
letter

nature genetics • volume 23 • november 1999 323

Mutations in NEUROD1 are associated with the
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The helix-loop-helix (HLH) protein NEUROD1 (also known as
BETA2) functions as a regulatory switch for endocrine pancre-
atic development. In mice homozygous for a targeted disrup-
tion of Neurod, pancreatic islet morphogenesis is abnormal
and overt diabetes develops due in part to inadequate expres-
sion of the insulin gene1 (Ins2). NEUROD1, following its het-
erodimerization with the ubiquitous HLH protein E47,
regulates insulin gene (INS) expression by binding to a critical
E-box motif on the INS promoter2. Here we describe two muta-
tions in NEUROD1, which are associated with the development
of type 2 diabetes in the heterozygous state. The first, a mis-
sense mutation at Arg 111 in the DNA-binding domain, abol-
ishes E-box binding activity of NEUROD1. The second mutation
gives rise to a truncated polypeptide lacking the carboxy-ter-
minal trans-activation domain, a region that associates with
the co-activators CBP and p300 (refs 3,4). The clinical profile of
patients with the truncated NEUROD1 polypeptide is more
severe than that of patients with the Arg 111 mutation. Our
findings suggest that deficient binding of NEUROD1 or binding

of a transcriptionally inactive NEUROD1 polypeptide to target
promoters in pancreatic islets leads to the development of
type 2 diabetes in humans.
NEUROD1 contains two exons and has been mapped to chro-
mosome 2q (refs 5,6). We did not examine exon 1 because it is
not translated7. Exon 2 encodes a protein with several distinct
domains (Fig. 1a). We screened exon 2 and the flanking intron
sequences for DNA sequence differences by direct sequencing
of DNA samples from 94 individuals with type 2 diabetes.
Each was the index case through which we ascertained 94 large
families for the presence of diabetes segregating as an autoso-
mal dominant disorder8,9.

We examined exon 2 in all index cases and found four variants
of the published sequence. The first was a single base-pair sub-
stitution, G→A, in codon 45 that results in an Ala→Thr substi-
tution in the amino terminus of NEUROD1. The frequency of
the threonine variant was similar in 94 index cases and in 96
unrelated non-diabetic individuals (32.9% and 35.9%, respec-
tively). Similarly, this polymorphism was not associated with

Fig. 1 Sequence differences found in NEUROD1. a, Schematic organization of NEUROD1 and its domains. Numbers refer to the amino acids bordering the
domains. The details of the HLH domain are shown at the top. Filled arrows indicate mutations and the dotted arrows indicate the amino acid variants identified
in NEUROD1. The borders were determined based on mammalian homology using published data2. ‘tx/p300’ indicates the transactivation domain as well as the
p300-interacting region of NEUROD1 (refs 3,4). b, Alignment of the first 30 aa of the bHLH domain of NEUROD1 with other members of the basic HLH (bHLH)
family. Residues responsible for DNA contact are underlined. The Arg 111 residue of NEUROD1 and the corresponding residues of MYOD and E47 are shown16–18

(italics). c, A fragment of NEUROD1 sequence is shown, with the 206+C insertion indicated by an arrow. Bottom, the corresponding amino acid sequences of wild
type and the 206+C mutation. This mutation resulted in the generation of a truncated protein lacking the C terminus.
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type 2 diabetes in Japanese and French populations7,10. The sec-
ond polymorphism was a single base pair substitution, C→A, in
codon 197 that results in a Pro→His substitution in the C termi-
nus of NEUROD1 (Fig. 1a). This variant was equally frequent in
diabetic and non-diabetic subjects (3.6% and 3.1%, respec-
tively). The two remaining sequence differences were found in
two index cases and were not present in controls.

The index case from family A had a G→T substitution in
codon 111, causing an Arg→Leu change (designated R111L).
This mutation is located in the proximal basic portion of the
basic HLH domain, which is responsible for DNA binding

(Fig. 1a). This Arg111 residue in the DNA-binding domain of
NEUROD1 has been evolutionarily conserved from Drosophila
melanogaster to mammals and is a characteristic shared with
other members of the HLH family1 (Fig. 1b). The index case from
family B had an insertion of a cytosine residue in a polyC tract in
codon 206 in exon 2 (designated 206+C), resulting in a
frameshift and synthesis of a nonsense peptide from amino acid
205 to 242, followed by a premature stop codon (Fig. 1c). Thus,
the 206+C mutation caused the loss of the C-terminal third of
the protein, which harbours the transactivation domain8 and
interacts with the cellular coactivator p300 (refs 3,4).

ID Clinical status % IBW Glucose levels (mg %) C peptide (ng/ml) Insulin levels (µU/ml)

0´ 120´ 0´ 120´

09 DM 136 265 0.9
10 DM 126 125 1.2
12 DM 144 155 277 18 52
13 IGT 141 116 163 15 78
15 IGT 143 102 165 18 49

67 type 2 cases 143±36 144±56 245±102 17±15 54±44

Fig. 2 Pedigree, genotypes and clini-
cal characteristics of family A. Top,
segregation of the R111L mutation.
FIlled, half-filled and open symbols
represent subjects with type 2 dia-
betes, impaired glucose tolerance and
normal glucose tolerance, respec-
tively. The numbers under the sym-
bols are the identification numbers.
Below this is the genotype at codon
111: N, normal allele (Arg); m, mutant
allele (Leu); the genotype in paren-
thesis has been inferred. Below the
genotype is the age at diabetes diag-
nosis for affected members and age
at examination or age at death for
deceased members, followed by the
treatment for diabetes. An arrow
indicates the index case. Parametric
lod score for this pedigree was 0.65.
Bottom, other clinical characteristics
for carriers of the mutation. For com-
parison, mean and standard deviation
for the same characteristics in a group
of 67 individuals with type 2 diabetes
are shown9. Individuals treated with
insulin did not have the oral glucose
tolerance test performed.

ID Clinical status % IBW Glucose levels (mg %) C peptide (ng/ml) Insulin levels (µU/ml)
0´ 120´ 0´ 120´

05 DM 104 189 <0.2
09 DM 111 186 0.5
10 DM 134 174 <0.2
11 DM 113 155 0.6
06 DM 110 143 302 14 16
12 DM 113 101 201 5 14
13 N 132 74 71 6 7
07 N 102 96 74 11 38

29 MODY3 cases 113±21 116±37 259±97 7±5 11±10

Fig. 3 Pedigree, genotypes and clini-
cal characteristics of family B. Top,
segregation of the 206+C mutation.
Filled, half-filled and open symbols
represent subjects with type 2 dia-
betes, impaired glucose tolerance and
normal glucose tolerance, respec-
tively. The numbers under the sym-
bols are the identification numbers.
Below this is the genotype at codon
206: N, normal allele; m, mutant allele
(206+C, resulting in truncated pro-
tein); the genotype in parenthesis has
been inferred. Below the genotype is
the age at diabetes diagnosis for
affected members and age at exami-
nation or age at death for deceased
members, followed by the treatment
for diabetes. An arrow indicates the
index case. Parametric lod score for
this pedigree was 0.90. Bottom, other
clinical characteristics for carriers of
the mutation. At the time of exami-
nation, two carriers (5 and 10) did not
secrete endogenous insulin, but they
had been treated with diet or oral
agents for many years after the diag-
nosis of diabetes. For comparison,
means values and standard deviations
for the same characteristics in a group
of 29 MODY3 individuals are shown9.
Individuals treated with insulin did
not have the oral glucose tolerance
test performed.
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We determined the presence of these mutations in other mem-
bers of the two families by direct sequencing. In family A, of six
carriers of the R111L mutation (five observed and one inferred),
four had previously diagnosed diabetes and two had impaired
glucose tolerance diagnosed at the time of examination (Fig. 2).
The average age of these 4 carriers at the time of diagnosis was 40
(range 30–59) years. In addition, a non-carrier aged 52 had dia-
betes treated by oral medication, and a non-carrier aged 65 had
impaired glucose tolerance. These two individuals are most likely
phenocopies, a phenomenon manifested in MODY pedi-
grees11,12. All carriers were obese (average per cent ideal body
weight was 138%), and they had relatively high fasting serum lev-
els of insulin (or C peptide in those treated with insulin) and high
levels two hours after oral glucose. These individuals resemble
‘typical’ patients with onset of type 2 diabetes in middle age. Four
non-carriers of this mutation were equally obese (average per
cent ideal body weight was 136%). These data indicate that obe-
sity was not associated with the R111L mutation.

In family B, the nine carriers of the 206+C mutation (eight
examined and one inferred) included seven previously diag-
nosed diabetic and two non-diabetic individuals, apparently
non-penetrants (Fig. 3). The average age of these 7 carriers at the
time of diagnosis was 31 (range 17–56) years, and at the time of
examination their diabetes was treated with diet or oral agents
or insulin. In contrast to family A, individuals in family B were
not obese (average per cent ideal body weight was 115%). All
had low serum insulin levels, and two who treated their diabetes
with insulin had undetectable serum C peptide, indicating the
absence of endogenous insulin secretion. These characteristics
resemble the MODY3 phenotype of carriers of TCF1 (also
known as HNF1α) mutations9,13.

No carriers in either family had elevated levels of IA2 or
GAD antibodies (markers of immunological destruction of
β-cells) or physician-diagnosed disorders of the central ner-
vous system or gastrointestinal tract, two other tissues where
NEUROD1 is expressed1,14,15.

Comparison of the sequence of NEUROD1 with other basic
HLH proteins revealed that Arg 111 in NEUROD1 is an invariant
residue critical for DNA recognition16,17. Indeed, mutagenesis at
this site in E47 protein disrupts DNA binding, suggesting that the
R111L substitution in NEUROD1 may have similar effects18. In
gel mobility shift assays, wild-type NEUROD1 polypeptide and
the 206+C truncated variant bound with high affinity to the E-
box in the insulin RIPE3 element in conjunction with E47. In
contrast, the R111L polypeptide variant was unable to bind to the
RIPE3 E-box, even in combination with E47 (Fig. 4).

To evaluate the effects of NEUROD1 mutations on insulin gene
expression, we performed transient assays using the rat Ins2 pro-
moter, which contains a single E-box for NEUROD1/E47 het-
erodimer2. Following transfection into Min6 insulinoma cells, a
wild-type NEUROD1 expression vector induced insulin pro-
moter activity sevenfold. Consistent with previous findings that

NEUROD1 interacts functionally with the co-activator p300,
overexpression of p300 further potentiated insulin reporter activ-
ity 2.5-fold. By contrast, both mutant NEUROD1 polypeptides,
206+C and R111L, were far less active on the Ins2 promoter (2-
fold and 1.5-fold activation, respectively), despite being
expressed at levels comparable to wild-type NEUROD1 in trans-
fected cells (Fig. 5a,c). Potentiation of insulin reporter activity via
p300 also decreased, albeit more severely in cells transfected with
R111L than in those with 206+C.

To rule out regulatory contributions from the E47 heterodimer-
ization partner of NEUROD1, and to evaluate whether the R111L
substitution disrupts NEUROD1 activity solely at the level of DNA
recognition, we performed transient assays on Gal-NEUROD1
chimaeras with the Gal4 DNA-binding domain fused in-frame to
the N terminus of NEUROD1. Wild-type Gal-NEUROD1 induced
CAT reporter activity sixfold, and in the presence of p300, CAT
activity was induced 12-fold (Fig. 5d). The activity of the mutant
Gal-NEUROD1-R111L was comparable with that of wild-type
Gal-NEUROD1, further supporting the fact that replacement of
arginine with leucine attenuates target gene expression by disrup-
tion of DNA recognition. The truncated mutant construct, Gal-
NEUROD1-206+C, was less active in stimulating the Gal4-CAT
reporter, demonstrating the importance of the C-terminal domain
of NEUROD1 for target gene activation.

NEUROD1 stimulates target gene activation by binding to the
C terminus of the co-activator CBP and its paralogue p300
(refs 3,4,15). In GST pull-down assays, wild-type and mutant
R111L NEUROD1 bound comparably to the C terminus of p300
(aa 1,572–2,370). Accordingly, overexpression of full-length p300
potentiated target gene activation via wild-type Gal-NEUROD1
and Gal-NEUROD1-R111L polypeptides. In contrast, the NEU-
ROD1 206+C mutant was unable to associate with p300 in GST
pull-down assays, and overexpression of p300 had little effect on
Gal-NEUROD1-206+C activity (Fig. 6).

We demonstrate that the development of type 2 diabetes in
carriers of the R111L and 206+C mutations is due to a disrup-
tion of NEUROD1 activity via two distinct mechanisms: (i)

Fig. 4 DNA-binding properties of NEUROD1 mutants. Bacterially expressed
wild-type (WT) or mutant (206+C or R111L) GST-NEUROD1 proteins were
assessed for their ability to bind a 32P-labelled insulin RIPE3 probe2 by gel
mobility shift assay in the absence and presence of E47. E47 and NEUROD1 indi-
vidually display poor DNA-binding capacity (lanes 1 and 2), but the two pro-
teins together bound avidly to the insulin E-box probe (lane 3). Specificity of
binding was ascertained by competition of the NEUROD1-E47 complex with
100-fold molar excess of unlabelled wild-type or mutant RIPE3 double-
stranded DNA (lanes 4 and 5). Sequences of wild-type and mutant probes are
shown with the consensus E-box (underlined) and the mutation indicated (ital-
ics). The NEUROD1-206+C (lanes 6 and 7) mutant displayed binding characteris-
tics similar to those observed for WT-NEUROD1 (lanes 2 and 3), but R111L was
unable to bind DNA even in the presence of E47 (lanes 8 and 9). Experiments
were repeated three times and showed the same pattern.
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impairment of NEUROD1 binding to the INS promoter; or (ii)
elimination of the function of the C-terminal transactivation
domain of NEUROD1. We do not know whether these muta-
tions in a heterozygous state might have disturbed the develop-
ment of pancreatic islets and resulted in decreased β-cell mass in
humans. In mice, targeted disruption of both alleles of Neurod
results in abnormal islet morphology (including severely
reduced β-cell mass and failure of islets to cluster), severe dia-
betes and perinatal death1.

The explanation for the greater clinical severity in heterozy-
gous carriers of the 206+C mutation compared with carriers of
the R111L mutation is not clear. Although our functional studies
showed that both mutations reduced insulin reporter expression
in transient assays, it is uncertain whether this effect is the same
in vivo. Moreover, the inability of the 206+C mutant to associate
with p300 may have important implications for activation of islet
genes during development. Target gene activation by p300 is
mediated in part via an intrinsic histone acetyl transferase (HAT)
activity that is proposed to function in chromatin remodel-
ling19,20. We hypothesize that inability of the 206+C mutant to

recruit such remodelling activity during development may block
islet cell differentiation and reduce the number of functional β-
cells in the islets of affected individuals.

Methods
Families. We recruited the families in this study for studies on the genetics
of type 2 diabetes at the Joslin Diabetes Center8,9. Briefly, we selected and
examined families because their pattern of occurrence of type 2 diabetes
was consistent with an autosomal dominant mode of inheritance. An
additional selection criterion was the availability of a large number of
family members (with and without diabetes) willing to participate in the
study. The screening criteria used to identify eligible families were: (i) an
index case and at least 1 sibling having type 2 diabetes diagnosed between
ages 10 and 60; (ii) the treatment for diabetes in the index case for the ini-
tial 2 years was diet or oral agents; and (iii) diabetes occurred in at least 3
generations. So far, we have recruited and examined 94 families of Euro-
pean descent. We examined, on average, 12 individuals per family (6 with
and 6 without diabetes). Of the 94 families, 45 families had early onset
type 2 diabetes that was considered to be MODY (median age at diagnosis
in the family less than 40 years), and 49 families had diabetes diagnosed in
middle age (between 40 and 59 years). The Committee on Human Sub-

Fig. 5 Attenuation of transactivation by the NEUROD1 R111L and 206+C mutants. a, Effect of NEUROD1 mutations on rat Ins2 activity. Min6 insulinoma cells
transfected with rat Ins2 CAT reporter gene and vectors encoding Flag-tagged NEUROD1 (wild type or mutant) in the presence of control vector (CMV) or p300
were assessed for CAT reporter activity. Dark shaded bars represent Ins2 activity in the presence of empty vector (pCDNA3) or NEUROD1 wild-type and mutant
proteins in the absence of p300, and hatched bars represent activity in presence of p300. b, Schematic of constructs used in the transfection experiments. c, West-
ern-blot analysis for comparable expression of Flag-tagged NEUROD1 wild-type and mutant proteins using anti-Flag antibodies is shown. d, Effect of NEUROD1
mutations on G5-E1B-CAT reporter activity. HepG2 cells transfected with G5-E1B-CAT reporter and vectors encoding either Gal protein or Gal-NEUROD1 (wild
type or mutant) fusion proteins, in the presence of control (CMV) vector or p300, were assessed for CAT reporter activity. Dark shaded bars represent expression
of the Gal-DNA binding domain (GalDBD) as a control, or expression of Gal-NEUROD1 (wild type or mutant 206+C or R111L) fusion constructs in the presence of
empty vector (CMV), and hatched bars indicate activity in presence of the fusion constructs with p300. Note the virtual lack of transactivation by NEUROD1 206+C
irrespective of the presence of p300. e, A schematic representation of the constructs used in the transfection assay is shown. f, Western-blot analysis of Gal-NEU-
ROD1 proteins using anti-Gal antibodies. Gal-NEUROD1 fusion proteins were tested for comparable expression in nuclear extracts of transfected HepG2 cells
using mouse monoclonal antibody against Gal protein expressed N terminal to the NEUROD1 proteins. The results in (a,d) are shown as mean values and standard
errors. All experiments were repeated three times.
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jects of the Joslin Diabetes Center approved the study protocol and
informed consent procedures. After obtaining written consent to partici-
pate from individual family members, we measured their height and
weight and drew fasting blood for blood glucose determination, DNA
extraction and other biochemical measurements. From non-diabetic indi-
viduals and those diabetic individuals treated with oral agents or diet, we
drew an additional blood sample 2 h after an oral challenge with glucose
(75 g) for blood glucose determination and other biochemical measure-
ments. We obtained fasting serum for C-peptide determination from
insulin-treated individuals. All participants completed medical and family
history questionnaires that were supplemented with information extract-
ed from medical records. We calculated per cent ideal body weight (% of
IBW) for males as 4.39×BMI and for females as 4.76×BMI (ref. 21). We
used World Health Organization (WHO) criteria to diagnose diabetes and
impaired glucose tolerance22. We selected 96 non-diabetic spouses of
members of the families to examine the frequency of DNA sequence dif-
ferences in NEUROD1 in a control group.

Biochemical assays. Linco Research measured serum insulin and C peptide
in family members and insulin in controls with impaired glucose tolerance
by radioimmunoassay. The insulin assay showed little cross-reactivity
(<2%) with human proinsulin. The Clinical Laboratory of the Joslin Dia-
betes Center performed the other measurements9. Radioligand assays for
serum anti-GAD and anti-IA2 antibody levels used recombinant GAD and
IA2 proteins and expressed results as CPM indexes23,24. The criterion for a
positive assay for each antibody was an index greater than 0.1 (2 s.d. above
the mean in normal controls).

Screening NEUROD1 for sequence differences. We used three pairs of
primers covering the entire coding sequence of the gene together with
flanking sequences of NEUROD1 (first pair, forward, 5´–CAAGCATTTG-
TACAGGTTTAG–3´, reverse, 5´–CTCCAGGCGAGCCTTAGTCATC–3´;
second pair, forward, 5´–CCTCGAAGCCATGAACGCAG–3´, reverse,
5´–GCTGTCCATGGTACCGTAAG–3´; third pair, forward, 5´–CCTG-
CAACTCAATCCTCGGAC–3´, reverse, 5´–CTGTAAGCACAGTGGGT
TCG–3´). We performed PCR reactions for each pair of specific primers
using the following PCR conditions: denaturation at 95 °C for 5 min fol-
lowed by 39 cycles of denaturation at 95 °C for 1 min, annealing at 57 °C

Fig. 6 Interaction of p300 with NEUROD1 mutants. 35S-labelled, in vitro
translated wild-type and mutant NEUROD1 proteins were examined for their
capacity to interact with the previously defined C terminus (1,572–2,370) of
cellular co-activator p300 expressed as a GST fusion protein. In contrast to the
NEUROD1 206+C mutant (lane 8), NEUROD1-WT and NEUROD1-R111L
mutant (lanes 7 and 9) interacted with the C terminus of p300 (aa
1,572–2,370). Lanes 1–3 show onput of the 35S-labelled NEUROD1 proteins;
note the faster migration of the truncated 206+C mutant protein. GST pro-
tein was used as a control (lanes 4–6). The migration of the molecular weight
markers (kD) is shown. Experiments were repeated three times and showed
similar results.

for 1 min, extension at 72 °C for 1 min and final extension for 10 min. The
lengths of the PCR products were 407 bp, 583 bp and 561 bp, respectively.
We purified the amplified DNA using QIAquick Gel Extraction Kit Proto-
col (Qiagen) and sequenced it directly from both ends using specific
primers with AmpliTaq FS dye terminator cycle sequencing kit (PE
Applied Biosystems). We performed electrophoresis on the ABI PRISM
377 DNA sequencer and used the ABI PRISM Sequencing Analysis soft-
ware version 3.0 for the analysis. We confirmed the sequence of both
mutations by cloning the PCR product of the entire coding sequence of
the gene into a TA cloning vector (pCR 2.1, Invitrogen) and sequencing
clones representing each allele.

Parametric linkage analysis. We performed parametric linkage analysis
with LINKAGE software assuming an autosomal dominant mode of inher-
itance and a disease allele frequency of 0.001, consistent with the rarity of
the mutations. For the susceptibility genotypes ‘DD’ and ‘Dd’, we assumed
penetrances of 0.3, 0.5, 0.7 and 0.8 for the 4 age-related liability classes,
0–10, 11–25, 26–40 and over 40 years, respectively25. For the non-suscepti-
ble genotype ‘dd’, we used the risk of diabetes in the general population for
the probabilities of diabetes in the same liability classes, 0.001, 0.005, 0.01
and 0.2, respectively.

Plasmids and vectors. We amplified NEUROD1 wild-type and mutant
cDNAs using the above clones as templates, and subcloned them in-
frame into EcoR1 and HindIII sites of pBluescript. We verified the
sequence and used the clones for in vitro expression of internally radiola-
belled NEUROD1 proteins. For other constructs, we excised plasmids of
the respective NEUROD1 clones from pBluescript and cloned them into a
PM1 (Clontech) vector for mammalian expression of Gal-NEUROD1
fusion proteins, pCDNA3-Flag for expression of Flag-tagged NEUROD1
proteins and PGEX-4T (Pharmacia) vector for bacterial expression of
GST-NEUROD1 fusion proteins.

Gel shift assays. We incubated GST-NEUROD1 wild-type and mutant
proteins and nuclear extracts from 293T cells transfected with CMV or
CMV-E47 plasmids with 25,000 cpm of double-stranded RIPE3 oligonu-
cleotide2, end-labelled with [γ32P]ATP using polynucleotide kinase. We
carried out EMSA reactions for 20 min on ice in a final volume (20 µl)
containing 20% glycerol, Hepes (20 mM, pH 7.6), EDTA (1 mM), KCl (50
mM), MgCl2 (5 mM), BSA (1 µg), DTT (1 mM) and poly-dI-polydC (1
µg) as non-specific competitor. We resolved the complexes on a 4.5% non-
denaturing polyacrylamide gels in 0.5×TBE (44.5 mM Tris, 44.5 mM
borate and 1 mM EDTA).

Cell culture and transfections. We cultured HepG2 hepatoblastoma cells
(ATCC) according to ATCC guidelines. Min6 cell cultures were main-
tained in DMEM, 15% FBS and β-mercaptoethanol (5 µM). We trans-
fected the cells using Lipofectin (Life Technologies) according to the
manufacturer’s instructions, collected the cells after 35–40 h and assayed
for CAT activity. We quantified CAT assays using a phosphoimager (Mol-
ecular Dynamics) and normalized to β-gal activity derived from a co-
transfected CMV-β-Gal internal control plasmid. We assessed the com-
parability of expression of wild-type and mutant Flag-tagged and Gal-
NEUROD1 proteins using pCDNA3 and PM-1 vectors, and western-blot
analysis of nuclear extracts prepared from transfected Min6 and HepG2
cells using anti-Flag (Sigma) and anti-Gal antisera (Santa Cruz Biotech-
nology), respectively.

P300-NEUROD1 interactions. We prepared isopropyl-β-D-thiogalacto
pyranoside (IPTG) induced cultures of Escherichia coli expressing the
GST-P300 (aa 1,571–2,370) protein as described22. We internally labelled
NEUROD1 wild-type and mutant proteins with 35S-methionine in vitro
using a TNT protein expression system (Promega). We incubated GST
proteins (500 ng) with 35S-labelled NEUROD1 proteins in a volume (400
µl) of NaCl (100 mM), EDTA (1 mM), Hepes (20 mM, pH 7.4), 0.5% NP-
40 and DTT (1 mM). We complexed the GST and associated proteins to
glutathione sepharose beads and resolved the complexes by SDS–PAGE.
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