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Abstract

We studied a consanguineous Palestinian Arab family segregating an autosomal recessive progressive myoclonus epilepsy
(PME) with early ataxia. PME is a rare, often fatal syndrome, initially responsive to antiepileptic drugs which over time becomes
refractory and can be associated with cognitive decline. Linkage analysis was performed and the disease locus narrowed to
chromosome 19p13.3. Fourteen candidate genes were screened by conventional Sanger sequencing and in one, LMNB2, a novel
homozygous missense mutation was identified that segregated with the PME in the family. Whole exome sequencing excluded
other likely pathogenic coding variants in the linked interval. The p.His157Tyr mutation is located in an evolutionarily highly
conserved region of the alpha-helical rod of the lamin B2 protein. In vitro assembly analysis of mutant lamin B2 protein revealed
a distinct defect in the assembly of the highly ordered fibrous arrays typically formed by wild-type lamin B2. Our data suggests
that disruption of the organisation of the nuclear lamina in neurons, perhaps through abnormal neuronal migration, causes the
epilepsy and early ataxia syndrome and extends the aetiology of PMEs to include dysfunction in nuclear lamin proteins.
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Introduction

Progressive myoclonus epilepsies (PMEs) are a rare group of pre-
dominantly recessive disorders that present with action myoclo-
nus, tonic-clonic seizures and progressive neurological decline.
Clinically, these disorders are divided into two groups based on
preservation or loss of cognition. The former group includes Un-
verricht-Lundborg disease caused by mutations in CSTB (1), PME
with or without glomerulosclerosis owing to mutations in
SCARB2 (2) and PME plus early ataxia associated with mutation
in GOSR2 (3) and KCNC1 (4). The latter group includes Lafora dis-
ease and neuronal ceroid lipofuscinoses (NCLs) that both have dis-
tinctive pathological diagnoses and for which at least ten genes
have been causally linked [most reviewed in (5)]. PME genes
encode proteins with diverse functions including lysosomal prote-
olysis (e.g. CSTB and CTSF) and vesicle trafficking (e.g. CLN3 and
GOSR2). However, there are cases that are not explained by muta-
tion of any known genes, suggesting further genetic heterogen-
eity. While substantial progress has been made in determining
some of the genes associated with PMEs comparatively little is
known about the mechanisms that underlie them.

Herein, we report a family segregating autosomal recessive PME
with early ataxia. We mapped the disease to a novel locus on
chromosome 19 and identified a homozygous missense mutation
in the LMNB2 gene that encodes lamin B2, one of the four principal
human nuclear lamin proteins (in germ cells special splice forms
such as lamin B3 and lamin C2 are found). Our in vitro functional
studies implicate this mutation in the pathogenesis of PME and
early ataxia. In contrast to LMNA, for which over four hundred
mutations have been found leading to a complex set of at least
fourteen partially overlapping disease entities (6) including prema-
ture ageing (Hutchinson-Gilford progeria syndrome) and Emery-
Dreifuss muscular dystrophy, no definitive pathogenic mutations
have been reported in LMNB2. Interestingly, a mouse knockout
model of LMNB2 has a neuronal migration defect resembling lis-
sencephaly (7), and it was suggested that mutation of this gene
might cause human neurologic disease (8,9).

Results
Clinical presentation

The proband (Fig. 1A, arrow) of the Palestinian Arab family was de-
velopmentally normal until age 7 years when myoclonic seizures
began. By 9 years, her gait deteriorated, seizures were associated
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with falling and tonic-clonic seizures commenced. By 10 years,
she required a wheelchair owing to frequent falls and seizures be-
came resistant to anti-epileptic drugs. On examination, there was
severe action myoclonus involving limbs and bulbar muscles. She
had scoliosis and diffuse muscle wasting, and there was diffuse
loss of subcutaneous fat. Cognition was normal. Severe action
myoclonus continued through her teens, with tonic-clonic sei-
zures occurring approximately monthly. Her cognition remained
intact despite worsening epilepsy. She died at 20 years owing to
status epilepticus. Post-mortem examination was not performed.
MRI at 9 years was normal (Fig. 1B). An expansion in the known
PME gene CSTB was excluded by direct sequencing.

The epilepsy of the proband’s younger sister began at 6 years
with morning myoclonus, followed by tonic-clonic seizures at 6.5
years with a very similar seizure pattern and course to the pro-
band. However, she also had developmental delay, first talked
at 20 months, walked at 2 years and only ever ran clumsily
until her gait deteroriated with seizure onset in her seventh
year. She attended a special school; though her intellect was
low it remained stable until last evaluated at age 12 years. Exam-
ination showed she was small and wasted with little subcutane-
ous fat (18 kg at age 9 years); she had short thumbs, curved digits,
a small tongue and scoliosis. MRI at 18 months showed complete
agenesis of the corpus callosum, venticulomegaly, a left-sided in-
terhemispheric cyst and simplified gyration frontally (Fig. 1C).

The parents and siblings were phenotypically normal. There
was no history of lipodystrophy, and full examination of the
skin of the father and two siblings was unrevealing.

Linkage analysis reveals a single locus on
chromosome 19

Using an autosomal recessive model, a single significant linkage
peak was found extending 3 138 680 bp from the telomeric end of
the p arm of chromosome 19 (19p13.3; 9.86 cM) with a maximum
LOD score of 2.49 (Fig. 2A). No other regions with a LOD score of
>1.0 were identified. As expected for a homozygous recessive
model, haplotype analysis inferred that the affected siblings
were homozygous for the region on 19p13.3 (Fig. 2B).

Candidate gene screening at the chromosome 19 region

The linked region contains atleast 80 genes and of these fourteen
candidate genes (ATP8B3, ATP5D, CNN2, EFNA2, GAMT, GRIN3B,

Figure 1. Family pedigree and magnetic resonance imaging. The six-generation Palestinian Arab family showing segregation of PME and ataxia in an autosomal recessive
pattern. Double line consanguineous event; diagonal line deceased. (B) Normal brain MRI of proband at 9 years. (C) Brain MRI of younger affected sister at 18 months
showing callosal agenesis, a large interhemispheric cyst and simplified gyration frontally.
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Figure 2. Linkage Mapping (A) LOD scores on chromosome 19. A maximum
genome-wide significant LOD score of 2.49 was identified for a region of ~9.86
cM on the p arm of chromosome 19. (B) Haplotype analysis of the Israeli Arab
family. The disease haplotype is shown in orange.
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HCN2, LMNB2, NDUFS7, PALM, PLEKHJ1, POLRMT, POLR2E and
TIMM13) were selected based on known association with a
neurological disease, neural expression or function as an ion
channel or transporter. The coding regions and splice sites
of all genes were Sanger sequenced in the proband and
her affected sister. A novel, homozygous missense mutation
(c.469C>T, p.His157Tyr) was identified in the LMNB2 gene
(RefSeq NM_032737). This is the most recent reference se-
quence for the gene—in a previous version, this residue was an-
notated His137 because the new sequence is 20 residues longer
(Figs 1A and 3A). This mutation was absent from Arab (n=104)
and blood bank (n =282) controls as well as publicly available da-
tabases. The p.His157Tyr variant was predicted to be damaging to
the lamin B2 protein by pathogenicity prediction programs Poly-
Phen-2 (score = 0.823) and SIFT (score =0). The His157 residue is
highly conserved (Fig. 3B) and located in a coiled-coil domain im-
portant for stability of the protein.

Whole exome sequencing to exclude other genes

To exclude other genes in the 19p13.3 region, we performed
whole exome sequencing on the proband. In addition to the
LMNB2 mutation, in the linked interval, we identified five coding
variants in other genes that were all reported single-nucleotide
polymorphisms (Table 1). This analysis combined with the ab-
sence of this variant in the Exome Aggregation Consortium
(~63 000 exomes), Exome Variant Server (~6500 exomes) and 1000
Genomes data sets provides further evidence that the LMNB2
mutation was the cause of the PME and ataxia in this family.

Resequencing of LMNB2

We searched for other LMNB2 mutations in our PME cases (n=87)
but did not find any potential pathogenic mutations by Sanger
or exome sequencing (4). In a previous study, it was shown that
the Lmnb2 knockout mouse has a neuronal migration defect
reminiscent of lissencephaly (7). Based on this, we Sanger-
sequenced our cohort of patients with lissencephaly or similar
brain malformations (n=47). However, we did not find any
LMNB2 mutations.

LMNB2 mutation disrupts fibrillar assembly

The assembly properties of higher vertebrate lamin B2 and
domain-deleted versions thereof have been established with re-
combinant chicken protein under various assembly conditions
(10,11). The conditions employed were orientated on their proto-
col and on previous assembly studies performed with rat lamin
A, although both proteins do differ in their properties to some

T T c € G

IR gallus

cC CA
3 4
__'_//A\_/f\u’_r\/:\)c H. sapiens IGKLRAELDEVNKSAKKREGELTVAQGRVKDLESLFHRSEVELAAALSDKRGLESD
L LR IGKLRAELEEFNKS YRKKDADLSVAQGRIKDLEVLFHRSEAELNTVLNEKRSLEAE

~ f\\:E‘a/“\{zxi X. laevis LGKFRSDLDELTENYKKKDADLSTAQGRIKDLEALFHRSEAELGTALDEKRSLEAE
\ A
v X X heptad a d a d a ! d 3 1 1 a 1 -]

Hisl57Tyr

a d a d a d a d a d a d

Figure 3. The LMNB2 mutation causes an amino acid change in a highly conserved domain of lamin B,. (A) Sequence chromatograms showing the wild-type sequence
(upper line) and the ¢.469C>T (p.His157Tyr) mutation (lower line). The mutated nucleotide is marked in red. (B) Amino acid sequence alignment of the center eight heptads
of coil 1B of lamin B, for members of three different vertebrate classes: human (H. sapiens, accession NM_032737.3), chicken (G. gallus, accession NM_205285.1) and frog (X.
laevis, accession NM_001087478.1). Identical amino acids are highlighted in turquois, positions where two amino acids are identical and the third is of homologous
character are highlighted in yellow. Positions of the heptad repeat, mediating coiled-coil formation of a-helices, are indicated below the amino acid sequences. For the
organization of subdomains in lamins, see (13,35) and references therein. The H157 residue is conserved from frog to man in an overall highly conserved segment of two
and a half heptads. Note that through the introduction of a tyrosine in this position, two consecutive bulky aromatic residues are found in an a- and b-position, which is

unfavorable for the stability of a coiled coil.
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Table 1. Exome variants in genes at the chromosome 19 locus based
on hgl9

Gene  Variant Genomic site Type Validation

ABCA7 G>C 19:1056492 Non-synonymous 153752246
AP3D1 T>C 19:2109157 Non-synonmous 1525673
BTBD2 A>G 19:1997363 Synonymous 151610045
LMNB2 C>T 19:2438462 Non-synonmous  ¢.469C>T
(p-His157Tyr)
MUM1 G>A 19:1360575 Non-synonmous 153826942
ZNF77 C>A 19:2934694 Non-synonmous 1576396690
POLRE2 C>T 19:1094004 Non-synonmous 1512459404
GRIN3B G>A 19:1003433 Non-synonmous 15367698479

extent owing to their different charge distribution and isoelectri-
cal point (12). Here, we tested different assembly protocols for
wild-type and mutant p.His157Tyr lamin B2 (refer to Materials
and Methods). In the most robust ‘basic’ standard ‘Mes-calcium’
protocol, clear-cut differences in the assembly of the mutant pro-
tein compared with the wild-type protein were evident already in
overview images: whereas lamin B, formed the regular and ex-
tended ‘needles’, i.e. laterally associated fibre arrays, the mutant
protein organized into irregularly connected, network-type
structures (compare Fig. 4A and B). At higher magnification, it
was revealed that the principal 24.5-nm repeat pattern exhib-
ited by lamin B, was largely absent in the mutant protein fibre
strands (Fig. 4C and D). Principally, the same results were ob-
tained when assembly was carried out at pH 8.5 instead of pH
6.5 (Fig. 4E and F). Also here lamin B2 formed extended so-called
paracrystalline arrays, i.e. regular lateral connections of mul-
tiple anti-parallel organized strands of head-to-tail associated
coiled-coil dimers (Fig. 4E, filled arrow), whereas the mutant
did lack this type of higher-order arrangement (Fig. 4F, open ar-
rows). Only in some regions of the mutant protein fibre bundles,
a ‘premature’ type of 24.5-nm repeat was observed (Fig. 4F, filled
arrow). Very similar results were obtained at 120 min of assem-
bly indicating the mutant protein also after extended assembly
time did not achieve a stable cooperative lateral organisation, in
contrast to the wild-type protein that appeared still well orga-
nized (data not shown).

Hence, the longitudinal assembly was not affected by the mu-
tation His157Tyr, in agreement with the fact that this amino acid
is not close to either end of the a-helical central ‘rod’ domain, and
itis these end segments of the rod that mediate the ‘head-to-tail’
overlap in the process of longitudinal annealing of dimeric
coiled-coil chains (13). After 2 h of assembly, the mutant protein
did not achieve a stable cooperative lateral organization, in con-
trast to the wild-type protein, which appeared still well orga-
nized, particularly evident in thinner paracrystal sheets.
Moreover, when assembly was carried out at higher pH (e.g.
Tris-HCI buffer pH 8.5), which Heitlinger and colleagues (10,11)
pointed out as a meaningful way to follow structure formation
by lamin B2, the wild-type protein generated regular associations
whereas the mutant again failed to laterally associate regularly
(data not shown).

Discussion

Nuclear lamins are divided into two classes according to their
amino acid sequence and biochemical behaviour: A-type (la-
mins A, C and C2 encoded by the LMNA gene) and B-type
(lamin B1 encoded by LMNBI; lamins B2 and B3 encoded by

the LMNB2 gene). Both types of proteins form a scaffolding
meshwork at the inner nuclear membrane known as the nu-
clearlamina; however, they topologically segregate nearly com-
pletely (14). LMNB2 is expressed ubiquitously with highest
expression in brain cells (www.proteinatlas.org). Lamin gene
mutations have been reported in an array of human diseases in-
cluding muscular dystrophy (15) and leukodystrophy (16). The
vast majority of these mutations have been reported in LMNA.
Duplication of LMNB1 results in myelin defects in leukodystro-
phy (16). This is the first report linking LMNB2 mutation to
epilepsy. In mice, homozygous LMNB2 knockout induces a dra-
matic neuronal layering defect in the cerebral cortex and cere-
bellum resembling lissencephaly (7). Lamin B2 protein has
also been shown to localize to mitochondria in axons and
prevent axonal degeneration by maintaining mitochondrial
function and axonal integrity (17). Together these data suggest
that lamin B2 is a nucleoskeletal protein required for mamma-
lian nuclear migration. There is also evidence that B-type
lamins are important for neuronal survival (8,9), which could
relate to the neurodegenerative aspects of the PME phenotype
reported here.

The family with PME and early ataxia segregated a novel
homozygous LMNB2 missense mutation (c.469C>T, p.His157Tyr).
This missense mutation was not observed in Arab and Caucasian
controls and was not present in publicly available databases in-
cluding >60 000 exomes. Furthermore, software programs SIFT
and PolyPhen 2.0 predicted the change to be damaging to the
LMNB?2 protein, the His157 residue is highly conserved and the
LMNB2 gene is intolerant to change (18). In addition, our in vitro
functional assays clearly depict an assembly defect owing to
the His157Tyr mutation under multiple assembly modes and ex-
perimental conditions, similar to those we have recently reported
for LMNA (19). The differences in protein assembly are evident
after 60 min of dialysis, with the mutant exhibiting irregular lon-
gitudinal fibre organization compared with wild-type fibres,
which formed extended, regular paracrystaline structures. The
His157 residue is located in the coil 1B domain in a b-position
of the heptad pattern. Notably, a phenylalanine is located im-
mediately upstream in the a-position. The presence of these
two bulky amino acids side by side in a coiled-coil sequence is
highly unusual and is likely to disrupt the coiled-coil structure.
Consistent with this, a number of pathogenic mutations have
been discovered in the equivalent coil 1B domain of the closely
related LMNA protein. For example, the p.Leul40Pro and p.
Glu145Lys mutations, both involving residues conserved be-
tween these proteins in the coil 1B domain, are reported to
cause Emery-Dreifuss muscular dystrophy (20) and progeria
(21), respectively.

We performed either Sanger or exome sequencing (4) of a fur-
ther 87 PME patients without finding a second mutation in
LMNB2. While a positive finding would have been confirmatory
genetic evidence for pathogeneicity, the negative finding likely
reflects the known genetic heterogeneity of PMEs. As lamin A
and lamin B are proposed to have a role in glial-guided neuronal
migration and the mouse model shows abnormal cortical devel-
opment (7,8), we also investigated a cohort of 47 patients with
cortical malformations but found no sequence variants of inter-
est. The possibility remains thatlarge copy number changes were
missed by these approaches. LMNB2 has seven known interacting
protein partners (17), and these are also potential candidates
for PME.

Our findings strongly indicate LMNB2 is the causative gene for
PME and ataxia in this family, evidenced by: (i) a single linkage
peak above LOD score 1.0 (at 19p13.3) under a consanguineous
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Figure 4. LMNB2 protein assembly. Wild-type lamin B2 (A, C, E) and the mutant H157T-lamin B2 (B, D, F) were assembled in (A-D) 25 mm Mes-NaOH (pH 6.5), 150 mm Nacl,
25 mMm CaCly; and (E and F) 25 mM Tris-HCI (pH 8.5), 150 mwM NacCl, 25 mM CaCl,, at room temperature for 45 min (A and B) and 60 min (C-F), respectively. The open arrows in
(F) point to extended regions within the filamentous strands formed by the mutant protein that do not exhibit any ordered lateral organization; the filled arrows in (E) point
to regions exhibiting the typical 24.5-nm repeat pattern (11) that on occasion is also seen within restricted regions in the mutant polymer (F). Refer to Results section for

further explanation. Scale bars: (A and B) 250 nm, (C-F) 100 nm.

autosomal recessive model; (ii) a single novel, homozygous
pathogenic mutation in one gene in the linkage region and (iii)
a protein assembly assay showing a defect in fibrillar formation
owing to the mutation. LMNB2 adds to the genetic heterogeneity
of PMEs and introduces a new biochemical pathway for further
investigation into this syndrome.

Materials and Methods
Subjects

This study was approved by the Institutional Review Board of the
Tel Aviv Sourasky Medical Centre and the Human Research Ethics
Committee of Austin Health, Melbourne, Australia. Following
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informed consent, a six-generational consanguineous Israeli Arab
family segregating PME and early ataxia was studied (Fig. 1). Af-
fected individuals underwent detailed phenotyping where all pre-
vious medical records, electroencephalography and neuroimaging
data were analysed. Ten millilitres of whole blood was obtained and
genomic DNA extracted as described previously (22).

SNP genotyping and linkage analysis

Ten family members (Fig. 1) were genotyped for 660000 SNPs
using the Illumina 660 Quad Beadchip array (San Diego, CA, USA)
at the Australian Genome Research Facility (AGRF, Melbourne,
Australia). Genotyping data were pre-processed by Linkdatagen
(23) for parametric multipoint linkage analysis using MERLIN
(24). This linkage analysis was performed specifying a fully pene-
trant recessive disease model and rare disease allele frequency.

Whole exome sequencing

To sequence the exome, 3 ug of genomic DNA from the proband
was sonicated to ~200-bp fragments and adaptor-ligated to make
a library for paired-end sequencing. Following amplification, the
libraries were hybridized to biotinylated complementary RNA
oligonucleotide baits from the SureSelect Human All Exon 50-
Mb Kit (Agilent Technologies, Santa Clara, CA, USA) and purified
using streptavidin-bound magnetic beads as described previous-
ly (25). A 12-cycle amplification was conducted prior to sequen-
cing on the SOLID v4 system (Applied Biosystems, Grand Island,
NY, USA). The captured sample was run on one quadrant of a
SOLiD plate. The exome design covers 50 Mb of human genome
that includes all exons annotated in the GENCODE project (refer-
ence annotation for the ENCODE project; Wellcome Trust Sanger
Institute) and consensus CDS database (CCDS—March 2009) as
well as 10 base pairs of flanking sequence for each targeted region
and small non-coding RNAs from miRBase (v.13) and Rfam.

For analysis of sequencing data, the Genome Analysis Toolkit
(GATK) (26) was used that includes (i) alignment, (ii) post-
processing alignment and quality control, (iii) calling variants
and genotyping, (iv) variant annotation and finally, (v) in silico
variant effect prediction. The alignment to the human reference
genome (hgl9, GRCh37) was performed using Novoalign version
2.08.01 (http:/novocraft.com). Alignment post-processing that
includes removing duplicate reads, local realignment and base
quality recalibration was performed using GATK and Picard
(http:/picard.sourceforge.net) tools. Variants were called using
the Unified Genotyper implemented within GATK and the mpile-
up method in the SAMtools package (27,28). Variants were manu-
ally filtered based on variant allele frequency and coverage.
Annotation of the variants was performed using snpEff (29).
Functional impact of the coding variants was predicted using
the PolyPhen-2 (30) and SIFT (31) online tools.

PCR and sanger sequencing

Candidate genes and exome variants were amplified using gene-
specific primers (LMNB2 gene, Table 2; oligonucleotides for other
genes available on request) designed to reference human gene
transcripts (RefSeq NM_032737.3). Amplification reactions were
cycled using a standard protocol on a Veriti Thermal Cycler (Ap-
plied Biosystems, Carlsbad, CA, USA). Bidirectional sequencing of
all exons and flanking regions was completed with a BigDye™
v3.1 Terminator Cycle Sequencing Kit (Applied Biosystems), ac-
cording to the manufacturer’s instructions. Sequencing products
were resolved using a 3730x] DNA Analyzer (Applied Biosystems).
All sequencing chromatograms were compared with published

Table 2. Oligonucleotides used to sequence the LMNB2 gene

Exon Forward (5'-3') Reverse (5'-3)

1 GGCGGTCGGACTACCAGT GAAACCCCGCGGAAAC

2 CTCTCTCTCTGCGTGCCAGT  AGAGAGGATGGGAGCTGTGA
3 CACTTGCCCTCTTGACTTTCA GTGCCAGGATCAGGGTGAC
4 CCCAGCAGGGTATATGCAAC  AGGGTGGACTTTGCGTTTC
5 GTGCACAAGGAACCAGGAAT GTCCAGCTGTGGGGAGAC

6 AGCTGGAGCAGACCTACCAG GATGCCAAGAGGCCAGAG

7 ATGGGCTGCCCTGACCTT CCTCACTCTGTGCTCCCAAG
8 TGTCTGGGGCTCCCACTA GGTCACCTTGTCCGAGTTGT
9 AGGTGTGTGCCGTGTCTTC CAAGTCCTGTGCCTCCAGTC
10 GAAGGGGGCTTTGTGGTAG CCTCCCCATTCTCATTCTCA
11 AGTCCTGGGCAGGGTCTG GTGGGCACAGGGGTCCTAC
12(1)® CCTTCCTTCCTTCCTTCCTG  ACGCCTGGATTCTGAATTTG
12(2)* CCCACTCCTCATCTCACCAT TTCTTCCTTCCCCAGGTCTT

2Exon divided into two amplimers.

cDNA sequence (Ensembl; www.ensembl.org); nucleotide changes
were detected using Codon Code Aligner (CodonCode Corpor-
ation, Dedham, MA, USA). Coding variants were checked against
Exome Aggregation Consortium (Cambridge, MA, USA), Exome
Variant Server and 1000 Genomes.

In vitro protein assays

The full-length cDNA clone coding for human lamin B2 [see (32)]
was sub-cloned into the bacterial expression vector pET24a, and
protein was expressed in E. coli as described for chicken lamin B2
and Caenorhabditis elgans B-type lamin, respectively (10,33). The
human lamin B2 clone is 20 amino acids longer than the one ori-
ginally described in databases; eventually, the full-length version
was independently verified and published in Pubmed (NCBI Ref-
erence Sequence: NP_116126.3). Isolation from inclusion bodies
and standard ion-exchange chromatography in buffers contain-
ing 8 M urea yielded highly pure proteins, which were stored in
8 M urea at —80°C (34).

For assembly studies, we prepared two independent
preparations of both wild-type lamin B2 and the mutant
H157Y-lamin B2 protein. From each bacterial suspension used
to generate the four protein isolates, aliquots were taken for
plasmid purification and subsequent complete sequence ana-
lysis. We employed two different protocols to study assembly:
(i) ‘Direct dialysis’—the proteins (0.1-0.2 mg/ml) were dialyzed
into (A) ‘buffer 1’ (50 mm Mes-NaOH, pH 6.5); (B) ‘buffer 1’ with
150 mmM Nacl; (C) ‘buffer 1’ with 150 mm NaCl and 25 mm CaCly;
(D) 25 mM Mes-NaOH, pH 6.5, 150 mM NaCl and 25 mwM CaCl,. (i)
‘Stepwise dialysis’—the proteins (0.1-0.2 mg/ml) were equili-
brated first by dialysis first into ‘buffer 2’ (25 mm Tris-HCI, pH
8.5, 150 mm NacCl, 1 mm DTT) and then by further dialysis into
(A) 25 mmMm Tris-HCl, pH 8.5, 150 mM NacCl, 25 mm CacCl,; (B)
25 mM Mes-NaOH, pH 6.5, with 150 mM Nacl, 25 mm CacCly; (C)
25 mMm Mes-NaOH, pH 6.5. At appropriate time points, samples
were taken out of the dialysis bag and applied to freshly glow
discharged, carbon-coated copper grids. After 1 min of adsorp-
tion, the grids were washed in a drop of distilled water, stained
with uranyl acetate and washed again with distilled water. At
least two independent and complete assembly experiments
were performed with each of the protein isolates mentioned
earlier. Electron microscopy was performed at a ZEISS 900 trans-
mission electron microscope (Carl Zeiss, Oberkochen, Germany)
and images recorded with a CCD camera.
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