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1 | INTRODUCTION

RNA-binding proteins with KH domains have been found across all
kingdoms, with roles in many different processes. The K-homology
or KH domain was initially identified in human heterogeneous nu-
clear ribonucleoprotein K (hnnRNP K) and a Xenopus laevis hnRNP K
that binds cytidine-rich sequences in pre-mRNAs (Siomi et al., 1993).
In KH RNA-binding domains, a conserved GXXG amino acid se-
quence motif located between two a-helices with accompanying f-

strands serves to recognize a specific RNA sequence (Nagai, 1996;
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In many bacteria, the stabilities and functions of small regulatory RNAs (sSRNAs) that
act by base pairing with target RNAs most often are dependent on Hfg or ProQ/FinO-
domain proteins, two classes of RNA chaperone proteins. However, while all bacteria
appear to have sRNAs, many have neither Hfg nor ProQ/FinO-domain proteins rais-
ing the question of whether another factor might act as an sSRNA chaperone in these
organisms. Several recent studies have reported that KH domain proteins, such as
KhpA and KhpB, bind sRNAs. Here we describe what is known about the distribu-
tion, structures, RNA-binding properties, and physiologic roles of KhpA and KhpB

and discuss evidence for and against these proteins serving as SRNAs chaperones.

Hfq, KhpA, KhpB, small RNA

Nicastro et al., 2015). There are two types of KH domains: type | in
eukaryotes, where the core KH domain is accompanied by additional
a-helix and B-sheet motifs on the C-terminal side and type Il in bac-
teria, where the KH domain is accompanied by additional «-helix and
B-sheet motifs on the N-terminal side (Nicastro et al., 2015; Valverde
etal., 2008). Although eukaryotic proteins often contain multiple KH
domains, bacterial proteins typically contain only one or two KH do-
mains (Nicastro et al., 2015).

KH domains have been found in bacterial proteins with a wide

range of functions. These include the enzymes polynucleotide
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phosphorylase (PNPase) (Dendooven et al., 2021; Hardwick
etal.,2012)and RNase Y (Nagataetal.,2008; Shahbabianetal.,2009);
transcription elongation factor NusA (Gopal et al., 2001; Worbs
etal.,2001); GTPases Era, which binds to the 30S ribosomal subunits
(Tu et al., 2009; Verstraeten et al., 2011), and Der, which is involved
in the assembly of the 50S subunits (Robinson et al., 2002); cold-
shock ribosome factor A (RbfA), which assists in the assembly of the
30S subunits (Huang et al., 2003; Verstraeten et al., 2011); and ribo-
somal protein S3 (Watson et al., 2020; Wimberly et al., 2000).

Two other KH domain proteins found in multiple bacterial spe-
cies are KhpA and KhpB (the later also denoted Jag and EloR). KhpA
(KH domain protein A) initially was identified as a protein involved
in cell elongation in Streptococcus pneumoniae (Zheng et al., 2017),
whereas KhpB was first identified as being encoded adjacent to a
sporulation gene in Bacillus subtilis, where it was originally named
Jag (spolllJ-associated gene) (Errington et al., 1992), but later also
was shown to be involved in S. pneumoniae cell division (Stamsas
et al., 2017; Ulrych et al., 2016; Zheng et al., 2017). Both KhpA and
KhpB only have a single KH domain (Figure 1). The KhpA protein is
small and comprised solely of the KH domain. In contrast, the KhpB
protein has a second RNA-binding domain, an R3H domain (nhamed
for the characteristic spacing of an arginine and a histidine residue)
(reviewed in Grishin, 1998) on the C-terminus, and, in many cases, a
Jag-N domain of unknown function on the N-terminus. KhpA pro-
teins have been found to homodimerize as well as form heterodi-
mers with KhpB proteins (Winther et al., 2019).

Several recent studies have shown that KhpA and KhpB are asso-
ciated with small regulatory RNAs (sRNAs) (Hor et al., 2020; Lamm-
Schmidt et al., 2021; Riediger et al., 2021; Zheng et al., 2017). This is of
interest because KhpA and KhpB protein family members are found
in several bacteria such as S. pneumoniae, which do not have Hfg and
ProQ/FinO-domain RNA chaperone proteins. Hfq and ProQ/FinO-
domain proteins stabilize and promote the functions of sSRNAs that
act by base pairing (reviewed in Olejniczak & Storz, 2017; Woodson
et al., 2018). These families of proteins are capable of binding both the
sRNAs and their base pairing targets consistent with having multiple
RNA-binding sites and thus help to promote sRNA interactions with
target RNAs. For bacteria-lacking Hfq and ProQ/FinO-domain pro-
teins altogether or where the deletion of these genes has not resulted
in an sRNA phenotype, there has been the unanswered question of
whether other proteins facilitate sSRNA base pairing.

One source of evidence for KhpA and KhpB binding to sRNAs
comes from Grad-seq experiments in which cell extracts are frac-
tionated on gradients and the RNA and protein compositions of
the individual gradient fractions are determined by RNA sequenc-
ing and mass spectrometry, respectively (Hor et al., 2020; Lamm-
Schmidt et al., 2021; Riediger et al., 2021). Cofractionation of sSRNAs
and KhpA and KhpB proteins suggest a possible interaction, which
in some species has been further verified by tagging the KhpA and
KhpB proteins and identifying the RNAs that specifically copurify
with these proteins (Lamm-Schmidt et al., 2021; Zheng et al., 2017).

Here we describe what is known about KhpA and KhpB proteins

and discuss their possible roles in facilitating the functions of sSRNAs.

2 | DISTRIBUTION OF KhpA AND KhpB
PROTEINS

We examined the distribution of the KhpA and KhpB proteins based
on the presence of the key functional domains of KhpA and KhpB
in proteins from the Genome Taxonomy Database (GTDB) pre-
dicted by in silico analysis and based on gene synteny (Table S1 and
Figures S1-S3, 48% of the 45,555 species we analyzed had khpA or
khpB or both). These analyses revealed that while khpA and khpB
genes are quite prevalent in some phyla, such as Actinobacteria
and Firmicutes, they are absent in others such as a-, p-, and y-
Proteobacteria and Bacteroidetes (Prezza et al., 2021). Several
other interesting features of these gene families can be noted. First,
the genes are only present in a single copy in almost all genomes.
Second, although the khpA and khpB genes are not physically linked
on the chromosome, there is an extremely high co-occurrence of the
two genes. More than 80% of all species and more than 90% of the
Firmicutes and Actinomycetes species, in which we identified khpA
and/or khpB, have both genes (Table S1). There are a limited number
of clades where only the khpA gene is present. Third, there are two
different categories of KhpB proteins, some of which contain both
the Jag-N and R3H domains along with the KH domain (Figure 1a)
and others which only contain KH and R3H domains (Figure 1b).
This observation suggests that the KH and R3H domains form a
functional unit that can participate in RNA metabolism, either alone
or in connection with the Jag-N domain. Interestingly, very little is
known about the function of the Jag-N domain.

Despite similar overall domain composition, KhpA and KhpB
from different bacterial species exhibit remarkable sequence di-
versity. The KH domains of KhpA and KhpB homologs differ in the
composition of the variable residues in and around the GxxG motif
(Figure 1). In some species, the conserved G residues even are sub-
stituted by other amino acids. Additionally, although the folding of
the individual KH, R3H, and Jag-N domains of KhpB proteins is sim-
ilar as judged by ColabFold-based structure predictions, the overall
sequence conservation of these domains is low. For example, the se-
quence identity between the S. pneumoniae KhpB protein and those
from B. subtilis or Helicobacter pylori is <30% (Figure 1).

The sequences outside of the conserved domains also vary
greatly. Overall, the sequence similarity among KhpA proteins is
higher than the similarity among KhpB proteins, but KhpA proteins
still vary in the length of the unstructured regions adjacent to the KH
domain, resulting in arange in overall size. For instance, Bacteriovorax
marinus KhpA is 62 aa and Planktothrix agardhii KhpA is 149 aa. The
KhpB proteins that are composed only of the KH and R3H domains
are more similar in size ranging from 142 aa for Syntrophus acid-
itrophicus to 189 aa for T. thermophilus (Figure 1b). In contrast, for
KhpB proteins that have Jag-N domains, the length of the linker be-
tween the Jag-N and the KH domain is remarkably variable resulting
in a range of KhpB protein lengths from 208 aa for B. subtilis and
328 aa for S. pneumoniae to 437 aa for Desulfovibrio desulphuricans
(Figure 1a). It remains to be seen how all the differences affect the
functions of KhpA and KhpB in different bacteria.
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There also are a few interesting KhpB variants (Figure 1c). For
instance, while the R3H domain of KhpB proteins is defined by an
RXXXH motif, this sequence is not present in the corresponding do-
main of the H. pylori protein. As another example, the KhpB homo-

log from B. marinus has a helicase domain connected N-terminally of

LN ]
2 GKVIGKQG 76

the Jag-N domain. As will be discussed in conjunction with possible
KhpA and KhpB functions, there is significant synteny in the genes
surrounding khpA and khpB (Figure S3). The absence of the genes
typically found adjacent to khpB suggests that in B. marinus, the
khpB gene was fused with another gene at a new genome location.
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FIGURE 1 The diversity of structures of KhpA and KhpB proteins for representative organisms. For Figures 1, S2 and S3, we selected the
species that have been the subject of studies on KhpA and KhpB proteins (Errington et al., 1992; Grishin, 1998; Hare et al., 2007; Lamm-
Schmidt et al., 2021; Myrbraten et al., 2019; Riediger et al., 2021; Zheng et al., 2017), and additionally included representative species that
could illustrate the sequence and structural diversity of KH domain proteins. Schematic structures of KhpA proteins are presented above
the schematic structures of KhpB proteins for each species. The KH domains are colored red in KhpA and orange in KhpB proteins, whereas
the KhpB Jag and R3H domains are colored blue and green, respectively. The atypical R3H domain in Helicobacter pylori, which is devoid

of an RxxxH sequence, is colored light green, and the additional helicase domains in the N-terminal part of Bacteriovorax marinus KhpB are

in gray. The sequence of the GxxIGxxG motif at the junction of the second and third a-helix of the KH domain is provided below each KH
domain. The conserved residues in this motif are in black font, while the nonconserved ones are in the color of the KH domain. The position
of this sequence in a KH domain is marked with a gray bar. Numbers denote positions of the first and last residue of each domain. To identify
domains in protein sequences and assign the domain borders, proteins were folded using ColabFold software (Mirdita et al., 2021) based

on AlphaFold 2.0 (Jumper et al., 2021) and MMseqs2 (Steinegger & Soding, 2017). The following bacterial species are represented (the
percentages after the species name provide the sequence identity of the KhpA and KhpB proteins, respectively, calculated for homologous
regions, relative to the corresponding proteins in Streptococcus pneumoniae): (a) KhpA/KhpB sets with KhpB proteins containing the Jag-N
domain from Bacillus subtilis (38%, 27%), Borrelia burgdorferi (33%, 19%), Clostridioides difficile (35%, 27%), Desulfovibrio desulphuricans (30%,

18%), Lactobacillus plantarum (46%, 29%), and S. pneumoniae; (b) KhpA/KhpB sets with KhpB proteins without the Jag-N domain from
Mycobacterium tuberculosis (27%, 26%), Planktothrix agardhii (25%, 30%), Streptomyces coelicolor (26%, 25%), Synechocystis sp. PCC 6803
(23%, 20%), Syntrophus aciditrophicus (30%, 24%), and Thermus thermopbhilus (25%, 22%); (c) unusual KhpA/KhpB sets from H. pylori (24%,
19%) and B. marinus (35%, 24%), and the KhpA protein from Melioribacter roseus, which does not have a KhpB homolog (30%). The khpA

and khpB gene synteny for the above species is shown in Figures S2 and S3, whereas the phylogeny of KhpA/KhpB proteins is shown in
Figure S1, and the extensive list of KhpA and KhpB homologs is given in Table S1. For B. marinus, B-strand1 denotes a p-strand that interacts
with the p-sheet of the KH domain in the ColabFold predicted structure of the KhpB

3 | STRUCTURES OF KhpA AND KhpB
PROTEINS

Given that the structures of many KH domain proteins have been
determined, a fair amount is known about the basic structure of
the minimal motif comprised of the two a-helices, flanked on either
side by one p-strand (Siomi et al., 1993; Valverde et al., 2008). As
mentioned above, this minimal KH motif is accompanied by addi-
tional « and B structures either on the C-terminus (type | domain
architecture) or on the N-terminus (type Il domain architecture)
(Grishin, 2001). The conserved GxxG sequence motif, located be-
tween the two a-helices of the minimal KH motif, together with
amino acid residues of the neighboring p-strand, are part of a cleft
on the surface of the domain that provides an RNA-binding surface
(Nicastro et al., 2015; Valverde et al., 2008). Although the two mid-
dle residues in the GxxG motif are varied, at least one residue is usu-
ally positively charged and arginine, lysine, or glycine residues are
frequent. Double aspartate residues between the glycine residues,
on the other hand, have been shown to be detrimental for RNA bind-
ing (Hollingworth et al., 2012). In type | and Il domains, the additional
B-strands are differently engaged with the p-sheet of the minimal
KH motif, which also leads to different locations of the variable se-
quence loop (Valverde et al., 2008).

Previously, the structure of S. pneumoniae KhpA was predicted
using i-Tasser (Winther et al.,, 2019), and the partial structures of
Clostridium symbiosum KhpB (pdb: 3GKU) and H. pylori KhpB (pdb:
2PT7) (Hare et al., 2007) were solved using X-ray crystallography.
We predicted the structures of KhpA and KhpB proteins from both
S. pneumoniae and Clostridioides difficile (Figure 2) using ColabFold
software (Mirdita et al., 2021), which is based on AlphaFold 2.0
(Jumper et al., 2021) and MMseqs2 (Steinegger & Soding, 2017). In
the ColabFold predictions, the KH domains of KhpA and KhpB can be

modeled with high confidence. The comparison of these four predicted

KH domain structures shows a fold typical for type Il KH proteins with
the additional p-strand (p1) on the N-terminus antiparallel to the first
B-strand (B2) of the minimal KH domain (Figure 2). Despite the simi-
larity of the overall fold, the visualization of the electrostatic surface
potential shows differences in the locations of charged amino acid side
chains, which could affect interactions with RNA molecules (Figure 2).
The structures of some KH domain proteins other than KhpA
and KhpB have been solved in complex with RNA by X-ray crystal-
lography (Figure 3). In a complex of the Aquifex aeolicus Era GTPase
with a 12-nt 3'-terminal fragment of 16S rRNA, the bases and ribo-
ses of RNA bind the KH domain using hydrogen bonding along with
hydrophobic contacts with the peptide backbone and side chains
at and around the GKKG sequence, in the subsequent a-helix, next
B-strand, and the variable sequence loop (Tu et al., 2009). In a com-
plex of the Mycobacterium tuberculosis NusA transcription factor,
which has two KH domains connected by a six-amino acid linker,
with a 11-nt RNA fragment of the Box C antitermination sequence,
the binding clefts of both KH domains form a continuous binding
site for the 11-nt RNA (Beuth et al., 2005). As in other KH domains,
each cleft is formed by both a-helices surrounding the GxxG motif
(GPMG in the KH1 domain and GKEG in the KH2 domain) and the
subsequent p-strand, with additional contacts made with the loops
between protein secondary structure motifs. In both the Era and
the NusA complexes, a stretch of 4-6 nucleotides of RNA fits into
the RNA-binding cleft of a single KH domain. In the structure of
the trimeric Caulobacter crescentus PNPase copurified with an RNA
from E. coli cells, a 12-nt sequence was well resolved in the crystal
structure. Here the RNA formed hydrogen bonding contacts with
KH domains of each monomer of the trimeric complex via the loops
containing GSGG motifs (Hardwick et al., 2012). Hence, while RNA
binding occurred at a single KH domain in the Era GTPase, the RNA-
binding site consisted of more than one KH motif in both NusA and
PNPase (Beuth et al., 2005; Hardwick et al., 2012; Tu et al., 2009).
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FIGURE 2 Predicted structures of the KH domains of KhpA and KhpB proteins from Streptococcus pneumoniae and Clostridioides difficile
reveal the same overall fold but different electrostatic surface potential. (a) Predicted structure of KhpA from S. pneumoniae. (b) Predicted
structure of KhpA from C. difficile. (c) Predicted structure of KH domain of KhpB protein from S. pneumoniae. (d) Predicted structure of KH
domain of KhpB protein from C. difficile. All structures were predicted using ColabFold software (Mirdita et al., 2021) based on AlphaFold
2.0 (Jumper et al., 2021) and MMseqs2 (Steinegger & Soding, 2017) and visualized using ChimeraX (Pettersen et al., 2021). In each pair, a
ribbon representation is shown above with a-helices shown in red, and p-strands in blue, and an electrostatic surface potential, calculated
using ChimeraX, is shown below. The view of the KH domains is the face involved in RNA binding

Despite this structural information, the determinants of
RNA-binding specificity of KH domains are not well understood
(Auweter et al., 2006; Corley et al., 2020; Nicastro et al., 2015). It
has been proposed that contacts within the RNA-binding groove
and the shape of the groove determine the RNA-binding specific-
ity of individual KH domains (Nicastro et al., 2015). Additionally,
the variable sequence loops of KH domains have been proposed
to play a role in RNA recognition for KH domains of IMP pro-
teins (Biswas et al., 2019). Furthermore, the glycines in the GXXG
motif could be important for RNA binding or just have structural
roles as the GXXG loop is located at the bend between two a-
helices. Indeed, for Era, one of the glycines contacts RNA, while
for NusA, neither of the glycines is directly involved in RNA
binding. Nevertheless, while the structures of KhpA and KhpB in
complexes with RNA are not yet available, the overlay of amino
acid residues contacting RNA in the structures of type Il KH do-
mains of M. tuberculosis Era and A. aeolicus NusA onto the ho-
mologous sequences of KH domains of KhpA and KhpB suggests
regions that could be involved in RNA binding in KhpA and KhpB
(Figure 3).

It should be noted that KhpA and KhpB might bind RNA as
homo- or heterodimers, which would result in tandem KH domains
(Winther et al., 2019). KhpB also has a second RNA-binding domain,

R3H (Ciesla et al., 2020; Grishin, 1998). Thus, these proteins might
bind RNA regions that are larger than what would fit into a single
KH groove. When the binding of isolated KH domains of the FMRP
protein to short RNA ligands was measured, the data showed that
the RNA-binding affinities were very weak (Athar & Joseph, 2020).
Hence, it is possible that the tight and specific RNA binding by KH
domain-containing proteins requires the cooperation of different
KH domains and possibly also other RNA-binding domains such
as the R3H domain (Dagil et al., 2019; Korn et al., 2021; Schneider
et al.,, 2019).

4 | RNAs BOUND BY KhpA AND KhpB
PROTEINS

Although single-stranded CA-rich sequences and G-rich sequences
have been proposed most often as RNA recognition motifs of eu-
karyotic KH proteins (Nicastro et al., 2015), a U-rich sequence was
recently reported as a motif recognized by a KH domain of a DEAD-
box helicase (Yadav et al., 2021). Thus, KH domains can bind a wide
variety of sequence motifs. It is likely that the amino acid sequence
and the exact structure of the recognition motif dictate the binding

specificity (Dominguez et al., 2018).
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FIGURE 3 Structurally determined and predicted RNA-binding contacts in KH domains. (a) Alignment of the structurally homologous
regions of the KH domain from Aquifex aeolicus Era protein (Tu et al., 2009), the KH domain 1 from Mycobacterium tuberculosis NusA protein,
the KH domain 2 from M. tuberculosis NusA protein (Beuth et al., 2005), and KH domains from Alphafold-predicted Streptococcus pneumoniae
KhpA and KhpB. For the alignment, homologous sequences were first aligned using Clustal Omega, and then structurally homologous
regions were manually aligned based on the Era and NusA structures (Beuth et al., 2005; Tu et al., 2009) and the predicted structures of
KhpA and KhpB. (b) The structure of the KH domain of A. aeolicus Era with RNA contacts according to Tu et al. (2009) marked purple. (c) The
structure of the KH 1 domain of M. tuberculosis NusA with RNA contacts according to Beuth et al. (2005) marked purple. (d) The structure
of the KH 2 domain of M. tuberculosis NusA with RNA contacts according to Beuth et al. (2005) marked purple. (e) The predicted structure
of full-length S. pneumoniae KhpA, in which regions that could hypothetically be involved in RNA binding are marked lime green. (f) The
predicted structure of the KH domain of S. pneumoniae KhpB, in which regions that could hypothetically be involved in RNA binding are
marked lime green. The structures of S. pneumoniae KhpA and KhpB proteins were predicted using ColabFold (Mirdita et al., 2021), and all
structures were visualized using ChimeraX (Pettersen et al., 2021)

Although there are several data sets for RNAs that copurify the same pool of approximately 170 RNA species, which showed
with KhpA and KhpB proteins, no RNA motif that is recognized by at least a 4-fold enrichment upon immunoprecipitation with ei-
either of the two proteins has been reported. RNA immunopre- ther KhpA or KhpB (Zheng et al., 2017). This data set includes
cipitation (RIP) experiments for S. pneumoniae showed that KhpA mRNAs, two tRNAs, and some sRNAs. Another data set corre-
and KhpB, each tagged with a carboxy terminal 3X FLAG tag, bind sponds to RNAs that copurify with KhpB-3xFLAG in C. difficile
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(Lamm-Schmidt et al., 2021). This study reported enrichment for
about 1,400 RNAs. Among these, mRNAs were overrepresented.
Although there was no enrichment of rRNAs or tRNAs, 12 sRNAs
copurified with KhpB-3xFLAG. It is interesting to note that in C.
difficile, which encodes an Hfq protein, some RNAs, including eight
of the sSRNAs, copurify with both Hfg and KhpB while other RNAs
are only bound by one or the other chaperone suggesting overlap-
ping as well as distinct cellular roles. Although Hfg predominantly
binds to the 5’ and 3’ ends of mRNAs, the full mMRNA and even
full operons are enriched for KhpB for C. difficile. Hopefully, fur-
ther analyses of the S. pneumoniae and C. difficile data sets as well
as RNAs that copurify with KhpA and KhpB from other bacteria
will reveal whether the proteins recognize a specific motif(s) or
structure(s), that may or may not differ between bacteria, whether
these recognition motifs are typically found at a specific location
such as the 5’ end, middle, or 3’ end of a transcript, and whether
the proteins have binding sites for more than one RNA.

A related question is what occurs to the RNAs upon binding to a
KhpA or KhpB monomer or more likely KhpA homodimer or KhpA-
KhpB heterodimer. A comparison of the transcriptome of wild type
and a AkhpB deletion strain in C. difficile suggests that KhpB might
have both positive and negative effects on RNA levels. How this oc-
curs and whether KhpA and KhpB proteins affect the folding of a
bound RNA, recruit ribonucleases, or promote base pairing with an-
other RNA remain to be investigated. Spectroscopic studies of NusA
binding to a 43-nt RNA indicated that this RNA is unfolded upon
binding by NusA, suggesting that KH domain-containing proteins
could induce changes in RNA structure (Beuth et al., 2005).

5 | PHYSIOLOGIC ROLES OF KhpA AND
KhpB PROTEINS

Although the physiologic roles of only a limited number of KhpA and
KhpB proteins have been examined, a few themes are starting to
emerge. The role characterized most extensively is one in cell elon-
gation. KhpA and KhpB may have multiple roles in controlling cell
elongation, but in S. pneumoniae, the absence of these RNA-binding
proteins clearly leads to increased levels of transcripts in the WalRK
regulon, which responds to peptidoglycan stress (Zheng et al., 2017).
KhpB similarly has been shown to negatively affect the levels of
mRNAs encoding virulence factors in C. difficile (Lamm-Schmidt
et al., 2021). The precise mechanisms by which the KH proteins im-
pact the levels of these transcripts are unknown. It is noteworthy
that the khpA and khpB genes show conserved synteny with genes
encoding proteins involved in RNA processing, protein synthesis,

and protein translocation across membranes.

5.1 | Role in controlling cell elongation

Mutations that inactivate khpA and khpB were identified in two

independent screens for suppressors of the growth defect

associated with the lack of the penicillin-binding protein Pbp2b
in S. pneumoniae (Stamsas et al., 2017; Tsui et al., 2016; Zheng
etal., 2017). Pbp2b is an essential enzyme required for peptidogly-
can elongation outward from the midcells of dividing S. pneumo-
niae cells (reviewed in Briggs et al., 2021). The association with
elongasome proteins led to the alternate name of EloR (elongas-
ome regulating protein) for KhpB (Stamsas et al., 2017). Consistent
with a role in cell elongation, S. pneumoniae strains lacking either
khpA or khpB have a reduced length (Stamsas et al., 2017; Ulrych
et al.,, 2016; Zheng et al., 2017) and width (Ulrych et al., 2016;
Zheng et al., 2017) compared with wild-type cells and also show
slower growth (Stamsas et al., 2017; Ulrych et al., 2016; Zheng
et al., 2017). Furthermore, the observation that a AkhpA AkhpB
double mutant has the same phenotype as the single mutants
indicates that the two proteins act in the same pathway (Zheng
et al., 2017).

Several observations, in addition to the co-occurrence of the two
genes, indicate that KhpA and KhpB act together (Zheng et al., 2017).
The proteins colocalize, diffusing in early divisional cells, and en-
riched at the midcell in dividing cells (Stamsas et al., 2017; Winther
et al., 2019; Zheng et al., 2017). Further evidence for an association
between the two proteins has come from copurification and bacterial
two-hybrid experiments (Winther et al., 2019; Zheng et al., 2017).
The studies of different KhpB truncation mutants revealed that
KhpA and KhpB heterodimerize via their KH domains and that this
interaction is required for the suppression of the Apbp2b growth de-
fect (Winther et al., 2019). KhpA also can homodimerize, and the o3
helix in the KH domain is required for both homodimerization and
heterodimerization with KhpB (Winther et al., 2019).

Although the interaction studies revealed that the KH domain
is required for oligomerization of KhpA and KhpB, the role of RNA
binding in the elongasome is less clear. It is intriguing and consis-
tent with a role in cell division that several mRNAs enriched by co-
immunoprecipitation of KhpA or KhpB encode cell division proteins,
including the cell division protein FtsA (Zheng et al., 2017). While
the relative amount of ftsA-ftsZ mRNA transcript remains nearly the
same, the cellular amount of FtsA protein increases in the khp single
and double mutant strains. Assays of the effects of different sections
of the ftsA gene revealed that the 5-UTR of ftsAZ mRNA is required
for the KhpA- and KhpB-dependent downregulation of FtsA levels
(Zheng et al., 2017), but it is not known how this posttranscriptional
regulation is brought about by the KH domain proteins. Suggested
possibilities include direct downregulation by the KhpA and KhpB
proteins or indirect regulation through an sRNA chaperoned by the
KH proteins or another protein modulated by KhpA and KhpB.

It is possible that KhpA and KhpB proteins have multiple roles
in cell division, only one of which might depend on RNA binding.
Several studies showed that S. pneumoniae KhpB is phosphory-
lated on the linker residue threonine 89 by the StkP kinase that
is also part of the elongasome network (Stamsas et al., 2017; Sun
et al., 2010; Ulrych et al., 2016). However, phenotypic effects
of phosphoablative or phosphomimetic mutations were not ob-
served in some studies (Stamsas et al., 2017; Zheng et al., 2017),
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and the threonine 89 residue is not conserved in all KhpB pro-
teins. S. pneumoniae KhpB also has been shown to interact with
the peptidoglycan muramidase MpgA (Winther et al., 2021), which
was previously called MItG (Taguchi et al., 2021; Tsui et al., 2016).
Interestingly, mutations in mpgA, like khpA and khpB mutations,
suppress the Apbp2b phenotype (Tsui et al., 2016). The interaction
between KhpB and MpgA involves the Jag-N domain of KhpB and
is required for localization of the KhpA-KhpB complex to the mid-
cell (Winther et al., 2021).

Although the KhpA and KhpB roles in cell division have been
studied most extensively in S. pneumoniae, the phenotypes associ-
ated with the lack of these proteins in other bacteria also is consis-
tent with roles in cell division. In Lactobacillus plantarum, a CRISPR
knockdown of either khpA or khpB (eloR) results in cell shortening,
with the effect being stronger for KhpA (Myrbraten et al., 2019). As
the mechanism of cell elongation differs between cocci (peptidogly-
can insertion occurs at midcell) and bacilli (peptidoglycan insertion
occurs over the full cell length), these observations suggest a very
general role for these proteins in cell wall synthesis. However, the
KhpA and KhpB may not have a role in cell division in all organisms,
given that in C. difficile, the size of AkhpA cells is like that of wild
type, though AkhpB mutants had slightly increased cell length and
width (Lamm-Schmidt et al., 2021).

5.2 | Rolein regulating virulence gene expression

In both S. pneumoniae and C. difficile, KhpA and KhpB also bind
RNAs that do not encode cell division proteins, indicating broader
physiologic roles of these proteins, including roles in regulating viru-
lence. Among the transcripts bound by KhpB in C. difficile is the tcdA
mRNA encoding the clostridial toxin A (Lamm-Schmidt et al., 2021).
Consistent with a KhpB role in modulating toxin A production, the
levels of both the toxin A mRNA and the protein increase in a AkhpB
mutant. However, given only a minimal difference in tdcA mRNA
half-life after rifampicin treatment when comparing a wild type and
AkhpB strain, it is not yet clear how KhpB acts as a negative regu-
lator. The detection of S. pneumoniae khpB in a Tn-seq screen for
reduced fitness in a mouse model of pneumonia further supports
a KhpB role in regulating virulence gene expression (van Opijnen &
Camilli, 2012).

5.3 | Rolein protein synthesis or translocation

Another possible clue to the physiologic roles of the KhpA and
KhpB proteins comes from the functions of the genes that are
syntenic with khpA (Figure S2) and khpB (Figure S3). khpA is
strongly coconserved with rpsP encoding the ribosomal protein
S16 as well as rimH encoding a ribosome maturation factor and
trmD encoding a tRNA methyltransferase, while khpB appears to
be in an operon with yidC (spolllJ in B. subtilis) encoding a pro-

tein translocase and near rnpA encoding the RNA component

of RNase P, among others. All the proteins encoded by syntenic
genes directly or indirectly affect translation or protein trans-
location. Along the same lines, the H. pylori KhpB protein with
the noncanonical R3H domain was found to bind and inhibit the
HPO0525 inner membrane ATPase which has arole in the transport
through type IV secretion systems (Hare et al., 2007). Here the
KH and R3H domains contact the ATPase, but again it is not clear
if RNA binding is involved.

6 | OUTLOOK

The KhpA and KhpB protein families are clearly broadly distributed
in several different phyla, suggesting important roles for these RNA-
binding proteins. However, even though other KH domains have
been studied extensively, relatively little is known about how KhpA
and KhpB bind to RNA and the consequences of this binding. Global
cosedimentation approaches and copurification approaches have
revealed binding to sRNAs, but much remains to be learned about
the role of this binding. Do KhpA and KhpB promote sRNA pairing
with target mMRNAs? How is the role in RNA binding connected to
the phenotypes related to peptidoglycan synthesis and cell division?
Do KhpA and KhpB proteins have different roles in different spe-
cies? Do the proteins generally act together or also have separate
functions? It will be exciting to see what answers future studies will
provide to these and other open questions.
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