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Summary Mutations of the glucokinase gene result in 
early-onset familial Type 2 (non-insulin-dependent) 
diabetes mellitus, and several members of the mutant 
glucokinase kindreds were originally diagnosed as hav- 
ing gestational diabetes. This study examined the 
glucokinase gene in 270 American Black women, in- 
cluding 94 with gestational diabetes whose diabetes 
resolved after pregnancy (gestational diabetes only), 
77 with gestational diabetes who developed Type 2 
diabetes after pregnancy (overt diabetes), and 99 nor- 
mal control subjects who were recruited during the 
peripartum period. Two simple sequence repeat poly- 
morphisms flanking either end of the glucokinase gene 
were evaluated. No association was found between glu- 
cokinase alleles and gestational diabetes only or overt 
diabetes, after adjustment for multiple comparisons. 
To detect single base changes, all 11 exons and proxi- 
mal islet and liver promoter  regions were examined by 
polymerase chain reaction plus single-stranded con- 
formational polymorphism analysis in 45 gestational 
diabetes only patients who had not yet developed 

Type 2 diabetes. Nine coding region variants were 
identified: Ala n (G CC) to Thr 11 (A CC) in islet exon 1, 
and 8 variants either in untranslated regions or in the 
third base of a codon. Four variant sites were found in 
introns, but none in splicing consensus sequences. 
Analysis of the promoter regions revealed two com- 
mon variants, G--+A at islet - 30 (24 % ), and G-->A at 
liver -258  (42 %). The frequencies of the promoter 
variants, determined by allele specific polymerase 
chain reaction analysis, did not differ among the three 
groups. Thus, no significant coding sequence glucoki- 
nase mutations were found in 90 alleles from 45 pa- 
tients with gestational diabetes. Further studies will be 
required to rule out a minor role of the newly-de- 
scribed promoter region variants as susceptibility fac- 
tors in this disorder. [Diabetologia (1994) 37: 104-110] 

Key words Type 2 (non-insulin-dependent) diabetes 
mellitus, glucokinase, gestational diabetes, American 
Blacks, single-strand conformation polymorphism. 

Glucokinase (E.C. 2.7.1.1), an enzyme which is ex- 
pressed only in pancreatic islet beta cells and liver [1], 
has been proposed to be the glucose sensor and meta- 
bolic signal generator in pancreatic beta cells and hepa- 
tocytes [2]. Mutations in the glucokinase (GCK) gene 
[3-6] result in early-onset familial Type 2 (non-insulin- 
dependent) diabetes mellitus, yet the potential con- 
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tribution of mutations in this gene to other subtypes of 
Type 2 diabetes has not been determined. In the early- 
onset Type 2 diabetic patients, glucokinase abnor- 
malities result in a defective glucose sensing mecha- 
nism which causes a secretory defect in the pancreatic 
beta cells [7, 8]. Several women with mutant GCK were 
diagnosed during pregnancy [7, 8], thus raising the 
possibility that defects at this locus may be responsible 
for a major effect in the gestational diabetes. 

Pregnancy is a diabetogenic state with decreased 
insulin sensitivity [9]. Studies with appropriately 
matched control and gestational diabetic subjects how- 
ever, have failed to demonstrate a significant difference 
in insulin sensitivity [10], Furthermore, gestational 
diabetes was noted only in individuals whose beta cells 
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Table 1. Clinical characteristics of study population 
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Patients with gestational Patients with overt Control subjects 
diabetes only diabetes 

n 94 77 99 

Age at Entry (years) 28.2 _+ 5.8 28.4 + 5.7 22.1 • 4.6 a,b 

Age at last follow up (years) 35.3 • 6.8 35.7 + 6.8 - 

Body mass index (kg/m 2) 32.4 • 8.3 35.8 +8.6 ~ 22.5 + 5.3 d 

Age at diagnosis of overt diabetes (years) - 32.7 _+ 6.5 - 

Family history of diabetes (%) 68 88 e 18" 

Treatment during pregnancy (%) 
Insufin 18 51 f - 

Diet 82 49 - 

Values are given mean + SD. 
"Gestational diabetes only vs control, p = 0.0001 
b Overt diabetes vs control,p = 0.0001 

Gestational diabetes only vs overt diabetes,p = 0.008 

Gestational diabetes only vs control, overt diabetes vs control, 
p = 0.0001 

Gestational diabetes only vs overt diabetes, p = 0.002 
Gestational diabetes only vs overt diabetes,p = 0.0001 

fai led to  c o m p e n s a t e  for  the  insulin res is tance  o f  p reg-  
nancy.  A s  be ta -ce l l  dys func t i on  a p p e a r s  to  be  impor -  
t an t  in ges t a t iona l  d iabetes ,  a nd  a gene t i c  c o m p o n e n t  is 
s t rongly  sugges t ed  by  fami ly  h i s to ry  [11], the  g lucoki-  
nase  gene  was  c o n s i d e r e d  a p r i m e  c a n d i d a t e  gene  for  
ges ta t iona l  d iabetes .  

I n  the  p r e sen t  study, the  g lucok inase  gene  was  sur- 
v e y e d  in ges ta t iona l  d iabe t ic  pa t i en t s  by  examin ing  the  
assoc ia t ion  o f  two  s imple  s e q u e n c e  r e p e a t  p o l y m o r p h -  
isms (SSRPs)  wh ich  f l ank  the  3 '-  ( G C K 1 )  a nd  5 ' - ends  
( G C K 2 )  o f  the  gene  [12, 13]. T h e  f r equenc ies  o f  alleles 
w e r e  d e t e r m i n e d  a m o n g  th r ee  groups ,  inc luding  gesta-  
t ional  d iabe t ic  pa t i en t s  w h o s e  d iabe tes  resolves  af ter  
p r e g n a n c y  ( G D M  only) ,  ges ta t iona l  d iabe t ic  pa t ien ts  
w h o  d e v e l o p e d  T y p e  2 d iabe tes  af ter  p r e g n a n c y  (ove r t  
d iabetes) ,  and  c o n t r o l  subjects .  To m o r e  prec ise ly  
def ine  va r ia t ions  in the  gene  at the  single nuc l eo t ide  
level, G C K  was  e v a l u a t e d  by  p o l y m e r a s e  cha in  reac-  
t ion-s ingle  s t r and  c o n f o r m a t i o n a l  p o l y m o r p h i s m  
( P C R - S S C P )  in 45 G D M  on ly  subjects. 

Subjects and methods 

Study population and DNA extraction 

The cohort from which the subjects for this study were obtained 
comprised those who were seen for their first prenatal care visit at 
any of the eight Jefferson County (Alabama) HealthDepartment 
Clinics between 1981 and 1992. Only American Blacks were re- 
cruited for the present study. Pregnant women with known his- 
tory of Type i (insulin-dependent) or Type 2 diabetes or history 
of previous gestational diabetes were excluded from the present 
study. The details of the study protocol may be found in earlier re- 
ports [14, 15]. Briefly, gestational diabetes was diagnosed based 
on the results of the oral glucose tolerance test (OGTT) according 
to the criteria of O'Sullivan and Mahan [16]. A subject diagnosed 
as having gestational diabetes was referred to the Division of 
Maternal and Fetal Medicine's Complications Clinic at the 
University of Alabama at Birmingham, where she was followed- 
up for the duration of her pregnancy. Women were evaluated pe- 
riodically after delivery up to a period of 10 years. Type 2 diabetes 
was based on diagnosis of a fasting blood glucose of more than 

7.8 mmol/1 (140 mg/dl) on two occasions or an abnormal OGTT 
according to the National Diabetes Data Group (NDD G) criteria 
[17] on the follow-up visits after delivery. At follow-up, subjects 
were evaluated with regard to height, weight, body mass index, 
personal and family history of diabetes. Those who had persis- 
tently elevated blood glucose and met the NDDG criteria on the 
follow-up visits after delivery were classified as having overt 
diabetes. Those patients who did not meet the NDDG criteria of 
diabetes at the follow-up visits after delivery were classified as 
GDM only. Control subjects consisted of American Black women 
who presented and received prenatal care at the same clinic sys- 
tem but had no previous history of diabetes and whose screening 
tests for gestational diabetes were negative. The study was ap- 
proved by the human studies committee of the University of Ala- 
bama at Birmingham School of Medicine and informed consent 
was obtained from each participant. 

DNA was isolated from peripheral blood leucocytes [18]. A 
subsample (first 100 GDM only, first 80 overt diabetic, and first 
100 control subjects) of DNA from a previous study [14, 31] was 
selected for the present study. Duplicated samples were ex- 
cluded from the analysis after GCK1 and GCK2 were typed. The 
first 45 GDM only subjects were examined by PCR-SSCP anal- 
ysis. The clinical characteristics of the study population are 
shown in Table 1, and no other clinical data were available for 
the present study. 

Laboratory methods 

PCR assays for GCK1 [12] and GCK2 [13, 19] were the same as 
previously described. When necessary, DNA was analysed re- 
peatedly or sequenced, or both so that each allele could be as- 
signed unambiguously. To simplify the nomenclature of poly- 
morphic markers, the alleles are designated as GCKI-1 to 
GCK1-7 corresponding to alleles, Z, Z + 2, Z + 4, Z + 8; Z + 10, 
Z + 12, Z - 15 at GCK1 locus [12] and GCK2-1 to GCK2-6 corre- 
sponding to alleles 0, 2, 4, 6, - 2, - 4 at GCK2 locus [13]. The 
data were not analysed until all the samples were typed at both 
GCK1 and GCK2 loci. Genotypic frequencies were calculated 
for each group and allelic frequencies were derived from the 
number of individual genotype. 

Molecular scanning of 11 exons of GCK by PCR-SSCP was 
done as described previously [20]. Promoter regions ( - 367 to 
+ 68 in islet and - 502 to § 21 in liver) were scanned after ampli- 
fication with primer sets (forward primer - 390 to - 367 and 
reverse primer - 130 to - 151 for islet distal promoter region; 
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Table 2, Alleric frequency at GCK1 and GCK2 loci 

Patients with Patients with Control 
gestational overt diabetes subjects 
diabetes only 

GCK1 n % n % n % 

GCKI-1 107 56.91 90 58.44 119 60.10 
GCK1-2 34 18.09 24 15.58 28 14.14 
GCK1-3 31 16.49 17 11.04 33 16.67 
GCK1-4 1 0.53 0 - 0 - 
GCK1-5 13 6.91 2 0  12.99 18 9.09 
GCK1-6 2 1.06 1 0.65 0 - 
GCK1-7 0 - 2 1.30 0 - 

Total 188 154 198 

GCK2 

GCK2-1 110 58.51 96 62.34 113 57.07 
GCK2-2 45 23.94 44 28.57 58 29.29 
GCK2-3 11 5.85 2 1.3@ 13 6.57 
GCK2-4 2 1.06 1 0.65 1 0.51 
GCK2-5 19 10.11 10 6.49 12 6.06 
GCK2-6 1 0.53 1 0.65 1 0.51 

Total 188 154 198 

When compared between overt diabetes and control groups: 
GCK2-3 vs non-GCK2-3: Yates' chi-square = 4.6699,p = 0.031 

forward primer - 177 to - 154 and reverse primer 86 to 68 for 
islet proximal promoter region; forward primer - 525 to - 502 
and reverse - 201 to - 223 for liver distal promoter region; and, 
forward primer - 253 to - 232 and reverse primer 41 to 21 for 
liver proximal promoter region, see [13] for nucleofide number). 
PCR was carried out as previously described [20], except for an- 
nearing at 70 ~ for islet and at 66 ~ for liver with 2 mmol/1 
MgC12. For the polymorphic sites ( -  30 at islet and -258 at 
liver), the study was extended to all the available samples. For 
islet - 30 polymorphism, PCR was carried out as above without 
radioisotope, digested by Bsi HKAI (New England Biolabs, 
Beverly, Mass., USA) at 60 ~ for 3 h, and then resolved on 2 % 
agarose gel. The substitution of G with A abolished the Bsi 
HKAI site. Single nucleotide primer extension was used to type 
the liver - 258 polymorphism. The cold PCR product was re- 
solved on the 1% low-melting point (LMP) agarose and the 
corresponding band was cut out. One picomole of primer (for- 
ward primer - 280 to - 259, see [13] for nucleotide number) was 
incubated with 2 gl of melted LMP agarose with template, 1 gCi 
of either ~z-32-p-dGTP for normal or ~x-32p-dATP for variant, 
2 mmol/1MgC12, 10 retool/1Tris HC1 pH 8.3, 50 mmol/1KC1, and 
0.25 U Taq DNA polymerase in a total volume of 10 gl. Samples 
were overlaid with mineral oil and processed through initial de- 
naturing at 95 ~ for 5 min, 5 cycles of denaturing at 95 ~ for 
2 min and annealing-extension at 60 ~ for 2 min. The products 
were denatured, resolved on a standard DNA sequencing gel, 
and processed for autoradiography [20]. 

Statistical analysis 

Biostatistical analysis was performed as previously described 
[19, 21]. Differences between groups with quantitative variables 
were evaluated by unpaired (two-tailed) Student's t-tests and 
differences in proportions were evaluated by chi-square test. 
The association of polymorphic alleles with Type 2 diabetes or 
gestational diabetes 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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Odds ratios (OR) and 95 % confidence intervals (CI) were com- 
puted to assess the magnitudes of effect for individual genotype. 
The raw data (before Bonferroni correction [22] for multiple 
comparisons) were presented and the p values were no longer 
significant after adjustment for multiple comparisons. 

Results 

Frequencies of simple sequence repeat polymorphisms 

Allelic f r equency  at G C K 1  is shown in Table  2. The  al- 
lelic as well  as genotypic  f requencies  did not  differ  
a m o n g  the  th ree  groups,  in contras t  to results in pre-  
vious studies in A m e r i c a n  Blacks [19] and Maur i t i an  
Creoles  [19, 21]. Two new alleles (alleles G C K 1 - 4  and 
GCK1-6 )  were  identif ied at G C K 1  in this popula t ion .  
G C K 1 - 4  and GCK1-6  were  8 base  pairs  and 12 base  
pairs larger  respect ively  than  the  mos t  c o m m o n  allele 
( G C G I - 1 ) .  The  f requencies  of  these  two alleles were  
relat ively rare  and homozygo te s  were  not  found.  Al-  
though  they  occur red  only in e i ther  the G D M  only 
group  (GCK1-4 )  or  the g roup  with over t  d iabetes  
(GCK1-6) ,  no significant differences in f r equency  were  
found  as c o m p a r e d  to the control  group. 

A t  the G C K 2  locus, only 6 alleles (Table  2) were  
identif ied in this popu la t ion  as c o m p a r e d  to 8 alleles in 
the A m e r i c a n  Blacks  studied at St. Louis  (Tanizawa Y, 
Chiu KC,  P e r m u t t  M A ,  unpubl i shed  observat ion) .  The  
f r equency  of the  GCK2-3  allele in the over t  d iabetes  
group  was less c o m p a r e d  with the  f r equency  in the con- 
t r o l g r o u p  (1.30 % vs 6.57 % respectively, p : 0.031 with 
Yates '  correct ion) .  The  di f ference  was no longer  signi- 
ficant af ter  ad jus tment  for  mult iple  compar isons .  
G e n o t y p i c  f requencies  did not  differ a m o n g  the  th ree  
groups.  The  genotyp ic  f requencies  of  G C K 1  and 
G C K 2  obse rved  in all th ree  s tudy groups  did not  differ 
f rom that  p red ic ted  by  H a r d y - W e i n b e r g  equi l ibr ium 
(data  not  shown).  

Molecular scanning of the coding region 
of the glucokinase gene 

Because  Type  2 d iabetes  is a he t e rogeneous  disease,  
popu la t ion  associat ion studies have  little power  to de- 
tect  muta t ions  occurr ing in only a relat ively small  num-  
ber  of  pat ients .  To detec t  single base  changes,  the glu- 
cokinase  gene  was thus examined  b y  P C R - S S C P  anal- 
ysis in 45 pat ients  with G D M  only. W h e n  var iant  SSCP 
pa t te rns  were  de tec ted  on individual  pat ients ,  genomic  
D N A  was sequenced  to de t e rmine  the basis for  the  dif- 
ference.  Nine var iants  o f  the glucokinase  gene  were  
identif ied in this fashion (Table  3). Excep t  for  the  A l a  11 
( G C C )  to Thr  11 (A CC)  at nucleot ide  (NT)  # 517, the 
r e m a i n d e r  of  the  var iants  occur red  e i ther  in the 5 ' -un- 
t rans la ted  regions (2 in islet exon  i and 1 in l iver 
exon  1), or  in the  third base  of  a codon  result ing in no 
amino  acid change,  and thus were  wi thout  any obvious  
biological  consequence .  These  var iants  were  re la t ively 
rare,  occurr ing in the he t e rozygous  condi t ion in less 
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Table 3. Structural variants of glucokinase gene in the patients with gestational diabetes only 

Location Nucleotide number Common Variant Total n = 45 % 

107 

E x o n  a 

Islet Exon 1 

Liver Exon 1 

Exon 3 

Exon 6 

Intron b 

Intron 1B 

Intron 3 

220 G 
403 __G 
517 __GCC (Ala 11) 

125 __C 

503 GT__C (Va170) 
623 CCC (Pro 110) 
629 GAC (Asp 112) 

935 TAC (Tyr 214) 
950 TG_C (Cys 219) 

-3 

19 

21 

Intron 9 8 

T 2 4.44 
C 2 4.44 
ACC (Thr 11) 1 2.22 

T 2 4.44 

GTT_ (Va170) 1 2.22 
CCT (Pro 110) 1 2.22 
GAT (Asp 112) 1 2.22 

TAT (Tyr 214) 1 2.22 
TGT_ (Cys 219) 1 2.22 

Genotype 

C/C 44 97.78 
C/T 1 2.22 

G/G 43 95.56 
G/A 2 4.44 

G/G 44 97.78 
G/A 1 2.22 

C/C 13 28.89 
C/T 20 44.44 
T/T 12 26.67 

a For the amino acid and nucleotide numbering, see [5] for islet 
exon i and [7] for exons 3 and 6. 
b Partial sequence of introns 1B, 3, and 9: 
(Intron 1B) tccccctccctgtg~agGTAGAGCAGATCCT(Exon 2) 

(Exon 3) GGCACTGCTGAGATGgtgagcagcgcaggggccgggg- 
cagggggccaagg (Intron 3) 
(Exon 9)TGCACCCAGgtgagcccgccccgc (Intron 9) 

than 5 % of individuals. As compared with our previous 
study [20], the variations at NT # 99, 908, and 1124 
were not found in this population and the nucleotide 
variations at NT # 503, 623, and 935 were unique for 
this population. 

Molecular scanning of promoter regions 
of glucokinase gene 

Isolation of glucokinase cDNAs from liver [23] and 
islet [24] revealed that the Y-ends were different. Char- 
acterization of genomic clones revealed that the proxi- 
mal islet promoter was at least 20 kb upstream of the 
liver promoter region [24, 25]. Regulation of expres- 
sion of glucokinase differs in islets and liver, as insulin is 
the primary determinant of liver glucokinase mRNA 
levels [26], while islet glucokinase appears to be regu- 
lated more by plasma glucose levels [27]. To test the hy- 
pothesis that variants in the proximal promoter regions 
might alter the level of glucokinase in liver or islets or 
both, of GDM only patients, the PCR-SSCP screening 
analysis was extended to these regions. 

A common polymorphism was found at position 
- 30 in the islet promoter when 45 GDM only patients 
were examined. Since the polymorphic site was within 
a highly conserved region between the human and rat 
[13, 28], a PCR specific assay was developed, and the 
frequency of this islet promoter variant was deter- 
mined in all the available samples. Genotypic and al- 

lelic frequencies were similar among three groups 
(Table 4). One rare variant was found at islet - 321. 

A common polymorphism was also found in the 
liver promoter at - 258 on examination of the 45 GDM 
only patients. Again, a PCR assay was developed and 
frequencies determined in all available subjects. As 
shown in Table 4, neither allelic or genotypic frequency 
of this liver promoter variant differed among the three 
groups. A variant in a single allele of one patient at - 12 
of the liver promoter was also found. 

Risk of diabetes by glucokinase genotype 

The risk of diabetes was assessed on each GCK1 and 
GCK2 allele as well as polymorphic sites at liver ( -  
258) and islet ( - 30) promoter regions (Table 5). The 
risk, which was expressed as OR, was calculated from 
the frequencies of the gestational diabetic subjects with 
and without overt diabetes who carried a particular al- 
lele. These frequencies were derived from the geno- 
typic frequencies. 

As compared against the control group, GCK2-3 al- 
lele was a negative risk factor for overt diabetes 
(p = 0.01) and no other risk factor was identified for 
gestational diabetes at the other GCK loci. When the 
comparison was done between overt diabetes and 
GDM only groups, GCK1-5 allele was a positive risk 
factor for overt diabetes (p = 0.05) and GCK2-3 allele 
was a negative risk factor for overt diabetes (p = 0.03). 
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Table 4. Promoter variants of glucokinase gene in the subject groups 
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Location Nucleotide Genotype Patients with gestational 
Number" diabetes only 

n % 

Patients with overt diabetes 

n % 

Control subjects 

n % 

Islet Promoter - 30 G/G 56 57.14 50 64.94 
G/A 37 37.76 26 33.77 
A/A 4 4.08 1 1.30 

- 321 G/O 44 97.78 
G/A 1 2.22 

Liver Promoter - 12 G/G 44 97.78 
G/A 1 2.22 

- 258 G/G 42 45.65 35 45.45 
G/A 36 39.13 35 45.45 
A/A 14 15.22 7 9.09 

63 63.64 
34 34.34 

2 2.02 

41 41.41 
49 49.49 

9 9.09 

For the nucleotide numbering, see [5] 

Table 5. Risk of diabetes by glucokinase genotype 

Patients with gestational dia- 
betes only vs control subjects 

Carrying at least O.R. 95 % C.I. 
one allele 

Patients with overt diabetes 
vs control subjects 

Patients with overt diabetes vs pa- 
tients with gestational diabetes only 

O.R. 95% C.I. O.R. 95% C.I. 

GCKI-1 1 . 1 4  0.56-2.35 
GCK1-2 1 . 6 1  0.86-3.02 
GCK1-3 1 . 3 1  0.61-2.09 
GCK1-5 0.77 0.35-1.70 
GCK1-6 

GCK2-1 1 . 2 9  0.64-2.63 
GCK2-2 0.75 0.43-1.34 
GCK2-3 0.88 0.37-2.07 
GCK2-4 2.13 0.19-23.89 
GCK2-5 1 . 9 0  0.84-4.26 
GCK2-6 1 . 0 5  0.07-17.09 

Islet promoter at - 30 

G 0.45 0.08-2.51 
A 1 . 3 7  0.77-2.46 

Liver promoter at - 258 

G 0.88 0.50-1.56 
A 0.56 0.23-1.36 

1 . 2 5  0.58-2.70 1 . 0 9  0.49-2.41 
1 . 2 5  0.64-2.46 0.78 0.40-1.49 
0.68 0.34-1.37 0.60 0.30-1.21 
1 . 6 9  0.82-3.51 2.19 a 1.01-4.75 
- 0 . 6 1  0.05-6.80 

1 . 2 9  0.61-0.72 0 . 9 9  0.46-2.17 
0.96 0.53-1.73 1 . 2 6  0.69-2.31 
0.18 b 0.04-0.81 0.20 c 0.04-0.94 
1 . 2 9  0.08-20.95 0.6l 0.05-6.80 
0 . 9 3  0.35-2.43 0.49 0.20-1.20 
1.29 O. 08-20.95 1.22 O. 08-19.89 

1 . 6 5  0.15-18.53 3.68 0.40-33.60 
1 . 0 3  0.56-1.89 0 . 7 5  0.41-1.38 

0.86 0.48-1.55 0.98 0.54-1.78 
0 . 9 3  0.34-2.52 1 . 6 6  0.66-4.19 

ap =0.05; bp =0.01; Cp =0.03 
OR, Odds ratio; CI, confidence interval 

The  significance of  GC K1-5  for  over t  d iabetes  was 
unclear,  since no  dif ference was found  when  c o m p a r e d  
b e t w e e n  the  over t  d iabetes  and  control  groups.  Again ,  
the di f ferences  were  no longer  significant a f ter  adjust-  
m e n t  for  mul t ip le  compar isons .  

A d j u s t m e n t  for  mul t ip le  compar i sons  ensures  that  
the null hypothes is  will no t  be  mis taken ly  re jec ted  re- 
garding any given pair  of  var iables  if in real i ty tha t  null 
hypothes is  is correct .  Unfor tuna te ly ,  the  cost is to in- 
crease the f r equency  of incorrect  s t a tements  that  asser t  
no re la t ion  b e t w e e n  two factors,  an e r ro r  tha t  can occur  
when  an associat ion in the  da ta  is not  the  result  of  
chance.  The re fo re ,  the ad jus tment  for  mul t ip le  com- 
par isons  migh t  be  too  conserva t ive  [29]. A n  a l te rnat ive  
to the ad jus tment  for  mul t ip le  compar i sons  is to con- 

sider the in fo rmat ion  on all ma rke r s  at a single gene  
s imul taneous ly  by  compar i son  of pa t ien t  and control  
groups  for  hap lo type  f requencies  r a the r  than  allelic 
f requencies  [30]. Using this approach ,  the  in format ion  
on all m a r k e r s  is utilized in a biologically re levan t  man-  
ner  and the n u m b e r  of  tests is r educed  to the n u m b e r  of  
candidate  genes  be ing considered.  However ,  in the  case 
of  SSRPs such as G C K 1  (7 alleles) and G C K 2  (6 al- 
leles), mult iple  alleles at each locus result  in a re la t ively 
large n u m b e r  of  hap lo types  (42 haplo types ,  in contras t  
to 4 hap lo types  in the case of  the restr ic t ion f r agmen t  
length p o l y m o r p h i s m  with 2 alleles for  each  m a r k e r )  
and less h o m o z y g o t e s  at each locus can be  coun ted  due  
to re la t ively high he te rozygos i ty  [12,13]. This ap p ro ach  
becomes  less pract ical  in the  case of  SSRPs and re- 
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quires much larger sample sizes. Thus, the conservative 
interpretation is that there are no differences in GCK1 
and GCK2 frequencies among the groups. 

Discussion 

The most important aspect of an association study is 
the proper selection of patient and control groups [30]. 
In the present study, two groups (GDM only and overt 
diabetes) were properly matched by age of entry and 
last follow-up and by body mass index, they were ethni- 
cally the same group, and all study subjects were re- 
cruited from the same clinic system in one location (Jef- 
ferson County, Alabama). When compared with the 
GDM only group, a higher percentage of patients in the 
overt diabetes groups had family history of diabetes 
(88% vs 68%, p =0.002), which suggested that a 
genetic factor was less important in the GDM only 
groups. And, 70% of subjects who received insulin 
treatment du r ing  the pregnancy developed overt 
diabetes, while only 33 % of patients who received diet 
treatment developed overt diabetes (p = 0.0001). Al- 
though the control subjects were matched for race and 
attended the same clinics, they were evaluated only 
after delivery. After  correction for multiple compari- 
sons, no significant risk factor for diabetes was identi- 
fied at glucokinase gene locus. In an immunogenetic 
study of this population, the prevalence of mitochon- 
drial, smooth muscle, thyroid microsomal, parietal, nu- 
clear, and islet cell autoantibodies was not found to dif- 
fer significantly between GDM only and overt diabetes 
[31]. However, a stepwise regression analysis revealed 
that DR2 was an independent predictor of overt 
diabetes in this population [31]. 

In order to exclude the possibility of a minor role for 
the glucokinase gene in gestational diabetes, all 
11 exons and proximal islet and liver promoter regions 
were examined by PCR-SSCP analysis in 45 GDM only 
patients. Only one structural mutation (Alala--+Thr 11) 
was found in the coding region of 90 alleles from 
45 GDM patients. Among the 15 amino acids in exon 1, 
Ala n is the only amino acid which is not conserved be- 
tween human and rat [20, 24, 25, 28], and it is Thr 11 in 
the rat [20, 25, 28]. The same frequency of Thr n was 
found in the Type 2 diabetes and control groups in our 
previous study [20], so it is not likely that this amino 
acid variation has any biological consequence. The 
contributions of the PCR-SSCP variants observed in 
the two promoter  regions to expression of glucokinase, 
and hence to susceptibility to gestational diabetes, are 
more difficult to interpret. Interestingly, the G-->A 
variation at position - 30 in the islet promoter is within 
the longest fragment (26 base pair) of homology be- 
tween human ( - 25 to - 50, [13]) and rat ( - 52 to - 78, 
[20, 25, 28]) glucokinase genes. The very high conserva- 
tion of this portion of the promoters over 75 million 
years of evolution suggests the possibility of functional 
and/or structural importance of this 26 base pair frag- 
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ment. Furthermore, a block transversion mutation be- 
tween - 51 to - 60in the rat islet promoter yields a 22 % 
decrease in the promoter activity [32]. The G-+A vari- 
ation at - 258 position in the liver promoter is within 
a completely conserved 10 base pair fragment between 
human ( - 252 to - 262, [13]) and rat ( - 136 to - 145, 
[33]). This fragment is highly homologous to an insulin 
regulatory element in the phosphoenolpyruvate car- 
boxykinase gene [34]. Therefore, we extended the anal- 
ysis to determine the frequencies in all the samples 
available and found similar frequencies among three 
groups. The sample size examined was small, however, 
relative to what may be needed to detect minor suscep- 
tibility factors in polygenic diseases. A similar PCR- 
SSCP analysis of the angiotensinogen gene in a popula- 
tion of hypertensive patients required a study of 499 pa- 
t ientsand 238 control subjects to demonstrate a highly 
significant role of variants of this gene in susceptibility 
to hypertension [35]. 

Under  only two electrophorectic conditions and 
using regular acrylamide, the optimal fragment for 
PCR-SSCP analysis is about 150 base pair [36]and it is 
not 100 % sensitive. The fragment sizes in this study 
were larger than 150 base pair, however by using muta- 
tion detection enhancement gel (A. T. Biochem, Mal- 
vern, Pa., USA) and by examining under multiple elec- 
trophoretic conditions we are able to detect the known 
glucokinase mutations which are not found in this 
population [20]. The sensitivity of current PCR-SSCP 
analysis to detect the single base pair change has been 
assessed [20, 37, 38], it was not likely that the current 
study failed to detect existing mutations. However, the 
possibility of deletion, translocation, or a mutation 
which affects PCR in only one allele cannot be ex- 
cluded with any known technique with 100% con- 
fidence and, in our previous study these possibilities 
have been excluded by Southern blot technique [20]. 
Very recently, glucokinase mutations were found in 
Caucasian and Hispanic women with gestational 
diabetes, but not in American Black women [39]. It 
suggests that structural defect Of glucokinase is rela- 
tively rare in American Blacks as compared with other 
ethnic groups. No obvious coding or promoter  muta- 
tion was found in examination of 90 glucokinase alleles 
from patients with GDM only. In conclusion, the re- 
sults of this study indicate that, while some of the pro- 
moter variants may be minor susceptibility factors, the 
glucokinase gene does not play a major role in the pa- 
thogenesis of gestational diabetes or Type 2 diabetes in 
American Black women. 
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