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Interactions between proteins and glycans are critical to various biological processes. With databases of carbohydrate-interacting
proteins and increasing amounts of structural data, the three-sided right-handed β-helix (RHBH) has emerged as a significant structural
fold for glycan interactions. In this review, we provide an overview of the sequence, mechanistic, and structural features that enable
the RHBH to interact with glycans. The RHBH is a prevalent fold that exists in eukaryotes, prokaryotes, and viruses associated with
adhesin and carbohydrate-active enzyme (CAZyme) functions. An evolutionary trajectory analysis on structurally characterized RHBH-
containing proteins shows that they likely evolved from carbohydrate-binding proteins with their carbohydrate-degrading activities
evolving later. By examining three polysaccharide lyase and three glycoside hydrolase structures, we provide a detailed view of the
modes of glycan binding in RHBH proteins. The 3-dimensional shape of the RHBH creates an electrostatically and spatially favorable
glycan binding surface that allows for extensive hydrogen bonding interactions, leading to favorable and stable glycan binding. The
RHBH is observed to be an adaptable domain capable of being modified with loop insertions and charge inversions to accommodate
heterogeneous and flexible glycans and diverse reaction mechanisms. Understanding this prevalent protein fold can advance our
knowledge of glycan binding in biological systems and help guide the efficient design and utilization of RHBH-containing proteins in
glycobiology research.
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Introduction

Glycan-interacting proteins play pivotal roles in numer-
ous biological processes, from cellular communication to
pathogen invasion (Varki 2017; Lee et al. 2022). The
diversity and complexity of glycans pose unique challenges
to understanding these interactions (Davies and Henrissat
1995; DeMarco and Woods 2008; Gabius et al. 2011). Data
on carbohydrate-interacting proteins, such as the information
collected in the carbohydrate-active enzyme database (CAZy)
(Drula et al. 2022), UniLectin (Bonnardel et al. 2021),
and GlycoGene databases (Togayachi et al. 2008), have
significantly advanced the field by providing functional
annotations for a variety of carbohydrate-active enzymes
and carbohydrate-binding proteins. These resources facilitate
the identification and characterization of glycan-interacting
proteins, underlining the importance of databases and manual
curation in propelling glycobiology research forward.

The three-sided right-handed β-helix (RHBH) has emerged
as an important structural fold to glycobiology in both
carbohydrate-active enzymes (CAZymes) and lectin-like
proteins. Detailed studies have provided analyses of specific
three-sided right-handed β-helix protein families with
biological significance, including the first identified RHBH
family, pectate lyases (Yoder et al. 1993a, 1993b), enzymes
secreted by plant pathogens to degrade plant cell walls. In
the gut microbiome, polysaccharide degradation is performed
by Bacteroides thetaiotaomicron rhamnogalacturonan lyase
to similarly digest pectin from plant cell walls (Luis et al.
2018). Another seminal RHBH study described the Bordetella
pertussis virulence factor, an RHBH that is able to attach to

mammalian cells and is used in whooping cough vaccines
(Emsley et al. 1996). Other structural studies have specified
the molecular determinants of lectin-like interactions, includ-
ing cellulose-binding proteins implicated in biomass digestion
(Close et al. 2014) and Type V secretion system proteins
important for bacterial pathogenesis (Kajava and Steven
2006a). Additionally, the detection of antibiotic-resistant
pathogens and degradation of biofilms by RHBH-containing
bacteriophage tailspike proteins is an area of active research
(Lee et al. 2020; Rice et al. 2021; Abdelkader et al. 2022).
The versatility of the RHBH fold, being involved in crucial
biological processes from pathogenesis to carbohydrate
degradation, underscores the importance of understanding
its properties for future therapeutic and biotechnological
applications.

Systematic studies of β-solenoids, the family of proteins
which includes the RHBH, have been performed, yet these
studies often focus on the overall protein structure rather than
on the details of the fold’s function and mechanism (Jenkins
et al. 1998; Jenkins and Pickersgill 2001; Iengar et al. 2006;
Kajava and Steven 2006b; Roche et al. 2018). The broader
structural superfamily of β-solenoids consists of 15 different
cross-sectional shapes, including the three-sided left-handed,
two-sided right-handed, and four-sided right-handed β-helices
among other β-repeat folds. Here, we focus our structural
review on the L-type β-solenoid, which is the three-sided
right-handed β-sheet (Mesdaghi et al. 2023). The RHBH fold
is characterized by three distinct sides of repeating paral-
lel β-helix sheets interspaced with loops that form a larger
solenoid structure, distinguishing it from other β-solenoids.
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In addition, traditional sequence analysis methods, such as
hidden Markov model searches, do not effectively capture the
diverse sequences associated with β-sheet repeats and solenoid
domains, leading to the omission of distinct families like the
phage tailspike proteins from many databases (Ciccarelli et al.
2002). By bridging the gap between sequence information and
structural insights, we can provide a foundation for further
advancements in the characterization of β-solenoids and their
role in biological processes.

In this review, we present a comprehensive overview of
three-sided RHBH proteins in the Protein Data Bank (PDB),
focusing on their structural characteristics, prevalence, and
functional roles in glycan interaction. We detail a unified
overview showing that experimentally observed three-sided
right-handed parallel β-helix structures are nearly exclusively
associated with glycan interaction and adhesin functions,
highlighting their functional specificity. The evolutionary tra-
jectories of RHBH sequences exhibit distinct functional clus-
tering, likely diversifying from a glycan-binding ancestral
protein. Examination of RHBH structures reveals the features
that allow RHBH folds to interact with glycans, including the
shape, electrostatics, and hydrogen bonding propensity of the
binding sites. The detailed examination of RHBH proteins in
this review highlights their role as key players in glycobiology,
illuminating their potential in unraveling complex biological
processes and fostering the development of innovative thera-
peutic strategies targeting glycan-related diseases.

Right-handed β-helix proteins are associated
with glycan binding functions

The RHBH is a single protein chain with β-sheet and loop
repeats (Fig. 1A, CATH: 2.160.20 (Sillitoe et al. 2021)). These
structural repeats fold in a circular organization such that
there are three sides (Fig. 1A, PB1-3) interspaced by three
turns (Fig. 1A, T1-3). The β-sheets stack in a parallel manner
along a perpendicular axis to the sheet direction, causing the
β-sheets to process along the major axis, forming a helical
structure. Along the major axis, this helical structure forms
a cleft with two neighboring loops or turns (Fig. 1A, T1 and
T3), adding depth to the cleft formed by the β-sheet (PB1).
The RHBH described in this work is distinct from other
three-sided β-solenoid folds (CATH 2.160), such as the β-roll
(CATH 2.30), left-handed β-helix (CATH 2.160.10), and the
triple-stranded β-helix (e.g. PDB 4jj2). At the time of writing,
seven of the 43 polysaccharide lyase families and 13 of the 189
glycoside hydrolase families in the CAZy database consist of
parallel β-helix structures.

Utilizing the CATH and ECOD (Cheng et al. 2014)
databases, we compiled an initial dataset of right-handed
β-helix (RHBH) proteins from the Protein Data Bank
(PDB), supplemented by manual searches and curation to
remove duplicate chains and highly homologous sequences
(within 95% identity), resulting in 151 representative
structures from 258 entries (Table 1, Supplementary Table 1).
All of the RHBH structures except for one (PDB 7o17)
are identified as carbohydrate-active enzymes (CAZymes)
(81/151), adhesins (35), or bacteriophage tailspike pro-
teins (34). The RHBH sequences from this dataset are
predominantly encoded by bacteria (88) and phages (34)
(Table 1, Supplementary Table 1). RHBH sequences from
eukaryotic organisms were also observed, specifically from
plants and fungi (e.g. pectin degrading enzymes PDB 7b8b

from Arabidopsis thaliana and PDB 4c2l from Aspergillus
tubingensis).

Within structurally characterized RHBHs, 34 out of 81
CAZymes are classified as glycoside hydrolases (GH), which
utilize general acid catalysis and water hydrolysis for the
cleavage of glycosidic bonds (Fig. S1) (Davies and Henrissat
1995). Meanwhile, 37 out of 81 are identified as polysaccha-
ride lyases (PL), enzymes that specifically target and cleave
polysaccharides containing uronic acid (Fig. S1) (Garron and
Cygler 2014; Drula et al. 2022). The less represented cate-
gories of CAZymes include carbohydrate esterases (Fig. 1F,
CE8) and carbohydrate epimerases (Table 1, no CAZyme
category), and are also observed to interact and isomerize
pectin (Fries et al. 2007) and alginate isomers (Rozeboom
et al. 2008; Wolfram et al. 2014) respectively. These diverse
categories highlight the versatility of these folds, suggesting
the RHBH can perform a range of carbohydrate-modifying
functions.

Tailspike proteins are a functional category of RHBH that
can act as both PL and GH enzymes. Previous work with
phage tailspike proteins has demonstrated that the RHBH
domain facilitates strong and specific glycan binding, is
the determinant of substrate specificity, and facilitates the
depolymerization of glycans (Simpson et al. 2015; Latka
et al. 2017; Knecht et al. 2019). Most of the bacteriophage
tailspike proteins in the PDB are not assigned to any
CAZyme category (30/34). Tailspike proteins are receptor-
binding proteins known for their ability to specifically
recognize and degrade bacterial polysaccharides through
their glycoside hydrolase and polysaccharide lyase activities
(Knecht et al. 2019). Despite their structurally conserved
RHBH domains, tailspike proteins are particularly diverse
and cannot be easily categorized by sequence homology like
the bacterial and eukaryotic CAZymes (Steinbacher et al.
1997; Timoshina et al. 2023). Four tailspike proteins, all
acting on O-antigens (PDBs 2x6w, 2xc1, 3riq, and 2v5i),
are categorized as glycoside hydrolases, and the latter three
sequences are subclassified into GH90 (Drula et al. 2022).
The remaining 30 tailspike proteins in the dataset consist of
proteins that are observed to act on O-antigens (e.g. PDBs
5w6h, 6f7k), capsular polysaccharides (CPS, e.g. 7lzj), or
exopolysaccharides (EPS, e.g. 5jsd) (Supplementary Table 1).

Most RHBH structures in membrane-containing organisms
(that is, excluding viruses) feature a signal peptide sequence
motif at the N-terminus, as highlighted by SignalP annotation
in 79 of 115 cases (Almagro Armenteros et al. 2019). The
presence of signal peptides in these proteins indicates that
they are likely destined to be secreted out of the cell or
integrated into a membrane (Pohlschröder et al. 1997; Nielsen
2017). A subset of these signal peptide-containing sequences
are from known extracellular proteins, including adhesins
and autotransporters (Fig. 1C, Table 1). Adhesin-like proteins
represent a significant portion of the total RHBH structural
dataset, mediating functions including biofilm formation (i.e.
PDB 3syj), binding of glycoproteins like fibronectin (i.e. PDB
4mr0) and hemopexin (i.e. PDB 4rm6), cellulose binding (i.e.
PDB 4wa0) and membrane disruption (i.e. PDB 5j44).

The association of a small subset of the RHBH-containing
proteins with glycans is ambiguous. These proteins include
F-box containing proteins (UniProt IDs Q86XK2 and
Q9UK96), fibrocystin (UniProt IDs P08F94 and Q86WI1)
(Fig. S2A and B), and the ATP-binding cassette transporter
binding protein NosD (PDB 7o17) (Fig. S2C). While
fibrocystin is crucial for kidney function and epithelial
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Fig. 1. The right-handed parallel β-helix fold and examples of carbohydrate binding. A) Cartoon of the basic building block of the right-handed β-helix fold,
shown as two rungs. The folds are labeled with T1-T3 for loop turns that connect the β-helix, and PB1-3 for poly-β-helix. B–F) Examples of the main
categories of β-helix proteins bound to carbohydrate substrates. In all panels, the top structure shows the N-terminus at the top and the C-terminus at
the bottom. In all panels, the glycan structure is shown bound in 3D symbol nomenclature for glycan (SNFG) and in 2D SNFG representation to the right
(Neelamegham et al. 2019). In all panels except for the adhesin (C), the glycans modeled are experimentally observed in their respective crystal
structures. In (C) the adhesin shows PDB 2kqo, chondroitin, docked as described by (Paxman et al. 2019). The bottom shows a key describing SNFG
identities: Gal, galactopyranose; GalNAc, N-acetyl-D-galactosamine; GalA, galactopyranuronic acid; Glc, glucopyranose; GlcNAc, N-acetylglucosamine;
Rha, rhamnose. Protein-glycan complexes were visualized in Mol∗ viewer (Sehnal et al. 2021).
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Table 1. Summary of β-helix specific functions. Overview of the function of β-helix structures with example PDB identifiers and substrates. The bottom
shows a key describing symbol nomenclature for glycan (SNFG) identities of the glycans that β-helix proteins bind in these examples: Fuc, fucose; Xyl,
xylose; GulA, guluronic acid; gal, galactose; GalA, galacturonic acid; man, mannose; ManA, mannuronic acid; Glc, glucose.

Functional classification Active site characteristics CAZyme Family Protein Data Bank deposition and
substrate examples

Polysaccharide Lyase • Positively charged pocket along
cleft

• Calcium bound often

PL1, PL3, PL6, PL9, PL8,
PL31, PL41

6a40:

3krg:

Bacteriophage tailspike
proteins (PL0)

7w1e:

Glycoside Hydrolase • Negatively charged pocket along
cleft

• Aspartate and glutamate
invariably involved in catalysis

GH28, GH49, GH55, GH82,
GH87, GH90, GH9, GH110,
GH118, GH120, GH136,
GH141

3vsu:

3wwg:

Bacteriophage tailspike
proteins (GH0, GH90)

6f7k:

Carbohydrate Esterase • Hydrophobic cleft for acyl
group adjacent to negatively
charged pocket

• Two aspartates invariably
involved in catalysis

CE8 2ntp:

Carbohydrate Epimerase • Calcium bound N/A 2pyh:

Cellular Interaction (Type V
secretion, adhesins, F-box
containing, fibrocystin-like)

• Hydrophobic interactions
dominate

N/A • Self-adhesin
• Type V secretion system

Unclassified bacteriophage
tailspike proteins

Not conclusive Not conclusive • Capsular polysaccharide
degradation

• Unknown glycan binding

cell adhesion (Hogan et al. 2003; Qiu et al. 2020; Ziegler
et al. 2020), F-box proteins are involved in protein–protein
interactions (Kipreos and Pagano 2000), with a subset
of F-box proteins specific for glycoprotein interactions
(Kumanomidou et al. 2015), and NosD is part of a copper-
dependent complex essential for nitrogen and sulfur transport
(Müller et al. 2022). The presence of RHBH domains in these
proteins suggests the potential for glycan-binding functions
or indicates an evolutionary adaptation towards novel, as yet
unidentified, roles.

Right-handed β-helix proteins exhibit
clustering by function and distinct
evolutionary trajectories

The repetitive and diverse nature of RHBH sequences poses
challenges for traditional alignment-based evolutionary
analysis. While other studies have explored some of the
sequence-level features of RHBH proteins (Jenkins and
Pickersgill 2001; Kajava and Steven 2006b; Roche et al.
2018), they have typically been unable to investigate RHBH
evolution at large scales due to extensive sequence diversity.

We utilized the recently developed tool, evo-velocity (Hie et al.
2022), to overcome these obstacles, gain insights into the
evolution of the RHBH, and facilitate a broader comparison
of RHBH sequences. Evo-velocity analysis of the RHBH
dataset revealed three main functional clusters: CAZymes,
bacteriophage tailspike proteins, and adhesins (Fig. 2A). Most
apparent from the evolutionary modeling are the distinct and
relatively distant clusters of adhesin proteins (Fig. 2A, yellow)
and tailspike proteins (Fig. 2A, green). Despite the tailspike
proteins representing a mix of polysaccharide lyases and
glycoside hydrolases, they formed a distinct cluster separate
from other CAZymes (see Supplementary Table 1). Overlap,
depicting primary sequence similarity and evolutionary
relatedness, is particularly apparent within the bacterial and
eukaryotic CAZyme categories (Fig. 2A blue, red, orange;
Fig. 2C blue, orange), where polysaccharide lyase (PL) and
glycoside hydrolase (GH) enzymes are interspaced closely
with each other.

Through evolutionary pseudotime modeling, as a proxy
for evolutionary trajectory, evo-velocity reveals that adhesin
sequences are observed to be closest to the putative root
of the RHBH dataset, with the earliest pseudotime (blue,
Fig. 2B) and bacteriophage tailspike proteins and bacterial
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The right-handed β-helix is versatile for glycan interactions 5

Fig. 2. Evolutionary velocity analysis of the diverse RHBH structural family. A) 151 protein structures mapped onto UMAP space representing an
alignment-free evolutionary trajectory of the sequences analyzed by evo-velocity (Hie et al. 2022). Sequences are connected by gray lines representing
network edges without any pseudotime directionality. Sequences are colored by the classification of function. B) Sequences as in (A, C, D) colored by
pseudotime approximation corresponding to evolutionary trajectory by evo-velocity analysis. Sequences that are more likely to represent root nodes
(pseudotime = 0) in the evolutionary trajectory are colored blue and sequences that are less likely to be root sequences, therefore more likely to have
diverged in the sequence space are colored yellow (pseudotime = 1). C) Sequences as in (A, D) colored by superkingdom. D) Protein sequences as in
(A, C) colored by known oligomeric state from source literature. Where the oligomeric state could not be inferred from the associated literature, the
sequence is colored gray.

and eukaryotic CAZymes are most diverged in sequence
space, farthest from the root of the RHBH dataset (yellow,
Fig. 2B). This pseudotime modeling enables a hypothesis
of the evolutionary trajectory of the divergent RHBH
sequences (Haghverdi et al. 2016), suggesting the ancestral
RHBH may have been able to only facilitate receptor
binding or intramolecular interactions, with subsequent
catalytic function conferred in some RHBHs, resulting in
diverse CAZymes capable of degrading heterogeneous glycan
substrates. While the currently described RHBH proteins
provide evidence for evolution from a common ancestor,
similarly suggested by others (Jenkins et al. 1998), comparable
repeating solenoid folds have been hypothesized to have
evolved independently multiple times (Todd et al. 2001;
Chaudhuri et al. 2008). As more protein structures and

sequences are characterized, new evolutionary patterns may
become evident in this broadly distributed protein family.

Clustering by oligomeric state is also observed in the RHBH
sequences, revealing a cluster of trimeric proteins associ-
ated with the bacteriophage tailspike proteins (Fig. 2D). This
evolutionary constraint is especially pertinent considering a
substantial number of these proteins function as multimers
(i.e. tailspike proteins) or require oligomerization for func-
tion (i.e. adhesins) (Soto and Hultgren 1999; Klemm and
Schembri 2000; Paxman et al. 2019). Approximately half
of the RHBH protein sequences in the dataset have experi-
mental evidence of oligomerization (78/151). Of these pro-
teins with known oligomeric states, all sequences encoded by
bacteriophages and the two minor coat protein sequences
encoded by viruses are observed to be trimeric (Fig. 2D,
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6 A A Burnim et al.

green circles). The monomeric RHBH proteins are localized
throughout the adhesin and CAZyme clusters with a cluster
associated near the adhesin proteins (Fig. 2D, blue circles).
Some of these monomers are unique two-domain RHBH
structures joined by a linker, fixing a dimer interaction (e.g.
alginate lyases PDB 7dmk and 5gkq). One observable outlier
oligomer is the tetramer PDB 3jur, a pectin-degrading polysac-
charide lyase encoded by the extremophile Thermotoga mar-
itima (Pijning et al. 2009). The evolutionary justification pro-
posed for this oligomerization state by Pijning and coworkers
was that it would allow the protein to be thermostable in
the high-temperature environment that T. maritima inhabits.
The functional clustering and evolutionary relatedness from
the oligomeric states of RHBH proteins shed light on the
structural diversity essential for varied functions.

Analysis of the evolutionary trajectory of RHBH sequences
reveals interesting relationships between RHBH structures
and bacteriophage tailspike proteins. The bacterial biofilm
modifying glycoside hydrolase, PDB 6tgf, is found at the
interface between bacterial CAZymes and bacteriophage tail-
spike proteins in the evo-velocity trajectory (Fig. 2A and C).
The protein WceF was observed to be a trimer and
shared considerable structural homology with bacteriophage
tailspike proteins (Irmscher et al. 2021). Specifically, the neck
domain between the N-terminus and β-helix domain of WceF
has been reported to have significant structural homology
to a domain in the bacteriophage CBA120 tailspike protein
(Irmscher et al. 2021). Further experiments by Irmscher et al.
showed that deletion of this N-terminus in the bacterial WceF
prevented trimerization of the protein. Also observed at the
interface between bacteriophages and CAZymes are two
proteins from eukaryotic viruses, the LH3 protein from lizard
atadenovirus LAdV-2 (PDB 6qi5) (Marabini et al. 2021) and
the LH3 protein from snake atadenovirus SnAdV-1 (PDB
5g5o) (Menéndez-Conejero et al. 2017). These proteins both
have a trimeric structure similar to bacteriophage tailspike
proteins and are involved in stabilizing the viral capsid
structures. Sequence similarity analysis showed that these
adenovirus proteins were homologous to known CAZymes
and phage tailspike proteins (Marabini et al. 2021). However,
initial glycan-binding experiments on LH3 from lizard
atadenovirus LAdV-2 did not show any binding or CAZyme
activity (Menéndez-Conejero et al. 2017). The similarity
between these proteins and bacteriophage tailspike proteins
highlights the versatility of the RHBH structure to perform
different functions, adapting through distinct evolutionary
trajectories.

Right-handed β-helices exhibit spatial and
electrostatic complementarity with glycans

The RHBH structures in our dataset that have bound glycans
show, with a few exceptions, a glycan bound along the central
cleft (PB1, Figs 1 and 3). The PB1 parallel β-sheet stack creates
the main cleft of the right-handed β-helix, supporting an
elongated and slightly twisted pocket that is complementary
for an elongated glycan substrate. In our RHBH dataset of
151 proteins, most are identified as glycan-binding or having
adhesin functions; however, only 30 proteins have experimen-
tally confirmed glycans positioned within their structures.
This low number is likely due to the technical challenges
in synthesizing, purifying, and determining the structures of

glycans, hindering a full understanding of glycan-protein
interactions. The substrate is also observed to bind the
interstitial space between two RHBH domains instead of or
in addition to binding in the central cleft (PB1) (e.g. PDBs
2inv [2inu], 4urr, 3eqn, 7w1e). In each of these structures, the
T1 and T3 loops are longer than a typical turn between β-
sheets, even showing distinct secondary structures (e.g. 2inv)
or insertions of protein domains (e.g. PDB 7w1e). A unique
type of interstitial glycan-binding mode is also observed in β-
1,3-glucanase PDBs 3eqn and 4tz1 (Figs 3E and S3C). These
RHBH proteins consist of a single protein chain with two
RHBH monomer domains that appear as a dimerization of
two RHBH chains. The glycan substrate is bound and cleaved
by residues on a long loop linking the two domains, stabilized
by the backbone β-helix of both RHBH domains.

Loops adjacent to the main cleft (T1, T3, Fig. 1A) are the
main drivers of the formation of the binding pocket shape
and, in some cases, catalytic activity (Figs 3 and S3). The
foundational form of the RHBH consisting of β-sheet and
loop repeats facilitates structural complementarity to adapt
to glycan binding (van Santen et al. 1999). The loops are flex-
ible to accommodate diverse glycan structures and can also
withstand insertions and deletions while maintaining the same
RHBH fold (Linse et al. 2020). The evolutionary freedom
of loop mutability highlights their role as a key reason the
RHBH is able to conserve its overall structure while binding
heterogeneous substrates, accommodating diverse glycan dec-
orations such as acetyl or phosphate groups, and participating
in multiple mechanisms that act on different glycosidic bonds.

The RHBH architecture can support positively and nega-
tively charged active sites to accommodate versatile acid–base
chemistry to act on diverse, highly charged glycans (Fig. 3). As
described, the predominant carbohydrate-activating enzyme
mechanisms of the RHBH scaffold are polysaccharide lyases
(PL) and glycoside hydrolases (GH). GH invariably uses a neg-
atively charged active site (Fig. 3A–C) consisting of aspartate
and glutamate for general acid–base catalysis involving water,
while PL invariably uses positively charged arginine and lysine
(Fig. 3D–F) (Drula et al. 2022). PL catalysis is often supported
by a calcium ion bound to a cluster of adjacent aspartate
residues (e.g. PDB 1ofl and 4ew9 (Fig. 3A and C)). Glycans
are widely regarded as some of the most hydrophilic, highly
charged molecules in biology (e.g. the glycosaminoglycan
heparin, the highest-charged polymer density in the animal
kingdom (Nelson et al. 2008) (Figs 3A and S3A). Comple-
mentary electrostatics that are capable of favorably neutral-
izing charge for productive binding and favorable catalysis
is a key feature of RHBHs that enable glycan interaction
(Varki 1993, 2017). The oppositely charged chemistries of the
two main mechanisms supported by the RHBH illustrate the
diversity of glycan composition that can be complemented for
polysaccharide cleavage or modification.

The hydrogen bonding capability of the RHBHs, medi-
ated by loop and β-sheet repeats, is a key feature that
facilitates versatile glycan interactions (Fig. S3). Due to
their chemical properties, glycans are typically able to
participate in hydrogen bonding, mediating strong bonding
to carbohydrate-interacting enzymes (García-Hernández and
Hernández-Arana 1999; Gabius et al. 2011). Formation of
the β-sheet helix architecture requires parallel hydrogen
bonding, often resulting in repeating residues that form stacks
either of charged residues such as solvent-facing asparagine
ladders or internal aromatic residues, or both (e.g. PDB 3vmv)
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Fig. 3. Electrostatic complementarity of RHBH active sites and glycan substrates. A–C) Top, Coulombic surface potential of active site residues from
representative polysaccharide lyase right-handed β-helix enzymes. Bottom, Coulombic surface potential of glycan substrates: (A) three molecules of
dermatan sulfate, (B) O-acetylated vi antigen produced by salmonella enterica serovar Typhi, (C) trigalacturonic acid. In (A) and (C) calcium ions are
represented as green spheres. D–F) Top, Coulombic surface potential of active site residues from representative glycoside hydrolase right-handed
β-helix enzymes. Bottom, Coulombic surface potential of glycan substrates: (D) lacto-N-biose, (E) laminaritriose, (F) xylobiose. In all panels Coulombic
surface potential is represented by red as −10 kcal/(mol·e) at 298 K and blue as 10 kcal/(mol·e) at 298 K. The structures were analyzed in ChimeraX
(Pettersen et al. 2004). Coulombic electrostatic surface was calculated with default parameters as implemented in ChimeraX.
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(Jenkins and Pickersgill 2001; Kajava and Steven 2006b).
Ultimately, the RHBH represents a protein fold that is able
to conserve a basic structural unit that facilitates multiple
strategies favorable for glycan binding.

Challenges and opportunities in
understanding RHBH-glycan interactions

While the increasing number of structurally characterized
proteins has improved our understanding of RHBH-glycan
interactions, there are still multiple open questions in this
field. The vast amounts of structural data available can be
used to provide information about substrate binding and
reaction mechanisms, but many RHBH structures do not have
any bound substrate, making it difficult to draw conclusions
about the protein’s function, especially when the substrate
is poorly characterized or unknown. In addition, substrate
specificity is one of the key features of RHBH-containing
proteins that can be exploited in biotechnology applications,
but the sequence and structural determinants of RHBH sub-
strate specificity are still poorly understood. Lastly, this review
focused on the RHBH, but various other β-solenoid domains
exist across nature, for example the left-handed β-solenoids
of Lamprey Variable Lymphocyte Receptors (PDB 6bxa and
3 g39) (Velikovsky et al. 2009; Gunn et al. 2018) and the
β-propeller domain, which are both known to interact with
glycans (Bonnardel et al. 2019). This highlights the broader
biological significance of proteins with repeating β-solenoid
folds, and further analyses of these families may provide
insights into the general evolution and structural determinants
of glycan-binding β-solenoids.

Understanding RHBH function at a structural and mecha-
nistic level is an essential step in being able to take advantage
of the RHBH in biomedical and biotechnology contexts. Work
is already being done to develop bioassays with proteins that
can be used to detect glycans from specific bacterial pathogens
(Hsu and Mahal 2006; Geissner et al. 2014), and understand-
ing phage tailspike specificity is a key step in the development
of new phage therapies (Strathdee et al. 2023). Understanding
the specific sequence and structural features that drive gly-
can binding in RHBHs can contribute significantly to these
processes, leading to more efficient design and application
of these assays and therapies. RHBH-containing proteins can
also be used as the basis for new molecular glycobiology tools
that can selectively recognize glycans and hydrolyze them
at specific sites. Overall, an expanded understanding of the
structural and mechanistic properties of this family of glycan-
binding proteins will provide a foundation for multiple fields
of research to build upon.
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