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Abstract

Biomass deconstruction to small simple sugars is a potential approach to biofuels production,
however the highly recalcitrant nature of biomass limits the economic viability of this approach.
Thus, research on efficient biomass degradation is necessary to achieve large-scale production of
biofuels. Enhancement of cellulolytic activity by increasing synergism between cellulase enzymes
holds promise in achieving high-yield biofuels production. Here we have inserted cellulase pairs
from extremophiles into hyper-stable a-helical consensus ankyrin repeat domain scaffolds. Such
chimeric constructs allowed us to optimize arrays of enzyme pairs against a variety of cellulolytic
substrates. We found that endocellulolytic domains CelA (CA) and Cel12A (C12A) act
synergistically in the context of ankyrin repeats, with both three and four repeat spacing. The
extent of synergy differs for different substrates. Also, having C12A N-terminal to CA provides
greater synergy than the reverse construct, especially against filter paper. In contrast, we do not see
synergy for these enzymes in tandem with CelK (CK) catalytic domain, a larger exocellulase,
demonstrating the importance of enzyme identity in synergistic enhancement. Furthermore, we
found endocellulases CelD and CA with three repeat spacing to act synergistically against filter
paper. Importantly, connecting CA and C12A with a disordered linker of similar contour length,
shows no synergistic enhancement, indicating that synergism results from connecting these
domains with folded ankyrin repeats. These results show that ankyrin arrays can be used to vary
spacing and orientation between enzymes, helping to design and optimize artificial cellulosomes,
providing a novel architecture for synergistic enhancement of enzymatic cellulose degradation.
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Introduction

Large-scale dependence on fossil fuels for liquid fuel production is a major concern. Though
modest progress is being made in some sectors, the global dependence on crude oil for fuel
for transportation remains high. Moreover there is a major environmental concern associated
with the fossil fuel dependence related to the increase in atmospheric CO, concentration,
and climate change. Biomass is a promising alternative for biofuels and chemical
production, since its seasonal generation removes CO, from the atmosphere making it a
carbon neutral energy source (1, 2).

Production of fuels from biomass, in particular cellulose, (a polymer composed of -D-
glucose -- the main structural component of plants) helps in solving these problems, since
biomass constitutes one of the most available and renewable energy sources, and since the
CO», produced by biomass fuel combustion is captured from atmospheric CO, by
photosynthesis. However, there are major barriers to the cost-effective production of biofuel
that must be overcome. Chief among these problems is the low activity of the cellulase
enzymes used in this process, and high production costs of the enzymes.

Cellulose breakdown to glucose requires different types of enzyme activities to achieve high
synergism. There are three different types of cellulases: endocellulases, exocellulases and -
glucosidases. Endocellulases bind and hydrolyze the cellulose chain internally, exocellulases
bind and hydrolyze the cellulose chain from the ends, and p-glucosidases bind and
hydrolyze cellobiose to produce glucose (3, 4). Current cellulolytic methods involve the use
of cellulase cocktails with different types of activities (endocellulases, exocellulases and -
glucosidases) (5-7).

In anaerobic microorganisms, cellulose is degraded efficiently by tethering cellulases
together in a large (estimated >2MDa) extracellular complex (8-10). A scaffolding protein
assembles various cellulases with complementary activities, promoting a synergistic
enhancement of cellulose degradation (11-13). Cellulose catalytic domains are attached via
dockerin domains to the cohesin domain within the scaffolding protein. However, within a
species, the cohesin-dockerin interaction is not specific, resulting in heterogenous
cellulosomes, where identities and spatial distances of the various catalytic domains differ
(14, 15). Furthermore, there is variation within the scaffoldins in the number of residues
between cohesin domains and these linker regions are not structured, allowing for variation
in cellulosome structure from an expanded to a collapsed state (16-18).

Purified cellulosome complexes have low specific activities, which seems to be related to the
exact composition and mode of action of the enzymes present and to the large size of these
complexes. Therefore, several attempts to engineer cellulosomes of reduced complexity (and
greater homogeneity) have been made using mini-scaffoldins (19-24). In addition, different,
more structurally rigid scaffolds can be used to build cellulase arrays. For example,
Mitsuzawa et al. fused an eighteen subunit circular complex to cohesins, in order to bind
cellulase dockerin units. The assembly increased the cellulolytic activity relative to the free
enzymes in solution. However, like the cellulosome, this engineered cohesion-dockerin
approach lacks specificity in cellulase identity and placement (25).
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A specific order, spacing, and orientation between enzymes can be achieved by expressing
several cellulase catalytic domains in a single polypeptide chain with a structured linker in
between. Here we use ankyrin repeats as a structured scaffold to embed cellulase catalytic
domains. Ankyrin repeats are 33 residues and form a helix-loop-helix, with each repeat
connecting to the next with an extended beta-hairpin loop (26-28). Ankyrin repeats have
approximately 11 A linear spacing, which is about the size of a cellobiose molecule (2
glucose units). Each repeat is highly stabilized by the interface formed with adjacent repeats
(29, 30). This is particularly true for consensus ankyrin repeats used here, which have very
high thermostabilities. We have found previously that we can embed cellulase catalytic
domains with a range of N to C termini distances within consensus ankyrin scaffolds, and
that these ankyrin-embedded cellulases maintain and (in some cases exceed) the activities of
the free enzymes (31).

Here, we have cloned, expressed and purified the catalytic domains of four different
cellulases, and have embedded pairs of these catalytic domains into consensus ankyrin
repeat scaffolds at different repeat spacings (and N to C-terminal register). As in our
previous study, we have also embedded single catalytic domains into consensus ankyrin
domains, to quantify the degree to which synergy is provided when catalytic domains are in
cfs. Our goal is to identify constructs for which the product of one enzyme can readily be
used as the substrate of the next enzyme, promoting a greater efficiency in cellulose
breakdown. We find that some cellulase pairs have enhanced activity compared to the
corresponding #rans mixture, demonstrating the ankyrin fusion approach to be a viable
approach to increasing cellulose activity. We find that the spacing and the orientation of the
inserted enzymes influence the cellulolytic activity of the designed constructs, and that the
observed differences are substrate dependent. Spacing and orientation also influences the
thermal unfolding of these constructs.

Materials and Methods

Cloning

Cellulase catalytic domains were cloned by PCR from genomic DNA from Clostidium
thermocellum (ATCC 27405) and Thermotoga maritima (ATCC 43589). To clone isolated
cellulase catalytic domains sequences without flanking ankyrin repeats, we used PCR
standard protocol. CA and C12A catalytic domains were cloned as before (31). CelD
catalytic domain was defined from Y139 to A%69 and CK catalytic domain was defined from
D213 to A8%9, Resulting PCR products were inserted into the expression vector pET-24a at
BamHI and Xhol sites, using an In-Fusion kit (Clontech). The disordered RAM polypeptide
was cloned from human Notch 1, using Gibson assembly (NEB E2611S), and includes
residues 1758 to 1888.

To create an expression construct that inserts cellulose coding sequences catalytic domains
into consensus ankyrin domains, we used a single consensus repeat (R) cloned into the
expression vector pET-15b+ described by Aksel ef al. (29), and modified the repeat sequence
by QuikChange (Agilent Technologies) to insert Agel and Kpnl restriction sites and form
R13 (Figure 1). Cellulase catalytic domain sequences were amplified using PCR (primers
designed according to In-Fusion kit instructions). Resulting PCR products were cloned into
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the R13 consensus ankyrin repeat using an In-Fusion kit. This insertion splits Rq3 into two
flanking half-repeats, which we term R 5-Cel-Rg 5. For catalytic domains that had
restriction sites that would be used downstream in the cloning protocol, silent mutations
were inserted to remove those sites through QuikChange. RAM was amplified for Gibson
assembly into pet-15b+ using primers that introduce flanking BamHI and Bglll cloning
sites. Additional ankyrin repeats were added on both the 5° and 3" sides of the catalytic
domain genes using BamHI and Bglll sites present on each side of the repeats, along with a
distal HindlI1lI site (29, 32). For the double constructs each Rg 5-Cel- Rq 5 was treated as a
repeat unit. All DNA sequences were confirmed by DNA gel electrophoresis and DNA
sequencing.

Protein expression and purification

Expression vectors were transformed into £. co/iBL21 (DE 3). Cells were grown at 37°C in
autoinduction media for 24h (33). Cells were collected by centrifugation and stored at
-80°C. Cells were resuspended in 300mM NaCl and 50mM NaH,PO4 pH 6.5 (CA
constructs), or 300mM NaCl 50mM Tris-HCI pH 8.0 (all other constructs). Cells were lysed
using an Avestin EmulsiFlex C3 and were then treated with DNAse | at 4°C for 1h with
stirring. The lysed cells were pelleted, and cell pellets were resuspended in the same buffers
with 8M Urea. Resuspended pellets were loaded onto a Ni column (QIAGEN; Valencia,
CA). The column was washed with the same buffered urea solution, and then with 100mM
NaCl and 50mM NaH,PO,4 pH 6.5 (CA constructs) or 100 mM NaCl 50mM HCI-Tris pH 8
(all other constructs) to refold on the column.

Proteins were eluted with 250mM imidazole in the same salt and buffer conditions, in the
smallest volume possible. Proteins eluted from nickel columns were diluted two- to three-
fold with 50mM of the corresponding buffer to decrease salt concentration. Diluted proteins
were then loaded on ion exchange columns (Q-sepharose for CA constructs and SP-
sepharose for C12A constructs; QIAGEN; Valencia, CA). After washing the bound protein
with 100mM NaCl and 50mM of the corresponding buffer, the proteins were eluted with a
sharp buffered 1M NacCl step.

Circular dichroism spectroscopy

Circular dichroism measurements were made with an AVIV Model 400 Circular Dichroism
spectropolarimeter (Aviv Associates, Lakewood, NJ). Far-UV circular dichroism spectra
were collected with a 1nm step size, with 30 seconds averaging time in a 1 mm quartz
cuvette. Protein concentration ranged from 5 pM to 20 pM. Thermal unfolding transitions
were monitored at 222 nm, with 2°C step size within the range of 20 to 98°C, in a thermal
resistant 10 mm quartz cuvette. Each temperature step had a temperature equilibration time
of 3 minutes, and a 30 second signal averaging time. Protein concentration ranged from 1 to
2 UM. All thermal denaturations were at pH 8, as thermal denaturations at pH 4.75 did not
show a sigmoidal transition, which complicates the interpretation of the results (data not
shown). Despite extensive efforts to obtain reversibility, all thermal denaturations shown
here are irreversible; thus thermal unfolding midpoints (T,) reflect both protein stability and
thermal inactivation Kinetics (34).
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Cellulase assays

Results

Cellulase activity was measured on three substrates: CMC (soluble chemically modified
cellulose), RAC (prepared by acid-base treatment of insoluble microcrystalline cellulose to
form an emulsion) and FP (5 mm hole punch of Whatman No. 1 filter paper) (35) . For
preparation of low viscosity CMC solution, powdered CMC (DP=400; DS=0.65-0.9;
Sigma-Aldrich) was dissolved to 2 percent w/v in 1M NaCl 50mM NaAcetate, pH 4.7, the
buffer conditions of the cellulose degradation reactions.

Cellulase activities were measured through a previously described modified version of the
3,5-dinitrosalycilic acid (DNS) method described by Ghose (31, 36). The degradation step
was carried out for 30 minutes (CMC and RAC) or for 16 hours (FP) in a thermally resistant
plate sealed with sticky aluminum foil sheets (Corning, NY). Plates were incubated in a
Veriti thermocycler (Applied Biosystems, CA) at temperatures ranging from 20°C to 95°C
(results presented here were carried out at 75°C). The lid was kept 2°C above the well
temperature to avoid condensation. The final concentration of CMC used was 1%. All assays
were carried out with 4 pmol of each catalytic domain, whether /in cisor in trans. After the
degradation step, 140 pL of DNS solution (36) was added and the samples were
subsequently incubated at 100°C for 10 minutes in the thermocycler, with a lid temperature
of 105°C. After cooling to room temperature, 100 uL each sample was transferred to an
optically clear plate and the absorbance was read in GloMax Modulus Microplate Reader
(Promega, WI) at 510 nm. Each measurement was made in triplicate in the same plate, and
repeated in a minimum of two separate plates. Absorbances were corrected using values
from undigested, identically processed substrate (i.e., substrates without enzyme). We
included a set of glucose standards on each plate. The scaling factor between absorbance at
510 nm and pmol of glucose hydrolyzed in our assay volume is 5.23 AU/umol (31).

Selection of ankyrin insertion sites and cellulase domains

To identify viable insertion sites for cellulase catalytic domains within the ankyrin consensus
sequence, we used the ankyrin HMM sequence profile from Pfam (37). Position 13 (boxed
in pink in the sequence logo, Figure 1A, representing the most probable sites for insertion)
was chosen to insert cellulase catalytic domains. Each catalytic domain was first inserted
into R13, giving Ry 5-Cel-Rp 5. The R13 embedded catalytic domain was then fused to
consensus ankyrin repeats on both sides, and was capped by N- and C-terminal capping
motifs (30). Since the driving force for ankyrin repeat folding is interface formation, two
repeats are needed to adopt a stable fold (29). To maintain solubility and create stable
interfaces between repeats, all constructs include N- and C- terminal caps, and have a
minimum of two full ankyrin repeats, plus one (terminal) or two (internal) half repeats
(Figure 1C). These half repeats result from catalytic domain insertion into R13, We use the
nomenclature Ry-Cel-R,, where x is the number of repeats (x= 2.5, 3, 4 or 5 repeats). For
example, in Ry 5-CA-R, 5, the CA catalytic domain is flanked on both termini by 2.5 repeats.
In Ry 5-CA-R3-C12A-R;, 5 an N terminal N-cap is followed by 1.5 R repeats, the CA
catalytic domain, three R repeats (beginning at helix 2 and ending at helix 1), the C12A
catalytic domain, 1.5 R repeats and a C-terminal C-capping repeat (Figure 1C). We also used
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the human Notch 1 RAM linker to test the effect of having an unstructured polypeptide
connecting two cellulase catalytic domains. This 131 residues linker has been shown to be
disordered and expanded in solution (38-40).

We built ankyrin fusion constructs using three endocellulases: CelA (CA, a/ag) and CelD
(alag) from Clostridium thermocellum, and Cel12A (C12A, B-jelly) from Thermotoga
maritima (Figure 1B). We also used CelK (CK, a/ag), which is classified as an exocellulase
from Clostridium thermocellum (3, 41-45). Although CK has not been crystallized it has
high similarity to CbhA from Clostridium thermocellum, suggesting that it may have arisen
from a gene duplication event (46). CbhA has been reported to be an exocellulase (3, 45,
47), although Wilson and colleagues have also detected endocellulase activity (48).

All Clostridium thermocellum cellulases are part of the cellulosome complex and tend to
have other domains attached such as the dockerin and/or the cellulose binding modules
(CBMs). CA and C12A have both been shown to be well behaved when singly inserted into
ankyrin repeats and remain active against both CMC and RAC (31). We also cloned and
expressed the catalytic domains of three exocellulases from Clostridium thermocellum:
CbhA (D213 to A809), CK (D213 to A8%9) and CelS (CS, G37 to F%1). Of these we chose
exocellulase CK to embed in tandem with endocellulase ankyrin arrays, because CK
expressed well, could be purified, and had the highest activity compared to the domains of
CbhA and CS. Moreover, CK showed the greatest of synergistic enhancement /n frans to the
endocellulase catalytic domains (data not shown).

Effects on cellulolytic activity of embedding multiple cellulase catalytic domains into
consensus ankyrin repeats

To measure cellulolytic activity we used a high-throughput DNS plate assay as described
(31). We tested the cellulolytic activity of each ankyrin-inserted catalytic domain, both as
single and double constructs, against CMC, RAC and filter paper (FP) substrates. Though
DNS assays are typically performed at 50°C, we found these enzymes to have higher
activities at 75°C, increasing the precision of activity measurements. Thus, we report
activities and synergistic enhancements at 75°C, though the general trends and synergistic
enhancement of activities are maintained at 50°C.

We first tested for a synergistic enhancement /7 trans by adding two R, 5-Cel-R5 5 constructs
in a single reaction, relative to the sum of the activities in separate reactions. We saw a
synergistic enhancement in frans for R, 5-CA-Ry 5 and R, 5-CK-R5 5 against FP and CMC,
but not RAC (Figure 2). To determine the contribution of tethering multiple cellulase
domains in ¢fsin consensus ankyrin arrays, we compare the activities of double constructs
with the activities of 1:1 mixtures of the same two cellulase domains in #rans (Figure 2;
Table 1). The c¢/s construct Ry 5-CA-R3-C12A-R, 5 shows a statistically significant activity
increase relative to the frans mixture of Ry 5-CA-R; 5 and Ry 5-C12A-R; 5 against the
substrate CMC (Figure 2A). Although the swapped 1 double construct R, 5-C12A-R3-CA-
R, 5 does not show statistically significant activity increase relative to the frans mixture

1By swapped, we mean that the order of the two catalytic domains from N- to C- terminus is reversed.

Proteins. Author manuscript; available in PMC 2017 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cunha et al.

Page 7

against CMC, there is a statistically significant enhancement in activity against FP (Figure
2C).

To investigate whether spacing influences synergy in c/s, we inserted an additional (fourth)
ankyrin repeat between cellulase catalytic domains. The addition of a fourth repeat between
the two catalytic domains of CA and C12A augments cellulolytic activity in the double
construct Ry 5-CA-R4-C12A-R; 5, both against CMC and RAC, but not against FP (Figure
2D, E and F respectively). Moreover, the swapped double construct R, 5-C12A-R4-CA-R5 5
shows statistically significant activity increase, relative to the #rans mixture of Ry 5-CA-R» 5
and Ry 5-C12A-R; 5, against all substrates tested (Figure 2D, E and F). In contrast, the
addition of a fifth repeat between CA and C12A catalytic domains in R, 5-CA-R5-C12A-
R, 5 decreases cellulolytic activity to levels comparable to that of CA catalytic domain alone
in all substrates tested (Figure 2D, E and F)2.

In contrast, constructs in which CA and C12A are connected with either one or two copies
of the unstructured RAM polypeptide show no synergy, relative to /n trans mixtures for all
substrates tested. For CMC, activities of the two RAM-linked constructs are
indistinguishable from the trans mixture (Figure 2D). For RAC, activities are somewhat
lower (Figure 2E), whereas for FP, the RAM linked c¢i/s constructs show no detectable
activity (data not shown). Taken together, these data demonstrate that both spacing and
orientation play a role in the synergistic enhancement of cellulolytic activity with CA and
C12A catalytic domains and that synergistic enhancement is dependent also on the substrate
used.

To further test the role of enzyme identity in synergistic activity enhancement of the double
constructs, we tethered CA with the catalytic domains of CelD with three repeats spacing.
The double construct shows statistically significant activity increase against FP, relative to
the trans mixture of Ry 5-CA-R; 5 and Ry 5-CelD-Ry 5 (Figure 21, G and H). In contrast,
cellulolytic activity of R, 5-CA-R3-CelD-R, 5 against RAC and CMC is equivalent to the
activity of having the two endocellulases in #rans (and also to the activity for R, 5-CA-R; 5,
since R, 5-CelD-R; 5 has no measurable activity on its own against these substrates in the
conditions tested). Thus, the synergistic enhancement observed for CA depends on the
identity of the other endocellulases embedded with it in the consensus ankyrin scaffold.

Synergism is traditionally seen when mixing enzymes with different activities, such as
endocellulases and exocellulases. To test the role of tethering one endocellulase and one
exocellulase with the consensus ankyrin array, we used both CA and CK catalytic domains.
The trans mixture of R, 5-CA-R; 5 with the putative exocellulase construct Ry 5-CK-R; 5
shows enhanced activity relative to the sum of the activities of R, 5-CA-R, 5 and Ry 5-CK-
R, 5, against both CMC and FP (Figure 2G and I). However, the double construct containing
exocellulase CK, R, 5-CA-R3-CK-R; 5, shows no statistically significant activity increase
relative to the frans mixture of R, 5-CA-R5 5 and R, 5-CK-R5 5, against either substrate
(Figure 2G, H and 1), indicating either steric hindrance between the cellulases or substrate

2The double construct R2 5-C12A-R5-CA-R2 5, did not express well in £. coli; thus we were not able to measure activity
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occlusion by the geometry of the construct. It will be important to extend this finding to
other confirmed endocellulase/exocellulase pairs.

Effects of embedding multiple cellulase catalytic domains into consensus ankyrin repeats
on thermal denaturation

As a test for potential hindrance between catalytic domains, and to test whether activity
changes may be related to changes in the extent of folding and thermostability, we measured
the denaturation of cellulase-ankyrin fusions by circular dichroism spectroscopy. Far-UV
circular dichroism spectra of all constructs at pH 8 have shapes expected for a-helical
structured proteins, with double minima at 208 and 222 nm (data not shown).

Thermal denaturations by circular dichroism of the constructs containing two endocellulases
were measured, and were compared with their single counterparts inserted into a five
consensus repeat scaffold. We have previously found that the thermal stabilities of CA and
C12A catalytic domains are not significantly perturbed when singly inserted into consensus
ankyrin arrays (31). To test whether the two cellulases remain stably folded when in tandem,
we compared the thermal denaturations of R, 5-CA-R, 5 and R, 5-C12A-R; 5 with the
thermal denaturations of double constructs R, 5-CA-R3-C12A-R, 5 and Ry 5-C12A-R3-CA-
R, 5 (Figure 3A). We find the CA catalytic domain to be stabilized in both double
constructs. The significantly broadened transition seen for R, 5-C12A-R5 5 is not seen in any
of the other cellulase-consensus fused constructs. Ry 5-CA-R3-C12A-R; 5 shows the highest
thermal denaturation melting point of all double constructs studied. A two stage thermal
unfolding is clearly seen for the swapped R, 5-C12A-R3-CA-R, 5, and the lower temperature
transition seems to coincide with the Ry 5-CA-R» 5 transition. The observation that the two
double constructs show different thermal denaturation profiles highlights the importance of
the order of the catalytic domains in these tandem constructs.

Unlike the constructs with catalytic domains separated by three repeats, the thermal
denaturations of Ry 5-CA-R4-C12A-R; 5 and of Ry 5-C12A-R4-CA-R5 5 are very similar
(Figure 3B). Both thermal denaturations show two distinct transitions; though these
transitions are not resolved by a flat baseline, they are separated by an inflection point at
76°C. The two transitions have midpoints at 66°C, and 82°C. These results suggest that the
addition of a fourth repeat provides enough separation between the CA and C12A catalytic
domains that their stabilities are no longer coupled. Consistent with this interpretation, these
transitions overlay with that of R, 5-CA-RAM-C12A-R; 5 construct, for which we fully
expect uncoupled stabilities between the CA and C12A domains. As expected, addition of a
fifth repeat between CA and C12A catalytic domains affords no additional thermal
stabilization.

In contrast to the CA-C12A double constructs, the thermal denaturation profiles of R, 5-CA-
R3-CelD-R; 5 and R, 5-CA-R3-CK-R; 5, resemble those of the single ankyrin-embedded
CelD and CK catalytic domains (Figure 3C and D). Specifically, the tandem constructs are
thermally denatured with the same profile as the /east stable single catalytic domain (CelD,
Figure 3C, and CelK, Figure 3D), indicating that either of these unfolded domains in ¢is
may be sufficient to unfold the CelA catalytic domain and ankyrin host.
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Discussion

Enzymatic cellulose degradation for biofuels production is currently cost prohibitive. The
high costs of this step are related to enzyme lifetime and stability, as well as low rates of
catalysis. We have previously investigated the fundamental parameters for enzyme
(cellulases CelA and C12A) stability through reversible unfolding and protein engineering,
providing means to understanding the best approaches to stabilize and increase cellulase
lifetime (31). To improve the enzymatic degradation of cellulosic biomass here, we have
built and characterized constructs in which multiple cellulase catalytic domains are arrayed
in a single polypeptide of defined spacing and orientation. Synergistic enhancement can be
achieved by having enzymes that catalyze subsequent steps in close proximity (Figure 4). If
the product of the first enzyme is the substrate of the second, the probability of capture by
the second enzyme increases inversely with distance, being highest when the active sites are
in contact (31). Alternatively, synergy may result from pairs of enzymes with
complementary catalytic activities (e.g. endo/endo pairs), if substrate has a repetitive
polymeric structure. In such cases, synergy may result from co-localization or from effects
on accessibility of neighboring sites.

For domains CA and C12A we varied the spacing by increasing the number of repeats
between domains, starting from a three-repeat linker. Based on the structure of ankyrin
repeat proteins, the spacing between catalytic domains termini is expected to range from 33
to 55 A. We also swapped the order of the cellulolytic domains to probe the role of the order
in cellulolytic activity. In addition, we fused CelD and CK with CA to probe the roles of
enzyme identity in cellulolytic activity and test for synergy with an endo/exo pair. This
strategy provides a greater degree of control over spacing, orientation and enzyme identity
than in the cellulosome and analogous recent efforts to build more precisely defined
cellulosomes (18, 49-54).

Cellulolytic activity CA and C12A catalytic domains scaffolded with three repeats spacing

In our previous work, the consensus ankyrin domain was demonstrated to be compatible
with cellulolytic activity of CA catalytic domain, and to enhance the cellulolytic activity of
C12A catalytic domain (31). Here, we inserted both of these catalytic domains in tandem
into the consensus ankyrin domain, in both orientations, and tested the cellulolytic activity
of these constructs against a variety of model substrates (CMC, RAC and FP; Figure 2).

When these two ankyrin-embedded enzymes are added in #rans or connected by an
unstructured polypeptide, the measured activity is no greater than (and is sometimes less
than) the sum of the activities of the isolated constructs, regardless of the substrate. In
contrast, when CA and C12A catalytic domains are combined in ¢/swithin a single
consensus ankyrin repeat array, the measured activity of Ry 5-CA-R3-C12A-R; 5 exceeds
that of the frans mixture against CMC by a factor of 1.4 (Figure 2A). Swapping the two
catalytic domains in ¢/s (R 5-C12A-R3-CA-R 5) results in an activity against FP that is
increased relative to the #rans mixture by a factor of 3.0 (Figure 2C). Against RAC, the
cellulolytic activities remain about the same with all constructs. The activity enhancements
against CMC and FP show that, tethering these enzymes into proximity plays an important
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role in the synergism between CA and C12A catalytic domains. This is particularly notable
given that both CA and C12A are endocellulases.

Cellulolytic activity CA and C12A catalytic domains scaffolded with increased repeat

spacing

For CA and C12A, cellulolytic activity against CMC and RAC increases relative to the tfrans
mixture, when an additional repeat is added (Figure 2D and E). Furthermore, Ry 5-C12AR,-
CA-R; 5 (but not Ry 5-CA-R4-C12A-R; 5) shows a statistically significant enhancement in
activity relative to the #rans mixture, against FP (Figure 2F). This enhancement in activity
with increased spacing is especially strong when C12A is on the N terminal side of CA. This
spacing enhancement may be due to lower steric hindrance, as the additional repeat should
provide more space to accommodate the two catalytic domains. The order between the
catalytic domains also clearly plays a role, most notably against FP: the construct with C12A
on the N terminal side, shows an enhancement in cellulolytic activity whereas the swapped
construct does not. The effect of increasing spacing on activity of tandem catalytic domains
can be seen by directly comparing the three- and four- repeats spaced constructs.

In contrast, the addition of a fifth repeat between the CA and C12A catalytic domains, does
not show an enhancement in synergy or overall activity (Figure 3D, E and F). Taken
together, these results suggest that the optimal spacing between CA and C12A catalytic
domains is four repeats (about 44A).

One possible contribution to the synergy observed between CA and C12A is the difference
in substrate specificity. The catalytic domain of CA can accommodate chain length up to 5-
glucosyl units and has lower activity against smaller sugars such as cellotetraose or
cellotriose. C12A is restricted to a chain length of 4-glucosyl units (cellotetraose), with
highest activity against smaller sugars (41, 55-57). Thus the product from CA may serve as
substrate for C12A. These differences in substrate specificity may account for the
unexpected synergy seen between these two endoglucanases (for three and four repeats
spacing), much like the synergy seen with cellulase catalytic domains from different EC
classes (such as endocellulases, exocellulases and B-glucosidases). The difference in synergy
observed for different catalytic domain order may result from fixed orientations imparted by
the ankyrin domain scaffold. Such orientation biases may affect both distance of the active
sites (which may influence reactivity as shown in Figure 4), and the relative accessibility to
their complex, polymeric substrates.

Cellulolytic activity of scaffolded CA and CelD catalytic domains with three repeats

spacing

To probe how enzyme identity affects synergy in the scaffolded constructs, we cloned the
endoglucanase domain of CelD in tandem with the CA catalytic domain. Although R, 5-
CelD-R;, 5 has the lowest activity of all the endoglucanases tested and shows no frans
synergy with R, 5-CA-R5 5 against any substrates (Figure 2G, H and 1), the ¢is construct

R, 5-CA-R3-CelD-R; 5, shows a sizeable synergistic enhancement against FP, comparable to
that of R, 5-C12A-R3-CA-R, 5, and is 4.3 times greater than the frans mixture (Figure 21).
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As with CA and C12A catalytic domains, the synergism observed between CA and CelD
may result from the different substrate specificities, with CelD showing highest activity
against cellotriose (58). These data show that enzyme identity plays an important role in
synergistic enhancement, as the single domains have distinct activities in the different
substrates. It is noteworthy that the highest activity enhancements observed were against FP,
the most recalcitrant (and most insoluble) material.

Cellulolytic activity of scaffolded CA and CK catalytic domains with three repeats spacing

Since synergism is usually seen with cellulases of different EC classes, we cloned the
exoglucanase domain of CK in tandem with the endoglucanase domain of CA (3). Although
the single R, 5-CK-R5 5 shows no measurable activity, the #rans mixture R, 5-CK-R, 5 and
R, 5-CA-R> 5 has greater activity against CMC and FP than the sum of the activities of the
isolated constructs (Figure 2G and I). However, the cis construct R, 5-CA-R3-CK-R; 5 has
less activity than the trans mixture, showing no more activity than R, 5-CA-R, 5. CK is a
large domain (597 residues), therefore, it is possible that with a three repeat spacing there is
significant steric hindrance between the CK and CA catalytic domains, inhibiting the
activity of both3. Another possibility is that the on-rates of the CA endocellulase domain for
sites on FP are significantly faster than that of CK exocellulase domain, sequestering it from
the cellulose chain termini.

Thermostability of scaffolded catalytic domains

In a previous study (31), we have obtained, analyzed, and assigned the unfolding transitions
of single catalytic domain constructs (Rx-Cel-R,). By comparing the stabilities of the R, 5-
Cel-R, 5 with the stabilities of Ry 5-Cell-R3-Cel?- R, 5, we can resolve the contributions of
each domain to thermostability of the double construct. The double constructs with CA and
C12A catalytic domains with three ankyrin repeat spacing show different thermal unfolding
transitions depending on the order of the two domains. Thus, the order influences both
stability (Figure 3A) and activity (Figure 2A, B and C).

Adding repeats between CA and C12A catalytic domains alters the thermal denaturation
profile. Both constructs with four repeat spacing have similar unfolding curves, indicating
that the stability coupling interaction seen at three repeat spacing is lost with the addition of
a fourth repeat (Figure 3B). Furthermore, the construct with RAM connecting CA and C12A
shows a similar unfolding curve, consistent with decoupling of unfolding of the two catalytic
domains connected by four ankyrin repeats. The five repeat CA C12A tandem is /ess stable
than five repeat consensus ankyrin domain (T,=84°C, data not shown), suggesting that the
unfolding of Ry 5-CA-R5-C12A-R;, 5 is driven by the unfolding of the CA catalytic domain
(Figure 3B).

Thermal denaturation of Ry 5-CelD-R 5 is similar to that of R, 5-CA-R 5, consistent with
the similar N to C termini spacing (8.9 A) in the crystal structure of these two catalytic
domains. In contrast, R, 5-CK-R5 5 shows a broader transition consistent with a larger N to
C termini spacing. These results suggest that the ankyrin repeats can interact across an

3Construct R2 5-CA-R4-CK-R2 5 did not express well in £. coli.
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embedded cellulase domain if the distance between the termini is small enough (Figure 3C
and 3D). The thermal denaturation of both double constructs with CelD and CK in tandem
with CA, are similar to their single counterparts (R, 5-CelD-R, 5 and Ry 5-CK-R5 5
respectively), suggesting that CelD and CK destabilize the CA catalytic domain and the
consensus ankyrin repeats (Figure 3C and 3D).

It should be noted that in some instances, unfolding midpoints are lower than the
temperature at which enzymatic activities are measured. It is possible that cellulase catalytic
domains are stabilized by substrate (59, 60). For irreversible thermal unfolding, the ligand
can preserve the active site, impacting the conversion to the thermally inactive form (61).
Although added cellulose substrates interfere with the detection of thermal unfolding by
circular dichroism, it may be possible to test for substrate stabilization by fluorescence or
calorimetric methods.

Conclusions

In this study, we found that the consensus ankyrin domain can host multiple cellulase
catalytic domains, that the domains remain thermally stable and active, and that the ankyrin
domain remains folded. Enzyme pairs arrayed within the consensus ankyrin domain show
synergistic enhancement of activity over the corresponding frans mixtures. These synergies
are dependent on catalytic domain identity, spacing, orientation, and substrate identity. Four
repeat spacing provides greater synergy then three or five repeat spacing when C12A
catalytic domain is N terminal to CA, both against CMC and RAC. For FP, spacing plays a
smaller role than orientation, with C12A/CA constructs having higher activities than CA/
C12A constructs. For the endoglucanase CelD, the highest enhancement is seen against FP,
with proximity playing an important role (4x enhancement relative to frans). Surprisingly,
CK did not show an enhancement in activity in c/s relative to the frans mixture, but shows
considerable enhancement in #rars relative to isolated constructs. The present system
provides an efficient means to test the generality of this observation in this scaffolding
format.
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Figure 1. Sequence and structural features of the ankyrin-cellulase scaffolding strategy
A) HMM logo representing the ankyrin repeat family. B) The structures of the CA catalytic

domain from Clostridium thermocellum (green, PDB id 11S9), the C12A catalytic domain of
Thermotoga maritima (blue, PDB id 3AMH), the three consensus ankyrin repeat construct
NRC (rainbow, PDB id 2L6B), CelD catalytic domain from Clostridium thermocellum (red,
PDB id 1CLC), and homology model of CK catalytic domain from Clostridium
thermocellum (purple, from PDB id 1RQ5). CA and CelD are (a/ag barrels, with distances
between the N and C termini of about 8 A. The active sites are opposite to the termini. C12A
is a B-sandwich, with a distance between the N and C termini of 30.8 A. The active site of
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C12A catalytic domain lies in the concave cleft of the p-sandwich. NRC shows the typical
ankyrin fold, with a helix-turn-helix within each repeat, and an extended loop connecting
each repeat. The insertion site is in the turn between the two a-helices of each repeat,
depicted in pink (position 13, panel A). CK is an (a/ag barrel, with a distance between the N
and C termini of about 30 A. The active site is on the side of the termini. C) Cartoon
representation of a five repeat consensus ankyrin (rectangles) fused with CA (R 5-CA-R5 5),
C12A (Ry5-C12A-R; 5) and both CA and C12A in the double construct R, 5-CA-R3-C12A-
R, 5. The linker region is composed of five residues on each side is black.
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The double asterisk (**) indicates a calculated p-value < 0.05 between the activity of the
double construct and the corresponding trans mixture, determined by an unpaired t-test with

Welch’s correction (62), corresponding to statistically significant synergy in cis. (A-C)
Cellulolytic activity of CA and C12A catalytic domains scaffolded with three repeats

spacing. Statistically significant synergy is seen for R2.5-CA-R3-C12A-R2.5, against CMC
(A) and FP (C), but not RAC (B). (D-F) Cellulolytic activity of CA and C12A catalytic

domains scaffolded with different number of spacing repeats and with one and two

disordered RAM sequences. Statistically significant synergy is seen for R2.5-CA-R4-C12A-

R2.5 and R2.5-C12A-R4-CA-R2.5, against CMC (D), but not RAC (E) Statistically

significant synergy is seen for R2.5-C12AR4-CA-R2.5, against FP (F). (G-I) Cellulolytic
activity of CelD and CK catalytic domains scaffolded with CA, with three repeats spacing.
No synergy is observed in cis for either CMC (G), or RAC (H). Statistically significant
synergy is seen for R2.5-CA-R4-CelD-R2.5 against FP (1). In contrast, the trans mixture of
R2.5-CA-R2.5 + R2.5-CK-R2.5 shows an enhancement in cellulolytic activity against CMC
(G) and FP (1), but not RAC (H). The scaling factor between absorbance at 510 nm and pmol

of glucose hydrolyzed is 5.23+0.05 Au/umol.

Proteins. Author manuscript; available in PMC 2017 August 08.



Cunhaetal. Page 19
B
> )
c
— 1.00+
g E: - RysCARy5 E: - RysCARy5
% E’ = R,C12AR,, ::'0-75- = R, C12AR,
o % R, sCAR;C12AR, § 0.504 -+ R, +C12AR,CAR,
é E — R, sC12A-R;-CAR, 5 B - R, s-CA-R,C12AR,
= S S - Ry -CAR;C12AR,
< 0.00- A 1 o R,;CA-RAM-C12AR,
20 40 60 80 100
T(°C)
D)
T 1.007 s
E ﬁ - R,5-CAR, 5 E = R, 5-CAR, 5
S E’ - RpgCelD-Ry 5 z’ 0754 -+ Ry,CKR,
< E Rp5-CA-R3-CD-Ry 5 § 0.50+ Ry 5CARy-CK-Ry 5
(7] =z =
Q . 0.00+ 1
6' 100 100
— T(°C) T(°C)
Figure 3. Thermal denaturations of ankyrin-cellulase catalytic domain fusions
Thermal denaturations were followed by circular dichroism at 222 nm at pH 8 for single and
double constructs. R, 5-CA-R, 5 thermal denaturation is plotted in all panels (green squares).
R, 5-C12A-R; 5 thermal denaturation is plotted in panels A-B (blue squares). A) Ry 5-CA-
}:> R3-C12A-R; 5 (pink triangles), Ry 5-C12A- R3-CA-R, 5 (light blue triangles) B) R, 5-CA-
;:* R4-C12A-R5 5 (pink open triangles) and Ry 5-C12A-R4-CA-R> 5 (light blue open triangles),
= R, 5-CA-R5-C12A-R; 5 (dark pink circles) and R, 5-CA-RAM-C12A-R; 5 (grey squares) C)
QZJ R, 5-CelD-R; 5 (red squares) and Ry 5-CA-R3-CelD-R, 5 (orange squares) D) Ry 5-CK-R, 5
2 (dark purple squares) and R, 5-CA-R3-CK-R5 5 (light purple squares).
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Diffusion current:
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1, =4aDC,,
1-a
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The probability of capture is:
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Figure 4. Model for synergistic enhancement of cellulolytic activity
Synergistic enhancement of distinct activities depends on the distance between the two

cellulases with distinct activities. Diffusion current inwards (lj,) and outwards (lo,t) depends
on the diffusion coefficient, the maximum concentration of substrate (C,) and the distances
a, b and c (radius of enzyme a, distance between enzyme a and b and distance at which the

substrate diffuses out to the medium respectively). The probability of capture is given by the
ratio of the current lip/(lin*loyy), and is maximum when b=a (in the Pcapiyre plot a is taken to

be 5A).
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Synergism of R, 5-Cell-Ry-Cel?-R; 5

Enzyme CMC RAC FP
R,5-CA-R3-C12A-R, ¢ 1.41%* 091 2.17
R,5-C12A-R3-CA-R; 5 097 108  3.01%*
R;,5-CA-R,-C12A-R, 5 151%*  133** 085
R, 5-C12A-R4-CA-R 5 1.45%%  1.32%*%  2.91**
R;5-CA-Rs-C12A-R, 5 0.54 0.57 0.59
R,5-CA-R3-CelD-R; 5 0.95 0.99 4.33**
R, 5-CA-R3-CK-R; 5 0.35 111 0.26
R, 5-CA-RAM-C12A-R, 5 0.79 0.76
R,5-CA-RAMRAM-C12A-R,5  0.85 0.48

Synergism values were calculated as the ratio of the activity of the double construct R2_5-Cell-RX-CeI2-R2,5 relative to the activity of the

Table 1

Page 21

corresponding R2_5-Ce|1-R2_5 and R2_5-CeI2-R2_5 trans mixtures. The double asterisk (**) represents the statistically significant enhancements

(p<0.05) determined by a t-test determined by an unpaired t-test with Welch’s correction.
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