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Fig. 2. 2-DE gel of the embryo proper from a cultured rat embryo equivalent to day 11.5. Quantitatively different spots between the
48 and 24 h culture are indicated by a cross (larger in 48 h) or a plus (larger in 24 h) with their SSP. Embryo proper specific spots are
indicated by a square and their SSP is shown if its protein was identified.

proteins that were thought to play important roles in
developmental process, for example, acidic calponin (SSP
3512), cellular retinoic acid binding protein 2 (SSP 2020),
cofilin 1 (SSP 5114), myosin light chain 1 (SSP 1117), and
stathmin 1 (SSP 3015) in the embryo proper, and Ash-m
(SSP 4214), dimerization cofactor of hepatocyte nuclear
factor 1 alpha (SSP 5005), ERM-binding phosphoprotein
(SSPs 4303, 4701), prepro-cathepsin L (SSP 0302), and
legumain precursor (SSPs 3515, 4503) in the volk sac
membrane. It was noted that multiple spots of comple-
ment component 3 (55Ps 1010, 1017, 2108, 2311, 3006,

4105, 4304, 4306, 5111, 8009), which appeared smaller
than its intact molecule, were detected only in the yolk
sac but not in the embryo proper.

Some proteins were detected in both embryo proper
and yolk sac membranes as different protein spots.
Adenosine kinase, eukaryotic translation initiation factor
4E, nucleophosmin 1, and protein SET were detected in
both embryo proper (SSPs 4612, 3214, 0410, 0512, 0614)
and yolk sac membrane (SSPs 4505, 4109, 0004, 4104), but
their spots were different (Tables 4-6). Malate dehydro-
genase was detected as a soluble form in the embryo
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Fig. 3. 2-DE gel of the yolk sac membrane from a cultured rat embryo equivalent to day 11.5. Quantitatively different protein spots
between the 48 and 24 h culture are indicated by a cross (larger in 48 h) or a plus (larger in 24 h) with their SSP. Yolk sac membrane
specific spots are indicated by a square and their SSP is shown if its protein was identified.

proper (SSP 2314) and as a mitochondrial form in the
yolk sac membrane (SSP 8214).

DISCUSSION
The present study showed 2-DE profiles of cultured
rat embryos at an early postimplantation stage. When

2-DE profiles of the embryo proper and yolk sac
membrane were compared between the 48 and 24 h

Birth Defects Research (Part B) 80:383-395, 2007

cultures, there were quantitative but no qualitative
differences in the protein spots. It has been shown
that specific proteins were observed corresponding
to the developmental stages in the postimplantation
rodent embryos when analyzed by 2-DE (Greene et al,,
2002). It is, therefore, considered that the develop-
mental stage reached by the cultured rat embryos is
comparable irrespective of the length of culture period in
spite of varied growth as determined by the size of
embryos.



388 USAMI ET AL.

Quantitative differences in the protein spots between
the 48 and 24 h culture might be related to the varied
embryonic growth. It is considered that larger-quantity
proteins including RNA-binding proteins in the embryo
proper might support better embryonic growth in the 24 h
culture. On the other hand, the yolk sac membrane in the
48 h culture seems to have stored an excess amount of
serum proteins from the culture medium that should
have been digested and supplied as nutrients (Lloyd
et al, 1998) to the embryo proper. In the yolk sac
membrane, a smaller quantity of constitutive enzymes,

Table 2
Summary of Quantitative Differences in 2-DE Profiles of
Rat Embryos at day 11.5 by the Varied Length of Culture

Period
Larger Larger
Total quantity in  quantity in
number of 48 h culture 24 h culture
matched from from
spots day 9.5 day 10.5
Embryo proper 853 7 18
Yolk sac membrane 1,087 45 26

The number of protein spots whose quantities are significantly
different between the 48 and 24 h culture by the f-test (P <0.01)
is shown. The distribution of the number of larger-quantity spots
between the embryo proper and yolk sac membrane is
significantly different when analyzed by the Fisher’s exact test
(P =0.0015).

relative to the larger quantity in the 24 h culture, may
indicate less activity of the yolk sac membrane in the 48 h
culture.

From the protein spots specific to either of the embryo
proper or yolk sac membrane, proteins involved in
tissue-characteristic functions, such as morphogenesis
in the former and nutritional transfer in the latter,
could be identified. In the embryo proper, acidic calponin
may be involved in brain development (Ferhat et al.,
1996). Cellular retinoic acid binding protein 2 has
some role in retinoic acid synthesis and retinoid
signaling during morphogenesis (Ruberte et al., 1992;
Zheng et al, 1999). Cofilin 1 is developmentally
regulated, and is required for neural tube morphogenesis
and neural crest cell migration (Greene et al, 2002;
Gurniak et al.,, 2005). Myosin light chain 1 is expressed
in cardiac development (Lyons et al., 1990). Stathmin 1
may regulate cell proliferation, differentiation, and
maturation (Koppel et al,, 1990). In the yolk sac mem-
brane, Ash-m may regulate endocytosis for the uptake
of nutrients (Miki et al, 1994; Watanabe et al., 1995).
Dimerization cofactor of hepatocyte nuclear factor 1
alpha may regulate yolk sac-specific transthyretin
expression (Cereghini et al., 1992; Costa et al., 1990).
ERM-binding phosphoprotein might be involved in
receptor recycling in endocytosis (Brent et al., 1990; Li
et al., 2002). Cathepsin L (Sol-Church et al., 1999) and
legumain (Ambroso and Harris, 1994; Shirahama-Noda
et al, 2003) are lysosomal proteases important for
histiotrophic nutrition.

Multiple spots of complement component 3 (C3) in the
yolk sac membrane are considered to be the digestive
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Fig. 4. Quantity of protein spots with significant differences between the 48 and 24 h culture in the embryo proper. Mean and SD ranges
are shown in the bars (left for 48 h and right for 24 h) in the boxes for individual protein spots as indicated by SSP. The boxes are
arranged from the top left to the right in the descending order of the spot quantity in the 48 h culture. Mean quantity of the larger-
quantity spots between the 48 and 24 h culture are indicated as ppm of the total density in the gel image at the top right in each box.
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Fig. 5. Quantity of protein spots with significant dif ferences between the 48 and 24 h culture in the yolk sac membrane. Mean and SD
ranges are shown in the bars (left for 48 h and right for 24 h) in the boxes for individual protein spots as indicated by SSP. The boxes are
arranged from the top left to the right in the descending order of the spat quantity in the 48 h culture, Mean quantity of the larger-
quantity spots between the 48 and 24 h culture are indicated as ppm of the total density in the gel image at the top right in each box.
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Table 3
Identified Protein Spots With Quantitative Differences Between the 24 and 48 h Culture in the Embryo Proper

SSP Protein name Nominal mass Calculated pl Accession No.

Larger quantity
in 48 h culture

4108 DJ-1 protein [Rattus norvegicus] 20190 6.32 gil 16924002
5828 Albumin [Rattus norvegicus] 70670 6.09 gi| 19705431
Larger quantity
in 24 h culture
4515 Poly(rC) binding protein 2 [Rattus norvegicus] 38955 6.33 gi| 61557337
AND
TAR DNA binding protein isoform 1 [Mus musculus] 44918 6.36 gil 21704096
5615 Mitochondrial aldehyde dehydrogenase precursor 56079 6.69 gi | 45737866
[Rattus norvegicus]
7406 PREDICTED: similar to Poly(rC)-binding protein 1 37987 6.66 gi 6754994
(Alpha-CP1)(hnRNP-E1) [Rattus norvegicus)
7807 Transferrin [Rattus norvegicus] 78512 7.14 gi| 61556986
7821 Far upstream element (FUSE) binding protein 1 67326 7.18 gi| 83320094
[Rattus norvegicus]
8012 Macrophage migration inhibitory factor 12709 7.74 gil 694108
8204 B-36 VDAC = 36 kda voltage dependent anion channel 32327 7.44 gi 1299036
[rats, hippocampus, Peptide, 295 aa]
8803 Transketolase [Rattus norvegicus] 71940 7.54 gil 12018252
8807 Far upstream element (FUSE) binding protein 1 67326 7.18 gi | 83320094

[Rattus norvegicus]

Table 4
Identified Protein Spots With Quantitative Differences Between the 24 and 48 h Culture in the Yolk Sac Membrane

Ssr Protein name Nominal mass Calculated pl Accession No.

Larger quantity
in 48 h culture

0026 Tubulin, alpha 1 [Rattus norvegicus] 50816 494 gi | 38328248

OR
Tubulin, alpha 6 [Rattus norvegicus] 50590 4.96 21158865558

0106 Membrane-associated progesterone receptor component 1 21699 445 gil 6647578
(Acidic 25-kDa protein) (25-DX)

0506 Reticulocalbin 3, EF-hand calcium binding domain 37918 4.72 gi | 56744249
[Rattus norvegicus)

1010 PREDICTED: similar to Programmed cell death protein 21948 5.36 gil 34853323

6 (Probable calcium-binding protein ALG-2) (PMP41)
(ALG-257) [Rattus norvegicus]

AND
Alpha-1-macroglobulin 168388 6.46 gi 202857
OR
Pregnancy-zone protein [Rattus norvegicus] 168422 6.46 gil21955142
AND
Complement component 3 [Rattus norvegicus] 187825 6.12 gi 18393024
1017 Complement component 3 [Rattus norvegicus] 187825 6.12 gi | 8393024
2018 Complement component 3 [Rattus norvegicus] 187825 6.12 gi | 8393024
2108 Complement component 3 [Rattus norvegicus] 187825 6.12 gi | 8393024
3001 Actin related protein 2/3 complex, subunit 5 16367 5.47 gil 71043638
[Rattus norvegicus)
3006 Complement component 3 [Rattus norvegicus] 187825 6.12 gi | 8393024
4105 Complement component 3 [Rattus norvegicus] 187825 6.12 gi 18393024
4109 Eukaryotic translation initiation factor 4E [Rattus norvegicus) 25266 5.79 gi | 16758870
4415 Serine (or cysteine) peptidase inhibitor, clade F, member 2 55086 5.74 gi | 58865362
[Rattus norvegicus)
5111 Complement component 3 [Rattus norvegicus] 187825 6.12 gil8393024
AND
Heat shock 90-kDa protein 1, beta [Rattus norvegicus) 83631 497 gi 151859516
5828 Albumin [Rattus norvegicus] 70670 6.09 gi | 19705431
7807 Transferrin [Rattus norvegicus| 78512 7.14 gi| 61556986
8009 Complement component 3 [Rattus norvegicus] 187825 6.12 gi | 8393024
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Table 4
Continued
SsP Protein name Nominal mass Calculated pl ~ Accession No.
8302 Glyceraldehyde-3-phosphate dehydrogenase 36090 8.14 gi 8393418
[Rattus norvegicus]
AND
Aldolase A 39691 8.31 gil202837
Larger quantity
in 24 h culture
4706 Protein disulfide-isomerase A3 precursor (Disulfide 57044 5.88 gi 1352384
isomerase ER-60) (ERp60) (58 kDa microsomal protein)
(p58) (ERp57) (HIP-70) (Q-2)
4707 Liver annexin-like protein [Rattus norvegicus] 52036 5.99 gi | 7108713
OR
Plasma glutamate carboxypeptidase [Rattus norvegicus) 51994 6.09 gil 13928880
OR
Pgep protein [Rattus norvegicus] 52066 5.99 gil47477878
5602 Liver annexin-like protein [Rattus norvegicus] 52036 5.99 gi 7108713
5618 PREDICTED: similar to adenylosuccinate synthetase, non 50453 5.98 gil 34880967
muscle [Rattus norvegicus]
6602 Enolase 1, alpha [Rattus norvegicus] 47428 6.16 2i | 6978809
7201 PREDICTED: similar to Glucosamine-6-phosphate isomerase 32730 6.27 gi | 109507234
(Glucosamine-6-phosphate deaminase) (GNPDA) (GleN6P
deaminase) (Oscillin) [Rattus norvegicus]
8502 Arginosuccinate synthetase [Rattus norvegicus] 46752 7.63 gi125453414
9404 Peroxisomal 3-ketoacyl-CoA thiolase A [Rattus norvegicus] 45324 853 gi 1220849
Table 5
Identified Protein Spots Specific to the Embryo Proper of Cultured Rat Embryos
sSSP Protein name Nominal mass  Calculated pl Accession No.
0407 Methylosome subunit pICIn (Chloride conductance regulatory 26190 3.97 gi | 544031
protein ICIn) (I(Cln)) (Chloride channel, nucleotide sensitive 1A)
0410 Nucleophosmin 1 [Rattus norvegicus) 32711 4.62 2117242160
0512 Protein SET (Phosphatase 2A inhibitor 12PP2A) (I-2PP2A) 33386 4.22 g1l 46396568
(Template-activating factor I) (TAF-1) (Liver regeneration-related
protein LRRGR0O0002)
0614 Protein SET (Phosphatase 2A inhibitor 2PP2A) (I-2PP2A) 33386 4.22 g1 146396568
(Template-activating factor [) (TAF-I) (Liver regeneration-related
protein LRRGR00002)
0712 Nucleosome assembly protein I-like 1 [Rattus norvegicus] 45630 4.36 g1 77404363
1115 PREDICTED: similar to Chromobox protein homolog 5 22343 871 gil 27665448
(Heterochromatin protein 1 homolog alpha) (HP1 alpha)
[Rattus norvegicus].
1116 Chromobox homolog 3 [Rattus norvegicus]. 20969 523 g1l 15082258
1117 Myosin light polypeptide 4 (Myosin light chain 1, atrial isoform) 21383 4.96 gi 127140
2020 Cellular retinoic acid binding protein 2 [Rattus norvegicus] 16094 5:23 gil 25453404
2313 p32-Subunit of replication protein A [Rattus norvegicus] 28980 547 il 1403534
2314 Malate dehydrogenase 1, NAD (soluble) [Rattus norvegicus] 36631 6.16 gil 15100179
OR
Lactate dehydrogenase A [Rattus norvegicus] 36712 8.45 £118393706
AND
Dermal papilla derived protein 6 [Rattus norvegicus| 35810 515 gil 48843729
3015 Stathmin 1 [Rattus norvegicus] 17278 5.76 2i | 8393696
3113 RAB11B, member RAS oncogene family [Rattus norvegicus] 24588 5.64 gil 14249144
3214 Eukaryotic translation initiation factor 4E [Rattus norvegicus] 25266 5.79 2il 16758870
3412 PREDICTED: similar to Eukaryotic translation initiation factor 3 3A837 5.38 gil 109477318
subunit 2 (elF-3 beta) (eIF3 p36) (elF31) (TGF-beta receptor-interact-
ing protein 1) (TRIP-1) [Rattus norvegicus]
3512 Calponin 3, acidic [Rattus norvegicus] 36583 5.47 gi 9506501
3826 Serine/threonine-protein kinase PAK 2 (p21-activated kinase 2) 58209 5.57 gi 2499648
(PAK-2) (Gamma-PAK) (p62-PAK)
AND
Myo-inositol I-phosphate synthase A1 [Rattus norvegicus] 48551 5.67 g1l 62078495
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Table 5
Continued
SSP Protein name Nominal mass  Calculated pI ~ Accession No.
4515 Poly(rC) binding protein 2 [Rattus norvegicus] 38955 6.33 gil 61557337
AND
TAR DNA binding protein isoform 1 [Mus musculus] 44918 6.36 gil 21704096
4519 PREDICTED: similar to protein phosphatase methylesterase 1 42688 5.67 gil62641013
[Rattus norvegicus]
4612 Adenosine kinase [Rattus norvegicus] 40415 5.84 gi 11906013
AND
2-Oxoisovalerate dehydrogenase subunit alpha, mitochondrial 50418 7.68 gil129032
precursor (Branched-chain alpha-keto acid dehydrogenase E1
component alpha chain) (BCKDH El-alpha)
5114 Cofilin 1 [Rattus norvegicus] 18749 8.22 gil8393101
5410 Protein phosphatase 1, catalytic subunit, gamma isoform 37701 6.12 gi | 11968062
[Rattus norvegicus)
AND
mRNA decapping enzyme [Rattus norvegicus] 38804 6.02 gil 23463287
AND
PRP4 protein kinase homolog [Mus musculus] 96187 1045 gi 13236351
5514 PREDICTED: similar to RIKEN ¢cDNA 1110064104 [Rattus norvegicus] 45347 7.63 gil 109500109
5620 PREDICTED: similar to DEAD (Asp-Glu-Ala-Asp) box polypeptide 48 47096 6.3 gil109492318
[Rattus norvegicus]
AND
C-Terminal binding protein 1 [Rattus norvegicus] 47055 6.17 gi 15011859
6213 Hypothetical protein LOC302247 [Rattus norvegicus] 33918 8.73 gil 114145722
6717 Nucleoporin 54kDa [Rattus norvegicus] 55825 6.53 gi18393855
7516 Arginase-1 (Type [ arginase) (Liver-type arginase) 35122 6.76 gil 114146
AND
PREDICTED: similar to peptidylprolyl isomerase D [Rattus norvegicus] 41084 6.48 gi 162655561
7821 Far upstream element (FUSE) binding protein 1 [Rattus norvegicus] 67326 7.18 gi 183320094
8713 Far upstream element (FUSE) binding protein 3 [Rattus norvegicus] 61657 8.45 gi 186129564
9602 Serine (or cysteine) proteinase inhibitor, clade H, member 1 46602 8.88 gi| 8393057
[Rattus norvegicus]
9801 Far upstream element (FUSE) binding protein 3 [Rattus norvegicus] 61657 8.45 gi 86129564

fragments from C3 in the culture medium since rat serum
used as a culture medium contains a high concentration
of C3 (>2mg/ml) and C3 production in the yolk sac
membrane is not known (Colten, 1994; Guiguet et al.,
1987). Possibly, each of the multiple spots might have
different biological functions because it is known that
fragments of C3 function as various effectors. For
example, C3b fragment enhances phagocytic activity in
mouse placental trophoblasts probably through the CR1
receptor (Albieri et al., 1999; Amarante-Paffaro et al.,
2004), and iC3b fragment functions as an embryotrophic
factor probably through the Crry and CR3 receptor in
mouse blastocysts (Lee et al., 2004).

Different spots of the same proteins between the
embryo proper and yolk sac membrane may indicate
the presence of isoforms or posttranslational modifica-
tion of the proteins. There are at least two isoforms
of adenosine kinase with tissue-dependent expression in
rats (Sakowicz et al, 2001). Eukaryotic translation
initiation factor 4E is phosphorylated and cleaved upon
apoptosis (Scheper and Proud, 2002). The nucleophosmin
spot in the yolk sac membrane may be due to proteo-
lytic degradation that can be influenced by exogenous
stimulation (Zhang et al., 2006). Three protein SET
spots (two in the embryo proper and one in the yolk
sac membrane) could be assigned to three kinds of
transcript although their differential expression is not

known (Fukukawa et al, 2000). Both soluble and
mitochondrial forms of malate dehydrogenase are
developmentally regulated and show tissue-specific
expression (Greene et al., 2002; Kelly et al., 1989; Lo
et al., 2005).

The protein identification data in the present study is
consistent with those in our previous study (Usami et al,,
2007) and added many identified spots to the 2-DE
map of cultured postimplantation rat embryos. Protein
spots analyzed in common in the embryo proper
between these studies were identified as the same
proteins, respectively, verifying the reproducibility of
this method; for example, albumin (SSP 5828 and Spot
No. 2 in the previous study), hnRNP-E1 (SSI” 7406 and
Spot No. 81), and stathmin 1 (SSP 3015 and Spot No. 29).
From the updated 2-DE map, cofilin 1 (SS5P 5114) is
considered to be a charge variant probably due to
phosphorylation because of its acidic pl sifted from that
of previously identified cofilin 1 (Spot No. 25) (Usami
et al., 2007) and known functional regulation of cofilin 1
(Sumi et al., 2001). Thus, the 2-DE map is useful across
proteomic studies on cultured postimplantation rat
embryos.

In conclusion, comparative proteome analysis of
the embryo proper and yolk sac membrane of day 11.5
cultured rat embryos by 2-DE showed protein spots
specific to each of them that can be related their
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Table 6

Identified Protein Spots Specific to the Yolk Sac Membrane of Cultured Rat Embryos

393

ssp Protein name Nominal mass Calculated pl Accession No
0004 Nucleophosmin 1 [Rattus norvegicus) 32711 4.62 gil 38014709
0013 PREDICTED: hypothetical protein XP_579384 [Rattus norvegicus] 187746 6.06 21l 62718645
0021 Nucleolin [Rattus norvegicus) 77158 4.67 gi 6981248
0302 PREDICTED: tumor rejection antigen gp9 (predicted) [Rattus 92998 4.72 gil62651904
norvegicus]
AND
Prepro-cathepsin L [Rattus norvegicus] 38232 6.73 gi | 55888
0508 Heat shock 90kDa protein 1, beta [Rattus norvegicus] 83631 4.97 gil 51859516
1010 PREDICTED: similar to programmed cell death protein 6 21948 5.36 gil34853323
(Probable calcium-binding protein ALG-2) (PMP41) (ALG-257)
[Rattus norvegicus]
AND
Alpha-1-macroglobulin 168388 6.46 g1/202857
OR
Pregnancy-zone protein [Rattus norvegicus] 168422 6.46 gil 21955142
AND
Complement component 3 [Rattus norvegicus] 187825 6.12 gi 18393024
1016 PREDICTELD: similar to germinal histone H4 gene 18394 10.93 21162648434
[Rattus norvegicus]
OR
PREDICTED: similar to Histone H2B 291B [Rattus norvegicus] 37149 10.56 gi | 62663604
1017 Complement component 3 [Rattus norvegicus] 187825 6.12 gi 18393024
1101 Chain A, Catechol O-Methyltransferase 24960 51 gi 1633081
AND
Proteasome endopeptidase complex (EC 3.4.25.1) delta chain - rat 21864 4.98 gil285140
2108 Complement component 3 [Rattus norvegicus] 187825 6.12 gi 8393024
2311 3-Hydroxyanthranilate 3,4-dioxygenase [Rattus norvegicus] 32846 5.57 gi 19910256
AND
Complement component 3 [Rattus norvegicus) 187825 6.12 gi 18393024
3001 Actin related protein 2/3 complex, subunit 5 [Rattus norvegicus] 16367 5.47 21171043638
3006 Complement component 3 [Rattus norvegicus] 187825 6.12 gi 18393024
3102 Phosphoserine phosphatase [Rattus norvegicus] 25180 5.49 gil 57527332
3103 Apolipoprotein A-1 [Rattus norvegicus] 30100 5.52 gi 16978515
3104 Apolipoprotein A-1 [Rattus norvegicus] 30100 5.52 gi 6978515
3105 Phosphoserine phosphatase [Rattus norvegicus] 25180 5.49 gi| 57527332
3107 Apolipoprotein A-1 [Rattus norvegicus] 30100 5.52 2il 6978515
3402 PREDICTED: similar to Tubulin alpha-2 chain (Alpha-tubulin 2) 50932 494 gil 62653035
[Rattus norvegicus]
AND
Actin beta - rat 42066 529 2il 71620
3403 Eukaryotic translation initiation factor 3, subunit 2 (beta) 36837 5.38 2i 19055370
[Mus musculus]
3515 Legumain precursor (Asparaginyl endopeptidase) 49834 6.09 gil22001735
(Protease, cysteine 1)
4004 Expressed in non-metastatic cells 2 [Rattus norvegicus] 17386 6.92 gil 55926145
4104 Protein SET (Phosphatase 2A inhibitor I2PP2A) (I-2PP2A) 33386 4.22 gil 46396568
(Template-activating factor I) (TAF-) (Liver regeneration-related
protein LRRGR0O0002)
4105 Complement component 3 [Rattus norvegicus] 187825 6:12 gi 18393024
4115 Chaperonin subunit 6a (zeta) [Rattus norvegicus] 38437 6.63 g1l 76253725
4214 Ash-m [Rattus norvegicus] 23655 6.31 g11914957
4303 ERM-binding phosphoprotein [Rattus norvegicus] 39149 57 gi| 11024674
4304 Complement component 3 [Rattus norvegicus] 187825 6.12 gi| 8393024
4306 Complement component 3 [Rattus norvegicus] 187825 6.12 gi| 8393024
4408 Eukaryaotic translation elongation factor 2 [Rattus norvegicus] 96192 6.41 gil839329
4410 Elongation factor 2 38690 5.69 gi1203997
4415 Serine (or cysteine) peptidase inhibitor, clade F, member 2 55086 5.74 gi| 58865362
[Rattus norvegicus]
4503 Legumain precursor (Asparaginyl endopeptidase) 49834 6.09 g1 122001735
(Protease, cysteine 1)
4505 Adenosine kinase [Rattus norvegicus] 40415 5.84 gi | 1906013
4701 ERM-binding phosphoprotein [Rattus norvegicus] 39149 57 21111024674
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Table &
Continued
SSP Protein name Nominal mass Calculated pl Accession No
4707 Liver annexin-like protein [Rattus norvegicus] 52036 5.99 gil 7108713
OR
Plasma glutamate carboxypeptidase [Rattus norvegicus) 51994 6.09 gi| 13928880
OR
Pgcp protein [Rattus norvegicus] 52066 599 g1147477878
4813 Fatty acid synthase 275117 5.96 g1 1204099
5002 Transthyretin precursor (Prealbumin) (TBPA) 15824 577 gi| 136467
5005 Chain A, crystal structure of a complex between the dimerization 11989 6.06 gi | 10835702
domain of Hnf-1 alpha and the coactivator Deoh
5111 Complement component 3 [Rattus norvegicus] 187825 6.12 i | 8393024
AND
Heat shock 90-kDa protein 1, beta [Rattus norvegicus] 83631 4.97 gil 51859516
5306 M2 pyruvate kinase [Rattus norvegicus] 58314 7.15 gil 206205
5401 Elongation factor 2 38690 5.69 gil 203997
5403 Gale protein [Rattus norvegicus] 38671 6.02 gi | 67678395
5502 Enolase 1, alpha [Rattus norvegicus] 47428 6.16 gi | 6978809
6101 Chain A, Crystal Structure Of A Mammalian 2-Cys Peroxiredoxin, 22250 8.34 gi 16435547
Hbp23.
6202 Similar to RIKEN ¢cDNA 2810409H07 [Rattus norvegicus) 44792 7.62 gil 76677911
6204 Eukaryotic translation initiation factor 4A, isoform 1 46353 532 2i | 40786436
[Rattus norvegicus]
6206 Elongation factor 2 38690 5.69 gi 203997
6613 PREDICTED: similar to aldehyde dehydrogenase family 7, member 59225 7.99 gi| 62664437
Al [Rattus norvegicus]
7124 H(+)-transporting ATP synthase [Rattus norvegicus] 25639 7.03 gi | 57029
AND
Chain A, crystal structure of a mammalian 2-Cys peroxiredoxin, 22250 8.34 g116435547
Hbp23.
7305 Citrate synthase [Rattus norvegicus] 52176 8.53 gi 18543177
7513 Eukaryotic translation elongation factor 2 [Rattus norvegicus] 96192 6.43 gi | 8393296
7813 Serotransferrin precursor (Transferrin) (Siderophilin) 78538 6.94 gil 6175089
(Beta-1-metal-binding globulin)
OR
Ab2-417 [Rattus norvegicus) 109510 8.35 gi33086606
8009 Complement component 3 [Rattus norvegicus] 187825 6.12 gi| 8393024
8214 Malate dehydrogenase, mitochondrial [Rattus norvegicus] 36117 8.93 gil 42476181
8217 Adenylate kinase 2 isoform a [Rattus norvegicus| 26648 6.33 gil 13591872
OR
Adenylate kinase 2 isoform b [Rattus norvegicus] 25741 7.01 gil 77020256
8302 Glyceraldehyde-3-phosphate dehydrogenase [Rattus norvegicus] 36090 8.14 gil8393418
AND
Aldolase A 39691 8.31 gi 202837
8502 Arginosuccinate synthetase [Rattus norvegicus] 46752 7.63 gi125453414
9006 Eukaryotic translation elongation factor 1 alpha 1 50424 9.1 gil 28460696
[Rattus norvegicus]
9204 Transaminase, Glu oxaloacetic 44678 8.52 gil 350611
characteristic functions. 2-DE profiles of cultured REFERENCES

postimplantation rat embryos are considered quantita-
tively variable according to the culture conditions
but qualitatively comparable. Proteomic analysis of
cultured postimplantation rat embryos will be a new
approach in developmental biology and toxicology at the
protein level.
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Voltage-gated Ca®" channels (VGCCs) mediate the influx of
Ca®" that regulates many cellular events, and mutations in
VGCC genes cause serious hereditary diseases in mammals. The
yeast Saccharomyces cerevisiae has only one gene encoding the
putative pore-forming «, subunit of VGCC, CCHI. Here, we
identify a cchl allele producing a completely nonfunctional
Cchl protein with a Gly'**® to Glu substitution present in the
domain I11S2-53 cytoplasmic linker. Comparison of amino acid
sequences of this linker among 58 VGCC a, subunits from 17
species reveals that a Gly residue whose position corresponds to
that of the Cchl Gly'*®® is completely conserved from yeasts to
humans. Systematic amino acid substitution analysis using 10
amino acids with different chemical and structural properties
indicates that the Gly'?®® is essential for Cch1 function because
of the smallest residue volume. Replacement of the Gly®*® resi-
due of a rat brain Ca, 1.2 @, subunit (rbCIl), positionally corre-
sponding to the yeast Cchl Gly'**, with Glu, Ser, Lys, or Ala
results in the loss of Ba®* currents, as revealed by the patch
clamp method. These results suggest that the Gly residue in the
domain III 52-83 linker is functionally indispensable from
yeasts to mammals. Because the Gly residue has never been
studied in any VGCC, these findings provide new insights into
the structure-function relationships of VGCCs.
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Voltage-gated Ca®' channels (VGCCs)® in the plasma mem-
brane mediate the influx of Ca®* that serves as the second mes-
senger of electrical signals to initiate many cellular events,
including muscle contraction, neurotransmitter release, and
gene expression (1). The pore-forming component of VGCCs is
provided by the a, subunit, a protein of about 2000 amino acid
residues (2). This subunit contains four structurally conserved
domains (I-1V), each of which contains six transmembrane
segments (S1-56) and a membrane-associated loop between S5
and 56 (called the pore loop or P-loop). The voltage sensitivity
of VGCCs and structurally related cation channels is conveyed
by the S4 segments, which contain several positively charged
residues. S2 and S3 contain conserved negative charges that are
likely to interact electrostatically with the positively charged
residues of S4. The S5-P-loop-S6 region forms the pore domain
(see Fig. 1).

Mutations in the a, subunits resulting in structural aber-
rations cause hereditary diseases (called Ca®" channelopa-
thies) in mammals, such as incomplete congenital stationary
night blindness, hypokalemic periodic paralysis, episodic
ataxia type 2 and familial hemiplegic migraine in humans,
and ataxia and seizures in mice (3—6). Most of the mutations
are predicted to produce truncated a; subunits with no sig-
nificant channel activity by introducing a premature stop
codon or leading to aberrant splicing. Single missense muta-
tions can also result in the production of complete or partial
loss-of-function subunits and these mutation sites are likely
to be restricted to amino acid residues at transmembrane
segments or loops known to be important for channel activ-
ity (7-9).

A eukaryotic model organism, the yeast Saccharomyces
cerevisiae, carries only one gene (designated CCHI) coding
for a protein structurally homologous to the animal &, sub-
units of VGCCs. Physiologically, the Cchl protein is neces-
sary for mating pheromone-induced Ca*" uptake (10-13),
store-operated Ca®" entry (14), endoplasmic reticulum
stress-induced Ca®"* uptake (15), and a hyperosmotic stress-
induced increase in cytosolic Ca®' concentration (16).

*The abbreviations used are: VGCC, voltage-gated Ca®* channel; EGFP,
enhanced green fluorescent protein; CMV, cytomegalovirus; BHK, baby
hamster kidney; ORF, open reading frame.
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When exposed to the mating pheromone a-factor, mutants
lacking CCH1I die because of a deficiency in Ca®* uptake (10,
11). This phenotype, as well as the Ca®>* uptake ability, was
used to assess the activity of wild-type and mutant Cchl
proteins in this study. To gain channel activity, Cchl
requires another protein, Mid1, as revealed by genetic anal-
yses (10, 11, 13). Mid1 has no structural homologue in higher
eukaryotes (17), but has stretch-activated Ca®" channel
activity when expressed in mammalian cells (18, 19). There is
no orthologue of genes encoding the auxiliary subunits a,8,
B, and y of mammalian VGCCs in the S. cerevisiae genome.,

rbClIl is a member of an L-type VGCC «, subunit subfamily,
Ca,1.2,isolated from the rat brain (20, 21), and has been used in
this study as a mammalian counterpart of yeast Cch1 to attempt
to generalize findings with Cch1. The activity of rbCII has been
successfully analyzed when it is transfected in baby hamster
kidney BHK®6 cells that stably express rabbit B,, and a,/8
necessary for efficient targeting of «, to the plasma mem-
brane (22, 23).

Here, we report that a mutant allele of yeast CCH I, formerly
designated mid3-1 (17), has a missense mutation causing a
Gly'”*® to Glu substitution that results in a complete loss-of-
function. The glycine residue is located in the cytoplasmic
linker between the S2 and S3 segments in domain IlI, com-
pletely conserved during evolution, and proven to be important
as being the smallest residue volume. In addition, we show that
the Gly residue is not only important for Cch1 function, but also
for rbCII channel activity. Because attention has never been
focused on the Gly residue in this linker of any VGCC, our
finding should help elucidate the structure-function relation-
ships of VGCCs.

EXPERIMENTAL PROCEDURES

Yeast Strains and Media—The parental strain H207 (MATa
his3-Al leu2-3,112 trpl-289 ura3-52 ssti-2) and its deriva-
tive mutant strains H3031 (MATa cchi-1 (formerly mid3-1)
his3-Al leu2-3,112 trpl-289 wra3-52 sstl-2) and H314
(MATa cchlA:zTRP1 his3-Al leu2-3,112 trpl-289 ura3-52
ssti1-2) were described previously (13, 17). To construct H317
(MATa cchlA:HIS3 his3-Al leu2-3,112 trpl-289 ura3-52
sst1-2),a CCHI knock-out plasmid pCCH1DH (see below) was
cut with EcoRI and SphI and introduced into H207. Successful
disruption of the CCHI gene was confirmed by PCR analysis
with Ex Tag polymerase (Takara Bio Inc., Otsu, Japan). The
strains X2180-1A, A364A, KA31-1A, YPH500, and S173-6B
were described previously (17, 24 -26). Rich medium YPD and
synthetic media SD and SD.Cal00 were prepared as described
previously (17). The SD.Cal00 medium contained 100 um
CaCl,, whereas SD contained 681 um CaCl,.

DNA Sequencing—The CCHI gene of various strains was
amplified by PCR with LA Tag polymerase (Takara Bio Inc.)
using the primers 5'-200F-EcoKpn and 3'-305R-Sph, listed in
Table 1. The resulting 6.6-kb DNA fragments were directly
sequenced with BigDye Terminator version 3.1 cycle sequenc-
ing kit (Applied Biosystems, Foster City, CA).

Construction of Plasmids—The plasmids used in this study
were listed in Table 2. The promoter of CCHI (P, 200
bp), its ORF (CCHI ORF, 6,120 bp), and the terminator
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(Tecpes0 305 bp) were amplified by PCR with LA Tagq poly-
merase using the genomic DNA of H207 or X2180-1A cells
as a template. The PCR primers and an adaptor are listed in
Table 1.

To construct pCCH1D, a pUC18-derived plasmid carrying
Pecyppand Ty, the PCR-amplified promoter and terminator
fragments of the CCHI gene of H207 were cut with appropriate
restriction enzymes and inserted into the multicloning site of
pUCI1S8, then an adaptor, which contains a stop codon and an
Xhol site, was inserted between P, and Ty, The CCHI
knock-out plasmid pCCH1DH was constructed by inserting
the HIS3-containing 1.8-kb BamHI-Xhol fragment of pJJ215
(27) between P.,;, and Ty, of pCCHI1D.

To clone the CCHI gene in Escherichia coli, we first con-
structed a new S. cerevisiae-E. coli shuttle vector (named
pBC111), which replicates with a low copy number in E. coli, by
replacing the ColE1 ori of YCplac111 (28) with the ColE1 ori
and the rop gene of pBR322, as follows. pBR322 was cut with
Sall and Mscl and the overhangs were filled-in using a DNA
blunting kit (Takara Bio Inc.). The larger fragment was self-
ligated and the Sall site that remained was destroyed by a series
of Sall-cut, fill-in, and self-ligation. The 2.9-kb AatII-Sphl frag-
ment of the resulting plasmid was ligated with the 3.9-kb Sphl-
Aatll fragment of YCplac111 to produce pBC111. pBCS111 and
pBCT111 are derivatives of pBC111, each of which carries
Pecri-Tecr Of Prpps-Tapr respectively. pBCS111 was con-
structed by inserting the 0.5-kb EcoRI-Sphl fragment of
pCCHI1D into the multicloning site of pBC111. To construct
pBCT111, Py and Ty, of pPBCS111 were replaced with the
Ppypy5-containing 0.7-kb EcoRI-BamHI fragment of pUGPD
(29) and the T, ,-containing 0.3-kb Pstl-Sphl fragment of
pGBKT?7 (Clontech, Palo Alto, CA), respectively. The PCR-ampli-
fied CCH1 ORF derived from H207 or H3031 was cut with BamH]I
and Sall and inserted between the BamHI and Sall sites of
pBCS111 or pBCT111. The resulting plasmids were designated
pBCS-CCHI1H or pBCS-CCHIHm1 and pBCT-CCHI1H or
pBCT-CCHI1HmI, respectively. Recombinant Cchl proteins
expressed from these plasmids have three additional amino
acid residues (Val, Asp, and Thr) at the carboxyl terminus. The
plasmids, pBCT-CCHI1H-EGFP or pBCT-CCH1HmM1-EGFP,
used to express EGFP-tagged Cchl proteins were constructed
by inserting the 0.6-kb Ncol (blunted)-NotlI fragment of pEGFP
(Clontech) between the Sall (blunted) and Notl sites of pBCT-
CCHI1H or pBCT-CCHI1HmI, respectively.

pBCMS-EGFP, a low-copy derivative of the mammalian
expression plasmid pCMS-EGFP (Clontech) was con-
structed as follows. The restriction sites spanning from Sphl
to Xbal of the multicloning site of pBC111 were deleted, and
the 2.9-kb Aatll (blunted)-BamHI fragment of the resulting
plasmid was inserted between the Bglll and ApalLl (blunted)
sites of pCMS-EGFP. rbCII ¢cDNA (kindly gifted by Dr. T. P,
Snutch; see Refs. 20 and 21) was inserted between the Mlul
and Sall sites of the multicloning site of pPBCMS-EGFP. The
resulting plasmid, pBCMS-EGFP-rbCll, was used to tran-
siently express rbCII under the control of the immediate-
early promoter/enhancer of cytomegalovirus (CMV pro-
moter) in BHK6 cells.
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TABLE 1
Oligonucleotides used in this study
Underlines represent the entirety or a part of restriction sites. Boxed triplets show the initiation or termination codon.

Usage Name Sequence

PCR primers

Promoter 5'-200F-EcoKpn  5"-GGGAATTCGGTACCGAAGGTTCCTGTTCACAGAGGAAT-3
5'R-Bam 5-GOGGATCCAGTACTAACAATATATTCTATTTAGTAATG-3'

Terminator  3'F-Pst S-CCCTGCAGTAAATTATATAAGGGCATATTTAAGAGG-3"

5-GGG

3"-305R-Sph TGCCCTTCTAATGGGTACTCTTGCAATG-3’

ORF 5'F-Bam SGGGATCUATGCAGGGGAGAAAAAGGACGCT-3"
3'R-Sal SGGOTCGACTCTATCAATTAGATCATTTGCGCTATC-3"
Cec-peptide  Cc-5"F-Bam 5 -GGGGATCCACAAGATGGAAATTTCATTIGCAGGATG-3"
Ce-3"R-Sal 5-GGTCGAUTTATCTATCAATTAGATCATTTGCGCTA-3’
Mutagenesis  3298F 5-TCACTAAAAAGGCTGAGAATGTTTGCT-3
3999R 5"-CATAACTAGGTTAAATGTTTGAC-3"

G12655-F* 5"-CAGTAGCTGACICATTTATATATTCTCC-3"

G126558-R* 5-GGAGAATATATAAATGAGTCAGCTACTG-3
G959E-F* S CCTTAAGATGACTGCTTACGAGGCTTTCCTGC-3"
GO59E-R* STGCAGGAAAGCCTCGTAAGCAGTCATCTTAAGG-3

SallXhol Pstl Adaptor

(double strand)

3-GTGCATCGAGCTCG-5’

* Asterisk, The G12655-F and G12655-R were used to substitute Ser for the Gly*2*® of Cch1, and the GI59E-F and G959E-R were used to substitute Glu for the Gly*® of rbCll,
for example. The doubly underlined triplets in these oligonucleotides were changed to appropriate nucleotides to substitute the corresponding amino acid for Gly' 265 or Gly?S*.
Boldfaces indicates the changed nucleotides.

TABLE 2
Plasmids used in this study
Plasmid Characteristics Source
E. coli plasmids
pCCHID Pecini Tocni inpUCLS This study
pCCH1DH Pecpyy HIS3 Ty, in pUCIS This study
Expression plasmids
YCplacll11 ColEl-ori ARST CEN4 LEU2 Gietz and Sugino (28)
pBC111 ColEl-ari-rop in YCplacl11 This study
pBCS111 Pecrr Tocy in pBCL11 This study
pBCS-CCHIHY CCHIH ORF in pBCS111 This study
pBCS-CCH1HmI1* cchl-1 ORF in pBCS111 This study
pBCT111 Priss Tapy, in pBC111 This study
pBCT-CCHIH® CCHIH ORF in pBCT111 This study
pBCT-CCH1Hm1* cchl-1 ORF in pBCT111 This study
pBCT-CCHIH-EGFP* CCHIH-EGFP ORF in pBCT111 This study
pBCT-CCHI1Hm1-EGFP* cchi-1-EGFP ORF in pBCT111 This study
pBCMS-EGFP* ColE1-ori-rop P, EGFP marker This study
pBCMS-EGFP-rbCll rbCIl ¢cDNA in pBCMS-EGFP This study

“ The ColE1 ori of YCplac111 and pCMS-EGFP have been replaced with a DNA fragment containing the ColE1 ori and the rop gene derived from pBR322.
” The suffixes of CCH1, i.e. H and Hm1, represent the CCH1 and cchi-1 ORFs derived from the strains H207 (CCHI)and H3031 (cchi-1), respectively.

In Vitro Site-directed Mutagenesis—In vitro site-directed
mutagenesis was performed using the two-step PCR method
reported by Higuchi et al. (30). The PCR primers are listed in
Table 1. pBCT111 plasmids bearing various cchl mutant
genes were constructed by replacing the 0.4-kb Kpnl-Apal
fragment of pBCT-CCHIH with the corresponding frag-
ment that had been produced by PCR-based, in vitro site-
directed mutagenesis, and the nucleotide sequence was ver-
ified. pBCS111 plasmids bearing the same cchI mutant genes
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were constructed by replacing the 4.1-kb SacI-Sall fragment
of pBCS-CCHI1H with the corresponding fragment of the
pBCT111 bearing the cchl mutant genes constructed as
described above.

In the case of rbCll, QuikChange II XL Site-directed
Mutagenesis Kit (Stratagene, La Jolla, CA) was used to
mutagenize the rbCII ¢cDNA subcloned in pBluescript II
SK(—). The 1.4-kb Spel-EcoRV fragment of the wild type
¢DNA was replaced with each mutated fragment, and each
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mutated full-length ¢cDNA was introduced into pBCMS-
EGEFP after the nucleotide sequence was verified.

Preparation of Polyclonal Anti-Cchl Antibodies—A PCR
fragment encoding the Cchl carboxyl-terminal peptide span-
ning from amino acid residue 1,949 to 2,039 was cut with
BamHI and Sall and inserted into pQE30 (Qiagen Inc., Valen-
cia, CA) to be conjugated with a His, tag at the amino terminus,
The His,-tagged carboxyl-terminal peptide was purified from
an E. coli transformant (strain JM109) carrying this plasmid
using nickel-nitrilotriacetic acid-agarose beads (Qiagen Inc.)
under denaturing conditions. Affinity purified rabbit antibod-
ies against this peptide were prepared by Promega Co. (Madi-
son, WI).

Western Blotting and Fluorescence Microscopy—Western
blotting was carried out according to the method described
previously (17) except that SDS-PAGE samples were heated
for 3 min at 70 °C. The affinity purified rabbit polyclonal
antibodies against the carboxyl-terminal peptide described
above were used at a concentration of 0.07 pug/ml to detect
the wild-type and various mutant forms of the Cch1 protein,
Fluorescence microscopy on cells expressing the
Cch1G1265E-EGFP and Cchl-EGFP was performed as
described previously (31).

Determination of the Viability of Yeast Cells— The viability of
cells exposed to 6 um a-factor in SD.Cal00 medium was deter-
mined using the methylene blue liquid method (24).

Determination of Ca’" Accumulation in Yeast Cells—Expo-
nentially growing cells in SD.Cal00 medium were incubated for
2 h with 6 um a-factor and 185 kBg/ml (1.85 kBq/nmol) of
*3CaCl, (PerkinElmer Life Sciences). Samples were taken, fil-
tered through Millipore filters (type HA; 0.45 pm) that had
been presoaked in 5 mm CaCl,, and washed five times with the
same solution. The radioactivity retained on the filters was
counted with a scintillation mixture, ReadyProtein (Beckman
Japan, Tokyo), in a liquid scintillation counter.

Electrophysiological Recordings—Electrophysiological record-
ings were performed in the whole cell patch clamp configura-
tion using Patch/Whole Cell Clamp Amplifier Axopatch 200B
(Axon Instruments, Foster City, CA) and A/D converter (Digi-
data 1200, Axon Instruments). Data acquisition was performed
by using pCLAMP?7 software (Axon Instruments). Capacitative
components were electrically compensated. Leak subtraction
was performed with P/N method (N = 4-6). All experiments
were performed at room temperature.

Ba®" currents (,,) through Ca®* channels exogenously
expressed in BHK6 cells were measured as described previ-
ously (22). The external solution contained 137 mm NaCl, 5.4
mm KCI, 1 mm MgCl,, 10 mm HEPES, 10 mm glucose, and 2
mum BaCl, (pH adjusted to 7.4 with NaOH at room temper-
ature). The resistance of the recording pipettes was 2-2.5
MQ when filled with the pipette solution containing 120 mm
CsMeSO,, 20 mM tetraethyl ammonium chloride, 14 mm
EGTA, 5 mm Mg-ATP, 5 mm Na, creatine phosphate, 0.2
mm GTP, and 10 mm HEPES (pH 7.3 adjusted with CsOH at
room temperature).

Immunohistochemistry—BHK®6 cells were fixed in 4% form-
aldehyde for 10 min, permeabilized with 1% Triton X-100 in
phosphate-buffered saline, and blocked with TBS-T solution

25662

JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE 3
Amino acid variation and mutation in the Cch1 protein
The nucleotides changed in the strains H207, A364A, and H3031 are underlined

Strain (genotype)
X2180-1A, 5288C,

Amino acid position

(nucleotide position) ypH500, KA31-1A, H207, A364A  H3031
$173-6B
(CCH1) (CCH1) (cchl-1)
765 (2,294) Gly (GGA) Ala(GCA)  Ala(GCA)
882 (2,646) Asn (AAT) Lys (AAA) Lys (AAA)
972 (2,914) Thr (ACT) Ala(GCT)  Ala(GCT)
1,117 (3,351) Asp (GAC) Asp (GAT)  Asp (GAT)
1,265 (3,794) Gly (GGA) Gly (GGA)  Glu (GAA)®
1,413 (4,238) Ser (AGT) Asn (AAT)  Asn (AAT)
1,607 (4,819) Met (ATG) val (GTG)  Val (GTG)
1,627 (4,879) Phe (TTT) Val (GTT)  Val (GTT)

“ The only mutation found in the cchi-I allele.

(20 mm Tris-HCI, 137 mm NaCl, 0.01% Tween 20, pH 7.4) con-
taining 0.25 mg/ml bovine serum albumin for 1 h at room tem-
perature. Polyclonal antibodies against Ca, 1.2 (rabbit anti
CNC1 (ACC-003, Alomone Labs, Jerusalem, Israel) or rat anti-
CNCI1 (custom made)) were visualized with secondary antibod-
ies labeled with Alexa Fluor 543 or Alexa Fluor 633 (Invitrogen).
Images were acquired by confocal microscopy (LSM-510
META, Carl Zeiss, Inc., Oberkochen, Germany) and presented
in supplemental materials Fig. S1.

Statistical Analysis—Statistical significance was determined
using the unpaired Student’s £ test with a p value <0.05 required
for significance.

RESULTS

Genetic Characterization of a cchl Allele of S. cerevisiae—The
phenotypes of the previously reported mid3-1 recessive
mutant are essentially the same as those of the cchIA mutant:
these include mating pheromone-induced death, low Ca*’
uptake activity, and low viability in the stationary phase. In
addition, the corresponding genes have not been cloned
despite numerous trials (11, 13). These features prompted us
to perform genetic analysis on them. The two mutants were
crossed (MATa mid3-1 X MATa cchlA) and the resulting
diploids showed low viability in the stationary phase, like
mid3-1 and cchlA haploids, suggesting that the two alleles
belong to the same complementation group. The diploids
were sporulated and subjected to tetrad analysis (32). All
cells germinated from 72 spores dissected from 18 asci again
showed low viability in the stationary phase. In addition, all
the MATa cells from each spore (a total of 36 spores) showed
the mating pheromone-induced death phenotype. These
results indicate that mid3-1 is allelic to cchiA, We therefore
renamed mid3-1 to cchl-1.

PCR products, synthesized using genomic DNA as a tem-
plate of the cchi-1 mutant (strain H3031) as well as of the
parental strain H207 (CCH1), were directly sequenced. Three
independent PCR products for each strain were sequenced to
avoid misinterpretation due to possible PCR errors. Conse-
quently, we identified a missense mutation (G3794A) in cchi-1,
which results in a substitution of glutamate (Glu) for glycine
(Gly) at codon 1,265 (G1265E) (Table 3).

We noted a strain-dependent polymorphism in CCHI. Seven
nucleotides and six encoded amino acids in CCHI of the strain

s
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FIGURE 1. Structure of the Cch1 protein. The predicted topology of Cch1 and
the location of the G1265E mutation (red circle) and strain-dependent amino acid
variations (blue circle) are shown. For details of the aming acids and codons, see
Table 3. Roman numerals /-/V represent putative domains and the Arabic numer-
als 1- 6 putative transmembrane segments (51-56). The putative 54 segments in
domains I-lll, containing repeated motifs of a positively charged residue fol-
lowed by two hydrophobic residues, are colored yellow. The putative $4 segment
of domain IV lacks the motifs. P represents the putative pore loop. The amino and
carboxyl termini are located in the cytoplasm.

COOH

H207 we determined were different from those of CCHI of the
strain 5288C listed in the Saccharomyces Genome Data base
(www.yeastgenome.org) (Table 3). Because S288C is isogenic to
a standard laboratory yeast strain, X2180-1A, we determined
the CCHI nucleotide sequence of X2180-1A and four other
standard laboratory strains and found that H207 shares the
same nucleotide sequence with one strain and that X2180-1A
and S288C share the same sequence with three other strains
(Table 3). It is notable that the viability of X2180-1A cells was as
high as that of H207 cells after exposure to a-factor (data not
shown), suggesting that the six amino acid variations do not
affect Cchl function.

To confirm that the G1265E mutation is the only determi-
nant for the phenotypes of the cchl-1 mutant, we first devel-
oped a new vector of low copy number in E. coli (designated
pBC111) because cloning of CCHI has long been impossible
due to the probable toxicity of this gene or protein for E. coli
(11, 13). pBC111 is an E. coli-yeast shuttle vector having the
ColE1-ori-rop sequence ensuring 15-20 copies per E. coli
celland an S. cerevisiae centromere ensuring 1-3 copies per
S. cerevisiae cell. Using this, we generated the G1265E muta-
tion in CCHI cloned from X2180-1A and the resulting
mutant gene was tested for its ability to rescue the mating
pheromone-induced death phenotype and low Ca*" uptake
activity of the cch1A mutant. The results showed that this
mutant gene did not rescue the two phenotypes at all, just
like the G1265E mutant gene of H207 (data not shown), indi-
cating that the two phenotypes are attributed to the G1265E
mutation only. We therefore used the CCH1I alleles based on
the H207 background hereafter and designated the mutant
Cchl protein with the G1265E mutation Cch1G1265E.

Gly'?%* Is Completely Conserved—Based on a conventional
transmembrane domain prediction (33), Gly'**° was predicted
to be located in the cytoplasmic linker connecting the putative
transmembrane segments S2 and S3 of domain 111 (Fig. 1),
although this residue is alternatively predicted to be included in
the 52 segment by other methods, such as SGD (www.yeast-
genome.org) and UniProt (www.expasy.uniprot.org). Here, we
followed the conventional prediction (33). To explore the
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importance of the glycine residue in the domain III S2-S3
linker, we compared the amino acid sequences of the corre-
sponding linker of the VGCC family. Fig. 2 shows a multiple
amino acid sequence alignment of the linker and its neighbors
of a total of 58 VGCCs and candidates from 17 species, includ-
ing humans, yeasts, and representative model organisms, such
as mice, rats, zebrafish, fruit flies, and nematodes. This align-
ment clearly indicates that the glycine residue is completely
conserved from yeasts to humans. The finding prompted us to
investigate the importance of the Gly'*® of Cch1 because the
glycine residue has never been investigated in any VGCC or
candidate, although it is remarkably conserved during
evolution.

The G1265E Mutation Results in a Complete Loss of Function—
There are three possibilities for the inability of the
Cch1G1265E protein in cellular function: loss-of-function,
instability, and lack of plasma membrane targeting. To
examine these possibilities, we first investigated the amount
of the Cchl and Cch1G1265E proteins by Western blotting
and found that the amount of Cch1G1265E produced from
the echl-1 gene was slightly smaller than that of the wild-
type Cchl protein (Fig. 3A, left panel). However, this
decrease is unlikely to be the cause of the defect of
Cch1G1265E because an ~20-fold overproduction of
Cch1G1265E under the control of a strong TDH3 promoter
(Fig. 3A, left panel) did not rescue the decreased viability and
Ca’" uptake activity of the cch1A mutant at all (Fig. 3, Band
C). Thus, a putative instability of the Cch1G1265E protein
does not account for its inability in cellular function.

We then examined the subcellular localization of
Cch1G1265E, tagged with green fluorescence protein
(Cch1G1265E-EGFP) produced under the TDH3 promoter on
a centromere plasmid, using fluorescence microscopy and
found that Cch1G1265E-EGFP was normally localized to the
plasma membrane and the endoplasmic reticulum membrane-
like structure (Fig. 3D). Note that the amount of Cch1-EGFP
and Cch1G1265E-EGFP produced under the self-promoter on
a centromere plasmid was too small to visualize their fluores-
cence images (13).

We also found that the 20-fold overproduction of
Cch1G1265E in the CCH1 strain (Fig. 34, right panel) resulted
in only a small decrease in both the viability and Ca** uptake
activity (Fig. 3, E and F). This result is consistent with the
genetic data that the cchl-1 (mid3-1) mutation is recessive (17)
and indicates that the interferential effect of Cch1G1265E on
wild-type Cchl is small. Taken together, we conclude that the
G1265E mutation results in a complete loss-of-function of
Cchl, not its instability and mislocalization.

Importance of Gly'**® as the Smallest Amino Acid Residue— W e
next investigated the cause of the complete loss-of-function
of the Cch1G1265E protein. One can speculate three possi-
bilities for the cause: a negative charge, hydrophilicity, or a
large residue volume of glutamate compared with glycine.
To examine these possibilities, we systematically substituted
nine amino acids with different chemical and physical prop-
erties for Gly'**%, introduced the resulting mutant genes ona
centromere plasmid into the cchi/A mutant, and examined
their activity by cell viability and Ca*™" uptake assays (Fig. 4).
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Species Protein Type NCBI-G] No. Length aa Sequence
H.sapiens Ca,1.1 (a9 L NP_000060 1873 831- ILKHFDIGFTSVFTVEIVLKMTTYGAFLHKGSF CRNYFNMLDLLVVAVSL L
Ca,1.2 (ayg) L NP_000710 2138 932- ILFYFDIVFTTIFTIE IALKNTAYGAFLHKGSFCRNYFNILDLLVVSVSLL
Ca, 1.3 (o) L NP_000711 2181 938~ ILGYFDYAFTATFTVE ILLKMTTF GAFLHKGAF CRNYFNLLOMLVVGYSLY
Ca,1.4 (o) L NP 005174 1977 903- [LGYFDYAFTSIFTVE ILLKMTVF GAFLHRGSFCRSWFNMLOLLYVSYSL
Ca2. 1 () P/Q  NP_000059 2261 1276~ VLRYFOYVF TGVFTFEMY]KMIDLALVLHGGAYFRDLNNILOF IVVSGALY
Ca2 2 (ay N NP_000709 2339 1182~ ALKYLDYIFTGVFTFEMVIKMIDLGLLLHPGAYFRDLANILOF IVVSGALY
C2,2.3 (o) R NP_000712 2270 1185~ VLRYFDYVF TGVFTFEMVIKMIDQGL [LODGSYFRDLWNILDFYVYVGALY
Cad 1 (o T NP_061496 2377 1309~ FLTLSNY IF TAVFLAEMTVKVVALGNCFGEQAYLRS SKNVLOGLLVLISVI
Cad. 2 (o T NP_001005407 2347  1327- FLSVSNYIF TAIFVAEMMVKVVAL GLL SGEHAYLQSSWNLLOGLLYLVSLY
Ca 3.3 (ayy) T NP_001003406 2188 1168~ FLTVSNYIFTAIFVGEMTLKVVSLGLYFGEQAYLRS SWNVLOGFLVFVSI]
YGCNL1! 7 NP_443099 1738 917 TLQIAEYVFVIFNS]ELNLK IMADSLFFTPTAVIRDF GGVMD IF [ YLVSLI
O cuniculus  Cal1 (ayg L AM31158 1873 831~ ILGYFDIAFTSVFTVE IVLKMTTYGAFLHKGSF CRNYFNILDLLVVAVSLI
Ca2. 1 (o L Pi5381 2171 962~ ILFYFDIVFTTIFTIE IALKNTAYGAFLHKGSFCRNYFNILDLLYVSVSL I
Ga 2.1 (ayy) P/Q P27884 2424 1285- VLRYFDYVF TGVFTFEMY]KMIDLGLVLHGGAYFROLWNILOF IVVSGALY
Ca 2.1 (ayy N 005152 2339 1187~ ALKYMDY IFTGVFTFEMY]KMIDLGLLLHPGAYFRDLWNILOF IVVSGALY
Ca2. 1 (ayp R 002343 2259 1175~ VLRYFDYVF TGVFTFEMVIKMIDOGL [LODGSYFRDLWN ILOFVWVVBALY
N. musculus Ca .1 (ayg L XP_358335 1807 955~ ILEYFDYVF TAVFTVE IVLKMTTYGAFLHKGSF CRNYFNILOLLVVAVSL ]
Ca,1.2 (ayg) L NP_033911 2139 932~ ILGNADYVFTSIFTLE I 1LKMTAYGAFLHKGSFCRNYFNILDLLYVSVSL
Ca,1.3 (ay L NP 083257 2166 940- ILGYFDYAF TAIFTVEILLKMTTF GAFLHKGAF CRNYFNLLOMLYVGYSLY
Ca,1. 4 (a) L NP_062528 1985 908- ILGYFDYAFTSIFTVE ILLKMTVFGAFLHRGSFCRSNFNLLOLLVVSVSLI
Ca2 1 (o) P/Q NP_031604 2164 1179~ VLRYFDYVFTGVFTFEMVIKMIDLGLVLHQGAYFROLWNILDF IVVSGALV
Ca2 2 (o N NP_031605 2288 1170- ALEYMDYIFTGVFTCEMVIKMIDLGLLLHPGAYFROLWNILDFIVVSGALV
Ca2 3 (o) R NP 033912 2272 1188~ VLRYFDYVFTGVFTFEMVIKM[DOGLILQDGSYFROLWN ILDFVVVVGALY
Ca3 1 (o T NP_033913 2295 1310~ FLTLSNYIF TAVFLACMTVKVYAL GWCFGEQAYLRSSWNVLDGLLVLISVI
Ca 3 2 (o T NP_067390 2359 1338 FLSVSNYIFTAIFVVE MMVKVVAL GLLWGEHAYLOSSWNVLDGLLVLYSLY
R onorvegicus  Ca,l.2 (opirbCII) L AAAIB90S 2143 935~ JLGNADYVFTSIFTLE I [LKMTAYGAFLHKGSF CRNYFNILDLLYVSYSLI
Ca,1.2 (ayp) L NP_036649 2169 962~ ILFYFDIVFTTIFTIE [ALKMTAYGAFLHKGSFCRNYFNILDLLVVSVSL T
Ca,1.3 (a;p L NP_058994 2203 977~ ILGYFDYAF TAIFTVE [LLKMTTFGAFLHKGAF CRNYFNLLOMLVVGYSLY
Ca,1.4 (a0 L NP_446153 1981 902- ILGYFDYAFTSIFTVE [LLKMTVFGAFLHOGSFCRSWFNLLOLLVVSVSL
Ca2.1 (ayy P/Q NP_037050 2212 1227- VLRYFDYVF TGVFTFEMY]KMIDLGLVLHQGAYFRDLWNILDF IVVSBALV
Ca2.2 (ayp) N NP 671482 2333 1179 ALKYMDYIFTGVFTFEMV]KMIDLGLLLHPGAYFROLWNILDF IVVSGALY
€22 3 (ay) R NP_062167 2222 1137- VLRYFDYVFTGVFTFEMV]KMIDQGL [LODGSYFROLAN ILDFVWVVGALY
Cad. 1 (ayg T NP_113789 2254 1288 FLTLSNYIFTAVFLAENTVKVVALGNCFGEQAYLRSSHNVLOGLLVLISVI
Ca 3.2 (apy T AAB35187 2359 1338~ FLSVSNYIFTAIFVVEMMYKYVALGLLWGEHAYLOSSWNVLDGLLVLVSLY
Ca 3.3 (ay) T NP 064469 1835  1162- FLTVSNYIFTAIFVGEMTLKVYSLGLYFGEQAYLRSSWNVLDGFLVFVSI I
VGCNL1! ? NP_705894 1731 917- TLQIAEYVFVIFMSI[LNLXIMADGLFFTPTAVIRDFGGVMD IFIYLVSLI
G.gallus ChCaChATD (ot;p) L AACO8304 2180 939- TLGYADYVFTSMFTF: I [LKMTAFGAFLHKGSFCRNYFNLLDLLWGEVSLY
D.rerio cacnals (o) k NP_99989 1847 851~ VLAYADIVFTTVFT IE IVLKMTVYGAFLHPASFCRNSFNILDLIVVAVSLL
cacnalc (o) L NP_571975 2168 944~ ILGYADYVFTGIFT IE I ILKMTAYGAFLHKBSFCRNYFNILDLVWYSVSLIT
cacnald (o L NP_982351 2082 861- ILGYFDYAF TAIFTVE IVLKMTTYGAFLHKGAF CRNYFNLLOLLVVGYSLY
L bleekeri VOCCi -, 7 BAA13136 2196 827- ILNYFDYVFTGVFT [EMLLKIVOLGI [LHPGSYCRDANNILOATVYICALY
D melanogaster Ca-alphalD L AAF53504 2516 1376 VLNKFDYFFTAVFTI1ELILKL ISYGFVLHDGAFCRSAPNLLDLLYVCVSLI
cac? P/Q  AAF4B120 1848 801- ILNYFDYAFTGVF TIEMLLKIVDLGYILHPESSFNRFDCVVISGS [FEVIN
Ca-alphalT 15 AAF46127 2893 1883~ FLATANYYFTVVF TVEMF [KVVATGNFYGHDAYFT SGANIMDGSLVTISII
nat ? AAF4B365 296 1217~ TLQIAEYGFVIFMSLELALK[LADGLFF TPKAY IKDVAAALDYF [YVVSTS
C elegans egl5-19 L AANT5372 1877 830~ ILNYFDYFFTSVF TVE ITLKVIVFGLVFHKGSFCRNAFNLLD ILVVAVSLT
unct-2 P/0  AAP82640 2027 886~ VLQYMDYCF TGVFACE MLLKL IDOGILLHPGSYCRDFWNILDGIVVTCALF
ceal-1 T AAMS1535 1837 1144~ FLHISGYIFTVIFTGE MMMKY TANGCF [ GQAAYFKDGWNILDGILWWISLI
ncat-1 ? AAMB1121 1913 1047~ YLGISDYFFVLSMTFELCVKIIANGLFF TPKAVVRDVGGVMNLF IYFTSVI
ncat-2 ? AAABT424 1785 958- YLQIAEYIFVLVMSFELIVKCIANGLFFTPKALVIDVGDILTIFIYITSLM
N.crassa hypothetical ? XP 331961 2218 1242~ WFRWVDTGFAIVFTLEAL IKVIADGFLWTPNAYFRSTWGY IDAIVLITLWI
W.grisea hypothetical ? XP_360269 2128 1215~ NFVWTDMAFAAIFTTEAF IKVIADGFFF TPNAYFRSSWGL IDAVVLTTLWI
A.nidulans calcium channe| ? AAL37946 2110 1223~ WFTYTDLGFAILFSIE AL IKVIADGFFWTPNAYFRGSWGF IDGTVLVTLWI
C.neoformens  hypothetical 7 AAM42868 2028 1202- WFDLTEVTLGL IFVLEAAMKIVADGFIFAPNAYLLSLWNVLDFIILITLLI
§. pambe vice ? NP 583894 1854 979- WFVWTEVAFATIFTIEAAIKI [ADGFCITPNAYLRSTWNCIDFFVLVTLWI
C albicans Cehl 7 AANB6029 2254 1366~ WVFWAEFVFVMVF TVEFA IKV IADGF [F TPNAYTRSSWNL IDFVVLLSLWI
A gossypli calcium channe| 7 NP_983261 1963  1165- WLNVCECTFVALFTLEFL IKTIADGFLYSPNAY IMNPWNCIDLVVLI SWW]
S cerevisize Cohl 7 W07 2039 1241- WSSALDCAF [GAFSIEF1VKTVADGF | YSPNAYLRNPHNF [DFCVL [ SMW]
s2 * s3
Consensus sequence ........F. .F . . K | S Y.R..W..D
FK. F
H

FIGURE 2. Multiple amino acid sequence alignment of the domain Il $2--53 linker of various VGCC a,
subunits and candidates. Multiple amino acid sequence alignment was performed with ClustalW

(align.genome.jp). The completely conserved glycine residues, including the Cch1 Gly

1265 are colored red and

highlighted by an asterisk, and the conserved acidic residues green. The putative S2 and 53 segments are
underlined at the bottom. As for 53, a part of the amino acid sequence is shown. The full names of the species
are (from the top to the bottom): Homo sapiens; Oryctolagus cuniculus; Mus musculus; Rattus norvegicus; Gallus
gallus; Danio rerio; Loligo bleekeri; Drosophila melanogaster; Caenorhabditis elegans; Neurospora crassa; Magna-
porthe grisea; Aspergillus nidulans; Cryptococcus neoformans; Schizosaccharomyces pombe; Candida albicans;
Ashbya gossypii; and S. cerevisiae. Abbreviations: 1, voltage-gated channel like; 2, voltage-dependent calcium
channel; 3, cacophony; 4, narrow abdomen; 5, egg laying defective protein; 6, uncoordinated protein; 7, cal-
cium channel a subunit; 8, nematode calcium channel; 9, voltage-gated ion channel.

We have confirmed, with Western blotting, that the amount
of the mutant proteins was comparable with that of the wild-
type Cchl when they were produced from the self-promoter,
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and that it was at least 15-fold
greater than that of the wild-type
Cchl when produced from the
TDH3 promoter (data not shown).

When the activities of the
mutant proteins produced under
the self-promoter were compared,
the Gly-Ser and Gly-Ala substitu-
tions reduced the Ca®* uptake
activity by ~30%, but did not
affect cell viability (Fig. 4, A and
D), indicating that the remaining
~70% Ca®" uptake activity is suf-
ficiently high to support the viabil-
ity of cells. The Gly-Asp substitu-
tion slightly reduced both the cell
viability and Ca®* uptake activity.
The Gly-Asn substitution inacti-
vated the Ca®" uptake activity,
whereas it still maintained slight
viability. Finally, the Gly-Thr, Gly-
Val, Gly-Gln, Gly-Leu, and Gly-
Lys substitutions resulted in the
complete loss of Cchl function. It
is notable that when these mutant
proteins were produced under the
TDH3 promoter, the viability and
Ca’" uptake activity were only
slightly increased in the partially
active mutant proteins and were
not increased at all in the com-
pletely inactivated mutant pro-
teins (Fig. 4, A and D), suggesting
that a decrease in the amount of
the mutant proteins is not a factor
for the decrease in the viability and
Ca’™ uptake activity.

When those results obtained
with the self-promoter were
re-plotted in terms of the residue
volume or hydrophobicity of the
amino acids, we noted a clear rela-
tionship between the residue vol-
ume and activity of the mutant
proteins: Fig. 4, B and E, show that
when the residue volume is ~115
cubic A or greater at the position
of Gly'**%, the Cchl protein com-
pletely loses its activity. By con-
trast, Fig. 4, C and F, show that
there is no relationship between
hydrophobicity and Cchl func-
tion. We therefore conclude that
Gly'*®® is important for Cchl
activity because of the smallest

residue volume. Finally, we note that among the Gly-Asp,
Gly-Asn, and Gly-Thr substitutions, three of which result in
almost the same residue volume, the more the residue is
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FIGURE 3. Characterization of the cch1-1 mutation. A, Western blotting of the Cch1G1265E pratein
produced from the cchl-1 gene on a plasmid. Left panel, the H317 strain (cch1A) was transformed with
various plasmids and the extracts of the resulting transformants were subjected to Western blotting.
Plasmids used here: vector, pBC111; CCHI, pBCS-CCH1H; G1265E, pBCS-CCHIHM1; G1265Eox, pBCT-
CCH1Hm1. Right panel, the parental strain H207 (CCH1) was transformed and treated as above. Plasmids
used here: vector, pBC111; G1265Eox, pBCT-CCH1HmM1; CCHIox, pBCT-CCHITH. Note that the samples were
appropriately diluted as indicated under the panels. B, the viability of cells incubated with 6 um a-factor for
8 h in 5D.Ca100 medium. The transformants used here were the same as the left panel of A. C, Ca®*
accumulation of cells during a 2-h incubation with 6 um a-factor in SD.Ca100 medium. The transformants
used here were the same as in B. D, subcellular localization of Cch1G1265E-EGFP. Exponentially growing
cells of cch1A/pBCT-CCH1H-EGFP (left panels) and cch1A/pBCT-CCH1HmM1-EGFP (right panels) in SD.Ca100
medium were observed by confocal fluorescence microscopy (upper panels) or differential interference
contrast microscopy (lower panels). Essentially the same results were obtained for two additional experi-
ments. E, viability of cells incubated with 6 um a-factor for 8 h in SD.Ca100 medium. The transformants
used here were the same as the right panel of A. Vector versus G1265E (p < 0.05). F, Ca** accumulation of
cells during a 2-h incubation with 6 um a-factor in $D.Ca100 medium. The transformants used were the
same as those in E. Vector versus G1265E (p < 0.05). In 8, C, £, and F, all the data are mean * S.D. from at
least three independent experiments.

brane in BHKS6 cells (supplemental
materials Fig. S1). However, some
fraction appeared to remain in the
cytoplasm. Almost all fractions of
the rbCIIGY959E, rbCIIG959K, and
rbCIIG959A proteins were mainly
present in the cytoplasm. By con-
trast, the rbCIIG959S protein was
completely localized to the plasma
membrane. These results indicate
that the Gly-Ser substitution in
rbClII results in marked attenuation
of channel activity without altering
the localization efficiency of the
protein. The Gly-Glu, Gly-Lys, and
Gly-Ala substitutions bring about a
complete loss of channel activity,
and this loss may be due to a
decreased efficiency of protein
transport to the plasma membrane.

DISCUSSION

Here we have shown the impor-
tance of the Gly residue present in
the domain III $2-53 linker of the
yeast putative VGCC «, subunit
Cch1 and of the rat VGCC «, sub-
unit rbCII, a member of Ca_,1.2.
Based upon a conventional trans-
membrane prediction (33), the
domain I11 52-83 linker of VGCCs
is composed of 13 amino acid res-
idues and the Gly residue is the
only one amino acid residue that is
completely conserved in the linker
(Fig. 2). This suggests that the Gly

e

hydrophilic, the higher the activity of the Cch1 product (Fig.
4, C and F).

Gly™? of Rat Ca,1.2 Is Essential—On the basis of the above
findings that the Gly'*®® of Cch1 is essential and that the Gly
residue positionally corresponding to Gly'**® is completely
conserved during evolution, we examined the possibility that
the Gly residue of mammalian VGCC a, subunits is essential
for their channel function. To do this, the Gly**® residue of
the rat Ca, 1.2 (rbCll), which is the positional counterpart of the
Gly'*®® of Cchl, was replaced with Glu, Ser, Lys, or Ala. The
resulting mutant rbClII proteins were expressed under the con-
trol of the CMV promoter in BHK6 cells expressing rabbit 3,
and w,/6 subunits and examined for their function and subcel-
lular localization.

Whole cell patch clamp recordings showed that the
rbCIIG959E protein had no channel activity at all and that the
rbCIIG959S protein had little activity (Fig. 5). The rbCI1G959K
and rbCIIG959A proteins had no activity at all (data not
shown).

Contocal fluorescent microscopy with antibodies specific to
rbCIlI showed that a significant fraction of the wild-type rbClI
protein, used as a control, was localized to the plasma mem-

AUGUST 31, 2007« VOLUME 282+ NUMBER 35

residue is indispensable for the function of VGCCs, and we
have proven this suggestion.

Our study on the Cch1G1265E protein have indicated that
Gly'?%® is required for the function of Cchl, but probably not
for the stability and subcellular localization of this protein
because the amount of Cch1G1265E and the localization of
CchlG1265E-EGFP are essentially the same as those of the
wild-type counterparts (Fig. 3, A and D). The reason for the
importance of the Gly residue is that it has the smallest side
chain, as revealed by systematic amino acid substitution exper-
iments (Fig. 4).

As for rat rbCll, on the other hand, Gly”®” may be impor-
tant for not only function but also localization. The
rbCIIG959E, rbCI1IG959S, rbCIIGY959K, and rbCIIGY959A
proteins have no or very little Ba® " current, as revealed by
patch clamp analysis. Indirect fluorescent immunomicros-
copy has shown that, among these mutant proteins, the
majority of the rbCIIGY59E, rbCIIG959K, and rbCIIGY59A
proteins seem to be localized in the cytoplasm, instead of
localization to the plasma membrane (supplemental materi-
als Fig. S1). In addition, many of even the wild-type rbClIlI
protein appears to remain in the cytoplasm. We speculate
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FIGURE 4, Effect of the substitution of various amino acids for Gly'**> on Cch1 function. Cells of the cchTA
mutant expressing a Cch1 pratein having a mutation in Gly'?*® from the self-promoter or TDH3 promoter were
grown in 5D.Ca100 medium, exposed to a-factor, and examined for viability and Ca** accumulation. A, the viability
of cells was determined 8 h after exposure to a-factor. Open and closed bars represent the viability of cells expressing
amutant Cch1 protein produced from the self-promoter and the TDH3 promoter, respectively. Mean = S.D. fromat
least three independent experiments. Plasmids used: vector, pBC111; CCHI (G), pBCS-CCH1H; single letters from Glu
to Lys represent the substituted amino acids at Gly'***. Amino acid abbreviation: G, Gly; E, Glu; A, Ala; S, Ser; D, Asp;
N, Asn; T, Thr; V, Val; Q, GIn; L, Leu; K, Lys. B, replot of the viability data shown in A as a function of the volume of amino
acid residues (38). The data based on the self-promoter are shown. C, replot of the viability data shown in A as a
function of the hydrophobicity of amino acid residues (39). The data based on the self-promater are shown. D, Ca**
accumulation was determined 2 h after the cells were exposed to a-factor. Open and closed bars represent the data
obtained based on the self-promocter and the TDH3 promoter, respectively. Mean + 5.D. from at least three inde-
pendent experiments. Plasmids used and amino acid abbreviations were the same asthose in A. £, replot of the Ca®*
accumulation data shown in D as a function of the volume of amino acid residues. The data based on the self-
promoter are shown. F, replot of the Ca?* accumulation data shown in D as a function of the hydrophobicity of
amino acid residues. The data based on the self-promoter are shown.
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FIGURE 5. Effects of substitution of various amino acids for Gly®*® on the Ca?* channel activity of rbCll. Whole
cell recordings of Ba?” currents through the L-type Ca>* channel rbCll and its mutant proteins expressed in BHK6
cells were shown. A, wild-type rbCli; B, the rbCIIG959E protein; C, the rbClIG9595 protein. The dysfunction of G359F
could be dueto theimpairment of plasma membrane targeting (see supplemental materials Fig. $1). G9595 showed
markedly small Ba>* currents, although it was localized to the plasma membrane (see supplemental Fig. 51).
D, current-voltage relationships (I-V curve) of wild-type and mutant rbClls (G959E and G9595).
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that overexpression of rbCII
mRNA driven by the strong CMV
promoter might have resulted in
the mislocalization of these pro-
teins because of excess in the
amount of the ar; subunit over that
of the 8 and a,/8 subunits. It is
known that the correct targeting
of the a, subunit to the plasma
membrane requires the 8 subunit
(23). By contrast, rbCIIG959S
seems to be efficiently transported
to the plasma membrane. Taken
together, it is likely that Gly**? is
necessary for the function and
localization of rbClIL

From a structural viewpoint of
voltage-gated ion channels, we
speculate that the Gly residue has
a role for the formation of a volt-
age-sensing structure composed
of the S1-54 segments. Among six
transmembrane segments, the
S1-S4 segments are considered to
function as the voltage sensor of
structurally related, voltage-gated
Ca’", K*, and Na"' channels (2).
In the case of K channels whose
structure is best elucidated, the
four most extracellularly located
basic residues of the S4 segment
and the most intracellular acidic
residue in the S2 segment are the
major contributors to the gating
charge movement that is coupled
with the opening or closing of the
pore of the channel (34, 35). In
addition, according to the helix-
packing model, the interaction of
conserved negative charges in 52
and S3 with the conserved positive
charges in S4 makes S2 and S3 line
one side of the gating canal (36,
37). Thus, it is likely that the struc-
ture of the $2-53 linker is also
important for channel gating and
the replacement of the Gly residue
with any larger amino acid per-
turbs the spatial arrangement of
S2 and S3. This perturbation may
also affect the localization effi-
ciency of VGCC «a; subunits, as
seen in rbCIIL.

Finally, we would like to point out
that the Gly residue of the S2-S3
linker is present not only in domain
I1I but also in domains I, I1, and IV
with a slight exception (data not
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shown). Therefore, the Gly residue should have an essential
function in all of the four domains.
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Abstract

In this study. to identify the precise localization of the muscarinic receptor subtypes m2, m3 and md4 in the rostral part of the rat reticular
thalamic nucleus (rRt), namely, the limbic sector, we used receptor-subtype-specific antibodies and characterized the immunolabeled structures
by light, confocal laser scanning, and electron microscopies. The m2-immunolabeling was preferentially distributed in the distal dendrite region
where cholinergic afferent fibers tend to terminate and in the peripheral region of somata, whereas the m3-immunolabeling was more preferentially
distributed in a large part of somata and in proximal dendrite shafts than in the distal dendrite region. Dual-immunofluorescence experiments
demonstrated that majority of rRt neurons with parvalbumin immunoreactivity contain both m2 and m3. Neither m2 nor m3 was detected in
presynaptic terminals or axonal elements. No md-immunolabeling was detected in the rostral part of the thalamus including rRt. These results
show the different distributions of m2 and m3 in rRt neurons, and strongly suggest that m2 is more closely associated with cholinergic afferents

than m3.
© 2007 Elsevier Inc. All rights reserved.

Kevwords: Muscarinic receptor subtype; Immunocytochemistry; Reticular thalamic nucleus; Electron microscopy; Rat

1. Introduction

The thalamus is a strategic gating point where cholinergic
innervations exert activation effects on the transmission of infor-
mation from the subcortical regions toward target cortices. This
cholinergic activation of the thalamocortical system is caused by
two distinct cholinergic mechanisms [34,54]. In one mechanism,
acetylcholine directly causes a slow and long-lasting depolariza-
tion of thalamic relay neurons and the transition of their neuronal
firing mode from a rhythmic burst mode to a single spike mode
[11.31.59]. In the other mechanism, acetylcholine causes the
hyperpolarization of two major GABAergic inhibitory elements,
i.e., reticular thalamic nucleus (Rt) neurons and interneurons,
and the transition of their neuronal firing mode to a rhythmic
burst mode [24.32.33]. Furthermore, the rate of y-aminobutyric
acid (GABA) release from inhibitory neurons decreases with

* Corresponding author. Tel.: +81 3 3762 4151x2323; fax: +81 3 5493 5437,
E-mail address: odas@med.toho-u.ac.jp (8. Oda).

0361-9230/S - see front matter © 2007 Elsevier Inc. All rights reserved.
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the application of muscarinic agonists [47]. As a result of the
latter mechanism. the GABAergic inhibition of relay neurons is
suppressed. For this reason, the latter is the so-called disinhibi-
tion mechanism. Because both cholinergic mechanisms depend
on muscarinic acetylcholine receptors, the type of muscarinic
receptor that is predominantly active must differ between the
mechanisms.

Muscarinic acetylcholine receptors have been classified into
five subtypes, that is, m1-m3, according to the sequences of
the genes encoding them. Biochemical studies have revealed
that m1, m3 and m5 preferentially couple to stimulate phos-
pholipase C activity, whereas m2 and m4 couple to inhibit
adenylcyclase activity [7]. Additionally. electrophysiological
studies have shown that m1 and m3 are associated with the
inhibition of M-current. that is, the activation of these recep-
tors may block the adaptation of neurons, whereas m2 and
m4 are associated with the activation of potassium channels
[22.46]. A previous study revealed the difterent localizations
of muscarinic receptor subtypes in the relay neurons of the
anteroventral thalamic nucleus (AV) that receive dense cholin-



