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ABSTRACT The nucleotide sequence of a 14-kilobase (kb)
region of the human g interferon (IFN-B)-related DNA locus
on chromosome 2 (genomic DNA clone AB3) was determined
and compared to that of the IFN-B, gene by using the Sellers
TT algorithm. This algorithm aligns segments of one sequence
with similar segments in a second sequence. A strategy was
developed for assessing the significance of similarities between
DNA sequences based on a scheme that recognizes patterns or
runs of identities within an alignment. The pattern score (II)
thus obtained is an entropy-like measure. Numerically it is a
reflection of the length of the second longest run of identity in
an alignment plus a correction factor due to the other shorter
identity runs in the alignment. When the IFN-g,; gene is com-
pared to a random nucleotide sequence, the distribution of II
scores in such comparisons fits a Gaussian function. This
strategy has been used to identify seven segments along one
strand of AB3 DNA that are related to segments in IFN-B,;
these seven alignments have Il scores = 3 standard deviations
above the mean score obtained in comparisons between IFN-
B and random nucleotide sequences. One of these alignments
(section 7) has a II score 8.02 standard deviations above this
mean score. The likelihood of finding an alignment statement
as good as that in section 7 in a random sequence the length of
the human genome is approximately 10~7. Furthermore, the
AB3 DNA sequence in section 7 selects the human IFN-8,; gene
as the most significant alignment in computer searches of
mammalian nucleotide sequence data bases.

A number of algorithms have been devised in recent years
that allow the detailed comparison of two genetic sequences
(1). These include heuristic methods such as the dot-matrix
(2, 3) as well as mathematical methods such as those based
on the Needleman-Wunsch approach (4-8) or the Sellers ap-
proach (9-12). Among the mathematical methods, those
' based on the Needleman—Wunsch protocol essentially locate
similarities by scoring matches between two sequences,
whereas the Sellers algorithms are based on scoring mis-
matches between two sequences. The procedure whereby
two sequences are compared by using a detailed mathemati-
cal analysis, termed “metric analysis” (13), has emerged as a
powerful tool in identifying all patterns shared by two se-
quences that satisfy specific local and global criteria of simi-
larity (13). For example, when used in metric analysis, the
recent Sellers TT algorithm (11) provides a description of all
patterns shared by two sequences that satisfy the length and
mismatch density parameters preset by the investigator. The
output of this algorithm can be presented as a two-dimen-
sional path graph that readily shows the location and degree
of similarity of common patterns. Each path in the output
identifies an alignment or a set of alignments that are better
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than all alternative alignments in describing each specific
common pattern.

After using Sellers TT algorithm or any other mathemati-
cal similarity search algorithm to compare, for example, two
human sequences (or more generally, two sequences from a
particular species), one must address a question of the fol-
lowing kind. What is the likelihood of finding a particular
pattern by chance in the human genome?

The prevalent approach to this question (1, 4, 6, 7, 14-16)
is to permute randomly one of the sequences in an alignment
a large number of times (with refinements based on retention
of nucleotide composition, dinucleotide frequency, and co-
don usage or of amino acid composition, dipeptide frequen-
cy, and amino acid characteristics), from which a mean iden-
tity score of the permuted sequences is calculated by the
same scoring scheme. A standard deviation of the permuted
scores is then calculated. If the score of the observation of
the two original sequences is greater than the mean score of
the permuted sequences by a predetermined number (3-5) of
standard deviations, the particular alignment is considered
to establish a statistically significant relationship between
the two sequences (14-16).

There are some well-recognized problems with this ap-
proach (4, 6, 7, 13, 17). It is difficult to obtain a relevant
statistical interpretation of the permutation analysis (6, 7,
13). This test provides a measure only of the internal order of
the aligned sequences and determines whether the observed
match is a consequence only of nucleotide composition or
amino acid composition. It does not allow any predictions to
be made about sequences outside of the test alignment (see
refs. 6, 7, and 13 for a detailed discussion). To extrapolate
the information obtained from this permutation test to longer
sequences (e.g., the human genome) is theoretically diffi-
cult. It is not clear how to estimate the number of compari-
sons that must be made between a given sequence and an-
other longer sequence (e.g., 2 random sequence the length of
the human genome) (see ref. 17 for a discussion of this prob-
lem).

We have compared, using Sellers TT algorithm, kilobase-
long sections of computer-generated random nucleotide se-
quence with that of the human g, interferon (IFN-B;) gene
(18). Remarkably good alignment patterns were consistently
observed when the IFN-; gene was compared to computer-
generated random nucleotide sequences or to kilobase-long
sections of the human nucleotide sequence extracted “at
random” out of the Los Alamos data base (19). The conven-
tional “scores” (based on counting the number of matches/
mismatches and gaps) of these patterns were up to 6.05 stan-
dard deviations better than that of the mean of appropriate
permuted comparisons. These estimates, as well as signifi-
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cance analyses based on another method described in the
literature (17), leads the investigator to the conclusion that
these alignment patterns are extremely unlikely to be chance
observations. Intuitively, however, it seems that the inter-
feron gene sequence cannot be significantly related to a ran-
dom sequence.

In this paper we describe a strategy for the assessment of
the significance of similarities uncovered between sequences
using search algorithms such as the Sellers TT algorithm.
While the present description is largely confined to similar-
ities in nucleotide sequences identified by using the TT algo-
rithm, the strategy appears to be of general applicability—
even of applicability to pattern similarities other than those
in nucleotide or amino acid sequences. The essence of the
strategy is to look for and score patterns (e.g., runs of identi-
ties) within an alignment and not the actual number of
matches or mismatches. This strategy is not a search-mode
algorithm but is a method to assess the significance of align-
ment statements identified by metric alignment algorithms.
We have used this strategy to obtain a description of the sig-
nificant nucleotide sequence patterns common between the
IFN-B-related DNA on human chromosome 2 (genomic
DNA clone A3 in Charon 4A) (20, 21) and the IFN-B, gene on
chromosome 9 (22, 23).

Studies of the production of biologically active human
IFN-B in cultures of human-rodent somatic cell hybrids in-
duced with poly(I)-poly(C) or with appropriate viral inducers
have indicated that functional IFN-B genes are located on
human chromosomes 2, 5, and 9 (reviewed in ref. 21). The
available data are consistent with the assignment of IFN-8
mRNA species of different lengths to different human chro-
mosomes (¢.g., IFN-B; to chromosome 9, IFN-B, to chro-
mosome 5, IFN-B; to chromosome 2). The well-character-
ized human IFN-B, gene has also been assigned to human
chromosome 9 by using DNA blot-hybridization procedures
(22). Experiments in which a human genomic DNA library in
A phage Charon 4A was screened with the IFN-8; cDNA
insert led, in addition to the isolation of the cognate IFN-S,
gene, to the isolation of two unusual human genomic DNA
clones (AB3 and AB4) that hybridized the IFN-8; cDNA in-
sert (20, 24). Blot-hybridization analyses of DNA samples
obtained from human-rodent somatic cell hybrids have led
to the assignment of AB3 to human chromosome 2 (the
“IFN-B;” locus) and that of AB4 to chromosome 4 (20, 24).
Clone AB3 contains a human DNA insert of length 15 kb.
Approximately 14 kb of this insert has been sequenced.
Where in the AB3 nucleotide sequence are the regions relat-
ed to IFN-B,? What is the likelihood of finding such nucleo-
tide sequence relationships by chance in the human genome?

BIOCHEMICAL METHODS

The recombinant human genomic DNA clone AB3 contains a
15-kb section of human DNA inserted into the EcoRI site of
A phage Charon 4A (20, 24). This human DNA insert was cut
into smaller fragments by using an array of restriction endo-
nucleases, and these were subcloned into pBR322-derived
vectors or directly into M13 sequencing vectors (25). Ap-
proximately 14 kb of the human DNA in AB3, encompassing
DNA sequences that cross-hybridize IFN-B8, cDNA, were
sequenced in both directions by appropriate cloning into
M13 phage vectors, followed by sequence determination by
the dideoxy method (26).

THEORETICAL METHODS

Random nucleotide sequences were generated by using a
computer program written in MBASIC. The BMDP statisti-
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cal software package (27) was used in deriving frequency his-
tograms, and a Fortran program (28) was written for curve-
fitting. Listings of the BASIC and Fortran programs used are
available on request.

The Sellers TT algorithm (11) locates all patterns common
between two sequences that meet specific criteria that can
be preset by the investigator by adjusting three numbers in
the TT “filter.” These are an upper limit r for mismatch den-
sity, a lower limit s for the adjusted length of the pattern, and
a penalty n for each inserted or deleted nucleotide. A com-
pletely random alignment has a mismatch density of 0.75.
Thus, the useful range is 0.5 = r < 0.7. We have used r = 0.5
or 0.6 in various experiments. We have used s = 10and 1 =
n =< 9in our experiments. The usual search mode settings for
the TT filter were r = 0.5, s = 10, and n = 1.

A simple strategy can be developed to describe the degree
of similarity shared by two sequences. The arguments pre-
sented will explicitly refer to DNA sequences but can be
readily generalized to amino acid sequences, etc. It is as-
sumed that the best alignment has been found by using any
metric algorithm. Several simple assumptions can be made.
(i) The likelihood of a match (mismatch) occurring at a given
position i is independent of whether a match (mismatch) is
present at positions i — 1 or i + 1; (ii) all nucleotides are
equally likely at a given position; and (iii) a run of identical
residues is terminated when a run as short as a single mis-
match is detected. Since there are four possible nucleotides,
a single identity (a run of length 1) is scored as 4!, a run of
length 2 is scored as 42, a run of length 3 is scored as 4%, and
a run of length m is scored as 4™. If one assumes that a se-
quence comparison is characterized by N runs of lengths m,,
my, mc, etc., the comparison is scored by the sum 24™. To
smooth the large fluctuations, it is preferable to define the
pattern score II as the logs of the sum such that

IT = log, (Z 4™) 1]

To simplify the use of Eq. 1, the lengths of the runs are
arranged in order of decreasing size such that m; = m, = m;
= ... . The longest run m, is excluded from the sum because
(i) a sequence comparison is only scored when there is at
least one run of identity (there are only N — 1 “degrees of
freedom” available), and (ii) the one run that therefore needs
to be excluded has to be m; because that is the only step that
maximizes the residual uncertainty or entropy.

Eq. 1 can be significantly simplified to reveal some of its
basic properties. By factoring out 4™, one obtains

I = log, [4™ (1 + 3 4™ = mdy],

where the sum now extends over i = 3, 4, ..., N. Further
simplification by using a conventional Taylor series expan-
sion yields the expression

I = m, + (1.3863) 7L 5 4~ m) 2]

It is interesting to note that the consequence of rewriting Eq.
1in the form of Eq. 2 shows that II is largely determined by
m; and that additional identity runs contribute a correction
factor to I1. For example, if m, = 7, my = 6, and all other m;
= 0, then the size of the correction factor is 0.161. Eq. 2 also
implies that a single run of seven matches is equivalent to
four runs of six matches each. It should be noted that if m; =
Ofori=2,3,...N,thenIl = 0. This situation is the trivial
case since it corresponds to a single identity run whose sig-
nificance can be judged by inspection. The usefulness of Il
comes ipto play when there are a number of identity runs in a
comparison.



4092  Biochemistry: May et al. Proc. Natl. Acad. Sci. USA 82 (1985)

1 10 20 30 4o 50 60 70 80 90 100 11
No. of alignments : -=~-=T1:::zssszsssssssss——=3:siss-=== LEEEEEEE Y::-mm=-3::: CEEEEE 62
Random sequence

Common nucleotides: TCC G CTG C CTGGG CTG C TT CT A AG AT C T T CAA C GCAG AT GTTTA T A T ATGGCT AT GTA T CA TATGAAA
IFN-beta 1 gene

ACACTAGAA
: TCCTAGCCTGTGCCTCTGGGACTGGACAATTGCTTCA~AGCATTC~T-T-CAACCAGCAG-ATGCTGTTTAAGTGACTGATGGCTA-AT-~GTACTGCA-TATGAAAGG~~ACACTAGAA

645 650 660 670 680 690 700 710 720 730 T40 753

FiG. 1. An alignment between segments of the human IFN-B; gene and a computer-generated random sequence. The IFN-B, gene was
compared with a random DNA sequence 1 kb long by using the TT algorithm at r = 0.5, s = 10, and n = 1. The alignment with the highest II
score (see Eq. 1) is illustrated. The observed II score (7.254) is only 2.79 standard deviations above the mean of 5.184 (Fig. 24). The “No. of
alignments” line shows a dash for each univalent alignment and a field consisting of a number followed by a string of colons (e.g., 3:::::) to
indicate the extent of a multivalent region and the number (in this example, 3) of equivalent metric alignments possible in that region (see ref.

18). In such regions only one of the several equivalent alignments is shown.

RESULTS AND DISCUSSION

After using the TT algorithm to find the alignment patterns,
it was necessary to determine the likelihood of finding the
observed alignment patterns by chance in the human
genome. We estimated the likelihood of finding the observed
patterns in a comparison between the IFN-B; gene and a ran-
dom nucleotide sequence the length of the haploid human
genome (approximately 3 X 10° nucleotides; ref. 29). The
approach to this problem consists of the following steps: (i)
find the most stringent settings for r, s, and n in the TT algo-
rithm that allow the specific alignment to survive in a TT
path graph (“threshold settings”); (ii) compare at threshold
settings the IFN-B; DNA sequence with five separate kilo-
base-long sections of computer-generated random DNA se-
quence (probability of finding a particular nucleotide in any
given position is 0.25 in these sequences); (iii) estimate the
number of alignments per kilobase of random sequence that
appear in the path graph and estimate the distribution of the
pattern (IT) scores observed in step ii; and (iv) estimate the
probability of finding an alignment of a given II score in a
random sequence the length of the human genome by using
the information obtained in step iii. In practice, when steps ii
and iii are carried out with randomly selected kilobase-long
sections of human DNA sequence corresponding to “single-
copy” DNA obtained from the GenBank data base, the re-
sults obtained are equivalent to those obtained with comput-
er-generated random sequences. The statistic in step 4 un-
derestimates the true significance of a particular alignment
because one-quarter to one-third of human DNA consists of
highly repetitive sequences (30).

Comparison of the IFN-B;, Gene with Computer-Generated
Random DNA Sequences. The 840-nucleotide-long IFN-B,
DNA sequence (23) was compared with five separate 1000-
nucleotide-long computer-generated random DNA sequence
samples by using the TT algorithm at three different “thresh-
old” settings that were judged useful to analyze. The key
difference in these settings was that the penalty for a missing
nucleotide or “null” was the equivalent of one, two, or nine
mismatches. (In the latter case the algorithm does not allow
any insertions or deletions to be made in the alignment). Fig.
1 illustrates one of the better alignments observed in null =
1. The II score of this alignment is 7.254. Alignments as good
as this were observed in every comparison.

Fig. 2 is a description of the total number of alignments
observed and the distribution of the respective observed II
scores in comparisons between the IFN-B; gene and a total
of 5 kb of random DNA sequence at three different “thresh-
old” settings in the TT algorithm. For example, at null = 9
(Fig. 2C) 158 alignment events appeared in the TT output per
5 kb of random sequence (approximately 32 per kb), and
these had a mean II score of 3.995. The observed frequency
distribution of II reveals a good fit to a Gaussian curve. The
likelihood that this distribution deviates from a Gaussian dis-
tribution is in the range of 10™* to 10~ by the x? test. Fig. 2
represents a test of the hypothesis that the length of the sec-
ond longest run (m,) in an alignment is distributed at random
(see Eq. 2). Thus, it is reasonable to use the Gaussian func-
tion as a description of the distribution of the II scores.

Comparison of the IFN-B,; Gene with AB3 DNA Sequence.
Both strands of the AB3 DNA sequence were compared with
that of the IFN-B; gene by using relaxed search-mode set-
tings in the TT algorithm. Significant alignment patterns
were found primarily along one strand. The particular sec-
tion illustrated in Fig. 3 attracted attention because it did not
contain any insertion/deletion and was part of an open read-
ing frame that exhibited extensive amino acid homology with
the amino-terminal section of mature IFN-B,. Furthermore,

38,
A
0l Null 1

224 294 364 434 504 L) 644 T4

Py Null 2

Number of observations per interval

297 as2 407 462 s STz 627 (1 -]

2} Null 9
Tot. obs. 158

24 29 34 39 44 49 s4 89
Interval designation

F1G. 2. Distribution of the pattern (II) scores in comparisons be-
tween IFN-B, and computer-generated random sequences. The
IFN-B,; gene was compared with five separate sections of random
nucleotide sequence, each 1 kb long, at different settings of the TT
filter. The total number of alignment events observed, the distribu-
tion of the Il scores, and the mean and standard deviations of these
scores are described. The observed distributions were plotted as fre-
quency histograms by using the BMDP statistical package and were
fit to a Gaussian function by a least-squares curve-fitting program
written in Fortran. The x? values obtained are also indicated. The
TT filter settings used were r = 0.5, s = 10, and n = 1 in A (same
settings as in Fig. 1); r = 0.6, s = 10,and n =2inB;and r = 0.6, s =
10, and n = 9 in C (same as in Fig. 3).
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lambda B3 section 7:

1 5 10
AlaLeuSerGlyHisGluArgSerLeuThrArgPheGlnArgAsnTyrAspIlePheLeuGlnLysLeuLeuMetGlnMetAsn
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15 20 25 28

No. of alignments

lambda B3 section T7:

1 10 20 30
GCTCTTTCAGGGCACGAAAGGTCTCTCACCCGATTTCAAAGAAACTATGATATCTTCCTTCAGAAGCTGCTCATGCAAATGAAT

40 50 60 70 84

common nucleotides : GCTCTTTC G CAA T CT T CAAAGAA C AT T TCAGAAGCT CT GCAA TGAAT
IFN beta 1 gene GCTCTTTCCATGAGCTACAACTTGCTTGGATTCCTACAAAGAAGCAGCAATTTTCAGTGTCAGAAGCTCCTGTGGCAATTGAAT
130 140 150 160 170 180 190 200 213

codon phase : <---in (+0)-= : >
IFN beta 1 protein : AlaLeuSerMetSerTyrAsnLeuLeuGlyPheLeuGlnArgSerSerAsnPheGlnCy sGlnLysLeuLeuTrpGlnLeuAsn
: -3 1 5 10 15 20 25

common amino acids : AlaLeuSer Leu GlnArg GlnLysLeuLeu Gln  Asn

FiG.3. Comparison of a section of A\B3 DNA with IFN-B,. The TT filter settings used in this comparison were the same as those in Fig. 2C.
This section corresponds to section 7 in Fig. 4. The II score (8.174) is 8.02 standard deviations above the mean of 3.995 (Fig. 2C). The “codon
phase” line shows that the reading frame of the upper sequence is in phase throughout with that of the lower sequence.

the AB3 DNA sequence in this section selected the human
IFN-B; gene as the most significant alignment in computer
searches of both the Dayhoff and the Los Alamos GenBank
mammalian nucleotide sequence data bases. The alignment
in Fig. 3 survives threshold settings in the TT algorithm of
null = 9 (Fig. 2C). Its Il score is 8.174. This is 8.02 standard
deviations above the mean II score of the distribution de-
scribed in Fig. 2C. Since under the settings used in Fig. 2C
approximately 32 alignment events appear per kilobase of
random sequence, we expect to find approximately 108
alignment events in a comparison between the IFN-B, gene
and a random sequerice the length of the human genome (32
x 3 x 10%. This leads to the estimate that the likelihood of
finding an alignment statement with a II score 8.02 standard
deviations above the mean in a random sequence the length
of the human genome is approximately 10~' (31). Thus, this
is a statistically significant observation.

The location of the section described in Fig. 3 in AB3 DNA
is illustrated in Fig. 4. Section 7 in Fig. 4 corresponds to the
stretch of DNA shown in Fig. 3. An inspection of Fig. 1 (a Il
score of 2.79 standard deviations above the mean in Fig. 24)
suggests that a IT score of 3 standard deviations above the
mean may be a usefill cut-off to identify interesting align-
ments. We have used the strategy described above to identi-
fy six additional alignments between sections of the IFN-B,;
gene and AB3 DNA that have II scores 3 or more standard
deviations above the mean. Although these scores by them-
selves, ore at a time, are not significant on a human genome-
wide basis (to meet this test the Il score should be approxi-
mately 5.5-6 standard deviations above the mean), the clus-
tering of these sections in AB3 DNA is significant. It is
apparent that there is an interesting segmental relationship
between the IFN-B; gene and AB3 DNA sequence.

o Kilobases
— e

Comparison of the AB3 DNA Sequence with an Alu-Like Re-
petitive DNA Sequence. We also have used the strategy de-
scribed above to compare the AB3 DNA sequénce in both
directions with a 333-nucleotide-long stretch of itself that
was identified as an internally duplicated Alu-like repetitive
DNA element (30). The bold arrows in Fig. 4 show that AB3
DNA is rich in these repetitive DNA elements. The Il scores
of alignments in regions other than those indicated by the
bold arrows were similar to the distributions described in
Fig. 2. The II scores of all of the observed alignment state-
ments that appeared in the TT output in regions between the
Alu-like elements were well below the 3 standard deviation
cutoff.

In summary, we have determined that there is a statistical-
ly significant relationship at the nucleotide sequence level
between AB3 DNA located on human chromosome 2 and the
IFN-B; gene located on human chromosome 9. We arrived at
this inference through the development of a strategy for as-
sessing the significance of similarities between DNA se-
quences; this strategy is based on a scoring scheme that rec-
ognizes patterns or runs of identities within an alignment and
not the actual number of matches or mismatches. The Il
score is an entropy-like measure of the uncertainty in acces-
sible “identity-space” (cf. ref. 32 and references cited there-
in) and numerically corresponds to the length of the second
longest run in the alignment plus a correction factor. Since it
can be reasonably expected that the length of the second
longest run in an alignment between the IFN-B; gene and a
random sequence is likely to be random, it is reassuring to
observe experimentally that the distribution of II scores in
such comparisons follows a Gaussian distribution. It is im-
portant to note that I is a statistic of length and not of the
precise sequence within a run of identity. It then becomes a

A ' A ? Il A A A ? A A A A l|5
3
€le AB3DNA . ] e o - 5
_,—J ,' ,/' i
e ! e .
-

e _ g 18 fo L S N
> 4(333) (8.02)
@& \2(3.62) \ \5(314) N (8.
g 400 400
k] \1(4.77) \3(477) \6 (3.87)
g 800 800

FiG. 4. Location in AB3 DNA of sections related to IFN-B,; and to Alu-like repetitive DNA. The seven sections related to segments in IFN-
B, are showp in the lower portion of the figure and are numbered 1-7. Numbers in parentheses indicate the difference between the I scores and
the appropriate mean scores in standard deviations. Section 2 is described in detail in figure 4 of ref. 24, and section 7 is described in Fig. 3 in
this paper. The locations and orientations of Alu-like repetitive DNA elements are indicated by the bold arrows. E, EcoRlI sites in human DNA ;
(E), EcoRlI sites artificially created by synthetic linkers used in the cloning process.
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simple matter to assign meaningful probability values to spe-
cific alignment patterns with specific II scores.

Note Added in Proof. Additional nucleotide sequence data (in the
region indicated by the dashed line in Fig. 4 located between the two
right-hand EcoRlI sites) allows us to extend the conserved domain
identified in Fig. 3 to include approximately one-fifth of the interfer-
on molecule. This domain now includes Cys-31 in the IFN-B, se-
quence as an amino acid conserved between it and the AB3 locus. It
is interesting to note that of the two Cys residues in IFN-8; now
included in the domain identified in Fig. 3, Cys-17 is not conserved,
whereas Cys-31 is conserved between IFN-B; and the AB3 se-
quence. It is known that Cys-17 is dispensable, whereas Cys-31
(sulfhydryl bonded to Cys-141) is essential for the biological activity
of the interferon molecule.
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