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RNA sculpting by the primordial Helix-clasp-Helix–Strand-
Loop (HcH–SL) motif enforces chemical recognition enabling
diverse KH domain functions
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In all domains of life, the ancient K homology (KH) domain
superfamily is central to RNA processes including splicing,
transcription, posttranscriptional gene regulation, signaling,
and translation. Proteins with 1 to 15 KH domains bind single-
strand (ss) RNA or DNA with base sequence specificity. Here,
we examine over 40 KH domain experimental structures in
complex with nucleic acid (NA) and define a novel Helix-clasp-
Helix–Strand-Loop (HcH–SL) NA recognition motif binding 4
to 5 nucleotides using 10 to 18 residues. HcH–SL includes and
extends the Gly-X-X-Gly (GXXG) signature sequence “clasp”
that brings together two helices as an �90� helical corner. The
first helix primarily provides side chain interactions to unstack
and sculpt 2 to 3 bases on the 50 end for recognition of
sequence and chemistry. The clasp and second helix amino
dipole recognize a central phosphodiester. Following the heli-
cal corner, a beta strand and its loop extension recognize the
two 30 nucleotides, primarily through main chain interactions.
The HcH–SL structural motif forms a right-handed triangle
and concave functional interface for NA interaction that un-
expectedly splays four bound nucleotides into conformations
matching RNA recognition motif (RRM) bound RNA struc-
tures. Evolutionary analyses and its ability to recognize base
sequence and chemistry make HcH–SL a primordial NA
binding motif distinguished by its binding mode from other
NA structural recognition motifs: helix-turn-helix, helix-
hairpin-helix, and beta strand RRM motifs. Combined results
explain its vulnerability as a viral hijacking target and how
mutations and expression defects lead to diverse diseases
spanning cancer, cardiovascular, fragile X syndrome, neuro-
developmental disorders, and paraneoplastic disease.

The K homology (KH) domain (Pfam PF07650) was first
identified in two conserved regions in human heterogeneous
nuclear ribonucleoprotein K (hnRNPK), a protein described as
“tenaciously” binding cytidine-rich sequences in pre-mRNA
(1). Since then over 233,000 proteins that contain at least
one KH domain, have been identified in all three domains of
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life (2) (Fig. 1). Its prevalence throughout the tree of life sug-
gests that the KH sequence is an ancient protein domain with
fundamental significance for cells. Proteins can have one, two,
or as many as 15 flexibly or rigidly tethered KH domain
modules (reviewed in (3)).

Most, but not all KH domains, bind specific sequences in
single stranded (ss) RNA and/or DNA nucleic acid (NA). A
compilation of sequences bound by KH domains show a
general preference for sequences rich in pyrimidines over
purines (4), but there are exceptions (3, 5). Acting in splicing,
transcription, and translation, KH domains can bind many
types of RNA: (rRNA, tRNA, microRNA, long noncoding
RNA, small nuclear RNA, small nucleolar RNA, mitochondrial
RNAs, and messenger RNA (mRNA) (5–8).

Overexpression or loss-of-function of individual KH do-
mains is associated with diseases. These include cancer, car-
diovascular, fragile X syndrome, neurodevelopmental
disorders, and paraneoplastic disease. There are multiple
examples. The KH domain of ANKHD1 binds and regulates
three tumor-suppressing microRNAs, and ANKHD1 over-
expression is associated with renal cancer as well as the
increased metastasis and larger tumors (7, 9). With 3 KH
domains, HnRNPK has activities in pre-mRNA processing
and its mutations result in neurodevelopmental disorders
with 70% of missense variants clustering in the KH domains
important in RNA recognition (10). HnRNPK overexpression
is associated with diverse cancers, including breast, colorectal,
hepatocellular, gastric, melanoma, nasopharyngeal, lung,
esophageal squamous cell, oral squamous cell, and prostate
cancers; its cancer connection is thought to be in part due to
its long noncoding RNA binding (8). HnRNPK deficiencies
reduce cyclin-dependent kinase inhibitor 1 levels that pause
replication for DNA repair in a pathway with p53 tumor
suppressor (11). Associated with breast and hepatocellular
carcinoma and cardiovascular disease, vigilin is the largest
KH domain protein with 14 to 15 KH domains. It binds
hundreds of different mRNAs and tRNAs, acts in RNA
shuttling, chromosomal stability, both positive and negative
translation regulation, and mRNA stability (5, 12). Vigilin is
linked to autism, DNA repair defects, cancer progression, and
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Figure 1. Type 1 and 2. KH domains are conserved in all three domains of life. Left: interpro-derived chart of KH domain evolutionary tree, divided
based on the number of sequences. Middle: secondary structure of Type 1 and 2 domains, as ordered in the primary sequence with HcH–SL motif denoted.
Right: representative Type 1 and 2 domains. Rainbow coloring within the KH domain, from the N terminus to the C terminus, highlights that overlaid
secondary structure elements, are ordered differently in the primary sequence, comparing Type 1 and 2. Bottom of each panel. Structural alignment of
eukaryotic and bacterial PDB structures by US-align program (146, 147). “:” represents residue pairs <5 Å. RMSDs were 1.4 and 2.4 Å respectively for
depicted Type 1 and 2 structure alignment. GXXG clasp sequence is marked with an arrow. GXXG, Gly-X-X-Gly; K homology; HcH–SL, Helix-clasp-Helix–
Strand-Loop; PDB, Protein Data Bank.
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cardiovascular disease (5, 13, 14). Mutation-caused loss-of-
function of FMR1 (2 KH domains) is associated with Fragile X
syndrome, one of the most common genetic diseases associ-
ated with intellectual disability. A patient was identified with
a rare single-base mutation T1100A, leading to a single-site
mutation, Ile367Asn within the KH domain (15); this muta-
tion did not detectably reduce the protein levels, associating a
KH domain functional mutation directly to Fragile X syn-
drome. Aberrant splicing due to loss of sequence-specific
RNA binding by a Nova-1 KH domain is thought to be
related to a human paraneoplastic motor disorder called
paraneoplastic opsoclonus-myoclonus ataxia (16). Notably,
the KH domain’s ability to bind RNA specifically and
2 J. Biol. Chem. (2025) 301(5) 108474
nonspecifically places it at critical points of RNA processing
and regulation, making its dysfunction lead to a wide range of
serious human diseases.

There are several excellent KH domain reviews on their
tertiary folds, quaternary architecture, sequence specificity,
and biological functions (3, 5, 6, 13, 17, 18). In contrast to
existing reviews, this treatise systematically examines
experimental interface structures of KH domain complexes
with ssRNA or ssDNA. Our findings support and extend the
key Gly-X-X-Gly (GXXG) signature sequence motif to
include neighboring secondary structural elements that we
observe to form a unique structural NA recognition motif.
The Helix-clasp-Helix–Strand-Loop (HcH–SL) structural
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motif defined here identifies a conserved triangular struc-
tural interface for binding and sculpting 4 to 5 nucleotides
(nts) of ssNA for base recognition. Comparison to other
helical and beta strand RNA recognition motifs (RRMs) that
bind NA highlights the unique structure, binding mecha-
nisms, and key functional implications of the HcH–SL
structural motif that inform how its functions in cells
remain incompletely known although its dysfunction is
linked to multiple disease.

Conservation of KH domains

There are two types of KH domain. They have similar
orientation of their secondary structural elements but differ in
their topology leading to two distinct overall folds (19) (Fig. 1).
The wide-ranging prevalence of both types in sequence data-
bases suggests a primordial protein domain of foundational
functional importance. Previous descriptions have reported
that the Type 1 KH domain is primarily found in eukaryotes
and the Type 2 KH domain in prokaryotes. Interpro analysis of
the KH motif supports a more complex scenario (Fig. 1 pie
charts) (2). In the InterPro data, both KH domain types occur
frequently in prokaryotes and eukaryotes. Considering the
number of species predicted to contain at least 1 KH domain,
Type 2 appears more frequently than Type 1 for all domains. In
terms of the number of sequences that contain a KH domain,
there are more proteins in eukaryotes predicted to contain a
Type 1. Nevertheless, analyses of current sequence databases
do not support the notion that one type is more predominant
than the other in one domain of life versus another.

The extraordinary frequency of Type 1 and 2 domains
throughout the tree of life does support KH domains as having
Table 1
KH domain structures in complex with nucleic acid (NA) included in th

PDB NA Protein KH

3R9W RNA aq_1994, era, era1
6TQ0 RNA ARC, KIAA0278
3AEV RNA Dim2p
1J4W DNA FBP
7YEY RNA GF2BP3
2MJH 4JVY RNA gld-1, T23G11.3

7OGM RNA hfq, Ecok1_42240, APECO1_2219
1J5K 1ZZI
1ZZJ 7CRE

DNA hnRNP K

2N8M 8COO RNA IGF2BP1, VICKZ1, ZBP1

7VKL RNA Igf2bp3, Vickz3
5ELS 5ELT
5EMO 5ELR

RNA KHDRBS3, SALP, SLM2

4B8T RNA KSRP
5WWW 5WWX RNA MEX3C, RKHD2, RNF194, BM-013
4WAL 4WAN RNA MSL5, BBP, SF1, YLR116W, L2949
2ANN 2ANR RNA Nova1
1EC6 RNA Nova2
2ASB 2ATW
5LM7 6GOV

RNA NusA

1ZTG DNA Poly(C)-binding protein-1, PCBP1
2PY9 2AXY
2P2R 2PQU

RNA/DNA Poly(C)-binding protein-2, PCBP2

4AM3 RNA PNPase
4JVH RNA QKI, HKQ
1K1G RNA Splicing factor 1

All structural coordinates and their data are available in the Protein Data Bank under the
a primordial purpose that has remained functionally important
throughout evolution. Yet, half of complete proteomes
(12,171) are predicted to contain Type 1 (11,944) and/or Type
2 (11,982) out of 23,000 proteomes currently in the database
(2), suggesting that either they may not be essential or are not
yet identified in the proteomes missing a KH domain. Where
KH domains have been recognized, more often than not, the
proteome contains both types; it is rare for a proteome to
contain only one type. Most proteomes contain 2 or less of
Type 1 (�80%) and/or Type 2 (�95%). Interestingly, the hu-
man proteome is predicted to contain 143 Type 1 and 9 Type
2, while Escherichia coli has one Type 1 and two Type 2,
consistent with higher eukaryotes having more complex
regulation of their RNA. We note the absence of a detectable
KH domain in viruses, surprising given the prevalence in the
major domains of life.
Overall structure of the KH domain

The originally identified 45-amino-acid KH domain
sequence has been expanded to 70 amino acids as the intact
KH domain (1, 20). The KH domain is however a non-ca-
nonical domain in that it can be formed from two different
folds (3, 18, 19). Although the three-dimensional secondary
structures are strikingly similar in overall appearance, Type 1
and 2 folds differ in their topology and in the order of the
secondary structure in the primary sequence. At the time of
this report, we identified over 40 unique structures publicly
available in the Protein Data Bank (PDB) with one or more KH
domains bound to ssRNA or ssDNA, listed in Table 1
(16, 21–45). We use two of these structures, eukaryotic Nova-1
is review noting the protein, KH domain type, function, and DOI

type Function DOI

2 rRNA processing & biogenesis 10.1073/pnas.1017679108
2 mRNA transport, 10.1016/j.bbrep.2021.100975
1 RNA processing 10.1016/j.jmb.2010.03.055
1 transcription 10.1038/4151051a
1 RNA transport, m6A binding To be published
1 translation 10.1093/nar/gku445

10.1101/gad.216531.113
1 RNA transport, regulation 10.1016/j.molcel.2021.05.032
1 transcription 10.1093/emboj/cdf352

10.1016/j.str.2005.04.008
1 RNA transport, m6A binding To be published

10.1093/nar/gkad534
1 mRNA transport, To be published
1 splicing 10.1038/ncomms10355

1 decay, splicing, localization 10.1038/NSMB.2427
1 degradation 10.1074/jbc.M117.797746
1 splicing 10.1261/rna.048942.114
1 Splicing 10.1016/j.str.2011.05.002
1 splicing 10.1016/S0092-8674 (00)80668-6
2 transcription and termination 10.1038/sj.emboj.7600829

10.1038/nmicrobiol.2017.62
10.1016/j.molcel.2019.01.016

1 splicing 10.1093/nar/gks058
1 multifunctional , splicing,

oxidative damage recognition
10.1261/rna.410107

10.1074/jbc.M508183200
10.1093/nar/gkm139

1 degradation 10.1098/RSOB.120028
1 stability, export, and splicing 10.1101/gad.216531.113
1 splicing 10.1126/science.1064719

listed PDB codes (https://www.rcsb.org/).
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and bacterial NusA, to illustrate particular features of Type 1
and 2 KH domains, respectively (Fig. 1).

In common, both Type 1 and 2 KH domains have a three-
stranded beta sheet with three alpha helices on one side of
the sheet (Fig. 1). Most KH domains have a distinguishing
signature GXXG sequence, where X’s are typically basic or
polar residues (46). The X’s act to pin the phosphodiester
backbone of an interacting NA (47). This signature sequence
joins two sequential alpha helices that form a helical corner
with an approximate 90� orientation to each other where
GXXG acts as a structural “clasp” holding the helices to form a
tight corner. These two helices and a sequential beta strand
and loop extension form the primary NA binding motif, which
we term the Helix-clasp-Helix–Strand-Loop (HcH–SL) motif,
to contrast it with other recognized NA binding motifs: Helix-
Turn-Helix (HTH), Helix-hairpin-Helix (HhH), and beta
strand RRMs. Notably, the KH sequence forms a compact
integral folded domain important to maintain the structure of
the HcH–SL recognition motif (Fig. 1). Motif helix 1 is
buttressed by either a C-terminal helix (Type 1) or an N-ter-
minal helix (Type 2). The Strand-Loop is stabilized and posi-
tioned by an antiparallel (Type 1) or parallel (Type 2)
connection to the three-stranded beta sheet (Fig. 1).

Differing in exact fold, Type 1 has the HcH–SL as an in-
ternal part in the sequence (secondary structure elements 2,
3, and 4), while Type 2 has it on the C terminal side (sec-
ondary structure elements 4, 5, and 6) (Fig. 1). Based on the
number in the sequence, the Type 1 beta sheet places strands
in order 1, 5, and 4, with the edge of strand 4 in the NA
binding region. Type 2 beta sheet places strands in order 2, 3,
and 6, with the edge of strand 6 in the NA binding region.
The change in strand order from 1, 5, and 4 to 2, 3, and 6
reflects differences in KH domain fold. Having implications
on the flexibility of the beta sheet (48), this fold change leads
to a difference in being fully antiparallel (Type 1) to half
parallel/half antiparallel (Type 2). Notably, we have redefined
the structural motif. Previously, strand-helix-helix-strand
(SHHS or baab) was defined as a minimal motif (18, 19).
Yet, the first strand position switches its relative position
from 1 on the edge of the sheet to 3 in the middle of the sheet
and does not directly interact with NA. Because of inconsis-
tency with its functional role, we did not include this strand in
the recognition motif, but do include a loop extension from
the second strand; this loop sometimes interacts with the NA
bases. Thus, we redefined our previously defined motif from
Helix-clasp-Helix to HcH–SL as being both the structurally
and functionally conserved NA recognition motif within the
KH domain (Fig. 1).

The continuous HcH–SL peptide motif defined here (28–41
residues long) is arguably a potential primordial co-factor
facilitating RNA processes (Fig. 1 topology schematics). It is a
motif common to distinct KH domain folds without a simple
genetic relationship. In the RNA-only world preceding today’s
DNA world, this motif could have acted in RNA-mediated
replication and translation. The poor sequence homology when
comparing structural orthologs from eukaryotic and bacterial
KH domains is consistent with an ancient function encoded in
4 J. Biol. Chem. (2025) 301(5) 108474
the motif structure (Fig. 1 sequences). This notion suggests that
the HcH–SL motif, but not either of the current KH domains,
is worth consideration as a possible polypeptide component of
the last universal common ancestor (LUCA) cell for bacteria,
archaea, and eukarya domains of life from �4,2 billion years
ago, which remains an area of interest and controversy (49).
The HcH–SL motif forms a right triangle that is right
handed

Impressively conserved between Type 1 and 2 KH domains,
the HcH–SL motif conceptually forms a right triangle (Fig. 2).
This triangle can usefully be considered in two parts: the HcH
forms the orthogonally related sides of the triangle and the SL
forming the hypotenuse (Fig. 2A). The angle between the two
helices is �90�, so they form a tight helical corner that is
enabled by the glycine main-chain hydrogen-bonds and pro-
truding G-X-X-G clasp (Fig. 2B). Going from N terminus to C
terminus in three-dimensional space, the structural elements
go in a shallow right-handed spiral, with the thumb pointing in
the direction of the bound NA. Importantly, these HcH–SL
secondary structure elements are the primary interface for
the NA interactions to KH domain proteins that include many
main chain and side chain protein contacts (10–18 residues in
our collective dataset) (Fig. 2C). For most KH domains, 4 to
5 nts of the ssNA spans the HcH–SL motif, with bases facing
the same relative direction. We numbered the nucleotides
from 50 to 30. Unexpectedly in some PDBs, 2 nts can occupy
the position of nt 2, and we define them as 2A and 2B
(Fig. 2D). There are examples of 1 to 2 nts at position 2 for
both Type 1 and 2 KH domains, and this can differ even be-
tween 2 KH domains occurring in the same protein.

The ssNA phosphate backbone spans the triangle along the
N-terminal end of helix-2 to the G-X-X-G clasp and C-ter-
minal end of helix-1. Except for the 30 base, the NA bases point
into the triangle toward the Strand-Loop which creates a
shallow pocket for the first two unstacked bases by closing the
triangle across from the helical corner (Fig. 2, A and D). The
heart of HcH–SL recognition centers on the 3 to 4 unstacked
bases that essentially wrap around helix-1. Importantly, this
unstacking allows the base chemistry of both ring and het-
eroatoms to be recognized by the HcH–SL structural ele-
ments. The mechanism for base recognition appears suitable
for Strand-Loop-induced fit to the NA that would be impor-
tant for increased affinities of KH domains for alkylation and
oxidation base modifications (38, 50–56), as observed for a
DNA repair enzyme for alkylated DNA (57). In contrast, the
triangle helical corner acts as an anchor point that does not
show marked changes in our comparisons of existing NA
bound and free KH domain structures.

The GXXG sequence forms a key clasp between the two
helices in the HcH–SL motif (Fig. 2B). The first Gly main
chain carbonyl forms a hydrogen bond with the second Gly
main chain amide. Although the “X-X” residues in-between
the Gly residues are not strongly conserved, they interact
with one phosphate oxygen through a main chain amide in the
second X and often through their side chains. Inversely



Figure 2. The HcH–SL motif is the primary region in contact with the RNA/DNA. Components are colored as in Figure 1. A, the secondary structure
forms a right-handed triangle and concave surface going from the N terminus to the C terminus of the motif. The two helices are at approximately right
angles to each other. Side chains within 4 Å of the NA are shown in stick. B, the GXXG motif resembles a clasp bringing the two helices together through
main chain hydrogen bond between glycine (indicated by sphere). A main chain amino contacts the phosphate oxygen, at the positive dipole of the second
helix. C, atoms within 4 Å of the RNA (spheres) show that the primary contacts in the first helix are through side chains, while the GXXG clasp and strand
contact through main chain. D, forming a shallow concave NA recognition surface, the HcH–SL motif (gray molecular surface) sculpts the RNA, with the first
helix unstacking 1 or 2 bases in respectively Type 1 and 2. Panels A, C, and D have the identical perspective. GXXG, Gly-X-X-Gly; HcH–SL, Helix-clasp-Helix–
Strand-Loop; NA, nucleic acid.
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suggesting the GXXG is required for NA interaction, domains
that have KH folds but without the GXXG motif have not yet
been shown to bind NA (58). As an exemplary case for sig-
nificance, the single-site disease mutation for Fragile X syn-
drome, Ile267Asn (15) maps to the HcH–SL motif and, more
specifically, to the N-terminal end of the second helix. We
postulate that besides the hydrophobic to polar change noted
in the structural study (47), the mutation to a helix-capping
residue may mask the helical dipole. Indeed, Asn was the
top preferred residue for N-capping in a helical stabilization
study (59).
HcH–SL motif NA contacts

Our analyses of protein to NA contacts reveal an intriguing
bias for the type of protein contacts (Fig. 2C). The NA on the
50 end stretches across helix-1 of the HcH–SL motif. This first
helix contacts the NA through mostly side chains, with one
curiously conserved helical main chain packing against nt 2.
Access to the main chain is enabled by a Gly or Ala 3 to 4
residues N-terminal to the GXXG motif. The one phosphate
targeted by the main and side chains of the GXXG enabled
clasp discussed above is also aligned dead center to the N-
terminal helical dipole of Helix-2. We often observe N-ter-
minal helical dipoles near the protein-NA interface (60–65).
There are otherwise surprisingly few interactions between the
second helix and the NA. Instead, the beta strand in the motif
interacts with the 30 end (nts 3 and 4), primarily through main
chain contacts. Although it is common to think that base
specificity is through side chains, the beta strand positions
main chain contacts to confer base specificity. Conserved in
both Type 1 and 2 KH domains, this bias for helical side chain
and beta strand main chain contacts to nts is consistent with
their relationship being through different evolutionary elabo-
rations of a primordial HcH–SL peptide cofactor from the
RNA world.

The HcH–SL motif sculpts ssRNA or DNA. In our struc-
tural study of the single KH domain in alkylation response
J. Biol. Chem. (2025) 301(5) 108474 5
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protein ASCC1, we compared structurally similar Type 1 KH
domains and found a surprising splaying of the NA such that
the bases were unstacked and spread out like three sides of a
box (Fig. 2D) (66). A fourth base was stacked on one side of the
box. In this more extensive analysis of Type 1 and 2 structures
with bound NA, we find generally that KH domains bind 4 to
5 nts, but the bound nts can range from 11 nts (PDB: 2pqu
(47)) to only 2 nts as one component of a larger binding
interface (PDB: 5LM7) (Fig. 3, A–D). In those structures
binding > 4 nts, we find that the sculpted NA followed a
general trend but that there could be not one but two bases on
the top of the first helix, as included on our current schematic
(Fig. 2D).

In common, both types of KH domains bind the NA in such
a way as to prevent stacking or base pairing, enforcing binding
Figure 3. For a range of RNA processes, NAs are bound in similar but not i
domain HcH—SL (cartoon) reveals relative NA positions (cartoon and stick, la
corners. A, reference image of single RNA and HcH–SL from PDB:2ASB. B, overla
2ANN, 2ANR,2ATW, 2MJH, 2N8M, 2PY9M 3AEV, 3R9W, 4AM3, 4B8T, 4JVH, 4JVY,
7VKL, and 8COO. C, overlay of 10 DNA structures onto PDB: 2ASB HcH-SL. DN
7CRE. D, IF2BP1/IMP1 positions RNA (sticks) with an m6A at position 3 more dee
undamaged adenine (cartoon). Only nts positions 2A, 2B, and 3 are shown fo
HcH–SL motifs act in many RNA processes: spanning transcription, regulation, t
processes and viral infections.
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specificity for ssRNA or ssDNA (Figs. 2D and 3, A–C).
Notably, the interaction enables specific base recognition by
main chains and side chains of residues in the HcH–SL motif.
Overlaying the helical corner, the detailed position of the ssNA
phosphodiester and bases can be shifted 3 Å and rotated
relative to each other, not unexpected given the different
sequence specificity and multiple functions in RNA processes
(Fig. 3E).

In our finding that ASCC1 bound to a specific RNA
sequence and not DNA of the same sequence (66), we
postulated that KH domains may bind RNA more tightly than
DNA. In the structures that we examined for this treatise, we
saw that the exact position of bound NA varied, relative to the
helical corner (Fig. 3, A–C). However, most RNA and DNA nts
overlaid well onto each other, suggesting no or limited
dentical positions by HcH–SL in different KH domains. A–C, overlay of KH
beled as in Fig. 2D). Structures overlaid to PDB:2ASB based on the helical
y of 28 RNA structures onto 2ASB HcH–SL. RNA from PDB: 2ASB, 1EC6, 1K1G,
4WAL, 4WAN, 5ELS, 5ELT, 5EMO, 5LM7, 5WWW, 5WWX, 6GOV, 6TQ0, 7OGM,
A FROM PDB: 1J4W, 1J5K, 1ZTG, 1ZZI, 1ZZJ, 2AXY, 2PQU, 2P2R, 3R9W, and
ply in the HcH–SL pocket (gray surface), compared to the same RNA with an
r clarity. E, with implications for human and infectious disease, KH domain
ransport, translation, and degradation and including both regulating normal
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differences between how KH domains bind RNA versus DNA.
As some KH domains are RNA-specific, such as we found in
ASCC1 (66), it is likely that those KH domains have RNA-
specific, 20 hydroxyl mediated interactions. Potentially a pri-
mordial ssRNA binding role evolved to encompass new
ssDNA binding functions.
Helix-clasp-Helix–Strand-Loop (HcH–SL) is a unique NA
binding motif

Helices are well-known to act in DNA interactions. In the
HcH–SL motif, both helices act directly in NA binding: the
two helices form a nonoverlapping corner for a triangle with
the helices almost orthogonal to each other. The NA extends
across the N-terminal end of helix-2, the G-X-X-G clasp, and
is stretched over the C-terminal end of helix-1 (Fig. 4A). The
beta Strand-Loop hypotenuse closes the right triangle with the
two-helix corner. Consequently, the HcH–SL motif forms a
continuous concave interaction surface that provides in-
teractions with NA backbone plus base sequence and chem-
istry (Fig. 2, C and D).

Two well-known and important NA two-helix motifs, HTH
and HhH (67–71) are commonly found at interfaces with
DNA, but interact with NA distinctly from the HcH–SL motif
(Fig. 4, A–C). These motifs primarily interact with one of the
two helices. In the HTH motif, the helices are connected by 1
Figure 4. HcH–SL motif is distinct from other known helical and strand
sticks). A, HcH–SL motifs, as shown for type I (cartoon), sculpt the nucleic acids
cartoon) recognize the DNA helical nature and insert one protein helix into th
other and are roughly orthogonal. C, helix-hairpin-helix motifs (magenta) bind
angle. D, RNA recognition motifs employ beta strands for the major RNA-intera
strikingly similar orientation as the four nts bound by the HcH–SL (blue RNA
identical orientation. DNA shown as cartoon and stick in (B–D).
to 2 turns. The helices are orthogonal but are overlapping (Fig.
4B). The C-terminal helix drops into the major or minor
groove, distorting the double-stranded DNA helix but not
breaking the stacking. In the HhH motif, the helices, con-
nected by a hairpin turn, are overlapping with their connection
at a 30� angle (69). HhH helices interact with the phosphate
backbone, also not disrupting the stacking (Fig. 4C). Notably,
one helix has an N-terminal helical dipole interaction, similar
to the second helix of the HcH–SL motif. The HTH motif
binding in the DNA major groove can be sequence specific,
but it becomes structure-specific when binding in the DNA
minor grove for DNA repair (72, 73). So the HTH in the DNA
minor groove and HhH motif are generally structure-specific
and not sequence-specific.

Another major RNA binding motif is the RRM (74, 75). The
RRM typically binds unstacked bases near the middle of the
recognized sequence by interactions with conserved aromatic
residues on the central beta-sheet (Fig. 4D). Markedly unlike
HcH–SL, RRM binds through its beta-strands (76). Both
HcH–SL and RRM motifs are consequently structurally
distinct binding motifs that share similarity in sequence-
specific interactions as well as unstacking and splaying out of
bound bases that enables recognition of diverse NA sequences
and chemical modifications. Suggesting an enigmatic func-
tional orientation, the splayed placement of 4 nts are similar
between RRM-bound and HcH–SL bound its as they are
nucleic acid recognition motifs (nucleic acids shown as atom-colored
(stick) and enforce single strand specificity. B, helix-turn-helix motifs (purple,
e major or minor groove, distorting the DNA. The protein helices cross each
to one strand of helical DNA. The protein helices cross each other at �30�
ction interface. E, the first four nts bound by the RRM (green) are splayed in a
with blue protein ribbons and helical cylinders). Panels (D and E) have the
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within the set of HcH–SL structures (Fig. 4E). In essence, the
HcH–SL is a second type of RRM distinguished by its motif
structure from the beta strand RRM but resulting in strikingly
similar bound RNA conformation.

Emerging questions and research areas

From comparisons with other NA structural recognition
motifs, the HcH–SL motif is unique both in its structure and
NA interactions. Besides the well-recognized electrostatic
GXXG interaction with the phosphodiester, the glycines act as
a clasp to form a helical corner with the two helices (Fig. 2).
Each of the other secondary structure elements provide pro-
ductive NA recognition as part of the identified right-handed
triangular recognition surface. Through its side chain in-
teractions, the N-terminal helix acts as a steric wedge to splay
out three-four bases. The C-terminal helix provides a basic
dipole for positioning one of the phosphates. The beta strand
and loop provide main chain interactions for recognition of
specific base sequence and chemistry. In considering this
unique structural recognition chemistry and 3 decades of
research, key questions arise out of which six we note below as
potential promising emerging research areas.

Why does the HcH–SL motif splay out its interacting
NA?

The primordial HcH–SL motif splays out its interacting NA:
this unusual open recognition arrangement certainly enables a
base recognition mechanism (Fig. 2). However, it seems to be
overkill for this, as the sequence can be read in double-
stranded NA. Even promoting processing or protection of
ssNA does not require unstacking of the bases, as can be seen
in the replication protein A (RPA) and EXO5 structures with
ssDNA (77–80). KH domains lack a catalytic activity. So they
do not need to distort the NA or position its bonds for catalytic
activity, as we have observed in many DNA repair glycosylases
and nucleases (57, 60, 64, 65, 72, 73, 81–88). However, as both
the phosphodiester and the bases are exposed, the KH do-
mains could be positioning or stabilizing the substrate for
partner proteins to act. We postulated as such for ASCC1,
which contains an RNA phosphodiesterase domain linked to
its KH domain. Certainly, the prevalence of KH domains in
translation and splicing machinery would be consistent with
this notion.

From a chemistry perspective, exposing the base could
provide specific KH domains with a generalized mechanism
for recognition of modified bases. Alkylation/methylation of
bases transforms them from negative pi-stacked rings to ones
that are more positively charged (89). By exposing the entire
face of the base, KH domain-containing proteins could detect a
change in the size and charge of the base agnostic to exact
position on the base that the methylation occurs. The KH
domain would then more or less strongly bind a given NA
sequence. KH domains could then execute their functions,
based on posttranslational modifications, such as methyl-6-
adenine (m6A or 6mA), with implications for RNA regula-
tion and cancer (90). Consistent with this hypothesis, there are
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KH domain-containing proteins that preferentially bind
methylated RNAs. With 3 KH domains, Fragile X mental
retardation protein (FMRP) binds m6A-modified and methyl-
5-cytosine (m5c) RNA within particular sequence contexts
impacting modulated m6A-modified mRNA levels and nuclear
export (51–56). Interestingly, recognition of the trailing ssRNA
overhung by FMRP’s 3 KH domains may be related to its
ability to bind R-loops (91), which are associated with tran-
scription and also with base damage and modifications (92,
93). ASCC1 is associated with alkylation, as a member of an
enigmatic alkylation response complex that includes the hu-
man direct alkylation reversal enzyme ALKHB3 (94–98). Its
linked KH-phosphodiesterase domains may recognize alky-
lated bases (66, 99), although further work is needed to test
this idea. Provocatively, mutant ASCC1 with shortened KH
domain but full RNA ligase-like domain can lead to a severe
phenotype of spinal muscular atrophy with congenital bone
fractures 2 (SMABF2) (100).

One set of proteins provide exemplary interactions with
methylated RNA through their KH domain. Insulin-like growth
factor 2 mRNA-binding proteins (IGF2BP1/2/3, IMP1/2/3)
interact with and stabilize m6A-modified RNA in human cells
through their KH domains, and this interaction is thought to
act in oncogenesis (101). NMR studies revealed how the
IGF2BP1/IMP1 KH domain directly recognizes methylation
with an increased 5-fold affinity (38). In the structures, the m6A
is bound in the deeply buried “third” position, with direct hy-
drophobic recognition of the methylation (Fig. 3D). The pro-
posed recognition of the charge is not obvious, but the
methylated base shifts �3 to 4 Å and is more deeply buried and
has a distinct stacking with the fourth base, in comparison to a
not yet published undamaged RNA with the same protein by
the same authors (PDB: 2n8m). The last loop of the HcH–SL
motif moves 8 Å, as can be seen by visibility of the respective
loop in the nonmethylated-bound complex. Whether such
deep binding requires 2 nts (2A/2B) at nt position 2 is untested,
but the more loosely bound undamaged RNA structure also has
2 nts at position 2. Besides methylation, there may be multiple
other modifications that alter the base chemistry, which could
be detectable by how the NA is sculpted by the HcH–SL motif
(102). Furthermore, as both HcH–SL and RRM motifs unstack
and splay out bound bases into surprisingly similar confor-
mations, it will be informative to comparatively examine their
functional recognition of NA sequence and chemistry.
Which mechanistic roles are implied for the helix 2
N-terminal dipole and the HcH–SL mainchain in NA
interfaces?

Helix 2 N-terminal dipole binds to one phosphate, typically
to the nucleotide position at 2/2B (Fig. 2C). Unstacked on top
of helix 1, this RNA base is the most rigidly exposed (Fig. 2D).
Does the helix 2 dipole provide an anchoring interaction
interface for inducing this conformation or strain? Stacking is
surely the strongest noncovalent force contributing to the
structure of ssNA, making unstacking an energetically costly
evolutionary selection for the KH domain. It seems likely that
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the helix dipole initiates NA binding through electrostatic
guidance and then provides an anchor point for proximity-
mediated interactions with specific base sequence and chem-
istry within the interface triangle.

These interactions may include potential inducible fit
complementarity with the Strand-Loop elements, as seen in
binding methylated RNA (101). In contrast to the HTH motif
that can vary from one to two hairpin turns (helix-2turn-helix)
in FEN1 superfamily enzymes (60, 103–105), we expect that
the HcH–SL motif will lack clasp variants due to the clasp’s
critical and minimalistic role in positioning the helix corner
and thus the helix 2 dipole. Although the helix dipole anchor is
sequence independent, we furthermore expect that the motif
will enforce sequence dependencies due to its other structural
elements that directly bind individual bases. The HcH–SL
motif therefore has both an anchoring phosphate backbone
interaction like the HhH motif and sequence-dependent in-
teractions like the RNA RRM motif and the HTH motif when
binding to the DNA major groove. Further characterizations of
HcH–SL NA complexes will test and clarify these current
expectations.

To extend this helical dipole mechanism more generally to a
role of main chain atoms, we also observed main chain atoms
providing specific base recognition in KH domains or in
positioning the RNA (Fig. 2C). In protein structure prediction,
we typically think that side chains provide base specificity, but
we saw multiple cases for main chain interaction with base-
specific moieties in the Strand-Loop. We also saw main
chain helix positioning of the RNA. In the Nova-2 KH domain
structure, the main chain of Gly18 in the first helix of the
HcH–SL motif positions the N1 of a uridine base at nt 1 (47).
If main chain is providing base specificity, then noninterface
residues may be positioning the interface main chain, poten-
tially explaining the unexpected evolutionary covariance of
noninterface residues (106). The observed role of main chain
and helical dipoles in NA base recognition and positioning
goes beyond KH domains and further analysis would test this
as a generally important mechanism.
When might modular KH domains and HcH–SL
functional dynamicity provide possible advantages?

Comparison of how NA is bound in the different struc-
tures of the HcH–SL motif (Fig. 3, A–C) highlights a motif
that can not only be flexible in sequence specificity but in
exact positioning of the NA. This is demonstrated most
clearly in the IGF2BP1/IMP1/RNA complex structures
shifting the RNA position �4 Å based only on a methylated
base (Fig. 3D). This flexible positioning is enabled by an
anchor point and a region allowing conformational changes
in the HcH–SL motif (Fig. 2). The helical corner and dipole
provide a stable anchor point. The Strand-Loop side can
accommodate movement and consequently may allow a
degree of induced complementarity—seen by an 8 Å shift of
the last loop in the motif (Fig. 3D). These observations along
with the other studies on HcH–SL interactions suggest that
solution methods such as small angle X-ray scattering, NMR,
and mass spectrometry that can interrogate dynamic com-
plexes may be useful to examine HcH–SL conformations
and interactions including their two tandem associations and
those potentially involved in distinguishing binding to NA
modifications (24, 28, 107).

Single KH domains appear tunable in their affinity for ssNA.
The single HcH–SL motif in ASCC1 has specificity for RNA
based on electrophoretic mobility shift analysis, but its broad
bands shifting in position as a function of protein concentra-
tion implies transient interactions or dynamicity in binding
(66). HnRNPK’s KH3 domain HcH–SL interaction with
ssDNA has a 1 mM Kd (25). Similarly, the KH domain of
DDX43 helicase, which is key for the substrate specificity and
unwinding processivity of the full-length helicase that is often
overexpressed in cancers, has a binding affinity for ssRNA of
2.5 mM (4). So single KH domain HcH–SL binding to ssNA
will likely be in the micromolar range suggesting transient
interactions in cells. However, KH domain proteins like
ASCC1 may have other modular interfaces that increase
binding to specific substrates.

Furthermore, multiple KH domains can also increase
binding affinity. For example, 2 KH domains in bacterial
NusA increase ssRNA binding affinity to the nanomolar
range (22). The number of modular binding sites and tan-
dem HcH–SL motifs in a protein can therefore tune the
transience of the RNA recognition as well as expand the
number of bases being recognized. This multiplicative effect
is similar to the four oligonucleotide-binding fold domains
in replication protein A (RPA) that binds ssDNA individually
with mM affinity but together bind in the pM range (108).
This metastable recognition by a single HcH–SL motif
makes it useful for functional dynamicity and dynamic reg-
ulatory RNA interactions. Implicated activities include
biogenesis, stabilization, and processing of RNA (Fig. 3E). So
computational studies to characterize sequence-dependent
changes in dynamical behavior upon NA binding may be
informative.

Functional dynamicity of the nonenzymatic KH domain is
pertinent given the growing recognition in molecular cell
biology that proteins function in the context of dynamic and
modular molecular complexes where the regulation and ac-
tivities of these assemblies is achieved by perturbations in
their dynamics, as seen in transcription factor IIH (TFIIH)`
results (109, 110). These complexes can furthermore act more
like multifunctional molecular machines than linear path-
ways, as seen for alkylation damage responses, nucleotide
excision repair, DNA break repair, and replication fork restart
(80, 95, 105, 109, 111–118). Moreover, biological regulation
typically involves rate-limiting steps that are rarely enzyme
chemistry and often include conformational controls pro-
moting assembly or disassembly (82, 110, 111, 115, 119). In
this regard, the assembly and disassembly of NA complexes,
mediated through modular NA binding by the nonenzymatic
KH domain, has broad-based and critical activities in all do-
mains of life (Fig. 1).
J. Biol. Chem. (2025) 301(5) 108474 9



JBC REVIEWS: KH domain HcH–SL motif
Where to look in cellular functions and how to test for
the HcH–SL motif?

By unstacking bases and sculpting ssNA, KH domains go
beyond the minimum needed for sequence recognition and
span all processes involving RNA from transcription to
degradation (Fig. 3E). This unusual conformational sculpting
for the non-enzymatic HCH–SL motif supports its identified
roles in regulation and as a potential scaffold for other en-
zymes. We therefore suggest that the HcH–SL regulatory
motif should be considered wherever there is ssNA and a
need to identify potential base modifications and/or
sequence. For example, adenosine deaminases acting on
RNA 1 (ADAR1) mediated A-to-I editing increases binding
of KH domain-containing, RNA-binding, signal
transduction-associated 1 (KHDRBS1) to thereby confer 5-
fluorouracil and cisplatin (5FU+CDDP) resistance (120).
Prime KH functional areas involve cell growth, maintenance,
differentiation, signaling, DNA repair, gene expression and
translation, and alternative splicing. For example. ribosomal
protein S3 (RPS3) is a multifunctional KH domain protein
that mediates selective gene regulation, DNA repair,
apoptosis, and the innate immune response to bacterial
infection (121, 122).

Besides their classical ssRNA interactions, KH domains are
also implicated in interactions with non-B-DNA structures,
which are associated with DNA instability and cancer
(123–125). Notably, the three KH domains of hnRNP K unfold
the c-MYC i-motif, a four-stranded DNA structure formed by
two antiparallel duplexes held together by hemi-protonated
cytosine-cytosine+ (C:C+) base pairs (126). KH domains in
IGF2BPs, which act as m6A readers, hinder miRNA-induced
RNA decay and improve expression of oncogenes (127).
Ubiquitination at K213 in the first KH domain of IGF2BP3 by
E3 ubiquitin ligase parkin removes its oncogenic function as an
m6A reader, promoting inactivation of phosphoinositide 3-
kinase (PI3K) and mitogen-activated protein kinase (MAPK)
signaling pathways (128). Current KH domain disease con-
nections include cancer, inflammation, developmental disor-
ders, cardiovascular disease, and restricting viral replication.
So, improved mechanistic understanding of KH domain roles
may inform medicine and therapeutics.

Although similarly ancient iron-sulfur (Fe-S) domains show
up in multiple NA proteins and participate in NA binding
(110, 111, 129), we noted no examples of proteins with both a
KH domain and an Fe-S. It may be that the Fe-S oxidative
potential for ssNA promotes evolutionary pressure against this
combination. Yet, KH domain ribosomal protein S3 surpris-
ingly reduces the nucleotide excision repair deficiency of XPD
cells through its interaction with Fe-S domain helicase XPD on
UV-damaged DNA (130).

Based upon the HcH–SL motif, there are specific residues to
mutate to test the functional role of a given KH domain, e.g.
mutating the first Gly will impact the clasp and Helix-clasp-
Helix geometry to abolish NA binding. In contrast, GxxG to
GDDG mutation can impair nucleic acid binding without
compromising the stability of the domain (66, 131–133).
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Interestingly, our analyses support the notion that the
HcH–SL is a quintessential conformational regulatory peptide
element. Specifically, we find that the paradox of the ancient
KH domain family formed from two distinct KH domain fold
topologies is resolved by their separate evolution from the
primordial structurally and functionally conserved structural
HcH–SL NA recognition motif identified here. Despite
considerable sequence variability, the bias for helical side chain
and beta strand main chain contacts to nts is conserved across
both Type 1 and 2 KH domains. These and other observations
are consistent with the relationship of KH domains being
through different evolutionary elaborations of a primordial
core HcH–SL functional peptide cofactor from the RNA
world. Thus, we propose that the HcH–SL structural motif,
but not either of the current KH domains, is arguably a
possible polypeptide component of LUCA suitable to act in the
regulation, assembly, stabilization, and conformational dy-
namics of RNA machines.

Prokaryotic KH domain proteins are implicated in integral
cellular activities spanning from cell division to protein trans-
location where their ability to balance dynamicity and stability
in NA interactions is likely functionally important. In eukary-
otes, mutation and aberrant expression of KH domain proteins
is often linked to cancer and other diseases. Thus, identification
and characterization of the HcH–SL recognition motif in the
ancestral KH domain core may provide a new window into
control of diverse dynamic functional biological networks and
their regulation as fundamental to RNA biology. For example,
identification of the HcH–SL motif in members of the ADP-
ribosyl transferase superfamily (PARP) that catalyze ADP-
ribosylation (a response to cellular stress, DNA damage, and
viral infection) suggests KH domains merit further investiga-
tion for broader roles in DNA damage and stress responses
(134). Interestingly, these data also suggest KH dimers and split
KH domains, which are outside our focus as they lack experi-
mental structures, but would be interesting to investigate with
advanced structure prediction algorithms (135).

How good are the prospects for KH domain targeting,
bioengineering, and design?

Our in-depth analysis of the HcH–SL NA recognition motif
promises to benefit efforts to efficiently target specific KH
domains and employ the motif in protein engineering and
design. These motifs may represent unique drug targets that
are, however, challenging due to their relatively shallow
binding pocket. Perhaps the combination of the helix dipole
anchor point and flexible Strand-Loop element will enable
inhibitors by anchored plasticity approaches (119, 136, 137).
Such chemical inhibitor tools would seem more practical than
developing a protein mimic to bind specific HcH–SL motifs
analogously to inhibitor protein mimicry to block repair of
base damaged DNA (138, 139). Yet, SARS-CoV-2 NSP3 pro-
duces a unique peptide motif that binds directly to the two
central KH domains of FMRPs. Furthermore, this interaction
is disrupted by the I304N mutation found in a patient with
fragile X syndrome suggesting that viruses do in fact
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unexpectedly use protein mimicry of NA to hijack KH
domain-containing FMRP proteins for efficient infection (140).
Could viral infections have provided evolutionary pressure for
defective HcH–SL motifs during human evolution? Testing
how widespread viral hijacking of KH domains may be merits
investigation.

Joining repeating structural motifs to design novel proteins
can be a successful strategy (141) and designing one or a series
of right-triangle NA binding motifs seems feasible with several
interesting potential applications as RNA readers, biomarkers,
and regulators. When the HcH–SL motif is found in multiple
copies, we note that they are typically separated by only a few
residues suggesting minimal needs for an extended spatial
arrangement for effective ssNA recognition (35, 45). Such
designed tandem constructs could, for example, identify RNA
viral sequences and provide a novel regulatory component of
RNA vaccines for stabilization or targeting as part of a chimeric
protein. Impactful roles of KH-domain protein in pathogen
resistance in plants are relatively unexplored but may offer
opportunities for novel interventions (142). In archaea, N-ter-
minal KH domains equip aCPSF1 with specific-binding ca-
pacity to function as the long-sought global transcription
termination factor of archaea (143). In humans, metastasis,
which is the main cause of cancer mortality, can be blocked by
circular RNAs and by KH proteins that promote a positive
feedback nanomedicine loop to suppress metastasis (144). We
therefore expect that it will likely be useful to consider and
perhaps control as well as design HcH–SL interactions in
linking genotype, epigenetics, and metabolic biochemistry back
to phenotype for cancer precision oncology (145).

What are the overall implications and future prospects?

The collective data presented suggest that, like Fe–S cluster
motifs, the HcH–SL is a partner in the origin of life that may
predate cells and the DNA world. Based on analyses of
experimental structures, the HcH–SL motif is a unique pri-
mordial NA binding motif that enforces an unusual sculpting
of NA conformation. Its NA interactions have general roles in
recognizing RNA sequence and chemistry plus positioning or
reshaping RNA structure as suitable to regulate many aspects
of RNA metabolism. Its RNA binding is likely transient unless
combined with other KH domains, motifs, or interfaces. As
single HcH–SL motif sculpting can be energetically metastable
(66), we propose that it probably often serves dynamic pur-
poses beyond simple sequence recognition, such as to enable
larger roles in the recognition of NA modifications, in forming
dynamic scaffolds, or in lowering the energy barrier for
handoffs to other proteins or RNA. Furthermore, the signifi-
cance of the HcH–SL motif ability to recognize base modifi-
cations has largely been underappreciated. Moreover, we find
that structurally disparate HcH–SL and RRM NA binding
motifs, unexpectedly similarly, sculpt unusual conformations
for four bound nts, suggesting their convergent evolution with
functional implications. So comparative examination of their
functional interactions that involve similar splayed nt confor-
mations may advance unified insights on RNA metabolism.
Indeed, surprising connections of the KH domain and its
functional recognition motif with all aspects of cell biology
are increasingly being discovered including connections to
DNA damage responses, translation, apoptosis, innate im-
munity, and hijacking for SARS-CoV-2 infectivity. As an
ancient general purpose ssRNA sequence and chemistry
recognition element, the HcH–SL motif offers large win-
dows that are well worth looking into for cell biology. Ex-
amination of this motif also suggests that a useful strategy to
search for potential primordial peptide motifs from LUCA
may be to identify structured functional peptide motifs
conserved among protein domains lacking straightforward
evolutionary relationships as seen here for KH domains.
Going forward, the many KH domain sequences and sub-
stantial structural database of their NA complexes promises
not only an increased awareness and understanding but also
the likelihood that increasing foundational mechanistic
knowledge will enable the effective design and harnessing of
KH domains for multiple aspects of both biology and
medicine.
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