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Summary

Combined deficiency of coagulation factor V (FV) and factor VIII (FVIII) (F5F8D) is an
inherited bleeding disorder characterized by a reduction in plasma concentrations of FV and
FVIII. F5F8D is genetically linked to mutations in either LMANI or MCFD2. Here, we
investigated the molecular basis of F5F8D in a Japanese patient, and identified a novel
missense mutation (p.Trp67Ser, ¢.200G>C) in the LMANI, but no mutation in the MCFD?2.
The amount of LMANI in Epstein-Barr virus-immortalized lymphoblasts from the patient
was found to be almost the same as that in cells from a normal individual. Interestingly, an
anti-MCFD2 antibody did not co-immunoprecipitate the mutant LMANI1 with MCFD2 in
lymphoblasts from the patient, suggesting the affinity of MCFD?2 for the mutant LMANT is
weak or abolished by the binding of the anti-MCFD2 antibody. In addition, a
Myc/6xHis-tagged recombinant form of wild-type LMANI1 could bind to D-mannose, but
that of the mutant could not. The p.Trp67Ser mutation was located in the carbohydrate
recognition domain (CRD), which is thought to participate in the selective binding of
LMANTI1 to the D-mannose of glycoproteins as well as the EF-motif of MCFD2. Taken
together, it was suggested that the p.Trp67Ser mutation might affect the molecular chaperone

function of LMANI1, impairing affinity for D-mannose as well as for MCFD2, which may be
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responsible for FSF8D in the patient. This is the first report of FSF8D caused by a qualitative

defect of LMANI1 due to a missense mutation in LMANI.
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Introduction

Coagulation factor V (FV) and factor VIII (FVIII) are both essential in the blood coagulation

cascade, as cofactors for the proteases factor X and factor IX, respectively. Combined

deficiency of FV and FVIII (F5F8D) is an autosomal recessive bleeding disorder first

described by Oeri et al. in 1954 (1), and a distinct clinical entity from chance co-inheritance

of hemophilia A (FVIII deficiency) and parahemophilia (FV deficiency). FSF8D is extremely

rare (1:2,000,000) in the general population (2), and characterized by a mild-to-moderate

bleeding tendency manifested after surgical trauma, abortion, and delivery. Menorrhagia is

also common, but hematuria and gastrointestinal bleeding are infrequent, and hemarthrosis is

rare (3). Generally, patients with FSF8D show plasma levels of FV and FVIII in the range of

5% - 30% of normal (4).

Positional cloning has identified 2 genes, LMANI (lectin, mannose-binding, 1; also known

as ERGIC-53) and MCFD2 (multiple coagulation factor deficiency gene 2), associated with

FSF8D (4, 5). LMANI is a type-1 transmembrane protein that cycles between the

endoplasmic reticulum (ER) and the ER-Golgi intermediate compartment (ERGIC) (6, 7). It

contains a mannose-specific carbohydrate recognition domain (CRD) on the ER luminal side,

and ER exit and retrieval motifs on the cytoplasmic side (8). MCFD2 has an EF-hand domain



Takayuki YAMADA

that interacts with LMANI in a Ca**-dependent manner (5). The LMAN1-MCFD2 protein

complex functions as a cargo receptor that facilitates the transport of FV and FVIII from the

ER to the Golgi apparatus (5, 9).

Extensive genetic analyses of FSF8D patients have identified many causative mutations in

LMANI and MCFD2, which may account for nearly all cases, with about 70% of familial

cases of FSF8D attributable to LMANI mutations and about 30% to MCFD2 mutations (10).

Most of these mutations, especially in LMANI, were nonsense, frame shift, splicing defect or

missense mutations, resulting in null alleles.

In this study, we examined the molecular basis of FSF8D in a Japanese patient, and

identified a novel homozygous missense mutation in LMANI that led to a functionally

abnormal LMANI1 causing the FSF8D.
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Materials & Methods

Patients and samples

The study was approved by the Ethics Committee of the Nagoya University School of

Medicine. After obtaining informed consents, blood samples were collected from the patient

and one of her children, but other family members did not participate in this study. Genomic

DNA was isolated from peripheral blood leukocytes according to a standard procedure. We

also established Epstein-Barr virus (EBV)-immortalized lymphoblast lines from the patient,

her children and a control individual.

DNA sequencing of LMANI and MCFD?2

All coding exons and intron-exon junctions of LMANI and MCFD2 were amplified from the

genomic DNA by a polymerase chain reaction (PCR) as described previously (18). The PCR

products were directly sequenced using a Big-Dye Terminator Cycle Sequencing kit and a 310

Genetic Analyzer (Applied Biosystems. Foster City, CA, USA).
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Western blot analysis

EBV-immortalized lymphoblasts derived from the patient, her child and a healthy control

were dissolved in lysis buffer (10mM Tris-HCl, pH7.4, 150mM NaCl, 1mM MgCl,, 10mM

CaCl,, and 1% Triton X-100), the lysate were cleared by centrifugation at 1500x g, and

protein concentrations were determined using a Bio-Rad Protein Assay Kit (Bio-Rad,

Richmond, CA). Equal amounts of cell lysate (1.5ug) were separated by 10% sodium dodecyl

sulfate (SDS)-polyacrylamide gel -electrophoresis (PAGE) and transferred to PVDF

membranes. LMAN1 was detected by immunostaining with a chicken anti-LMANI1 IgY

antibody (GenWay Biotech, Inc., San Diego, CA) and a rabbit anti-chicken IgY conjugated

with horseradish peroxidase (GenWay Biotech, Inc.), using an ECL PLUS Western blotting

detection system (Amersham Biosciences, Piscataway, NJ).

Enzyme-linked immunosorbent assay for the measurement of LMANI
We also measured antigen levels of LMANI1 in equal amounts of lysate (15ug) with an

enzyme-linked immunosorbent assay (ELISA) as described previously (19). Briefly, a

polyclonal chicken anti-LMANTI antibody was used for capturing, while amplification and

detection of the signals were achieved with a biotinylated polyclonal chicken anti-LMAN1
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antibody and avidin peroxidase using an ECL Protein Biotinylation Module kit (Amersham

Biosciences). We calculated the absorbance of the sample relative to that of a normal sample

(mean + S.D., n=3).

Immunoprecipitation (IP)-Western blot analysis

Equal amounts of lymphoblast lysate (250ug) in the presence of 10mM Ca®* or 10mM

EDTA in the lysis buffer were immunoprecipitated with a goat anti-MCFD2 antibody (Santa

Cruz Biotechnology, Inc., Santa Cruz, CA) using protein G PLUS-Agarose (Santa Cruz

Biotechnology, Inc.). The precipitated samples were then separated by 10% SDS-PAGE and

transferred to PVDF membranes. The signals were detected as described above for LMANI.

Construction of expression vectors for wild-type and mutant LAMNIs bearing

an N-terminal c-myc epitope tag and a C-terminal 6 xHis tag

A full-length human LMAN1 cDNA was amplified by PCR from a human liver cDNA

library (Clonetech, Mountain View, CA), and cloned into the pCI vector (Promega, Madison,

WI). To allow for the simplified detection and purification of the recombinant LMANI1, we

engineered a myc/6xHis-tagged LMANI1 expression vector as described previously (11). First,

_10_
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a c-myc epitope was introduced at the N-terminus of mature LMAN1 by recombinant PCR

using mutagenesis primers, 5’-CAGATCCTCTTCTGAGATGAGTTTTTGTTC

GCCCCGGACGAAGCGAC (forward: mutated nucleotides are underlined) and

5’-CTCATCTCAGAAGAGGATCTGGACGGCGTGGGAGGAGA (reverse), as described

elsewhere (20). Second, a 6xHis tag was introduced at the C-terminus, replacing the targeting

signal (KKFF) of LMANI, by substitution with a PCR fragment using a mutagenesis reverse

primer, 5’-CCTCAATGGTGATGGTGATGATGGGCAGCTGCTTCTTGCT. Subsequently,

we introduced a ¢.200G>C mutation into the myc/6xHis-tagged LMANI by substitution with

a PCR product using a forward mutagenesis primer,

5’-GCACCTGGTGCAGAGCGACGGGACCGTGCCCTTCTCGGCC. The presence of the

desired mutations and the absence of a second mutation in the expression vectors were

confirmed by DNA sequencing.

Transient expression of recombinant LMANI in COSI cells

COS-1 cells were grown in DMEM supplemented with 10% fetal calf serum. The cells were

cultured in 100-mm dishes until about 50% confluent, and then transiently transfected with

20ug of the expression plasmid vectors using the calcium phosphate method as described

_11_
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previously (21). After 48 h of incubation, the cells were harvested and dissolved in the lysis

buffer as described above. The cell lysates were then centrifuged at 1500x g for 10 min and

cleared supernatants were used for subsequent mannose-binding experiments.

Mannose-binding assay for recombinant LMANI1

The cleared cell lysates containing wild-type or mutant Myc/6xHis LMAN1 were incubated

with Ni-NTA agarose (Invitrogen, Carlsbad, CA) under constant agitation for 1h at 4°C. After

washing with binding buffer (10mM Tris-HCI, pH7.4, 150mM NaCl, I1mM MgCl,, 10mM

CaCl,, and 0.15% Triton X-100), bound proteins were eluted with 0.25M imidazole and

dialyzed against the binding buffer. The protein concentrations in the dialyzed samples were

quantified using the Bio-Rad Protein Assay Kit. The samples (4ug each of total protein) were

incubated with 200ul of mannose agarose (EY Laboratories, San Mateo, CA) under constant

agitation overnight at 4°C. After washing, bound recombinant LMANT was eluted with 200ul

of 0.2M D-mannnose (Sigma-Aldrich, Inc. St Louis, MO) in the binding buffer, and then

immunoprecipitated with anti-c-myc antibody (Santa Cruz Biotechnology, Inc.) coupled to

Protein G PLUS-Agarose. Subsequently, the precipitates and the pre-mannnose agarose

samples (0.12ug of total protein for the wild-type and 0.4 ug for the mutant) were analyzed

_12_
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by 10% SDS-PAGE and Western blotting using a polyclonal chicken anti-LMAN1 antibody

as described above.

_13_
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Results

Case report

The patient was a 32-year-old female suffering from bleeding after the 3rd delivery, having

had similar bleeding episodes in her previous two deliveries. Her platelet count, FDP-E and

liver function tests were normal, but both her PT (19.7s/control 12.0s) and APTT

(72.5s/control 43.6s) were prolonged. She was diagnosed with FSF8D, because her FV and

FVIII coagulant activities were 14% and 19%, respectively, and the activities of the other

coagulation factors were normal (fibrinogen, 275mg/ml; FII, 78%; FVII, 96%; FX, 83%; FIX,

110%; FX1, 70%; FXII, 84%; PK, 70%; HMWK, 104%). In order to investigate the molecular

basis of her FSF8D, she was referred to the Nagoya University hospital.

Mutational analysis in the F5F8D patient

We analyzed coding regions and intron-exon boundaries of LMANI and MCFD?2 of the

patient with FS5F8D by PCR-mediated direct sequencing, and identified a novel missense

mutation in LMANI, but no mutation in MCFD?2. The mutation, found in exon 1 of LMANI,

was a G-to-C transversion at nucleotide 200 (¢.200G>C), leading to the substitution of TGG

(Trp) at codon 67 with TCG (Ser) (p.Trp67Ser) (Fig. 1). The patient turned out to be
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homozygous for the ¢.200G>C mutation, as confirmed by a Apal PCR-restriction fragment

length polymorphism (RFLP) analysis (data not shown). A large deletion of LMANI in the

other allele of the patient was excluded because of heterozygosity for a SNP (refSNP ID:

rs11354119) in intron 6 of LMANI (data not shown). Her child was also found to be

heterozygous for this mutation by DNA sequencing as well as the Apal- RFLP analysis.

Western blot analysis and ELISA for LMANI protein

To determine expression levels of LMANI1 in vivo, we prepared Epstein-Barr virus

(EBV)-immortalized lymphoblast lines derived from the patient, her child and a healthy

volunteer, and measured LMANI antigens by Western blot analysis as well as by

enzyme-linked immunosorbent assay (ELISA). LMANTI proteins of the expected molecular

size (53kDa) were detected in all samples by Western blotting (Fig. 2A), and no difference in

relative absorbance was found among the samples by ELISA for LMANI1 (Fig. 2B). These

results indicated that the amounts of mutant LMANT1 expressed in lymphoblasts from the

patient were same as those of wild-type LMAN1 in normal control lymphoblasts.

_15_
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Immunoprecipitation (IP)-Western blot analysis.

To examine the relation between LMAN1 and MCFD2 in the EBV-immortalized

lymphoblasts, we performed immunoprecipitation (IP)-Western blotting using anti-MCFD2

and anti-LMAN] antibodies, with 10mM Ca** or 10mM EDTA present in the lysis buffer. In

lymphoblasts from the normal individual, we observed that the anti-MCFD2 antibody

co-immunoprecipitated LMAN1 with MCFD2 in the presence of 10mM Ca™, but not 10mM

EDTA (Fig. 3A). In lymphoblasts from the patient, however, the anti-MCFD2 antibody did

not co-immunoprecipitate mutant LMAN1 at all, even in the presence of 10mM Ca®. In

lymphoblasts from the child carrying the heterozygous mutation, the signal for LMANI1

co-immunoprecipitated with the anti-MCFD2 antibody was slightly weaker than that in

lymphoblasts from the normal control in the presence of 10mM Ca*. These results indicated

that the mutant 67Ser-LMANT1 associated with MCFD2 to a much lesser extent than

wild-type LMANT in lymphoblasts.

Mannose binding assay for recombinant Myc/6xHis-LMANI1

To test the ability to bind to mannose agarose, we prepared wild-type and mutant

recombinant LMAN1 bearing myc/6xHis tags. The recombinant myc/6xHis-LMANI1 eluted

_16_
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from mannose agarose with 0.2M D-mannose were immunoprecipitated with an anti-c-myc

antibody, and detected by Western blotting with an anti-LMANT1 antibody. We demonstrated

that the wild-type myc/6xHis LMANI bound to mannose agarose, whereas the mutant

myc/6xHis LMANTI did not (Fig. 4). We also observed that the wild-type recombinant

LMANI1 bound to the mannose in a Ca**-dependent manner as reported previously (11) (data

not shown).

_17_
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Discussion

F5F8D is a very rare congenital bleeding disorder and recent extensive genetic analyses of

FSF8D patients have identified many causative mutations in the LMANI and MCFD genes.

We here investigated the molecular basis of FSF8D in a Japanese patient, and identified a

novel missense mutation (p.Trp67Ser, ¢.200G>C) in the LMANI, but no mutation in the

MCFD2.

To date, at least 32 LMANI mutations have been reported throughout all 13 exons of the

gene, most of which are either nonsense or frameshift mutations leading to the complete

absence of a functional LMANI protein (12-14). So far, only two missense mutations have

been reported in LMANI, p.Metl Thr and p.Cys475Arg, which resulted in little or no LMAN1

protein in the cells (13, 15). In this report, we showed that lymphoblasts from a patient with a

homozygous p.Trp67Ser mutation possessed a variant LMANI protein in the same amount as

LMANTI in lymphoblasts from a normal individual. These results implied that the variant

67Ser-LMANT might be functionally abnormal as a cargo receptor in a complex with MCFD2

for trafficking FV and FVIII in this FSF8D patient.

LMANT1 is thought to form a Ca**-dependent complex with MCFD2 in the ER lumen at a

stoichiometry of 1:1. Direct molecular interaction between LMAN1 and MCFD2 can occur in

_18_



Takayuki YAMADA

vivo, because these two proteins can be co-immunoprecipitated in a complex from cells (5, 9).

We examined the interaction between LMAN1 and MCFD?2 in lymphoblasts by IP-Western

blot analysis using anti-MCFD2 antibody, and found that the variant 67Ser-LMANI1 of the

patient impaired Ca**-dependent association with MCFD2. The CRD of LMANI would

contain the MCFD2-binding site, because the LMAN1-MCFD2 complex was reconstituted in

vitro using the purified CRD of LMANI1 and MCFD2 (16). In addition, the alignment of

LMANT1 and related sequences from different organisms within the animal kingdom revealed

a high degree of sequence identity including 67Trp (Fig. 5), which located in the CRD of

LMANTI is one of the tryptophans forming a hydrophobic ladder running through the

hydrophobic core of the protein (17). In the crystal structure study of the CRD, Velloso et al.

showed that 67Trp locates in the first strand ($2) of the major (3-sheet consisting an edge of

CRD, and concluded that the major B-sheet (2, BS, p14, B7-f10) curved giving rise to a

concave surface, which is the putative ligand binding site (Fig. 6) (17). Therefore, it is likely

that the p. Trp67Ser missense mutation would affect the conformation of the CRD in LMAN1

leading to a change in affinity for MCFD2.

It was reported that the recombinant CRD of LMANI could bind to sugars in a Ca®

-dependent manner, and this was enhanced by its interaction with MCFD2 (16). In the present
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study, we demonstrated that the recombinant wild-type LMANT could bind to mannose in the

presence of Ca’* ions in vitro, even in the absence of MCFD2. In contrast, the mutant

67Ser-LMANI1 lost its sugar-binding ability, suggesting that the p.Trp67Ser missense

mutation in the CRD would abolish the binding to mannose, possibly due to a conformational

change of the CRD in LMANI.

It was likely that the p.Trp67Ser mutation in LMAN1 abolished its sugar-binding ability and

impaired its interaction with MCFD?2, resulting in the reduced secretion of factors V and VIII

in this FSF8D patient. To our knowledge, this is the first report of FSF8D caused by a

functionally abnormal LMANT due to a missense mutation in LMANI.

_20_
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Figure legends

Fig. 1. Sequence analysis of LMANI.

Nucleotides and predicted amino acids sequences surrounding the mutation of exon 1 in the
LMANI gene. Arrows indicate the site of mutation. The mutation was a G-to-C transversion at
nucleotide 200, leading to a substitution of TGG (Trp) at codon 67 with TCG (Ser).

Pt: patient, Ch: child, N: normal individual.
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Fig. 2. Quantification of LM ANI1 proteins in lymphoblasts.

A: Western Blot analysis of LMANI1 in lymphoblasts from the patient, her child and a normal

individual. LMANI1 protein of the expected size, 53kDa, was detected in all samples.

B: LMANI levels in lymphoblasts determined by ELISA. We calculated the absorbance of

the sample relative to that of a normal sample (mean + S.D., n=3). Pt: patient, Ch: child, N:

normal individual.
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Fig. 3. IP-Western blot analysis of LMAN1/MCFD2 complex

Samples immunoprecipitated with a goat anti-MCFD2 antibody from lymphoblast lysates,

with 10mM Ca* or 10mM EDTA present in the lysis buffer, were analyzed by Western

blotting for LMANT using a chicken anti-LMANT antibody. Pt: patient, Ch: child, N: normal

individual.
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Fig. 4. Mannnose-binding assay.

A wild-type (67Trp) or mutant (67Ser) recombinant LMAN1 bearing myc/6xHis tags were

expressed in COS1 cells and purified by Ni-NTA agarose. The samples were then incubated

with mannose agarose, eluted with 0.2M D-mannnose, immunoprecipitated with an

anti-c-myc antibody, and detected by Western blotting with an anti-LMANT antibody.

pre: samples pre-treated with mannose agarose, elute: samples eluted from mannose agarose.
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Fig. 5. Comparison of amino acid sequences of human, monkey, rat,

mouse, fruit fly, C. elegans and Laccaria bicolor LMANI.

Open boxes denote amino acids that do not differ between human LMAN1 and LMANI from

other species. 67Trp (W in bold in the shaded box) is conserved in all species.
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Fig. 6. Structural model of Carbohydrate Recognition Domain of LMAN1

Overall structure of LMAN1 monomer was maid by MacPyMOL according to the data form

PDB: 1GV9 (17). 67Trp is one of the tryptophans (67Trp, 94 Trp, 126 Trp, and 144W)

forming a hydrophobic ladder running through the hydrophobic core of the protein. 67Trp

locates in the first strand (32) of the major B-sheet consisting an edge of CRD, and the major

B-sheets (B2, BS, p14, p7-P10) are though to curve giving rise to a concave surface, which is

the putative ligand binding site (17).
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AR 25N
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67

67
Pro Phe Ser Ala His Pro Phe Trp Ala His Pro Phe Trp Ala His
CCCTTCTCGGCCCAC CCCTTCTGGGCCCAC CCCTTCTGGGCCCAC
CCCTTCTCGGCCCAC CCCTTCTCGGCCCAC CCCTTCTGGGCCCAC
Pro Phe Ser Ala His

Pro Phe Ser Ala His Pro Phe Trp Ala His

Fig. 1.
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Fig. 3.
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wild-type mutant

pre elute pre elute

Fig. 4.
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67

human YSFKGPHLVQSDGTVPEWAHAGNAIPSSDQI
monkey YSFKGPHLVQSDGTVPEWAHAGNAIPSSDQI
rat YSFKGPHLVQSDGTVPFWAHAGNAIPS—ﬁQI
mouse YSFKGPHLVQSDGTVPEWAHAGNAIPSADQT
fruit fly W NAIASS|

C. elegans W IAS @
Laccaria bicolor W

Fig. 5.
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putative ligand
binding site

Fig. 6.
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