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ABSTRACT

Nucleases play important roles in nucleic acid
metabolism. Some archaea encode a conserved pro-
tein known as Hef-associated nuclease (HAN). In
addition to its C-terminal DHH nuclease domain,
HAN also has three N-terminal domains, includ-
ing a DnadJ-Zinc-finger, ribosomal protein S1-like,
and oligonucleotide/oligosaccharide-binding fold.
To further understand HAN’s function, we biochemi-
cally characterized the enzymatic properties of HAN
from Pyrococcus furiosus (PfuHAN), solved the crys-
tal structure of its DHH nuclease domain, and ex-
amined its role in DNA repair. Our results show that
PfuHAN is a Mn?*-dependent 3’-exonuclease specific
to ssDNA and ssRNA with no activity on blunt and
3’-recessive double-stranded DNA. Domain trunca-
tion confirmed that the intrinsic nuclease activity is
dependent on the C-terminal DHH nuclease domain.
The crystal structure of the DHH nuclease domain
adopts a trimeric topology, with each subunit adopt-
ing a classical DHH phosphoesterase fold. Yeast two
hybrid assay confirmed that the DHH domain inter-
acts with the IDR peptide of Hef nuclease. Knockout
of the han gene or its C-terminal DHH nuclease do-
main in Haloferax volcanii resulted in increased sen-
sitivity to the DNA damage reagent MMS. Our results
imply that HAN nuclease might be involved in repair-
ing stalled replication forks in archaea.

INTRODUCTION

DNA replication and repair are vital for all living cells to
stabilize their genetic information. The molecular mecha-
nism of DNA metabolism has been studied in many kinds of
organisms from the three domains of life: bacteria, eukarya
and archaea (1). The bacterial and archaeal/eukaryotic
replication systems evolved from two independent branches
(2). Because archaea use a simplified eukaryotic DNA repli-
cation and repair system (3,4), it is an ideal model for gain-
ing clues to the molecular mechanisms of eukaryotic nucleic
acid metabolism.

Studies on replication restart in bacteria strongly suggest
that many replication forks will stop when they encounter a
roadblock or DNA damage. Replication restart pathways
function both in bacterial and eukaryotic cells, and key
roles of related proteins in these processes are conserved.
RecBCD, DnaC and XerCD are the core repair factors for
repairing stalled replication forks in bacteria (5). In eukary-
otes, MUS81, XPF and FANCM are involved in replication
restart, DNA repair, and meiotic recombination, respec-
tively (6). However, compared with bacteria, DNA replica-
tion and repair are poorly understood in archaea. Archaeal
Hef nuclease is essential for cell viability, and when the Hol-
liday junction resolvase Hjc is absent, it provides an alterna-
tive pathway to restart stalled DNA replication forks (7). It
was reported that a new nuclease, which associates with Hef,
contributes to restarting the stopped replication forks dur-
ing DNA replication. This Hef-associated nuclease (HAN)
from Thermococcus kodakarensis (T, kodakarensis) is a 3'-
exonuclease and has a classical nuclease domain from the
DHH phosphoesterase superfamily (8).
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The DHH phosphoesterase superfamily possesses a di-
agnostic motif consisting of three conserved DHH residues
and commonly exists in eukaryotic, bacterial and archaeal
genomes. DHH phosphoesterases have many functions in
cells, such as participating in DNA repair, hydrolysing
cyclic nucleoside messengers, and recycling RNA (9,10).
The DHH phosphoesterase superfamily is divided into the
DHHA1 and DHHAZ2 subfamily based on differences in the
C-terminal conserved motif VII (9). The DHHA1 subsu-
perfamily includes bacterial Rec] nuclease, archacal GINS-
associated nuclease (GAN), nanoRNase (Nrn), HAN and
YybT families. The DHHA?2 subsuperfamily includes in-
organic pyrophosphatase (PPase) II, yeast exopolyphos-
phatase, Drosophila prune protein, and pApase families.
To date, additional novel DHH nucleases have been iden-
tified and characterized. Some studies have been performed
to elucidate their biochemical properties and physiological
roles. Each family within the DHH superfamily is charac-
terized by different activities, substrate profiles, and in vivo
functions. Bacterial Rec] has intrinsic 5'-exonuclease ac-
tivity and functions primarily in DNA recombination re-
pair (11), mismatch repair (12), and base excision repair
pathways (13). Archaeal GAN is the homologue of bacte-
rial RecJ (14) and has 5'- and 3’-exonuclease activities on
ssDNA and ssRNA, respectively (15,16). Archacal GAN
forms a complex with GINS, and its nuclease activity is
stimulated by GINS (15,16). It is hypothesized that archaeal
GAN functions as a nuclease to remove RNA primers or to
proofread mismatched RNA primers (16,17). Other possi-
ble functions of archaeal GAN include DNA repair and un-
winding chromosomal DNA during DNA replication (18).
Archaeal GAN and eukaryotic Cdc45 are considered to
be counterparts in their respective functions for replica-
tive helicases (19,20). The Nrn family specifically degrades
short nanoRNA (2-5 nt) and pAp, as well as c-di-AMP
(21). NrnA (Rv2837c) from Mycobacterium tuberculosis is a
DHH-DHHA1 phosphoesterase that hydrolyses c-di-AMP,
which regulate many cellular processes such as sporulation,
cell wall homeostasis, virulence, etc. (22). The YybT family
mainly exhibits phosphodiesterase (PDE) activity on c-di-
AMP and downregulates the levels of signaling molecules
(23). Similar to HAN, YybT also has an N-terminal non-
catalytic domain that has ATPase activity. PPase II, which
has a DHHA2 motif, can hydrolyse inorganic pyrophos-
phate (PPi) into phosphate (24).

During the coordinated repair of interstrand cross-linked
DNA damage, both Hef and HAN potentially function as
nucleases by interacting with the sliding clamp PCNA in T
kodakarensis. Detailed analysis revealed that the Hef inter-
nal disordered region (IDR) interacts with HAN, though it
does not bind to PCNA and HAN simultaneously (8). Dur-
ing the repair process, 7. kodakarensis HAN (TkoHAN)
functions as an exonuclease and probably acts after strand
incision at the stalled fork to start homologous recombina-
tion or to remove lesions during the repair process, similar
to nucleotide excision repair (25).

Although HAN is a candidate nuclease for repairing in-
terstrand cross-linked DNA damage (8), its role in DNA
repair and/or oligo(ribo)nucleotides degradation remains
unclear. To elucidate its structure and function in detail,
HAN from the hyperthermophilic archaea Pyrococcus fu-

riosus was fully biochemically characterized, and the crys-
tal structure of its C-terminal DHH nuclease domain was
solved. Subsequently, Haloferax volcanii was used as a
model strain to examine its possible role(s) in DNA re-
pair by deleting the han gene and its respective coding
sequences for N-terminal non-nuclease domain and C-
terminal nuclease domain and by assaying the growth curve
in the presence of DNA damage reagents. Our results show
that P furiosus HAN (PfuHAN) exhibits Mn?*-dependent
ssDNA /ssRNA-specific 3'-exonuclease activity. PluHAN
prefers 12-25 nt ssDNAs and ssRNAs. Meanwhile, double-
stranded DNA (dsDNA) with a 3’-overhang/fork could be
digested from the 3’-ssDNA termini, and completely di-
gested products were generated. The nuclease activity of
PfuHAN is derived from its C-terminal DHH domain, not
its N-terminal domain. Topology of the DHH nuclease
domain (DND) is similar to those of DHH phospho-
esterases but exists as a trimer. Disruption of the trimer re-
sults in decreased nuclease activity. Based on results from
the yeast two-hybrid assay, the DHH domain of DND inter-
acts with the IDR domain of Hef nuclease. Interaction be-
tween sSDNA and DND of PfuHAN were stimulated, and
the effects on nuclease activity were confirmed. Knockout
of the han gene or its C-terminal dnd fragment resulted in
increased sensitivity to the DNA damage reagent MMS in
H. volcanii. Collectively, our results allow us to propose a
model to interpret the function of HAN as a nuclease in re-
pairing DNA damage generated by MMS. Our results pro-
vide new clues on the roles of HAN in genome stability in
archaea.

MATERIALS AND METHODS
Materials

The oligonucleotides used in this study were purchased
from Takara (Dalian, China). Escherichia coli strain DH5«a
was used for gene cloning, and the Rosetta2(DE3)pLysS
strain was used for recombinant protein expression. The
expression vectors pET28a and pDEST17 were used to
express recombinant proteins. The H. volcanii strain and
plasmids for gene knockout were provided by Dr Allers
(University of Nottingham, UK). Pyrococcus furiosus ge-
nomic DNA was purchased from the American Type Cul-
ture Collection (ATCC). KOD-plus DNA polymerase was
purchased from Toyobo. Nickel-nitrilotriacetic acid resin
was purchased from Bio-Rad. The crosslinking reagent
BS3 and the DNA damage reagents 4-nitroquinoline-1-
oxide (4NQO), mitomycin C (MMC), and methyl methane-
sulfonate (MMS), methyl methanesulfonate (MMS), N3-
methyladenine and adenine were purchased from Sigma—
Aldrich (St Louis, MO). All other chemicals and reagents
were of analytical grade.

Preparation of recombinant proteins

Pyrococcus furiosus han (ORF PF0399) and H. volcanii
han (ORF Hvol018) genes were amplified from respective
genomic DNA by PCR using specific primers (Supple-
mentary Table S1) and then inserted into pDEST17 and



pET28a vectors, respectively (26). Subsequently, the plas-
mids for expressing the N-terminal-truncated PfuHAN:S,
including D1 (PfuHAN3740) D2 (PfuHAN??7740),
D3 (PfuHANZ!74%) " D4 (PfuHAN!'>740) and D5
(PFuHAN>740) "and the N-terminal single and combined
Dnal-Zf, RpSl1-like, and OB-fold domains, were also con-
structed. Amino acid substitutions were introduced into
PfuHAN or its truncated version with a QuikChange®)
Site-Directed Mutagenesis Kit using KOD-plus DNA
polymerase and appropriate primers (Supplementary
Table S1). Nucleotide sequences were confirmed by DNA

sequencing.
Recombinant plasmids were introduced into the
Rosetta2(DE3)pLysS strain to express recombinant

proteins. Isopropylthio-B-galactoside (0.5 mM final con-
centration) was added to a bacterial culture (ODgyy =
0.6) to induce recombinant protein expression. Recombi-
nant proteins were purified via immobilized Ni** affinity
chromatography as follows: the bacterial pellet was resus-
pended in lysis buffer (20 mM Tris—HCI (pH 8.0), 300 mM
NaCl, 5 mM B-mercaptoethanol, 5 mM imidazole, | mM
phenylmethylsulfonyl fluoride and 10% glycerol) and then
disrupted by sonication. After incubation for 15 min at
75°C, cell extracts were clarified by centrifugation at 16 000
g for 30 min. After loading the supernatants onto columns
pre-equilibrated with lysis buffer, resins were washed with
100 column volumes of lysis buffer containing 20 mM
imidazole. Finally, bound proteins were eluted from the
column using elution buffer (20 mM Tris—HCI (pH 8.0), 300
mM NaCl, 5 mM B-mercaptoethanol, 200 mM imidazole
and 10% glycerol). After verifying the purity of the eluent
using 15% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), preparations were dialyzed
using a storage buffer (20 mM Tris—HCI (pH 8.0), 100 mM
NacCl and 50% glycerol) and then stored in small aliquots
at —20°C.

HvoHAN was expressed and purified according to the
above protocol for PfuHAN. However, the 300 mM NaCl
was replaced with 1 M KCI in lysis, washing and elution
buffers. Finally, purified HvoHAN was dissolved in a stor-
age buffer consisting of 20 mM Tris—HCI (pH 8.0), 500 mM
KClI and 50% glycerol and stored at —20°C.

Biochemical characterization of exonuclease activity

PfuHAN nuclease activity was first characterized in basic
buffer consisting of 20 mM Tris—=HCI (pH 7.5), 50 mM
NaCl, 1 mM dithiothreitol (DTT), 2.0 mM MnCl, and 100
prg/ml BSA. After optimization of reaction buffer, all reac-
tions (20 wl) were performed in buffer containing 20 mM
Tris—HCI (pH 8.0), 40 mM NaCl, 1.0 mM DTT, 1.0 mM
MnCl, and 100 pg/ml BSA. One pmole oligonucleotides
or dsDNAs with various termini (Supplementary Table S2)
were incubated with specified concentrations of PlTuHAN or
its mutants at 55°C for indicated times. After incubation, an
equal volume of stopping buffer (90% formamide, 100 mM
EDTA and 0.2% SDS) was added to the reaction. Subse-
quently, the reactions were subjected to 8 M urea-denatured
15% polyacrylamide gel electrophoresis. After electrophore-
sis, the gels were imaged and quantified using an FL9500
fluorescent scanner (GE Healthcare).
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Crystallization

Full-length PfuHAN and its C-terminal DHH nuclease
domain (PfuHAN_DND, peptide from 305 to 739) were
used for crystallization after a three-step purification in-
cluding Ni**-affinity, ion-exchange and gel-filtration chro-
matography. Affinity-purified proteins were fully dialyzed
using buffer A (25 mM HEPES (pH 8.0), and 25 mM NaCl)
and loaded onto a MonoQ cation exchange column (GE
Healthcare) pre-equilibrated with buffer A. PluHAN and
PfuHAN_DND were eluted with 250-500 mM NaCl. Frac-
tions containing target proteins were first pooled and con-
centrated using a 30-kDa Amicon Ultra-15 centrifugal filter
(Millipore) and then further purified using a 120 ml Hiload
Superdex 200 column (GE Healthcare) with a buffer con-
taining 25 mM HEPES (pH 8.0), and 150 mM NaCl. The
fractions containing PfuHAN and PfuHAN_DND were
pooled and concentrated to 20 mg/ml for crystallization.
Selenomethionine-labeled (SeMet) PFuHAN_DND was ex-
pressed using the E. coli strain BL21 (DE3) in a defined
medium and purified similar to the native protein.

After failing to obtain a crystal for PfuHAN after
multiple attempts, we tried and succeeded in crystalizing
PfuHAN_DND. PfuHAN_DND crystals were grown at
4°C using the hanging drop vapor-diffusion method by mix-
ing equal volumes of protein and reservoir solution consist-
ing of 4% PEG 400, 100 mM sodium acetate/acetic acid
(pH 5.5), 1.4 M Li,S04, and 100 mM MgSOy. After 1 week,
crystals were stabilized and cryoprotected by socking into
a reservoir solution containing 20% glycerol and followed
by flash cooling in liquid nitrogen. The SeMet protein was
crystallized using the same method.

Data collection and structure determination

X-ray diffraction data were collected at 100 K on the
BL19U1 beamline at the National Centre for Protein Sci-
ences Shanghai (NCPSS) at the Shanghai Synchrotron Ra-
diation Facility (SSRF). Diffraction data were indexed, in-
tegrated and scaled using HKL1.2000 (27,28).

The Se-derivative structure of PFuHAN_DND was deter-
mined using the AutoSol programme from the PHENIX
software suite (29). The initial model was refined using
REFMACS (30) from the CCP4 programme suite and in-
teractively rebuilt using o A-weighted electron density maps
with coefficients 2mFo-DFc¢ and mFo-DFc in the COOT
programme (31). Refinement converged to an R-factor of
18.66% and R-free of 20.18%. The stereochemical qual-
ity of the final model was assessed using MolProbity (32).
All structural figures were prepared with PyMOL (DeLano
Scientific). Data collection and refinement statistics for the
PfuHAN_DND structure are shown in Supplementary Ta-
ble S3.

Identification of the PfuHAN-bound metal ions

The metal ions bound in PFTuHAN were determined as fol-
lows. First, the freeze-dried protein was digested using 2 ml
HNOj; in a microwave digestion system (Anton Paar, Multi-
wave 3000, Austria). Then, the mixture was cooled to room
temperature and adjusted to a final volume of 10 ml with
Milli-Q ultrapure water. Finally, the metal ion content was



9030 Nucleic Acids Research, 2018, Vol. 46, No. 17

measured via inductively coupled plasma mass spectrome-
try (ICP-MS, Thermo Fisher, iCAPQ, USA). Standard so-
lutions for Ni**, Mn?* and Mg?* ranging in concentration
from 20 to 100 ppb were prepared from analytically pure
reagents using Milli-Q ultrapure water. Buffer and Milli-Q
ultrapure water were used as controls in the assays. No mea-
surable quantities of metal ions were detected in the con-
trols.

Characterization of the PfuHAN_DND trimer complex

Protein crosslinking with BS3 was performed according to
the manufacturer’s instructions (Thermo Scientific). The
crosslinking reagent BS3, with a final concentration of 5
mM, was mixed with the protein samples (1.0-2.0 mg/ml)
and dissolved in buffer consisting of 20 mM HEPES (pH
7.5), 100 mM sodium phosphate, 150 mM NaCl, and 100
mM carbonate. To crosslink the potential protein complex,
mixtures were incubated at room temperature (RT) for 30
min. The reaction was terminated by adding a final concen-
tration of 40 mM Tris—HCI (pH 7.5) and 40 mM glycine and
incubated at RT for 15 min. After stopping the crosslinking
reaction, samples were subjected to 15% SDS-PAGE to val-
idate generation of the cross-linked complex.

Gene knockout and phenotype assay

The full-length han gene (ORF Hvol018) and its 5 and
3’ region, which respectively encode the N-terminal non-
nuclease fragment and C-terminal DND, were deleted in
H. volcanii using the Pop-in/Pop-out method according to
the protocol reported by Allers (33). Genotypes of gene-
knockout strains were first analysed by PCR using 5 and
3’ flanking primers, and the resulting amplified fragments
were sequenced to confirm gene disruption.

WT and mutant H. volcanii strains (Ahan, Antd, Adnd)
were grown aerobically at 45°C overnight in Hv-YPC rich
medium. In growth curve assays, overnight cultures were di-
luted to an ODygq of 0.05, and their growth was monitored
for 32 h by taking ODgyo readings every 4 h. The DNA
damage reagents H,O,, 4NQO, MMC, and MMS were
added to the liquid medium at their respective concentra-
tions. In drop dilution assays, cultures (2.3 x 10 cells/ml)
were serially diluted 10-fold with 18% ASW. Diluted cul-
tures were spotted on YPC plates with or without DNA
damage reagents and incubated at 45°C for 5-7 days. In sur-
vival percentage assays, overnight cultures were treated with
0,2,4 or 6 mM MMS in 18% ASW for 0.5 h and spread on
YPC plates. Survival percentages were calculated by divid-
ing the clone number of each treatment condition (2-6 mM
MMYS) by that of 0 mM MMS.

UPLC-Mass Spectrometry (ACQUITYTM UPLC & Q-
TOF MS Premier) was used to confirm the accumulation of
DNA damage in cells as described in previous methods with
some modifications (34). Genomic DNAs were extracted
from 50 ml H. volcanii cells as described (33) and dissolved
in 90% formic acid at a final concentration of 0.5 mg/ml.
The DNA solution was incubated at 70°C for 12 h to re-
lease bases, and then 10 volumes of ddH,O was added. Fi-
nally, the supernatant was collected by centrifuging at 6000
g for 10 min and vacuum dried at —50°C. The lyophilizate

was dissolved in 50 wl 0.1% formic acid for analysing the
content of N3-methyladenine by UPLC-MS.

Yeast two-hybrid assays for identifying interaction between
HAN and hef

Yeast two-hybrid assays were performed to identify the
interaction between Hef and HAN nucleases using the
Matchmaker™ Gold Yeast Two-hybrid System (Clontech)
according to the manufacturer’s protocol. The IDR frag-
ment of P furiosus Hef (PfuHef) nuclease was inserted
into the pGADT?7 plasmid, encoding the activation do-
mains, and the fragments corresponding to each domain
of PfuHAN were inserted into the pGBKT7 plasmid,
encoding the GAL4 DNA binding region. Next, con-
structed pGADT7 and pGBKT?7 series plasmids were co-
transformed into yeast strain Gold, and transformants were
selected on S.D. medium lacking Leu and Trp at 30°C for 3
days. Finally, selected transformants were cultured in liquid
medium and spotted onto SD plates lacking Leu, Trp, and
His. Yeast cells were grown at 30°C for 4 days for analyzing
potential interactions.

Homologous modeling and molecular dynamics stimulation

A ssDNA of 5-GATGTAC-3" was first built in PYMOL-
1.8 (35), and subsequently, an optimized conformer of
the ssDNA was docked into the crystal structure of
PfuHAN_DND in AUTODOCK (36). The AMBER 14 suit
package (37) was used to construct solvent-protein systems
and perform molecular dynamic simulation. For the simula-
tion, appropriate ions were added to the system as counteri-
ons lead to neutrality. Next, the protein-DNA complex and
ions were solvate in a truncated octahedron box of TIP3P
waters with a water thickness of 10 A. Long-range electro-
static interactions were calculated using the Particle Mesh
Ewald (PME) algorithm (38). Bonds involving hydrogen
atoms were constrained using the SHAKE algorithm (39).
All systems were minimized to 40 000-step with steepest de-
scent method, then with heating for 20 ps and equilibrat-
ing for 20 ps in the NVT ensemble at room temperature.
To refine the conformers of this PFuHAN_DND-ssDNA
complex, a single trajectory for the system was simulated
at 300K with ff14SB force fields. Fifty nanosecond simu-
lations were adequate for the system to converge. Further-
more, routine analysis of trajectory sampling was carried
out using the CPPTRAJ in Ambertools14 (40). Calculation
of the average conformer and its receptor-ligand interaction
were performed using in-house programs (41,42).

RESULTS
HAN belongs to the DHH phosphoesterase superfamily

Although TkoHAN has been reported as an intrinsic 3'-
exonuclease (8), little is known about its biological func-
tion(s) in vivo and in vitro. Sequence multi-alignment shows
that the HAN C-terminal peptide has some sequence simi-
larity to members of the DHH phosphoesterase superfam-
ily, with a similar domain combination to DHH nucleases
(Figure 1A). Its C-terminal peptide, ranging from aa 350
to 740, has typical motifs I-VII that are conserved in DHH



Nucleic Acids Research, 2018, Vol. 46, No. 17 9031

A
HAN - 0B fold DHHA1
740aa — OND .

IS -1
659aa
sl [Conn ]
477aa CID DHHA1
NrnA
313aa DHHA1
Rec)
786aa DHHA1 OB fold
B
HAN_DND 341 oo MXAAFMHRR VALETAHIPLHEXKVAPDPEARWHLFXRRPSRAPFYEL
NrnA 1 - MKTEMIRT ---QCGMTEIMRETYPEKNI-FAVGTPEPSLSFLYSL
Rec) NTD 61 ----FEMKGMXEAADRMKQZA ---TSVMLHTMQKLSAQ-~-~--VDFYIPDRFXEGYGPN
GAN 1 MDKEGFLNKVREAVDV‘KL ---AAIMAXKAMGREGAS-~-~--FHISIVKQVSE--~-~-~
YybT_CTD 361 —-----e e~ —K\UAQANNXDGEMV - -~ - - -PPNOIGCH---- -~ SYQRLMGEIXXYEELWSRFITPEEAMEI -~~~
HAN_DND 409 PRDWISEDKAKVDEYDEHVNPH
NrnA 64 DEVDNE----=--=--=-TYG ARSIV CISSINQERIDDQRYPSGRK - — -~ AMKpoRehet- - - - - - - PNEDPYGDL DTSAS
Rec) NTD 127 EQAFRSIK---------ERGFST Vel - - TAAVHEAKVAKELGL DYSBATPEEIE - - - - - - PGPELPDVRAIPHPKQP
GAN 66 -DLLRELK P----- ENVKLEEXHHLNPVQF
YybT_CTD 410 -----------------SNDWSRYT VI KPSLVMEERLVNKEEH - - - SRASENEIR - - - - - - RGEEFIRDPMLIYMEPY
HAN_DND 488 HVKRGYYPRITAGMEATEVARY INPEJEDRIKEMPA TG TR ---------——= === - SEAPEFY--
NrnA 122 GRFLFPNTT===mmmmmmmmmmm e e EJATLXYAG-
Rec)_NTD 189 GVGAFXLARALLGE#P DELLDAAIE VPLHDENRLIATLGLERLRRTNRLGL---KELIXLSGG
GAN 127 SGSGYTYFFA----EBNEXNRDMAY IH GDMQENDGVFHGMNLDIIEDGKSLGILEVKEELRLFGR
YybT_CTD 464 TELMEYQPKJIL---KBNMIEATALLAE KSFSLRTG-=======-===========—— SEITF-----

motif [V
HANDND 537 ccccccccccccccmccccccaeae oY@eMAKEK[g--LD----~--~--~ EEDLKKHAEVH------------ DHEAFYWKF
NrnA 175 e ELMOMPFSSHELFNQLYE--~~TKLNVVKMNGF--~----===-=~ FQNV=-=--~
ReC) NTD 266 —-------mmmmmmmmme DIGEANEET|JGIJQLAPR--LNAVGR-~-~-~-IEQADPAYHLLM -~~~ ~=======~ SEfJSF----
GAN 202 ETRPLYQMLAYATNPEIPEVTGDERKAE‘. LXNK[§--FNPEXKYWELSEEEKKKMHDFMI IHMIKHGAGKEDIPRLIGDV
YybT_CTD 513 =-mmmmmmmm e e DAASHLRAK[E---------=-=== ADTVLYQKFM-----==--~ KETVPSY -~~~
HAN_DND 569 Bk YP--EVKEXQEKVMKAVLPHVKSVVLPNGIRFNTIDVELYAPKFE
NmA 209 SQLVGTGN ——————— ISGIRAWVF--=--=-=------
Rec)_NTD 316 IEMVEQQGL--DQTAIVVAKAGWNPGVV-=-========
GAN 280 EEAFRXKAMKMVEDYXREQIEARKWLLONWNSEVWEGDHV
YybT_CTD 540 EEYFDQVMIAQAADSLLSMSEVEASFAV-----------
HAN_DND 639 YP-=-=======-= SPGKLSGIIHDHFKEQYGEDSPILTLAYGPDFA--VVJASDGMAKYNFDNKI-F
NrnA 254  m e e m e e e FVEEDDQIRVRFRSXGPV -
Rec) NTD 339 =—==--============-== GIVASXLVDRFYRPAIVLGIDEEXGIAKGSA
GAN 360 YVLYVGKSIRDTLVGIAASMAINAGLADPEKPVIVFADTDEDPNLLKGSARTTERALAKGYNMGEA-}#
YWBT CTD 594 ‘—mmmm—mmmmmmmmmmm e e e AR
e . . . motif VI

HAN DND 705 N I KFFEGKRKB-VLEAFAKEVLXLKAGE - ===---====—=====—=—==————
NrnA. 280 1¥elA SHY SWDEAWR I LADE TLCKEHE - == === === === —mmm e e e e e oo
Rec) NTD 410 by KAEDVP-LRSRENEIADNTLTEEDFIPVQEVDLVCGVEDITVESIA
GAN 436 PRARLAJ-FRKLMDKILGEQVSK-======== ===~ GGDKSES----
YybT_CTD 621 QMSGISVS|Y-ALERMKHAIDEYFEG-~~~~~~—===-~ GVQR--=-=---~-

Figure 1. Schematic representation and multi-alignment of HAN-related DHH phosphoesterase superfamily members. (A) Schematic representation of
HAN, NrnA, GAN (also called archaeal RecJ), YybT and RecJ. DHH and DHHA indicate that the DHH domain consists of motifs I-V, and the DHHA
domain consists of motifs VI and VII (motif VII is classified into DHHA1 or DHHA2 motif, based on the sequence conservation). DnaJ-Zf, RpS1-like, OB-
fold, CID, PAS and GGDEF denote Dnal type Zn-finger, ribosomal protein S1-like, and oligonucleotide/oligosaccharide-binding fold, CMG interaction
domain, and Per-Arnt-Sim that are required for heme-binding and GGDEF, which originates from the conserved amino acid motif GGDEF in diguanylate
cyclase, domains, respectively. (B) Sequence multi-alignment of PfuHAN and other family members of the DHHA1 phosphodiesterase subsuperfamily.
One typical protein was selected from the HAN, Nrn, GAN, YybT and RecJ families and used for multi-alignment with the ClustalW programme. These
proteins are PFuHAN (AAL80523), 7' kodakarensis GAN (TkoGAN, BAD85441), Bacillus subtilis ( B. subtilis) NrnA (BsuNrnA, NP_390803), B. subtilis
Rec] (NP-390640), and B. subtilis YybT (NP_-391931.1). For clarity, only DHH and DHHA1 domains from PfuHAN (PfuHAN_DND, aa341-740), N-
terminal domain of BsuRec] (BsuRecJ _NTD, aa61-468, i.e., the catalytic core of bacterial RecJ), and C-terminal domain of BsuYybT (BsuYybT_CTD,
aa361-659) are used for multi-sequence alignment. Completely and partially conserved residues between the sequences are shaded in dark and light,

motif VII

respectively. Motifs I-VII are marked with red rectangles.
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phosphoesterase superfamily members (Figure 1B). HAN
belongs to the DHHAT1 subsuperfamily with a diagnostic
motif of ‘GGGH’ (motif VII). In addition to the C-terminal
DHH nuclease domain, HAN and YybT (23) also have
other N-terminal domains (Figure 1A). HAN has three N-
terminal domains, including a DnaJ_Zn-finger (Dnal-Zf),
a ribosomal protein Sl-like (RpSl1-like) domain, and an
oligonucleotide/oligosaccharide-binding (OB) fold. Phylo-
genetic tree analysis shows that the HAN family is a specific
branch separated from other DHH phosphoesterase fami-
lies, including Nrn, RecJ, GAN and YybT (Supplementary
Figure S1). Interestingly, HAN is only commonly present in
Euryarchaeota and is not found in other phyla in archaea or
bacteria (Supplementary Figure S2 and Tables S4 and S5).
Conservation in motifs I-VII imply that each member of the
DHH superfamily evolved from a common ancestor.

PfuHAN possesses intrinsic 3'-exonuclease activity

To understand the enzymatic properties of HAN in de-
tail, we selected PfluHAN to characterize its nuclease activ-
ity. As a multi-domain protein, PluHAN and its mutants
showed some degradation during recombinant expression
and affinity purification (Figure 2A). PfuHAN is shown
in purple at a higher concentration (Supplementary Figure
S3A). The purple colour is derived from the N-terminal do-
mains (residues 1-350). After scanning the absorption val-
ues at wavelengths ranging from 220 to 750 nm, the protein
showed a specific absorption peak at 350 nm (Supplemen-
tary Figure S3B).

PfuHAN displayed strong 3’-exonuclease activities on ss-
DNA and released the 3'-single nucleotide product (Fig-
ure 2B). To exclude the possibility that the activity was
from contaminating E. coli nucleases, site-directed mu-
tations of conserved residues, including D364A+D366A
(M1), 461DHH463>AAA (M2), and 706GGG708>LIL
(M3), were used to detect the nuclease activity. All three
mutants inactivated the nuclease (Figure 2B), verifying that
the hydrolysis of ssDNA by PfuHAN was not caused by
contaminants. Ten nM of PfuHAN is sufficient to degrade
the 3’-FAM-labeled ssDNA, indicating that the FAM group
does not block hydrolysis of the first phosphodiester bond.

After confirming PfuHAN nuclease activity, hydrolysis
reactions were optimized using the 3’-FAM-labeled ssDNA
substrate. The optimized parameters include the pH value,
ion strength, divalent metal ions and Mn?* concentration.
PfuHAN showed the highest activity at pH 8.0 (Supplemen-
tary Figure S4A). Divalent ion Mn?* is the most effective
metal cofactor (Supplementary Figure S4B), with an opti-
mal concentration of 2.0 mM (Supplementary Figure S4C).
PfuHAN displayed higher activity at lower NaCl concen-
trations (Supplementary Figure S4D).

In addition to ssDNA, PfuHAN also showed intrinsic
3’-exonuclease activity on ssRNA (Figure 2C). However,
PfuHAN showed a slight preference for ssDNA. To further
confirm the hydrolysis direction of PfuHAN, fully phos-
phorothioated (PT) 23-nt ssDNA and ssRNA were used to
characterize the degradation reactions. Results show that
PfuHAN can degrade 5'-FAM-labeled fully PT ssDNA and
ssRNA into ladders (Figure 2D). Only a small amount of
3’-nucleotide product was generated from 3'-FAM-labeled

fully PT ssDNA, indicating that the 3’-FAM fluorescent
group also inhibits degradation of the first 3'-nucleotide
(Figure 2D). These results confirm that PFuHAN is a gen-
uine 3’-exonuclease. The 3’-phosphate group strongly in-
hibits the removal of the first 3’-nucleotide in ssDNA and
ssRNA (Supplementary Figure S5), suggesting that the free
3’-hydroxyl group is requisite for the efficient hydrolysis of
the first phosphodiester bond.

Single-stranded oligonucleotides of different lengths were
used to characterize the length preference of PfuHAN.
Based on the degradation degree of various substrates (Fig-
ure 2E), we conclude that PlTuHAN prefers 12-25 nt ssD-
NAs or ssSRNAs. SSDNAs longer than 23 nt or shorter than
12 nt and ssRNAs shorter than 12 nt were clearly degraded
at lower efficiencies. Specifically, PfluHAN could not hydrol-
yse 2-nt ssSDNA. Similar to ssDNA, 2-nt ssSRNA were not
degraded by PfuHAN.

To determine whether PluHAN possesses 3'-exonuclease
activity on dsDNA, different dsDNAs with various sec-
ondary structures were used as substrates in the exonuclease
assay. As shown in Figure 2F, no product was detected for
dsDNAs with 3’-blunt or 3'-recessive structures. However,
PfuHAN could degrade dsDNAs with a 14-nt forked or
3’-overhang termini, generating fully digested product (5'-
FAM-labeled nucleotide) after long time incubation (two
middle panels in Figure 2F). Although the 3’-overhang or
fork of dsDNAs is longer than the 12-nt ssDNA, its cleavage
activity is clearly decreased against the 12-nt ssDNA (Fig-
ure 2E and F). A possible interpretation is that the junc-
tion of single-stranded and double-stranded structures ex-
erts some inhibition on the binding and hydrolysis of single-
stranded regions.

The C-terminal DHH phosphoesterase domain provides the
exonuclease activity

As a multi-domain protein, the function of each domain
of PfuHAN needs to be determined, especially to identify
the core domain(s) responsible for nuclease activity. We first
confirmed that the N-terminal domains had no detectable
nuclease activity (Supplementary Figure S6). To decipher
the detailed function(s) of the N-terminal DNA-binding
domains in hydrolysing phosphodiester bonds, five trun-
cated PfuHAN proteins were designed (Figure 3A). Each
truncated protein is 95% pure, except for truncation DS5.
Among them, PFTuHAN-D1, which has an intact DND and
a largely disrupted OB-fold domain, displayed the least ef-
ficient hydrolysis of ssDNA and ssRNA (Figure 3B and C).
In contrast, PFuHAN-D2, which has a DND and intact OB-
fold domain, yielded more product than did HAN-D1. The
other three truncated PfluHANs with partial N-terminal do-
main(s) showed comparable activity to full-length PluHAN
(Figure 3B and C). In summary, the degradation activities
for ssDNA and ssRNA are proportional to the length of the
truncated PfuHAN protein, indicating that the N-terminal
non-nuclease domains in PfuHAN might promote DND
nuclease activity by assisting with substrate binding.
Degradation of dsDNAs with a 7- or 14-nt 3’-overhang
or fork were further characterized using the five truncated
PfuHAN:Ss. Digestion of both the dsSDNA duplex and 3'-
ssDNA region is proportional to the length of the remain-
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Figure 2. Substrate preference of PluHAN nuclease. (A) 15% SDS-PAGE of PfuHAN and its mutants. (B) Hydrolysis of ssDNA by PfuHAN and its
mutants. Increasing concentrations of enzymes (3, 10, 30, and 100 nM) were incubated with a 3’-FAM-labeled 42-nt ssDNA (50 nM) in basic reaction
buffer at 55°C for 20 min. (C) Preference of PluHAN for (deoxy)ribose. A 5’-FAM-labeled 23-nt ssDNA or ssRNA (50 nM) with the same base sequences
were incubated with 10 nM PfuHAN at 55°C for 0, 4, 8, and 16 min in the optimized buffer. (D) Digestion of fully phosphorothioated (PT) substrates.
Fully PT ssDNAs and ssRNAs (50 nM) were incubated with 50 nM PfuHAN at 55°C for 0, 10, 20, and 60 min. (E) Length preference of PfuHAN for
ssDNA and ssRNA. Different lengths of 5'-FAM-labeled ssDNAs and ssRNAs were incubated with 10 nM PfuHAN at 55°C for 20 min. (F) Degradation
of DNAs with various secondary structures. DNA substrates (50 nM) were incubated with 50 nM PfuHAN at 55°C for 0, 10, 20 and 40 min. Asterisks
denote the terminal fluorescent group FAM.
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Figure 3. PfuHAN nuclease activity is dependent upon the C-terminal DHH nuclease domain. (A) 15% SDS-PAGE of full-length and truncated PfuHANS.
Schematic representation of the domain combinations of each protein are listed on the top of each lane in the gel. The number of starting residues for each
protein is indicated. The 3’-exonuclease activities of full-length PfTuHAN and the five truncated proteins were characterized by incubating enzymes with
(B) ssDNA or (C) ssRNA (50 nM) at 55°C for 20 min. The concentration of PluHAN and its truncated mutants are 0, 10, 20, 50, 100 and 200 nM.

ing N-terminal domain of PfTuHAN (Supplementary Figure
S7A and B). Native gel analysis of the conformation of ds-
DNA substrates with 3’-overhang or fork, used in Supple-
mentary Figure S7A and B, showed that the dsDNAs are in
duplex conformation (Supplementary Figure S7C and D).
These results confirm that PfuHAN could digest a dsDNA
duplex after loading onto and hydrolysing the ssDNA re-
gion of 3’-overhang or fork, which is similar to the diges-
tion of dSDNA with 5'-overhang by bacterial RecJ nuclease
(43). Similar to 3’-protruding dsDNA, digestion of differ-
ent length ssDNAs is also proportional to the length of the
remaining N-terminal domain of PfuHAN (Supplementary
Figure S7E).

Kinetic parameters of full-length and truncated PfuHANSs

To quantitatively compare the activity differences between
various truncated PfuHAN proteins, the kinetics parame-
ters of PfTuHAN, D1, D2, D3, D4 and D5 were calculated
by double-reciprocal plotting of the initial rate and sub-
strate concentration (Table 1). Removal of the N-terminal
domains resulted in >10-fold increase of K, values, but af-
fected keq values less, suggesting that these non-nuclease
domains participate in ssSDNA or ssRNA substrate binding
during phosphodiester bond hydrolysis.

We next attempted to examine the binding capabili-
ties of full-length and truncated PfuHANSs. Unfortunately,
MST assays showed no clear substrate binding activity for
PfuHAN (Supplementary Figure S8A). Next, the binding
capability of full-length PfuHAN was determined under

various conditions by electrophoretic mobility shift assay.
PfuHAN showed very weak binding activity for ssDNA and
dsDNA with 3’-overhang or forks, even in the presence of
metal MnZ" ions, and almost no bound DNAs were ob-
served (Supplementary Figure S8B). These results suggest
that it is impossible to directly observe the effect of the N-
terminal domains on substrate binding. In fact, we did not
observe the binding of ssDNA by five truncated PfuHAN
and full-length protein (Supplementary Figure S8C).

PfuHAN_DND adopts typical topology of the DHH super-
family

To understand the catalytic mechanism, we tried to solve
the structure of PFuHAN. Despite intensive efforts, we were
unable to obtain a crystal structure of full-length PfuHAN.
Because the enzymatic activity is located at the C-terminal
DHH nuclease domain, PFuHAN_DND (corresponding to
aa 305 to 739) was used to grow a crystal instead. The crystal
structure of PPFuHAN_DND was determined at a 2.2-A res-
olution (Supplementary Table S3). PFuHAN_DND adopts
a trimer complex topology (three molecules in an asymmet-
ric unit), and each subunit consists of an N-terminal DHH
and a C-terminal DHHA1 domain connected by a long he-
lix linker a13 (corresponding to residues 585-613) (Figure
4A-C). The N-terminal DHH domain adopts a mixed o/3
fold featuring a 5-stranded parallel B-sheet at its core. The
residues from motifs I-IV come together to form the active
site for coordinating the divalent metal cofactor and the or-
dered water molecule, which is activated for nucleophilic at-



Nucleic Acids Research, 2018, Vol. 46, No. 17 9035

E

Pfu 331 EKVAP

Asu 310 D TTSE

Mja 320 A TIBAKIBAPKMVEA IRRAIYDGRILVRHHADADGCAGVAIEA LPERIILNP ST

Hvo 230 SAFINKIBIDDLE DVENLIARINT EGRPIEVRHHADGDGI CASVEVAL T)HVHD LFKRPSKAPFYEMED 309

MboZlSE SIMPEMRK IIRRAVEA RIYSGG LFKRPSKAPFYEIED 295
a4 % B3 aS* —'B4‘***—'a6—85-u7—

Pfu 411 LIEMMHME‘DETYKRLKAGEKDRDWISEDKAKEDVHHVK490

Asu 390 V) 4D DEIAANM VIIH(ED SRR ABAUNNERNIC Y |APIIAT QO F I T|JGAD IIDHHP ——————— ENAURMAL Y sEMBR4K A G 462

Mija 400 KDLYALEDRGKLPLLVLLDNGSTEDIAY EIRARANEEE Y I4GE - VL DGRV DIVE NI D TIsAABRYL. VG 478

Hvo 310 \YT):4s38 FALE‘RGRLPLL IHNMERURE AN AFNY EN LA HYD Y PRsA AR H)ZD P

Mbo 296 piT);423 D)@K N H AINF €01 PLVILDNGSTEDPSY

a8 — a9

G DR T'S GIYT(®UE 1A RYT NP DR KN L XSV SHV G DRABGINSESY Lid
(VEWVERE G DRIOIT TAGRALENYE T A KW T NP ETRNANTHH L PG I AAVG DHARISIIRNK v 113
Hvo 384 - ERY RiSNT[eMMC ViR 1|30l T D E ISR AU RN K 1A E v MDN ;
YT TR G D[ FEV T AGIULIEE VA RMINPRVIFZITR H L PAVAAVGDRSHARIIAS VR

g6 —

*
Pfu 571 @rGEHEFERRLEATE- - N LOIFRMREE GHY PEVKEKQEK VKRV LGu{ s vv@Pe
Asu 536 ENOMEIR|ZRHAG F - (&- - RKMXOQKIAYK MBS GY AKE SEIAEI#K T TQDGYRVQEMP
Mija 558 ERGIRIDTIRAGHR -6~ - S LEIK KIRYDAIRY RE Y ERK\AV ToMRAA TEINAK S TEP
Hvo 463 [€ASHNUNINARNY-{eC DDE IR E)YE FIfS TRAE R D\ ROMENA EIZHIRE HE RIMD S|
Mbo 447 GRERYKAADIAV(E- - N H2E T KIAYG LV DGAN AMESa DMNENC MigH|Yv PRVIEKNIE AKIAF Lugm\gal T H

g EElp—SEONP— NG alé p————F10 G
(SN DRSO E P TLTLAY GPDFAVVRINS DGO LINKI V)AL INE I LIINA GG G G HiERY FEEKRKERAE 727
F TS ENL H DRIVSASEISERILY TIGYGPDFAVIRESEGVEEEEMN IRV E LOJE E LIBYAGVIAG GG H)IRAY PIKIIR DIAS 684
Mija 635 Y MVOKHGEE REFBEEH S ININEAAA T3V WNEK FE FNENE T SAANTING G G HjofeR) EELSKK\@AG 714
CVCRCYYAT, H DRIQYO AR B P VI TIGYGPDFAVLRES DG Vi o T i N [€GCVEGGGHIARY SEMRIEENRID 614
WITEYERY H D RIAGINEIE@IP VYV T IGEG P DFAVLRESEGC VEEEEN N T )2 ENE TIIECG TG GGHIRY EEMEE P\fE 598

Figure 4. Crystal structures of PPFuHAN_DND and other DHH phosphoesterases. (A) The overall structure of PFuHAN_DND is shown by rotation of (B)
180° and (C) 90°. The DHH and DHHA1 domains are shown in pink and cyan, respectively. The long alpha helix connecting DHH and DHHA1 domains
is shown in red. The first alpha helix belongs to the OB-fold domain and is shown in yellow. (D) Comparison of the structures of DHH superfamily members.
The structures of PlFuHAN_DND (pink), catalytic core (DHH and DHHA1 domain) of Thermus thermophiles RecJ (green, PDB 11R6), TkoGAN (purple,
PDB 5SGHT), Streptococcus gordonii PPase (cyan, PDB 1K20), and BsuNrnA (yellow, PDB 5J21) are superposed. (E) Multiple sequence alignment of
the HAN DHH-DHHA1 nuclease domains. The alignment was performed using multiple sequence alignment programmes ClustalW and was manually
modified to take into account the secondary structural prediction. Completely and partially conserved residues are shaded in dark and light, respectively.
Secondary structural elements in PluHAN_DND are represented at the top of the sequences. The horizontal cylinders indicate a-helices, and the arrows
indicate B-strands. The mutated conserved residues for coordinating metal ions (D364, D366, D436, H462, H463 and D528), binding substrates (H362,
R402, D461, R507, R529, K567, R587, S641, K644, K654, R676, G706, G707, G708, H709 and S714), and forming trimeric complexes (E390, R449,
E598, R424, and E562) are indicated with red, blue, and black asterisks, respectively, above the PfuHAN sequence. The HANs are from Pyrococcus furiosus
(Pfu, PF0399), Methanocaldococcus jannaschii (Mja, MJ1198), Haloferax volcanii (Hvo, Hvol018), Archaeoglobus sulfaticallidus (Asu, Asulf01445) and
Methanoregula boonei (Mbo, Mboo1586).
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Table 1. Comparison of Ky, and k¢, among PfuHAN and its truncated proteins

ssDNA ssRNA
keat/Km kecat/Km

K (kM) Keat (min=") (min~!.pM~1h) K (kM) Keat (min~") (min~!.pM~1h)
HAN 3.6+0.2 0.096£0.01 0.02740.003 2.7£0.2 0.064 £ 0.005 0.024 +0.002
D1 58.4+£0.6 0.056 +0.004 0.001 4+ 0.0001 46.4+04 0.034£0.004 0.0007 £ 0.00005
D2 433+0.5 0.065+0.004 0.0015 4 0.0001 29.9+0.3 0.048 £0.003 0.010+0.0004
D3 414403 0.070 £ 0.006 0.0017 4+ 0.0001 252403 0.05240.004 0.0016 +0.0002
D4 14.14+0.3 0.084 +0.007 0.0060 £ 0.0001 10.4+0.3 0.058 £0.004 0.0056 +0.0005
D5 8.84+0.3 0.086+0.008 0.010+0.001 6.1+£0.2 0.062 £ 0.005 0.010+0.001

K, and k¢ue were calculated by double reciprocal plotting using the initial reaction rates at various substrate concentrations (0.05, 0.1, 0.25, 0.5, 1.0 and 2.0
wM). The kinetic parameters were determined in the presence of 15 nM PfuHAN and each truncated protein. The substrates are 3'-FAM-labeled ssDNA
or ssRNA, and the released 3'-FAM mononucleotide products were quantified for calculating the initial rates. All data are the means of three independent

experiments.

tack on the phosphodiester bond in the backbone (44-45).
The C-terminal DHHA1 domain also adopts an o/f3 fold
with a central mixed B-sheet and helices. The DHHA1 mo-
tif (motif VII) located at the loop between helix a16 and
B10 is responsible for recognizing specific substrates.

Although the amino acid similarity among DHH super-
family members is less than 20%, a Dali search revealed that
their three-dimensional structures are notably similar. The
topology of PFuHAN_DND is similar to the structures of
several DHH superfamily members (Figure 4D, and Sup-
plementary Figure S9), including bacterial Recls (44-46),
GAN (47), NrnA (48), and PPase (49). Each of them has
an N-terminal DHH and a C-terminal DHHA1/2 domain,
suggesting they might have evolved from a common ances-
tor. However, the long alpha helix connecting the DHH and
DHHA domains are slightly different. Family II PPase and
BsuNrnA incorporate a split helix (Supplementary Figure
S9C and E), while the other proteins adopt a long intact he-
lix (Supplementary Figure S9A, B, D). However, BsuNrnA,
Rec), GAN, and PfuHAN_DND have conserved residues
for coordinating metal ions and binding substrates (Figure
4E).

Conserved residues for binding metal ion and substrates

In several DHH superfamily members, such as bacterial
Recl, motifs I-IV are involved in coordinating a diva-
lent metal cofactor that is necessary for hydrolysing the
phosphodiester bond (44-46). In PlFuHAN_DND, residues
D366, D436, H462 and D528 (Figure SA) are responsible
for binding Mn?*. Mutation of these conserved key residues
resulted in inactivation of the nuclease activity (Figure 5B,
left panel), suggesting that these conserved residues are in-
volved in coordinating Mn?*, which is the PFuHAN exonu-
clease cofactor. The quantitative results on bound Mn”* by
wt and mutant PfluHANs confirmed that the mutant en-
zymes lost the capacity to bind metal ions (Supplementary
Figure S10A).

The complex structure of Deinococcus radiodurans Recl
(DraRec]) with ssDNA showed that several conserved
residues are responsible for substrate binding (45). In
PfuHAN_DND, residues R507, R587, R676 and H709
(Figures 4E, 5A) correspond to the residues required for
DraRec]J to bind ssDNA and are supposed to be involved
in binding longer oligonucleotides. Similar to bacterial RecJ

and archaeal GAN nucleases, mutation of these conserved
residues in PfuHAN inactivates the nuclease (Figure 5B,
right panel), indicating that these motifs are required for
PfuHAN to bind substrates. However, it is impossible to
verify the effect of mutated residues on substrate binding
due to the low affinity of wt and mutant PfuHANs to DNA
(Supplementary Figure S§B and S10B).

Because of the absence of co-crystal structures for
PfuHAN_DND and ssDNA, we studied their interaction
by molecular dynamics stimulation. The ssDNA is bound
in the cleft between DHH and DHHA1 domains (Figure
6A—C). The interaction strength between PFuHAN_DND
and ssDNA, including salt bridge, hydrogen bond and hy-
drophobic interaction, were analysed (Figure 6D), and the
main interactional residues are shown in Figure 6C and D.
Based on the computational results for the interaction, a
series of residues that have strong interactions with phos-
phate groups, deoxyriboses, and bases were chosen to ver-
ify their roles in hydrolysing phosphodiester bonds (Figure
6E). Results show that H362, R676 and H709, which bind
the two phosphate groups at the 3’-terminus via salt bridge
or hydrogen bond (Figure 6D), are crucial to the enzymatic
activity. However, residues R529, K567, K644 and K654,
which are involved in binding the phosphate groups located
far from the 3'-termimus (the third and fourth ones from
the 3’-end), play a smaller role in degrading ssDNA. The
two residues for binding bases R402 and S714 have no de-
tectable effect on degradation, which is consistent with that
the fact PfuHAN has no specific sequence selectivity on
DNA. In summary, the residues interacting with the phos-
phate groups adjacent to the 3'-terminus are key for remov-
ing the 3'-nucletide.

Interaction and function of the PfuHAN trimeric complex

Unlike BsuNrnA, which forms a dimer via interactions be-
tween two DHHA1 domains (48), PlTuHAN forms a sym-
metric trimer through both DHH and DHHA1 domains,
as well as the helix linker a13 (Figure 7A and B). The
interaction strength of each subunit is primarily dictated
by hydrogen bonds and salt bridges. The residues E390,
R424, R449, E562 and E598 form three salt bridges, one
of which exists between E390 and R424, while the other
two are between R449 and E562/E598 (Figure 7B). We dis-
rupted the salt bridge by introducing site-directed muta-
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Figure 5. Functions of conserved PluHAN motifs. (A) Metal ion binding site. The metal ion was proven to be a Mn2* ion by inductively coupled plasma
mass spectrometry and is represented by a magenta sphere. Residues for coordinating Mn?* are shown in stick, and the coordination bonds between the
Mn?2* ion and the side chains of the residues are shown by black dashed lines. The two conserved residues R676 and H709 in the DHHA1 domain for
binding substrates are also shown in stick. (B) Activity comparison between wt PluHAN_DND and its site-directed mutants. Eight conserved residue
mutants, including metal ion binding and substrate binding residues, were prepared and used to determine the effect of the conserved residues on nuclease
activity. Mutant PFuHAN_DND proteins (20 nM) were incubated with ssDNA (50 nM) at 55°C for 20 min.

tions into PFuHAN_DND and analysed mutant quaternary
structures (Figure 7C). The chemical reagent BS3, which
can crosslink the protein complex into a polymer, was used
to confirm whether the trimeric form of each mutant was
disrupted. Among the five mutants, which were expected to
disrupt the interactions between each subunit in the com-
plex, the E390A, R449A and ES98A mutants generated
very few cross-linked polymers (Figure 7C), indicating that
the three residues participate in trimer formation. However,
the R424A and ES62A mutants could still form polymers
comparable to the WT enzyme (Figure 7C), indicating that
these residues do not participate in trimer formation. Gel-
filtration experiments also confirmed the trimeric form of
PfuHAN_DND and the E5S62A mutant, as well as the single
subunit form of the E390A mutant (Supplementary Figure
S11). In summary, the contribution of the residues in form-
ing the trimeric complex is in the following order: E390 >
E598 > R449 > R424 > E562.

As a homologous trimer, PluHAN_DND might promote
its activity by forming the trimer complex. After confirming
the quaternary structures, effects of the interacting residues
on nuclease activity were characterized, and all five mutants
exhibited reduced activity (Figure 7D). The decreased activ-
ity of E390A, R449A, and ES98A might have resulted from
trimer disruption. However, because the R424A and ES62A
mutants, specifically the ES62A, exist as partial trimers, it is
possible that R424 and E562 impairs catalytic steps of key
residues.

Physiological roles of HAN in resisting DNA damage

The Haloarchaea H. volcanii was used to investigate the
function of HAN in vivo. Before constructing the H. volcanii
Ahan mutant, we first analysed the nuclease activity of H.
volcanii HAN (HvoHAN, ORF Hvo_1018). HvoHAN has
the domains similar to PFuHAN and TkoHAN, while lack-
ing the N-terminal first domain DnaJ-Zf (Supplementary
Figure S12A). Three HANs show high sequence similar-
ity and have the same conserved residues and motifs I-VII
(Supplementary Figure S12B). The recombinant HvoHAN

(Supplementary Figure S12C) has the same 3’-exouclease
activity as PlTuHAN (Supplementary Figure S12D). These
results indicate that H. volcanii is suitable for studying the
physiological roles of han gene in vivo.

The Ahan mutant strain was constructed in H. volcanii by
deleting the entire ORF Hvo_1018 (Supplementary Figure
S13A and B). The growth of the Ahan mutant was first com-
pared with that of the wt strain under standard growth con-
ditions in YPC medium. However, no differences in growth
were noted between the wt and Ahan strains (Supplemen-
tary Figure S13C). To investigate the possible roles of han
in DNA repair, its tolerance to DNA damage reagents, in-
cluding H,O,, 4NQO, MMC, and MMS, was investigated
in H. volcanii wt and Ahan mutant strains. These chemical
reagents can promote various forms of DNA damage, such
as crosslinking, single stranded breaks, etc. (50). Compared
with the wt strain, deletion of san led to retarded growth
in the presence of 0.5 mM H,0;, 4.0 uM 4NQO, 0.3 M
MMC or 4.0 mM MMS (Supplementary Figure S14A-D).
However, no sensitivities to H,O,, 4NQO, or MMC were
observed for Ahan mutants in the drop dilution plating as-
say (Supplementary Figure S14 E, G and H), where even
higher concentrations of DNA damage reagents were used.
Deletion of the han gene does not result in sensitivity to
MMC in Thermococcus kodakarensis (51). Consistent with
the retarded growth curve, Ahan mutants showed sensitivity
to 6.0 mM MMS in the drop dilution plating assay (Supple-
mentary Figure S14F).

After confirming that the han gene is involved in the
repair of DNA damage in response to MMS, its gene
fragments encoding the N-terminal non-nuclease and C-
terminal DHH nuclease peptide (Figure 8A) were each
deleted (Supplementary Figure S13A and B) to determine
their respective roles in resisting MMS. Our results show
that only the C-terminal nuclease is required to resist MMS
(Figure 8A-C). A complementary plasmid carrying the wt
han gene restored the resistance of the Ahan mutant to
MMS. Finally, the accumulation of DNA damage derived
from MMS treatment, such as N3-methyadenine, was anal-
ysed in the mutant and wt strains (Supplementary file2).
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The N3-methyadenine in Ahan mutant is clearly higher than
that in wt cell (Supplementary Figure S15), indicating that
HAN plays a direct role in DNA repair.

To understand the interaction between HAN and the
IDR of Hef nuclease (8,51) and its potential function dur-
ing coordinately treating DNA damage (51), we identi-
fied the interactional domain of PfTuHAN with the IDR of
PfuHef via yeast two-hybrid assays. The DHH domain of C-
terminal DND interacts with the IDR of PfuHef, but other
domains, including the N-terminal domain, DHHA1 do-
main and the linker between DHH and DHHAI1, do not
interact with IDR (Figure 8A and D). Considering that
PfuHAN interacts with the IDR of Hef nuclease via its
DHH domain of DND, it might be that the DND takes
part in resisting MMS via its nuclease activity and/or form-
ing repair complex with Hef nuclease, which is responsible
for repair of the halted DNA replication fork generated by

the DNA damage reagents MMS, aphidicolin, and hydrox-
yurea (8,51-53)

DISCUSSION
Substrate specificity and hydrolysis direction

Each DHH family nuclease has a unique substrate prefer-
ence, meaning that the mode of substrate binding might
be different and responsible for the hydrolysis polarity.
PfuHAN prefers long strand DNAs, while YybT is a hy-
drolytic enzyme for cyclic dinucleotides c-di-AMP. The re-
duced efficiency of PfuHAN to hydrolyse oligonucleotides
shorter than 6 nt reflects that the length of binding patch is
approximately 6 nt and cannot accommodate shorter sub-
strates perfectly. Our simulation results on PFuHAN_DND
binding ssDNA also confirmed this possibility (Figure 6A-
D). Meanwhile, the binding patch is not wide enough to ac-
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commodate double-stranded substrates. Both ssDNA and
ssSRNA can be degraded, suggesting that HAN has no spe-
cific recognition residues or discrimination of the ribose
2’-OH. In comparison, bacterial RecJ can only hydrolyse
ssDNA, not ssRNA. Although the structure of bacterial
DraRecl] in complex with ssDNA has been solved and the
conserved residues for binding ssSDNA have been identi-
fied (46), the mechanism of excluding ssSRNA, i.e. the steric
gate for ribose, has not been elucidated. In contrast to
bacterial Recl, bacterial NrnA can hydrolyse short ssSRINA
(nanoRNA), pAp, and c-di-GMP, but not ssDNA (48,54).
In the structures of NrnA, the split alpha helix connecting
the DHH and DHHA1 domains further separates the two
domains and forms a wide and short binding patch that
supports the hydrolysis of short nanoRNA, c-di-GMP and
PAp (48,54). Therefore, it might be plausible to identify the
residues in bacterial RecJ that sterically repulse the ribose
by comparing differences in the substrate binding patches
of HAN, NrnA, and Recl.

In addition to substrate diversity, the hydrolysis polarity
of oligonucleotide is also diversified in DHH family nucle-
ases. Bacterial Recl is a 5-exonuclease (55), and archaeal
HAN is a 3’-exonuclease (8,51). In contrast, NrnA is a bidi-
rectional exonuclease (48), while archaeal GAN has a more
complicated hydrolytic polarity: 5'-exonuclease specific for
ssDNA and 3'-exonuclease for ssSRNA (15,16,56,57). The

5’-phosphate-binding pocket, which consists of the polar
residues R109, R280, S371, and R373, is present above the
DraRec] active site and determines the 5°-3" polarity of
Rec] for ssDNA (46). The structure of PFuHAN_DND does
not have this specific pocket for binding the 3’-nucleotide;
thus, it might determine the hydrolysis polarity based on
the full binding patch for single-stranded substrates (Fig-
ure 6D). The conserved residues R262 and R264 in BsuN-
rnA are key residues for determining the 3’-5" digestion
of nanoRNA (48). NrnA also hydrolyses the cyclic dinu-
cleotides c-di-AMP and c-di-GMP and does not require a
specific pocket for determining hydrolysis polarity (48,54).
In the future, solving the co-crystal structure of HAN and
ssDNA or ssRNA will be important to elucidate its catalytic
mechanism, including its hydrolysis polarity.

The alpha helix connecting the DHH and DHHA do-
mains is another structural feature for classifying the DHH
family. Bacterial RecJ and PlTuHAN_DND have a long in-
tact alpha helix, while NrnA and PPase have a split one,
resulting in a widened cleft for binding cyclic dinucleotides
(48,49,54). Considering that NrnA and PPase can hydrolyse
the phosphoester bond of non-oligonucleotide substrates,
cyclic dinucleotides (48,54) and inorganic pyrophosphate
(49,57), it is possible that the split alpha helix is an ele-
ment that determines the substrate specificity and the kind
of phosphoester bond to be hydrolyzed.
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Function of N-terminal domains

Aside from the DHH nuclease domain, HAN also possesses
three additional N-terminal domains. Our results demon-
strated that the N-terminal DnaJ-Zf, RpS1-like, and OB-
fold domains all increase the hydrolytic activity of the C-
terminal DND, possibly by promoting its substrate bind-
ing. The nucleic acid binding activity of these three do-
mains has been confirmed in other proteins. The Zn-finger
domain has been reported to recognize and bind DNA se-
quences (58). The OB-fold and RpS1-like domains are con-
sidered to play important roles in ssSRNA binding (59).
In this scenario, as shown in the modeled structure of
full-length PfuHAN (Supplementary Figure S16A), the N-
terminal domains might increase the interactions between
the substrate and catalytic domain. Our kinetic parameters,
specifically the increased Ky, value of various N-terminal-
truncated PfuHANSs (Table 1), also support the key role of
the N-terminal domain in substrate binding. Deletion of
the C-terminal domain resulted in a slightly increased sen-
sitivity to MMS (Figure 8B and C), suggesting that the N-
terminal domain might play a little role in repairing DNA
damage in response to MMS. Meanwhile, it is important to
solve the N-terminal non-nuclease domain to determine its
function in substrate binding.

The HAN trimer complex functions as a higher activity nu-
clease

To date, the structures of several DHH phosphoesterase su-
perfamily members have been solved, and all of them adopt
a similar overall topology consisting of a typical DHH do-
main and DHHA domain. However, their quaternary struc-
tures are diverse, including monomeric RecJ (44-46), GAN
(47) and family II PPase (49,60), dimeric NrnA (48,61),
and our solved trimeric PlTuHAN. Exonuclease I from P, fu-
riosus (PfuExol), which does not belong to the DHH su-
perfamily, shows high processive degradation and adopts a
trimeric topology with an internal pore for ssDNA/ssRNA
entry (62). PfuExol displays high affinity for ssDNA and ss-
RNA. Unlike PfuExol, PfuHAN exhibits very weak affin-
ity to substrates. PfuExol prefers ssSRNA, while PlTuHAN
exhibits a slight preference for ssDNA. PfuExol can de-
grade long substrates into 2-4 nt oligonucleotides via the
coordinated hydrolysis of trimeric complex. PfuExol and
PfuHAN might coordinate to degrade DNA and RNA in
vivo. Disruption of the PfuExol complex, via D189R mu-
tation, changes the processive cleavage into a distributive
one. The modeled complex structure of PPUHAN_DND and
ssDNA shows that the three substrate entries are related
and form a common central passageway (Supplementary
Figure S16B), suggesting PfuHAN takes a cleavage mode



similar to PfuExol trimeric complex. Disruption of the
PfuHAN_DND trimer indeed changed the cleavage mode,
resulting in a slow and distributive degradation of ssDNA
(Figure 7D). The efficient degradation of dsDNA with 3'-
overhang or fork into single nucleotide (Figure 2F, Supple-
mentary Figure S7A and B), even for ssDNA digestion (Fig-
ure 3C and D), might require the coordinated function of
three subunits in the trimeric complex.

HAN participates in DNA repair as a nuclease

Each DHH superfamily member has specific physiological
roles in vivo. To date, the physiological role of HAN in DNA
repair has not been reported. TkoHAN interacts with the
structure-specific nuclease Hef (8), which is required for the
processing of a stalled replication fork and repair-associated
recombination (6,51,52). Therefore, HAN is considered to
play important roles in these two processes in archaea by
coordinating with the helicase and endonuclease activities
of Hef (51,52). Our results confirmed that PfuHAN can
digest 3’-overhanged or forked dsDNAs, which are possi-
ble immediate products during the repair of DNA dam-
age, such as the intermediate product in a stalled replica-
tion fork by MMS (53). Meanwhile, deletion of the han gene
and its DND-encoding region resulted in increased sensi-
tivity to the DNA damage reagent MMS (Figure 8B and
C), suggesting that HAN is directly involved in repairing
stopped replication forks created by DNA damage reagents.
The accumulation of N3-methyadenine generated by MMS
in Ahan cells also implies that HAN participates in removal
of DNA damages. Although N3-methyadenine was also de-
tected in wt cell even in the absence of MMS, it might be the
endogenous N6-methyladenine (™°A), which has the same
molecular weight as N3-methyladenine and might be iden-
tified as the latter, in H. volcanii cells (63).

Based on our biochemical and genetic results and the in-
teractions between DHH domain of PfuHAN and the IDR
of Hef nuclease, we propose a model to interpret the possi-
ble function of HAN in DNA repair (Supplementary Figure
S17). The HAN trimer interacts with three Hef nucleases
via its DHH domain and the IDR of Hef. By coordinating
with their interactional partner PCNA, the HAN-Hef hex-
amer digests a stagnantly extending strand from the 3’-end
in a stopped replication fork, and reverses back the dam-
aged base, whereby the damage will be repaired by other
pathways, such as recombination repair. During regression
of the stagnantly extending strand, the helicase activity of
Hef might promote the degradation reaction by unwinding
the dsDNA (51). Although the DnalJ-Zf domain is natu-
rally absent in Hvo_1018, it might play a minor function
during DNA repair because of the nonessentiality of whole
N-terminal domain of HAN in resisting MMS. The detailed
mechanism for HAN in repairing DNA damage by MMS
will be further interpreted in the future.
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