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ARTICLE INFO ABSTRACT

Keywords: Anaerobic fungi (Neocallimastigomycetes) found in the guts of herbivores are biomass deconstruction specialists

Anaerobic fungi with a remarkable ability to extract sugars from recalcitrant plant material. Anaerobic fungi, as well as many

]C)ell;{llo§ome species of anaerobic bacteria, deploy multi-enzyme complexes called cellulosomes, which modularly tether
ockerin

together hydrolytic enzymes, to accelerate biomass hydrolysis. While the majority of genomically encoded
cellulosomal genes in Neocallimastigomycetes are biomass degrading enzymes, the second largest family of cel-
lulosomal genes encode spore coat CotH domains, whose contribution to fungal cellulosome and/or cellular
function is unknown. Structural bioinformatics of CotH proteins from the anaerobic fungus Piromyces finnis shows
anaerobic fungal CotH domains conserve key ATP and Mg?* binding motifs from bacterial Bacillus CotH proteins
known to act as protein kinases. Experimental characterization further demonstrates ATP hydrolysis activity in
the presence and absence of substrate from two cellulosomal P. finnis CotH proteins when recombinantly pro-
duced in E. coli. These results present foundational evidence for CotH activity in anaerobic fungi and provide a
path towards elucidating the functional contribution of this protein family to fungal cellulosome assembly and

Protein kinase
Spore coat CotH

activity.

1. Introduction

Anaerobic microorganisms play an important role in recycling car-
bon in the natural environment by breaking down recalcitrant plant
biomass into sugars that feed microbial growth [1]. Many species of
anaerobic bacteria and anaerobic fungi produce multi-enzyme com-
plexes called cellulosomes that enable them to rapidly extract sugars
from recalcitrant plant biomass [2,3]. Cellulosomes modularly assemble
a wide array of proteins into complexes via interactions between
enzyme-fused dockerin domains and a central scaffoldin protein [4,5].
While many cellulosome-incorporated proteins are carbohydrate-active
enzymes (CAZymes), which participate directly in hydrolyzing plant
matter, cellulosomes from both bacteria and fungi are known to encode
proteins with unrelated functions, including proteases, serpins, and
proteins annotated as spore coat CotH proteins, whose contributions to
cellulosome function are poorly understood [5,6].

Dockerin-fused spore coat CotH proteins are an interesting class of
cellulosome proteins because, across anaerobic fungal genomes [5,7],

18% of dockerin containing genes, which presumably encode cellulo-
some incorporated proteins, encode CotH domains (mycocosm.jgi.doe.
gov). This fraction is second only to the 27% of dockerin containing
genes that also encode CAZymes, suggesting an important role for CotH
family proteins in fungal cellulosome biology and potential function.
CotH proteins are verified by proteomics to be present in cellulo-
somes from several anaerobic bacteria [8-10], but no studies have
assayed the functional role this protein family plays in cellulosome
biology; as non-CAZyme proteins, CotH is assumed to play some struc-
tural role in bacterial, and by extension, fungal cellulosomes.
Functional annotations of spore coat CotH proteins derive from work
in Bacillus subtilis demonstrating that CotH proteins participate in spore
coat assembly and spore germination [11]. It was later shown that
members of the CotH protein family from Bacillus bacteria act as protein
kinases and that this kinase activity is critical to proper spore germi-
nation [12]. However, no cellulosomal CotH proteins from anaerobic
fungi have been experimentally characterized and their contribution to
fungal cellulosome assembly and/or function remains unknown. In this
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work, we apply structural bioinformatic approaches to assess whether
CotH domains from the anaerobic fungus Piromyces finnis conserve
sequence features key to protein kinase activity. We then experimentally
produce two dockerin-containing CotH proteins from Piromyces finnis
and show that the purified proteins possess ATP hydrolysis activity.
Overall, these results provide evidence that cellulosomal CotH proteins
produced by anaerobic fungi act as protein kinases, an important step
towards elucidating their functional contribution to fungal cellulosome
assembly and function.

2. Material and methods
2.1. Molecular cloning

All spore coat CotH constructs were built using the capabilities
hosted in the JGI's DNA Synthesis Platform. Nucleotide sequences for
each construct are shown in Table S1 in the Supplementary Information.
Celsome1l02 and Celsomel20 were codon optimized for E. coli expres-
sion using BOOST (https://boost.jgi.doe.gov/ [13]), synthesized (Twist
Biosciences, South San Francisco, CA, USA), and cloned into pET28a
using a Gibson assembly kit (New England Biolabs, Ipswich, MA, USA).
The sequences were verified using PacBio Sequel II (Pacific Biosciences,
San Diego, CA, USA) The protein sequences for these proteins were
obtained from the Piromyces finnis de novo assembled transcriptome
published by Solomon et al. [14]. The closest matching genomic
sequence available in public databases for Celsome102 is AOA1Y1V7V1
(Uniprot) or 245,078 (Mycocosm); Celsomel20 is 100% identical to
sequence AOA1Y1UXM1 (Uniprot) (GenBank ORX42284.1).

2.2. Protein expression and purification

E. coli strains harboring plasmids encoding each protein were
cultured in baffled 500 mL shake flasks with LB broth supplemented
with the appropriate antibiotic. All plasmids and strains used in this
work are shown in Table 1. After inoculation at a starting ODggo = 0.05,
cultures were incubated at 37 °C with shaking at 250 rpm until the
cultures reached an ODggp = 0.5, at which point IPTG was added to a
final concentration of 0.5 mM and the cultures were moved to a 30 °C
shaker for 16-18 h of induction. Induced cultures were harvested by
centrifugation at 4,000xg in a swing bucket rotor and cell pellets were
resuspended at 1% the original culture volume in PBS (pH 7.4) con-
taining 10 mM imidazole. 0.5 mm Zirconia-Silica (Bio-Spec) beads were
added at ~10% of the solution volume and the suspension was vortexed
rigorously in 50 mL conical tubes for 10 intervals of 30 s, with a 30 s rest
on ice in between each interval. The soluble supernatant was recovered
by centrifugation at 14,000xg for 10 min at 4 °C. Target proteins
encoding a 6x-His tag were purified with His-Pur Ni-NTA Resin (Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s in-
structions. The presence and purity of the proteins of interest in the
purified sample was assessed by SDS-PAGE with SYPRO protein staining

Table 1
Strains and plasmids used in this study.
Strain or Relevant genotype or features Source
Plasmid
Strain
E. coli BL21 fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS Laboratory

(DE3) A DE3 = ) sBamHIo AEcoRI-B int::(lacl:: stock
PlacUV5::T7 genel) i21 Anin5

Plasmid
pET32a E. coli expression vector to create N-terminal Novagen
genetic fusion to TrxA

PET32a-XynA DNA encoding T. maritima XynA in pET32a [15]

pET28a- DNA encoding P. finnis dockerin-fused spore This study
Celsome102 coat CotH (Uniprot __) in pET28a

pET28a- DNA encoding P. finnis dockerin-fused spore This study
Celsome120 coat CotH (Uniprot __) in pET28a
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(Bio-Rad Laboratories, Hercules, CA, USA) or Western blot with HRP-
conjugated anti-6x His tag antibody (Abcam ab1187) and detection
with Pierce ECL Western blot substrate (Fisher Scientific, Waltham, MA,
USA) (Fig. S1).

2.3. Assessing kinase activity

CotH kinase activity was assayed using an Adapta Universal Kinase
Activity Assay kit (Fisher Scientific, Waltham, MA, USA). A recombinant
xylanase from Thermotoga maritima produced and purified by the same
procedure as the P. finnis CotH proteins was used as a negative control
with no kinase activity. For each in vitro reaction, purified CotH or XynA
(negative control) was supplied at 25 pg/mL with 0.75 mg/mL substrate
(if applicable) and 0.35 mM ATP in 1x kinase buffer A. Reactions were
performed in triplicate at 10 pL total volume in a 384-well microplate
with incubation at 30 °C for 1 h. MyeBP (sequence NKRPSNRSKYL) was
procured from VWR (part no. 89143-546, Radnor, PA, USA) and H1-7
(sequence RRKASGP) was procured from Enzo Life Sciences (part no.
89160-930, Farmingdale, NY, USA).

3. Results

3.1. Structural bioinformatics suggests anaerobic fungal CotH domains
are kinases

Towards elucidating the role of CotH proteins in fungal cellulosome
biology, we first assessed whether CotH genes from anaerobic fungal
genomes conserved sequence motifs from protein kinases critical to ATP
binding and hydrolysis. Using Piromyces finnis as a representative
anaerobic fungus, we performed a multiple sequence alignment of all
annotated dockerin-containing CotH protein sequences from Mycocosm
(129 sequences total) to identify potential conserved ATP binding sites.
The structure of B. subtilis CotH, proven to be a protein kinase [12],
served as a reference, highlighting a PWDXD motif that binds ATP and
Mg?* ions to hydrolyze ATP (Fig. 1, right). Indeed, this motif was highly
conserved among the P. finnis CotH domains, suggesting they may also
act as protein kinases (Fig. 1, left).

To assess whether P. finnis CotH domains could also hydrolyze ATP,
we produced and purified two CotH dockerin-containing proteins, Cel-
somel02 and Celsomel20, from E. coli and tested their ability to hy-
drolyze ATP using a kinase activity assay kit that detects the generation
of ADP. The two CotH proteins were purified as C-terminal 6x-His tag-
ged proteins in E. coli (Fig. 2). Though sometimes protein kinases auto-
phosphorylate, a substrate may be required to catalyze ATP hydrolysis.
With no a priori knowledge of P. finnis kinase substrate specificity, we
used myelin basic protein (MyeBP), a generic protein kinase substrate,
and the protein kinase A substrate histone H1 phosphorylation site (H1-
7) as potential CotH substrates. Bacillus subtilus CotH structurally con-
serves key active site residues from canonical protein kinase A (Nguyen
et al., 2016).

The P. finnis CotH proteins hydrolyze ATP in the absence of substrate
or in the presence of MyeBP, but not in the presence of H1-7 (Fig. 3).
Apparent inhibition of CotH kinase activity by H1-7 is a surprising
observation. As substrate was applied at high concentration (~1 mM),
we hypothesize competitive binding between H1-7 and the natural
autophosphorylation site may explain why kinase activity is observed in
the absence of substrate but not in the presence of H1-7. Indeed, many
natural, often arginine-rich peptides are proven protein kinase inhibitors
capable of inhibiting both substrate phosphorylation and autophos-
phorylation [16-18]. The change in ATP hydrolysis when changing the
substrate suggests that substrate phosphorylation and not just ATP hy-
drolysis are being performed. However, this should be confirmed by
testing catalytically inactive variants of Celsomel02 and Celsomel20
and/or using conventional y->?P ATP to directly detect phosphate
addition to kinase substrates.
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Fig. 1. P. finnis CotH genes conserve key sites critical to protein kinase activity. (Left) Logo plot from multiple sequence alignment of 129 CotH domain sequences
from P. finnis showing the conserved PWDXD motif characteristic of kinases. Logo plot made with WebLogo. (Right) The PWDXD motif in B. subtilis CotH (PDB ID
5JDA) is directly involved in binding ATP and Mg?* ions to mediate ATP hydrolysis.
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Fig. 2. Purification of Thermotoga maritima xylanase XynA and P. finnis spore coat CotH proteins from E. coli. A) SDS-PAGE gel of Ni-NTA purified T. maritima XynA
(negative control for kinase assays) stained with SYPRO Ruby. B) Anti-6x His Western blot of Ni-NTA purified spore coat CotH proteins from P. finnis.

4. Conclusions

Spore coat CotH genes represent the second largest class of dockerin-
containing genes across anaerobic fungal genomes, but their contribu-
tion to fungal cellulosome activity is poorly understood. Here we show
via structural bioinformatics and experimental biochemical character-
ization that P. finnis cellulosomal CotH proteins, and likely more
generally cellulosomal CotH proteins from other anaerobic fungi, hy-
drolyze ATP and potentially act as protein kinases. This represents an
important step towards elucidating the functional role of CotH proteins
in cellulosome biology, paving the way for future studies leveraging cell-
free expression systems and in vitro biochemical assays that help eluci-
date the substrates that anaerobic fungal CotH kinases target. As they
become available, bioimaging techniques that label CotH proteins in
anaerobic fungal cultures may also prove useful in illuminating the role
that CotH proteins play in anaerobic fungal biology.
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