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Abstract HLTF is a SWI2/SNF2-family ATP-dependent
chromatin remodeling enzyme that acts in the error-free
branch of DNA damage tolerance (DDT), a cellular
mechanism that enables replication of damaged DNA
while leaving damage repair for a later time. Human HLTF
and a closely related protein SHPRH, as well as their yeast
homologue Rad5, are multi-functional enzymes that share
E3 ubiquitin-ligase activity required for activation of the
error-free DDT. HLTF and Rad5 also function as ATP-
dependent dsDNA translocases and possess replication fork
reversal activities. Thus, they can convert Y-shaped repli-
cation forks into X-shaped Holliday junction structures that
allow error-free replication over DNA lesions. The fork
reversal activity of HLTF is dependent on 3’-ssDNA-end
binding activity of its N-terminal HIRAN domain. Here we
present the solution NMR structure of the human HLTF
HIRAN domain, an OB-like fold module found in organ-
isms from bacteria (as a stand-alone domain) to plants,
fungi and metazoan (in combination with SWI2/SNF2
helicase-like domain). The obtained structure of free HLTF
HIRAN is similar to recently reported structures of its
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DNA bound form, while the NMR analysis also reveals
that the DNA binding site of the free domain exhibits
conformational heterogeneity. Sequence comparison of
N-terminal regions of HLTF, SHPRH and Rad5 aided by
knowledge of the HLTF HIRAN structure suggests that the
SHPRH N-terminus also includes an uncharacterized
structured module, exhibiting weak sequence similarity
with HIRAN regions of HLTF and Rad5, and potentially
playing a similar functional role.

Keywords DNA replication - DNA damage tolerance -
Helicase-like transcription factor - HLTF

Introduction

Human HLTF (Helicase-Like Transcription Factor) and its
functional homologues, S. cerevisiae Rad5 and human
SHPRH (SNF2, histone linker, PHD, RING, helicase), are
SWI2/SNF2-family ATP-dependent chromatin remodeling
factors that promote error-free DNA damage tolerance
(DDT) in eukaryotes (Chang and Cimprich 2009; Unk et al.
2010). To cope with exogenous and endogenous DNA
damage that creates DNA replication blocks, cells have
evolved DDT mechanisms that enable bypass replication
over sites of DNA damage lesions (Chang and Cimprich
2009; Waters et al. 2009; Unk et al. 2010; Sale et al. 2012).
The error-prone branch of DDT, which involves DNA
lesion bypass by mutagenic translesion synthesis (TLS)
DNA polymerases (Waters et al. 2009; Sale et al. 2012), is
activated by mono-ubiquitination of the DNA-sliding
clamp PCNA by the Rad6/Radl8 E2/E3 enzyme pair
(Hoege et al. 2002). Subsequently, the error-free DDT that
utilizes a template switching mechanism can be activated
by K63-polyubiquitination of PCNA catalyzed by the
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RING E3 ligases HLTF, SHPRH or Rad5 and the Ubc13/
Mms2 E2 conjugating enzyme (Motegi et al. 2006, 2008;
Unk et al. 2006, 2008, 2010; Chang and Cimprich 2009).

One possible mechanism of the error-free DDT is
replication fork reversal that involves conversion of a
Y-shaped DNA structure into an X-shaped four-way Hol-
liday junction structure with one arm composed of the
newly synthesized daughter DNA strands annealed against
one another (Chang and Cimprich 2009; Unk et al. 2010).
Such a ‘chicken foot’ intermediate allows switching DNA
synthesis blocked by DNA damage from the lesion-con-
taining strand to the undamaged template newly synthe-
sized at the complementary DNA strand. Beyond serving
as E3 ligases that polyubiquitinate PCNA and trigger
switching to the error-free DDT (Motegi et al. 2006, 2008;
Unk et al. 2006, 2008), HLTF and Rad5 function as ATP-
dependent dsDNA translocases and can catalyze replica-
tion fork reversal into a Holliday-like structure (Blastyak
et al. 2007, 2010). The fork reversal activity, however, has
not yet been demonstrated for SHPRH.

The core helicase-like domains of HLTF, SHPRH and
Rad5 consist of the two recA-like domains and share
SWI2/SNF2 architectures, featuring seven conserved heli-
case motifs (Thoma et al. 2005; Flaus et al. 2006). The
helicase motifs are separated by the two (‘minor’ and
‘major’) insert regions that may include additional domains
embedded into a core domain (Flaus et al. 2006). The
‘major’ insert regions of HLTF, SHPRH and Rad5 harbor
RING-finger domains characteristic of the E3 ubiquitin
ligases, while the ‘minor’ insert region of SHPRH also
includes H1.5 and PHD finger domains. Such a discontin-
uous arrangement complicates structural studies of SWI2/
SNF2 DDT enzymes; at this time, the only structure
available from the core helicase-like regions is that of PHD
domain embedded in the ‘minor’ insert region of human
SHPRH (Machado et al. 2013).

HLTF, also called HIP116, SMARCA3 and other
alternative names, was first identified as a transcription
factor for plasminogen activator inhibitor 1 (PAI-1) (Ding
et al. 1996, 1999) and B-globin genes (Mahajan and
Weissman 2002) capable of binding specific DNA target
sequences (Sheridan et al. 1995; Ding et al. 1996, 1999;
Mahajan and Weissman 2002). In these original studies,
the DNA-binding region of HLTF was mapped to its
N-terminal part encompassing residues 38-219 (Sheridan
et al. 1995; Ding et al. 1996) preceding the core helicase-
like domain. Later, this N-terminal region was shown to
include a standalone B-strand rich domain conserved in
eukaryotic SWI2/SNF2 DNA-dependent ATPases dubbed
as HIRAN (HIP116, Rad5p N-terminal domain) (Iyer et al.
2006). This domain was also found as a standalone protein
in a range of bacteria (Iyer et al. 2006). Based on its
contextual information network, the HIRAN domain was
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predicted to recognize DNA features at stalled replication
forks such as ssDNA stretches or DNA lesions (Iyer et al.
2006). Although the HIRAN domain was also found in S.
cerevisiae Rad5, this module is reportedly lacking in the
HLTF’s human homologue SHPRH (Unk et al.
2008, 2010).

Recently, we and others have demonstrated that the
HLTF HIRAN domain is involved in 3’ ssDNA end
recognition at replication forks and is required for fork
reversal, but not for other activities of HLTF (Achar et al.
2015; Hishiki et al. 2015; Kile et al. 2015). These works
have also reported structures of the HLTF HIRAN domain
in complexes with DNA substrates revealing structural
basis of the 3’ DNA end recognition. Here we complement
these studies by reporting a high-resolution structure of the
free HIRAN domain from human HLTF determined by
solution NMR spectroscopy. Based on the obtained struc-
ture and sequence alignment of the N-terminal regions of
HLTF, SHPRH and Rad5 we predict that the N-terminal
region of human SHPRH preceding the core helicase-like
domain also includes yet uncharacterized structured mod-
ule, exhibiting weak sequence similarity with HIRAN
regions of HLTF and Rad5. These findings highlight a
potential conserved role of the N-terminal regions of
SWI2/SNF2 chromatin remodeling enzymes in mediating
error-free DNA damage tolerance.

Materials and Methods
Protein sample preparation

ISN/13C labeled human HLTF HIRAN (residues 50-171)
was expressed in BL21 (DE3) E. coli cells transformed
with pET28a-LIC based plasmid encoding the domain
(Addgene plasmid # 28152). Cells were grown in minimal
M9 medium supplemented with '’NH,CIl and '*C-glucose
as sole nitrogen and carbon sources, respectively. The
protein was affinity purified on a Ni-NTA agarose beads
(GE Healthcare), followed by cleavage of a hexahistidine
tag by Thrombin (MP Biomedicals) and a second purifi-
cation step on a size-exclusion Superdex 75 HiLoad 16/60
chromatography column (GE Healthcare). The final NMR
sample of the free HIRAN domain contained 1.0 mM
protein, 20 mM sodium phosphate pH 6.8, 100 mM NaCl,
2 mM DTT and 10 % v/v D,O.

NMR spectroscopy and protein structure calculation

The backbone and side-chain '°N, 13C and '"H NMR res-
onance assignments of the HLTF HIRAN domain were
obtained from a set of 2D 'H-'N HSQC, 'H-'*C HSQC
and 3D HNCA, HNCACB, HNCO, HBHA(CO)NH,
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HC(C)H-TOCSY, (H)CCH-TOCSY and “N- and "C-
edited NOESY-HSQC (150 ms mixing time) spectra (Kay
1995, 1997; Kanelis et al. 2001) collected at 25 °C on the
Agilent VNMRS 800 MHz spectrometer equipped with a
cold probe. NMR spectra were processed with NMRPipe
(Delaglio et al. 1995) and analyzed with Sparky software
(Goddard and Kneller), resulting in 86 % assignment of all
expected NMR chemical shifts, including 98 % of back-
bone, 82 % of aliphatic and 53 % of aromatic side-chain.
Of note, PDB NMR structure validation report indicates
one outlier chemical shift for "H* of Arg 157 (1.92 ppm)
likely due to a ring current shift involving the nearby
aromatic side chain of Phe 60. NMR resonance assign-
ments of the HLTF HIRAN domain were deposited to
BioMagResBank with the accession number 30098.
Solution NMR structure of the HLTF HIRAN domain
was determined based on 2343 NOE-derived 'H-'H dis-
tance restraints obtained from 3D '°N- and '*C-edited
NOESY-HSQC spectra (Kay 1995, 1997; Kanelis et al.
2001), and 192 dihedral ¢ and \ angle restraints derived
from the backbone 'H, '°N, and '>C chemical shifts using
TALOS+ program (Shen et al. 2009). The NOE peaks
were assigned automatically and the ensemble of 100
structures was calculated using CYANA software (Guntert
2004; Guntert and Buchner 2015). The 20 structures with
the lowest energy were further refined in explicit solvent
using CNS (Brunger et al. 1998; Brunger 2007). The
restraints used for structure calculation and structure
refinement statistics are summarized in Table 1.

Protein domain architecture analysis

The domain architectures of 766 prokaryotic and eukary-
otic proteins that contain annotated HIRAN domain were
analyzed using Simple Modular Architecture Research
Tool (SMART) (Schultz et al. 1998; Letunic et al.
2006, 2015).

The atomic coordinates along with NMR chemical shift
assignments and NMR restraints were deposited to Protein
Data Bank (5K5F) and Biological Magnetic Resonance
Bank (30098).

Results and Discussion
NMR structure of the free HLTF HIRAN domain

To determine solution NMR structure of the free form of
SN/'3C labeled human HLTF HIRAN domain we per-
formed the backbone and side-chain resonance assignments
of the domain using a set of standard triple-resonance
NMR experiments (Kay 1995, 1997; Kanelis et al. 2001).
Figure 1 shows 'H-'>N HSQC spectrum of the domain

Table 1 Summary of NMR-based restrains used for structure cal-
culation of the human HLTF HIRAN domain and structure refinement
statistics

Summary of restraints
NOE distance restraints

Short range (li — jl < 1) 1186
Medium range (1 <li —jl <5) 387
Long range (li — jl > 5) 770
Total 2343
Dihedral angles (¢ and ) 192
Hydrogen bonds 40
Deviation from experimental restraints
NOE (A) 0.016 £ 0.002
Dihedral restraints (°) 1.141 £ 0.154
Deviation from idealized geometry
Bonds (A) 0.014 £ 0.000
Angles (°) 0.925 £ 0.023
Ramachandran plot statistics
Favored regions 9M1+2%
Additionally allowed regions 8§+2%
Outliers 1+1%
RMSD from mean structure (A)
All residues
Backbone atoms 0.87 £ 0.07
Heavy atoms 1.40 £ 0.10
Residues in ordered regions®
Backbone atoms 0.78 £ 0.05
Heavy atoms 1.22 £ 0.14
RPF quality scores Huang et al. (2005, 2006)
Recall 0.95
Precision 0.89
F-score 0.92

* The following secondary structure elements were included as
ordered regions in the RMSD calculation: a-helices 52-56, 113-124,
157-167; B-strands 57-67, 81-87, 98-102, 107-110, 129-134,
144-153

with resonance assignments for the backbone amide groups
annotated. Solution structure of the HIRAN domain was
calculated based on NOE derived 'H-'H distance restrains
and chemical shift derived backbone torsion angle
restraints, as described in Materials and Methods. Fig-
ure 2a illustrates the resulting structural ensemble (back-
bone heavy atoms only), which is in good agreement with
the input restraints (Table 1). The resulting ensemble is
well defined with mean pairwise RMSD among 20 best
models of 0.87 +£0.07 A for the backbone and
1.40 £ 0.10 A for all heavy atoms.

The isolated HLTF HIRAN domain adopts a mixed o/3
fold with (a0)-B1-f2—-P3—P4-al-P5—P6-02 topology
(Fig. 2b, c). The six B-strands are organized into a ‘greek
key’ with strands arranged from longest (1) to shortest
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(B4) (Fig. 2b), and form a diagonally truncated B1-p6-B5—
2—B3—P4 B-barrel with a wide opening on one side cov-
ered with the two o-helices (a1 and o2) creating an
OB-like (Oligonucleotide/Oligosaccharide-Binding) fold
(Murzin 1993; Arcus 2002; Agrawal and Kishan 2003;
Kerr et al. 2003; Theobald et al. 2003; Fig. 2c). The
resulting NMR structure also contains a helical turn o0
formed by the N-terminal residues 52-56 of the domain.
Figure 2d shows surface representation of HLTF HIRAN
colored by electrostatic potential (from -5 to
5 kcal mol~! e, red to blue), revealing that the domain
has two oppositely charges faces. The positively charged
face is involved in recognition of DNA-substrates, as
described several recent works (Achar et al. 2015; Hishiki
et al. 2015; Kile et al. 2015).

Recently, we and others have shown that HLTF HIRAN
specifically recognizes 3’ ssDNA end found at replication
forks, and determined structures of the HIRAN domain
bound to single-stranded ssDNA substrates (Hishiki et al.
2015; Kile et al. 2015) and a dinucleotide (Achar et al.
2015). Figure 2e shows superposition of NMR structure of
the free HIRAN domain reported here and the previously
reported X-ray crystal structure of its complex with (dT);o
oligonucleotide (Kile et al. 2015). The two structures agree
well with one another with the backbone RMSD between
the free and bound forms of 1.8 A, suggesting that the
HLTF HIRAN domain does not undergo significant
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structural changes upon binding a DNA substrate. Similar
level of agreement has been observed between the free
HIRAN domain and its complexes with other ssDNA and
oligonucleotide substrates (Achar et al. 2015; Hishiki et al.
2015; Kile et al. 2015).

Previous studies have shown that residues of the HLTF
HIRAN domain involved in 3’ ssDNA end recognition are
located in B1-B2 loop (V68, R71, Y72, Y73), B2—-PB3 loop
(N91, Y93, D94), 4 strand and B4—al loop (H110, K113),
and B5-P6 loop (F142) (Flaus et al. 2006; Achar et al.
2015; Hishiki et al. 2015; Kile et al. 2015). Comparison of
solution NMR structure of the free HIRAN domain with
the structure of its complex with ssDNA (Fig. 2e) suggests
that this site does not undergo significant change in overall
conformational upon substrate binding. However, an
inspection of "H-'"N HSQC spectrum of the free HLTF
HIRAN domain (Fig. 1) revealed decreased peak intensi-
ties for a number of residues from the DNA binding region
(Hishiki et al. 2015; Kile et al. 2015). Instead of a single
peak expected for each backbone amide group, these
residues display a set of multiple broadened resonances in
slow to intermediate exchange with one another (enclosed
in blue boxes in Fig. 1). The residues experiencing con-
formational exchange (V68, R71, G75 from B1 to B2 loop;
N90 from B2 to B3 loop; V108 from strand 4; E114 from
B4 to al; F136, G137, N139, F142 from 35 to 36 loop) line
up precisely at the DNA-binding grove of the HIRAN
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Fig. 2 Solution structure of the HLTF HIRAN domain. a Ensemble
of 20 lowest energy NMR structures of the HIRAN domain (backbone
only); [-strands and o-helices are colored in green and red,
respectively. b Secondary structure schematic of the HLTF HIRAN
domain colored from purple (N-terminus) to red (C-terminus).
¢ Ribbon representation of the HIRAN domain structure d HIRAN
domain surface colored by qualitative electrostatic potential (the same
orientation as in panel ¢). ICM was used to calculate the electrostatic
potential using the boundary element solution of the Poisson equation.
The electrostatic potential was projected onto the molecular surface

o
113 ol 124 52

using a color scale from red (—5 kcal mol~'e ™) to blue
(5 kcal mol~' e™"). e Superposition of the NMR structure of the
free HIRAN (rainbow) and X-ray crystal structure of its complex with
(dT),o oligonucleotide (PDB: 4SO N; transparent). The two 3'nu-
cleotides are shown in magenta. f Residues exhibiting conformational
exchange in solution are mapped in magenta on the surface of the
HLTF HIRAN domain bound to a single stranded DNA oligonu-
cleotide (PDB: 4S0 N). All molecular structures were rendered using
ICM software (Molsoft)
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domain, as shown in Fig. 2f. This observation clearly
suggests that the DNA-binding region of the free HLTF
HIRAN domain is dynamic and pre-samples multiple
slowly exchanging conformations in solution.

HIRAN is prevalent in SWI2/SNF2 DNA damage
tolerance proteins

In eukaryotes, HIRAN domain is almost exclusively found
in association with a subfamily of SWI2/SNF2 DNA-de-
pendent ATPases containing RING finger domain embed-
ded in the SWI2/SNF2 helicase-like domain (Flaus et al.
2006; Iyer et al. 2006). HIRAN is typically located
N-terminal to helicase-like domain, which in SMART
database can be identified as a combination of DEXDc (or
SNF2_N) and HELICc domains with the RING-finger
inserted in-between. The evolutional analysis of the
domain architecture of all HIRAN domain-containing
proteins found in SMART database suggests that this
domain organization is prevalent in eukaryotes (Fig. 3).

Bacteria

HIRAN
70%

17%
12%
1%

h
HIRAN
HIRAN

DHH DHHA1 HIRAN DEXDc HELICc

Metazoa

HIRAN  DEXDc RINGHELICc
90%

HIRAN DEXDc

c==h 3%
HIRAN DEXDc HELICc
2%
HIRAN DEXDc RING

[ ——
Cu-oxi3 Cu-oxi2 HIRAN DEXDc HELICc
Cu-oxi3 Cu-oxi2 HIRAN DEXDc RING HELICc

HIRAN DEXDc RING HELICc

HIRAN DEXDc  RINGHELICc

insert

Fig. 3 Evolution of a HIRAN domain. Phylogenetic tree of HIRAN
domain-containing proteins generated using SMART database and
iTOL (Letunic and Bork 2007, 2011). Representative domain
architectures of the HIRAN-containing proteins and their percent
distribution in each class of organisms is shown. A total of 766
proteins containing the HIRAN domain were found in SMART
database including 278 bacterial, 283 fungal, 88 green plant and 117
metazoan proteins. Domain are labeled as follows: HIRAN (HIP116/
RADS5N-terminal domain, SM00910), DEXDc (DEAD-like Super-
family, SM00487) and HELICc (Helicase Superfamily C-terminal,
SMO00490) that form the SWI2/SNF2 helicase-like domain,
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Bacteria

Thus, 62 % of HIRAN domains are coupled with SWI2/
SNF2 helicase-like and RING-finger domains in green
plants, 98 % in fungi and 94 % in animals. This domain
organization is also present in HLTF, which is the only
human protein described so far containing the HIRAN
domain. In this domain architecture, the DEXDc/HELICc
helicase-like domain has ATP-dependent DNA translocase
activity, while the RING domain confers E3 ubiquitin
ligase activity required for K63-polyubiquitination of
PCNA, signaling activation of ‘error-free’ DDT (Waters
et al. 2009; Branzei and Psakhye 2016; Callegari and Kelly
2016). Recent reports suggest that the HIRAN domain is a
DNA-binding module that specifically recognizes 3’-end of
a single stranded DNA found at replication forks, which is
required for HLTF’s fork reversal activity (Achar et al.
2015; Hishiki et al. 2015; Kile et al. 2015). Therefore, the
evolutional analysis indicates that in eukaryotes HIRAN
mainly functions as a 3’-end DNA recognition module that
targets SWI2/SNF2 DDT enzymes to replication forks and
enables fork regression, initiating ‘error-free’ replicative
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HIRAN VRR_NUC
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E
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VRR_NUC (Virus-type Replication-Repair Nuclease domain,
SMO00990), DHH (DHH-family phosphoesterase domain, PF01368),
DHHA1 (DHH Associated domain 1, PF02272), TDP1 (Tyrosyl-
DNA Phosphodiesterase domain, PF06087), FHA (Forkhead associ-
ated domain, SM00240), RING (Really Interesting New Gene, or
Ring finger domain, SM00184), UBA (Ubiquitin Associated domain,
SMO00165), Radl18_ZF (Radl18-like CCHC Zinc Finger domain,
SM00734), zf-PARP (Poly(ADP-ribose) polymerase type Zn-finger
domain, PF00645), Cu-oxi2 (Multicopper oxidase, type 2, PFO7731),
Cu-oxi3 (Multicopper oxidase, type 3, PF07732)
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bypass of DNA lesions by a template switching mechanism
(Waters et al. 2009; Branzei and Psakhye 2016; Callegari
and Kelly 2016).

While prevalent in eukaryotes, a combination of HIRAN
with SWI2/SNF?2 helicase-like and RING-finger domains is
not unique (Fig. 3). The phylogenetic tree of HIRAN
domain suggests that it is an ancient module that first
appears as a standalone protein in prokaryotes, where small
single-domain proteins account for 70 % of all HIRAN-
containing members, while the remaining 29 % include
HIRAN at C- (17 %) or N- (12 %) terminus of a longer
polypeptide chain. Note that in about 1 % of the considered
bacterial proteins HIRAN is already found in combination
with SWI2/SNF2 helicase-like (DEXDc/HELICc) and
phosphatase DHH/DHHA1 domains (Fig. 3). While in
fungi and metazoans there is little variation in architecture
of HIRAN domain-containing proteins, in green plants
HIRAN is found in several distinct classes of proteins.
Thus, in addition to domains characteristic of SWI2/SNF2
DNA-dependent ATPases (63 %), HIRAN is also found in
the context of restriction endonuclease VRR_NUC (24 %)
and phosphatase TDP1 (5 %) domains and likely functions
as 3'-end recognition module in other DNA-modifying
enzymes.

Conservation of the N-terminal domains in HLTF,
SHPRH and Rad5

HLTF and a closely related SWI2/SNF2-family enzyme
SHPRH were described as the two human homologues of
S. cerevisiae Rad5 involved in ‘error-free’” DDT (Chang
and Cimprich 2009; Unk et al. 2010). Both HLTF and
SHPRH function as RING E3 ubiquitin ligases that, toge-
ther with Ubc13/Mms2 E2 enzyme, catalyze K63-polyu-
biquitination of PCNA, promoting ‘error-free’ bypass of
DNA lesions (Motegi et al. 2006, 2008; Unk et al.
2006, 2008, 2010; Chang and Cimprich 2009). SHPRH
reportedly lacks the HIRAN domain found in the N-ter-
minal parts of HLTF and Rad5 (Unk et al. 2010). Fur-
thermore, the analysis of SNF2 family of helicase-related
proteins suggests that HLTF and Rad5 belong to the same
(Rad5/16-like) subfamily, while SHPRH was placed to a
separate (SHPRH-like) subfamily (Flaus et al. 2006). Thus,
unlike HLTF and Rad5, the ‘minor’ insert region of
SHPRH includes two unique domains, H1.5 (linker histone
H1 and HS5) and PHD (plant homeodomain), in addition to
the RING finger domain embedded in the ‘major’ insert
region of the helicase-like domain. Recent reports estab-
lished a strict requirement of the HIRAN domain for
replication fork reversal by HLTF (Achar et al. 2015; Kile
et al. 2015). Consistent with this, the fork reversal activity
was reported for HLTF and Rad5 that possess the N-ter-
minal HIRAN domain (Blastyak et al. 2007, 2010), while

such activity has not yet been confirmed for SHPRH sug-
gesting a possible divergence of HLTF and SHPRH
functions.

Interestingly, SHPRH has a 308 residue N-terminal
region with the length comparable to those of N-terminal
parts of HLTF (240 residues) and Rad5 (437 residues)
preceding the Q-box (first conserved element) of the SWI2/
SNF2 helicase-like domain. Figure 4a shows a secondary
structure prediction for the N-terminal regions of HLTF,
Rad5 and SHPRH performed in RaptorX (Wang et al.
2011). As expected, a structured domain with the HIRAN
topology (B1-p2-B3—p4—al-B5-P6-02) was predicted in
the N-terminal regions of HLTF (57-167) and Rad5
(170-310) separated from the helicase-like domain by a
flexible linker. Remarkably, the N-terminal region of
SHPRH is also predicted to include a B-strand rich domain
of similar size (residues 45-220), although the exact
topology of this domain is uncertain.

To our surprise, a multiple sequence alignment shown in
Fig. 4b revealed a weak homology of the SHPRH N-ter-
minal domain with the HIRAN domains of HLTF (11 %
identity; 26 % similarity) and Rad5 (12 % identity; 33 %
similarity; Table 2), which is comparable to the homology
between the HIRAN domains of HLTF and Rad5 (14 %
identity; 40 % similarity). In the alignment shown in
Fig. 4b, the residues that are similar/identical among the
N-terminal domains of HLTF, Rad5 and SHPRH are
marked in light/dark blue. The multiple sequence align-
ment revealed that the N-terminal domains of HLTF, Rad5
and SHPRH share key residues characteristic of the
HIRAN domain (as defined by Iyer et al. 2006), including
the absolutely conserved Gly residue (G109 in HLTF,
G240 in Rad5, G117 in SHPRH), as well as a pattern of
polar and hydrophobic residues shown on the top of the
sequence (Fig. 4b). Furthermore, mapping of the residues
that are similar/identical among HLTF, Rad5 and SHPRH
onto the HLTF HIRAN structure (light/dark blue balls in
Fig. 4c, d) suggests that hydrophobic residues conserved in
all three proteins form a hydrophobic core of the HIRAN
domain. In addition, the N-terminal domain of SHPRH
shares with the HLTF and Rad5 HIRAN domains several
key residues involved in 3’ ssDNA end recognition. Thus,
the aromatic side-chain of Y93 in HLTF makes stacking
interactions with a ring of nucleotide base, while the fol-
lowing polar residue D94 interacts with free 3’-OH group
of the deoxyribose (Achar et al. 2015; Kile et al. 2015). In
Rad5 the Y213/D214 pair is absolutely conserved, while in
SHPRH the corresponding residues are aromatic F92 fol-
lowed by a polar S93. Therefore, considering the presumed
similar functions of HLTF, SHPRH and Rad5 in ‘error-
free’ DDT, (Chang and Cimprich 2009; Unk et al. 2010)
one may hypothesize that the identified N-terminal
‘HIRAN-like’ domain of SHPRH plays the same functional
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«Fig. 4 Conservation of N-terminal domains in HLTF, SHPRH and
Rad5. a Per-residue secondary structure propensities calculated by
RaptorX Property (Wang et al. 2011; Kallberg et al. 2014) for the
N-terminal regions of HLTF, SHPRH and Rad5 are shown as stacked
bars. Helical and beta-strand propensities for each residue are shown
as red and cyan bars, respectively. Amino acid sequence conservation
for each protein as determined by ConSurf (Armon et al. 2001;
Goldenberg et al. 2009; Ashkenazy et al. 2010) is shown underneath
the histograms and color coded from magenta (conserved) to cyan
(variable). b Multiple sequence alignment of the HIRAN domains of
yeast Rad5 (170-306) and human HLTF (51-171), and the N-termi-
nal HIRAN-like domain of human SHPRH (41-194) performed using
Clustal Omega (Sievers and Higgins 2014) and then refined manually.
The residues that are similar/identical in all three domains are shaded
light/dark blue. The residues identical in only two of three sequences
are shaded in gray. A conserved pattern of amino acid residues
characteristic of HIRAN fold as defined by Iyer et al. (2006) is shown
on the top of the sequence (4 hydrophobic, b big, p polar, / aliphatic,
G absolutely conserved Glycine). Secondary structure elements of
HLTF HIRAN domain are shown below the alignment. ¢ Ribbon
representation of the HLTF HIRAN domain with side chains of buried
conserved residues shown as space-filling atoms. Side chains of
conserved surface-exposed residues are shown in ball and stick
representation (color scheme is the same as in b). d Buried conserved
residues displayed beneath the surface of HLTF HIRAN, suggesting
that residues conserved among HLTF, Rad5 and SHPRH form a
continuous core of the HIRAN domain. All molecular structures were
rendered using ICM software (Molsoft)

Table 2 Sequence identity/similarity between the N-terminal
(HIRAN) domains of yeast Rad5 and its human homologues HLTF
and SHPRH

HLTF RADS SHPRH Similarity
HLTF 40 % 25.8 % HLTF
RADS 13.9 % 329 % RADS
SHPRH 10.7 % 12.4 % SHPRH
Identity HLTF RADS SHPRH
Percent identity (PID) was calculated as PID = 100 x

Identical residues
Length of shortest sequence

To calculate % similarity the amino acids were grouped into four
categories: aromatic (F, Y, W), aliphatic (V, I, L), positively charged
(R, K, H), negatively charged (D, E), polar (N, Q, T, S, E, D) and
small (A, G, T, S)

role in a DNA substrate recognition as the HIRAN domain
of HLTF. This implies yet unconfirmed ability of SHPRH
to mediate replication fork reversal, similar to that of
HLTF and Rad5, (Blastyak et al. 2007, 2010), which needs
to be tested in subsequent works.

Conclusions
We have determined solution NMR structure of the free

form of human HLTF HIRAN domain. Recently, we and
others have shown that the HIRAN domain is involved in

3’ ssDNA end recognition and mediates replication fork
reversal by HLTF, facilitating ‘error-free’ replicative
bypass of DNA lesions by a template switching mechanism
(Achar et al. 2015; Hishiki et al. 2015; Kile et al. 2015).
Our phylogenetic analysis suggests that in eukaryotes the
HIRAN domain is almost exclusively found in the N-ter-
minal parts of the SWI2/SNF2 ATP-dependent DNA
translocases, likely, conferring these enzymes replication
fork reversal activity. Interestingly, the HIRAN domain has
been previously identified in human HLTF and its yeast
homologue Rad5, but not in a functionally related enzyme,
human SHPRH. The comparison of primary sequences and
secondary structure propensities of the N-terminal parts of
HLTF, SHPRH and Rad5 revealed that the SHPRH
N-terminus also includes a tentative ‘HIRAN-like’ domain,
which potentially plays a role in DNA substrate recognition
similar to that of HIRAN domains of HLTF and Rad5.
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