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Determination of Encephalomyocarditis Vi r a l
Diabetogenicity by a Putative Binding Site of the
Viral Capsid Protein
Hee-Sook Jun, Yup Kang, Ho Sup Yoon, Ki Hwan Kim, Abner L. Notkins, and Ji-Won Yo o n

The molecular mechanism by which some, but not all,
variants of encephalomyocarditis (EMC) virus selec-
tively infect pancreatic -cells in mice and induce
IDDM has been an enigma for more than a decade. We
report here that the binding site of the EMC viral cap-
sid protein VP1 determines viral diabetogenicity.
Recombinant chimeric EMC viruses containing threo-
nine, serine, proline, aspartic acid, or valine at position
152 of the major capsid protein VP1 bind poorly to -
cells. In contrast, recombinant chimeric EMC viruses
containing alanine or glycine at position 152 of the VP1
bind efficiently to and infect -cells, resulting in the
development of diabetes. Three-dimensional molecular
modeling reveals that the van der Waals interactions are
greater and the residues surrounding position 152 of the
VP1 are more closely packed in recombinant chimeric
viruses containing threonine, serine, proline, aspartic
acid, or valine at position 152 than in recombinant
chimeric viruses containing alanine or glycine at the
same position. Our studies reveal that the surface
areas surrounding alanine or glycine at position 152 of
the VP1 are more accessible, thus increasing the avail-
ability of the binding sites for attachment to - c e l l
receptors and resulting in viral infection and the devel-
opment of diabetes. D i a b e t e s 47:576–582, 1998

S
ubstitution of a single amino acid in a viral protein
can have profound effects on viral pathogenesis
(1–6). Because of the diabetogenic capabilities of
encephalomyocarditis (EMC) virus (7–12), the

molecular basis of EMC virus–induced diabetes in mice has

received considerable attention. The D variant of this virus
selectively destroys pancreatic -cells, resulting in the onset
of IDDM. In contrast, the B variant does not destroy pancre-
atic -cells. When SJL/J mice are infected with EMC-D virus,
over 90% of the infected animals develop diabetes, whereas
none of the mice infected with EMC-B virus develop dia-
betes (13). However, these two variants cannot be distin-
guished antigenically by a sensitive plaque neutralization
assay or a competitive radioimmunoassay (RIA) (13,14).
Examination of the complete nucleotide sequences of the
genomes of the two variants revealed a total of 14 nucleotide
differences between them (15). Further investigation, using
21 different nondiabetogenic and 15 different diabetogenic
mutant viruses generated from stocks of EMC-B and EMC-D
variants, revealed that all nondiabetogenic variants con-
tained Thr at position 152 of the VP1, whereas all diabetogenic
variants contained Ala at the same position (16). Recently, we
demonstrated that a single point mutation at nucleotide posi-
tion 3155 or 3156 (the first or second base in the codon for the
amino acid at position 152 of the VP1, also the amino acid at
position 776 of the viral polyprotein), which causes an amino
acid change at position 152, results in a loss or gain of viral
diabetogenicity (17). The present study was initiated to inves-
tigate the possibility that alterations in the binding of the
recombinant chimeric EMC viruses to -cells are responsible
for the changes in viral diabetogenicity.

RESEARCH DESIGN AND METHODS

A n i m a l s . Six-week-old male SJL/J mice were purchased from Jackson Laboratory
(Bar Harbor, ME). The animals were maintained under pathogen-free conditions
at the Animal Resource Centre, University of Calgary (Calgary, Alberta, Canada).
Viruses and viral RNA. Diabetogenic EMC-D and nondiabetogenic EMC-B
viruses were grown in L-929 cells (13), purified by CsCl and sucrose gradient ultra-
centrifugation, and used in the preparation of viral RNA by phenol-chloroform
extraction (14,18). The integrity and purity of the viral RNA was confirmed by dena-
turing gel electrophoresis and measurement of the A2 60 / A2 8 0 ratio (19).
Construction of mutated recombinant chimeric RNA and production of

recombinant chimeric viruses. EMC-B and EMC-D cDNAs were synthesized,
and full-length cDNA was constructed as described elsewhere (16,19). Site-spe-
c i fic mutagenesis was performed at nucleotide position 3155 (the first base of the
codon for the 152nd amino acid of the VP1) with various mutagenic oligonu-
cleotides, as follows: Ala1 5 2- C C A A C T G G A A C G C C AGC C A A G C C A A C C A C T C ;
T h r1 5 2- C C A A C T G G A A C G C C AACCAAGCCAACCACTC; Ser1 5 2- C C A A C T G G A A C G
C C ATCCAAGCCAACCACTC; Pro1 5 2- C C A A C T G G A A C G C C ACC C A A G C C A A C C
ACTC; Asp1 5 2- C C A A C T G G A A C G C C A GACAAGCCAACCACTC; Va l1 5 2- C C A A C T G
G A A C G C C AC TCAAGCCAACCACTC; and Gly1 5 2- C C A A C T G G A A C G C C A GGC A A
GCCAACCACTC (Fig. 1). We constructed the chimeric RNA by attaching the
poly(C) region of the viral RNA to the 5 -truncated RNA transcript of the EMC viral
cDNA (20). After transfection of the chimeric RNA into L-929 cells, progeny
viruses were produced (Fig. 1). The nucleotide sequences of the mutated regions
of the progeny viruses were determined by direct RNA sequencing.
Glucose and insulin assay. Glucose levels were measured in blood by a glucose
oxidase assay with O-dianisidine dihydrochloride as the indicator dye (13).
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isothiocyanate. 



DIABETES, VOL. 47, APRIL 1998 577

H.-S. JUN AND ASSOCIATES

FIG. 1. Schematic representation of the procedure for the production of recombinant chimeric EMC viruses containing a mutated amino acid

at position 152 of the capsid protein VP1 (at amino acid position 776 of the polyprotein). The G base at nucleotide position 3155, which is the

first nucleotide in the codon for Ala1 5 2 (diabetogenic virus) was changed to an A base by site-specific mutagenesis with a mutagenic oligonu-

cleotide (CCAACTGGAACGCCAACCAAGCCAACCACTC) using a Muta-Gene kit (Bio-Rad, Richmond, CA). Similarly, the A base at nucleotide

position 3155 in the codon for Thr1 5 2 (nondiabetogenic virus) was changed to a G base with a mutagenic oligonucleotide (CCAACTG-

G A A C G C C AGCCAAGCCAACCACTC) using pB104, the EMC-B cDNA clone containing nucleotide bases 1120–3530. Mutants containing the

desired nucleotides were screened by sequencing with the M13 universal primer (United States Biochemicals, Cleveland, OH). To create a full-

length mutated cDNA clone containing the poly(C) region, the Sph I to Sst I fragment of the pD104 or pB104 plasmid containing the mutated

nucleotide was substituted into the corresponding site of the pEDfH or pEBfH vector, respectively. The vector was renamed pEDfH(Thr1 5 2) or

p E B f H ( A l a1 5 2). The RNA transcript containing A3 1 5 5 or G3 1 5 5 (nucleotide bases 477–7830) was synthesized with T7 RNA polymerase after lin-

earization of pEDfH(Thr1 5 2) or pEBfH(Ala1 5 2) with S a l I. The viral RNA fragment containing the poly(C) region (nucleotide bases 1–476) was

isolated by RNase-H cutting at nucleotide bases 476/477 (28). Chimeric RNA containing A3 1 5 5 or G3 1 5 5 was constructed by attaching the tran-

scribed RNA (nucleotide bases 477–7830) to the viral RNA fragment (nucleotide bases 1–476) with RNA ligase and a brace primer. The

chimeric RNA was introduced into L-929 cells by calcium-phosphate transfection, and mutated progeny virus was produced. Male SJL/J mice

(6 weeks old) were injected intraperitoneally with the progeny virus (1 1 05 PFU). Any mouse with a glucose level >243 mg/dl (5 SD above

the mean blood glucose level of PBS-injected mice) was classified as diabetic. Other substitutions for amino acid 152 were similarly produced

using the appropriate mutagenic oligonucleotides.
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Insulin was extracted from the frozen pancreas by the acid-ethanol extraction
method (21). The concentration of immunoreactive insulin was determined with
an insulin RIA kit (Pharmacia Biotech, Uppsala, Sweden). Data were expressed
as microgram of insulin per gram of pancreas.
H i s t o l o g y. Histological examination of the pancreas of each mouse was performed
as described previously (22). The pancreas was removed at 17 days after virus
infection. Fifty percent of each pancreas was fixed in 10% buffered formalin
phosphate. Paraffin-embedded sections were stained with hematoxylin and
eosin. The islets (17–25 per mouse) were examined under a light microscope.
Double-labeled antibody staining. To identify EMC virus–infected - c e l l s ,
sections of each pancreas from EMC virus–infected mice, obtained 3 days after
infection, were fixed on slides in acetone and stained with tetramethyl rhodamine
isothiocyanate (TRITC)-labeled anti-insulin antibody and fluorescein isothio-
cyanate (FITC)-labeled anti-EMC antibody (23) overnight at 4°C. The slides were
washed three times with phosphate-buffered saline (PBS), mounted with Elvanol,
and examined for immunofluorescence by fluorescent microscopy with rho-
damine filters and then fluorescein filters (23).
Competitive virus binding assay. The pancreases from each of 50 5-week-old
male SJL/J mice were injected with collagenase solution (Worthington Type IV)
through the common bile duct. Each pancreas was then dispersed by aspiration
with a Pasteur pipette. After ficoll gradient centrifugation, the islets were hand-
picked under a stereomicroscope and then dispersed into single cells (24). The
number of pancreatic -cells was adjusted to 2 1 06 cells/ml in Eagles’s minimal
essential medium (MEM) (Life Technologies, Gaithersburg, MD) with 2% fetal
bovine serum.

Unlabeled purified recombinant chimeric EMC virus (104 plaque-forming units
[PFU} per cell) was added to 500 µl of the -cell suspension (1 1 06 cells). The
suspension was incubated at 4°C for 1 h with rotation at 100 rpm. Unbound unla-
beled virus was removed by washing three times with PBS (centrifugation at
12,000 rpm). 3 5S-labeled purified wild-type EMC-D virus (108 P F U / 1 06 cells – 102

PFU/cell) was added to the suspension, and unbound virus was removed by wash-
ing with PBS as described above. The precipitate was then dissolved in 0.15 mol/l
NaOH, mixed with an aqueous cocktail solution, and the radioactivity was meas-
ured. A similar competitive virus binding assay was performed using L-929 cells.

To determine the competitive binding of each chimeric EMC virus with a
labeled wild-type EMC-D virus, we calculated the percentage of 3 5S-labeled EMC-
D virus binding after incubation of a saturated level of each unlabeled chimeric
EMC virus with -cells. Control binding was determined in the absence of unla-
beled chimeric EMC virus. The specific binding of each recombinant chimeric virus
to -cells was calculated as a percentage of inhibition of 3 5S-labeled EMC-D virus
binding by incubation of each unlabeled recombinant chimeric EMC virus with
the labeled virus. The formula used to calculate the specific binding of each
recombinant chimeric virus is as follows: (1 – [% mean of labeled EMC-D virus
binding after addition of unlabeled chimeric virus/% mean of control binding of
labeled EMC-D virus]) 1 0 0 .
Plaque assay. The viral titer was determined as previously described (9).
B r i e fly, confluent monolayers of secondary mouse embryo cells were inocu-
lated with various dilutions (0.2 ml) of each virus preparation (recombinant
chimeric viruses and wild-type EMC viruses). After adsorption for 1 h at 37°C,
the cultures were overlaid with 2% methylcellulose in MEM containing 5% fetal
calf serum. Monolayers were stained 2 days later with neutral red. Plaques were
counted within 24 h.
Molecular modeling. Based on the structure of the Mengo virus reported by Luo
et al. (25), molecular models were constructed with the computer program
Insight II, Version 2.3.5 (Biosym Technologies, San Diego, CA).

R E S U LTS AND DISCUSSION

We recently demonstrated that the amino acid at position 152
of the viral capsid protein VP1 of EMC virus determines viral
diabetogenicity (17). Recombinant chimeric viruses con-
taining Ala at position 152 of the VP1 caused diabetes in
SJL/J mice, whereas viruses with Thr, Ser, Pro, Asp, or Val at
the same position did not. In the present study, we tested a
recombinant chimeric virus containing Gly at position 152 of
the VP1. SJL/J mice infected with the Gly1 5 2 chimeric viruses
developed diabetes comparable in severity to that found in
mice infected with the Ala1 5 2 chimeric viruses (Fig. 2A). In
addition, the pancreatic insulin levels of the Gly1 5 2 c h i m e r i c
virus–infected animals were markedly reduced (Fig. 2B). In
contrast, mice infected with Thr1 5 2, Ser1 5 2, Pro1 5 2, Asp1 5 2, or
Va l1 5 2 chimeric viruses did not develop diabetes, and their pan-

creatic insulin levels were within the normal range (Fig. 2A

and B). The examination of the pancreases of mice infected
with Ala1 5 2 or Gly1 5 2 chimeric viruses showed marked
destruction of the pancreatic -cells as compared with mice
infected with the other chimeric viruses (data not shown).
M o r e o v e r, immunohistochemistry, using antibodies against
EMC virus and insulin, revealed EMC viral antigens in the -

FIG. 2. Effects of various amino acids at position 152 of the capsid pro-

tein VP1 of the EMC virus on the induction of diabetes in SJL/J mice.

Six-week-old male SJL/J mice were infected by intraperitoneal injec-

tion with various chimeric viruses (1 1 05 PFU/mouse). PBS-injected

and wild-type EMC-D virus–infected mice were used as negative and

positive controls, respectively. A : Nonfasting (NF) blood glucose lev-

els were measured at 7 and 14 days after infection. Glucose tolerance

tests (GTT) were conducted at 10 and 17 days after infection. A glu-

cose index (GI) was calculated for each mouse as follows:

GI =
(4 NF day 14) + (3 NF day 7) + (2 GTT day 17) + (1 GTT day 10)

1 0

Any mouse with a GI >243 mg/dl (5 SD above the mean for nondiabetic

control PBS-injected mice) was classified as diabetic. B : C o n c e n t r a-

tion of pancreatic immunoreactive insulin was determined 17 days

after infection as described in M E T H O D S. Data were expressed as

micrograms of insulin per gram of pancreas. *P < 0.0001 when com-

pared with Thr1 5 2-, Ser1 5 2-, Pro1 5 2-, Asp1 5 2-, or Va l1 5 2-containing recom-

binant chimeric viruses. Each group was composed of 17–32 mice.

Male mice were used because of the higher incidence of diabetes they

exhibit when compared with female mice.
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cells of animals infected with the Ala1 5 2 or Gly1 5 2 c h i m e r i c
viruses but not in animals infected with the other chimeric
viruses, as reported previously (17).

Because it is well known that the diabetogenic EMC virus
selectively infects and destroys pancreatic -cells (9–10,13),
and that the initial step in viral infection is the attachment of
the virus to the target cell, we compared the specific binding
activity of diabetogenic recombinant chimeric viruses to that
of nondiabetogenic recombinant chimeric viruses. We found
that a significantly higher amount (87–90%) of diabetogenic
chimeric viruses (containing Ala1 5 2 or Gly1 5 2) attached to pan-
creatic -cells when compared with the attachment of non-

diabetogenic chimeric viruses (5–7%) (P < 0.0001) (Table 1).
We also examined the amount of attachment of diabetogenic
and nondiabetogenic chimeric viruses to a non– -cell line (L-
929 cells). We found that the amount of attachment of dia-
betogenic chimeric viruses to L-929 cells was signific a n t l y
higher (86–91%) than that of nondiabetogenic chimeric
viruses (41–48%) (P < 0.001) (Table 1). A competitive binding
assay revealed that, when compared with the amount of
attachment to -cells (5–7%) (Table 1), nondiabetogenic
chimeric viruses exhibited a significantly higher amount of
attachment to L-929 cells (41–47%). This greater amount of
attachment may be due to the greater number of viral recep-
tors expressed on cultured L-cells.

We measured viral replication in pancreatic -cells at dif-
ferent times (1–5 days) after infection. We found that the
viral titer in the pancreatic islets of mice infected with dia-
betogenic chimeric viruses was significantly higher than that
in the islets of mice infected with nondiabetogenic viruses
(Fig. 3A). The titer of the diabetogenic chimeric viruses
peaked at 2 days after infection, reaching close to 5 1 05

PFU/ml of pancreatic extract, and then decreased sharply
from 3 through 5 days after infection (Fig. 3A). This decrease
in infectious virus titer may be due to an increase in the titer
of antibodies against the viruses, as reported previously (13).
In contrast, the replication of the nondiabetogenic chimeric
viruses in the pancreatic islets appears to be minimal. The
peak viral titer, at 2 days after infection, was only just over 103

PFU/ml of pancreatic extract, and the titer decreased slightly
from 3 through 5 days after infection (Fig. 3A). These results
show an ~500-fold difference between the viral titers of dia-
betogenic and nondiabetogenic chimeric viruses in the pan-
creatic -cells at 2 days after infection.

The detection of some infectious viruses in the pancreatic
islet cell preparation from mice infected with nondiabeto-
genic chimeric EMC viruses may be due to viremia, since it is
difficult to completely remove viruses from the circulating
blood, or may be due to replication of the virus in pancreatic
fibroblasts or ductal cells, which are contaminants during the

TABLE 1
Effects of various amino acids at position 152 of the capsid pro-
tein VP1 of the EMC virus on the specific competitive binding of
the virus to pancreatic -cells and L-929 cells

Specific binding (%)

Unlabeled virus - c e l l s L-929 cells

E M C - D 9 0 . 1 9 0 . 7
A l a1 5 2 chimeric virus 8 7 . 8 * 8 8 . 9 †
G l y1 5 2 chimeric virus 8 6 . 9 * 8 6 . 1 †
T h r1 5 2 chimeric virus 6 . 4 4 4 . 1
S e r1 5 2 chimeric virus 7 . 2 4 7 . 7
P r o1 5 2 chimeric virus 5 . 3 4 1 . 4
A s p1 5 2 chimeric virus 7 . 3 4 4 . 7
Va l1 5 2 chimeric virus 6 . 7 4 3 . 5

The specific competitive binding of various diabetogenic and
nondiabetogenic recombinant chimeric EMC viruses to - c e l l s
and L-929 cells was determined, as described in M E T H O D S. The data
represent the mean of three individual determinations. *P <
0.0001 when compared with the specific competitive binding of
T h r1 5 2-, Ser1 5 2-, Pro1 5 2-, Asp1 5 2-, or Va l1 5 2-containing chimeric
virus. †P < 0.001 when compared with the specific competitive
binding of Thr1 5 2-, Ser1 5 2-, Pro1 5 2-, Asp1 5 2-, or Va l1 5 2- c o n t a i n i n g
chimeric virus.

FIG. 3. A: Replication of recombinant

chimeric EMC viruses in pancreatic

islets. Six-week-old SJL/J mice were

infected intraperitoneally with 1 1 06

PFU of each recombinant chimeric virus

(three mice/group). At 1, 2, 3, 4, and 5

days after infection, the pancreatic

islets were isolated and virus was

extracted from the isolated islets. The

infectious virus was assayed. Data rep-

resent the mean of three individual

determinations (PFU/ml of islet

extract). , Ala1 5 2-; , Thr1 5 2-; , Ser1 5 2-;

, Pro1 5 2-; , Asp1 5 2-; , Va l1 5 2-; and ,

G l y1 5 2-containing recombinant chimeric

virus. B: Replication of recombinant

chimeric EMC viruses in L-929 cells. At

zero time, ~1 1 06 L-cells were inocu-

lated with 1 1 07 PFU of each recombi-

nant chimeric virus. The viral titer was

determined at 2, 8, 10, 20, 30, 40, and 50

h after infection and expressed as

PFU/plate. , Ala1 5 2-; , Thr1 5 2-; ,

S e r1 5 2-; , Pro1 5 2-; , Asp1 5 2-; , Va l1 5 2- ;

and , Gly1 5 2-containing recombinant

chimeric virus.

A B
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preparation of pancreatic -cells. However, we could not
exclude the possibility of replication of nondiabetogenic
viruses in the pancreatic -cells if they do attach to the - c e l l s .
To determine whether any pancreatic -cells were, in fact,
infected by nondiabetogenic chimeric EMC viruses, we dou-
ble-stained pancreatic sections prepared from mice infected
with the nondiabetogenic chimeric viruses with TRITC-
labeled anti-insulin antibody and FITC-labeled anti-EMC viral
a n t i b o d y. None of the pancreatic -cells were stained with anti-
EMC viral antibody (data not shown). This result indicates that
the pancreatic -cells are not visibly infected by the nondia-
betogenic chimeric EMC viruses, and that the detection of
infectious viruses in the pancreatic islet cell preparation
could be due to contamination during preparation of the islet
cells or replication of the virus in contaminating non– - c e l l s ,
including fibroblasts and/or ductal cells. As a matter of fact,
the replication of the viruses in the pancreatic -cells appears
to reflect the attachment of the viruses to the - c e l l s .

H o w e v e r, a different situation exists with respect to the
attachment and replication of the viruses in cultured non– -
cells, such as L-929 cells. Although the diabetogenic chimeric
EMC viruses bound more efficiently to the L-929 cells than did
the nondiabetogenic chimeric EMC viruses, the nondiabeto-
genic chimeric viruses showed a significantly higher amount
of attachment to L-929 cells than to -cells (Table 1). In addi-
tion, there appeared to be no significant difference in the
rate of viral replication between diabetogenic and nondia-
betogenic chimeric viruses in L-929 cells, even though the viral
titers of diabetogenic chimeric viruses were signific a n t l y
higher than those of nondiabetogenic chimeric viruses (Fig.
3B). This difference may be due to the differing susceptibil-
ities of the -cells and the non– -cells to the viruses.

To elucidate the differences observed in the binding activ-
ity of diabetogenic and nondiabetogenic chimeric viruses to
pancreatic -cells, we examined the three-dimensional struc-
ture of the capsid protein VP1 of a Thr1 5 2 chimeric virus (rep-
resentative of nondiabetogenic chimeric viruses), and we com-

pared this structure to that of an Ala152 chimeric virus (repre-
sentative of diabetogenic chimeric viruses). Because the
amino acid sequence of the VP1 of Mengo virus, another car-
diovirus, and that of the diabetogenic EMC-D virus are remark-
ably similar, sharing 96.4% homology (19,26), and because the
three-dimensional structure of the VP1 of Mengo virus is
known (25), we used the backbone coordinates of the Men-
goviral VP1 to construct our models of the Thr1 5 2 and Ala1 5 2

chimeric EMC viruses. Luo et al. (25) showed that the 152nd
amino acid of the capsid protein VP1 is located in the deep pit,
which is the putative binding site of the Mengo virus to host cell
receptors. Furthermore, the 152nd amino acid of the EMC-D
virus, Ala, lies in a highly conserved strongly hydrophilic
region of the VP1, containing three proximal prolines (Pro-Thr-
G l y - T h r- P r o - A l a1 5 2- Lys-Pro). This site is the most likely site for
cardiovirus attachment to host cell receptors (19,27).

The model of the nondiabetogenic Thr1 5 2 chimeric virus
reveals that the side chain hydroxyl group of Thr1 5 2 f o r m s
hydrogen bonds with the side chain guanidino group of Arg8 5.
Two water molecules are found in the pit area; one water mol-
ecule forms hydrogen bonds with Arg8 5 and Thr2 2 4. The
replacement of Thr152 by Ala1 5 2 perturbs the hydrogen-
bonded network that maintains the interaction between
T h r1 5 2 and Arg8 5. In this case, the hydrogen bonds formed
between the guanidino group of Arg8 5 and the hydroxyl group
of Thr1 5 2 are missing (Fig. 4: A152). Hydrophobic interac-
tions may also contribute to the conformation of the VP1. The
residues surrounding Thr152 of the capsid protein VP1 of the
nondiabetogenic Thr152 are closer together (Fig. 4: T152) than
those of the diabetogenic Ala1 5 2 chimeric EMC virus. Similarly,
compact structures are predicted for viruses substituted with
S e r, Pro, Asp, or Val at position 152 of the VP1. Additionally,
the ionic interaction between Asp152 and Arg8 5 of the Asp1 5 2

chimeric virus favorably contributes to the compact structure
of the proposed receptor binding site. Chimeric viruses con-
taining Gly1 5 2 exhibit a structure similar to those containing
A l a152 (Fig. 4: G152). The van der Waals forces may be

FIG. 4. Models of the capsid protein VP1 of Thr1 5 2 (T152) (nondiabetogenic), Ala1 5 2 (A152), and Gly152 (G152) (diabetogenic) chimeric EMC

viruses, based on the structure of Mengo virus VP1 reported by Luo et al. (25). Here is a view of the atoms in the region surrounding the 152nd

amino acid. Only the regions involved in the proposed receptor-binding site are shown for the purpose of clarity. The Ala and Gly mutations

at the 152nd position of VP1 result in the loss of two hydrogen bonds with Arg8 5. Nitrogen atoms are depicted in blue, oxygen in red, and pro-

tein carbon in green. The image was generated with the Insight II program, version 2.3.5 (Biosym Te c h n o l o g i e s ) .
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stronger and accessible surface areas smaller in the capsid
protein VP1 containing Thr1 5 2, Ser1 5 2, Pro1 5 2, Asp1 5 2, or Va l1 5 2

(Fig. 5: T, S, P, D, V). The loosely packed residues surround-
ing Ala152 and Gly1 5 2 may permit recognition of the - c e l l
receptors by diabetogenic EMC viruses, because the binding
site on the virus is more “open.” Because Ala1 5 2 is common to
all diabetogenic viruses, it has been speculated that the fle x-
ibility Arg85 provides may play an important role in the recog-
nition of -cell receptors on diabetogenic EMC viruses. On the
basis of our results, we conclude that the interaction of the
amino acid at position 152 with neighboring amino acids,
such as Arg8 5, may influence the configuration of the binding
site of the EMC viral major capsid protein VP1, determining
whether the virus can attach to and infect - c e l l s .

A C K N O W L E D G M E N T S

This work was supported by grants MA9584 and MTI3224
from the Medical Research Council of Canada and the Cana-
dian Diabetes Association to J.-W. Y. 

We gratefully acknowledge the editorial assistance of
Karen Clarke and the secretarial assistance of Alannah Ire-
land. J.-W. Y. is a Heritage Medical Scientist awardee of the
Alberta Heritage Foundation for Medical Research.

R E F E R E N C E S

1 . Subbarao EK, London W, Murphy BR: A single amino acid in PB2 gene of
i n fluenza A virus is a determinant of host range. J Vi r o l 67:1761–1764, 1993

2 . Rogers GN, Paulson JC, Daniels RS, Skehel JJ, Wilson IA, Wiley DC: Single
amino acid substitutions in influenza haemagglutinin change receptor bind-
ing specific i t y. N a t u r e 304:76–78, 1983

3 . Zurbriggen A, Thomas C, Yamada M, Roos RP, Fujinami RS: Direct evidence
of a role for amino acid 101 of VP-1 in central nervous system disease in
T h e i l e r ’s murine encephalomyelitis virus infection. J Vi r o l 65:1929–1937, 1991

4 . Ren RB, Moss EG, Racaniello VR: Identification of two determinants that atten-
uate vaccine-related type 2 poliovirus. J Vi r o l 65:1377–1382, 1991

5 . Caggana M, Chan P, Ramsingh AJ: Identification of a single amino acid residue
in the capsid protein VP1 of coxsackievirus B4 that determines the virulent
phenotype. Vi r o l 67:4797–4803, 1993

6 . Bernhardt G, Harber J, Zibert A, de Crombrugghe M, Wimmer E: The
poliovirus receptor: identification of domains and amino acid residues criti-
cal for virus binding. Vi r o l 203:344–356, 1994

7 . Craighead JE, McLane MF: Diabetes mellitus: induction in mice by
encephalomyocarditis virus. S c i e n c e 162:913–914, 1968

8 . Boucher DW, Notkins AL: Virus-induced diabetes mellitus. I. Hyperglycemia
and hypoinsulinemia in mice infected with encephalomyocarditis virus. J
Exp Med 137:1226–1239, 1973

9 . Yoon JW, Notkins AL: Virus-induced diabetes mellitus. VI. Genetically deter-
mined host differences in the replication of encephalomyocarditis virus in pan-
creatic beta cells. J Exp Med 143:1170–1185, 1976

1 0 . Yoon JW, Lesniak MA, Fussganger R, Notkins AL: Genetic differences in sus-
ceptibility of pancreatic -cells to virus-induced diabetes mellitus. N a t u r e

264:178–180, 1976
1 1 . Yoon JW, Rodrigues MM, Currier C, Notkins AL: Long-term complications of

virus- induced diabetes mellitus in mice. N a t u r e 296:566–569, 1982
1 2 . Hirasawa K, Jun HS, Maeda K, Kawaguchi Y, Itagaki S, Mikani T, Baek HS, Doi

K, Yoon JW: Possible role of macrophage-derived soluble mediators in the patho-
genesis of EMC virus-induced diabetes in mice. J Vi r o l 71:4024–4031, 1997

1 3 . Yoon JW, McClintock PR, Onodera T, Notkins AL: Virus-induced diabetes
mellitus. XVIII. Inhibition by a nondiabetogenic variant of encephalomy-
ocarditis virus. J Exp Med 152:878–892, 1980

1 4 . Yoon JW, Wong AK, Bae YS, Eun HM: An apparent deletion of an oligonu-
cleotide detected by RNA fingerprint in the nondiabetogenic B variant of
encephalomyocarditis virus is caused by a point mutation. J Vi r o l 6 2 : 6 3 7 – 6 5 0 ,
1 9 8 8

1 5 . Bae YS, Eun HM, Yoon JW: Genomic differences between the diabetogenic and

FIG. 5. A van der Waals surface comparison of Thr1 5 2-containing virus and six mutants. Mutants of the corresponding residues to Thr152 in the

VP1 were modeled by a direct replacement approach without further geometric optimization. The side chains of the mutants were selected from

the rotamer library and further adjusted in such a way that the hydrogen bonding modes of the new models mimic those of Thr1 5 2 in Mengo

virus. The van der Waals surfaces are shown in yellow, with the exception of the 152nd residue shown in purple. The images were generated

with the Insight II program (Biosym Te c h n o l o g i e s ) .



582 DIABETES, VOL. 47, APRIL 1998

DETERMINATION OF VIRALDIABETOGENICITY

nondiabetogenic variants of encephalomyocarditis virus. Virol 170:282–287, 1989
1 6 . Bae YS, Yoon JW: Determination of diabetogenicity attributable to a single

amino acid, Ala-776, on the polyprotein of encephalomyocarditis virus. D i a -

b e t e s 42:435–443, 1993
1 7 . Jun HS, Kang Y, Notkins AL, Yoon JW: Gain or loss of diabetogenicity result-

ing from a single point mutation in recombinant encephalomyocarditis virus.
J Vi r o l 71:9782–9785, 1997

1 8 . Ray UR, Aulakh GS, McClintock PR, Yoon JW, Notkins AL: Vi r u s - i n d u c e d
diabetes mellitus. XXV. Difference in the RNA fingerprints of diabetogenic and
nondiabetogenic variants of encephalomyocarditis virus. J Gen Vi r o l

64:947–950, 1983
1 9 . Eun HM, Bae YS, Yoon JW: Amino acid differences in the capsid protein, VP1,

between diabetogenic and nondiabetogenic variants of encephalomyocardi-
tis virus. Vi r o l 163:369–373, 1988

2 0 . Bae YS, Kang Y, Ohtsuka E, Yoon JW: Development of a recombinant RNA tech-
nique for the construction of chimeric RNA with a long poly(C) tract. N u c l e i c

Acids Res 21:2703–2708, 1993
2 1 . Davoren PR: The isolation of insulin from a single cat pancreas. Biochim Bio -

phys Acta 63:150–153, 1962
2 2 . Yoon JW, Morishima T, McClintock PR, Austin M, Notkins AL: Vi r u s - i n d u c e d

diabetes mellitus: Mengo virus infects pancreatic beta cells in strains of mice

resistant to the diabetogenic effect of encephalomyocarditis virus. J Vi r o l

50:684–690, 1984
2 3 . Yoon JW, Onodera T, Jenson B, Notkins AL: Virus-induced diabetes mellitus.

XI. Replication of coxsackie B3 virus in human pancreatic beta cell cultures.
D i a b e t e s 27:778–781, 1978

2 4 . Kang Y, Yoon JW: A genetically determined host factor controlling suscepti-
bility to encephalomyocarditis virus-induced diabetes in mice. J Gen Vi r o l

74:1207–1213, 1993
2 5 . Luo M, Vriend G, Kamer G, Minor I, Arnold E, Rossman MG, Boege U, Scraba

DG, Duke GM, Palmenberg AC: The atomic structure of Mengo virus at 3.0:
A resolution. S c i e n c e 235:182–191, 1987

2 6 . Bae YS, Eun HM, Pon RT, Giron D, Yoon JW: Two amino acids, Phe-16 and Ala-
776, on the polyprotein are most likely responsible for diabetogenicity of
encephalomyocarditis virus. J Gen Vi r o l 71:639–645, 1990

2 7 . Rossmann MG, Arnord E, Erickson JW, Frankenberger EA, Griffith JP, Hecht
HJ, Johnson JE, Kamer G, Luo M, Mosser AG, Lueckert RR, Sherry B, Vr i e n d
G: Structure of human common cold virus and functional relationship to
other picornaviruses. N a t u r e 317:145–153, 1985

2 8 . Inoue H, Hayase Y, Iwai S, Ohtsuka E: Sequence-dependent hydrolysis of
RNA using modified oligonucleotide splints and RNase H. FEBS Lett

215:327–330, 1987



Author Queries (please see Q in margin and underlined text)

Q1: << Au: Location of Pharmacia Biotech?>
Q2: <<Au: Please define PFU.>
Q3: <<Au: Location of Biosym?>
Q4: <<AU: Broke up the Results and Discussions section into two
headings per ADA style. OK where I have placed the Discussions
head?>

Ref. 2: Spelling of haemagglutinin correct?>
Ref. 28 is one page?>


