program that will attract bipartisan sup-
port for years to come—is not automatic.
It is critically dependent on cooperation
and assistance from the science commu-
nity itself.

I am especially worried about the con-
tinued inability—or unwillingness—of
the members of the science community
to agree among themselves about prior-
ities or to abide by their decisions when
they can agree. Considering all the com-
plaints I hear from that community-—and
I find that the level of complaint is much
the same no matter what the R & D
budget looks like—I would not think it
necessary to remind them that these are
tough times. I will add that, for anyone
depending on federal funding, they are
going to remain tough times for quite a
while.

RESEARCH ARTICLE

My experience in the past 2 years
reinforces my conviction that the disci-
plines which present well-considered,
unified agendas for research have the
best chance of getting support for
their programs. After all, in the absence
of agreed-upon recommendations, what
can we expect the nonscientists who
allocate funds to base their decisions
on?

There are three choices, none of them
good. It may be that funding increases
will simply be deferred until the commu-
nity can come to some consensus. Or
decisions may be based on such non-
scientifically relevant factors as preser-
vation of politically popular facilities. Or
disaffected minority viewpoints, when
they are the dominant messages trans-
mitted to the decision-makers, may well

Splice Junctions: Association with
Variation in Protein Structure

Charles S. Craik, William J. Rutter, Robert Fletterick

Numerous studies have revealed the
existence of families of structurally and
functionally homologous proteins (/).
The members of these protein families
present fundamentally similar tertiary
structures yet can exhibit quite divergent

single primordial gene by duplication and
subsequent divergence. However, the
pathway for this diversification is not
clear. Point mutations produce amino
acid substitutions, but a mechanism for
production of deletions or additions of

Abstract. A comparison between eukaryotic gene sequences and protein se-
quences of homologous enzymes from bacterial and mammalian organisms shows
that intron-exon junctions frequently coincide with variable surface loops of the
“protein structures. The altered surface structures can account for functional
differences among the members of a family. Sliding of the intron-exon junctions may
constitute one mechanism for generating length polymorphisms and divergent
sequences found in protein families. Since intron-exon junctions map to protein
surfaces, the alterations mediated by sliding of these junctions can be effected
without disrupting the stability of the protein core.

amino acid sequences and can be of quite
different size. Small variations in poly-
peptide length are usually manifest as
loops on the protein surface. The struc-
tural and functional relationships among
the members of protein families imply a
kinship among their respective genes.
Presumably they are descendents from a
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peptides in the internal region of the
proteins is not obvious.

Eukaryotic genes are fragmented; the
coding regions (exons) are interrupted by
untranslated segments (introns) that are
removed by a splicing system. The in-
trons are excised from the initial RNA
transcript and the exons are joined prior

carry the day. The central point is that
the community has to be willing to estab-
lish its own priorities and then stand by
them in the public arena.

From my perspective, I would say that
the coming year could prove very impor-
tant for the future of American basic
research. The Administration’s propos-
als have been very well received so far.
There is every reason to expect that we
will see broad bipartisan support for
most of the elements of the plan. This
favorable reception, if it is supported by
the science community and by industry,
may set a course for a healthy and bene-
ficial new degree of integration of sci-
ence and technology in American life.

Reference
1. G. A. Keyworth, II, Science 219, 801 (1983).

to translation of the messenger RNA
(mRNA) into the protein product. It has
been postulated that the exons represent
genetic building blocks that code for
discrete structural or functional domains
of the proteins (2). This hypothesis ap-
pears tenable for some systems but
clearly fails for others (3). Particularly
intriguing is the fact that the positions of
introns in the genetic sequence map to
the surface of the protein (4). This im-
plies a relation between the intron-exon
structure of the gene and the tertiary
structure of the gene product. An analy-
sis of gene structure and variation in
protein sequence within gene families
shows that intron-exon junction posi-
tions correspond with length variations
within members of the protein family.
This leads to the hypothesis that transla-
tion of intron-exon junctions along the
genetic sequence (intron-exon junctional
sliding) may be one mechanism to ac-
count for peptide sequence length vari-
ability within protein families.

For these studies, gene families were
selected in which the gene sequences,
amino acid sequences, and protein struc-
tures of family members are known. This
information is available for a family of
mammalian trypsin-like proteolytic en-
zymes that typically contain serine at the
catalytically active site (the serine prote-
ases) (5) and for a homologous bacterial
proteinase. Similar information exists for
a metabolic enzyme dihydrofolate reduc-
tase.

A comparison of gene structure and
protein structure for these families re-

The authors are members of the Department of
Biochemistry and Biophysics, University of Califor-
nia, San Francisco 94143.
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quires accurate alignment of the protein
sequences and, in particular, an account
of the additional amino acids in the eu-
karyotic enzymes. The sequences for the
serine proteases have been aligned by
Delbaere et al. (6) and Greer (7) on the
basis of the three-dimensional equiva-
lence of the protein tertiary structures.
Volz et al. (8) have also suggested an
alignment for the dihydrofolate reduc-
tases. The positions of the introns for rat
trypsin, chymotrypsin, and elastase are
indicated on these aligned protein se-
quences in Table 1 (9-/1). The intron
positions for mouse dihydrofolate reduc-
tase are shown with the aligned protein
sequences in Table 2 (/2). Thirteen in-
tron positions are found for the serine
proteases and dihydrofolate reductases,
11 (85 percent) correspond to regions of
the polypeptide chain that show length

variations among the bacterial and eu- .

karyotic enzymes.

Serine Proteases

The variation in tertiary structure of
porcine elastase compared with the bac-
terial homolog, Streptomyces griseus
protease A (SGPA) is shown in Fig. 1.
The « carbon atoms in the core of these
two proteins (and chymotrypsin, trypsin,
S. griseus protease B, and a-lytic prote-
ase) align to within 2 to 3 A (I3). Thus,
the hydrophobic cores of the two do-
mains are conserved with the structural
differences arising primarily from varia-
tions in the length of 13 surface loops.

The intron positions of the genes for

trypsin (61, 150, 192) (9), chymotrypsin
(34, 61, 87, 148, 192) (10), and elastase
(30, 61, 100, 146, 192, 240) (/1) map to 7
(64 percent) of these loops (see Fig. 1).
The splice junction at position 192 corre-
sponds to a deletion in the eukaryotic
sequences when compared to the bacte-
rial sequences while the six other cases

Table 1. Alignment of serine protease family amino acid sequences. Arrows refer to the position
of an intron-exon junction found in the genes for chymotrypsin B (CHT) E.C. 3.4.21.1 (9)
(positions 34, 61, 87, 148, 192), elastase I1 (ELA) E.C. 3.4.21.11 (10) (positions 30, 61, 100, 146,
192, 240), or trypsin I (TRP) E.C. 3.4.21.4 (I1) (positions 61, 150, 192). HPH refers to
haptoglobin heavy chain and THR signifies thrombin (E.C. 3.4.21.5). SGPA and SGPB denote
the bacterial proteases S. griseus protease A (E.C. 3.4.21) and S. griseus protease B (E.C.
3.4.21), respectively, while ALP refers to the bacterial a-lytic protease (E.C. 3.4.21.12). The
alignment is based on tertiary structures of the homologs (6, 7). Secondary structural segments
are marked. The asterisk (*) in the HPH sequence between positions 177 and 178 is where the
sequence of residues EKKTPKSPVGVQPILN (22) have been removed to maximize homology.
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involve insertions. The polypeptide
length variation ranges from an insertion
in thrombin of 17 amino acids corre-
sponding to the splice junction found in
the chymotrypsin gene at position 148, to
a deletion of two amino acids from all of
the eukaryotic sequences at the splice
junction position 192.

Some of the variations in the polypep-
tide that coincide with splice junctions
account for functional differences among
the enzymes of the family. The splice
junction at position 30 in the elastase
genomic structure coincides with an ad-
dition of nine amino acids from threonine
20 through serine 28 when compared
with SGPA (Table 1). This insert posi-
tions isoleucine 16 of elastase 8 A closer
to aspartate 194 (compared with SGPA)
allowing an ionic interaction that is re-
quired for the active enzyme (14). There
is an insert of eight amino acids in hapto-
globin and an insert of 11 amino acids in
thrombin at position 61. This loop may
be involved in the complex of prothrom-
bin and factor X (15). The splice junction
mapping to amino acid 148 occurs within
an insertion of ten amino acids which
form the so-called autolysis loop (/6)
that is cleaved in chymotrypsin with no
known change in its catalytic activity.
Haptoglobin and thrombin also have ad-
ditions at this position which may ac-
count for some aspect of their special-
ized physiological function (/7). The in-
tron at position 192 maps where two
amino acids are deleted in the eukaryotic
enzyme when compared with the bacte-
rial proteases; that dipeptide may ac-
count for the specificity difference be-
tween elastase and a-lytic protease (I8).
A comparison of the NH,-terminal se-
quences (not included in Table 1) of
factor IX and prothrombin suggest the
insertion of 112 amino acids (known as
the S fragment) to prothrombin (19). This
coincides with the intervening sequence
at amino acid position 140 in the gene for
factor IX (20). This additional peptide
loop also appears to be involved in the
interaction between prothrombin and
factor X (15, 21). )

Functional differences among the ser-
ine proteases have not been mapped to
the insertions at positions 34, 100, and
240. The amino acids (namely,
YPSGSSW) (22) inserted at position 34
of elastase form a surface loop which is
absent in chymotrypsin and trypsin. One
(trypsin), two (chymotrypsin), or three
(elastase) amino acids are inserted at
position 61 in these proteases compared
to SGPA with no obvious functional cor-
relation. This contrasts with the hapto-
globin and prothrombin cases discussed
above. An insertion of six amino acids at
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position 100 of elastase relative to SGPA
coincides with a splice junction but has
no known associated function (23). Fi-
nally, an addition of three (or five in
thrombin) amirno acids at the COOH-
terminal o-helix in the eukaryotic en-
zymes coincides with the splice junction
at position 240.

Dihydrofolate Reductase

The gene structure of a single member
of the dihydrofolate reductase family and
the amino acid sequence of seven mem-
bers of the family are known. The mouse
gene has five splice junctions at positions
28, 45, 80, 122, and 161 (12), four of these
(80 percent) coincide with additions in
the polypeptide sequence, when the eu-
karyotic enzymes are compared to the
bacterial homologs (Table 2 and Fig. 2).
Since these additions occur at about 15
to 20 A from the active site, they pre-
sumably have not significantly altered
the catalytic function of the enzyme;
however, the structural basis for the
differences in the catalytic characteris-
tics between the eukaryotic and bacterial
enzymes is unknown. The addition of a
single proline to the eukaryotic se-
quences at position 25 occurs two amino
acids from the splice junction at position
28; it has no apparent effect on structure
(8). The amino acids inserted in the eu-
karyotic sequences at positions 40
through 46 form a simple surface loop
(TSSVEGK in chicken liver dihydrofo-
late reductase) that is 20 A from the

active site and coincides with a splice
junction at position 45. The splice junc-
tion at position 122 coincides with an
addition of two amino acids to helix oF
in the eukaryotic enzyme. This addition
extends the helix with no obvious effect
on the structure of the enzyme. Finally,
the insertion of six amino acids into an
edge B strand, BG, occurs at the splice
junction at 161. This insertion is accom-
modated by the polypeptide chain form-
ing an external antiparallel g loop.

Discussion

Our results primarily concern the de-
velopment of gene families, in particular,
the variation in length of the gene prod-
ucts. The bacterial serine proteases com-
prise about 180 amino acids while the
homologous mammalian enzymes com-
prise about 240 amino acids. Similarly,
the bacterial dihydrofolate reductases
are 160 amino acids and the mammalian
enzymes are approximately 180 amino
acids. Within both groups of proteins,
the tertiary structures are similar. The
length variation among the proteins dis-
cussed above ranges from —2 to 17 ami-
no acids but are usually less than ten
amino acids. These changes could in
principle be affected by insertion of an
exon; however, the added sequences are
smaller than the usual exon size (24), and
furthermore none of the segments are
flanked by introns. We therefore con-
clude that exon insertion is an unlikely
cause for this variation. However, these

Fig. 1 (left). A drawing of the a-carbon backbone for porcine elastase.

The solid regions represent length variations among the bacterial and
eukaryotic serine proteases. Position 192 represents a deletion; the

added segments do frequently coincide
with intron positions in the genes. The
evidence is more consistent with the
hypothesis that length variation is
caused by extension or contraction of
exons at the intron junctions (Fig. 3).

Smith earlier suggested that the gaps
and additional amino acid sequences that
he and his colleagues observed in a ho-
mologous series of glutamate dehydro-
genases might occur at splice junctions
(25). In the two gene families that we
studied, many of the splice junctions
mark regions where the eukaryotic pro-
teins have been significantly altered by
additions or deletions of polypeptide
chain segments. Some of these changes
seem to account for new functions of the
protein, but others provide no obvious
advantage to the protein or the organism.
Our rudimentary understanding of the
structural and functional differences
within a family is insufficient to recog-
nize all significant relationships of these
proteins. However, all changes intro-
duced by junctional sliding would not be
expected to result in a functional alter-
ation. If the newly acquired polypeptide
is the product of a mutated splicing
event, then the expressed DNA se-
quence would extend beyond its previ-
ous intron-exon boundary. This should
occur stochastically and may not always
enhance function.

The sliding junction model reasonably
explains the observed coincidence of
splice junctions with additions; dele-
tions, and variability in surface loops on
related proteins. This hypothesis is sup-

others are additions. The numbering scheme is that of bovine chymotrypsinogen. The positions corresponding to splice junctions in the
eukaryotic serine protease genes are designated by numbers. The NH, and the COOH termini of the polypeptide chain are designated N and C,

respectively.

Fig. 2 (right). A drawing of the a-carbon backbone for chicken liver dihydrofolate reductase. The solid regions correspond to

additions in comparing the bacterial and eukaryotic enzymes. The numbering scheme is that of chicken liver dihydrofolate reductase. The
positions corresponding to splice junctions in the eukaryotic gene are designated by numbers.

10 JUNE 1983
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ported by observations that alternate
splicing of primary transcripts can gener-
ate different gene products [for example,
hemoglobin (26, 27), amylase (28), calci-
tonin (29), ovomucoid (30), insulin (31,
32) and fibrinogen (33)]. In our study,
many splice junctions (85 percent) coin-

cide with regions of variability but there
are other variable regions (8 of 19) that
have no obvious relation to splice junc-
tions. Where no correspondence is
found, introns may have been present in
other progenitor genes and have contrib-
uted to change in members of a family

Table 2. Alignment of the dihydrofolate reductase family. The intron positions of the murine
gene (/2) for dihydrofolate reductase E.C. 1.5.1.3 are marked with arrows. SF1l, LCA, and
ECO are the bacterial sequences from Streptococcus faecium 11, Lactobacillus casei, and
Escherichia coli MB1428, respectively. CLI (chicken liver), BLI (bovine liver), 1210 (mouse
lymphoma), and PLI (porcine liver) are the eukaryotic sequences. The alignment is based on the
tertiary structure of the homologs (8). Secondary structural segments are marked.
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Fig. 3. Schematic representation of the sliding junction model for protein length polymorphism.
(I) A hypothetical gene containing two introns labeled A and B is transcribed; the introns are
excised precisely, and the RNA is spliced to form the functional mRNA. The mRNA is then

translated into protein. The letters A and B on
mutation alters the point of excision of intron B
hence an added segment in the functional nRNA

the protein mark the splice junctions. (1I) A
. This results in an extension of the exon and
. On translation, this produces a protein which

has an additional surface loop at the splice junction B.
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but may be absent in the gene sample
investigated. Comparative studies of
trypsin, chymotrypsin, and elastase
genes (Table 1), the actin genes (34), and
the insulin genes (35) indicate that the
location of introns is not constant in the
gene family. Introns can therefore be
itinerant, but their residence within a
gene is usually much longer than random
mutational events, thus junctional sliding
can occur and mediate significant
changes in the gene product. Neverthe-
less, we believe it is unlikely that all
length variation is associated with juric-
tional sliding. Other mechanisms, such
as those involving recombination or di-
rect insertions, can also explain length
polymorphism.

In contrast to the general observation
of variability at intron junctions, there
are two instances in the present set of
genes in which an intron exists within a
region of strict length conservation. One
is found in the serine -proteases (the
splice at position 87) and the other for
the dihydrofolate reductases (the splice
at position 80) (36). The o- and B-actin
gene family for seven species also shows
length conservation for all of the 11
intron positions (34). In the case of actin,
the conservation may be required for
function since the surface is essential to
its function. Such a crucial function is
not obvious for the two cases reported
here.

There are two basic models that can be
envisioned for the role of introns in the
evolution of eukaryotic proteins. In one,
exon encoded protein domains fuse by
intron-mediated recombination; this
exon shuffling model may account for
the correspondence of domain bound-
aries with introns for certain proteins
including the immunoglobulins (37), a-
fetoprotein (38), and ovomucoid (30). In
these and other proteins duplication of
domains is accompanied by duplication
of introns. The other model involves the
disruption of a preexisting gene (the in-
tron intrusion model); introns intrude
upon, and under certain circumstances
may escape from, a functional gene se-
quence. When present, introns can pro-
duce sequence variation with the conse-
quence that coding sequences can be
added or deleted. The altered DNA may
encode new domains, variable length
loops, deletions, or it may terminate.

The distinction between these related
models is that in the first model, exon
shuffling is an important feature of the
origin of the gene (39). In the second
model, intron intrusion may occur at any
time, but presumably in most cases after
formation of the gene. Apart from the
origin and mobility of introns, junctional
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sliding provides a means for diversifica-
tion of genes. This important function
may be one evolutionary reason for the
existence of segmented genes (40). Eu-
karyotic organisms contain and selec-
tively express families of related genes
(for example, isozymes) to a greater de-
gree than prokaryotic organisms. In dis-
tant evolutionary development, the pres-
ence of introns in the coding region pro-
vides an enhanced possibility for varia-
tion of the gene product. The localization
of the intron-exon junctions on the pro-
tein surface tends to maximize positive
or neutral changes, that is, the mainte-
nance of function, instead of negative
effects that would be expected if the
intron-exon junction sites occurred in
the central core region (41).
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