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Summary The purpose of these experiments was to 
test the hypothesis that impaired glucose-stimulated in- 
sulin secretion in N I D D M  is due to mutations in the 
islet beta cell/liver glucose transporter (GLUT 2) gene. 
Using oligonucleotide primers flanking each of the 11 
exons, the structural portion of the gene was studied by 
PCR-SSCP analysis. DNA from African-American fe- 
males (n = 48), who had gestational diabetes but de- 
veloped overt N I D D M  after delivery, was studied. 
Each SSCP variant was sequenced directly from 
genomic DNA. Two amino acid substitutions from the 
previously reported sequence were found, one in 
exon 3 and the other in exon 4B. Four additional silent 
mutations in the coding region, and six intron muta- 
tions outside the splice junction consensus sequences, 
were also identified. The mutation GTC x ATC in exon 
4B substituted Va1197 to Ile ~97. This amino acid substitu- 
tion was found in only one N I D D M  patient in a single 
allele, and was not found in 52 control subjects. This 
residue exists in the fifth membrane spanning domain, 
and Val at this position is conserved in mouse and rat 
GLUT 2, and human GLUT 1 to G L U T  4. The other 

codon change in exon3, ACT xATT,  substituted 
Thr H~ to Ile la~ in the second membrane spanning do- 
main. To determine the frequency of this non-conser- 
vative amino acid substitution, a PCR-LCR assay was 
developed. This assay was simple and highly specific 
for detection of this single nucleotide substitution. The 
allelic frequency of the ATT (Ile 1~~ in N I D D M  pa- 
tients (39.6%, n = 48) and that in controls (47.1%, 
n = 52) did not differ (p -- 0.32, Fisher's exact test). In 
conclusion, we identified two variant GLUT 2 glucose 
transporters in a subset of NIDDM patients. The rare 
variant in exon 4 B may contribute to the diabetic sus- 
ceptibility and awaits further investigation. However, 
structural abnormalities of the GLUT 2 transporter as- 
sociated with N I D D M  appeared to be rare and were 
not likely to be a major determinant of genetic suscep- 
tibility to this type of diabetes in the population stu- 
died. [Diabetologia (1994) 37: 420-427] 
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Non-insulin-dependent diabetes mellitus (NIDDM) is 
a heterogeneous disorder characterized by inappropri- 
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ate insulin secretion from pancreatic islet beta cells, 
and impaired insulin action on target tissues [1]. 
Genetic as well as environmental factors appear to 
determine susceptibility to this disorder [2-4]. Recent 
advances in molecular biology/genetics have provided 
the opportunity to study several candidate genes in this 
disorder and mutations associated with NIDDM were 
identified in a small number of patients in insulin and 
insulin receptor genes [5-7] and mitochondrial genes 
[8-10]. Mutations in glucokinase have been implicated 
in contributing to early-onset autosomal dominant 
type of N I D D M  [11-13], however this type of diabetes 
also appeared to be rare ( < 2 % )  [14]. Therefore 
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Table 1. Clinical features of study subjects 

NIDDM Control 
patients subjects 

n 48 

Age at entry (years) 28.3 + 5.4 

Age at last follow-up (years) 34.5 + 6.9 

Body mass index (kg/m 2) 36.4 + 8.7 

Age at diagnosis of overt dia- 31.7 + 6.0 
betes (years) 

Family history of diabetes 89 % 

Treatment during pregnancy 
Diet 36 % 
Insulin 64 % 

Treatment at last follow-up 
Diet alone 8 % 
Insulin 39 % 
Oral agents 50 % 
None 3 % 

52 

21.1 + 5.0" 

23.7 _+ 4.8 a 

14% 

Values are shown as mean + SD or percent. 
ap < 0.001 
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grees of familial autosomal dominant early-onset 
NIDDM [11, 25] and late-onset NIDDM [13, 24, 26] 
failed to show evidence of the contribution of this locus 
to the genetic susceptibility to NIDDM, with the excep- 
tion of one positive association study [27]. Population 
studies are limited in sensitivity to detect heterogeneity 
within the disease locus [28]. The multifactorial nature 
of NIDDM also hampers linkage analysis in families 
[29, 30]. Thus, the contribution of GLUT 2 mutations to 
the genetic susceptibility to NIDDM has not been 
determined. 

To circumvent the limitations of population and 
linkage studies, we have employed direct single nucleo- 
tide level analysis of the gene by PCR-SSCP analysis 
[31] and studied 48 African-American females with 
NIDDM. We also developed a simple highly specific 
method for detection of single base changes using 
thermostable DNA ligase and PCR. This method was 
applied to determine the frequency of a common 
amino acid substitution in exon 3 of the GLUT 2 gene, 
detected by SSCP and sequencing. 

genetic factors determining susceptibility to NIDDM 
are still largely unknown. 

GLUT 2, the major glucose transporter isoform of 
pancreatic islet beta cells, is also expressed in hepato- 
cytes and in epithelial cells of the kidney and small in- 
testine [15, 16]. This glucose transporter is unique be- 
cause of its low affinity for glucose (Km 15-20 mmol/1), 
in contrast to other high affinity glucose transporters 
which are saturated at 1-3 mmol/1 glucose [17]. GLUT 
2 and glucokinase, a low affinity hexokinase with a Km 
for glucose within the physiological range of plasma 
glucose, are co-localized in islet beta cells. This obser- 
vation led to the hypothesis that these two proteins 
operate in tandem to provide islet beta cells with a 
mechanism responding to subtle changes in plasma glu- 
cose concentrations [18, 19]. Although the first phos- 
phorylation step of glucose catalysed by glucokinase is 
the rate limiting step [20], glucose must be transported 
rapidly into the cell. High transport capacity of GLUT 
2 maintains the rapid equilibrium of glucose concentra- 
tion across the plasma membrane in the wide range of 
changes of plasma glucose [21]. Thus GLUT 2 plays a 
permissive role in the earliest stage of the glucose sens- 
ing mechanism. Furthermore, the possibility of physi- 
cal interaction between GLUT 2 and glucokinase to 
form a junctional glucose sensing system has been sug- 
gested [18, 19]. Therefore, significant reduction of 
transporter function caused by inherited defects in the 
gene may lead to a characteristic of NIDDM, i. e. inap- 
propriate insulin secretion relative to the plasma glu- 
cose concentration. Thus, the gene encoding this trans- 
porter has been considered as a prime candidate for the 
determinants of genetic susceptibility to NIDDM. 

Previous analyses of the GLUT 2 locus by popula- 
tion studies [22-24] and by linkage analyses in the pedi- 

Subjects and methods 

Subjects 

Study subjects were chosen from African-American females 
who were ascertained through diagnosis of gestational diabetes 
during pregnancy, and development of overt diabetes after de- 
livery. We chose this subtype of NIDDM because beta-cell de- 
fects were likely to be involved in the development of the disease 
(see Discussion). This is a subsample from a previous study [32, 
33]. The first 48 overt diabetic patients were included for the 
present study and were studied by PCR-SSCP analysis for each 
exon. The clinical characteristics are shown in Table 1. Although 
the control groups were younger and leaner than study group, 
they were matched for the ethnic group, and they received simi- 
lar prenatal care and gave birth within the same health care sys- 
tem [33]. The difference in the family history (89% vs 14 %) 
merely reflected the hereditary nature of NIDDM. Interestingly, 
only 32 % of study subjects had a family history of NIDDM in the 
first degree relatives. The study was conducted under the appro- 
val of the Human Studies Committee and informed consent was 
obtained from all participants. 

PCR-SSCP analysis 

Genomic DNA was extracted from peripheral blood nuclear cells 
[34] and exons of the GLUT 2 gene, including exon-intron boun- 
daries, were amplified using flanking oligonucleotide primers 
shown in Table 1 (Primer sequences were generously provided by 
Dr. G. I. Bell, University of Chicago, Chicago, Ill., USA). Oligo- 
nucleotides were synthesized on an ABI DNA synthesizer Model 
380B by the Protein Chemistry Laboratory at Washington 
University Medical Center. PCR reactions were performed in 
10 gl volumes for 30 cycles as described [35]. Annealing tempera- 
tures and MgC12 concentrations used for each amplification reac- 
tion are shown in Table 2. For exons 3 and 4 A, primers (both for- 
ward and reverse primers for exon 3 and forward primer for exon 
4A) were 5' end-labelled with [y-32p]ATP (NEN Products, Bos- 
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# 437 

# 435 

# 439 

GLUT 2 

(common) 

# 438 

# 436 

# 440 

Ser Phe Ala Val Gly Gly Met 

C A G C  . . . . . . . . . . . .  - . . . . .  

ggtC A G C  . . . . . . . . . . . . . . . . . .  

(5') 

CC 

GG 

(3') 

GG 

A G C  TTT GCA GTT GGT G G A  ATG 

TCG A A A  CGT C A A  CCA CCT TAC 

Ile I10 

Thr 

AT 

AC 

T 

ACT 

T G A  

T 

G A  

A A  

Ala Ser Phe Phe Gly Gly Trp 

GCA TCA TTC TTT GGT 

CGT A G T  A A G  A A A  CCA 

--- TGG C 

(Y) 

G G G  TGG C 

CCC ACC G 

(5') 

. . . . . . . . . . . . . . .  ACC ttg 

. . . . . . . . . . . . . . .  ACC 

Fig. l .  Oligonucleotides used for LCR. The partial nucleotide 
sequence of exon 3 (middle) and amino acid sequence of corre- 
sponding region (top) are also shown. The polymorphic nucleo- 
tides are underlined. Three non-complementary nucleotides 
were added on the ends of Thr-specific oligonucleotides ( # 435, 
# 436, shown by lower cases) so that ligation products for each 
allele could be distinguished by polyacrylamide gel electro- 
phoresis 

ton, Mass., USA). All  other exons were uniformly labelled with 
[ct-32p]dCTP (NEN) during PCR. Exon 3 and exons 9-10 PCR 
products were cut with PvulI or RsaI, respectively, prior to SSCP 
electrophoresis to increase the sensitivity of the analysis. Exon 
4 A PCR product was cut with BsmA1 to remove the polymorphic 
CA repeat  region that is located in the intron 9 bp downstream 
from exon 4 A [36]. Restriction digestion was performed under 
the following conditions: 10 gl PCR product, 1 x recommended 
restriction buffer, i mg/ml bovine serum albumin, 4-6 U restric- 
tion enzyme in a total volume of 15 gl. Digests were incubated at 
the appropriate temperature for 3 h. 

Six microlitres of stop solution containing 95 % formamide, 
20 mmol/1 EDTA were added to the PCR reaction following 
thermal cycling. After  heat-denatured by boiling for 5 min, 4 gl 
of the mixture was then analysed by two types of gels; 5 % Hy- 
drolink (AT Biochem, Malvern, Pa., USA), i x TBE gel 
(0.089 mmol/1 Trizma base, 0.089 mmol/1 Boric acid, 
0.002 retool/1 EDTA) electrophoresed at 4-6 W for 16 h, and 
8% polyacrylamide (100:1 acrylamide:bis-acrylamide), 5% 
glycerol, I x TBE gel run at 11-14 W for 16 h. Both were run 
with i x TBE electrophoresis buffer. Gels were then dried and 
exposed to autoradiograph film with intensifying screen for 3 to 
5 h at -80 ~ 

Sequencing of PCR products, in which variations were ob- 
served on SSCR was performed using the cycle sequencing kit 
(Bethesda Research Laboratories, Gaithersburg, Md., USA) as 
previously described [35]. The sequence was confirmed by se- 
quencing in both directions. For GTC x ATC change in exon 4B 
substituting Va1197 to Ile, and the intron 5 common polymorph- 
ism, the presence of the base substitution was further confirmed 
by the restriction digestion of the PCR products. The exon 4B 
variant removes a Mae III restriction site, and the intron 5 poly- 
morphism eliminates an MboI site. The restriction digestion was 
performed as described above and analysed on agarose gel elec- 
trophoresis. Those specific restriction analyses were utilized to 
determine the frequency of the variants. 

PCR-allele specific LCR 

To determine the frequency of exon 3 variant ACT 11~ x ATT, sub- 
stituting Thr 1l~ to Ile, PCR-allele specific LCR was developed 
[37]. The following oligonucleotides were synthesized and used 
(Fig. 1, 5' to 3'): TGCATCATTCTTT G G T G G G T G G C  ( # 439, 
common, sense-strand), TCATTCCACCAACTGCAA-  
A G C T G G  ( # 438, common, antisense-strand), GTTCAGCTT- 
T G C A G T T G G T G G A A T G A C  ( # 435, Thr-specific, sense- 
strand), G T T C C A C C C A C C A A A G A A T G A T G C A G  ( # 436, 
Thr-specific, antisense strand), C A G C T T T G C A G T T G G T G -  
G A A T G A T  ( #  437, Ile-specific, sense-strand), CCACCCAC- 
C A A A G A A T G A T G C A A  (#440,  Ile-specific, antisense- 
strand). As a target DNA for LCR assay, exon 3 of GLUT 2 gene 
was PCR amplified from genomic DNA with the condition used 
for PCR-SSCP analysis. One microlitre of the 10 gl PCR product 
was used for LCR reaction. LCR was carried out in 10 gl contain- 
ing i x ligation buffer (20 mmol/1 Tris-Hcl pH 7.6,25 mmol/1 po- 
tassium acetate, 10 mmol/1 magnesium acetate, 10 mmol/1 di- 
thiothreitol, I mmol/1 NAD, 0.1% Triton X-100), 1.5 U Taq li- 
gase (New England Biolabs, Beverly, Mass., USA), target D N A  
and 0.5 gmol/1 each of the six primers with common sense-strand 
oligonucleotide ( #  439) 32p-end labelled. Samples were pro- 
cessed through 35 cycles of a two-step chain reaction: 95 ~ for 
1 min and 62 ~ for I min following a 4-min initial denaturation at 
95 ~ After the thermal cycling, 6 gl of stop solution (see above) 
was added and samples were analysed on a standard sequencing 
gel for 45 rain to 1 h. Gels were dried and subjected to autoradio- 
graphy a t -80 ~ for 3 to 5 h. 

Statistical analysis 

Biostatistical analysis was performed as previously described 
[32]. Briefly, differences between groups with quantitative vari- 
ables were evaluated by unpaired (two-tailed) Student's t-tests 
and differences in proportions were evaluated by chi-square test. 
The association of variant alleles with NIDDM were analysed by 
2 x 2 contingency tables. A chi-square test of independence was 
performed with Yates' correction applied on Fisher's exact test 
where appropriate. 
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Table 2. GLUT 2 gene PCR primers and reaction conditions 
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Exon 5' Primer sequence 3' Annealing MgC12 Product 
(~ (mmol/1) (bp) 

1 ATAACTAGGCCTAGGCAGAG 50 2.5 197 
TCCTCTGTATGACTTGACTG 

2 CAGCCTGTGGAGCCTGTAAG 48 2.5 301 
CTTGTGTCTCCCACGTGGAC 

3 ACACATAATTGAGATGGTAC 50 3.0 475" 
TAAAGCTATTCCACAAG 

4 A GCTGAATTTATATTCCTTGC 50 3.0 235 
CTTTAGAGTTCATTTCAGAC 

4 B TGAGATAGTCCTGGTTGCAC 58 1.5 212 
GATGAAGTAGATGGGTGCAG 

5 GGTAGATCCAAAGTATTATG 50 3.5 295 
ACTTCATGTGGAAGGCATTG 

6 TGGCCTGAGTTGTTTCAACC 50 2.5 269 
ATTCACTGTGCTCTTAAGAG 

7 AGACTTCTTAAGATTAAGGC 50 4.0 190 
GGACTAAGGAACAAGCAGAG 

8 TTGTGACTCACAAAACTGAG 50 2.5 195 
GGTACCATCATATGTTAATG 

9 + 10 CCAAATGATCTCAGTCCCAC 54 1.5 585 b 
CGGTTCCCTTATTGTTTCTG 

a 209 bp + 266 bp after PvuII digestion; b 240 bp + 345 bp after RsaI digestion 

Fig.2. Autoradiogram of PCR-LCR assay for ACT~ATT 
(Thrl~~ 1~~ change in exon 3. The patterns corresponding to 
C homozygote (C/C), T homozygote (T/T) and C/T heterozy- 
gote (C/T) are shown. The size of products in nucleotides (nt) are 
given on the right 

Results 

The entire coding region of the GLUT 2 gene was 
examined for single base changes in 48 NIDDM pa- 
tients, directly from genomic DNA by PCR-SSCP ana- 
lysis. A total of 12 SSCP variants were observed. The 
sequence changes responsible for the conformational 
polymorphisms were determined by direct sequencing 
of the PCR products and compared with the reported 

human GLUT 2 sequence [38]. Allelic frequencies for 
each variant were determined and are summarized in 
Table 3. 

In the human GLUT 2 gene two amino acid substitu- 
tions were identified, one in exon 3, and the other in 
exon 4B.The codon change in exon 3, ACTll~215 
ATT H~ substituted Thr 11~ to Ile 1~~ in the second mem- 
brane spanning domain. To evaluate whether this 
amino acid substitution was associated with the 
diabetic phenotype, the frequency was determined in 
both diabetic patients and control subjects by a PCR- 
LCR assay. For LCR assay, we designed the allele spe- 
cific diagnostic oligonucleotides in a different length 
for each allele (Fig. 1), and LCR was performed under 
the presence of two diagnostic oligonucleotides spe- 
cific for both alleles to determine the genotype by a 
single reaction. After the LCR, the products were sep- 
arated by electrophoresis and two alleles were distin- 
guished by the size of the products. The specificity of 
the assay was tested on the individuals whose geno- 
types were confirmed by sequencing. As shown in Fig- 
ure 2, the specificity of the assay was high and there was 
virtually no background. 

When typed, the Thr 11~ to Ile 11~ substitution was 
found to be common. In 48 NIDDM patients, Thr/Thr 
(homozygote) was observed in 18 individuals (37.5 %), 
Thr/Ile (heterozygote) in 22 individuals (45.8 %), and 
Ile/Ile (homozygote) 8 individuals (16.7 %). The fre- 
quency in the 52 control subjects was: Thr/Thr 15 indi- 
viduals (28.8%), Thr/Ile 25 individuals (48.1%) and 
Ile/Ile 12 individuals (23.1%). The distribution of the 
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Table 3. GLUT 2 variants (exon) 
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Location Common Variant Allele NIDDM a ControP 

n [%] n [%1 

Exon 3 ACT(Thr n~ ATT(Ile) C 
T 

Exon 4B GTC(Val z97) ATC(Ile) G 
A 

ACG(Thr ~98) ACA(Thr) G 
A 

Exon 5 CTG(Leu 221) TTG(Leu) C 
T 

Exon 8 GTG(VaP 88) GTA(Val) G 
A 

Exon 10 TTC~ 479) TTT(Phe) C 
T 

58 60.4 55 
38 39.6 49 

95 99.0 104 
1 1.0 0 

67 69.8 71 
29 30.2 33 

95 99.0 ND 
1 1.0 ND 

95 99.0 ND 
1 1.0 ND 

43 44.8 ND 
53 55.2 ND 

52.9 
47.1 

100.0 
0.0 

68.3 
31.7 

a n = 96 (48 individuals); b n = 104 (52 individuals); c Reported sequence [36] 
ND, Not determined 

Fig. 3. A, B SSCP patterns observed in Exon 4 B. The sequence 
changes responsible for the aberrant pattern (G~A) was deter- 
mined by sequencing (see text). G/G refers to the SSCP pattern 
corresponding to the homozygote of the common allele. G/A 
represents the pattern for the heterozygote for the common al- 
lele and the rare variant allele. B Restriction digestion of the 
exon 4 B PCR products from the individual shown in A. The mu- 
tation removed an MaeIII restriction site (GTCAC--+ATCAC). 
Digestion of the PCR product from the G/G individual resulted 
in complete digestion of the 212 bp product into two smaller 
fragments. The product from the G/A individual showed the 
uncleared fragment in addition to the two smaller fragments 

genotypic f requency  was not  different  be tween  the two 
groups (3( 2 = 1.11, p = 0.58, df = 2). Allelic frequencies 
did not  differ be tween  the two groups, ei ther  (Table 2, 
p = 0.32, Fisher's exact test). 

The  other  missense mutat ion,  (Va1197 to Ile roT) in 
exon 4B (SSCP pat tern  shown in Fig. 3 A), was found 
in i of  96 alleles in N I D D M  patients,  and in 0 of 104 al- 
leles in normal  control  subjects. The  presence  of this 
muta t ion  was fur ther  conf i rmed by restrict ion diges- 
tion of the exon 4 B P C R  products  (Fig. 3 B). The  muta-  

t ion r emoved  a Mae III restr ict ion site ( G T C A C ~ A T -  
CAC).  

Four  additional silent mutat ions  were identified in 
the coding region, two of  which were  common,  
ACG(Thr19S)~ACA(Thr19S),  allelic f requency  of 
30.2% and TTC(Phe479)---~ TTT(Phe479), allelic fre- 
quency of 55.2 %. The  other  two were rare  and ob- 
served in only one individual in he terozygous  states 
with common  alleles (Table 3). Six intron mutat ions 
were  also found outside the consensus sequences 
of splice junct ion (Table 4). The  intron 5 variant was 
common  and observed  in 38.5% of alleles in dia- 
betic patients. These  appeared  to be functionally 
silent. 

As we observed  previously [32], glycerol gel is more  
sensitive to detect  the base pair variation. The  vari- 
ations which result in the amino acid substitutions 
(Thr  tl~ and Va1197) were detec ted  on both  gel condi- 
tions. All the variations were detected on the gel con- 
taining the glycerol, and all but  one variant (substitu- 
t ion of C with T at -79  of  intron) was detected on the 
non-glycerol  gel. 

Discussion 

The  entire coding sequence of the human  G L U T  2 
gene, encoded  by 11 exons [39], including exon-intron 
boundar ies  and adjacent introns, was examined  at the 
single nucleot ide level by PCR-SSCP analysis. The  pa- 
tients chosen for s tudy were  Afr ican-Amer ican  fe- 
males who were  diagnosed with gestational diabetes at 
perinatal  examination,  and deve loped  overt  diabetes 
after  delivery. Pregnancy is a physiological state of in- 
sulin resistance [40]. It has been  suggested that  because 
all pregnant  women  are insulin resistant, those who 
have beta-cell  dysfunction are more  likely to develop 
diabetes during the gestational per iod [41]. Thus, the 
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Table 4. GLUT 2 variants (intron) 

Location b Allele NIDDM ~ 
n [%1 

Intron 2 + 27 T 95 99.0 
deletion 1 1.0 

Intron 2 - 79 T 95 99.0 
C 1 1.0 

Intron 4A + 10 A 95 99.0 
T 1 1.0 

Intron 5 + 19 T 95 95.8 
C 2 4.2 

Intron 5 - 15 C 59 61.5 
T 37 38.5 

Intron 7 - 9 T 46 95.8 
C 2 4.2 

a n : 9 6  (48 individuals) 
b Positions of variant nucleotides were shown either by the dis- 
tance (nucleotides) from the upstream exon-intron boundary 
(positive number) or from the downstream exon-intron boun- 
dary (negative number) 

GLUT 2 gene could be considered a prime candidate 
for genetic susceptibility of this type of diabetes. Rela- 
tively young onset of diabetes (mean age of diagnosis 
32.7 years) and high positive family history of diabetes 
in this study population (90 %) also suggested a high 
prevalence of genetic predisposing factors in this popu- 
lation. 

Two amino acid substitutions were found in the 
N I D D M  patients. The missense mutation (Va1197 to 
Ile 197) in exon 4B was found in 1 allele of 48 diabe- 
tic patients (96 alleles), and was not observed in 52 
normal control subjects (104 alleles). This residue 
exists in the fifth membrane spanning domain and Val 
at this position is conserved in mouse, rat GLUT 2 [42] 
and human GLUT 1 to G L U T  4 [42]. The functional 
significance of this mutation has yet to be determined 
by the kinetic study of the variant G L U T  2 expressed 
in Xenopus oocytes [43]. 

The Thr 11~ to Ile 11~ substitution in exon 3 was com- 
mon. Neither the allelic nor genotypic frequencies dif- 
fered between N I D D M  patients and control subjects, 
showing no association between this amino acid sub- 
stitution and the disease status, although sample size is 
rather small, and a minor contribution to the risk of dis- 
ease susceptibility could not be excluded. This muta- 
tion was also observed in Pima Indians [44]. When com- 
pared with previously reported amino acid sequences 
of human glucose transporters, only GLUT 2 had Thr 
in this position, while other low Km transporters had Ile 
in the corresponding position [41]. Although in rat and 
mouse GLUT 2 [17], non-polar hydrophobic amino 
acid Val was found in the corresponding position, it 
would be still an interesting speculation that this non- 
conservative amino acid substitution in the second 
membrane spanning domain may alter the function by 
perhaps changing the affinity to glucose. This hypo- 
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thesis can also be tested directly by the expression ex- 
periment [42]. 

No difference in either the allelic or genotypic fre- 
quency of these two amino acid substitutions was found 
between the diabetic and control groups, however the 
possibility of a minor contribution has not been ex- 
cluded by the present study. The sample size examined 
was small relative to what may be needed to detect 
minor susceptible factors in polygenic diseases. A simi- 
lar PCR-SSCP analysis of the angiotensinogen gene in 
a population of hypertensive patients required a study 
of 499 patients and 238 controls to demonstrate a high- 
ly significant role of variants of this gene in suscepti- 
bility to hypertension [45]. 

Although SSCP is a sensitive assay to detect a single 
base change, it is not a specific assay for a given nucleo- 
tide change and occasionally different base changes 
show indistinguishable patterns [46]. Therefore, to 
determine the frequency of the common amino acid 
substitution in exon 3, we utilized the allele specific 
LCR assay. Several allele specific assays have been de- 
veloped including restriction enzyme digestion, allele 
specific oligonucleotide hybridization and allele spe- 
cific PCR [47]. However, restriction analysis is only 
possible if the base change creates or eliminates a cer- 
tain restriction site. Allele specific oligonucleotide hy- 
bridization and allele specific PCR require precise 
assay conditioning to verify the specificity. 

An LCR relies on the character of thermostable li- 
gase that links two adjacent oligonucleotides when 
these nucleotides hybridize to a complementary target 
and accurately base-pair at the junction [36]. In order to 
determine the genotype by a single reaction, here we 
designed the allele specific diagnostic oligonucleotides 
in a different length for each allele, and LCR was per- 
formed under the presence of two diagnostic oligonu- 
cleotides specific for both alleles. Under  this condition, 
amplification was less efficient because for each allele, 
the presence of the mismatched oligonucleotide and its 
annealing to the target interferes with the LCR amplifi- 
cation of the allele. This was overcome by using PCR 
amplified target D N A  rather than genomic DNA. 
After the LCR, two alleles were distinguished by size 
on electrophoresis. This simple and highly specific 
method would be useful to determine the frequency of 
single base change polymorphisms identified by SSCR 
especially when those changes do not alter the restric- 
tion enzyme recognition sites. 

In conclusion, we identified two variant G L U T  2 
glucose transporters in a subset of patients with 
NIDDM. The rare variant in exon 4 B may contribute 
to the diabetic susceptibility and awaits further investi- 
gation. However, structural abnormalities of the 
GLUT 2 transporter associated with N I D D M  ap- 
peared to be rare. Although the sensitivity of PCR- 
SSCP is not 100 To [34] and regulatory regions of this 
gene were not examined in the current study, our ana- 
lysis, combined with previous population association 
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studies and l inkage analyses,  suggests that  muta t ions  in 
the G L U T  2 gene are not  ma jo r  de te rminan ts  of  
diabet ic  susceptibility. 
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