably adaptable precursor, capable of supplying an array of in-
termediates for biosynthetic reactions. For example, Escherichia
coli obtains all necessary building blocks for the production of

of these primary metabolites occurs via a range of consecutive
metabolic pathways (Wang and Yan 2018).

The first and central metabolic pathway is glycolysis (Embden-
Meyerhof-Parnas pathway). Here, glucose is converted to py-
ruvate in a series of ten enzyme-catalysed reactions. The first
five reactions constitute the preparatory phase. Here, glucose
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is converted into two molecules of glyceraldehyde-3-phosphate
(G3P) by the use of two ATP molecules. Both G3P molecules
then enter the pay-off phase, where each is converted into py-
ruvate, producing a total of four ATP and two NADH molecules
(Nelson and Cox 2013). This results in a net energy gain of two
ATP molecules. Although glycolysis is usually described as a
cytosolic process, literature describes that several organisms
tend to colocalize their glycolytic enzymes. For example, try-
panosomatids sequester glycolytic enzymes inside specialised
organelles called glycosomes (Haanstra et al. 2014). In the case
of Caenorhabditis elegans, glycolytic enzymes compartmental-
ise near synapses under conditions of energy stress. As such,
high local levels of ATP can be maintained (Jang et al. 2016).
In Saccharomyces cerevisiae, a glycolytic metabolon appears to
associate with the cytoskeleton (Araiza-Olivera et al. 2013). In
Arabidopsis cells, the glycolytic enzymes were found to be func-
tionally associated with the mitochondrion (Giegé et al. 2003).
The authors proposed that this compartmentalization enables
direct delivery of pyruvate to the mitochondrion, where it serves
as a respiratory substrate for the citric acid cycle.

The glycolytic starting point, glucose, is a cheap and renewable
substrate. However, it should be noted that the sustainability
of glucose depends on its source: glucose derived from starch-
based food sources can increase pressure on food prices, while
glucose from cellulolytic materials is more sustainable but re-
quires additional processing. In contrast, several glycolytic in-
termediates are expensive and can serve as starter materials for
the production of a large range of fine chemicals, explaining the
general interest in applying glycolytic enzymes in industrial pro-
cesses (Deng et al. 2005; Jain et al. 2016; Li et al. 2012; Moon
et al. 2009; Sze et al. 2016; Wang and Yan 2018). In metabolic
engineering, researchers aim to boost metabolic flux to increase
the production of a specific chemical. A potential approach is
to target the glycolytic pathway through the engineering of
industrial microorganisms. However, as a primary metabolic
pathway, glycolysis is tightly regulated (Wang and Yan 2018).
As a result, many attempts to enhance glycolytic flux, by over-
expressing homologous or heterologous genes encoding glyco-
lytic enzymes, have been unsuccessful (Jojima and Inui 2015).
Additionally, in vivo cell-based fermentations often face draw-
backs such as competition with the central cellular metabolism
and the challenge of predicting regulatory network interactions
(Ullah et al. 2016). A possible solution to circumvent these
problems is systems biocatalysis, where engineered enzymes
are used in vitro for the production of a desired fine chemical.
An in vitro glycolysis was successfully reconstructed from ten
purified E. coli enzymes by Itoh et al. (2004) and Stevenson
et al. (2012). In the case of Stevenson and colleagues, the compo-
sition of each enzyme was initially set according to the reported
activities. Later, different enzyme ratios were tested. The most
critical ratio was Glk:PfkA, which was found to be optimal at
1:50. In a study by Itoh et al. (2004), capillary electrophoresis-
mass spectrometry allowed for direct, simultaneous measure-
ment of metabolites. The final product, pyruvate, was produced
from glucose with an overall efficiency of 30%, which translates
to an average conversion efficiency of 90% for each of the ten en-
zymatic steps involved. It was also found that a 10-fold increase
in the amount of PfkA added to the complete reaction mixture
led to a significant accumulation of intermediates F16P and di-
hydroxyacetone phosphate with a corresponding reduction in

G6P and F6P levels in the first half of the pathway. These obser-
vations support the hypothesis that additional copies of the rate-
limiting Pfk A enzyme can indeed enhance the F16P production
rate of the constructed multi-enzyme complex.

In industry, economically viable biocatalytic conversions are
limited to simple reactions performed by one or a few enzymes.
This drawback is mainly linked to the high production costs
of enzymes (Bell et al. 2021). Synthetic protein scaffolds are
a promising avenue of investigation. In these systems, a cas-
cade of enzymes is colocalised on a protein scaffold through
well-characterised protein-protein interactions, resulting in
a synthetic multi-enzyme complex. For example, Dueber et al.
demonstrated a 77-fold increase in mevalonate yield in com-
parison with free-floating enzymes, utilising cells contain-
ing protein scaffolds (Dueber et al. 2009). Moreover, inclusion
of a purification or immobilisation tag in the scaffold allows
one-step purification, immobilisation and recycling of these
self-assembling multi-enzyme complexes, as such drastically
reducing production costs (Vanderstraeten and Briers 2020).
Another benefit is the introduction of substrate channelling
through the proximity effect between sequential enzymes.
During substrate channelling, an intermediate produced in a
pathway is more likely to be directly utilised as the substrate
for the next enzyme (Zhang 2011). The main drawback of syn-
thetic protein scaffolds is the labor-intensive process of protein
tagging and genetic engineering. Consequently, the production
of these multi-enzyme complexes is relatively time-consuming
(Vazquez-Gonzalez et al. 2020). In addition, the concept of sub-
strate channelling remains a subject of debate in vitro environ-
ments, highlighting the significant need for deeper insights on
this matter (Abernathy et al. 2019). More extensive research is
essential to fully understand why certain systems benefit from
in vitro enzyme colocalisation, while others do not.

Since the glycolytic enzymes are well characterised, have been
shown to colocalize under natural conditions and represent a pri-
mary pathway starting from cheap glucose, we have selected this
pathway to serve as a model system to study the effects of in vitro
pathway colocalization with a focus on the first three glycolytic en-
zymes from E. coli (Abernathy et al. 2017; Abernathy et al. 2019).
By reinstalling the natural colocalization of co-operating enzymes,
pathway efficiency may be increased in vitro (Vanderstraeten and
Briers 2020). We utilise the highly efficient dockerin—cohesin in-
teraction system from cellulosomes as protein—protein interac-
tion pairs. Cellulosomes are naturally occurring multi-enzyme
complexes created by specific microorganisms that consume
plant cell wall carbohydrates. These complexes consist of a com-
mon backbone called a scaffoldin, which includes multiple tan-
dem cohesin modules. (Hemi)cellulolytic enzymes, responsible
for degrading the plant cell wall, bind non-covalently to cohesins
through dockerin modules. When an enzymatically active mod-
ule is fused to a dockerin, it is generally referred to as a docking
enzyme (Lamote et al. 2023). Since the discovery of cellulosomes
in Clostridium thermocellum, they have served as a tool for engi-
neering and constructing custom multi-enzyme complexes known
as designer cellulosomes (Lamed et al. 1983; Vazana et al. 2012).
In such a system, a chimeric scaffoldin containing cohesins from
different organisms is combined with the ortholog dockerin mod-
ules fused to enzymatic modules. Since the cohesin-dockerin
interaction is conserved within one species, they can serve as a
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spatial colocalization tool with high binding affinity (Kd=10"°
to 10712M) (Vanderstraeten and Briers 2020). Inspired by these
systems, we constructed designer glycolysomes by colocalizing
the first three glycolytic enzymes. We constructed different gly-
colytic docking enzymes and explored multiple chimeric scaffold
designs to enhance F16P production. To construct the synthetic
proteins, we harnessed the highly efficient VersaTile DNA assem-
bly technique for rapid combinatorial construction of synthetic
cohesin scaffolds and docking enzymes (Gerstmans et al. 2020;
Vanderstraeten et al. 2022a; Vanderstraeten et al. 2022b).

2 | Experimental Procedures
2.1 | Bacterial Strains and Growth Media

E.coliTOP10and E. coli BL21(DE3) RIL cells (Agilent Technologies,
Belgium) were used for plasmid storage and protein expression, re-
spectively. These strains were grown at 37°C in LB broth (1% (w/v)
tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl) with shaking
(180rpm) or on LB agar (1.5% (w/v) agar). For selection, LB was
supplemented with 100ug/mL ampicillin, 50ug/mL kanamycin,
25ug/mL chloramphenicol and/or 5% (w/v) sucrose (SacB counter-
selection system). E. coli genomic DNA was extracted using the
phenol/chloroform method as described by He (2011).

2.2 | VersaTile Cloning and Assembly

The DNA encoding enzymatically active modules was converted to
Tiles as described by Vanderstraeten et al. (2022a). Tiles, DNA cod-
ing sequences for specific modules compatible with the VersaTile
technique (Gerstmans et al. 2020), were constructed using primers
from Integrated DNA Technologies (Table S1). VersaTile assem-
bly was performed as described by Vanderstraeten et al. (2022a).
Cohesin Tiles prepared to be fitted at the first, second, third and
fourth positions include the cohesin-encoding domain followed by
a sequence encoding a C-terminal linker. Cohesin Tiles prepared
to be fitted at the fifth position do not include this linker sequence.
In the case of Coh-CtI and Coh-Ac, part of the natural linker was
included. The linker sequences have lengths of 41 and 6 amino
acids, respectively. For Coh-Af, we included a synthetic linker of 5
amino acids (VVPST). This sequence was found in natural cellu-
losomal scaffoldins (Vazana et al. 2013).

Similar to the cohesin Tiles, the Ct-CBM3 Tile includes a part of
the C-terminal natural linker (36 amino acids) to fit at the first
position. Table S2 visualises the 3-way assembly of synthetic
docking enzymes, while Table S3 illustrates the 5-way assembly
of chimeric scaffolds. In Figure S1, an overview of the used des-
tination vectors is given.

2.3 | Small Scale Parallel Protein Expression
and Western Blot

Overnight cultures were prepared by inoculating single colo-
nies in separate wells of a 96-deep-well plate, with 500puL LB,
50 ug/mL kanamycin and 25 ug/mL chloramphenicol. The plate
was covered with air-permeable tape (Brand GmbH, Germany)
and shaken (900rpm) at 37°C for 18 h. Afterwards, 15uL from

each well was transferred to a 96-deep-well plate filled with
500 uL of auto-induction medium (inducer: 0.2% (w/v) a-lactose)
(Studier 2005), supplemented with 2mM CacCl, per well. The
plates were incubated at 37°C for 5h (900 rpm), then at 16°C for
40h (900rpm). Cells were harvested by centrifugation (3200g,
30min, 4°C), lysed with the BugBuster protein extraction re-
agent (Novagen), cleared by centrifugation (3200g, 45min, 4°C),
and stored at 4°C. Cleared lysates were analysed by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blot using mouse Anti-His (Qiagen), rat Anti-Mouse
IgG-Alkaline Phosphatase (Imtec) and nitro-blue tetrazolium
chloride/5-bromo-4-chloro-3’-indolyphosphate p-toluidine salt
(NBT/BCIP) (Sigma-Aldrich) as the detection reagent. Band in-
tensity was analysed with the Bio-Rad Image Lab software.

2.4 | Large Scale Protein Expression
and Purification

To express and purify the recombinant proteins, E. coli
BL21(DE3) RIL cells, containing the correct vector, were grown
at 37°C in LB, supplemented with 2mM CaCl,. When OD,
reached 0.6, isopropyl thio-f-galactoside (IPTG) was added to
a final concentration of 0.5mM. After 18 h of incubation at 16°C
and 180rpm, cells were harvested by centrifugation (5min,
20,000g) and resuspended in lysis buffer (Tris-buffered saline
(TBS) (25mM Tris-HCI; 137mM NaCl; 3mM KCl, pH 7.4), sup-
plemented with 2mM CaCl, and 40mM imidazole). Cells were
lysed by 1 mg/mL lysozyme, three freeze-thaw cycles and son-
ication (3 times 30s, 40% amplitude with 30s breaks) (Q125,
Qsonica) on ice. The lysates were centrifuged (16,000g; 20 min)
and filtered (Polyvinylidene difluoride (PVDF) membrane;
0.45 um pore size).

His-tagged soluble proteins were purified by Immobilised Metal
Affinity Chromatography (IMAC) with His GraviTrap columns
(GE Healthcare, Belgium) according to the manufacturer's in-
structions. Samples were analysed by 12% SDS-PAGE, and
protein concentrations were determined with the DeNovix DS-
11 spectrophotometer. Extinction coefficients were calculated
using ProtParam (ExPASy).

2.5 | Native PAGE

A chimeric scaffold (100pmol) was combined with synthetic
docking enzyme (x pmol) in different molar ratios (0.6, 0.8, 1,
1.2,1.4,1.6)in a 30 uL reaction buffer (TBS, 10mM CaCl,, 0.05%
(v/v) Tween 20). The mixture was incubated at 37°C for 2h or
18h at 4°C. Half of the mixture was analysed on 10% native
PAGE for 3 to 4h at 100 volts, maintaining the container on ice
to prevent sample denaturation.

2.6 | Enzymatic Activity Assays

For activity assays, enzyme complexes were prepared by mix-
ing scaffold and docking enzyme(s) in equimolar amounts in
TBS with 2mM CaCl,, followed by incubation at 4°C for 16 h.
Pairwise activity comparisons were conducted using proteins
purified on the same day.
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2.6.1 | Glucokinase (GIk)

The substrate mixture consisted of 50 mM 3-(N-morpholino)pro-
panesulfonic acid (MOPS) pH7.4, 12mM glucose, 4mM ATP,
20mM MgSO, and 2mM CaCO,. After preincubation at 37°C
for 15min, 2pmol of enzyme was added to 1 mL of substrate
mixture and further incubated at 37°C and 500rpm. Samples
of 100 uL were taken every 10min for 1h. Samples were imme-
diately placed at 100°C for 5min to inactivate the enzyme, after
which the samples were stored on ice.

Conversion of substrate to product was evaluated by high-
performance anion exchange chromatography—pulsed
amperometric detection (HPAEC-PAD) with the Dionex ICS-
3000 system (Thermo Fischer Scientific) (CarboPac PA20 col-
umn-3x150mm)at a 0.5mL flow rate. The protocol started with
an isocratic elution with 30mM of NaOH for 10 min. This was
followed by a linear gradient for 2min from 30mM to 100mM
of NaOH. Additionally, NaOAc was similarly dosed to a final
concentration of 200mM. These conditions were kept constant
for 15min, after which initial conditions were restored in 2min
and maintained for 5min. Glucose was detected after 5Smin and
glucose-6-phosphate (G6P) after 19min. The glucose to G6P
conversion was quantified using a 10-250uM G6P standard
curve. The concentration was calculated based on peak areas.
Obtained slopes were converted to enzymatic activity (U/nmol).

2.6.2 | Phosphoglucose Isomerase (Pgi)

To accommodate the analysis in a larger number of samples,
spectrophotometric assays were used to obtain the specific ac-
tivity of Ec-Pgi and Ec-PfkA and their selected docking enzyme
variants in bound and unbound states.

The substrate mixture consisted of 50mM MOPS pH 7.4, 1.5 mM
fructose-6-phosphate (F6P), 4mM ATP, 20mM MgSO, and
2mM CacCl,. After preincubation at 37°C for 15min, 0.2 pmol
enzyme was added to 2mL substrate mixture and further incu-
bated at 37°C and 500 rpm. Samples of 100 uL were taken every
5min for 1h. Samples were immediately placed at 100°C for
5min to inactivate the enzyme, after which they were stored
on ice.

The G6P detection was based on a method described by Jeong
et al. (2003). Samples were supplemented with 800 uM NADP(+)
and 0.25U G6P dehydrogenase (Megazyme) in 96-well micro-
titer plates. The mixture was incubated at 25°C, and the ab-
sorbance at 340nm (Tecan Plate Reader Infinite M Nano) was
measured each minute until the plateau was reached. The
amount of formed G6P was determined against a 0-250 uM G6P
standard curve.

2.6.3 | Phosphofructokinase (PfkA)

The substrate mixture consisted of 50mM MOPS pH 7.4, 2.5 mM
F6P, 2.5mM ATP, 20mM MgSO, and 2mM CacCl,. After prein-
cubation at 28°C for 15min, 21 pmol of enzyme was added to
1.5mL of substrate mixture and further incubated at 28°C and
500rpm. Samples of 100 uL were taken every 4min for 40 min.

The reaction was stopped by submersion of the samples in liquid
nitrogen. Samples were then shortly stored at —20°C.

Since the enzymes were not heat-inactivated, the detection re-
action was started immediately after thawing of the samples.
For the calculation of formed F16P, samples were supplemented
with 11mM phosphoenolpyruvate (PEP), 312uM NADH and
1uL of pyruvate kinase (0.8U/uL)—lactate dehydrogenase
(1.2U/uL) mixture for the determination of ADP from Sigma
Aldrich (P0294) in 96-well microtiter plates. The mixture was
incubated at 37°C, and the absorbance at 340nm (Tecan Plate
Reader Infinite M Nano) was measured each minute until the
plateau was reached. The amount of formed F16P was deter-
mined using a 0-250uM ADP standard curve.

2.6.4 | Glucokinase-Phosphoglucose Isomerase-
Phosphofructokinase Pathway

The substrate mixture consisted of 50mM MOPS pH7.4, 1 mM
glucose, 2.5mM ATP, 20mM MgSO, and 2mM CaCl,. After
preincubation at 28°C for 10 min, 100 pmol of each enzyme (and
scaffold) were added to 2mL substrate mixture and further in-
cubated at 28°C and 500rpm. When multiple cohesin copies
are introduced in the scaffold to accommodate several copies
of Ec-PfkA docking enzyme, the enzyme concentration of Ec-
PfkA is correspondingly increased to 200 and 300 pmol, respec-
tively. Samples of 100 uL were taken every 10min for 2h. When
10 pmol (or 20-30 pmol for PfkA) of each enzyme (and scaffold)
were added to the substrate mixture, samples were taken after
1,2,4,6,8and 24h. Samples were immediately placed at 100°C
for 5min to inactivate the enzymes, after which they were stored
on ice.

The F16P detection method was based on a method described by
Mesojednik and LegiSa (2005). In short, samples were supple-
mented with 0.08 U aldolase (Sigma-Aldrich), 0.87 U triosephos-
phate isomerase (Sigma-Aldrich), 0.04U glycerol-3-phosphate
dehydrogenase (Sigma-Aldrich) and 1.1 mM NADH in 96-well
microtiter plates. The mixture was incubated at 30°C, and the
absorbance at 340 nm (Tecan Plate Reader Infinite M Nano) was
measured each minute until the plateau was reached (Figure 1).
The amount of formed F16P was determined against a 0-500 uM
F16P standard curve.

2.7 | Data Processing

Spectrophotometric data were converted to product concen-
trations using a standard curve and adjusted with a negative
control. Out-of-range data points were excluded. For specific
enzymatic activity (U/mol), the slope of each replicate repre-
sented 1 umol of product generated per minute (equivalent to
1 enzyme unit), divided by the protein concentration (mol)
used. In the case of the designer glycolysomes, F16P product
concentrations at each time point were determined. Mean and
standard deviations were calculated from three replicates.
Statistical analysis included ANOVA (p<0.05) with Tukey
HSD post hoc test (p < 0.05) for normally distributed (Shapiro-
Wilk, p>0.05) and homoscedastic (Levene's tests, p>0.05)
data, or Welch-ANOVA (p<0.05) with Games-Howell post
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First three steps of the glycolytic pathway
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FIGURE1 | Schematicoverview of the activity assay used to determine the release of F16P by the combination of the first three glycolytic enzymes.

In the main reaction, glucose is converted to F16P by the consecutive action of Glk, Pgi and PfkA. The released amount of F16P is then quantified in

the detection reaction. First, F16P is converted to dihydroxyacetone phosphate and glyceraldehyde-3-phosphate by aldolase. Dihydroxyacetone phos-

phate is then reduced to glycerol-3-phosphate by glycerol-3-phosphate dehydrogenase. This results in the constant removal of dihydroxyacetone phos-

phate, thus ensuring the action of a third enzyme, triosephosphate isomerase, which converts glyceraldehyde-3-phosphate to dihydroxyacetone. Since

glycerol-3-phosphate dehydrogenase performs an oxidation of NADH (spectrophotometric detection at 340nm) to NAD, the reaction is quantifiable.

hoc test (p <0.05) for non-normally distributed data. All data
visualisation and statistical processing were conducted using
R (version 4.4.1).

3 | Results

3.1 | Converting Wild-Type Glycolytic Enzymes to
the Docking Enzyme Mode

As a proof of concept, the first three glycolytic enzymes—Glk,
Pgi and PfkA—were selected to be incorporated in the synthetic
protein scaffold. The first enzyme in the glycolytic pathway,
Glk (Enzyme Commission [EC] number 2.7.1.2), is responsible
for the phosphorylation of glucose to G6P by consuming ATP.
The second step involves the isomerisation of G6P to F6P, cata-
lysed by Pgi (EC 5.3.1.9). The third enzyme is Pfk (EC 2.7.1.11).
This enzyme catalyses the conversion of F6P to F16P by con-
suming ATP. E. coli contains two Pfk isozymes, PfkA and PfkB.
Since more than 90% of the Pfk activity in wild-type E. coli is

attributed to PfkA (Kotlarz and Buc 1982), this isozyme was se-
lected to be converted to the docking enzyme mode. Together,
these enzymes convert glucose into F16P (Figure 1).

To ensure proper colocalization of the glycolytic docking en-
zymes, organism-specific dockerin-cohesin pairs were selected
from C. thermocellum (type 1 modules, CtI), Archaeoglobus fulg-
idus (Af) and Acetivibrio cellulolyticus (Ac). These pairs were
chosen based on their lack of cross-reactivity, as confirmed in
previous studies (Vanderstraeten et al. 2022a). Each glycolytic
enzyme was assigned a unique dockerin to ensure precise spa-
tial colocalization within the scaffold. Since we used a well-
established cohesin set-up from Vanderstraeten et al. (2022a),
Doc-CtI, Doc-Af and Doc-Ac were assigned to Ec-Glk, Ec-Pgi
and Ec-PfkA, respectively. In constructing the synthetic dock-
ing enzymes, only C-terminal fusions were made between the
enzymatic active module, a linker and a dockerin (Table S2),
as the selected dockerins naturally occur at the C-terminus
(Bayer et al. 2008; Bayer et al. 1999; Ding et al. 1999). This ap-
proach limited the combinatorial design space for each docking
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Dockerin

Clostridium thermocellum
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CBM3a

Synthetic proteins
Docking Enzyme
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FIGURE 2 | Specific activity of Ec-Glk and its selected docking enzyme variant in bound and unbound states. The activity of Ec-Glk (construct
nr. 1), Ec-Glk_Doc-CtI (construct nr. 2) and Ec-Glk_Doc-CtI (construct nr. 2) bound to Ct-CBM3_Coh-CtI (construct nr. 23) is shown. Dockerin fu-
sion had no significant impact on the activity of the enzyme. Interaction with the cognate cohesin as part of a monovalent scaffold resulted in a 51%

activity drop (p <0.05). The letters above the bars indicate statistically significant differences between groups, as determined by one-way (Welch-)

ANOVA followed by a post hoc test (p <0.05). Bars sharing the same letter are not significantly different from each other, while bars with different

letters represent groups with significant differences in enzymatic activity (U/nmol).

enzyme. The VersaTile DNA assembly technique facilitated
rapid docking enzyme construction after making the glycolytic
modules compatible with the available designer cellulosome
Tile repository (Table S1). Expression levels, purification yields
and enzymatic activities were evaluated for each dockerin fu-
sion. Furthermore, monovalent scaffolds were created to test the
binding efficiency of the docking enzymes and the effect of this
binding on their enzymatic activity.

The monovalent scaffolds were composed of C. thermocellum
CipA carbohydrate-binding module 3 (Ct-CBM3) and a co-
hesin module (Coh-CtI, Coh-Af or Coh-Ac) for constructs 23,
24 and 25, respectively (Table S3), and displayed high expres-
sion levels. SDS-PAGE analysis of these IMAC-purified sam-
ples revealed distinct bands for the target proteins (Figure S2).
While Ct-CBM3_Coh-CtI is monomeric, Ct-CBM3_Coh-Af and
Ct-CBM3_Coh-Ac show both monomeric and dimeric bands.
Wild-type Ec-Glk, Ec-Pgi and Ec-PfkA enzymes were fused to
a C-terminal His-tag (construct nr. 1, 3 and 13, respectively,
Table S2) and showed high purification levels after SDS-PAGE
analysis of IMAC-purified samples (Figure S3). The Ec-Glk dock-
ing enzyme (Ec-Glk_Doc-CtI, construct nr. 2, Table S2) yielded
highly expressible protein (Figure S4). Native PAGE analysis
confirmed spontaneous complex formation with its monovalent
scaffold (Ct-CBM3_Coh-CtI) (Figure S5). The Glk activity assay
(Figure 2) showed no significant difference (p>0.05) between
natural Ec-Glk (4.96 +£1.10 U/nmol) and unbound Ec-Glk_Doc-
CtI (6.34+1.17U/nmol). However, binding the Ec-Glk docking
enzyme to the monovalent scaffold (CBM3_Coh-CtI) reduced its
activity by 51% (3.11+0.21 U/nmol, p <0.05).

For Ec-Pgi and Ec-PfkA, direct dockerin fusions (construct nr.
4 and 14, respectively, Table S2) did not yield recombinant pro-
tein (data not shown), prompting optimisation through the ad-
dition of linkers between the enzymatically active domain and
the dockerin. Eight different linkers, A until H, were selected,
with varying flexibility and polarity and can be found in the
Supporting Information (Table S4). The new docking variants
were expressed on a small scale, and the resulting lysates were
analysed by SDS-PAGE and Western blot analysis (Figures S6
and S7). For Ec-Pgi, the two highest-expressing constructs (Ec-
Pgi_Li-E_Doc-Af, construct nr. 9 and Ec-Pgi_Li-H_Doc-Af, con-
struct nr. 12) encompass a flexible linker (Linker E: [GGGGS],)
and a rigid linker (Linker F: [AP],). In contrast, the two highest-
expressing Ec-PfkA docking constructs (Ec-PfkA_Li-E_Doc-
Ac, construct nr. 19, and Ec-PfkA_Li-F_Doc-Ac, construct nr.
20) both harbour flexible linkers (Linker E: [GGGGS],, Linker
F: [G]y). Large-scale expression of these four proteins con-
firmed high IMAC-purification levels after SDS-PAGE analysis
(Figures S8 and S9). Native PAGE demonstrated effective inter-
action with the corresponding monovalent cohesin scaffolds
(Figures S10 and S11).

The enzymatic activity of the natural Ec-Pgi enzyme
(49.43+£0.81U/nmol) (Figure 3) was significantly higher
(p <0.05) than that of the unbound docking enzymes (Ec-Pgi_
Li-E_Doc-Af: 15.50+0.66 U/nmol and Ec-Pgi_Li-H_Doc-Af:
15.83+0.64 U/nmol). Fusing the enzyme to a dockerin via a
linker caused a substantial drop in activity of 69% (p <0.05)
and 68% (p <0.05), respectively. When bound to the monova-
lent scaffold, activity decreased by an additional 29% (p < 0.05)
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FIGURE3 | (A)Schematic overview of Pgi activity assay. In the main reaction, Pgi isomerizes F6P to G6P. The amount of G6P formed in the main
reaction is then quantified in the detection reaction. Here, G6P dehydrogenase oxidises G6P and reduces NADP(+) to 6-phosphogluconolactone and
NADPH, respectively. The amount of released NADPH can be measured spectrophotometrically (340nm) and is directly correlated to the amount of
G6P formed in the main reaction. (B) Specific activity of Ec-Pgi and its selected docking enzyme variants in bound and unbound states. The activity
of Ec-Pgi (construct nr. 3), Ec-Pgi_Li-E_Doc-Af (construct nr. 9), Ec-Pgi_Li-E_Doc-Af (construct nr. 9) bound to Ct-CBM3_Coh-Af (construct nr. 24),
Ec-Pgi_Li-H_Doc-Af(construct nr. 12) and Ec-Pgi_Li-H_Doc-Af (construct nr. 12) bound to Ct-CBM3_Coh-Af (construct nr. 24) are shown. Dockerin
fusion caused a considerable drop in activity (68%-69%). Interaction of the Ec-Pgi docking enzymes with the monovalent scaffold resulted in an
additional drop in activity of approximately 29% and 22%. There is no significant difference in specific activity between the two selected docking
enzymes, either in unbound or bound states. The letters above the bars indicate statistically significant differences between groups, as determined
by one-way (Welch-) ANOVA followed by a post hoc test (p <0.05). Bars sharing the same letter are not significantly different from each other, while
bars with different letters represent groups with significant differences in enzymatic activity (U/nmol).

and 22% (p<0.05) for Ec-Pgi_Li-E_Doc-Af (11.07+0.55U/ glycolysome, we selected the docking enzyme with a flexible
nmol) and Ec-Pgi_Li-H_Doc-Af (12.33+0.72U/nmol), re- linker (Ec-Pgi_Li-E_Doc-Af).

spectively. There was no significant difference (p>0.05) in

specific activity between the two bound docking enzymes. The natural Ec-PfkA exhibited a specific activity of
Taking into account possible steric clashes in the full designer ~ 0.153+0.014U/nmol (Figure 4), which was notably lower
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than the activities of the previous enzymes. Attaching the Ec-
PfkA catalytic module to a dockerin through a linker led to a
reduction in specific activity. Ec-PfkA_Li-E_Doc-Ac showed
a non-significant decrease of 17% (0.127+0.013U/nmol,
p>0.05), while Ec-PfkA_Li-F Doc-Ac displayed a signifi-
cant 34% drop (0.101+0.008 U/nmol, p<0.05). There was no

significant difference (p>0.05) in the specific activity between
both unbound docking enzymes. Interestingly, when the dock-
ing enzymes interacted with the monovalent scaffold, their
performance improved again. Ec-PfkA_Li-E_Doc-Ac exhib-
ited a 30% increase in activity (0.165+0.007 U/nmol, p <0.05),
while Ec-PfkA_Li-F_Doc-Ac improved by 24% (0.125+0.005U/
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FIGURE4 | (A)Schematic overview of PfkA activity assay. During the main reaction, PfkA catalyses the conversion of F6P and ATP to F16P and
ADP. In the following detection reaction, the released ADP is used to dephosphorylate PEP by pyruvate kinase. Subsequently, lactate dehydrogenase
reduces pyruvate and oxidises NADH to lactate and NAD(+), respectively. The amount of NADH present in the reaction mixture can be measured
spectrophotometrically (340nm) and is inversely correlated to the amount of F16P released in the main reaction. (B) Specific activity of Ec-PfkA
and its selected docking enzyme variants in bound and unbound states. The activity of Ec-PfkA (construct nr. 13), Ec-PfkA_Li-E_Doc-Ac (construct
nr. 19), Ec-PfkA_Li-E_Doc-Ac (construct nr. 19) bound to Ct-CBM3_Coh-Ac (construct nr. 25), Ec-PfkA_Li-F_Doc-Ac (construct nr. 20) and Ec-
PfkA_Li-F_Doc-Ac (construct nr. 20) bound to Ct-CBM3_Coh-Ac (construct nr. 25) are shown. Dockerin fusion caused a 17% and 34% activity drop,
respectively. There is no significant difference in specific activity between the two selected docking enzymes in the unbound state. Interaction of the
docking enzymes with the cognate cohesin as part of a monovalent scaffold causes a significant increase in specific activity of 30% for Ec-PfkA_Li-E_
Doc-Ac and a non-significant increase of 24% for Ec-Pfk A_Li-F_Doc-Ac. The highest specific activity was detected for Ec-PfkA_Li-E_Doc-Ac (con-
struct nr. 19) bound to Ct-CBM3_Coh-Ac (construct nr. 25). The letters above the bars indicate statistically significant differences between groups, as
determined by one-way (Welch-)ANOVA followed by a post hoc test (p <0.05). Bars sharing the same letter are not significantly different from each

other, while bars with different letters represent groups with significant differences in enzymatic activity (U/nmol).

nmol, p>0.05). The specific activities of the bound enzymes
differed significantly (p<0.05) from each other. We hypoth-
esise that scaffold multimerisation, as illustrated in Figure S2
(lower panel), facilitates the formation of super complexes. Care
must be taken when constructing the full designer glycolysome.
Despite both linkers (Linker E: [GGGGS], and Linker F: [G],)
being flexible, they differ in length, with Linker E being longer.
This increased length may enhance the separation between the
dockerin and the catalytic module, possibly resulting in a higher
activity when bound in the full glycolytic complex. With this in
mind and based on the activity assay, Ec-PfkA_Li-E_Doc-Ac
was retained as the optimal Ec-Pfk A docking enzyme variant.

3.2 | Construction and Activity Analysis
of the Trivalent, Tetravalent and Pentavalent
Glycolytic Enzyme Complexes

Based on the activity assays performed on the separate dock-
ing enzyme variants, three docking enzymes were selected to
be incorporated in the multi-enzyme complex: Ec-Glk_Doc-
CtI (construct nr. 2), Ec-Pgi_Li-E_Doc-Af (construct nr. 9) and
Ec-PfkA_Li-E_Doc-Ac (construct nr. 19). Since each docking
enzyme carries a dockerin originating from a different micro-
organism, they can be spatially colocalized in a multi-enzyme
complex by interaction with a trivalent scaffoldin, composed of
the three cognate cohesin modules. We thus constructed a tri-
valent scaffold, composed of a Ct-CBM3, Coh-CtI, Coh-Af and
Coh-Ac (construct nr. 26). Given that PfkA exhibits the lowest
activity (Figure 4B), PfkA is expected to be the rate-limiting
enzyme in this series of pathway enzymes. We explored the in-
clusion of extra copies of PfkA in the scaffolded multi-enzyme
complex by incorporating more Coh-Ac modules. Consequently,
two additional scaffolds were constructed: a tetravalent scaffold
that has the capacity for an extra copy of PfkA (construct nr.
27), while the pentavalent scaffold can accommodate two addi-
tional copies of PfkA (construct nr. 28). SDS-PAGE analysis of
the IMAC-purified elutions of the three scaffolds can be found
in the Supporting Information (Figure S12).

A reaction mixture containing glucose and ATP was supple-
mented with 100pmol Ec-Glk_Doc-CtI, Ec-Pgi_Li-E_Doc-
Af and Ec-PfkA_Li-E_Doc-Ac. The docking enzymes were
added either unbound or as part of the trivalent, tetravalent or
pentavalent enzyme complex. In the case of the tetravalent or

pentavalent enzyme complex, 200 and 300 pmol Ec-PfkA_Li-E_
Doc-Ac were added, respectively. ATP has been reported to have
an inhibitory effect on PfkA (Zheng and Kemp 1992). A fixed
concentration of 2.5mM ATP (as was used to verify the activity
of the Ec-PfkA docking enzymes) was therefore used to test the
combination of the three docking enzymes. In the selected path-
way, both Ec-Glk and Ec-PfkA consume ATP. However, Ec-Glk
has a much greater turnover number, as shown in this research.
By including a minimal amount of glucose (1 mM), we restrict
the number of ATP molecules that can be used by Ec-Glk and
ensure the presence of ATP molecules necessary for Ec-PfkA
activity. We note that 1 mM glucose does not correspond to satu-
rated substrate conditions for the Ec-Glk enzyme.

The activity analysis revealed that the constructed multi-
enzyme complexes are able to perform the first three steps of
glycolysis and convert glucose into F16P (Figure 5). There was
no significant difference (p <0.05) between the production rate
of the pathway colocalized on the trivalent, tetravalent or pen-
tavalent scaffold when compared to an equimolar mixture of
docking enzymes, indicating that the selected enzymes do not
benefit from being colocalized at high enzyme concentrations.
Yet, this also indicates that the incorporation of the three en-
zymes in the complex does not cause a significant drop in path-
way efficiency in spite of the observed reductions of the activity
of the single enzymes upon dockerin fusion and/or docking, as
observed for Ec-Glk and Ec-Pgi. Following the docking enzyme
activity screening, Ec-PfkA is expected to be the rate-limiting
enzyme in this sequence of pathway enzymes. Indeed, when an
additional copy of Ec-PfkA is introduced, doubling the number
of copies, the production rate also doubles. The tetravalent com-
plex (4.78 £0.14 nmol/min) produced nearly twice as much F16P
as the trivalent complex (2.86+0.20nmol/min), reinforcing
that PfkA is the rate-limiting enzyme. Similarly, the pentava-
lent complex (7.41 +0.78 nmol/min) showed a 1.5-fold increase
over the tetravalent complex and a threefold increase over the
trivalent complex in F16P production. These results suggest that
the pathway benefits from the inclusion of additional copies
of PfkA. Likewise, a similar pattern is observed with the free
docking enzymes, resulting in production rates of 2.88+0.13,
4.94%0.19 and 7.30+0.74nmol/min for the 1x PfkA, 2x PfkA
and 3x PfkA scenarios, respectively.

Colocalization effects may be most outspoken under lim-
ited substrate concentrations (Vanderstraeten et al. 2022b).

90of15



= g

£

>

[e]

1S

£ 67

(0]

)

©

4

c 44

©

k3]

] a
e} a o
- ) -
o

[a

O

Rl

L 0

Color code in graph

N

4
GGG @!m)

FIGURE 5 | Standard activity analysis of the synthetic protein complexes composed of the first three E. coli glycolytic enzymes. The production

rate of the trivalent, tetravalent or pentavalent complexes is shown. They are able to perform the first three steps of glycolysis and convert glucose into
F16P. There was no significant difference between the production rate of the pathway colocalised on the trivalent, tetravalent or pentavalent complex
compared to an equimolar mixture of docking enzymes. Increasing the copy number of Ec-PfkA_Li-E_Doc-Ac increased the production of F16P in
a copy number-dependent way. Each bar represents the mean +standard deviation of three replicates. Statistically significant differences between
groups were assessed using one-way ANOVA followed by a post hoc test (p <0.05). Bars sharing the same letter indicate no significant difference,

whereas bars with different letters signify significant differences.

Therefore, an activity assay was conducted using a pentava-
lent complex and an equimolar mixture of docking enzymes at
a substrate concentration lowered by a factor of 2 (0.5 mM glu-
cose). However, no significant difference was observed in the
amount of F16P produced between the pentavalent complex
and the equimolar mixture of docking enzymes (Figure S13)
(Yoon et al. 2012).

It has also been suggested that proximity effects are less signif-
icant in vitro at high enzyme densities (Chado et al. 2016; Yong
et al. 2020). We thus repeated the assay with a ten times lower
amount of each enzyme (10 pmol) and a longer incubation time
(241h) (Figure 6). Indeed, prominent colocalization effects were
observed under these conditions, and the amount of F16P pro-
duced by both the trivalent (from 4 h) and pentavalent (from 1h)
complex was significantly higher (p<0.05) than the amount
produced by an equimolar mixture of docking enzymes. After
one hour, the percentage increase in F16P production due to
scaffolding is much greater in the pentavalent complex scenario
(571%) than in the trivalent complex scenario (215%). As time
progresses, the effect of colocalization on F16P production be-
comes more pronounced in the trivalent complex (1x Ec-PfkA),
showing a 248% increase at two hours compared to an equimolar
mix of free docking enzymes. In contrast, the pentavalent com-
plex (3% Ec-PfkA) shows only a 57% increase at the same time
point when compared to the same free docking enzyme mix.

4 | Discussion

The effect of in vitro colocalization on pathway enzymes is not
yet fully understood. Although in some cases major activity en-
hancements have been detected, improvements were minor or
non-existent in others. More research is needed to fully compre-
hend the effects of bringing pathway enzymes in close proxim-
ity. However, since the construction and optimisation of these
multi-enzyme complexes is a multiparametric process (selection
of enzymes, choice of docking system, architecture, composi-
tion, linker, etc.), these studies are relatively complex. Here, the
VersaTile DNA assembly technique allowed us to efficiently
construct multiple docking enzyme variants and scaffolds, as
such exploring the colocalization effect between the first three
glycolytic enzymes.

We successfully converted the first three enzymes of the natural
E. coli glycolytic pathway into docking enzymes. Overall, con-
verting natural enzymes to the docking enzyme mode can cause
a substantial drop in activity. For the docking enzymes of Ec-Pgi
and Ec-PfkA, successful protein expression was only achieved
when the enzymatically active module was separated from the
docking domain by a linker. We selected two variants containing
flexible linkers (Ec-Pgi_Li-E_Doc-Af and Ec-PfkA_Li-H_Doc-
Ac). As such, both modules may remain relatively mobile upon in-
corporation in the full multi-enzyme complex (Chen et al. 2013).
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FIGURE 6 | (A) Activity assay with ten times lower enzyme densities and a longer incubation time (24h) than the standard activity assay. The

amount of F16P produced by both the trivalent (from 4h) and pentavalent (from 1h) complex was significantly higher (p <0.05) than the amount

produced by an equimolar mixture of docking enzymes. Each bar represents the mean + standard deviation of three replicates. Statistically signif-

icant differences between groups were assessed using one-way ANOVA followed by a post hoc test (p <0.05). Bars sharing the same letter indicate

no significant difference, whereas bars with different letters signify significant differences. The statistical analysis is valid only within the different

time points. (B) The percentage difference between the complexed and free enzymes, which serves as an indicator of the colocalization effect, shows

that the complexes outperform the free enzymes. The percentage increase between the complexed and free enzymes—and thus the colocalization
effect—diminishes in both the pentavalent and trivalent complexes (the decrease begins from 8h for the trivalent complex and from 2h for the pen-

tavalent complex).

For Ec-Glk, the docking enzyme could be constructed by direct
C-terminal fusion between the enzymatically active module
and the dockerin. Moreover, the activity of the Ec-Glk docking
enzyme did not significantly differ from the natural enzyme.
However, binding of this docking enzyme to a monovalent scaf-
fold led to the most drastic activity drop (—51%) observed among
all tested docking enzymes. Presumably, the interaction between
the dockerin and cohesin induces a conformational change in
the entire protein or increases steric hindrance, leading to the ob-
served activity drop. Possibly, the insertion of a linker sequence
could provide distancing between the two protein domains, as

such limiting the activity drop and revealing the advantage of
a linker sequence at this level (Kahn et al. 2019). The largest
activity drop, caused by dockerin fusion, was detected for Ec-
Pgi_Li-E_Doc-Af (—69%). However, the bound Ec-Pgi docking
enzyme remains highly active, exhibiting a specific activity that
is 3.6 times higher than that of bound Ec-Glk_Doc-CtI and 67
times higher than bound Ec-PfkA_Li-E_Doc-Ac. Therefore, the
Ec-PfkA docking enzyme is the rate-limiting enzyme in this
pathway series. This is expected, as Pfk A catalyses the first com-
mitted step in glycolysis and its activity is tightly regulated in na-
ture (Guitart Font and Sprenger 2020).
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When we compare the amount of F16P released by the tri-,
tetra- and pentavalent complex to the amount released by the
equimolar mixture of docking enzymes at high enzyme con-
centrations, we observe no significant difference between the
production rates. This indicates that the interaction of each
docking enzyme with the trivalent scaffold did not result in
a drop in overall pathway efficiency. However, when we ex-
amined the activity of the separate docking enzymes in both
bound and unbound conditions, the activity loss caused by the
interaction of the docking enzyme with a monovalent scaffold
was significant for both Ec-Glk_Doc-CtI and Ec-Pgi_Li-E_
Doc-Af. In the case of Ec-PfkA_Li-E_Doc-Ac, the activity ac-
tually increased upon interaction with a monovalent scaffold.
We cannot draw conclusions about the effect of the interac-
tion of the separate docking enzymes with the tri-, tetra- and
pentavalent scaffold without monitoring the amount of each
intermediate during the assay. It is plausible that the interac-
tion with the tri-, tetra- and pentavalent scaffold causes sim-
ilar effects to those observed for the monovalent scaffold, but
that these effects may cancel each other. In any case, in vitro
colocalization does not offer the enzymes a clear benefit in
terms of production rate when high enzyme concentrations
are used; however, the scaffold holds its potential for immobil-
isation and recycling of the complex (Roberts et al. 2021). The
tetravalent complex produced twice as much F16P as the tri-
valent complex. Similarly, the pentavalent complex exhibited a
1.5-fold increase and a threefold increase in F16P production,
compared to the tetravalent and trivalent complexes, respec-
tively. This pattern is also observed with the free docking en-
zymes. These findings further support the role of PfkA as the
rate-limiting enzyme and show that incorporating additional
copies of PfkA enhances the production rate.

Since Ec-PfkA_Li-E_Doc-Ac is the rate-limiting enzyme, we
anticipate that a single copy of the enzyme will not be able to
convert the influx of F6P provided by the upstream Ec-Pgi_
Li-E_Doc-Af. Operating at 100 pmol will result in the accumu-
lation of F6P, the substrate for the PfkA enzyme, which will
diffuse into the bulk of the reaction mixture. Consequently, Ec-
PfkA_Li-E_Doc-Ac, when incorporated into the multi-enzyme
complex, offers no advantage over the same docking enzyme
acting freely in the mixture.

Lowering the enzyme quantity aims to avoid the absolute ac-
cumulation and diffusion of G6P to the bulk of the reaction.
Indeed, when performing the assay with a tenfold lower en-
zyme amount (10 pmol), the scaffold provides the advantage
of enzyme proximity and shows substrate channelling. This
effect reduces the absolute likelihood of F6P diffusion into the
bulk, making it more readily available for scaffolded Ec-PfkA.
The colocalization effect was observed when comparing the
trivalent and pentavalent complex with an equimolar mixture
of docking enzymes. This demonstrates that at lower enzyme
densities, the proximity effects provided by scaffolding re-
sult in a higher production yield compared to non-scaffolded
docking enzymes. The enhancement in F16P production due
to scaffolding depends on various factors. Specifically, time
plays a crucial role.

In the beginning (after 1h), the F16P production increase due
to scaffolding is more pronounced in the pentavalent complex

scenario (3x Ec-PfkA) (571%) compared to the trivalent complex
scenario (1x Ec-PfkA) (215%). However, at later time points,
the opposite is observed, and the percentage increase in F16P
production becomes greater in the trivalent complex scenario
than in the pentavalent complex scenario. As time progresses,
the percentage difference diminishes in both the pentavalent
and trivalent complexes (the decrease begins from 8h for the
trivalent complex and from 2h for the pentavalent complex).
Interestingly, the percentage for the pentavalent complex de-
creases more rapidly than for the trivalent complex.

A possible explanation for these results may be due to the rela-
tive abundance of PfkA compared to its available substrate. In
the beginning of the reaction, the preceding enzymes did not
have sufficient time to produce F6P, so in both cases, the pro-
duced F6P will not diffuse into the bulk. Since there are three
times as much PfkA present in the pentavalent complex, the
more pronounced scaffolding lies solely in the increased pres-
ence of PfkA (3 x 10 pmol), elevating F16P production attributed
to scaffolding. At later time points, the preceding enzymes
could have already produced a sufficient amount of F6P, lead-
ing to its diffusion into the bulk of the reaction. In the scenario
involving the pentavalent complex (3x Ec-PfkA) versus the free
equimolar mixture of docking enzymes, the free mixture also
includes 30 pmol of Ec-PfkA. This higher concentration of PfkA
increases the likelihood of the enzyme encountering diffused
F6P, resulting in a faster conversion to F16P, which reduces the
difference between the scaffolded and free enzyme activities.
Conversely, in the scenario involving the trivalent complex (1x
PfkA) versus the free equimolar mixture of docking enzymes,
only 10 pmol of PfkA is present in the free mixture. This lower
concentration decreases the probability of PfkA encountering
diffused F6P, leading to a slower conversion to F16P and, con-
sequently, a greater difference between the scaffolded and free
enzyme activities.

An alternative hypothesis for the diminishing increase in F16P
production resulting from scaffolding in both the pentavalent
and trivalent scenarios may be related to complex stability. Since
the colocalization effect of the pentavalent complex decreases
more rapidly than that of the trivalent complex, we speculate
that this may be attributed to the larger size of the pentavalent
complex, which could render it more prone to degradation.
Future studies should focus on investigating the stability of
these enzyme complexes under different conditions, as this rep-
resents a valuable opportunity for further optimisation.

However, the potential stability of enzyme colocalization within
synthetic scaffolds over time is an important consideration.
While our enzyme activity assays suggest that colocalization is
maintained over a 24-h period, further experimental validation
is needed to confirm stable interactions over extended time-
frames. Determining the long-term viability of scaffolded en-
zyme systems is crucial for practical applications in biocatalysis
and other synthetic biology fields.

An important question is whether enzyme colocalization offers
tangible benefits for industrial applications. Based on our re-
search, colocalization appears to be effective only at lower en-
zyme concentrations for this particular enzyme complex. If free
enzymes exhibit limited stability while colocalized enzymes
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demonstrate enhanced stability, adopting a strategy that em-
ploys longer incubation times with lower concentrations of co-
localized, stable enzymes could be advantageous. This approach
may outperform the use of shorter incubation times with higher
concentrations of free, less stable enzymes.

Furthermore, utilising lower concentrations of colocalised en-
zymes could be particularly advantageous in scenarios where
the cost of enzyme production and purification is a significant
consideration. This strategy not only reduces the amount of en-
zyme required but also enables the recycling of enzyme com-
plexes, offering additional cost-efficiency and sustainability
benefits for industrial processes. All these cost-related aspects
should be counterbalanced with the cost of reactor usage, which
will increase when the reactor time increases.

There is an ongoing debate regarding the precise mechanism
driving the enhancement from colocalization, with some
researchers arguing that the proximity of enzymes may not
necessarily prevent diffusion of intermediates into the bulk
solution, as the diffusion rate of small molecules is typically
faster than enzyme catalysis (Ledesma-Fernandez et al. 2023).
Bauler et al. argued that proximity channelling, where inter-
mediates are processed by a nearby enzyme before diffusing
away, is unlikely to be effective because intermediates must
approach within 0.1-1nm of an enzyme's active site, making
productive channelling improbable even when enzymes are
approximately 10 nm apart (Bauler et al. 2010). To address the
paradox of improved metabolic yields from scaffolds despite
these limitations, Castellana et al. proposed a model where
multiple copies of upstream and downstream enzymes form
compact agglomerates. These clusters significantly increase
the likelihood of intermediates being processed by down-
stream enzymes, mimicking the efficiency of direct chan-
nelling without the need for a physical tunnel (Castellana
et al. 2014). Idan and Hess (2013) have previously proposed,
through theoretical calculations, that the colocalization and
subsequent substrate channelling effect are particularly pro-
nounced in the initial phases of the reaction, typically span-
ning milliseconds to seconds. They argue that while placing
enzymes closely together may seem beneficial, this enhance-
ment is mainly observed within sizable compartments like
mammalian cells or the extracellular environment of the cel-
lulosome, and it is transient (Idan and Hess 2013). Therefore,
it is expected that at relatively high enzyme concentrations,
the significance of the colocalization effect diminishes as the
last enzyme operates as the rate-limiting factor in this study.
This is due to the accumulation of product molecules of en-
zyme 1, which act as the substrate for enzyme 2 in the reac-
tion. However, we hypothesise a different result if a highly
active enzyme (enzyme 2) is positioned immediately follow-
ing the rate-limiting enzyme (enzyme 1). When these en-
zymes are in close proximity, we assume that the intermediate
produced by the first enzyme can be rapidly processed by the
second enzyme, preventing its escape via diffusion. Proximity
effects by colocalization may thus also depend on the bal-
ance of the production rates of the different enzymes. You
et al. (2012) constructed a multi-enzyme complex composed
of triosephosphate isomerase (TIM), aldolase (ALD) and fruc-
tose 1,6-bisphosphatase (FBP). The synthetic three-enzyme
complex was assembled in vitro and had a catalytic efficiency

(k.,/K,,) about 33-fold higher than the free enzyme mixture.
Examining the scaffolded enzyme complex constructed by
You and colleagues reveals that in that case, the second en-
zyme (ALD) catalysed the rate-limiting step. It is possible that
the molecules produced by ALD could be converted relatively
quickly by the third enzyme. When the third enzyme is in
close proximity to ALD, the enzyme is not dependent on the
diffusion rate of the product, as such possibly giving an ad-
vantage to the multi-enzyme complex over the free-floating
FBP (You et al. 2012). However, this hypothesis does not agree
with the findings of Chado et al. (2016), who investigated the
effect of spatial arrangement on the activity of cascade re-
actions on scaffolds using kinetic Monte Carlo simulations.
Their findings imply that organising enzyme placement at
small length scales (i.e., below 10nm) and in environments
with high enzyme densities offers minimal advantages over
random immobilisation. The authors found that even in the
case of a first enzyme with a turnover rate many orders of
magnitude slower than that of the second enzyme, the spatial
arrangement has only a minimal impact on cascade activity
(Chado et al. 2016).

Clearly, there is a significant need for improved insights on
this matter. Optimising an enzyme cascade thus requires a
deep understanding of the reaction mechanisms and kinet-
ics. A detailed study of the kinetics of the separately bound
docking enzymes and an accurate analysis of the intermedi-
ates released during the assay would yield further insights on
the colocalization effect on each pathway enzyme present in
the multi-enzyme complex. Afterwards, the complex could be
subjected to another round of optimisation. Furthermore, ad-
ditional research is needed to fully understand the effects of
pathway enzyme colocalization in vitro environments and the
requirements under which scaffolding can have a stimulating
effect.

5 | Conclusions

We conclude that the first three E. coli glycolytic enzymes can be
converted to the docking enzyme mode and subsequently scaf-
folded. Increasing the copy number of the rate-limiting enzyme
increases the product rate. In this scenario, we demonstrate that
lower enzyme densities result in higher product yields most
plausibly due to the proximity effects facilitated by scaffolding,
as opposed to free docking enzymes. The VersaTile DNA assem-
bly technique is dedicated to performing optimization studies
of modular proteins and complexes thereof, enabling the analy-
sis of a larger design space through eliminating technical time-
consuming hurdles in the preparatory work. This approach can
be expanded to other scaffolded pathway enzymes to further in-
vestigate how the kinetics of the individual enzymes affect the
outcome.
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