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Abstract

Clostridium thermocellum, a cellulolytic thermophilic anaerobe, is considered by many to be a
prime candidate for the realization of consolidated bioprocessing (CBP) and is known as an
industry standard for biofuel production. C. thermocellum is among the best biomass
degraders identified to date in nature and produces ethanol as one of its main products.
Many studies have helped increase ethanol titers in this microbe, however ethanol
production using C. thermocellum is still not economically viable. Therefore, a better
understanding of its ethanol synthesis pathway is required. The main pathway for ethanol
production in C. thermocellum involves the bifunctional aldehyde-alcohol dehydrogenase
(AdhE). To better understand the function of the C. thermocellum AdhE, we used cryo-electron
microscopy (cryo-EM) to obtain a 3.28 Å structure of the AdhE complex. This high-resolution
structure, in combination with molecular dynamics simulations, provides insight into the
substrate channeling of the toxic intermediate acetaldehyde, indicates the potential role of C.
thermocellum AdhE to regulate activity and cofactor pools, and establishes a basis for future
engineering studies. The containment strategy found in this enzyme offers a template that
could be replicated in other systems where toxic intermediates need to be sequestered to
increase the production of valuable biochemicals.
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eLife assessment

This work presents valuable information on the structure of the spirosome's native
extended conformation as the active form of the aldehyde-alcohol dehydrogenase
(AdhE) enzyme. The evidence is solid, although the work does not provide a
mechanistic understanding of the function and dynamics of AdhE.

https://doi.org/10.7554/eLife.96966.2.sa3

Introduction

Lignocellulosic biomass is one of the most attractive substrates for sustainable production of
second-generation biofuels and other bioproducts (1     -5     ). Consolidated bioprocessing (CBP) is
emerging as a promising process to reduce costs by combining biomass solubilization and
fermentation in one step without added enzymes (6     -9     ). Due to its ability to quickly solubilize
and utilize cellulose, Clostridium thermocellum is an ideal candidate organism for CBP and has
previously been engineered to produce ethanol at high yield (10     , 11     ). However, ethanol
production using C. thermocellum is not yet an economical process due to limited titers
(12     -14     ). The main pathway for ethanol production in C. thermocellum involves the
bifunctional aldehyde-alcohol dehydrogenase (AdhE), a gene that is often modified in strains
selected for alcohol tolerance and other selective pressures, indicating its crucial role in C.
thermocellum metabolism (14     -17     ). AdhE functions in the anaerobic fermentation pathway
and contains two domains: an aldehyde dehydrogenase domain (ALDH) for the reduction of
acetyl-CoA to acetaldehyde and an alcohol dehydrogenase domain (ADH) to reduce acetaldehyde
to ethanol. Both reduction processes natively use NADH as a cofactor and are reversible in the
presence of NAD+ as a cofactor. Because AdhE is part of the native ethanol production pathway in
many anaerobic bacteria, it is a key target protein in many biofuels and biochemicals-related
studies (14     , 15     , 17     -20     ).

Structurally, AdhE is an intriguing protein as it forms large, filamentous helical ultrastructures
termed spirosomes, that could be necessary for function (21     , 22     ). In the case of E. coli AdhE,
spirosome formation seems vital for the forward reaction of acetyl-CoA to ethanol, while the
reverse reaction is not impacted by the disruption of the ultrastructures (23     -25     ). Prior
structural studies on the E. coli AdhE complex captured both the extended and compact forms of
the spirosome, with some biochemical evidence that the extended form was required for the
reduction of acetyl-CoA to ethanol (23     , 24     , 26     ). Because C. thermocellum AdhE and E. coli
AdhE have 62% sequence identity, we first aimed to determine the similarity between the AdhE
from C. thermocellum and E. coli. To further understand the AdhE from C. thermocellum, we used
cryo-electron microscopy (cryo-EM) to capture the structure of the spirosome ultrastructure in
both its extended and compact forms. We further analyzed the results of our 3.28 Å extended C.
thermocellum AdhE in combination with channel prediction software and molecular dynamics
simulations. We determined that the native state of the C. thermocellum spirosome is extended
(different from that of other structurally characterized AdhEs) and contains an enclosed channel
between the ALDH and ADH active sites. In modeling the compact spirosome, we found that this
channel leaks acetaldehyde to the bulk phase, which indicates that the extended spirosome might
be crucial for toxic aldehyde intermediate channeling.

https://doi.org/10.7554/eLife.96966.2
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Results and Discussions

Spirosome conformation is determined by intrinsic
sequence and local environment, but not by expression host
A fundamental aspect of this work was determining if the local environment of AdhE affected the
formation of the spirosome and its conformation (extended vs. compact). This was especially
important given that our structural studies utilized C. thermocellum AdhE heterologously
expressed and purified from E. coli. Based on negative stain TEM data shown in Figure 1A     , we
found that spirosomes maintained the same conformation between endogenous and exogenous
expression – both primarily extended in the case of C. thermocellum which represents the majority
apo conformation of the C. thermocellum spirosome. Intriguingly, the extended conformation of
the C. thermocellum spirosome remained unchanged when purified from E. coli, even though the
native apo E. coli AdhE is purified primarily in the compact form (Figure 1B     ). Since Kessler et al.
found that the addition of both NAD+ and FeSO4 was necessary to transform E. coli spirosomes
from their compact to their extended forms, we investigated the effects of different reactants that
could contribute to the inverse process in the purified, extended C. thermocellum spirosome
(21     ). While our results were not as extreme as those of Kessler et al., we found that the addition
of the forward reactants (NADH, acetyl-CoA, FeSO4) led to the compaction of spirosomes.
Conversely, the addition of the reverse reactants (NAD+, ethanol, CoA, FeSO4) to the compact E. coli
spirosomes resulted in more extended forms. To isolate which substrate was causing this shift, we
made negative stained grids of the C. thermocellum spirosomes in the presence of each reactant
and found that NADH and NAD+ were the major determining factors in the conformation of the
spirosome (Figure 1B     , Supplemental Figure 1). We also found that the expression host does not
impact conformation of the spirosomes but does significantly affect their length (Figure 1C     ). C.
thermocellum AdhE expressed in E. coli formed spirosomes that were, on average, approximately
20 nanometers shorter than those found in a native C. thermocellum lysate. This equates to
spirosomes that contain, on average, approximately five to ten fewer AdhE monomers in the
extended spirosome. The shorter average length was due largely to the lack of spirosomes that
were longer than 100 nanometers in the exogenous expression (Figure 1C     ). This phenomenon
has been observed previously with the exogenous expression of V. cholerae spirosomes in E. coli,
which also resulted in shorter spirosomes (27     ).

High-resolution structure of the extended
C. thermocellum AdhE spirosome
To understand why C. thermocellum AdhE is found in the extended spirosome form and E. coli
AdhE in the compact form, we turned to cryo-EM to obtain a high-resolution structure of the C.
thermocellum protein complex to analyze its interfaces as compared to previously published E. coli
spirosome structures at the molecular level (23     , 24     , 26     ). Using standard cryo-EM
techniques (see Materials and Methods), we were able to determine a 3.28 Å cryo-EM structure of
the extended C. thermocellum AdhE spirosome (Figure 2     ). We compared multiple aspects of the
protein complex to the previously published E. coli spirosome structures, including the interaction
interfaces, predicted catalytic active sites, cofactor binding pockets, and potential channels that
may connect the two active sites (23     , 24     , 26     ).

Structural comparison of spirosome oligomerization interfaces
There are two interfaces that form the spirosome (Figure 2 F, G     ). The first is the buried area
located between two molecules of AdhE, in a domain-swapped dimer interface, where one ALDH
domain is sandwiched between the ADH and ALDH domains of the second protein. This area

https://doi.org/10.7554/eLife.96966.2
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Figure 1

Negative-stain data of AdhE spirosomes indicate that conformation differs between bacteria.

A) Sample negative stained images. Ct = C. thermocellum, Ec = E. coli. Compact spirosome indicated by teal arrows, extended
by purple arrows. Zoom panels correlate by color. B) Measurement of spirosome conformation as determined in at least 500
instances. C) Violin plot of the lengths of spirosomes measured in 1250 instances – example spirosomes to the left of each
group represents the majority conformation in the apo state. The difference in mean length was statistically significant for all
three samples.

https://doi.org/10.7554/eLife.96966.2
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Figure 2

Cryo-EM structure of the extended C. thermocellum AdhE spirosome.

A) Representative cryo-EM image B) 2D class averages of the single-particle analysis C) Local resolution of the final map D)
Cartoon model fit in the density E) Stick representation to show that side chains can be determined at this resolution, the
sphere represents the catalytic Fe in the ADH domain F) Dimer interface shows a swapped domain dimerization with a large
buried surface area G) Tetramer interface has a smaller buried surface area.

https://doi.org/10.7554/eLife.96966.2
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contains a wide array of residues involved in the interaction that spans the entire protein (Figure
2F     ). The second interface is between the dimer of dimers, here referred to as the tetramer
interface. This interface has a much smaller interaction area because it only occurs between two
ADH domains (Figure 2G     ). Intriguingly, the overall hydrophobicity and electrostatics of these
interfaces are similar between the C. thermocellum extended, E. coli extended, and E. coli compact
structures (Supplemental Figure 2). However, the calculated buried surface area differs between
the two E. coli dimer interfaces, but not the tetramer interface. Both the E. coli and C. thermocellum
extended dimer interfaces bury ~5000 Å2. While the C. thermocellum compact dimer interface
buries a similar surface area of ~4800 Å2, the E. coli compact dimer interface buries ~3800 Å2.
Conversely, all the tetramer interfaces bury ~2000 Å2. One would expect the compact structure in
E. coli to have a larger buried surface area due to it being the predominant form when it is
examined without additives, but that is not the case; further corroborating that factors other than
buried surface area must impact the apo state of the spirosome. Analysis of the residues buried in
these interfaces reveals that while many of the residues are identical in the C. thermocellum and E.
coli extended structures, there are some differences in amino acid type distribution, although
nothing that directly indicates control of conformer state (Supplemental Figure 3).

We also examined the salt bridge and hydrogen bond networks between AdhE monomers (Figure
3     ). We found that more salt bridges form in the extended C. thermocellum structure as
compared to the extended E. coli structure, which suggests that this may be a factor in the stability
of extended C. thermocellum structure that is not found in the E. coli structure. However, when
looking between the E. coli extended and compact structures, there are two more salt bridges in
the extended structure than in the compact structure, which again implies that there might be
additional factors impacting the primary form of the spirosome (23     , 26     ). When looking at the
hydrogen bonds between molecules, the extended C. thermocellum spirosome has a wider variety
of hydrogen bonds (44 unique pairs) than the extended E. coli spirosome (32 unique pairs),
indicating a potentially more stable structure. However, as with the salt bridges, the compact E.
coli spirosome has fewer hydrogen bonds (17 unique pairs) than the extended structure, which
does not explain why the compact form is the primary structure isolated when purified without
substrates.

We also examined areas in the C. thermocellum structure that align with areas in the E. coli
structures that have previously been shown to disrupt spirosome formation or with areas in the V.
cholerae structure that were implicated in spirosome length. For the former in E. coli, there are
two examples: 1) F670 mutated to either a small non-polar amino acid or a charged amino acid
(PDBID 7BVP) and 2) the deletion of residues 446-449, both resulting in spirosome dissociation
(PDBID 6TQH) (23     , 24     ). In C. thermocellum, F670 is a tyrosine, however the hydrophobic
pocket that surrounds that residue still exists (Figure 4A     ). We postulate that the similar shape of
tyrosine maintains the integrity of this interaction, resulting in stable spirosomes. Regarding the
446-449 deletion, it occurs in the linker between the two domains of the AdhE monomer. This
linker is vital for the domain-swapped structure of the dimer. Thus, deleting four residues,
regardless of the identity of those amino acids, should interfere with the dimerization of AdhE
(Figure 4B     ).

Finally, in V. cholerae AdhE expressed in E. coli (PDBID 7DAG), Cho et al. found that mutating Y669
and N704 to the corresponding residues in E. coli, phenylalanine and serine, resulted in longer
spirosomes (i.e. more AdhE subunits in the spirosome) (27     ). The C. thermocellum sequence
aligns with V. cholerae, with a tyrosine and asparagine in these positions (Figure 4A     ). However,
based on our negative-stain results (Figure 1C     ), we show that C. thermocellum AdhE spirosomes,
when expressed in E. coli, are significantly shorter than when in their native host. We extrapolate
from these results that a similar phenomenon could occur if V. cholerae spirosomes were isolated
from their native organism.

https://doi.org/10.7554/eLife.96966.2
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Figure 3

Hydrogen bond networks are more prevalent in the
extended spirosomes of both E. coli and C. thermocellum.

A) C. thermocellum extended spirosome. B) E. coli extended spirosome from PDB ID 7BVP. C) SWISS-MODEL of the C.
thermocellum compact spirosome. D) E. coli compact spirosome from PDB ID 6AHC. Individual monomers have unique colors,
the E. coli structure monomers are colored with lighter shades to correlate to the corresponding monomer in C. thermocellum.
All salt bridges and hydrogen bonds are represented with spheres to emphasize their locations in the ribbon structure.

https://doi.org/10.7554/eLife.96966.2
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Figure 4

Previously identified mutants in E. coli compared to the C. thermocellum structure.

A) Top row represents the mutant E. coli F670 that disrupts spirosomes, as well as E. coli F670/S705 that lengthens spirosomes
as found in PDBID 7BVP. B) Bottom row represents the E. coli 446-449 linker deletion as found in PDBID 6TQH.

https://doi.org/10.7554/eLife.96966.2
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Structural comparison of AdhE active sites
One factor that compaction and extension of the spirosome affects is the active site of both the
ALDH and ADH domains. Here, we compare the NAD+-occupied E. coli site to the empty site of the
C. thermocellum structure to determine which residues may interact with NAD+ (Figure 5A, B     ).
In a sequence comparison between 25 AdhE proteins that have been previously identified in
bacteria, both the ALDH and ADH NAD-pockets seem relatively well-conserved (Figure 5C     )
(21     , 22     , 29     -31     ). There are a few residues with less than 50% identity (when using C.
thermocellum as the basis of comparison), such as I119, L204, F496, S605, and M645. However,
most of these residues retain similar chemistry at those locations - for example, L204 is a non-
polar residue in every bacterium queried. Conversely, the amino acid that corresponds to the F496
position can vary between non-polar, negatively charged, and polar, which is surprising since the
phenylalanine at that position stacks with the adenosine moiety of the NAD+. These patterns
generally held true when the sequence alignment was expanded to 1000 AdhE sequences that
were identified through the JGI IMG database (Supplemental Figure 4). Using this larger set of
sequences, we also analyzed the D494 position. Prior work has shown that mutating the aspartate
to glycine results in a change of co-factor preference from NADH to also include NADPH (14     ).
There were 2.7% of AdhE sequences that had a naturally occurring G at this position, which
suggests that there are AdhE proteins that rely on NADPH for their catalysis. We were able to
visualize a potentially novel NAD(P)H binding site previously only identified via sequence
comparison (Figure 5D     ) (19     ). The sequences contained a conserved GxGxxG motif at residues
426-431, which has been shown as involved in nucleotide binding (32     ). Intriguingly, this site
does not coincide with either the ALD or ALDH active sites and is therefore less likely to have a
catalytic function. However, this motif is located at the interface of two AdhE monomers,
indicating that it could have an allosteric role, although further studies are needed to confirm. The
three glycines at this position are all over 99% conserved, indicating that they play an important
role in the AdhE structure or function.

We also used structure alignments to estimate how both the C. thermocellum and E. coli ALDH
active sites would accommodate an acetyl-CoA molecule via comparison to the structure of the R.
palustris aldehyde dehydrogenase bound to acetyl-CoA (Figure 5E     ) (33     ). We observed that the
proteins aligned with very little deviation - less than 2 Å RMSD – causing the acetyl-CoA aligned
from R. palustris to sit in most of the same pocket that the NAD+ occupies as aligned from E. coli.
This suggests that the dehydrogenase reaction occurs stepwise to include both the NAD+ and the
acetyl-CoA (Figure 5G     ) (33     -35     ). Furthermore, when looking at the surface representation of
the C. thermocellum structure, we found that the NAD+ clashes with the protein, indicating that the
pocket might shift to accommodate NADH separate to acetyl-CoA (Figure 5G     ). In looking at the
residues within 3.5 Å of the acetyl-CoA, we identified multiple regions that seem conserved
between all three organisms. Interestingly, if we look at the catalytic cysteine, which is covalently
linked to the acetyl-CoA in the R. palustris structure, we see that the cysteine for both C.
thermocellum and E. coli are rotated approximately 120° away from the R. palustris position in
opposite directions which could be due to the absence of acetyl-CoA in these structures (Figure
5F     ) (23     , 33     ).

At the ADH active site, we observe an empty density in the C. thermocellum extended structure,
coordinated between residues that have been implicated in the ADH activity of the protein (Figure
5H     , circled in red) (16     ). As illustrated in Figure 5F     , we see that there is density, most
probably a water molecule, being coordinated by H734, D844, and C846. D844 and C846 are 100%
conserved, while H734 is 92% conserved amongst the 25 sequences that we analyzed. While
slightly less well-conserved in the 1000 sequence comparison, all three residues are still highly
conserved (H734 is 97.8%, D844 is 98.8%, and C846 is 91.6% conserved; Supplemental Figure 4).
Furthermore, this small pocket is within 10 Å of the catalytic iron atom, which increases the
probability that this region is important for catalysis. No published structure of the ADH domain
contains either acetaldehyde or ethanol at the active site, though the structure of the Geobacillus

https://doi.org/10.7554/eLife.96966.2
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Figure 5

Active sites of C. thermocellum AdhE compared to E. coli AdhE.

A) ALDH NAD+-binding domain, where all residues within 2.5 Å of the NAD+ are shown in stick (Ct - green, NAD+ - navy) B)
ADH NAD+ binding domain, where all residues within 2.5 Å of the NAD+ are shown in stick (Fe2+ – rust sphere) C) Sequence
alignment of the active site residues D) Surface representation of the novel NAD(P)H binding site (magenta) shown between
two AdhE monomers (blue and yellow) E) ALDH binding domain compared to R. palustris (Rp) bound to acetyl-CoA, where all
residues within 2.5 Å of the docked Rp acetyl-CoA are shown as sticks (Ct – green, acetyl-CoA – pink) F) Zoom panel from C
showing the catalytic cysteine in relation to the docked acetyl-CoA (Ct -green, Ec – cyan, Rp – magenta) G) Surface view of C.
thermocellum with both NAD+ (Ec, navy) and acetyl-CoA (Rp, pink) docked into the structure, white circle indicates a clash
between NAD+ and C. thermocellum H) Density of the C. thermocellum ADH active site, showing the coordinated Fe2+ atom and
an empty density between H734, D844, and C846, circled in red I) Snapshot from molecular dynamics simulation at the ADH
active site, illustrating hydrogen bonding between water molecules occupying the active site and the three catalytic residues
(H734, D844, and C846, green sticks). Also shown are NADH molecules (navy sticks), H644, H730, and H744 (green sticks), and
zinc (gray sphere).

https://doi.org/10.7554/eLife.96966.2
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thermoglucosidasius ADH domain (PDBID 3ZDR) contains a glycerol molecule coordinating a
divalent metal ion (29     ). The terminal alcohol group of the glycerol molecule was speculated to
be similar to that of ethanol, thus the structure may constitute a product mimic (29     ). Further
supporting our hypothesis that a water molecule may occupy the observed empty density at the
ADH active site in the C. thermocellum extended structure, two independent MD trajectories, each
with two full AdhE molecules including two ADH actives sites, demonstrate hydrogen bonding of
at least one water molecule with D844 in essentially every frame (>98%), as well as with H734 (16-
31% of the frames) and with C846 (7-66% of frames with both side chain and main chain, as shown
in Figure 5I     .

Identification of a channel that confines aldehydes and
examination of the dynamics of spirosome ultrastructures
Intermediate channeling has been proposed previously in the E. coli spirosome, based on
observation of enclosed space within the structure, and has been hypothesized as a functional role
to contain reactive aldehydes and therefore limit cytotoxicity (24     ). However, direct evidence for
the functional role of this putative channel is still lacking. In order to more fully understand the
extended spirosome of C. thermocellum, we employed multiple computational approaches to
analyze its structure. First, we used MOLE 2.0 to identify potential channels within the structure of
the spirosome, specifically looking for channels that span between the ALDH and ADH active sites
(36     ). In all three structures (E. coli compact, E. coli extended, and C. thermocellum extended), as
well as a SwissPDB model of the C. thermocellum compact structure, MOLE 2.0 identified a channel
that could connect the two active sites. Compelling trends emerge when analyzing the composition
of amino acids that line the channel compared to the amino acid composition of the whole protein
for both E. coli and C. thermocellum. Overall, the channels are more highly conserved than the
overall protein: the residues lining the extended channel have 92% homology, and the residues in
the compact channel have 97% homology, whereas the overall protein homology is only 62%.
When more AdhE sequences are included in the analysis, more variety is seen in the residues
lining the channel (Figure 6A     , Supplemental Figure 5). Further examination of the individual
amino acids also reveals important trends. First, there is only one lysine in the tunnel in all three
structures, showing one of the largest log2-fold changes as compared to the composition of the full
protein (Figure 6B     ). This may indicate that the channel is designed to contain reactive
aldehydes while avoiding cross-linking with the amine group of the lysine. Second, there is a
higher concentration of histidines in the channel in all the structures as compared to the full
protein. This is potentially due to the tunnel passing by the catalytic iron in the ALDH domain,
which is coordinated by three histidines. Notably, there is a difference in the number of
phenylalanines in the channel when compared between the compact and extended structures. The
extended structures contain a much higher density of phenylalanines as indicated by the log2-fold
change. Finally, we focused on the cysteines present in these channels. In the compact state, only
the catalytic cysteine from the ALDH domain is present in the channel. However, in both extended
structures, there are two cysteines in the channel: the catalytic cysteine from the ALDH domain
and the cysteine in the catalytic pocket from the ADH domain. This could point to the extended
spirosome as being the relevant catalytic form because there is a potential path that efficiently
connects the active sites.

As a complement to the insights gained from the static structures, molecular dynamics (MD)
simulations with bound acetaldehyde were conducted to investigate the dynamics of the aldehyde
intermediate. We examined the effect of spirosome configuration (extended and compact) and
species (C. thermocellum and E. coli) on residence time of acetaldehyde in the enzyme before
escape to the solvent. The starting enzyme configurations for these simulations were the cryo-EM
structure of the extended C. thermocellum spirosome, a homology model of the C. thermocellum
compact spirosome (PDBID 6TQM serves as the template), and E. coli spirosomes in extended
(6TQH) and compact (6TQM) forms (24     ). As in 6TQH and 6TQM, all simulation systems comprise
two full AdhE units and two additional ADH domains on either side. The aldehyde intermediate is

https://doi.org/10.7554/eLife.96966.2
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Figure 6

Analysis of the residues lining the spirosome channel.

A) Sequence homology of the channel from both C. thermocellum and E. coli, residues only identified in the Ct channel are
green and in the Ec only channel are cyan. B) Log2-fold difference between the residues that line the channel and the full-
length protein. The scale of change is color-coded from deep red for fewer residues represented in the channel to deep blue
for more residues represented in the channel.

https://doi.org/10.7554/eLife.96966.2
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formed at the ALDH active site, thus this constitutes the starting location for acetaldehyde in the
simulations. Additional starting points midway between the ALDH and ADH catalytic sites were
also generated based on the results from MOLE, namely midway along the MOLE tunnel where the
channel was the widest (Figure 7     , panels A and C). More details for the system construction,
acetaldehyde starting points, and simulation details are found in the SI.

Three 200 ns MD simulations were conducted from each starting configuration. The primary
conclusion from these is that the residence time for acetaldehyde when the spirosome is in the
extended conformation is significantly longer than the compact conformation (Figure 7E     ,
Supplemental Figure 6E). The significant difference between extended and compact forms
presented in Figure 7E      could be even larger given that many of the 200 ns simulations ended
with acetaldehyde still present within the extended AdhE spirosomes (and thus the true residence
time is longer than 200 ns). In addition, the trajectory of the aldehyde tracks quite closely with the
channel found by MOLE (Figure 7A, 7B     ). Though the acetaldehyde is sometimes observed to
escape AdhE when started in the extended conformation, it typically samples a significant stretch
of the path between the ALDH and ADH active sites, occasionally traversing the full distance
between the two active sites (Supplementary Movie 1). In contrast, simulations initiated with the
spirosome in the compact conformation typically see acetaldehyde leave within 4 ns (ALDH active
site starting position) to 30 ns (starting point midway in the channel). For example, in the
trajectory represented in Figure 7D      acetaldehyde leaves within 4 ns. We conducted analogous
simulations with the E. coli AdhE and found the basic conclusions to be analogous to the C.
thermocellum AdhE (Supplementary Figure 6).

Taken together, these simulations effectively present a novel and dynamic understanding of
intermediate aldehyde channeling in AdhE spirosomes and lend evidence to the hypothesis that
the extended spirosome may be the dominant active complex for AdhE spirosomes.

Finally, we turned back to the variability of spirosome conformation observed by negative-stain
TEM and searched more closely for the same variability in the cryo-EM data. Initial visual analysis
was unable to discern between 2D projections of extended or compact conformations, as the
difference was expected to be minute. The abundance of extended spirosomes relative to compact
spirosomes confounded computational cross-correlation sorting while simultaneously making it
difficult to visually identify compact projections. To address this, we sorted all particles selected by
the crYOLO autopicker (which exhibits less bias than template or manual picking) using cryoDRGN
(37     ).

Correlation between particles visualized graphically in the UMAP (Figure 8A     ) indicated the
existence of at least four distinct spirosome conformations. Volumes generated from these particle
subgroups indicated the presence of extended, compact, and at least two major intermediate
conformations (Figure 8B     ). We attempted to refine the isolated classes from cryo-DRGN but
encountered extended spirosome contamination in each of the classes. However, we continued
searching for compact spirosome projections by generating 2D templates from the E. coli, compact
AdhE spirosome model (PDBID 6AHC) using cryoSPARC (Figure 8C     ) (23     , 38     ). These
templates were then used as a visual reference, which did indeed reveal the presence of compact
2D projections within the C. thermocellum cryoEM data (6.7% of picked particles were compact)
that were previously overlooked (Figure 8D     ). The subsequent reconstruction using these
particles yielded a 3.93 Å density of the compact AdhE spirosome, although there was evidence of
streaking due to preferred orientation issues and low particle numbers. Although the streakiness
prevented the successful fitting of a high-resolution molecular model, the density map
corroborates the domain orientation of a compact spirosome, as modeled by SWISS-MODEL. There
are some intriguing insights into differences between our compact ultrastructure compared to
previously reported compact AdhE spirosomes isolated from different species (23     , 24     , 27     ).
Most notably, the C. thermocellum AdhE does not achieve as compact a state, even when isolating
the most compact particles. Moreover, the reconstruction of a compact spirosome density
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Figure 7

Molecular dynamics (MD) of aldehyde channeling in C. thermoceullum AdhE spirosomes.

A) Starting configuration for MD simulation of the C. thermocellum extended spirosome structure overlaid with the channel
connecting the ALDH and ADH active sites as determined by MOLE (shown in gold spheres) (36). Also shown are C252
(representing the ALDH active site, green sticks), three histidine residues that coordinate the divalent metal at the ADH active
site (His664, His730, His744, yellow sticks), zinc ion (purple sphere), the starting location for acetaldehyde (violet spheres),
and the tertiary AdhE structure (each AdhE molecule colored distinctly). B) Same as panel A, except MOLE tunnel is removed,
and acetaldehyde location from MD simulation is shown every 1 ns for 160 ns. In this simulation, the acetaldehyde molecule
exits the enzyme into solution after about 125 ns. C) Representations are the same as in A, but here the channel shown is
determined by MOLE for the compact spirosome structure (E. coli 6TQM and aligned with C. thermocellum AdhE homology
structure). D) Same as panel C, except MOLE tunnel is replaced with acetaldehyde location from MD simulation, shown every
1 ns. In this simulation, the acetaldehyde molecule exits the enzyme into solution at about 4 ns. E) Average residence time for
acetaldehyde in channel before exiting AdhE in MD simulations for two different starting configurations for the AdhE
spirosome (extended and compact) and acetaldehyde (at ALDH active site and midway along the channel). Error bars are the
standard deviation for simulations performed in triplicate.
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corroborates that compact spirosomes observed via negative staining are also present in near-
native conditions (cryogenically preserved samples). This data confirms that spirosomes have the
potential to exist in a spectrum of states that can be captured in a single cryo-EM grid without any
additional cofactors to induce conformational changes.

Conclusions

In this study, we presented and analyzed a high-resolution structure of the AdhE spirosome from
C. thermocellum. In comparison to the apo E. coli spirosome structure, which purifies in the
compact conformation, the apo C. thermocellum spirosomes are primarily extended (23     , 24     ).
Our structural comparison identifies the extended conformation as the more structurally stable
form in both the case of E. coli and C. thermocellum, which disagrees with the reality of the
compact spirosome being the stable, apo conformation from E. coli. The evidence for the extended
spirosome as the more stable form includes the higher number of salt bridges and hydrogen bonds
between molecules in the extended as compared to the compact. Furthermore, extended
spirosomes have a larger buried surface area in the dimer interface than the compact spirosomes
(5000 Å2 compared to 3800 Å2, respectively), imparting additional stability. Although we could not
structurally identify exact features that would predict which conformation was preferred, we
have evidence from negative-stain EM experiments that conformation does not rely solely upon
the environment: C. thermocellum spirosomes are extended in both endogenous and exogenous
expression conditions. Therefore, there must be some intrinsic structural elements that contribute
to the apo state of the spirosome, although we have not found that element in this study. This could
potentially be due to the differences between Gram-positive and Gram-negative bacteria. In
previous studies, compact spirosomes have only been isolated from Gram-negatives while solely
extended spirosomes have been isolated from Gram-positives. Furthermore, while the compact
spirosomes can transition to extended in the presence of cofactors, the reverse has not been
previously observed with an extended spirosome (22     -24     , 31     ). Here, we identified compact
spirosomes in our study, although they were largely outnumbered by the more-preferred
extended spirosome, which further indicates that the extended structure is more stable for C.
thermocellum, regardless of expression host. While these compact spirosomes could result from
expression in E. coli, which is very unlikely, we also identified compact spirosomes in a native C.
thermocellum lysate, which would not have similar contamination issues. Close examination of the
structure revealed a potential novel allosteric NAD(P)H binding site that lies between two
monomers of AdhE, identified by a characteristic NAD(P)H binding motif. The GxGxxG motif is
highly conserved across 1000 AdhE sequences, indicating its importance in the protein. Further
studies will be necessary to fully understand the role of this motif.

The second conclusion of this paper is that intermediate channeling is possible and may be the
primary purpose of large, spirosome ultrastructures. An intriguing finding from prior research is
that the spirosome is necessary for the acetyl-CoA to acetaldehyde reaction in the ALDH domain,
yet unneeded for the reverse reaction or for ADH activity (23     , 24     ). Therefore, a channel might
be necessary to funnel acetaldehyde away from the ALDH active site to prevent product inhibition
in the ALDH site. Prior research identified a similar channel in E. coli AdhE spirosomes yet did not
confirm its role nor characterize the movement of intermediates within the channel (24     ). Here,
we identified an enclosed tunnel between an ALDH domain and an ADH domain of two separate
proteins in C. thermocellum and used MD to examine possible aldehyde channeling. While the
channel can be found in both the compact and extended structures, we see that the channel in the
compact conformation has areas that are exposed to the cytosol, whereas the extended channel is
entirely enclosed. This further supports the idea that the extended spirosome is the active form of
AdhE (26     ). MD simulations further corroborate this, showing that the aldehyde intermediate has
a much longer occupation time in the channel of the extended form. Future mutagenesis studies
will be needed to confirm whether the spirosome exists to control the reaction flux in high-
reactant conditions.
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Figure 8

CryoDRGN results show that there is conformational heterogeneity in the sample.

A) UMAP representation of the particles shows a continuous heterogeneity (bottom right corner). Colored UMAP graph
shows the division of the particles into five classes, broken into their individual map based on color. B) One representative
density for each group (excepting the junk class) shown at two angles to illustrate the movement of the spirosome (purple –
extended, lavender – intermediate 1, light blue – intermediate 2, teal – compact). C) Back-projected template classes
generated in Cryosparc from PDB ID 6AHC (top) and the matching classes selected from our data (bottom). D) Two angles of
the final compact spirosome density shown with local resolution coloring as indicated by the scale bar in the center.
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The C. thermocellum AdhE structure, in combination with molecular dynamics and comparative
analysis with the E. coli structures, establishes a baseline for further studies using mutagenesis to
increase the efficacy of the protein. This work provides insight as to why the spirosome seems to
be necessary for only one direction of the reaction, as well as opens new and interesting questions
as to why certain variants of AdhE natively exist in different conformations. It also provides a
template that could be replicated in other systems where toxic intermediates need to be
sequestered to increase the production of valuable biochemicals.

Materials and Methods

Gene cloning in E. coli
E. coli and C. thermocellum AdhE genes fused with N-terminal His-tag and TEV site used in this
study were amplified from their genomic DNA and inserted into pET28b vector. Gibson Assembly
Cloning Kit (NEB, Ipswich, MA, USA) and 5-alpha E. coli strain (NEB, Ipswich, MA, USA) were used
for the gene cloning. Gene cloning protocols reported previously were followed (39     ). Primers,
plasmids, and strains used in the study are listed in Supplemental Table 1. (To examine the protein
sequences of the expressed genes, please reference Supplemental Figure 7).

Gene expression in E. coli
The generated plasmids used for AdhE gene expression described above were transformed into E.
coli BL21(DE3) strain (NEB, Ipswich, MA, USA). The transformants were grown aerobically in LB
medium supplemented with kanamycin at 37 °C and 225 rpm overnight (seed culture). The seed
culture in a 1:50 ratio was inoculated into LB medium containing the same antibiotic and the cells
were grown under the same growth conditions until optical cell density OD600 reached 0.8. IPTG
(0.3mM) was added to the culture, and cells were grown overnight at 16 °C and 225 rpm after the
culture was cooled on ice for 3 hours. The cells were collected by centrifuge 8000xg for 10 min and
used for further protein extraction and purification.

Protein Isolation and Purification
Cell lysis was performed in HisA buffer (50 mM Tris pH 7.5, 400 mM NaCl, 20 mM imidazole, 1%
glycerol), 20 mg of lysozyme, 1 uL of DNaseI, and one protease inhibitor tablet, all set to rock at
room temperature for one hour. Lysed cells were spun down at 15,000× g, and the clarified lysate
was loaded onto a His-trap column for affinity purification. The tagged protein was eluted in HisB
(50 mM Tris pH 7.5, 400 mM NaCl, 400 mM imidazole, 1% glycerol), then applied to an S200 size
exclusion column for a final step of purification in 50 mM Tris pH 7.5 and 150 mM NaCl. Protein
was stored at 4°C before either negative stain or cryo-EM grid preparation.

Native C. thermocellum cell growth and isolation
Fermentations were carried out using Clostridium thermocellum strain DSM1313. Cultures were
grown in Medium for Thermophilic Clostridia (MTC), using stock solutions to combine with water
and the desired carbon source to reach 1x concentration. The medium was prepared as described
with cellobiose as the carbon source (40     ).

Glycerol stocks were revived in 10 mL serum bottles that were prepared in an anaerobic chamber
containing 85% N2, 10% CO2, and 5% H2. Seeds were grown to 0.8-1.0 OD600 at 55°C and
transferred to 100 mL serum bottles. These cultures were grown to an OD600 of 0.8-1.0 in
approximately 12 hours before the entire contents (10% v/v) were inoculated into 5 g/L cellobiose
MTC medium in process control bioreactors for a final working volume of 1 L. All growth medium
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was prepared at pH 7.0 and maintained at this level for all bioreactor experiments using 2N KOH.
Temperature was maintained at 55°C with 50 rpm agitation for bottles and bioreactors. An N2
environment was maintained through the bioreactor headspace at a rate of 30 mL/min.

Cultures were grown until maximum cell density was reached around 1.2 OD600 in approximately
8 hours. The entire bioreactor contents were harvested into centrifuge bottles and centrifuged at
8,000 RPM for 20 minutes. The supernatant was removed by decanting. The pellet was then
washed with distilled water and centrifuged again under the same conditions. The wash fraction
was removed by decanting, and the residual pellet was frozen until use in experiments.

Cells were lysed using a BeadBeater with a 30 seconds on/30 seconds off pattern for 5 minutes in
SEC buffer (50 mM HEPES pH 7.4, 150 mM NaCl) with 1 uL of DNaseI and one tablet of protease
inhibitor. Lysate was spun down at 15,000× g to pellet any extra cell debris, then concentrated, and
passed through a 0.22 um filter before being loaded directly onto a Superose6 size exclusion
column. The fractions that had signal on the FPLC trace were stored at 4C before negative stain
grid preparation.

Negative-Stain TEM Sample Preparation and Data Collection
All AdhE proteins were screened for optimal concentrations for negative staining – finding that
0.05 mg/ml was the ideal concentration for protein separation. Grids were glow discharged for 20
seconds at 10 mA before the sample was applied to the grid to incubate for one minute. The excess
sample was blotted away before the grid was dipped in a droplet of 2% aqueous uranyl acetate
(UA) for 15 seconds. Excess UA was blotted away, and grids were left to dry before storage at room
temperature before transmission electron microscopy (TEM) screening. Grids of the apo
nCthAdhE, CthAdhE, and EcoAdhE were viewed on a Tecnai T20 (FEI/ThermoFisher Scientific) TEM
at 50,000x magnification, with 6x6 montages collected using SerialEM (41     ). Grids of the CthAdhE
and EcoAdhE with added reactants were viewed using a Talos L120C TEM at 36,000x
magnification, using an automated collection strategy through Leginon (42     ).

Negative Staining Data Analysis
Spirosome length and overall conformation were manually analyzed in Image J (FIJI) (43     ).
Image pixel size was used to calibrate the scale bar before the line tool was used to trace and
measure the length of the spirosome. Compact versus extended was determined by eye for at least
100 and up to 1200 spirosomes for statistical relevance. Statistical relevance of differences in
length of spirosomes was calculated using a Mann-Whitney U Test, all were found to be
statistically different from each other.

Cryo-EM Sample Preparation and Data Collection
C-Flat 1.2/1.3 400 mesh grids were glow discharged for 10 seconds before 0.4 – 0.5 mg/mL of
CthAdhE was applied. Grids were blotted for 3 seconds using a CP3 Cryoplunge 3 (Gatan Ametek
Inc.) before being plunged into liquid ethane held at -168 °C. Preliminary data was collected on a
200kV Talos Arctica (ThermoFisher Scientific) cryo-TEM with K3 direct electron detector (Gatan
Ametek Inc.) using a total electron dose of 90 e-/Å2 and an exposure time of 3 seconds. The data set
used in the final extended C. thermocellum spirosome reconstruction was collected on a 300 kV
Titan Krios cryo-TEM with a Falcon 4 direct electron detector (ThermoFisher Scientific) using a
total electron dose of 60 e-/Å2 and an exposure time of 6.49 seconds. Finally, the data used for the
compact CthAdhE analysis was collected on a 300 kV Titan Krios cryo-TEM with a Falcon 4
(ThermoFisher Scientific) direct electron detector using a total electron dose of 60 e-/Å2 and an
exposure time of 4.42 seconds.
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Cryo-EM Data Analysis
Structural analysis was done in Relion 3.1, originally starting with helical processing to create a 3D
template for autopicking in single particle analysis, resulting in a 3.8 Å structure that was used for
initial model building (Supplemental Table 2, Supplemental Figures 8 and 9) (44     ). Data from the
Krios was also processed in Relion 3.1 using single particle analysis (44     ). Using a soft mask
around the edge of the protein, a final map was generated that had an FSC 0.143 of 3.28 Å. The
CCP-EM software suite was used to dock a homology model of the C. thermocellum structure into
the density (45     ). Coot was used to refine the structure iteratively with CCP-EM refinement and
validation (46     ). The best structure was taken to Phenix, where it was docked into the auto-
sharpened map generated by Phenix (47     ). Final rounds of refinement and validation resulted in
the structure deposited to the PDB as 8UHW and the final map was deposited to the EMDB as EMD-
44284.

Sequence Alignments and Analysis
25 sequences previously identified in literature were aligned in Clustal Omega (21     , 22     ,
29     -31     , 48     ). The percentage of conservation was calculated by hand and the alignment logos
were generated with WebLogo (49     ). For the 1000-sequence dataset, sequences were identified
by homology on the JGI IMG database (50     ). All relevant sequences were input into the MAFFT
online service (51     , 52     ). Protein length settings were used to exclude sequences that only
aligned with one domain before final analysis of the consensus sequences.

Molecular Dynamics Simulations
Classical MD simulations of 200 ns in length were run in triplicate for the following enzymes: 1) C.
thermocellum AdhE in extended spirosome form, 2) C. thermocellum AdhE in compact form, 3) E.
coli AdhE in extended form, and 4) E. coli AdhE in compact form. With the exception of C.
thermocellum in compact form, the starting structures for the enzymes come from cryo-EM
structures. The E. coli extended and compact forms originate with the structures from Pony et al.
(PDB codes 6TQH and 6TQM, respectively) (24     ). The C. thermocellum compact spirosome was
constructed as a homology model by SWISS-MODEL with 6TQM as the template (24     , 28     ). The
simulation system comprises two full AdhE units and two additional ADH domains on either side,
as in 6TQH and 6TQM. Where they appear in the cryo-EM structures, NAD+ and NADH molecules
are removed. All three cryo-EM structures contain divalent iron bound at ADH active sites. The
position of these cations is maintained, but iron is swapped for zinc in each case. We have chosen
to include zinc in each ADH active site, rather than iron, for two primary reasons. The first is that
parameters for iron are not included in the standard CHARMM forcefield. Secondly, it has been
shown that ADH activity of ADHE can be stimulated in cell extracts to varying degrees, including
zinc (29     ). In fact, divalent zinc has been shown to have higher ADH activity than divalent iron in
at least one study, leading the authors to conclude that this class of ADH structures should be
described as “metal ion-dependent” rather than strictly iron- or zinc-specific (29     ).

In the biofuels context, i.e. producing alcohols from acyl-CoA molecules, the aldehyde intermediate
is formed at the ALDH active site from acyl-CoA and then travels to the ADH active site where it is
reduced to an alcohol. Thus, for our MD simulations, positioning the acetaldehyde intermediate at
the ALDH active site most closely approximates the physical situation for intermediate channeling.
The placement of acetaldehyde at the ALDH active site was determined by alignment with 5JFM
(33     ). Additional starting points midway between the ALDH and ADH catalytic sites were
generated based on the results from MOLE, namely choosing starting coordinates midway along
the MOLE tunnel where the channel was widest (Supplemental Figure 5F, G) (36     ).
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In general, protonation states were determined by the output from H++ server
(http://biophysics.cs.vt.edu/H++) at pH 6.0, consistent with the assays performed by Extance et al.
In addition, the catalytic cysteine residues in ALDH domains (C252 in C. thermocellum and C246 in
E. coli) are deprotonated. The overall charge on the enzymes domains (two, full AdhE molecules
and two additional ADH domains) with these protonation states is -42 for C. thermocellum systems
and -28 for E. coli systems; a corresponding number of sodium ions were added to the solution
phase to neutralize the overall system. Neither C. thermocellum nor E. coli AdhE contains any
disulfide bonds.

Furthermore, to investigate the dynamics of water molecules at the ADH active site, 80 ns MD
simulations were performed in duplicate of the C. thermocellum extended structure with NADH
bound at the ADH active site. Zinc molecules are positioned at each ADH active site, as above.

All simulations were built using CHARMM version 44a1 and simulated with the CHARMM36 force
field for the protein, and TIP3P potential for water molecules (53     -55     ). Topologies and
forcefield parameters for acetaldehyde and NADH come from the CHARMM generalized forcefield
(CGenFF) version 4.1 (56     , 57     ).

CryoDRGN Analysis
To evaluate structural heterogeneity evident in the cryoEM data, 959,561 potential spirosome
particles were sorted into 2D classes using RELION 3.1 and were exported for analysis with
cryoDRGN 0.3.4 (37     , 44     ). Particles were downsampled to a 64px box size [5.28 Å/px] and
analyzed for 50 epochs with the standard latent space parameter of 8, at which point training
converged. Inspection of 20 volumes generated by k-means clustering and resulting UMAP
(Uniform Manifold Approximate and Projection) visualization of latent space of particle
projections suggested the presence of four major conformational classes, which were segmented
by Gaussian mixture modeling (GMM, k=4). Of them, only major classes indicative of spirosome
formation were retained for further analysis. A fifth class (‘Other’) of unidentifiable “junk”
particles and dimers was also identified, and those particles were discarded from further
processing. The remaining 858,511 spirosome particles were scaled to 128px box size [2.64 Å/px]
and again analyzed for 50 epochs. Major classes indicated by the UMAP clusters were attributed to
extended, compact, and transitional state spirosomes by visual confirmation of 3D density
volumes generated by k-means clustering and filtered by GMM (k=5).

CryoSPARC Template Generation and Use
The cryoSPARC ‘Create Templates’ utility was used to back project 50 2D classes of the compact E.
coli AdhE spirosome (24     , 38     ). For posterity, 50 back projected 2D classes of the extended E.
coli AdhE spirosome were also generated to serve as a comparison (24     ). Visual inspection
indicated sufficient difference between 2D projections of both conformations. The 2D templates of
the compact structure were used as a visual reference by which compact classes were hand
selected from the heterogenous compact model building described above (Supplemental Table 1).
This resulted in the selection of 64,977 particles that were determined to be in the compact state,
which were processed in Relion 3.1 as described above. Because the heterogenous dataset was
lacking in some projections predicted by the template generation, the resulting 3D density of the
compact C. thermocellum AdhE suffered from some preferred orientation and ultimately achieved
a 3.93 Å resolution, as determined by the Relion gold standard FSC.

https://doi.org/10.7554/eLife.96966.2


Samantha J Ziegler et al., 2024 eLife. https://doi.org/10.7554/eLife.96966.2 21 of 31

Acknowledgements

Portions of this work were performed at the CU Anschutz Medical Campus Cryo-EM Facility and
the SLAC S2C2 Cyro-EM Facility. We thank both facilities for the use of their microscopes and
related equipment. Computer time was provided by the National Renewable Energy Laboratory
Computational Sciences Center supported by the DOE Office of EERE under contract number DE-
AC36-08GO28308.

Funding

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for
Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-
08GO28308. Funding provided by the Center for Bioenergy Innovation (CBI), a U.S. Department of
Energy Bioenergy Research Center supported by the Office of Biological and Environmental
Research in the DOE Office of Science. The views expressed in the article do not necessarily
represent the views of the DOE or the U.S. Government. The U.S. Government retains and the
publisher, by accepting the article for publication, acknowledges that the U.S. Government retains
a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published
form of this work, or allow others to do so, for U.S. Government purposes.

Author Contributions

Conceptualization: SJZ, BCK, YJB

Methodology: SJZ, NH, QX, EER, LMJ, BCK

Investigation: SJZ, BCK, JNG

Visualization: SJZ, BCK, JNG

Supervision: YJB

Writing—original draft: SJZ, BCK, JNG

Writing—review & editing: SJZ, BCK, JNG, NH, QX, EER, LMJ, YJB

Competing interests

The authors declare that they have no competing interests.

Data and materials availability

The molecular model of AdhE can be found at PDB ID 8UHW. The refined map, half-maps, and FSC
curves can be accessed at the EMDB EMD-42284. All other data is accessible in the main text or
supplementary information.

https://doi.org/10.7554/eLife.96966.2


Samantha J Ziegler et al., 2024 eLife. https://doi.org/10.7554/eLife.96966.2 22 of 31

References

Ashokkumar V., et al. (2022) Recent advances in lignocellulosic biomass for biofuels and
value-added bioproducts - A critical review Bioresour Technol 344

Biddy M. J., et al. (2016) The Techno-Economic Basis for Coproduct Manufacturing To
Enable Hydrocarbon Fuel Production from Lignocellulosic Biomass ACS Sustainable
Chemistry & Engineering 4:3196–3211

Demain A. L. (2009) Biosolutions to the energy problem J Ind Microbiol Biotechnol 36:319–332

Isikgor F. H., Becer C. R. (2015) Lignocellulosic biomass: a sustainable platform for the
production of bio-based chemicals and polymers Polymer Chemistry 6:4497–4559

Usmani Z., et al. (2020) Advancement in valorization technologies to improve utilization of
bio-based waste in bioeconomy context Renewable and Sustainable Energy Reviews 131

Fan Z., Qureshi N., Hodge D. B., Vertès A. A. (2014) Biorefineries :141–160

Lee R. Lynd, Paul J. Weimer, Willem H. van Zyl, Isak S. Pretorius (2002) Microbial Cellulose
Utilization: Fundamentals and Biotechnology Microbiology and Molecular Biology Reviews
66:506–577

Lynd L. R., Wyman C. E., Gerngross T. U. (1999) Biocommodity engineering Biotechnology
Progress 15:777–793

Lynd L. R., Zyl W. H. v., McBride J. E., Laser M. (2005) Consolidated bioprocessing of cellulosic
biomass: an update Current Opinion in Biotechnology 16:577–583

Akinosho H., Yee K., Close D., Ragauskas A. (2014) The emergence of Clostridium
thermocellum as a high utility candidate for consolidated bioprocessing applications
Front Chem 2

Verbeke T. J., Garcia G. M., Elkins J. G. (2017) The effect of switchgrass loadings on feedstock
solubilization and biofuel production by Clostridium thermocellum Biotechnol Biofuels 10

Brown S. D., et al. (2011) Mutant alcohol dehydrogenase leads to improved ethanol
tolerance in Clostridium thermocellum Proc Natl Acad Sci U S A 108:13752–13757

Rani K. S., Seenayya G. (1999) High ethanol tolerance of new isolates of Clostridium
thermocellum strains SS21 and SS22 World Journal of Microbiology and Biotechnology 15:173–
178

Tian L., Cervenka N. D., Low A. M., Olson D. G., Lynd L. R. (2019) A mutation in the AdhE
alcohol dehydrogenase of Clostridium thermocellum increases tolerance to several
primary alcohols, including isobutanol, n-butanol and ethanol Sci Rep 9

Lo J., Zheng T., Hon S., Olson D. G., Lynd L. R. (2015) The bifunctional alcohol and aldehyde
dehydrogenase gene, adhE, is necessary for ethanol production in Clostridium
thermocellum and Thermoanaerobacterium saccharolyticum J Bacteriol 197:1386–1393

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

https://doi.org/10.7554/eLife.96966.2


Samantha J Ziegler et al., 2024 eLife. https://doi.org/10.7554/eLife.96966.2 23 of 31

Olson D. G., et al. (2023) Ethanol tolerance in engineered strains of Clostridium
thermocellum Biotechnology for Biofuels and Bioproducts 16

Shao X., et al. (2011) Mutant selection and phenotypic and genetic characterization of
ethanol-tolerant strains of Clostridium thermocellum Appl Microbiol Biotechnol 92:641–652

Loder A. J., et al. (2015) Alcohol Selectivity in a Synthetic Thermophilic n-Butanol Pathway
Is Driven by Biocatalytic and Thermostability Characteristics of Constituent Enzymes Appl
Environ Microbiol 81:7187–7200

Zheng T., et al. (2015) Cofactor Specificity of the Bifunctional Alcohol and Aldehyde
Dehydrogenase (AdhE) in Wild-Type and Mutant Clostridium thermocellum and
Thermoanaerobacterium saccharolyticum J Bacteriol 197:2610–2619

Biswas R., Zheng T., Olson D. G., Lynd L. R., Guss A. M. (2015) Elimination of hydrogenase
active site assembly blocks H2 production and increases ethanol yield in Clostridium
thermocellum Biotechnol Biofuels 8

Kessler D., Herth W., Knappe J. (1992) Ultrastructure and pyruvate formate-lyase radical
quenching property of the multienzymic AdhE protein of Escherichia coli J Biol Chem
267:18073–18079

S. O. Matayoshi H. (1985) Detection of Fine Spiral Structures (Spirosomes) by Weak
Sonication in Some Bacterial Strains Microbiol Immunol 29:13–20

Kim G., et al. (2019) Aldehyde-alcohol dehydrogenase forms a high-order spirosome
architecture critical for its activity Nat Commun 10

Pony P., Rapisarda C., Terradot L., Marza E., Fronzes R. (2020) Filamentation of the bacterial
bi-functional alcohol/aldehyde dehydrogenase AdhE is essential for substrate channeling
and enzymatic regulation Nat Commun 11

Espinosa A., et al. (2001) The bifunctional Entamoeba histolytica alcohol dehydrogenase 2
(EhADH2) protein is necessary for amebic growth and survival and requires an intact C-
terminal domain for both alcohol dahydrogenase and acetaldehyde dehydrogenase
activity J Biol Chem 276:20136–20143

Kim G., et al. (2020) Aldehyde-alcohol dehydrogenase undergoes structural transition to
form extended spirosomes for substrate channeling Commun Biol 3

Cho S., Kim G., Song J. J., Cho C. (2021) Cryo-EM structure of Vibrio cholerae aldehyde-
alcohol dehydrogenase spirosomes Biochem Biophys Res Commun 536:38–44

Waterhouse A., et al. (2018) SWISS-MODEL: homology modelling of protein structures and
complexes Nucleic Acids Res 46:W296–W303

Extance J., et al. (2013) Structure of a bifunctional alcohol dehydrogenase involved in
bioethanol generation in Geobacillus thermoglucosidasius Acta Crystallogr D Biol Crystallogr
69:2104–2115

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

https://doi.org/10.7554/eLife.96966.2


Samantha J Ziegler et al., 2024 eLife. https://doi.org/10.7554/eLife.96966.2 24 of 31

Extance J., Danson M. J., Crennell S. J. (2016) Structure of an acetylating aldehyde
dehydrogenase from the thermophilic ethanologen Geobacillus thermoglucosidasius
Protein Sci 25:2045–2053

Laurenceau R., et al. (2015) Conserved Streptococcus pneumoniae spirosomes suggest a
single type of transformation pilus in competence PLoS Pathog 11

Bellamacina C. R. (1996) The nicotinamide dinucleotide binding motif: a comparison of
nucleotide binding proteins FASEB J 10:1257–1269

Zarzycki J., Sutter M., Cortina N. S., Erb T. J., Kerfeld C. A. (2017) In Vitro Characterization and
Concerted Function of Three Core Enzymes of a Glycyl Radical Enzyme - Associated
Bacterial Microcompartment Sci Rep 7

Lei Y., Pawelek P. D., Powlowski J. (2008) A shared binding site for NAD+ and coenzyme A in
an acetaldehyde dehydrogenase involved in bacterial degradation of aromatic
compounds Biochemistry 47:6870–6882

Rudolph F. B., Purich D. L., Fromm H. J. (1968) Coenzyme A-linked Aldehyde Dehydrogenase
from Escherichia coli: I. PARTIAL Purification, Properties, and Kinetic Studies of the
Enzyme Journal of Biological Chemistry 243:5539–5545

Pravda L., et al. (2018) MOLEonline: a web-based tool for analyzing channels, tunnels and
pores (2018 update) Nucleic Acids Res 46:W368–W373

Zhong E. D., Bepler T., Berger B., Davis J. H. (2021) CryoDRGN: reconstruction of
heterogeneous cryo-EM structures using neural networks Nat Methods 18:176–185

Punjani A., Rubinstein J. L., Fleet D. J., Brubaker M. A. (2017) cryoSPARC: algorithms for rapid
unsupervised cryo-EM structure determination Nat Methods 14:290–296

Xu Q., et al. (2003) The cellulosome system of Acetivibrio cellulolyticus includes a novel
type of adaptor protein and a cell surface anchoring protein J Bacteriol 185:4548–4557

Holwerda E. K., Hirst K. D., Lynd L. R. (2012) A defined growth medium with very low
background carbon for culturing Clostridium thermocellum J Ind Microbiol Biotechnol
39:943–947

Mastronarde D. N. (2005) Automated electron microscope tomography using robust
prediction of specimen movements J Struct Biol 152:36–51

Suloway C., et al. (2005) Automated molecular microscopy: the new Leginon system J Struct
Biol 151:41–60

Schindelin J., et al. (2012) Fiji: an open-source platform for biological-image analysis Nat
Methods 9:676–682

Nakane T., et al. (2020) Single-particle cryo-EM at atomic resolution Nature 587:152–156

Burnley T., Palmer C. M., Winn M. (2017) Recent developments in the CCP-EM software suite
Acta Crystallogr D Struct Biol 73:469–477

Emsley P., Cowtan K. (2004) Coot: model-building tools for molecular graphics Acta
Crystallogr D Biol Crystallogr 60:2126–2132

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

https://doi.org/10.7554/eLife.96966.2


Samantha J Ziegler et al., 2024 eLife. https://doi.org/10.7554/eLife.96966.2 25 of 31

Liebschner D., et al. (2019) Macromolecular structure determination using X-rays,
neutrons and electrons: recent developments in Phenix Acta Crystallogr D Struct Biol 75:861–
877

Sievers F., et al. (2011) Fast, scalable generation of high-quality protein multiple sequence
alignments using Clustal Omega Mol Syst Biol 7

Crooks G. E., Hon G., Chandonia J. M., Brenner S. E. (2004) WebLogo: a sequence logo
generator Genome Res 14:1188–1190

Chen I. A., et al. (2023) The IMG/M data management and analysis system v.7: content
updates and new features Nucleic Acids Res 51:D723–D732

Katoh K., Rozewicki J., Yamada K. D. (2019) MAFFT online service: multiple sequence
alignment, interactive sequence choice and visualization Brief Bioinform 20:1160–1166

Kuraku S., Zmasek C. M., Nishimura O., Katoh K. (2013) aLeaves facilitates on-demand
exploration of metazoan gene family trees on MAFFT sequence alignment server with
enhanced interactivity Nucleic Acids Res 41:W22–28

Best R. B., et al. (2012) Optimization of the additive CHARMM all-atom protein force field
targeting improved sampling of the backbone phi, psi and side-chain chi(1) and chi(2)
dihedral angles J Chem Theory Comput 8:3257–3273

Brooks B. R., et al. (2009) CHARMM: the biomolecular simulation program J Comput Chem
30:1545–1614

Jorgensen W. L., Chandrasekhar J., Madura J. D., Impey R. W., Klein M. L. (1983) Comparison of
simple potential functions for simulating liquid water The Journal of Chemical Physics
79:926–935

Vanommeslaeghe K., et al. (2010) CHARMM general force field: A force field for drug-like
molecules compatible with the CHARMM all-atom additive biological force fields J Comput
Chem 31:671–690

Yu W., He X., Vanommeslaeghe K., MacKerell A. D. (2012) Extension of the CHARMM General
Force Field to sulfonyl-containing compounds and its utility in biomolecular simulations J
Comput Chem 33:2451–2468

Editors
Reviewing Editor
Mauricio Comas-Garcia
Universidad Autónoma de San Luis Potosí, San Luis Potos, Mexico

Senior Editor
Qiang Cui
Boston University, Boston, United States of America

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

https://doi.org/10.7554/eLife.96966.2


Samantha J Ziegler et al., 2024 eLife. https://doi.org/10.7554/eLife.96966.2 26 of 31

Reviewer #1 (Public Review):

Clostridium thermocellum serves as a model for consolidated bioprocessing (CBP) in
lignocellulosic ethanol production. The primary ethanol production pathway involves the
enzyme aldehyde-alcohol dehydrogenase (AdhE), which exhibits complex regulation, forming
long oligomeric structures known as spirosomes.

The present study describes the cryo-EM structure of C. thermocellum AdhE, resolved at 3.28
Å resolution. By integrating cryo-EM data with molecular dynamics simulations, this study
showed that the aldehyde intermediate resides longer in the channel of the extended form,
supporting the mechanistic model in which the extended spirosome conformation represents
the active form of AdhE.

These findings advance the understanding of the function and regulation of AdhE, a key
enzyme involved in the ethanol biosynthesis pathway in Clostridium thermocellum, a model
organism for ethanol production in consolidated bioprocessing.

https://doi.org/10.7554/eLife.96966.2.sa2

Reviewer #2 (Public Review):

Summary:

The manuscript by Ziegler et al, entitled 'Structural characterization and dynamics of AdhE
ultrastructure from Clostridium thermocellum: A containment strategy for toxic
intermediates?" presents the atomic resolution cryo-EM structure of C. thermocellum AdhE
showing that it show dominantly an extended form while E.coli AdhE shows dominantly a
compact form. With comparative analysis of their C. thermocellum structure and the
previous E.coli AdhE structure, they tried to reveal the mechanism by which C.thermocellum
and E.coli show different dominant conformations. In addition, they also analyzed the
substrate channel by comparative and computational approaches. Lastly, their computational
analysis using CryoDRGN reveals conformational heterogeneity in the sample. Despite this
the manuscript is very descriptive and does not provide a mechanistic understanding by
which AdhE works, this work will provide structural frame works to further investigate the
function and mechanism of AdhE dynamics.

Strengths:

This manuscript provides the first C. thermocellum (Ct) AdhE structure and comparatively
analyzed this structure with E.coli AdhE.

Weaknesses:

This work is very descriptive and does not provide mechanistic understanding of the function
and dynamics of AdhE.

https://doi.org/10.7554/eLife.96966.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Public Reviews:
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Reviewer #1 (Public Review):

Summary:

Clostridium thermocellum serves as a model for consolidated bioprocess (CBP) in
lignocellulosic ethanol production, but yet faces limitations in solid contents and ethanol
titers achieved by engineered strains thus far. The primary ethanol production pathway
involves the enzyme aldehydealcohol dehydrogenase (AdhE), which forms long
oligomeric structures known as spirosomes, previously characterized via the 3.5 Å
resolution E. coli AdhE structure using single-particle cryoEM. The present study
describes the cryo-EM structure of the C. thermocellum ortholog, sharing 62% sequence
identity with E. coli AdhE, resolved at 3.28 Å resolution. Detailed comparative structural
analysis, including the Vibrio cholerae AdhE structure, was conducted. Integrating
cryoEM data with molecular dynamics simulations indicated that the aldehyde
intermediate resides longer in the channel of the extended form, supporting the
hypothesis that the extended spirosome represents the active form of AdhE.

Strengths:

The study conducts a comprehensive structural comparative analysis of oligomerization
interfaces and the acetaldehyde channel across compact and extended conformations.
Structural and computational results suggest the extended spirosome as the most likely
active state of AdhE.

Weaknesses:

The overall resolution of the C. thermocellum structure is similar to the E. coli ortholog,
which shares 62% sequence identity, and the oligomerization interfaces and the
acetaldehyde channel were previously described.

Reviewer #2 (Public Review):

Summary:

The manuscript by Ziegler et al, entitled 'Structural characterization and dynamics of
AdhE ultrastructure from Clostridium thermocellum: A containment strategy for toxic
intermediates?" presents the atomic resolution cryo-EM structure of C. thermocellum
AdhE showing that it show dominantly an extended form while E. coli AdhE shows
dominantly a compact form. With comparative analysis of their C. thermocellum
structure and the previous E. coli AdhE structure, they tried to reveal the mechanism by
which C. thermocellum and E. coli show diXerent dominant conformations. In addition,
they also analyzed the substrate channel by comparative and computational
approaches. Lastly, their computational analysis using CryoDRGN reveals conformational
heterogeneity in the sample. Although this manuscript suggests a potential mechanism
of the diXerent features of AdhEs, this manuscript is very descriptive and does not
provide suXicient data to support the authors' conclusions, which may be due to the lack
of experimental data to support their findings from the computational analysis.

Strengths:

This manuscript provides the first C. thermocellum (Ct) AdhE structure and
comparatively analyzed this structure with E. coli AdhE.

Weaknesses:

Their main conclusions obtained mostly by computational and comparative analysis are
not supported by experimental data.

https://doi.org/10.7554/eLife.96966.2
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Reviewer #3 (Public Review):

This study describes the first structure of Gram-positive bacterial AdhE spirosomes that
are in a native extended conformation. All the previous structures of AdhE spirosomes
obtained come from Gram-negative bacterial species with native compact spirosomes (E.
coli, V. cholerae). In E. coli, AdhE spirosomes can be found in two diXerent
conformational states, compact and extended, depending on the substrates and
cofactors they are bound to.

The high-resolution cryoEM structure of the extended C. thermocellum AdhE spirosomes
produced in E. coli in an apo state (without any substrate or cofactors) is compared to
the E. coli extended and compact AdhE spirosomes structures previously published. The
authors have modeled (in Swiss-Model) the structure of compact C. thermocellum AdhE
spirosomes, using E. coli compact AdhE spirosome conformation as a template, and
performed molecular dynamics simulations. They have identified a channel in which the
toxic reaction intermediate aldehyde could transit from the aldehyde dehydrogenase
active site to the alcohol dehydrogenase active site, in an analogous manner to E. coli
spirosomes. These findings are in line with the hypothesis that the extended spirosomes
could correspond to the active form of the enzyme.

In this work, the authors speculate that the C. thermocellum AdhE spirosomes could
switch from the native extended conformation to a compact conformation, in a way that
is inverse of E. coli spirosomes. Although attractive, this hypothesis is not supported by
the literature. Amazingly, in some Gram-positive bacterial species (S. pneumoniae, S.
sanguinis or C. di8icile...), AdhE spirosomes are natively extended and have never been
observed in a compact conformation. On the opposite, E. coli (and other Gram-negative
bacteria) native AdhE spirosomes are compact and are able to switch to an extended
conformation in the presence of the cofactors (NAD+, coA, and iron). The data presented
as they are now are not convincing to confirm the existence of C. thermocellum AdhE
spirosomes in a compact conformation.

Recommendations for the authors:

Reviewer #1 (Recommendations For The Authors):

Major points:

(1) The claim of achieving the highest resolution AdhE structure lacks strong support
since the E. coli structure was solved at 3.5A, whereas the C. thermocellum was solved at
3.28A. Conducting a local resolution analysis could provide insights into distinct
structural interpretations, enhancing the strength of the claim.

We have modified the sentence claiming this as the highest resolution AdhE structure to say,
“In this study, we presented and analyzed a high-resolution structure of the AdhE spirosome
from C. thermocellum.” We have included the local resolution map in Figure 2C – all
structural analysis was performed in regions from the center of the molecule, where the
highest resolution information was determined.

(2) The comparative structural analysis of the oligomerization interface is thorough, yet it
could benefit from greater conciseness. Focusing on highlighting major findings would
streamline the presentation and enhance clarity.

We altered a few places in the comparative structural analysis in response to other reviewers.
We also divided the main structure section into two subsections (spirosome interfaces and
AdhE active sites) to enhance clarity.

https://doi.org/10.7554/eLife.96966.2
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Reviewer #2 (Recommendations For The Authors):

(1) The authors should change the tile containing "?". Does it mean that the conclusions
that the authors made are still in question?

We have removed the question mark to indicate that our results point to a channeling
mechanism.

(2) Figure 1B: Clarify Ct Fwd. Is this adding NADH, and Ct Rev adding NAD+?

This information is described in the text in lines 98-100. It is also at the bottom of figure 1B.

(3) Line 131: Please revise accordingly for clarity: "The extended dimer interfaces" è "The
extended E.coli dimer interface".

This has been edited for clarity. We have added the following sentence resulting to indicate
which interfaces that are being discussed: “Both the E. coli and C. thermocellum extended
dimer interfaces bury ~5000 Å2. While the compact C. thermocellum compact dimer interface
buries a similar surface area of ~4800 Å2, the E. coli dimer interface buries ~3800 Å2.”

(4) Line 133-136: Why that does not seem to be the case? These sentences are not clear
what the authors exactly mean.

We altered the text to say, “One would expect the compact structure in E. coli to have a larger
buried surface area due to it being the predominant form when it is examined without
additives, but that is not the case; further corroborating that factors other than buried
surface area must impact the apo state of the spirosome.” We hope this clarifies our intent.

(5) Line 138-145: The authors should provide a logic for how the diXerent distribution of
the charged residues would change the form of AdhE. It may just be a diXerent
distribution nothing to do with the conformational change.

After further analysis of the interface amino acid distribution, we agree that the distribution
may have nothing to do with the conformational change. We have changed this section to end
with the sentence “Analysis of the residues buried in these interfaces reveals that while many
of the residues are identical in the C. thermocellum and E. coli extended structures, there are
some diXerences in amino acid type distribution, although nothing that directly indicates
control of conformer state (Supplemental Figure 3).”

(6) Line 169: Kim et al. è Cho et al.

We have corrected this error.

(7) Line 122-235: The whole section is just describing the diXerence between Ct and Ec
AdhE suggesting that this diXerence may contribute to the conformational diXerence
without any evidence. The author cannot say that the diXerences in the interface, active
sites cofactor pockets, etc explain why two AdhE (Ct, Ec) have diXerent domain
conformers unless they provide experimental data.

We did not conclude that any diXerences we observed structurally were responsible for the
conformation change. The purpose of this section was solely to compare the structures to
determine if we could find a structural basis for the diXerence between E. coli and C.
thermocellum conformation – we stated a few times throughout the section and in the
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discussion that there were no immediate structural reasons for this diXerence in shape. We
have added a few sentences in the discussion to address whether Gram-positive vs. Gram-
negative is influencing the shape, addressed in reviewer #3 comment #4.

(8) Line 237: The whole section "Identification..." analyzed the substrate channel by
computational analysis. The author should provide experimental evidence that these
residues identified are critical for channeling by generating mutants and measuring their
activity.

We agree that mutagenesis is the next logical step for these results, however it is outside the
scope of work of this paper as this study will not be that straightforward. We have included a
sentence in the discussion to indicate our plans for further investigation to the channel that
says, “Future mutagenesis studies will be needed to confirm whether the spirosome exists to
control the reaction flux in high-reactant conditions.”

Reviewer #3 (Recommendations For The Authors):

(1) The capacity of C. thermocellum AdhE spirosomes to switch from a natively extended
conformation to a compact conformation is not demonstrated in this manuscript, as it is
now. Because this would be the first time that Gram-positive bacterial AdhE spirosomes
are observed in a compact conformation, the authors should provide a clear
demonstration of their existence by presenting reliable and good images of C.
thermocellum compact spirosomes.

We have modified Figure 1A to zoom in on one compact and extended spirosome that we
have identified from each C. thermocellum sample. We have included triangles of the same
size and shape to indicate the proximity of a turn of a helix, showing that the identified
compact spirosomes have a tighter conformation than extended spirosomes.

(2) The authors should show at least an image of the compact C. thermocellum
spirosomes, that they claim to observe in the presence of NADH or in the forward
reaction conditions mentioned in Figure 1. The authors have added diXerent reactants to
the extended C. thermocellum spirosomes and visualized their conformation by negative
stain. An image of each condition tested would be valuable and would nicely complete
the distribution of compact versus extended spirosomes presented in Figure 1.

We have created a new supplemental figure with spirosomes circled for all of the
experimental conditions for C. thermocellum (Supplemental figure 1). We have added a
reference to supplemental figure 1 in the text to direct the reader to these images.

(3) The cryoEM classes presented in Figure 8 are not convincing and could correspond to
dimers or rosettes of AdhE or to E. coli endogenous AdhE. CryoEM classes showing longer
compact C. thermocellum spirosomes should be shown. The percentage of these compact
spirosomes visualized in the micrographs should be added and discussed in the text as it
would increase confidence in these findings and confirm that C. thermocellum compact
spirosomes exist. Heterologous production of C. thermocellum AdhE in E. coli depleted
for its endogenous AdhE would be required to definitively prove that these are compact
C. thermocellum AdhE spirosomes in the cryoEM.

We included the pictures of the theoretical compact spirosomes, as generated from the 8-mer
of E. coli AdhE (6AHC) to address the possibility of rosettes. We have now indicated in the text
that there were 6.7% of the particles in the compact conformation, which is less than seen by
negative stain. We further mentioned that the compact spirosome is less compact than that
seen in E. coli. We added a sentence to the discussion about the possibility of contaminating E.
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coli spirosomes (though this is very unlikely ) in our compact spirosome analysis: “While
these compact spirosomes could result from expression in E. coli, though this is very unlikely,
we also identified compact spirosomes in a native C. thermocellum lysate, which would not
have similar contamination issues.”

(4) The authors should include and discuss in the text previous findings (among which
Laurenceau et al., 2015...) describing the diXerences between Gram-positive and Gram-
negative spirosomes. AdhE spirosomes are natively extended in most Gram-positive
bacterial species (S. pneumoniae, S. sanguinis or C. diXicile...), and have never been
observed in a compact conformation. On the opposite, E. coli (and other Gram-negative
bacteria) native AdhE spirosomes are compact and are able to switch to an extended
conformation in the presence of the cofactors (NAD+, coA, and iron).

We have added the following sentences to the discussion to address this comment: “This
could potentially be due to the diXerences between Gram-positive and Gram-negative
bacteria. In previous studies, compact spirosomes have only been isolated from Gram-
negatives while solely extended spirosomes have been isolated from Gram-positives.
Furthermore, while the compact spirosomes can transition to extended in the presence of
cofactors, the reverse has not been previously observed with an extended spirosome.”

(5) The authors have spotted some diXerences between the E. coli and C. thermocellum
structures, that they believe could explain the intrinsic capacity of these spirosomes to be
natively extended or compact. It would be interesting to confirm this hypothesis by
measuring C. thermocellum extended AdhE spirosome activity and comparing it to E. coli
extended spirosomes. The impact of mutations in the regions proposed by the authors to
be important in the capacity of C. thermocellum AdhE to be extended (especially the
GxGxxG motif and the D494 position) would be appreciated to confirm this hypothesis.

We agree that this would be an interesting avenue of research although it is currently outside
the scope of this paper. We are looking into experiments that we can perform where we can
track both activity and conformation but have not found an ideal experiment at this time.

(6) Many statements and result interpretations are overstated in several parts of the
manuscript and would need to be rewritten to balance the absence of clear evidence of C.
thermocellum compact spirosomes.

We have shown that we have identified compact spirosomes, addressed in multiple
comments above. We have adjusted the language of the paper to indicate more uncertainty
that will be followed up in future mutagenesis experiments. However, these mutations are
not that simple to identify and this research would require a fairly large study that is better
suited for a follow up manuscript.

(7) The Figure 7 legend would need to be corrected.

We are unsure as to what needs to be corrected in the figure 7 legend based on this comment.
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