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Background: The HRDC (helicase and RNaseD C-terminal) domain is found at
the C terminus of many RecQ helicases, including the human Werner and
Bloom syndrome proteins. RecQ helicases have been shown to unwind DNA in
an ATP-dependent manner. However, the specific functional roles of these
proteins in DNA recombination and replication are not known. An HRDC
domain exists in both of the human RecQ homologues that are implicated in
human disease and may have an important role in their function.

Results: We have determined the three-dimensional structure of the HRDC
domain in the Saccharomyces cerevisiae RecQ helicase Sgs1p by nuclear
magnetic resonance (NMR) spectroscopy. The structure resembles auxiliary
domains in bacterial DNA helicases and other proteins that interact with nucleic
acids. We show that a positively charged region on the surface of the Sgs1p
HRDC domain can interact with DNA. Structural similarities to bacterial DNA
helicases suggest that the HRDC domain functions as an auxiliary domain in
RecQ helicases. Homology models of the Werner and Bloom HRDC domains
show different surface properties when compared with Sgs1p.

Conclusions: The HRDC domain represents a structural scaffold that
resembles auxiliary domains in proteins that are involved in nucleic acid
metabolism. In Sgs1p, the HRDC domain could modulate the helicase function
via auxiliary contacts to DNA. However, in the Werner and Bloom syndrome
helicases the HRDC domain may have a role in their functional differences by
mediating diverse molecular interactions.

Introduction
Werner syndrome (WS) and Bloom syndrome (BS) are
inherited autosomal-recessive diseases characterized by
chromosomal aberrations, impaired replication and genomic
instability. Although a predisposition to cancer is common
to both diseases, the specific phenotypes are different [1].
For example, only WS patients show symptoms of prema-
ture aging. Sgs1, the Saccharomyces cerevisiae homolog of the
WS gene, is important for genomic stability in yeast [2], and
deletion of Sgs1 causes premature aging in yeast cells [3].

The proteins encoded by the WS, BS and Sgs1 genes
(WRN, BLM and Sgs1p, respectively) belong to the RecQ
family of DNA helicases. They contain a DEAH (single-
letter amino acid code) helicase domain [4–6] and a C-ter-
minal domain (RecQ-Ct) that is unique to the RecQ family
[7,8]. A number of RecQ helicases, including human and
Xenopus WRN, BLM, Sgs1p and RecQL, have been shown
to unwind double-stranded DNA with 3′→5′ directionality
in an ATP-dependent manner [9–12,8,13,14].

The specific functional roles of the RecQ helicases and
their involvement in the Werner and Bloom syndromes

are still under investigation. Sgs1p can interact with type
II and III topoisomerases, which function in DNA replica-
tion [15,16]. Sgs1p, Escherichia coli RecQ, and the human
proteins WRN and BLM have been shown to suppress
illegitimate recombination [17,18]. An essential role in the
formation of replication foci was recently discovered for
FFH-1, the Xenopus laevis ortholog of WRN [19]. More-
over, the wild-type WRN protein, but not a mutant with a
deletion in the helicase domain, was found to co-purify
with a multiprotein–DNA replication complex [20]. These
findings imply that the RecQ proteins function in the reg-
ulation of DNA recombination or replication, and correlate
with the observed genetic instability and increased muta-
tion rates found in Werner and Bloom syndromes.

The HRDC (helicase and RNaseD C-terminal) domain
has been recently described as an 80 amino acid protein
domain found at the C terminus of RecQ helicases and
RNaseD homologs from various organisms, including
humans, yeast and bacteria [7]. An HRDC domain exists
in at least three genes linked to human diseases. These
genes encode the RecQ helicases WRN and BLM, and
the human PM-Scl autoantigen, an RNaseD homolog
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found in patients affected by polymyositis and sclero-
derma [21]. Multiple mutations affecting the HRDC
domain have been mapped to the WRN and BLM genes
[7]. For example, 6 of 19 mutations are found within the
exons encoding the HRDC domain [22]. A sequence
alignment of the HRDC domains found in RecQ helicases
is shown in Figure 1.

To shed light on the possible functions of the HRDC
domain in RecQ helicases we have determined the three-
dimensional (3D) structure of the S. cerevisiae Sgs1p
HRDC domain using heteronuclear multidimensional
nuclear magnetic resonance (NMR) spectroscopy. Our
study presents the first structure of an HRDC domain.
Structural similarity searches revealed that the 3D struc-
ture of the HRDC domain resembles auxiliary domains in
bacterial DNA helicases and other proteins that interact
with DNA. In NMR titrations we found that a basic patch
on the surface of the Sgs1p HRDC domain can interact
with DNA. We then calculated homology models of the
WRN and BLM HRDC domains. Distinct charge distrib-
utions on the surfaces of these models suggest that the
HRDC domain could have a role in functional differences
between the WRN and BLM proteins.

Results
HRDC domain structure
The backbone trace of the lowest-energy structure of the
Sgs1p HRDC domain is shown in Figure 2a. An ensemble
of the 15 lowest-energy conformations is shown in
Figure 2b. The experimental restraints and structural sta-
tistics are summarized in Table 1. The 3D structure of the

HRDC domain consists of five helices, α1–α5, comprising
residues 14–32, 43–51, 59–62, 68–74 and 77–88
(Figure 3a). Helices α1, α2 and α5 form a right-hand
twisted three-helix bundle with interhelical angles of 130º
(α1/α2), 160º (α1/α5) and 35º (α2/α5). The three-helix
bundle is flanked by a short 310 helix (α3) and helix α4.
The two N-terminal helices α1 and α2 are connected by a
long hydrophobic loop (residues Met33–Pro42), whereas
helices α2/α3 and α3/α4 are connected by short turns.
Helix α4 is linked to α5 by a kink at Lys75, which changes
the orientation of the helical axis by ∼60º. The N and
C termini of the HRDC fold are in close spatial proximity,
as is often observed for structurally independent domains.

Conserved residues in all five helices (Figure 1) are impor-
tant for the packing of the HRDC fold. Whereas con-
served hydrophobic residues in helices α1, α2 and α5
contribute to the hydrophobic core of the HRDC domain,
helices α3 and α4 form additional contacts with α2 and α5
via Phe60, Leu63 and Phe74. Notably, Leu22, Leu46 and
Met49 are key residues for hydrophobic interactions and
are highly conserved in the HRDC family, suggesting a
common 3D fold for all HRDC domains.

The conformation of the ten-residue loop connecting α1
and α2 is well defined by the NMR data. A
stretch of four solvent-exposed hydrophobic residues,
Val34–Pro35–Pro36–Val37, is found in this loop and con-
served in many other HRDC domains (Figure 1). This
hydrophobic region on the surface of the HRDC domain
may therefore constitute a site for intramolecular or
intermolecular interactions.
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Figure 1

Sequence alignment of HRDC domains in
RecQ helicases. The multiple alignment was
performed with the program CLUSTAL X [65]
and manually refined. Similar amino acids
according to a slightly modified Blosum62
matrix are shadowed in gray. The helices
found in the 3D structure of the Sgs1p HRDC
domain are shown as boxes on top of the
alignment. A stretch of conserved
hydrophobic residues in the loop connecting
helices α1 and α2 is boxed.
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The Sgs1p HRDC domain is highly positively charged
because of numerous basic sidechains located at the
surface of the protein (Figure 3b). Specifically, a region
comprising residues of helix α4 (Lys69, Arg72, Arg73), the
N terminus of α5 (Lys75, Lys78) and the C-terminal end
of helix α1 (Arg32), exhibits a cluster of positive charges.
Among those, Lys69 is highly conserved in the HRDC
domains found in RecQ helicases (Figure 1).

The HRDC domain resembles auxiliary DNA-binding
domains
To test whether the HRDC domain resembles a known
structural motif, we searched the Protein Data Bank
(PDB) using the Dali program [23]. Only PDB entries that
were found with a Z score ≥ 3 were considered and further

analyzed as described in the Materials and methods
section. The Dali search revealed structural similarities
between the HRDC domain and subdomains in DNA
helicases, recombinases and polymerases.

The 3D structure of the HRDC domain resembles the
domain 1B in bacterial DExx-box helicases (where x is any
amino acid), such as E. coli Rep helicase [24] and the bacte-
rial PcrA helicase [25,26]. The structural similarity to Rep
helicase in complex with single-stranded DNA (ssDNA) is
shown in Figure 4. The positional root mean square devia-
tion (rmsd) for backbone atoms of 54 residues is 3.1 Å.
Note that the primary sequences of the HRDC domain
and domain 1B have no detectable sequence similarity.
Both the PcrA and Rep proteins consist of four subdomains

Research Article  HRDC domain structure Liu et al. 1559

Figure 2

Stereoviews of the NMR structure of the
Sgs1p HRDC domain. Residues 12–89 are
shown (corresponding to residues
1272–1349 in Sgs1p). (a) Backbone trace (N,
Cα, C′ atoms) of the lowest-energy structure.
(b) Ensemble of the 15 lowest-energy NMR
structures. The sidechains of conserved
hydrophobic residues are shown in red.



(1A, 2A, 1B, 2B) and adopt a similar 3D fold. In the Rep
helicase–DNA complex a positively charged groove
between domains 1A and 1B interacts with the single-
stranded DNA [24]. In the substrate and product com-
plexes of PcrA with a DNA substrate, the domains 1B and
2B alter their positions relative to each other and define
two protein conformations with low and high affinity for

duplex DNA [26]. Thus, domain 1B functions as an auxil-
iary domain in bacterial DNA helicases and contributes
additional contacts to the DNA substrate. The structural
similarity to domain 1B suggests that the HRDC domain
may have a similar role in RecQ helicases.

The HRDC domain also resembles the N-terminal 8 kDa
domain of human DNA polymerase β (Pol β) [27]. The
proteolytically cleavable N-terminal domain of Pol β is not
found in other DNA polymerases. It contributes about
70% of the ssDNA-binding affinity of the Pol β holoen-
zyme and the domain alone binds to ssDNA with a disso-
ciation constant in the low micromolar range [28]. In the
crystal structure of Pol β complexed to a gapped DNA
substrate [27], the 8 kDa domain makes additional con-
tacts to the DNA.

The Dali searches also revealed structural similarities to the
N-terminal domain of the site-specific recombinase XerD
[29] and to a helical domain extending the finger domain in
T7 RNA polymerase [30]. For each protein it has been sug-
gested that the subdomains resembling HRDC contribute
to DNA binding in their respective enzyme–substrate com-
plexes. These structural similarities show that the HRDC
fold resembles auxiliary DNA-binding domains in proteins
that are involved in nucleic acid metabolism and points to a
similar role for the HRDC domain.

The Sgs1p HRDC domain can interact with DNA
To test whether the Sgs1p HRDC domain can bind to
DNA we measured chemical-shift changes in the NMR
spectra of 15N-labeled Sgs1p HRDC domain upon addi-
tion of DNA. Significant spectral changes were observed
with different DNA ligands, indicating that the Sgs1p
HRDC domain interacts with DNA. The backbone
amides of Gly30, Asn31, Arg32, Met33, Lys69, Arg73,
Tyr76 and Ala79 display the largest chemical-shift
changes upon addition of a partially double-stranded
DNA (dsDNA) (8/16-mer) (Figure 5a). These residues are
located at a basic patch on the surface of the protein
around helix α4 and the C-terminal end of helix α1
(Figure 5b). We found significant and comparable chemi-
cal-shift changes for partially dsDNA with a single-
stranded overhang (7/13-mer, 8/16-mer) and for ssDNA
ligands (8-mer and 20-mer). Smaller spectral changes were
observed with dsDNA. In a titration experiment with the
ssDNA 20-mer we measured chemical-shift changes as a
function of DNA concentration and determined a dissocia-
tion constant of ∼30 µM (data not shown).

To test for DNA binding we also attempted gel-shift
retardation experiments using both the yeast Sgs1p and
the human WRN HRDC domains. However, because of
precipitation of the sample we were not able to observe
DNA band shifts. Nevertheless, upon adding increasing
amounts of either of the proteins the signal of the
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Table 1

Structural statistics for the Sgs1p HRDC domain.

<SA> <SA>water-refined

Rmsd (Å) from experimental distance restraints*
Unambiguous (1807 total) 0.009 ± 0.003 0.019 ± 0.002
Intraresidue (959) 0.014 ± 0.007 0.020 ± 0.004
Sequential (|i — j|) = 1 (280) 0.002 ± 0.002 0.005 ± 0.003
Medium range 1 < (|i — j|) ≤ 4 (269) 0.007 ± 0.0008 0.019 ± 0.003
Long range (|i — j|) ≥ 5 (299) 0.008 ± 0.001 0.021 ± 0.002
Ambiguous (83) 0.012 ± 0.001 0.023 ± 0.004
Hydrogen bonds (34) 0.010 ± 0.002 0.015 ± 0.005

Rmsd (°°) from experimental torsion restraints†

Dihedral angles (44 φ, 7 χ1) 0.23 ± 0.05 0.43 ± 0.17

Rmsd from experimental ψψ restraints‡

ΓHαCα,C′ [Hz] (39) 1.8 ± 0.08 3.3 ± 0.16
3∆Cα

(ND) [ppb] (39) 8.2 ± 0.03 8.1 ± 0.13

Coordinate precision (Å)§

N, Cα, C′ (residue 13–88) 0.43 ± 0.07 0.61 ± 0.09
All heavy atoms (residue 13–88) 0.91 ± 0.10 1.07 ± 0.11

Structural quality¶

EL.–J.
¥ −303 ± 8 −444 ± 15

No. of bad contacts (PROCHECK) 0 ± 0 0.07 ± 0.24
Quality index (WHATIF) −1.03 ± 0.08 −0.76 ± 0.09

Ramachandran plot
% in most-favored region 88.0 ± 1.5 91.5 ± 0.9
% in additionally allowed region 10.5 ± 1.1 8.4 ± 0.8

<SA> is an ensemble of the 15 lowest-energy solution structures of
the Sgs1p HRDC domain; <SA>water-refined is an ensemble of 15 water-
refined [57] structures. The CNS [50] Erepel function was used to
simulate van der Waals interactions with an energy constant of
25.0 kcal mol—1 Å—4 using PROLSQ van der Waals radii as described
in [57]; Rmsd values for bond lengths, bond angles and improper
dihedral angles are 0.0013 ± 0.00004 Å, 0.291 ± 0.003° and
0.132 ± 0.003° for <SA>, and 0.004 ± 0.00009 Å, 0.510 ± 0.016°
and 0.433 ± 0.019° for <SA>water-refined, respectively. 1 kcal = 4.18 kJ.
*Distance restraints were employed with a soft square-well potential
[51] using an energy constant of 50 kcal mol—1 Å—2. For hydrogen
bonds, 34 distance restraints with bounds of 1.8–2.3 Å (H–O), and
2.8–3.3 Å (N–O) were derived for 17 slow-exchanging amide protons.
No distance restraint was violated by more than 0.5 Å in any of the final
structures. †Dihedral-angle restraints were applied to 44 φ
(–60° ± 40°) and 7 χ1 (180° ± 40°) dihedral angles using energy
constants of 200 kcal mol—1 rad—2. No dihedral angle restraint was
violated by more than 5°. ‡The structures were directly refined against
the experimentally determined cross-correlated relaxation rates
ΓHαCα,C′ and three-bond H/D isotope effects on the Cα chemical shifts
3∆Cα

(ND). Final energy constants of 0.05 kcal mol—1 Hz—2 and
0.02 kcal mol—1 ppb—2 were used. §Coordinate precision is given as the
Cartesian coordinate rmsd of the 15 lowest-energy structures with
respect to their mean structure. ¶Structural quality checks were
performed for residues 13–88 using the programs PROCHECK [58]
and WHATIF [59]. ¥EL–J in kcal mol—1 is the Lennard–Jones van der
Waals energy calculated using the CHARMM PARMALLH6
parameters. EL–J was not included in the target function during the
structure calculations.



unshifted DNA probe was reduced proportionally. This
suggests that the precipitation is due to an interaction
between the protein and DNA.

These data indicate that the Sgs1p HRDC domain can
interact with DNA. The binding is not sequence specific,
as we observed comparable chemical-shift changes in the
NMR spectra when using different DNA ligands.
Together with the relatively low binding affinity, this sug-
gests that the interaction of the Sgs1p HRDC domain
with DNA is largely mediated by electrostatic contacts
between the basic patch on its surface and the phosphate
backbone of the DNA.

Homology models of the Werner and Bloom syndrome
HRDC domains
In order to compare the charge distribution at the surfaces
of the WRN and BLM HRDC domains to Sgs1p we calcu-
lated homology models using the program Modeler [31].
The hydrophobicity of the loop between α1 and α2 is con-
served in most HRDC domains (Figure 1). Consequently,
a hydrophobic patch is also found in this region of the
WRN and BLM HRDC domains (Figure 6). It is there-
fore likely that this region is involved in intramolecular or
intermolecular interactions in the RecQ proteins.
However, of the amino acids that contribute to the basic
patch at the surface of the Sgs1p HRDC domain only
Lys69 is conserved. Therefore, in the human RecQ
HRDC domains the corresponding region of the surface is
much less positively charged. Moreover, in the BLM
HRDC domain a negatively charged patch is found in a
distant region involving helix α3. This suggests that auxil-
iary molecular interactions involving the HRDC domain
are likely to be different in Sgs1p, WRN and BLM.

Discussion
The structural similarity to domain 1B indicates that the
HRDC fold is structurally conserved between the
DExx-box and RecQ helicases even though they belong
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Figure 3

Ribbon and electrostatic surface
representation of the Sgs1p HRDC domain.
(a) 3D structure of the Sgs1p HRDC domain
in the same orientation as in Figure 2. The start
and end residues of the helices are labeled by
residue numbers. (b) Surface depiction of the
Sgs1p HRDC domain, viewed along the
hydrophobic loop connecting helices α1 and
α2 and helix α4 (rotated counter-clockwise by
90° around the z axis and clockwise by 90°
around the x axis compared with (a)). Positive
and negative charges are colored in blue and
red, respectively.

Figure 4

Structural similarity between the Sgs1p HRDC domain and the E. coli
Rep helicase in complex with ssDNA. The structure of the Rep
helicase corresponds to the closed conformation found in the crystal
structure. The four subdomains (1A, 2A, 1B, 2B) that are also found in
the PcrA DNA helicase are labeled. The HRDC domain and the
structurally similar domain 1B in Rep are colored in red and yellow. The
HRDC domain is shown in the same orientation as when
superimposed on domain 1B. For the superposition, residues 12–31,
42–49, 55–58, 67–73 and 74–88 of the Sgs1p HRDC domain were
aligned with residues 107–126, 131–138, 149–152, 157–163 and
165–179 of domain 1B in the Rep helicase.



to different superfamilies: SF1 and SF2, respectively
[32]. In DExx-box helicases, the 1A and 2A domains
contain the seven helicase signature motifs and comprise
the minimal structural unit required for helicase activity
[33]. The auxiliary domains 1B and 2B are inserted into
the primary sequences of the 1A and 2A domains,
respectively. In contrast, in the primary sequence of
RecQ proteins the HRDC domain is located C-terminal
to a contiguous stretch of ∼350 residues comprising the
helicase domain (Figure 7). Nevertheless, in the 3D
structure the relative orientation of the auxiliary
domains may be similar [34]. A similar structural arrange-
ment of minimal helicase unit and auxiliary domains
may therefore be conserved in SF1 and SF2 helicases.

The structural similarities also suggest that the HRDC
domain is associated with the RecQ helicase and may
function as an auxiliary domain. Thus, similar to
domain 1B in bacterial DNA helicases, the HRDC domain
may contribute to positioning a helicase substrate by steric
interactions or via secondary contacts to the DNA. This
notion is supported by our finding that a highly positively

1562 Structure 1999, Vol 7 No 12

Figure 5

DNA binding of the Sgs1p HRDC domain. (a) Superposition of 2D
1H,15N-HSQC spectra of 1 mM 15N-labeled Sgs1p HRDC domain, with
(red) and without (black) 1:1 partially dsDNA (8/16-mer) recorded on a
600 MHz spectrometer. Residues displaying large chemical-shift
changes are labeled. The free and bound forms of the protein are in fast
exchange on the NMR timescale. The insert shows the observed
chemical-shift change ∆δ = |∆δ(15N)| + |∆δ(1H)| in Hz versus residue
number. (b) DNA-binding surface of the Sgs1p HRDC domain with the
partially dsDNA 8/16-mer. Residues for which a chemical-shift difference
|∆δ(15N)| + |∆δ(1H)| > 20 Hz is observed are colored in green. The DNA-
binding site involves helix α4 and the C-terminal end of helix α1. Some
residues in the hydrophobic loop between α1 and α2 are also affected.
The same view as in Figure 3b is shown.
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Figure 6

Electrostatic surface representation of homology-modeled HRDC
domains of the Bloom and Werner syndrome proteins compared with
Sgs1p. A ribbon representation of the Sgs1p HRDC domain is shown
in the same orientation as the surfaces.



charged patch at the surface of the Sgs1p HRDC domain
can interact with DNA in a non-sequence-specific
manner. Therefore, in the Sgs1p protein the HRDC
domain may contribute to the RecQ helicase function by
mediating auxiliary electrostatic contacts to the phosphate
backbone of a DNA substrate.

The HRDC domain is not a specific DNA-binding
domain, as is indicated by the low DNA-binding affinity
and the non-sequence-specific interaction with different
DNA ligands. Furthermore, most residues in the basic
patch of the Sgs1p HRDC domain are not conserved in
other HRDC domains. However, the HRDC domain is
found in helicases and nucleases and resembles subdo-
mains in helicases, polymerases and recombinases. This
indicates that the HRDC fold represents a common struc-
tural motif in the context of nucleic acid metabolism. All
these subdomains have been implicated in auxiliary sub-
strate recognition by direct or indirect contacts to the
respective nucleic acid substrates, suggesting a similar
function for the HRDC domain.

The distinct surface properties of the WRN and BLM
HRDC domains could have a role in mediating diverse
molecular interactions to modulate the helicase function.
For example, the highly negatively charged patch at the
surface of the BLM HRDC domain might provide electro-
static interactions with other protein components in a mul-
tiprotein–DNA complex that specifically involves the
BLM protein. This is consistent with the hypothesis that
the HRDC domain may have a role in the functional
specificities of the Werner and Bloom syndrome proteins.

All RecQ proteins exhibit a conserved helicase domain
[35], and so it has been suggested that the human RecQ
homologs may partially replace each other, even though
the individual homologs are involved in distinct cellular
processes [36]. It is conceivable that functional specifici-
ties are conferred by auxiliary domains, like HRDC,
which have less well conserved primary sequences. In a
similar way, the 1B domains of bacterial DNA helicases,
which structurally resemble the HRDC domain, have
been suggested to have a role in substrate specificity [26],
and the primary sequences of the 1B domains are also
more divergent than those of the helicase domains.

The HRDC domain may function as an auxiliary domain
by mediating specific intermolecular contacts in multipro-
tein–DNA complexes that are implicated in the regulation
of DNA replication and recombination [20,22,37]. Distinct
auxiliary interactions of the HRDC domain may thus cor-
relate with the functional differences of the Werner and
Bloom syndrome proteins. For example, mutations affect-
ing the HRDC domain in Werner syndrome may alter its
surface properties, or lead to the complete loss of the
WRN helicase as a result of intracellular degradation of
truncated protein products. This may abolish molecular
interactions involving the WRN HRDC domain and
hence the formation of WRN-specific replication or
recombination complexes.

The results of our structural studies suggest an important
role for the HRDC domain in the specific functions of the
Werner and Bloom syndrome proteins. It will be interest-
ing to compare the biological activity of recombinant
RecQ helicases with and without wild-type HRDC
domains, and to study recombinant chimeric RecQ heli-
cases where the HRDC domain has been replaced by this
domain from other RecQ homologs.

Biological implications
The HRDC domain is a conserved protein domain
found at the C terminus of many RecQ helicases, includ-
ing the human Werner and Bloom syndrome proteins.
RecQ helicases have been shown to unwind DNA in an
ATP-dependent manner. However, the specific roles of
these proteins in the regulation of recombination and
replication are not yet understood. It is also not known
how the functional differences of the human RecQ
homologs are conferred.

Here, we present the first 3D structure of an HRDC
domain. The structure resembles auxiliary domains in
bacterial DNA helicases and other proteins that are
involved in nucleic acid metabolism. For Sgs1p we found
that the HRDC domain can interact with DNA in a
non-sequence-specific manner. The structural similarity
to domain 1B of bacterial DNA helicases suggests that
the HRDC domain functions as an auxiliary domain in
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Figure 7

Domain composition of helicases belonging to superfamilies SF1 and
SF2. The bacterial DExx-box helicases PcrA and Rep (SF1) are
compared to RecQ helicases and to the hepatitis C virus (HCV) RNA
helicase NS3, both of which belong to SF2 [32,34]. The minimal
helicase unit is shown in light pink, the seven helicase signature motifs
are colored in dark pink. The structurally related auxiliary domains,
HRDC in RecQ and domain 1B in DExx-box helicases, are shown in
dark blue. RecQ-Ct (cyan) is a conserved domain in RecQ helicases.
The C-terminal domain in the HCV NS3 helicase is shown in gray.
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RecQ helicases. Thus, as in the bacterial DNA heli-
cases, the helicase activity and the principal DNA-
binding affinity reside in the RecQ helicase domain
whereas the HRDC domain may contribute auxiliary
molecular interactions.

Distinct surface properties for homology models of the
WRN and BLM HRDC domains suggest that they are
involved in diverse molecular interactions. This could
have a role in the formation of specific molecular con-
tacts in multiprotein–DNA replication or recombination
complexes. The HRDC domain may thereby contribute
to the functional differences between the Werner and
Bloom syndrome proteins.

Materials and methods
Sample preparation
The S. cerevisiae Sgs1 HRDC domain DNA was amplified by poly-
merase chain reaction (PCR) from yeast genomic DNA as template
using the following two primers: (5′-GAGTCCATGGAACTTAA-
TAATCTGCGAATGACATACG) and (5′-GAGTGAATTCACTC-GCT-
TGATCTCTTTTTGCTAAG). The amplified fragment was inserted into
the NcoI/EcoRI sites of a modified pET9D expression vector
(Novagen). The sequence was confirmed by DNA sequencing. The
91-residue recombinant protein used for the structural studies com-
prises residues 1271–1351 of Sgs1p and ten additional residues from
an N-terminal histidine tag. The molecular weight of the protein was
confirmed by mass spectroscopy. Uniformly 15N-labeled and
15N,13C-labeled proteins were prepared by growing the E. coli strain
BL21(DE3) overexpressing the Sgs1p HRDC domain in a minimal
medium containing 15NH4Cl with or without uniformly 13C-labeled
glucose. The recombinant protein was purified by affinity chromatogra-
phy on a Ni-chelating sepharose fast-flow column (Pharmacia). Further
purification was achieved by ion-exchange chromatography on a
Q-sepharose column and gel filtration on a Superdex 75 column. NMR
samples were exchanged to 20 mM sodium phosphate buffer (pH 6.5)
in H2O or 2H2O at 1.5–1.8 mM concentration.

For the NMR titrations with DNA a non-histidine-tagged version of the
Sgs1p HRDC domain (residues 1271–1351) was overexpressed as a
His6–GST–TEV–HRDC (GST is glutathione-S transferase; TEV is
tobacco etch virus) fusion protein with a TEV protease [38] cleavage
site. The fusion protein was cleaved by TEV protease and purified
using Ni-chelating, glutathione- and Q-sepharose columns.

The HRDC domain of human WRN (residues 1152–1233) was
expressed as a GST fusion protein. The GST tag was cleaved by TEV
protease before separation by gel filtration. The purified protein was
folded on the basis of results from 1D and 2D NMR spectra.

NMR spectroscopy
NMR spectra were acquired at 22°C on a Bruker DRX500 or DRX600
NMR spectrometer equipped with triple-resonance probes and pulsed-
field gradients. Spectra were processed with NMRPipe [39] and ana-
lyzed using XEASY [40]. The 1H, 13C and 15N assignments of the
backbone resonances were obtained from sensitivity-enhanced 3D
HNCA, CBCA(CO)NH and CBCANH experiments using a uniformly
15N,13C-labeled protein sample [41,42]. The sidechain signals were
assigned from 3D HCCONH-TOCSY, CCONH-TOCSY and HCCH-
TOCSY experiments [41,42]. Assignments for aromatic Hδ and Hε

protons were obtained from 2D experiments correlating Cβ chemical
shifts of aromatic residues to the corresponding Hδ and Hε resonances
[43]. Proline residues, including Pro35−Pro36, were sequentially
assigned using a proline-edited CDCA(NCO)CAHA experiment [44].
Distance restraints were derived from 15N- or 13C-resolved 3D nuclear

Overhauser effect (NOE) spectra [42,45]. 1J(HN,Hα) coupling con-
stants were measured in an HNHA-J experiment [46], and used to
derive restraints for the backbone angle φ. 3J(N,Cγ) were measured in a
2D spin-echo-difference experiment [47] to determine the dihedral
angle χ1. Cross-correlated relaxation rates (ΓHαCα,C′) and the three-
bond H/D isotope effect on the Cα chemical shifts (3∆Cα

(ND)) were
measured in order to derive restraints for the backbone angle ψ. Slow-
exchanging amide protons were identified from 1H,15N heteronuclear
single-quantum coherence (HSQC) experiments [42,48] recorded
after the addition of 2H2O to a lyophilized protein sample. The methyl
groups of valine and leucine residues were stereospecifically assigned
from a high-resolution 1H,13C -HSQC experiment recorded on a frac-
tionally (10%) 13C-labeled sample [49].

Structure calculations
The experimentally determined distance and dihedral-angle restraints
(Table 1) were applied in a simulated annealing protocol using the
program CNS [50]. Ambiguous distance restraints were employed
using ARIA [51]. The simulated annealing protocol consisted of four
stages: a high-temperature torsion angle simulated annealing phase
(1100 steps at 10,000K with a time step of 45 fs) [52,53], a first
torsion angle dynamics cooling stage from 10,000K to 2000K
(550 steps), a Cartesian dynamics cooling stage from 2000K to 1000K
(5000 steps) and a Cartesian dynamics cooling stage from 1000K to
0K. A time step of 5 fs was used for the Cartesian dynamics. During the
high-temperature stage only two atoms per residue were included in the
non-bonded interactions [51], during the first and second cooling
stages hydrogens were not explicitly taken into account, and during the
third cooling stage all atoms were considered. Van der Waals interac-
tions were scaled essentially as described for the different cooling
stages. The final structure calculations included distance restraints
based on 1643 manually assigned, unambiguous NOEs and 164/83
unambiguous/ambiguous NOEs which were assigned by ARIA. When
stereospecific assignments were not available, a floating chirality
approach was used during the structure calculations [54]. Dihedral
angle restraints for φ and χ1 were derived from the experimentally mea-
sured 3J(HN,Hα) and 3J(N,Cγ), respectively. The structures were directly
refined against experimentally determined cross-correlated relaxation
rates (ΓHαCα,C′) [55] and the three-bond H/D isotope effect on the Cα

chemical shifts (3∆Cα
(ND)) [56] which define the backbone angle ψ (R

Sprangers, MJB, JPL, J Schultz, MN and MS, unpublished results). In
brief, energy constants were 0.02 kcal mol—1 Hz—2 and
0.01 kcal mol–1 ppb—2 during the first and second cooling, and
0.05 kcal mol—1 Hz—2 and 0.02 kcal mol–1 ppb—2 during the second
cooling for ΓHαCα,C′ and 3∆Cα

(ND), respectively. Eight iterations of ARIA
were run with parameters as in previous calculations. The ψ restraints
were switched on in iteration 6. Water-refined structures were calcu-
lated as described previously [57]. Structural quality was evaluated
using the programs PROCHECK [58] and WHATIF [59].

Figures showing 3D structures were prepared with MOLMOL [60].
The electrostatic surface potential was calculated in GRASP [61],
which was also used for the surface representations.

DNA binding: NMR titration experiments
To test for DNA binding, NMR samples were prepared by combining
equimolar (∼100 µM) solutions of DNA and the non-histidine-tagged
15N-labeled Sgs1p HRDC domain and concentrating to 1 mM. Chemi-
cal shifts were recorded with 1H,15N-HSQC experiments using
WATERGATE [62] combined with water-flip-back [63] for solvent sup-
pression. The chemical shifts of the histidine-tagged and the non-histi-
dine-tagged proteins were very similar. The assignments were
confirmed by comparing 3D 15N-edited NOESY experiments on both
recombinant proteins.

The following oligonucleotides were used for the DNA-binding experi-
ments. dsDNA: ds(GCGCGCGCGC); ds(CGCTTCGGGCCTTTC-
CGGAAGC). ssDNA: ss(TTTTTTTT) (8-mer); ss(AGCCATGAG-
CTAAGCTTGGT) (20-mer). Partially dsDNA: 5′-CAGCGTG-3′ and
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5′-CACGCTGTACTAG-3′ (7/13-mer); 5′-ACAGCGTG-3′ and
5′-CACGCTGTACTATTGA-3′ (8/16-mer). For the single-stranded
DNA 20-mer a titration curve was obtained by measuring 1H and 15N
chemical shifts of the protein at DNA concentrations of L0 = 0.1, 0.2,
0.4, 0.8 and 1.5 mM. Some precipitation was observed after adding
the first aliquot of DNA. However, no further precipitation occurred
when adding more DNA. The protein concentration P0 was ∼0.25 mM.
Dissociation constants were obtained from a least-squares fit to the
equation ∆δ = χ × ∆δb, where χ = PL/P0 is the mole fraction of bound
protein, ∆δ = (δ—δf) is the difference between the measured chemical
shift (δ) and the chemical shift of free protein (δf), and ∆δb = (δb—δf) is
the chemical-shift difference between fully bound (δb) and free protein
(δf). PL is the concentration of bound protein and is related to KD
through the definition for the dissociation constant.

DNA binding: gel-shift retardation
We attempted gel-shift retardation experiments using the recombinant
HRDC domains of yeast Sgs1p and the human WRN helicase. The
experiments were performed by incubating 10 ng of 5′-32P-labeled DNA
oligonucleotides with 0.01 to 1 µg of HRDC protein at room tempera-
ture for 30 min [64]. Various binding conditions were tested; however, in
all experiments both the Sgs1p and WRN HRDC proteins precipitated
after adding the DNA so that band shifts could not be observed.

Searches in the Protein Data Bank
For the searches in the PDB, coordinates of the lowest-energy water-
refined structure (residues 12–90) of the Sgs1p HRDC domain were
submitted to the Dali server at http://www2.ebi.ac.uk/dali [23]. Struc-
tural similarities with a Dali Z-score ≥ 3.0 were further analyzed. Struc-
tures were only considered if the regions of structural similarity
approximately correspond to the five helices of the HRDC domain
structure without any large insertions. The structural similarities were
visually inspected by superimposing the coordinates to the structure of
the HRDC domain. The rmsds for the superposition of backbone atoms
(50–60 residues) with respect to the Sgs1p HRDC domain were in the
order of 3 Å. The PDB accession numbers for the bacterial DNA heli-
cases Rep and PcrA, DNA polymerase β, the XerD recombinase and
T7 RNA polymerase are 1uaa, 1pjr, 1bpy, 1a0p, and 1aro, respectively.

Homology modeling
The primary sequences of the Sgs1p HRDC domain and of the HRDC
domain to be modeled were aligned based on the sequence alignment
of Figure 1 and the 3D structure of the Sgs1p HRDC domain. Homol-
ogy models for the WRN, BLM and other HRDC domains were calcu-
lated with the program Modeler [31] using standard protocols. The
lowest-energy conformer out of ten calculated models was used to cal-
culate the electrostatic potential surface.

Accession numbers
The atomic coordinates and restraint lists have been deposited in the
PDB with accession code 1D8B. The chemical shifts and NOE peak
lists have been deposited to the BMRB with accession code 4445.
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