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Abstract

Introduction

Mutations of theAGXT gene encoding the alanine:glyoxylate aminotranséeraver enzyme
(AGT) cause primary hyperoxaluria type 1 (PH1). édete report a molecular modeling study of
selected missens&GXT mutations: the common Gly170Arg, the recently désd Gly47Arg
and Ser81Leu variants, predicted to be pathogesingstandard criteria.

Methods

Taking advantage of the refined 3D structure of A@€ computed the dimerization energy of
the wild type and mutated proteins.

Results

Molecular modeling predicted that Gly47Arg affeclisnerization with a similar effect to that
shown previously for Glyl170Arg through classicabdsiemical approaches. In contrast, no effect
on dimerization was predicted for Ser81Leu. Therefohis probably demonstrates pathogenic
properties via a different mechanism, simitar that described for the adjacent Gly82Glu
mutation that affects pyridoxine binding.

Conclusion

This study shows that the molecular modeling apgroaan contribute to evaluating the
pathogenicity of some missense variants that affi@oierization. Howeverin silico studies -
aimed to assess the relationship between struathemige and biological effects - requires the

integrated use of more than one tool.
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INTRODUCTION

Primary hyperoxaluria type | (PH1) is an autosomegkssive disorder caused by defects of the
liver-specific peroxisomal enzyme alanine:glyoxglaaminotransferase (AGT, EC 2.6.1.44)
encoded by thAGXT gene (1). The AGT molecule has a homodimeric atrecdvf 2x43 kD/ 392
aminoacid subunits. AGT rapidly dimerizes aftertBgsis in the cytosol, and is imported into the
peroxisomes, where it catalyzes the transaminasfoglyoxylate to glycine, coupled with the
conversion of alanine to pyruvate, with pyridoxgisosphate as a cofactor.

Deficiency of AGT in PH1 patients impairs the hepaletoxification of glyoxylate and results in
increased oxalate and glycolate in plasma and .ukxeess oxalate saturates body fluids and
accumulates as insoluble calcium salts in sevegdns (2, 3). The natural history of untreated
PH1 is characterized by progressive decline in Irehaction, from nephrolithiasis
nephrocalcinosis to generalized oxalosis and dgath

A comprehensive algorithm for the clinical and themical diagnosis of hyperoxaluria has been
recently proposed (5AGXT gene testing has become an important diagnostic(68) and
provided that the pathogenicity of mutations isifient, it renders the invasive liver biopsy (for
direct assaying of AGT activity) unnecessary in tnosses (9). Conversely, when only private
variants of unknown pathogenicity are found, molacdiagnosis remains doubtful.

The mutational spectrum of thHGXT gene encompasses almost 100 different mutatioriarso
including nonsense, splice site, frameshift andsemnise point mutations, and rarer entire exon
deletions (6,8,10). Missense mutations may havews pathogenic effects. The most frequent,
Glyl70Arg, causes a remarkable trafficking defediereby the newly synthesized AGT subunit
is diverted away from its normal peroxisomal logafiin part degraded, while the remaining in

part is diverted to the mitochondria where evemyudimerizes (11). This effect is synergistically



influenced by the common ProllLeu polymorphism vehiosu allele introduces a mitochondrial
signal sequence (12), that targets a fraction efABT protein to the mitochondrion (13), and
decreases the enzyme activity by 30% (14). Dockirttye correctly folded monomers into stable
dimers represents a critical step of AGT biosynitheRatients carrying Glyl170Arg, or other
mistargeting mutations synergic with the LeulleIRhel52lle (14), are most likely to respond
to vitamin B6 (Pyridoxine) (16-18). Other missemmatations are associated with accelerated
degradation or intra-peroxisomal aggregation, grabably result from misfolding at later stages
of AGT biosynthesis (14). Finally, specific mutatgof critical residues in the catalytic- or the
cofactor-binding sites can affect the enzymatidvagt without altering AGT dimerization or
targeting (19).

Determination of the crystal structure of the AGmzgme has enabled us to improve the
understanding of the pathogenic effects ahesarecurrent missense mutations, in terms of
folding, dimerization and stability (20). Such sesl may open the way to new therapeutic
strategies, based on the structure-based desigemafl molecules capable of rescuing the
defective enzyme, and thus extending the chancemgervative treatment to other more severe,
life-threatening and non-Pyridoxine responsive riomes (21).

In this paper we approach the question by usingwa in silico molecular modeling method
aimed to rationalize the effects of specific misgenAGT mutations on dimerization

thermodynamics and provide proof of principle ewicke of its performance.

SUBJECTS AND METHODS
Patients in whom the modeled mutations were idendtibelong to the Italian multicenter study of
primary Hyperoxaluria, and had given their informemhsent to use their genetic and clinical

data for research purposes, as already describé@®2). Age at onset, relevant clinical data and



residual liver AGT activity, when available, areosmn in Table 1. Screening AAGXT gene
mutations was performed on genomic DNA through RPplification and direct sequencing,
whereas healthy controls were analysed by DHPL@ fEfiseq NP_000021.1 protein sequence
of the human AGT gene was used as reference. Neibgpquence alignment of 22 orthologous

species was generated using Clustal\Wttpf//www.ebi.ac.uk/Tools/clustalw2/index.html

Supplementary material, Fig.2). The evolutionarysmvation at the mutated positions was
evaluated using the SIFT (23), SNPs3D (24) and PMRH) algorithms available on line. The
“major” or “minor” haplotype were characterized imgpection of the relevant sequence features
at codons 11 and 340 (26).

Molecular Modeling. Starting from the crystal structure of twe AGT homodimeWT:WT (20)

we prepared the refined three-dimensional (3D)cttire of the wild typewt) dimer bound to the
pyridoxal-5’-phosphate (PLP) cofactor and the amxyacetic acid (AOA) inhibitor (Figure 1)
available fromProtein Data Bank (27) - and from there we prepared the structurdnefvt AGT
monomer.

In the 3D models of the mutant AGT formmst) we replaced the side chains at the mutated sites
by the best rotamer of the substituting residuéofedd by careful conformational search and
geometry optimization using the molecular modebofwarelnsight-11 (Accelrys Software Inc.,
San Diego, CA, release 2000). We computed the cowiional and interaction energies of each
AGT monomer and dimer by molecular mechanics (MMing class Il consistent force field
CFF91 and charge parameters (28).

The dimerization of twant AGT monomers in aqueous solution to form a homodi(ver:MT)

can be represented by the energy of dimerizatMiy; = Eof MT:MT] - 2Eo{MT], composed of

contributions from molecular mechanics (MM) gial energy AEum) and solvent effects



(AEson) as:AEw = AEum + AEson. When computing dimerization energy, we took iatzount
the interaction between monomers in the dimer,stability and molecular structure of the free
monomers and the effect of solvent upon monomesscastion. We compared the differemt
AGT forms via relative changes in the dirmation energy,AAEy: = AE{MT:MT] -
AE{WT:WT] with respect to the referene& homodimer WT:WT. Relative changes were
defined in a similar way for the contributions aftb the MM interaction energy and the solvent
effect.

When computing the solvation energy, we also ino@ated the effects of ionic strength through
the solution of nonlinear Poisson-Boltzmann eque(29), using the software packabDelPhi
(Accelrys Software Inc., San Diego, CA, release@00

We calculated the molecular solvent-accessibleasarfirea of thet and mt residues by using
the Connolly algorithm (30) implemented in thasight-1l software. Relative changes in the
accessible surface area of the studied residues dipzer formation £AS,,) were calculated as
a difference in the solvent accessible surfacegsitiues in the dimer and in the free monomers
with respect to the corresponding residuesthie referencent form of AGT: AAS, =

(2Sconl Mt]mT - Scorl Mt,Mt]mr:mT )- (2Scon Wt wr - Scon WELWEwr:wr).

RESULTS

AGXT Mutations. The 3 selected mutations were all absent in &ltlne ethnically-matched
controls (160 chromosomes). Multiple sequence algm showed evolutionary conservation at
residue Gly47 and Glyl70 in 22/22 species and a81Sen 17/22 (Supplementary material,
Fig.2). The SIFT and SNPs3D software tools conattggredicted Gly47Arg and Ser81Leu to

be not tolerated, with similar or stronger scotemtthe common Gly170Arg mutation (Table 1),



and were considered as pathogenic. In contrast?iteT software predicted only Gly47Arg to
be pathogenic, and Ser81Leu to be tolerated.

We then implemented a molecular modeling approacstudy the effect of the three missense
changes on AGT dimerization, using the known Glyrg0mutation as a positive control. For
this, we modeled the homodimeric AGT forms of eaththe three changes, as well as the
heterodimer expected in the Glyl70Arg/Gly47Arg comnpd heterozygous patient 1. No
heterodimer was expected in patient 2 who carriedllanutation on the second allele.

Molecular Modeling. Residue Gly47 is located on the dimerization irsteef of AGT, close to
the C-terminal boundary of the long, irregular Nateal coil (residues 1-21) that upon
dimerization wraps around the cognate monorfieégure 2). Residue Ser81 is similarly
positioned on the dimerization interface, nda® tofactor binding site. In contrast, residue
Gly170 is located on the exposed surface withogctlicontact with the cognate monomer. Due
to its position at the dimer interface, the substin of the small Gly47 residue by a bulky
cationic Arginine contributes more to the relatsarface area buried upon AGT dimerization
(AAS,y) than the other mutations that either insert allemeesidue or are located outside of the
dimerization interface (Table 2). The Gly47Arg a@ty170Arg substitutions stabilize the AGT
homodimers via increased monomer-monomer intemctdEyy, more than the Ser8lLeu
substitution (Table 2).

On the other hand, the attractive MM interactioasised by the non conservative Gly to Arg
substitutions are largely compensated for upon AdsfWerization by the effect of the solvent.
Thewt AGT monomer bears a total molecular charge of ,#&kile Arg47 and Argl70 increase
its charge to +2 'eln both cases, and especially for Arg47, the fréemonomers with the

charged Arg residues exposed to the solvent aterbsttbilized by the interactions with water



(AAEsoy) than the dimers, where the corresponding residueartially buried (Table 2). Thus
the stability of the mutated dimers is significgrdiminished by the effect of protein hydratation.
In contrast, the Ser8lLeu substitution does nohgbaahe charge. The overall dimer stability,
which takes into account both the interactions eetwthe residues of the associated monomers
and the solvent effecDQEy), is weaker for all the considered dimers than the nativa/T: WT.

Our computational approach predicts a strondecrease of dimer stability for thet
GATR G47R > G170R. G170R dimers compared to th&/T:WT reference, while only a minor

change in dimer stability is predicted for theS31L:S31L homodimer (Table 2).

DISCUSSION

The pathogenic effect of recurrent AGT mutasi has been extensively investigated with
classical biochemical and biological approachesefies of studies, botéx vivo andin vitro,
have highlighted the peculiar effect of the recatr@€lyl70Arg mutation on AGT biosynthesis
(15). However, no comparable knowledge isilalle for the remaining missense AGT
mutations, about 30-34% in Caucasians, in whichoavigg series of rarer or private changes are
identified (10). In these cases, the current catef cosegregation of disease in families and lack
of disease in controls does not always allow tocrdiinate true mutations from rare
polymorphisms. The liver specific expression of A@ifther hampers to evaluate the effect of
promoter and splice-control mutations on mMRNA bidkgsis. For missense mutations,
determination of the crystal structure of AGT ha®med the way to rationalize the pathogenic
mechanisms in terms of folding, dimerization arab#gity of the enzyme (20). Here we describe
the application of molecular modeling techniquesaseans to explore the pathogenic potential

of AGT missense mutations. Similar approaches weasgiqusly employed by Burnett et al (31)
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for hemoglobin and Kobayashi et al (32) for lipaein lipases, but to our knowledge their use
for AGT mutations is novel.

We assumed the working hypothesis that some muatgtia particular the Gly47Arg situated on
the dimerization interface, affect the formationABT dimers and may exert effects similar to
those demonstrated for Glyl70Arg. Indeed, when atemalized the stability of the mutated
Gly170Arg and Gly47Arg dimers in terms of net cleaemd size of the replacing Arg residue and
its location on the molecular surface with resgedhe dimerization region, solvation resulted to
exert a dominant effect and stabilize the free mogrs more than the corresponding dimers. In
our molecular modeling both mutations change/Ah&; by an order of tenth kcal-mbl i.e.
shift the equilibrium constant of thet molecules from dimer to free monomernt. In other
words, dimers with either mutation are predicted b®® less thermodynamically stable at
physiological conditions than the wild type AGT &m

Decreased stability of the mutated AGT dimers hesnbpreviously considered as a possible
cause of the peroxisomes-to-mitochondria mistangeti5) and accelerated AGT degradation or
aggregation that have been associated with the 7GAfg mutation (14). According to our
modeling study, Gly47Arg destabilizes the AGT diregen more than Glyl170Arg. Interestingly,
a similar destabilizing effect is predicted for totthe Glyl170Arg:Glyl70Arg and
Gly47Arg:Gly47Arg mutated homodimers and for theg/431Arg:Gly170Arg heterodimer, whose
correspondingin vivo situation is represented by the compound heteram/gmtient 1. On
overall, these data support the pathogenicity gi@Arg, although its clinical severity cannot be
established in the presence of the mild Glyl70Atdation, as in general true for new described

mutations when found in compound heterozygosity\mild ones.
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The effect of the Ser8lLeu mutation predictedm molecular modeling is much less
pronounced, with a minimal change of tAAE; suggesting that secondary structures and
dimers formation are not affected. This is in agnent with the PMUT results, based also on the
profile of secondary structure and solvent accéiggibOn the other hand, Ser81Leu should be
considered pathogenic on the basis of absencémcatly matched controls and high degree of
evolutionary conservation. Its proximity to the actior and substrate binding sites suggests that it
may affect the catalytic function of the enzymeddad, the adjacent Gly82Glu mutation was
previously described to affect pyridoxine bindidg).

The wide mutational spectrum of primary hyperoxialiand the consequent variety of the AGT
enzyme defects makes the use of multiple approattheharacterize novel mutations highly
recommended. Since dimerization represents a arisitiep in AGT biosynthesis, the presented
approach can significantly contribute to assése pathogenicity of missense mutations,
clarifying their contribution to the phenotype apviding some insight into the structural and

functional changes of AGT responsible of the PHénaitype.
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Legends for figures

Figure 1

Dimerization site/active site view of the relax@tdtAGT monomer in a ribbon rendering.
The co-factor pyridoxal-5’-phosphate (PLP) atite substrate aminooxyacetic acid
(AOA) are shown in Corey-Pauling-Kultun (CPK) repeatation in cyan and brown. The
locations of the Leull and Met340 residues of tir@nmpolymorphic form are indicated
by horizontal and vertical arrows respectively. Tietated residues are highlighted:

Gly47 in yellow, Ser81 in green and Gly170 in white

Figure 2

(A) Front view and(B) side view of the AGT dimelT:WT in Corey-Pauling-Kultun
(CPK) representation, with monomer A shown in red monomer B in blue. Positions of
the mutated residues GlyA47 and GlyB47 are showseiiow, residues GlyA170 and
GlyB170 in white. Residues SerA81 and SerB81 |atatethe dimerization interface are
not visible. The long N-terminal extensions (cafsresidues 1 — 21) wrap around the N-

terminal segment of the opposing monomer.
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Tables 1 and 2

TABLES

Table 1. Clinical, biochemical and molecular findings of PpHtients.

PatientID Pathogenicityscore’
Age atonset | AGT enzyme AGXT Evolutionary
gender cDNA Protein
(yrs) activity haplotype* conservation
(origin) SIFT SNPs3D - PMut
0.00 -1.91 0.59
Cc.139G>A G47R minor 22/22
1 male nontoler. nontoler nontoler
35 2%
(Sicily) 0.00 -0.55 0.56
c.508G>A G170R minor 22/22
nontoler. nontoler nontoler
C.242C>T 0.01 -0.51 0.31
2 female S81L maior 17/22
1 Not done nontoler nontoler tolerated
(Serbia)
c.614C>A S205X maior

* minor haplotype is defined by P11L + 74bp-dugtion in intron 1 + 1340M.

8 non tolerated: SIFT < 0.05 (23), SNPs3D < Q @4lut > 0.5 (25).




Table 2 Buried surface and relative energies of dimeiopabf wild type (v) and

mutated t) human AGT monomers.

AGT dimer Interacting monomers Relative Relative energy ofdimerization
buried surface [kcal-mol]
[A]

Monomer MT; Monomer MT, AAS,, ® DMEun® | DAE,® | AAE*®
wt:wt wt AGT wt AGT 0 0 0 0
WT:WT (Qu=+1)' (Qu= +1)
homodimer
GA7R GATR mt AGT Gly47Arg | mt AGT Gly47Arg 158 -23 106 83
MT;:MT; (Qm=+2) (Qm= +2)
homodimer
G170R:G170R | mt AGT Gly170Arg | mt AGT Gly170Arg 44 -16 56 40
MT;:MT; (Qm=+2) (Qm= +2)
homodimer
B1L:BIL mt AGT Ser8lLeu | mt AGT Ser8lleu 14 1 2 3
MT;:MT, (Qu= +1) (Qm= +1)
homodimer
G47R:G170R mt AGT Gly47Arg | mt AGT Gly170Arg 110 -19 74 55
MT;:MT; (Qm=+2) (Qm=+2)

heterodimer

a

AASyr — relative contribution of mutated residue to theidd surface upon dimer

formation was calculated as the difference Qannolly surfaces (30) of the




concerned residues in the dinhT:MT and in free monomevIT with respect to the
native residues in the homodiméM: WT AASour = (2Scol] Mt mT - Scor Mt, Mt wt:m7)

— (2SodWtwr - Scorl Wt Wtwrowr), in [A;

AAEum = (Eum[MT:MT] - 2Eym[MT]) — (Eum[WT:WT] - 2Eym[WT]) is the relative
molecular mechanics interaction energy contributionthe MT:MT AGT dimer
formation with respect to thet homodimeVT: WT,;

AAEsoy = (EsodMT:MT] - 2EsofMT]) — (Esol] WT:WT] - 2Eso{ WT])) is the relative
solvation energy contribution to thdT:MT AGT dimer formation with respect to
thewt homodimenWT: WT,

AAEw: = AAEwm + AAEgy is the relative total energy change connected with
MT:MT AGT dimer formation with respect to thg homodimeWT:WT;

a change ofA\AE,; by 10 kcaimol™ corresponds to about 3.2% change in the energy
of dimerization theWT:WT dimer. For comparison, an increase of Gibbs frea of
dimerization reaction by 10 kealol™ will cause a shift of the equilibrium constant
of this reaction by a factor of B towards dissociated monomers;

Qut: Qe are the molecular chargeswafor mt AGT monomers including the co-

factor PLP and substrate AOA.
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Supplementary Material

Supplementary Material 1: Legend to Figure 1

Electropherograms of the three missense mutatioilses!

Supplementary Material 2.

Multiple sequence alignment of AGT orthologous segences of 22 different species.

The four mutated residues are highlighted with lspx@nd the substituting residue is indicated
above the top line. The degree of evolutionary eoration of each residue is indicated below the
bottom line, according to Clustal rules: * identity conservative substitution, . semi-conservative
substitution

H. sapi ens NP_000021.1, Mnulatta XP_001090301.1, P.pygmaeus BRDP0.1, C.jacchus

P31029. 1, C.famliaris XP_855949. 1, F. catus NP_001036031. 1, E. cabal | us

XP_001497552.1, B.taurus NP_001095825.1, O cuniculus NP_001075778.1, O. anatinus

XP_001513675. 1, R norvegi cus NP_085914. 1, M muscul us NP_057911. 2, X. laevis
NP_001081948.1, D.rerio NP_001002331.1, D.nelanogaster NP_511062.1, A aegypti
XP_001660875.1, N.vitripennis XP_001608017.1, A nellifera XP_397119.2, C. el egans

NP_495885. 1, S.purpuratus XP_780986.2, Cyanothece sp. CCY0110 ZP_01727410.1,

Prochl orococcus mari nus str. NATL2A YP 291337.1

Multiple sequence alignment of AGT orthologs usGigJSTAL 2.0.2.

H. sapi ens

M mul atta
Pongo_pygnmaeus
C.jacchus
Canis_fanmliaris
Fel i s_catus
Equus_cabal | us
Bos_t aurus

O cuni cul us

O anati nus

Rat t us_nor vegi cus
Mus_rmuscul us
Xenopus_| aevi s
Danio_rerio

D. mel anogast er
Aedes_aegypti
N.vitripennis
Apis_nellifera
C. el egans

.............................................. MFQALAKASAAL GP
.............................................. MFRALARASVAL GP
.............................................. MFRALARASATL GP
MPSQEAVADPGPPL L PCL PAACKGFCFL L TLQPL GL VWSRRGASREM.RAL AVASVAL GP
.............................................. M_VAL TTARAVL GH

---------------------------------------------- MFRMLAKASVTLGS
--------------------------------------------- MQGSVRS! SSSLLCA

14
14
14
60
14

14
15
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N.vitripennis
Apis_nellifera

C. el egans
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H. sapi ens

M mul atta
Pongo_pygmaeus
C.jacchus
Canis_famliaris
Fel i s_catus
Equus_cabal | us
Bos_t aurus

O. cuni cul us

O anati nus

Rat t us_nor vegi cus
Mus_rmuscul us
Xenopus_| aevi s
Danio_rerio

D. mel anogast er
Aedes_aegypti
N.vitripennis
Apis_mellifera
C. el egans

S. pur pur at us

L R
-------- MASHKL LVTPPKALLKPLSI PNQLLLGPGPSNLPPRI MAAGGLQW GSMBKD
-------- MASHKL L VPPPKAL LKPL S| PKRLLLGPGPSNLPPRI MSAGGMQ | GPNDKE
-------- MASHKL L VHPPKAL LKPL S| PNRLLLGPGPSNLAPRI MAAGGLQ | GPVBKD
RAAGW/RTMASHQL L VAPPKAL LKPLSI PTRLLLGPGPSNL PPRTMAAGGL QUL GHVHKE
QAAGWRTMASQQL LVAPPKALLKPLSI PNRLLLGPGPSNLAPRI LAAGGLQM GHVHKE
QVAGWARTMATCQLLVAPPEALLRPLSI PNRLLLGPGPSNLAPRVLVAGGKQM GHVHKE
QAAGWARTMASHQL LVAPPEAL RKPLSI PNRLLLGPGPANLAPRVLAAGGL QVI GHVHKE
RTAGW/RTMASHSL L VAPPAAL SKPLFI PSRLLLGPGPSNL TPRVMAAGGL QVL GHVHQE
-------- MASRQL L VAPPEAL RKPL CTPHRL L L GPGPSNL PPRVLAAGGL QM GHVHEE
-------- MBSQKLLVSPPPSLLKPFVI PDKLLLGPGPSNL PPRVMAAGGL QW GHVHKE
-------- MGSHQL L VPPPEAL SKPL S| PKRLLLGPGPSNLAPRVLAAGSLRM GHVIKE
RAAGW/RTMGSYQL L VPPPEAL SKPL SVPTRLLLGPGPSNLAPRVLAAGSLRM GHMOKE
ARLSAPVRI MSSLATI PPPSAL QRPLNVPQRLM._GPGPSNVPPRI QAAGGLQLI GHVHPE
--------- MBSLSVL- PPECLLKPFPVPQRLM.GPGPSNVPARI SAAGAQPM.GHLHTE
------------- MEVPPPL VL KRPL YVPSKTL MGPGPSNCSHRVL EAVSNPVL GHVHPE
----------- MEYKVTPPAVL REPL VTPNKL L MGPGPSNAPQRVL DAVBRP! LGHLHPE
------------- MEVEPPKEL LKPLQLPQRI L TGPGPSNCSQRVL KALEQQVL GHTHPE
- - - - MNYKWRKLAVHKEPPQ LRTKLQLPI KTLMSPGPTNCSKRVLQSLQNQ LGHLHPE
SVSI FGFG KSSMBSRAPPKAL L QDMWPPRQLFGPGPSNVADS! AETQSRNL L GHLHPE
------- MVGNKSMAVSSPKEL LLPM VPQKLLMGPGPSNVPPRI LAAGALPI LGHVHPE
--------- MT1 PSQP- - - - - - - QPLTI PPRLLMGPGPSNANPRI L SAMVBLPAI GHLDPF
| NRSVFLATQ LPSVDNQHRKDFGPTVSPERL L L GPGPSNADPAVLKAL SQPPI GHLDPF
* . . * kK ok . -k
L
MYQ MDEI KEGI QYVFQTRNPLTLVI SGSGHCAL EAAL VNVL EPGDSFLVGANG WEQRA
MYQ MDEI KEGI QYVFQTRNPLTLVI TGSGHCAL EAAL VNVL EPGDSFLVGVNG WEQRA
MYQ MDEI KEG RYVFQTRNPLTLVI SGSAHCAL EAAL VNVL EPGDSFLVGANG WGQRA
TYQ MDEI KEG QYVFQTRNPLTLVI SGSGHCALEAALI NVLEPGDSFLVGVNG WGQRA
MFQ MDEI KEG QYVFQTKNPL TLAVSGSGHCAL EAAL FNLL EPGDSFLVGANG WGQRA
MFQ MDDI KQG QYVFQTKNPLTLAI SGSGHCALEAALFNI LEPGDPFLVGVNG WGQRA
MYQ MDEI KQG QYVFQTRNPLTLAI SGSGHCAL EAAL FNLLEPGDSFLVGVNG WGQRA
VYQ MDEI KQG QYVFQTRNPLSLAI SGSGHCAL EAAL FNLLEPGDSFLVGVSG WGQRA
MYQUVDEI KQG QYAFQTRNAL TLAVSGSGHCAL ETAL FNLL EPGDAFLVGANG WEQRA
MFQ MDEI KEGI QYAFQTKNQ TLAI SGSGHSAVEAAL FNAL EPGDSVIWGVNG WEQRA
MFQ MDEI KQG QYVFQTRNPLTLVWSGSGHCAVETAL FNLLEPGDSFLVGTNG WG RA
M.Q MEEI KQG QYVFQTRNPLTLVWSGSGHCAVETAL FNLLEPGDSFLTGTNG WGVRA
MFQ MDDI KQG QYAFQTKNNL TFAVSGSGHCAVETAI FNVWEKGDWWLVAVKG WGERA
TI El MNQ KSG QYAFQTKNRVTLAVSGPGHAAVECAI FNSLEPGDKI LI AVNG WGERA
CLQ MDEVKEG KY! FQTLNDATMC SGAGHSGVEAALCNLI EDGDVWLMG TGVWGHRA
TLKI MDDl KEGVRYLFQTNNI ATFCL SASGHGGVEATLCNLLEDGDVI LI GHTGHWEDRS
MFQLMVDEI KAGLRYAFQTKNNLTLAI SASGHGGLEAAI GNVLERGENMLI VKAG WAERA
FCMLVDE! KEGLQYI FQTNNRLTLAL SASGHGGVEACL TNLLEPGETVLI VKSG WEERA
FVQ MADVRL GLQYVFKTDNKYTFAVSGT GHSGVECAMYNL L EPGDKFL VWEI GLWGQRA
TLKI MDDl KKGLQYVFQTKNEL TFAVSGSGHCGVEAAMWNLI EPGDVI LVASNG WGER!
YLEMVDQ QDLLRYVWQTENELTI SI SGTGSAGVEASLANVWEPGDWVLI GVMGYFGHRL
YVDL MSEVQEL L RYAWQT SNRL TL PMSGT GSAAVEATL ANVWEPEDTVLVAI KGYFGHRL
vk e e s ek sk 0k . . - . % k- %k . . * . *

R

VDI GERI GARVHPMTKDPGGHYTL QEVEEGL AQHKPVL L FL THGESSTGVL QP- LDGFGE
VDI GERMGARVHPMTKDPGGHY TL QEVEEGL AQHKPVL L FL THGESSTGVL QP- LDGFGE
VDI GERMGARVHPMTKDPGGHYTL QEVEEGL AQHKPVL L FL THGESSTGVL QP- LDGFGE
ADI GERL GARVHPMTKDPGGHYTL QEVEEGL AQHKPVL L FL THGESSSGVL QP- LDGFGE
ADI GERI GARVHSMKDPGDYYTL QDVEEGL AQHKPAL L FL TQGESSCGVL QP- LDGYGD
ADI GERI GARVHPM KDPGNHYTL QEL EEAL AQHKPVL L FL TQGESSSGVL QP- LDGYGE
ADI GERI GARVHVWKDPGGHHT L REVEEGL AQHKPVL L FL TQGESSSGVL QP- LNGYGE
QDI AERI GARVYPMVKAPGGHFTL QEVEEAL ARHKPAL L FLAHGESSTGVL QP- LDGYGE
AEVGERI GARVHPM KDPGSHYTL QEVEECL AQHKPVL L FL THGESSTGVL QP- LDGFGE
ADI AERI GGKVHQL VKSPGGYYTLQDI EKGLI QHKPVLLFLTQGESSSGVLQP- LDGYGD
AE| AERI GARVHQM KKPGEHYTL QEVEEGL AQHKPVL L FL THGESSTGVL QP- LDGFGE
AEI ADRI GARVHQM KKPGEHYTL QEVEEGL AQHKPVL L FLVHGESSTGWQP- LDGFGE
GDI AERI GADVRYVSKPVGEAFTL KDVEKALAEHKPSLFFI THGESSSGVWQP- LDGLGD
SEI AERI GAKVNTVETMAGGYL TNEE! EKALNKYRPAVFFL THGESSTGWHP- | DGl GP
GDMARRYGAEVHYVEASFGRAL SHEEI TFAFEAHRPKVFFI AQGDSSTG | QQNI RELGE
ADMATRYGADVRVVKSKVGQSL SLDEI RDALLI HKPSVLFLTQGDSSTGVLQG LEGVGA
ADVAGRLG RVDFVETEFGVAFGLREFEL AVSEYRPKAVFVVHSESSAGLKQP- LEGLGD
ACMANRL GANVKLLETDYTKG TLKELEI ALEQHRPVWVFM/HAESSTGVKQP- LEDFGV
ADLANRMG EVKKI TAPQGQAVPVEDI RKAI ADYKPNLVFVCQGDSSTGVAQP- LETI GD
ADL GKRL GANVKVL QNPTGVAFSLKQ EQSI HVYKPALFAI THGESSSGVLQP- LQG GN
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180
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112
112
134
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116
129
113
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140
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193
193
193
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193
171
171
171
193
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VDIVATRYGADVKTI NKPWGENFSLAELKEAI ETHKPAI LGLVNAETSTGVRQP- LEGVGE 163
ADVAGRYKANVETI HKEWGNAFSL QEI EDALKKHTPAVLAI VHAETSTGVCQP- MDA GD 199
. . . . * . . DR 3 * - . . *

* *

LCHRYKCLLLVDSVASLGGTPLYMDRQG DI LYSGSQKALNAPPGTSLI SFSDKAKKKMY 231
LCHRYKCLLLVDSVVSLGGTPLYMDQQG DI LYSGSQKVLNAPPGT SFI SFSDKAKKKMY 231
LCHRYKCLLLVDSVVSVGGTPVYMDQQG DI LYSGSQKALNAPPGTSLI SFSDKAKKKMY 231
LCHRYKCLLLVDSVASL GGAPLYMDQQG DI LYSGSQKVLNAPPGTSLLSFSDTAKNKI Y 253
LCHRYKCLLLVDTVAALGGVPI YNMDQQG DVLYSGSQKVLNSPPGTSLI SFSDKAKSKI Y 253
LCHRYNCLLLVDSVASLCGTPI YMDQQG DVLYSGSQKVLNSPPGTSLI SFSDKAKNKI Y 253
LCHRYKCLLLVDSVASLGAVPI YNDQQG DVLYSGSQKVLNAPPGTSLLSFSDKAKNKI Y 299
L CHRHQCL LLVDSVASL GGAPVYMDQQG DVLYSGSQKVLNAPPGTSLI SFSNKAKNKI Y 253
LCHRYKCLLLVDSVASL GGAPI YMDQQG DVL YSGSQKALNAPPGTSLI SFSDKAKSKI Y 231
LCHRYNCLLLVDCVASLGGTPI HVDKQAI DI LYSGSQKVLNAPPGTSI | SFSEKARKKI F 231
LCHRYQCLLLVDSVASLGGVPI YNDQQG DI LYSGSQKVLNAPPG SLI SFNDKAKSKVY 231
LCHRYQCLLLVDSVASLGGVPI YMDQQGE DI MYSSSQKVLNAPPG SLI SFNDKAKYKVY 253
LCHRYNCL LLVDSVASL GGAPI YMDKQG DI LYSGSQKVLNAPPGTAPI SFSEAASKKMF 254
LCRKYSCLFLVDSVAAL GGAPI CVDEQG DI LYTGSQKVLNAPPGTAPI SFSERACHKI F 229
LCRKYDCFLI VDTVASL GGTEFLVDEVKVDVAYTGSQKSLGGPAGLTPI SFSKRALTRI R 227
LCHQHNCLLI VDTVASL GGAPMFVDRWEI DAMYTGSQKVLGAPPG TPVSFSHRAVERYK 228
I VHKYGGLLI VDTVASLGAEPFFADAWG DVWYTGSQKALGAPAG TPI SFSPAAEKKI L 226
LI HKYNALLI VDVVASL CGEPFFMDSWDI DAAYAGSQKAI GAPPGLAPI SFSPRAEKKLF 235
ACREHGAL FLVDTVASL GGTPFAADDL KVDCVYSATQKVLNAPPGLAPI SFSDRAMVEKI R 248
VCRRNDCL FLVDSVASL GGVPMFVDEWGE DAl YSGSQKVLGAPPGTAPI SFSQRAI SKFK 232
LCREHNCL LLVDAVTSL GGVPFYTDKWGEVDLAYSCSQKGL GCPPGALSPFTMSDRAI EKLQ 223
LCRKYNCLLLVDTVTSLGGVPLYLDEVKI DLAYSCSQKGL SCPPGLGPFSIVNERAENKMS 259
. . * -k * .. * .

cekk ok .. * - ok k. *

SRKTKPFSFYLDI KWL ANFWGECDD- QP- RMYHHTT PVI SLYSLRESLALI AEQGLENSWR 289
SRKTKPFSFYLDI KWLANFWGECDG- QP- RMYHHTT PVI SLYSLRESLALI AEQGLENSWR 289
SRKTKPFSFYLDI KWLANFWGCDD- QP- RMYHHTI Pl | SLYSLRESLALI AEQGLENSVR 289
SRKTKPSSFYLDVKYLANLWGECDG- QP- RMYHHTTPVVSLYSLREGLALLSEQGLENSWR 311
ARKTKPVSFYLDMKWLANI WGCDD- QP- RVYHHTTPVI SLYSLRESLALI AEQGTDARAR 311
TRKTKPVSFYLDVKW.ANI WECDG- KP- Rl YHHTTPVVSLYSLRESLALI AEQGLENSWR 311
TRKTKPFSFYLDI KWLANFWGCDD- QP- RMYHHTTPI TGLYSLRESLALI AEQGLEDSWR 357
ARKTKPVSFYLDI QALANFWGECDD- KP- RTYHHTTPVTSLYSLRESLAHLAEQGLENSWR 311
ARKTKPFSFYNMDVQLLANI WGCDG- KP- RMYHHTTPVI G FALRESLALLVEQGLEKSW) 289
SRKTKPVSFAL DVSW. ANFWGECDD- KP- Rl YHHTTPVI SLYSLREGLAI LAEQGLEKSWK 289
SRKTKPVSFYTDI TYLSKLWGCEG- KT- RVI HHTLPVI SLYCLRESLALI SEQGLENSWR 289
SRKTKPVSFYTDI TYLAKLWGECEG- ET- RVI HHTTPVTSLYCLRESLALI AEQGLENCWR 311
GRKTKPPSL YVDI NMLANYWGCDG- KP- Rl YHHTGPVTNFFTLREGLAI LAELGLERSWA 312
NRKTKPI SYFLDLNW.ANYWGCDD- KPVRSYHHT GPVSSFYALRESLAI LAETGLENSVK 288
KRKTKPKVYYFDI LLI GQYWECYG- - TPRI YHHTI SSTLLYGLREALAHFCAVGLKAVVR 285
RRNTKVKVYYWDIVSLVGDYWECFG- - RPRI YHHTI SSTLLYGLREAI AVACEEGLPALI A 286
TRKSPVPVFYWDMI'WL. CRYWNCFDPRTPRPYHHT| SATLVYGLREALAQLAEEGLAASVWA 286
ERKTKPSSFYWDLTI LGNYWKCFG- NEDRVYHHTMSATLLYGLREALAEI AEEGLQALWN 294
NRKQRVASFYFDAI ELGNYWECDG- - ELKRYHHTAPI STVYALRAAL SAI AKEG DESI Q 306
SKKI RVPSFYL DL NHLANYWGCDA- GP- RRYHHTCPVTNLYQLREGLAMVAEEGLEECVK 290
KRTTSVSNWYLDWNLL SQYWCEPR- - - - - KYHHTAPCNIVNYGLREALAL | VEEGLENCWQ 278
NRKDKVPNWYLDVSLLNKYWGSDR- - - - - VYHHTAPVNWNFG REALRLLAEEGLEVSWG 314
. * . * . -k . *

* k%

QHREAAAYLHGRLQAL GLQLFVKDPALRLPTVTTVAVPAGYDWRDI VSYVI DHFDI EI MG 349
QHRETTAYLHGRLQALGL QL FVKDPAL RLPMVTTVVWPAGYDWRDI VSYVLDHFDI EI MG 349
KHREAAAYLHGRL QAL GLQLFVKDPALRLPTVTTVAVPAGYDWRDI VSYVIVDHFDI El MG 349
KHREAAAYLHGRLQALGLRLFVKDPALRLPTVTTVAVPTGYDWRDI VSYLI ERFG EI TG 371
GAGGRTPRAP- - - SSAGPEPSRVPQAARL PTVTTVAAPAGYDWRDI VNYVNMVDHFDI EI TG 368
QHREVTAYLHCGRLQGL GLQLFVKDPALRLPTVTTVAVPAGYDVRDI VNYVNVDHFDI EI TG 371
QHRETMAYLHGRLQGLGLRLFVKDPALRLPTI TTVAVPAGYNWRDI TNYVNMVDHFDI EI TG 417
QHREASEYLHACLQGLGLQLFVKDPALRLPTI TSVWPTGYDVRDI VKYI NDHHDI EI AG 371
RHREVAQHL YRRLQEL GLQLFVKDPALRLPTVTTVI VPASYRWRDI VSYVIVHHFG EI TG 349
HHEEVT QYL YEEL QKL GLKLFVKEPAVRLPTVTTVAVPEGYNVKDI VDFLMNKYG ElI TG 349
RHREATAHLHKCLREL GLKFFVKDPEI RLPTI TTVTVPAGYNWRDI VSYVLDHFNI El SG 349
RHREAT AHL HKHL QEMGL KFFVKDPEI RLPTI TTVTVPAGYNWRDI VSYVLDHFSI EI SG 371
VHQENALKLHKGLEALG KLFVKDPALRLPTVTTI SVPNGYEWKDI TTFI MKNHAI EI TG 372
RHKEVAEYFHKGL EQVIGL KLFVQDKKARLPTVTTI VAPPGYDWREI TGYI MKTFNI EI SG 348
RHQECSKRLQLG EELGLEMFVSREEERLPTVNTI KVPFGVDVWKKVAEYAVRKYSVEI SG 345
RHEDCAKRL YRGLQDAGFEL YAD- PKDRLSTVTTI KVPQGVDW.KAAQYAMKTYLVEI SG 345
RHANVSQKFHEGLARRGYQL FVKQPQHRLKTVTAI MLPDGVEAQPI | RYANMDRYNLEFSG 346
RHAAAAVRL RKGLELRGLQSYVKI PQYQLSTVI SVQLPPGVWDKWI QRAMEKYKVEI SR 354
RHKDNAQVL YATLKKHGL EPFVVDEKL RLPCLTTVKVPEGVDVWKDVAGKMMIN- GTEI AG 365
RHKAAARAL YAGLEKL GLKLFVEDEATRLPTVSAI LVPPGTDVWKKVVWYVMXYRI EI SG 350
RHQONAEL LWEG_EKL GLVCHVE- KQYRLPTLTTVRI PEGYNGKAVSI YLLKEYNI El GG 337
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RHRTNAKSLWANSLENI GLELHVK- EELRLPTLTTVKI PEGLDGKAFTKHLLNNFGVEI GG 373
* -k P * . * -

GLGPSTGKVLRI GLLGCNATRENVDRVTEAL RAAL QHCPKKKL- - - - - - 392
GLGPSAGKVLRI GLLGCNATRENVDRVTEAL GAAL QHCPKNKL- - - - - - 392
GLGPPTGKVLRI GLLGYNATHENVDRVTEAL RAAL QHCPKKKL- - - - - - 392
GLGPSTAKVLRI GLMECNATRENVDLVTEAL REAL QHCPKKKL- - - - - - 414
GLGPSVGKVLRI GLLGCNATRENVDRVTHAL QEALRHCPRHKL - - - - - - 411
GLGPSMEKVLRI GLLGCNATRENVDRVI QAL QEALQRCSRNKL- - - - - - 414
GLGPSMEKVLRI GLMGCNATRENVDRVI EALREALQRCPRNKL- - - - - - 460
GLGPSAGKVLRI GLLGGNATRESVDRVTRALREALQRCPRSKL- - - - - - 414
GLGPSADKVLRI GLLGCNATRENVDRLATAL REAL QHCAQSQL- - - - - - 392
GLGPSI GWLRI GLLGYNCSRANVDKVI QALREALKQCPKNKI - - - - - - 392
GLGPSEDKVLRI GLLGYNATTENADRVAEAL REAL QHCPKNKL- - - - - - 392
GLGPTEERVLRI GLLGYNATTENVDRVAEAL REAL QHCPKNKL- - - - - - 414
GLGPSTAKVLRI GLMGYNSTQLNVDRVL EAL RDAL QQCPKKKM - - - - - 415
GLGPSAGWL RVGL MGCNSNKANVDKVL EAL ADAL KHCHKSRV- - - - - - 391

GLGPTVEHVFRI GLMGENATVERVDMWLSI LNEAI QSSKLG KTDLSKI 394
GLGPTAGQVFRI GLMEONAT TERVDRVL QVFQEAVAAVKPDVQVKG- KM 393
GLGPTAGKVI Rl GLMGVNATSGHADL VL RGLDDAVKYAKSCQLKSNI - - 393

GLGPTVGKFLRI GLLRVNATPEKVDLVLRG.DEGLKYASESKL- - - - - - 397
GLGATVGEKI WRI GTFG NSNSTKI ENVVELL SKSI GEKSK- - - - - - - - - 405
GLGPSSEKWRI GL MGYNANQDNVKRVLRVLEDGLNHSRTTSRL - - - - - 394
GLGELAGKWRI GLMGYNSRPENVLLLLEALRKVL- - - - - - - - - - - - -~ 372

GLGDLAGKWRI GLMGYNSTSENVDKI | NI FETELPKFR- - - - - - - - - - 412

* k k * .k . *
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c.508G>A leading to p.Giy170Arg in patient 1

c.139G>A leading to p.Giy47Arg in patient 1

c.242C>T leading to p.Ser81Leu in patient 2



