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Abstract
Background: Bloom syndrome (BS) is characterized
by mutations within the BLM gene. The Bloom syndrome protein (BLM) has similarity to the RecQ
subfamily of DNA helicases, which contain seven
conserved helicase domains and share significant sequence and structural similarity with the Rep and
PcrA DNA helicases. We modeled the three-dimensional structure of the BLM helicase domain to analyze the structural basis of BS-causing mutations.
Materials and Methods: The sequence alignment
was performed for RecQ DNA helicases and Rep and
PcrA helicases. The crystal structure of PcrA helicase
(PDB entry 3PJR) was used as the template for modeling the BLM helicase domain. The model was used
to infer the function of BLM and to analyze the effect
of the mutations.
Results: The structural model with good stereo-

chemistry of the BLM helicase domain contains
two subdomains, 1A and 2A. The electrostatic potential of the model is highly negative over most of
the surface, except for the cleft between subdomains 1A and 2A which is similar to the template protein. The ATP-binding site is located inside the model between subdomains 1A and 2A;
whereas, the DNA-binding region is situated at the
surface cleft, with positive potential between 1A
and 2A.
Conclusions: The three-dimensional structure of the
BLM helicase domain was modeled and applied to
interpret BS-causing mutations. The mutation I841T
is likely to weaken DNA binding, while the mutations C891R, C901Y, and Q672R presumably disturb the ATP binding. In addition, other critical positions are discussed.

Introduction

(RecQCt) (4), helicase and RNase D C-terminal
domain (HRDC) (5), and nuclear localization
signals (NLS) (6). The BLM protein shows similarity to sequences of the RecQ subfamily of
ATP-dependent DNA helicases, including
RecQ (7), Sgs1 (8,9), Rqh1 (10), and the human RECQL (11,12) and WRN (13) proteins.
DNA helicases catalyze the unwinding of
double-stranded DNA to provide singlestranded templates for replication, repair, recombination and transcription (14,15). Most
helicases contain seven conserved helicase motifs. The first and third motifs, referred to as I
and II, coexist in proteins that bind nucleotide
triphosphates and they are not specific to helicases (16). The other motifs, Ia and III-VI, are
unique to helicases, presumably reflecting conserved protein structures that mediate DNA
binding and unwinding. The BLM protein exhibits an ATP-dependent DNA helicase activity

Bloom syndrome (BS, MIM# 210900) is a rare
human recessive disorder associated with
growth retardation, immunodeficiency and increased risk of malignancy at an early age (1,2).
The causative gene for BS is BLM, which was
mapped to the long arm of chromosome 15
(15q26.1), and encodes a protein with 1417
amino acids (3). The Bloom syndrome (BLM)
protein consists of seven domains (Fig. 1), from
the amino terminus poly-aspartate domain
(PD1), poly-serine domain (PS), poly-aspartate
domain (PD2), DEAH helicase domain
(DEAH) (4), RecQ helicase C-terminal domain
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Fig. 1. Schematic depiction of distribution of
the wild-type BLM protein and identified mutant alleles. All currently known mutations are
presented in boxes according to convention used in
Vihinen et al. (50). Insertions are marked with the
“@” sign and deletions with “#” in front of the mu-

tation site. If the mutation causes a stop codon, it is
marked with X and the number of the codon with
the newly introduced stop codon. The mutation positions are indicated by vertical lines. Domain organization of BLM protein is shown below mutations.

that unwinds DNA in a 3’–5’ direction (17) like
WRN (18) and Sgs1 proteins (19,20).
BLM mutations lead to excessive chromosome breakage and increased rates of sister
chromatid interchange in somatic cells (2). Although many BS mutations truncate the BLM
protein upstream of the helicase domain, four
single amino acid substitutions in helicase domain, namely Q672R, I841T, G891E, and
C901Y, have been reported on the human BLM
(3,21,22) and three point mutations, K703A,
Q680P, and I849T, on the mouse BLM (4).
These substitutions abolish both ATPase and
DNA unwinding activities of BLM protein.
Recently, the crystal structures were determined for Escherichia coli Rep (23) and Bacillus
stearothermophilus PcrA DNA helicases (24–26).
These DNA helicases share significant sequence
and structural similarity and contain all the signature helicase motifs (23,24,27,28). The crystal
structures, including complexes with single
strand DNA (ssDNA), provide insights into the
interactions of helicases with DNA. The ssDNA
binding involves residues from the helicase motifs Ia, III and V; whereas, the ATP binding involves the helicase motifs I and IV. Additionally,
mutations in a number of conserved helicase
motifs around the ATPase active site were characterized for Rep and PcrA DNA helicases and
revealed possible roles for amino acid residues
in the active site (23,25,26).

The recent crystal structures of DNA helicases, as well as the molecular biological
knowledge of BLM, were combined to shed
light on the effect of the BS-causing mutations
in the BLM helicase domain. We modeled the
helicase domain structure of the BLM protein
on the basis of the crystal structures of DNA
helicases and studied the structural basis of
BS-causing mutations.

Materials and Methods
BLM Mutation Database
A program was developed for the submission of
mutation and patient information to BLMbase.
The registry was built according to the guidelines adopted in BTKbase (IMT, University of
Tampere, Finland) (29). The aim was to provide information about the BS patients and their
genetic defects on the Internet by using the
World Wide Web. The BLMbase contained four
main items: identification of the patient and mutation(s), reference either to published article(s)
or a submitting physician, mutation information,
and data related to disease and therapy. All the
items were organized as fields, which were easily accessible. Protection of the patient’s identity
was assured in the registry. Patient entries could
be analyzed with the provided tools or with a sequence retrieval system (SRS) (30).
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Modeling of BLM Helicase Structure
The sequences of RecQ subfamily DNA helicases WRN (SWISS_PROT: Q14191), BLM
(P54132), RECQL (P46063), SGS1 (P35187),
RecQ (P15043) and Rqh1(Q09811) were retrieved from sequence databases. Their sequence comparison information (3,4,10,15) was
used to perform sequence alignment with Rep
and PcrA DNA helicases. The crystal structures
of Rep (PDB entry 1UAA) and PcrA DNA helicases (1PJR, 2PJR, 3PJR, 1QHG and
1 QHH) were structurally conserved on seven
helicase domains with high sequence similarity.
The multiple sequence alignment was performed for the RecQ subfamily, Rep and PcrA
helicases using Clustal W (31). The final alignment was achieved through manual adjustment,
based on the conservation of the helicase motifs.
The PcrA DNA helicase (3PJR) was used as the
template for modeling, because of the information concerning ATP and DNA binding (26).
The interactive modeling and display were
performed on Silicon Graphics OCTANE with
InsightII program (Molecular Simulations,
Inc., San Diego, CA). The conserved regions of
the BLM protein were modeled based on the
template protein. Sidechain rotamer library
was used to model amino acid substitutions.
Deletions and insertions were built up by
searching the loop database derived from Protein Data Bank (PDB) files (32,33). The program Discover (Molecular Simulations, Inc.)
was employed for model refinement. The initial model was optimized stepwise, with energy minimization using an Amber force field
(University of California, San Francisco, CA).
First, the loops with fixed and freed backbone
were respectively minimized for 500 steps. Afterwards, 500 steps of minimization were performed on the whole model with constrained
backbone, and then 800 steps with fixed C
atoms. The final model was checked for its
quality using the program PROCHECK (University College, London, UK) (34).

Results
BLM Mutation Database
All the reported BS-causing mutations (3,21,22,
35–38) were collected into a database called
BLMbase. Currently, 32 mutation entries from 31
unrelated families showing 22 unique genotypes
are listed. In addition to mutations, the registry
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contains information also about symptoms, age at
diagnosis and various relevant parameters from
the patient. The registry is constructed according
to the concepts used in BTKbase, X-linked agammaglobulinemia (XLA) mutation registry (29) by
using the MUTbase system (IMT, University of
Tampere, Finland) (39). The BLMbase is freely
accessible on the World Wide Web at http://
www.uta.fi/imt/bioinfo/BLMbase/. Researchers
are encouraged to send their patient and mutation information to the registry. BLMbase provides additional information, such as alterations
in restriction enzyme patterns due to mutations
and mutation statistics. The reported mutations
are scattered into several domains.
Sequence Alignment
To understand the structural consequences of BS,
the structure of the BLM helicase domain was
modeled. The sequence alignment among the
seven helicase domains of the RecQ DNA helicases and the candidate templates was based on
the conservation of helicase motifs and was adjusted according to the secondary structure. The
secondary structure of the BLM protein was predicted at Internet server Jpred (40,41). The secondary structure of Rep and PcrA DNA helicases
was taken from PDBsum database (Research Collaboratory Structural Bioinformatics) (42) and is
shown in Figure 2. The sequence alignment (Fig.
2) shows that the seven conserved helicase domains sequentially match each other. Furthermore, the distribution of the predicted secondary
structural elements of the BLM protein was similar to that of the Rep and PcrA DNA helicases.
In the sequence alignment, there were three
insertions of 4, 8, and 32 residues and six deletions of 7, 3, 77, 11, 215, and 6 residues, all of
which were located in the variable loops on the
surface of protein connecting neighboring secondary structures or subdomains. The insertion
of 32 residues was not modeled due to its size.
The deletion of 77 residues corresponded to the
surface-located subdomain 1B, between residues
108 and 188 in PcrA helicase; whereas, the deletion of 215 residues included a quarter of the
surface-exposed subdomain 2A, from residues
324 to 384 and the whole subdomain 2B, extending from residues 385 to 559.
Structural Model
The helicase domain of the BLM protein was
modeled on the basis of the PcrA core struc-
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Fig. 2. Sequence alignment of the helicase domains of the RecQ
DNA helicases and the PcrA and Rep DNA helicases. The seven
conserved helicase motifs, the point mutations of BLM protein, as well
as the insertion and deletions are displayed above the sequences, the
ATP-binding (◊) and DNA-binding ( ) residues of PcrA helicase are

shown (24–26). Secondary structure elements of PcrA DNA helicase are
indicated in red boxes for  helices and blue arrows for  strands. The
symbols “~a~”, “~b~”, “~c~”, and “~d~” represent the deletions of
residues 117–194, 334–553 of PcrA, and 109–185, 325–546 of Rep, respectively.
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ture, helicase domain. Figure 3A shows the
modeled BLM protein from residues 655 to
1029, superimposed with the template protein residues 4 to 652. The PcrA helicase comprised four subdomains termed 1A, 1B, 2A
and 2B; whereas, the BLM helicase domain
model had only two subdomains, 1A and 2A.
In the model, the seven helicase motifs were
situated between the subdomains 1A and 2A.
They formed the helicase core of the BLM
protein (Fig. 3A,C-1), within which there

were one cavity and another surface-exposed
cleft that could be occupied by ATP and
ssDNA, respectively (23–27). The final model
showed good Ramanchandran plot and geometric parameters.
There are one insertion of 32 residues and
two deletions of 77 and 215 residues in the
model, in addition to other minor insertions
and deletions (Fig. 2). The large insertion was
located outside of subdomain 1A; whereas, the
deletions of 77 and 215 residues were corre-

Fig. 3. Structural model of BLM helicase domain. (A) Superimposition of ribbon diagrams of
the template protein PcrA DNA helicase (3PJR) and
the BLM helicase domain (yellow). The trace of the
PcrA helicase from residues 4 to 652 and the structural model of the BLM protein from residues 655 to
1029 are shown. The PcrA DNA helicase is comprised of four subdomains 1A (magenta), 1B
(green), 2A (red) and 2B (orange); whereas, the
BLM model only contains subdomains 1A and 2A.
(B) Electrostatic surface of the model with the same
view as left. Negative potential is shown in red, positive potential in blue. The surface potential is negative over most of the surface except for the DNAbinding cleft. The docked ATP (green) is situated in
the nucleotide-binding pocket between subdomains

1A and 2A. The merged DNA (yellow) with ribbon
is located at the binding cleft with good complementarity. (C) Stereo diagram showing the structural
model of the BLM helicase domain with the same
view as above. (C-1) The seven conserved helicase
motifs, I, Ia, II, III, IV, V and VI, are shown in blue,
light blue, orange, magenta, red, white and green,
respectively. The docked ATP is displayed in green.
The nucleotide binding pocket is contributed by
motifs I, II-IV and VI; whereas, the DNA binding
cleft is formed by motifs Ia, III and V. (C-2) Secondary structure elements are indicated in red for
-helices and blue for -strands. The residues of
BS-causing mutations are displayed with sidechains
in green and residue K695, corresponding to mutation K703A on mouse BLM, is also displayed.
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sponding to the subdomain 1B and the subdomain 2B, plus a small surface-exposed segment
of subdomain 2A, respectively. Whether or not
and how will these big insertion and deletions
influence the model of the BLM helicase domain? This question is important to the application of the model and can be analyzed by further comparing the model to the structure of
PcrA helicases.
Rep and PcrA helicases had four subdomains 1A, 2A, 1B and 2B (Fig. 3A). The ATPbinding pocket was located between subdomains 1A and 2A and consisted of helicase
motifs I, II–IV and VI. The major component
of the DNA-binding site, surface-exposed
residues from motifs Ia, III and V, was situated at the surface cleft between subdomains
1A and 2A; whereas, the subdomains 1B and
2B only formed the walls of the DNA-binding
cleft and played a less important role (Figs.
3A, B). Obviously, the deletions of subdomains 1B, 2B and a small outside part of subdomain 2A did not influence the ATP binding.
The deletion of subdomain 1B had little influence on the DNA binding, because the major
part of the binding site was composed of subdomains 1A and 2A, while subdomain 1B was
only a minor part of the DNA binding site.
The insertion, which could not be modeled,
did not affect ATP and DNA binding because
of its surface location.
The BLM protein has been shown to form
oligomeric structure (43). Because of the low
resolution of the electron microscopy structure, we were not able to localize the modeled
part of the protein into the electron micrograph.

Electrostatic Surface Potential
The program Delphi (Molecular Simulations,
Inc.) was applied to calculate the electrostatic
potential for the model (Fig. 3B). The potential
of the BLM helicase domain was highly negative over most of the surface with the exception
of the cleft between subdomains 1A and 2A,
suggesting that the cleft could be involved in
DNA binding. The surface potential of PcrA helicase was similar in the cleft (24). The bound
DNA substrate from PcrA (26) was merged into
the BLM helicase model and exhibited good
complementarity. The model and the docked
ATP also had good complementarity, with both
electrostatic and spatial aspects.
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Discussion
Distribution of BLM Mutations
The most common mutation in BS is
delATCTGA/insTAGATTC at position 2281,
known as blmAsh mutation (@Y736X740). It is
very common (carrier frequency 1/104) in the
Ashkenazi Jewish population (44). BLMbase
contained 10 patients from the Ashkenazi Jewish
population. Almost all the Ashkenazi Jews with
BS were homozygous for the blmAsh mutation
(45). The mutation descriptions of 22 unique alleles are presented in BLMbase. The numbers of
individual mutation types for different alleles
were 6 missense mutations, 8 nonsense mutations, 3 frameshift insertions and 5 frameshift
deletions. All the currently known BS-causing
missense mutations are in the DEAH helicase or
RecQCt domains. Seven nonsense or frameshift
mutations led to stop codon and premature termination before the end of DEAH helicase domain. Two patients were heterozygous for BLM
mutations. One patient had 1bp insertion
(1610insA), causing frameshift and stop codon in
amino acid 516 in one allele (@G512X516) and a
nonsense mutation in the other allele (Q752X).
The other patient had a blmAsh mutation in one allele and a 1bp deletion (3233delT), causing
frameshift and stop codon at the amino acid 1077.
One frameshift deletion led to stop codon after
RecQCt domain at the amino acid 1097. Lu et al.
found that helicase domain may retain its DNA
helicase activity when the C-terminus is truncated downstream of the helicase domain of
SGS1, the BLM protein homolog in yeast (19,46).
In addition to BLMbase, there is another
database of BLM-causing mutations. Dr. James
L. German maintains an other database called
the Bloom Syndrome Registry (35,47,48) that
is not publicly available.
Residues Involved in DNA Binding
The structures of Rep and PcrA helicases free
and bound to ssDNA (24–26) clearly showed
that the motifs Ia, III and V contained amino
acids contacting ssDNA (Fig. 2). Because the
BLM helicase motifs sequentially and structurally match those of Rep and PcrA helicases,
we infer that the DNA-binding site of BLM
protein is located mainly in the motifs Ia, III
and V. These motifs form the surface-exposed
DNA-binding cleft between subdomains 1A
and 2A (Fig. 3B). In the model, the residues
L716 and R717 in motif Ia; Q838, D840 and
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I841 in motif III; as well as T946 and A948 in
motif V are corresponding to the DNA-binding
residues in Rep and PcrA helicases (Fig. 2).
Further evidence is provided that the mutation
I841T in human BLM and the corresponding
substitution I849T in mouse BLM (3,4) impair
the helicase and associated ATPase activities.
Nucleotide Binding Site
The ATP-binding residues (Fig. 2) of the Rep
and PcrA helicases have been confirmed biochemically and structurally (25,26). The corresponding residues in BLM protein, K695 and
S696 in motif I, D795, and E796 in motif II, P835
in motif III, R899 in motif IV and S987 in motif
VI, are thought to be ATP-binding residues. In
the model, the motifs I, II–IV and VI are situated
between subdomains 1A and 2A and form a
pocket accommodated by nucleotide molecule
(Fig. 3B,C-1). Based on the interaction mechanism of Rep and PcrA helicases with the nucleotide molecule (23–26), we further suggest
that K695 and D795 are involved in coordinating
Mg2; whereas, S696 and E796 might play a catalytic role for ATP hydrolysis. Such a suggestion
is supported by the observation that the point
mutation K703A in mouse BLM, homologous to
K695 in human BLM, abolished both ATPase
and DNA-helicase activities (4). Moreover, the
mutation K196H in motif I of yeast SUG1, corresponding to K703 of mouse BLM and K695 of
human BLM, had no detectable helicase or
ATPase activity (49).
Structural Basis of BS
Four point mutations, Q672R, I841T, G891E
and C901Y, have been identified in the human
BLM helicase domain (3,15) (Figs. 2 and 3C-2).
These mutations are at the conserved positions
and abolish both helicase and ATPase activities.
The mutation I841T, homologous to I849T
of the mouse BLM protein, is situated at the
end of motif III (Figs. 2 and 3C-1). I841 is surrounded by a cluster of charged residues, including R836, Q838, K839, D840 and Q844,
which correspond to a cluster of ssDNAbinding residues Y248, W250 and R251 of Rep
DNA helicase, forming hydrogen-binding interactions (23). The mutation I841T might affect the local electrostatics due to change from
a hydrophobic residue to a hydrophilic amino
acid. The substitution presumbly interferes
with the hydrogen-binding interactions.

The mutations G891E and C901Y appear at
the beginning and middle of motif IV, respectively (Figs. 2 and 3). Between G891 and C901,
R899 corresponds to the ATP-contacting R287
of PcrA helicase (25,26). The mutations G891E
and C901Y could lead to electrostatic and spatial changes of ATP-binding pocket and probably disturb the local structure.
The mutation Q672R appears at the beginning of -helix 2 (Figs. 2 and 3C-2). The
residue Q672, together with its neighboring
negatively charged residues N671, E674 and
N677, could form a part of the wall of the ATPbinding pocket. These residues correspond to a
cluster of negatively charged residues, N13,
E15, Q16, Q17 and E18, in the PcrA helicase
(25,26). The mutation leads to major electrostatic change at the position 672, which presumably interferes with the orientation of ATP in
the binding pocket and weakens its interactions with the BLM protein.
In addition, the mutation K703A on the
mouse BLM protein is positionally homologous to K695 of the human BLM (Figs. 2 and
3C-2). The residue K703 corresponds to the
conserved catalytic K37 of PcrA helicase, in
which K37A mutation impaired helicase and
ATPase activities (25,26). The mutation K703A
removes the charged sidechain, alters electrostatics and could eliminate the binding interaction. Furthermore, T38 in the PcrA helicase has
been confirmed by mutation to play an important role during catalytic process (25). Thus,
S704 in the mouse BLM or S696 in the human
BLM should cause BS when mutated.
In summary, the mutations in the BLM helicase domain sharply decrease the helicase
and ATPase activities, presumably by weakening interactions with DNA or ATP or by affecting the protein fold. In addition, we can further
infer, based on other ATP-binding residues of
PcrA helicase and their mutants (24–26), that
there could be BS if D795 and E796 in motif II
and N834 in motif III were mutated.
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