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Summary. A computer-based statistical evalua-
tion of the optimal alignments of the kringle do-
mains of human plasminogen, human prothrombin,
human tissue plasminogen activator, human uro-
kinase, and human coagulation Factor XIIa, as well
as the putative kringle of human haptoglobin, has
been performed. A variety of different alignments
has been examined and scores calculated in terms
of the number of standard deviations (SD) of a given
match from randomness. With the exception of hu-
man haptoglobin, it was found that very high align-
ment scores (8.9-23.0 SD from randomness) were
obtained between each of the kringles, with the krin-
gle 1 and kringle 5 regions of human plasminogen
displaying the highest similarity, and the S kringle
of human prothrombin and the human Factor XII
kringle showing the least similarity. The relation-
ships obtained were employed to construct an evo-
lutionary tree for the kringles. The predicted align-
ments have also allowed nucleotide mutations in
these regions to be evaluated more accurately. For
those regions for which nucleotide sequences are
known, we have employed the maximal alignments
from the protein sequences to assess nucleotide se-
quence similarities. It was found that a range of
approximately 40-55% of the nucleotide bases were
placed at identical positions in the kringles, with the
highest number found in the alignment of the two
kringles of human tissue plasminogen activator and
the lowest number in the alignment of the S kringle
of prothrombin with the second kringle of tissue
plasminogen activator. From both protein and nu-
cleotide alignments, we conclude that haptoglobin
is not statistically homologous to any other kringle.
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Secondary structural comparisons of the kringlé
regions have been predicted by a combination of
the Burgess and Chou-Fasman methods. In genefal’
the kringles display a very high number of -turns
and very low a-helical contents. From analysis O
the predicted structures in relationship to the func-
tional properties of these domains, it appears a5
though many of their functional differences can b€
related to possible conformational alterations fe‘
sulting from amino acid substitutions in the krin-
gles.
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Introduction

The amino acid sequences of a number of proteiqS
involved in both blood coagulation and fibrinolysts
have been determined and their analyses have al-
lowed much insight to be gained regarding the stru¢-
ture-function relationships of these proteins. On¢
interesting feature of the primary structures of sev-
eral proteins of this class was first revealed in bovin€
prothrombin upon recognition that a nonapeptide
region was duplicated in the intact prothrombin
molecule, along with a specific disulfide bridging
pattern. As a result of alignment of these regions of
the molecule, it was discovered that clear sequence
homology existed between two peptide segments of
approximately 80 amino acids in length, strongly
suggestive of a partial gene duplication in this pro-
tein (Magnusson et al. 1975). These structurally sim-
ilar regions, termed kringles, have since been pro-



posed to exist in several other related proteins. There
appear to be two such areas of similarity in human
prothrombin (Walz et al. 1977), five in human plas-
minogen (Sottrup-Jensen et al. 1978), two in human
melanoma tissue plasminogen activator (Pennica et
al. 1983), one each in human wurinary urokinase
(Verde et al. 1984) and human Factor XIla
(McMullen and Fujikawa 1985), and one proposed
in human haptoglobin (Kurosky et al. 1980).
While visual observation is sufficient to reveal
most of these sequence homologies, establishment
of the complete genetic relationships between them
requires a more exact manner of establishing their
most favorable alignments. Direct comparisons have
been made in several cases, with alignments based
simply on the maximization of sequence identities.
This process offers no systematic manner of fore-
telling where deletions may have occurred, and treats
equally all identities and mismatches in the final
alignment., With the knowledge that amino acids in
related families of proteins differ with regard to their
susceptibility to mutation (DayhofTet al. 1978), and
with the formulation of scoring matrices that allow
some degree of quantitation of the significance of
the entire range of possible amino acid substitutions
(Dayhoff et al. 1978), we believed it important to
examine in a rigorous fashion the nature of the align-
ments of the kringle regions of proteins that con-
tained these unusual structures. A study such as this
can contribute in a very meaningful manner to the
ultimate understanding of the molecular evolution
of these proteins and yield information on the re-
tention of various structure—function relationships.

Experimental Procedures

Protein Fragments and Nucleic Acid Fragments. All amino acid
sequences and mRNA sequences were taken from the protein
and nucleic sequence database files of the Protein Identification
Resource (PIR), except where noted otherwise. A tape containing
this information was purchased from that source and installed
on a VAX 11-750 computer. The proteins and regions employed
were human plasminogen (HPg), residues 83-161 (PgK1l), resi-
dues 165-242 (PgK2), residues 255-332 (PgK3), residues 357~
434 (PgK4), and residues 461-540 (PgK5); human prothrombin
(HF-11), residues 65-143 (IIKA) and residues 170-248 (IIKS);
human haptoglobin (HuHP), residues 1-68 (HPF1}); human mel-
anoma tissue plasminogen activator (HTPA), residues 127-208
(TAK1)and residues 215-296 (TAK2); human urinary urckinase
(HUK), residues 50-131 (UKK1}); and the human Factor XIla
heavy chain, residues 198-276 (FXIIK1). This latter sequence
was taken from the data of McMullen and Fujikawa (1985), and
added to the database. The human plasminogen sequence present
in this database was corrected for two differences between it and
that determined from the cDNA sequence (Malinowski et al.
1984). The human haptoglobin sequence present in the database
was corrected for four differences in residues 1-74 between it and
the cDNA sequence of Raugei et al. (1983). With regard to the
nucleic acid sequences of human urokinase and human plasmin-
ogen, not present in the data base, external files were created from
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the literature reports (Malinowski ¢t al. 1984; Verde et al. 1984)
and utilized in the same fashion as the database files. The pub-
lished human plasminogen nucleic acid sequence does not in-
clude the region corresponding to kringles 1~-3. Therefore, this
segment was not included in nucleic acid alignments.

Alignment Procedures. In order to maximize the alignment
of amino acid sequences from the diflerent kringle regions, the
computer program, ALIGN, purchased from the PIR, was em-
ployed after its installation on a VAX 11-750 computer. This
program is based upon a published algorithm (Needleman and
Wunsch 1970). In its operation, the real alignment score (R) is
calculated from the mutation data matrix (Schwartz and Dayhoff
1979). This score is subtracted from the mean (M) of the highest
scores for alignment of 100 random permutations of both se-
quences, and the result is divided by the standard deviation (SD)
from this mean. At the discretion of the user, scoring penalties
(NPEN) are imposed for sequence gaps. Additionally, a bias pa-
rameter (B) can be added to each term of the matrix to enhance
or depress the real score. From the overall match score, in SD
units, the probability of the true score being a chance occurrence
can be found from standard error tables. An overall score >3.0
SD is supportive of a genetic relationship between the sequences
under comparison.

Nucleic acid sequences were aligned according to the amino
acid sequence gaps predicted above. For analysis of the resulting
matches, a computer program was written in FORTRAN that
allowed access to mRNA sequence data files and insertion of
codon gaps at the desired positions. This was compiled ona VAX
11-750 computer. A final count of the number of codons in which
specified numbers of base changes had occurred, and the number
of identical nucleic acids in the final alignment was produced as
the output file.

Secondary Structure Calculations. Secondary structures for
the above fragments were predicted from the rules of Chou and
Fasman (1978) using a program written in PASCAL and com-
piled on a VAX 11-750 (Castellino et al. 1986). Our Chou-
Fasman program includes subroutines for preliminary determi-
nations of secondary structure, followed by boundary analyses,
resolution of B-turn overlaps with other secondary structures,
resolution of helix-sheet overlaps, and determination of short-
ened f-sheet regions, prior to a final prediction. A second algo-
rithm (Burgess et al. 1974) was also cmployed for these predic-
tions with aid of a program which we developed in FORTRAN,
and compiled on a VAX 11-750 computer.

Results

Protein Alignments

A computer-based statistical method has been uti-
lized to provide assistance in decisions as to the
optimal manner of alignment of the homologous
kringle regions of a series of fibrinolytic and blood
coagulation proteins. In employing this procedure,
1t is necessary to include scoring penalties for gaps
placed in the sequences under comparison, other-
wise an unreasonable number of breaks will be in-
cluded in an attempt to maximize the number of
positions of sequence identities in the final resulit.
Also, alignment scores of some distantly related se-
quences sometimes benefit from addition of a con-
stant to all terms of the scoring matrix. Therefore,
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Table 1. Alignment scores for kringle structures in various proteins®
PgK1® PgKoe PgK3¢ PgK4e PgK5f IIKAe K S TAKI* TAK2 UKKI* FXIK!'

PgKl 31.8 - — — — — — — - - -
PgK2 17.8 37.6 — — - — — — - — -
PgK3 17.9 19.2 35.5 —_ — — - - — — —
PgK4 18.9 20.5 214 34.1 - - - - - _ —
PgK5 23.0 18.1 17.6 19.0 31.9 - — — - — -
IIKA 20.1 17.6 16.8 16.3 18.3 35.0 - — - — -
1IKS 15.8 12.4 15.3 14.4 12.8 14.8 34.6 - —_ — -
TAKI1 12.6 14.8 13.6 13.9 9.4 11.7 9.4 31.9 - - -
TAK2 13.6 14.0 14.5 14.4 13.9 9.0 10.2 20.1 32.5 - -
UKK1 10.9 13.5 12.5 13.0 10.5 9.7 104 17.0 16.6 34,6 —
FXIIK1 13.5 14.2 13.7 16.7 3.5 10.1 8.9 15.1 19.0 15.7 32.0

= Real score (R) — mean score from 100 random runs (M)/SD of M; where B = 2 and NPEN = 15

v HPg kringle 1, protein residues 83-161

< HPg kringle 2, protein residues 165~242
¢ HPg kringle 3, protein residues 255-332
« HPg kringle 4, protein residues 357-434
THPg kringle 5, protein residues 461-540
s HFII kringle A, protein residues 65-143

in the utilization of this technique we have chosen
a series of progressively increasing scoring matrix
bias parameters (B) and break penalty parameters
(NPEN), in order to determine their effects on the
results obtained. In many cases, the nature of the
alignments was influenced by the choice of these
parameters, and several different matches were found
to be possible, each with a very high score.

Table 1 summarizes the optimal alignment scores
for all combinations of kringles, using a value for
B, of 2.0, and a very high value for NPEN, of 15.0.
Here, the lowest overall match score obtained was
8.9 SD from randomness, for the alignment of the
kringle S region of prothrombin (IIKS) with the
kringle region of human Factor X1Ia (FXIIK 1). This
highly significant value shows that the structures are
indeed genetically related. On the other hand, the
highest score obtained under these matrix bias con-
ditions was 23.0 SD, for the alignment between the
kringle 1 region of human plasminogen (PgK1) and
the kringle 5 (PgK5) domain of this same protein.

While these data indicate that PgKl is most
similar to PgK5, further analysis of the results
suggests that the kringle 2 region of human plas-
minogen (PgK2) and plasminogen kringle 3 (PgK3)
can be best aligned with the kringle 4 segment (PgK4)
of this protein. Considering the prothrombin krin-
gles, KA (IIKA) is most similar to PgK 1 with a score
of 20.1 SD and prothrombin kringle KS (IIKS) ex-
hibits virtual equal number of matches relative to
PgK1 and IIK A, with alignment scores of 15.8 SD
and 14.8 SD, respectively. The first kringle of tissue
plasminogen activator (TAK1) is most highly sim-
ilar to the kringle 2 region of the same molecule
(TAK2), alignment score of 20.1 SD. In addition,
TAK?2 aligns best with FXIIK 1, alignment score of
19.0 SD. The single kringle region of urokinase

b HFTI kringle S, protein residues 170-248
THTPA kringle 1, protein residues 127-208
i HTPA kringle 2, protein residues 215-296
¥ HUK kringle 1, protein residues 50-131

" HFXII kringle 1, protein residues 198-276

(UKXK1) shows nearly equal similarity with TAKI
and TAK2, with scores of 17.0 SD and 16.6 SD,
respectively.

Alignments of the kringle domains, referred 10
TAK?2, are summarized in Fig. 1.

We have performed analyses with a wide rang¢
of values of B and NPEN (data not shown). In the
most extreme case, when B was set at 0 and NPEN
at 6, or when B was set to 20 and NPEN at 20, all
alignment scores ranged between 7.9 SD and 19.3
SD, values which still indicate that a large departure
from randomness exists in the calculated align-
ments. However, in the cases that differed from those
in Table 1, either too many gaps required insertion,
or residue identities were minimized. The former
problem reduced the number of critical cysteine res-
idue matches, and these cases were not believed 10
reflect proper alignments. Therefore, we have em-
ployed the alignments based on a bias parameter of
2 and break penalty of 15 to provide, as closely as
possible, the actual gap insertion and residue mu-
tations that have been directed by evolutionary pro-
cesses. The other alignments, although not reported
here, were used to support the evolutionary rela-
tionships between the kringles.

In Table 2, the number of gaps and gap insertion
points in the kringle alignments have been listed.
Although alignment scores provide a numerical point
total based on the number of identities and gaps
necessary to align two proteins, the actual gap in-
sertion points provide the detailed information nec-
essary for evaluation of the evolutionary relation-
ships between the kringles. In analyzing the data,
three subclasses of kringles can be assembled in
which no gaps occur in their optimal alignments.
The underlying premise in the assembly of our evo-
lutionary relationships between the kringles is that



TAK2

PgK1 CKTGDGKNYR ' GTMSKTKNGI ' TCQKWSSTS- ' PHRPRFSPAT ' HP SEG
PgK4 CYHGDGQSYR'GTSSTTTTGK 'KCQSWSSMT- ' PHRHOKTPEN ' YPNAG
PgKS  CMFGNGKGYR'GKRATTVTGT 'PCQDWAAQEP 'HRHSIFTPET 'NPRAG
IIKA  CAEGLGTNYR'GNVSITRSGI 'ECQLWRSRY-'PHKPEINSTT 'HPGAD
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CYFGNGSAYR'GTHSLTESGA'SCLPWNSMI 'LIGKVYTAQN'PSAQALGLGK'HNYCRNPDGD'A KPWCHVLK'NRRLTWEYCD'VPSC

LE'ENYCRNPDND ' PQGPWCYITD'PE KRYDYCD'ILEC
LT'MNYCRNPDAD'K-GPWCFTTD'PS VRWEYCN'LKKC
LE 'KNYCRNPDGD ' VGGPWCYTTN ' PR KLYDYCD ' VPQC

LQ'ENFCRNPDSS ' ITGPWCYTTD 'PT ARRQECS'TEVC

FXIIK1 CYDGRGLSYR'GLARTTLSGA'PCQPWASEA-'TYR  NVTA'EQARNWGLGG'HAFCRNPDND ' I-RPWCFVLN'RDRLSWEYCD'LAQC

PgK2

PgK3

IIKS CVPDRGQQYQ ' GRLAVTTHGL ' PCLAWASAQ- ' AKAT.SKHQDFN ' SAVQ

CKLGTGENYR ' GNVAVTVSGH ' TCOHWSAQT - ' PHTHNRTPEN ' FPCKN

CMHCSGENYD ' GKISKTMSGL 'ECQAWDSQS-'PHAHGYIPSK'FPNKN  LK'KNYCRNPDRE 'L-RPWCFTTD'PN KRWELCD'IPRC

LD'ENYCRNPDGK 'R-APWCHTTN'SQ VRWEYCK'IPSC

LV'ENFCRNPDGD *EEGVWCYVAG'KP GDFGYCD'LNYC

TAK1 CYEDOGISYR'GTWSTAESGA 'ECTNWNSSA-' LAQKPYSGRR ' PDAIRLGLGN ' HNYCRNPDRD ' S—-KPWCYVFK ' AGKYSSEFCS ' TPAC

UKK1

Fig. 1.

CYEGNGHF YR ' GKASTDTMGR ' PCLPWNSAT- ' VLOOTYHAHR * SDALQLGLGK ' HNYCRNPDNR ' R-RPWCYVQV ' GLKPLVQOECM' VHDC

Primary structure alignments for the kringles (K) of human plasminogen (Pg), human prothrombin (I1I), human tissue

plasminogen activator (TA), human urokinase (UK), and human Factor XII (FXII). The alignments are based on TAK2, with gaps
represented as spaces. In alignments not requiring gaps at positions 30 or 62 in TAK2, a dash (-) was inserted to indicate a no gap
site and that the peptide segment was continuous in sequence. The ‘ is used to indicate every 10th position, including gaps.

Table 2. Sequence break assignments for kringle structures in various proteins®

Breaks in sequence 2

Sequence
1 PgK1® PgK2e PgK3d PgK4e PgKs5f IIKA® IIKS" TAKIli TAK2 UKKI* FXIIK 1!

PgK1 — 59 57 57 - - - 62 62 38;39;64 59

PgK?2 - - - - - — - - - - -

PgK3 - - - - - - - - - - -

PgK4 — - - — - - - - — - -

PgKs5 35 33; 60 36; 60 36; 60 - 36 45-48 60 30; 61 62 34; 60

IIKA - 59 57 57 - - — 62 62 62 59

IIKS —_ 55 58 58 32-34 - - 63,69 63 63 60

TAK1 46-48; 73 46-48;72 34-36;67 35-37;72 43,50;75 46-48;77 47-49; — - - 30-33
76-77

TAK2 47-49; 73 46-48;72 47-49;,67 48-50;67 48-50;75 46-48;68 30;31; — - - 39-41
49; 68

UKK1 47-51;77 46-48;74 47-49;74 48-50;74 43;50; 68 46-48;68 47-49;, — - - 33-35
69

FXIIK1 70 69 68 68 72 70 70 45 —_ - -

* In the convention used, the breaks extend the sequences at the point of insertion and are included in the final numbering of the

amino acid residues. B = 2 and NPEN = 15
5 HPg kringle 1, protein residues 83-161
¢ HPg kringle 2, protein residues 165-242
4 HPg kringle 3, protein residues 255-332
° HPg kringle 4, protein residues 357-434
"HPg kringle 5, protein residues 461-540
® HFII kringle A, protein residues 65-143

the addition or deletion of genetic material is a less
favorable route, as compared to point mutations in
the gene, to a functionally mutated form of the krin-
gle containing approximately the same number of
residues. Therefore, alignments with the fewest
number of gaps have been assumed to be the most
likely paths of evolution. With this rationale, the
kringles appear to be divisible into a number of
subgroups of very close homologies. Subclass 1 is
composed of PgK1, ITKA, and IIKS. Subclass 2 con-
sists of PgK2, PgK3, and PgK4. The last subclass,
3, is composed of TAK1, TAK2, and UKKI. Krin-

% HFII kringle S, protein residues 170-248

i HTPA kringle 1, protein residues 127-208
i HTPA kringle 2, protein residues 215-296
K HUK kringle 1, protein residues 50-131
'HFXII kringle 1, protein residues 198-276

gle PgK5 and FXIIK1 require gaps for maximum
alignment with each of the other kringles. Suggested
relationships for these last two kringles, as well as
the interrelationships between the three subclasses,
based upon gap insertion points in addition to the
alignment scores and the number of identities re-
tained after maximal alignment, are shown in Fig
2, and will be discussed below.

Table 3 presents a listing of the number of resi-
dues conserved after break insertions in the optimal
alignments of the kringle domains. As expected, the
kringles that exhibited the best alignment scores and
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primordial gene

[PgK2 4—& PgK4 4— PgK3]

3 R.G. ~46-50 in subclass 2
1 R.G. ~57-60 in subclass 2 1 R.G. ~67-73 in subclass 2

IIKS <4— [lIKA 4—& PgK1]

1 R.G. ~36 insubclass 1 /

PgK5 FXIIK1

[TAK2 4—8TAK1]—» UKK1

\3 R.G. ~30-41 in FXIIK1

Fig. 2. The evolutionary relationship be-
tween kringles. Kringles located within brack-
cts represent relationships that could be deter-
mined. The notation #R.G refers to the
number of residues per gap followed by the
approximate region for gap insertion. Sub-
classes are as referred to in the text.

Table 3. Number of residues conserved for kringle structures in various proteins®

PgKl®  PgK2c Pgk3¢ PgKds  PgKS' IIKA* IIKS® TAKI' TAK2 UKKI* FXIK!
PgK 1 79 - - - - - - - - - -
PgK2 39 78 - - - - - - - - -
PgK3 37 41 78 - - - - - - — -
PgK4 43 39 41 78 - - - - - - -
PgK5 45 37 41 42 80 - - - - - -
IIKA 41 35 35 35 35 79 - - - - -
IIKS 26 25 24 27 30 24 79 - - - -
TAKI 28 29 25 29 27 30 26 82 - - -
TAK2 29 30 34 34 34 26 28 44 82 - -
UKKI 29 27 24 28 30 27 29 39 39 82 -
FXIIK1 27 26 26 32 31 25 27 35 41 33 79

s« Number of identical matches after breaks have been included. B = 2 and NPEN = 15

b HPg kringle 1, protein residues 83-161

< HPg kringle 2, protein residues 165-242
d HPg kringle 3, protein residues 255-332
¢« HPg kringle 4, protein residues 357-434
"HPg kringle 5, protein residues 461-540
2 HFII kringle A, protein residues 65-143

a pattern with no sequence breaks, in general, yield
the highest number of identical residues. PgK1 has
41 residues that are homologous with IIKA. The
other kringle in the first subclass of kringles, IIKS,
shows only 26 identities with PgK1 and 24 identities
with IIKA, an observation that suggests a distinct
evolutionary divergence of these domains. The sub-
class of kringles PgK2, PgK3, and PgK4 shows strik-
ing similarities, with 50% or greater identity be-
tween them. The last subclass, containing TAK1,
TAK2, and UKKI, has greater than 48% identity,
with TAK1 and TAK2 having 44 of 82 identical
residues in their optimal alignments. In addition,
TAK2 shows the greatest similarity with FXIIKI,
having 51% of their residues conserved. Other no-
table related sequences include PgKl and PgKs5,
containing 45 identities, PgK1 and PgK4, with 41
identities, and PgK3 and PgK4, each having 34
identities with TAK2, after maximal alignment. It
should be noted that these latter similarities are all

h HFII kringle S, protein residues 170-248

P HTPA kringle 1, protein residues 127-208
I HTPA kringle 2, protein residues 215-296
x HUK kringle 1, protein residues 50-131

' HFXI1I kringle 1, protein residues 198-276

between different subclasses of kringles and provide
a means by which to relate the kringles.

It has been proposed that a region of human hap-
toglobin, comprising residues 1-68 of its a-chain, i$
homologous to the fifth kringle region of human
plasminogen (Kurosky et al. 1980). We have eval-
uated this proposal by the above methods, employ-
ing a variety of values of B and NPEN, and the¢
results are presented in Table 4. It is clear from the
data that this region of haptoglobin possesses sim-
ilarities no greater than expected by chance for all
of the kringles, with the exception of PgK3, where
an alignment can be constructed that is statistically
greater than a random genetic occurrence, but even
in this case the similarity is very limited.

Secondary Structure Predictions

The two predictive schemes (Burgess et al. 1974;
Chou and Fasman 1978) were used in combination



Table 4. Statistical alignments of human haptoglobin with var-
ious kringle structures

SD from randomness with the
indicated bias parameters

Sequence B=2, B =15, B =15,
NPEN NPEN NPEN
First Second =15 =15 =5
HPF]» PgKli® -0.97 -0.02 0.83
HPF1 PgK2¢ 1.48 0.74 0.71
HPF1 PpgK3¢ 3.31 2.77 2.45
HPF1 PgK4 1.18 0.09 0.70
HPF1 PgK5f 0.82 1.08 0.54
HPF1 T1IKAs -0.99 —0.63 -0.02
HPF1 ITKS! -1.13 0.27 0.39
HPF1 TAK i 0.00 0.39 0.29
HFP1 TAK2 1.20 1.25 1.43
HPF1 UKK1* 0.52 0.41 1.07
HPF1 FXIIK1! 0.28 0.41 1.09

* HuHP, protein residues 1-68

" HPg kringle 1, protein residues 83-161

© HPg kringle 2, protein residues 165-242

¢ HPg kringle 3, protein residues 255-332

¢ HPg kringle 4, protein residues 357-434
"HPg kringle 5, protein residues 461-540

& HFII kringle A, protein residues 65~143

" HFII kringle S, protein residues 170-248
THTPA kringle 1, protein residues 127-208
i HTPA kringle 2, protein residues 215-296
¥ HUK kringle 1, protein residues 50-131
VHFXII kringle 1, protein residues 198-276

1o predict the secondary structures of the proteins
of interest. The predictions for the kringle regions
of the proteins that are presented were excised from
information on the entire protein. The Chou-Fas-
man approach was used to calculate all possible he-
lical, sheet, and turn regions using preliminary de-
terminations and boundary analysis subroutines. The
Burgess method produced final predictions for helix
and sheet structures, as well as all possible 3-turns.
In addition, a graphic printout of individual residues
existing in helices (hi), 8-sheets (bi), and coils (ci)
was generated.

Ordered conformational regions that were pre-
dicted identically by both algorithms were auto-
matically executed. In addition, comparative 8-turn
conformations that were displaced by *1 residue
were also considered. Regions not predicted by the
Burgess algorithm were analyzed with the graphic
printout. Those areas with bi and hi values greater
than the cutoff value for such structures were con-
sidered as possible conformations and correlated
with those predicted from the Chou-Fasman algo-
rithm. Assignments that revealed both #-sheet and
a-helical potential were based primarily upon over-
lap resolution methods of Chou and Fasman (1978).
Normalized g-turn potentials were calculated for
those conformations that were predicted by both
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methods. This potential was calculated by summing
turn values, ci and p,, that have been normalized
using both techniques, employing maximal turn po-
tentials of 0.145 for the Burgess algorithm and
1.55 x 103 for the Chou-Fasman algorithm. In
cases in which overlapping turns existed, identical
turns with the highest normalized potential were
executed in the prediction. If there were no identical
turns, displaced turns with the highest normalized
potential were assigned.

Secondary structure alignments of the kringle do-
mains, referred to TAK2, are shown in Fig. 3.

Discussion

Protein Alignments

Table 1 summarizes the optimal alignment scores
for all combinations of kringles, using a value for
B, of 2.0, and a high value for NPEN, of 15.0.
In no case did the alignments affect identities be-
tween Cys residues. This approach tended to yield
maximal alignments containing a minimal number
of sequence breaks. The break locations presented
in Fig. 1 represent the approximate gap sites deter-
mined by averaging the gap locations that we as-
signed between all kringle regions and the TAK2
domain. This latter region was selected as the ref-
erence structure for structural reasons presented be-
low. In certain cases, gap sites at positions 30 and
62 were necessary in TAK?2 for maximal alignments
to be achieved. Our rationale in the choice of these
particular B and NPEN parameters was that the
regions examined were obtained from proteins from
the same mammalian species, were derived from
proteins with logical functional relationships, and
were of approximately the same number of amino
acid residues. Therefore, we concluded that many
gaps in sequence were not likely to be actual genetic
events, and we placed a large differential between B
and NPEN in order to minimize the number of
breaks inserted in the most probable statistical
alignments.

Manual qualitative attempts have been made in
the past in order to align some of these kringle re-
gions, primarily based upon maximizing the num-
ber of sequence identities. In one example, an align-
ment of PgK5 and UKKI1 has been proposed that
involved sequence gaps at positions 19, 27, 51, and
68 in PgK35, and at positions 13, and 61 in UKKI1
(Gunzler et al. 1982). Employing a B of 2.0 and an
NPEN of 15, we calculate the match score for this
alignment to be 7.7 SD, as compared to our score
of 10.5 SD. Therefore, while the manual attempt
has provided a credible result, it is not the most
statistically probable alignment, and that of Table
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RRRTTTTRTT ' TTBBBBRRRR'RRRTTTBBBE !BBRRRRRRRR'RRRBBBBBTT' TTRTTTTTTT'T TTTBBBBT'TTBBBBBBRR'RTTT

RR'RTTTTRRRRT ' TTTRBBBRTT 'TR RBBBBBR'RRRR
BB'BBTTTRRRRR 'R-TTTBEBBT'TT BBBBBEB'BRRR
RR'RTTTTRTTTT'RRTTTBBBTT'TB BBBBRBR'BBBB

RR'RRRRRRRTTT ' TRTTTBBBTT ' TR RRRRRRR'RRRR

BBRH 'HHHERRRRRR ' RRRRRTTTTR ' R-TTTBBBBT ' TTTRRRRBEB ' BBBB

TR'RRRTTTTRRR'B-BEBBBRRT'TT TRRRRRR'BBBB
TR'RTTTTRTTTT'R-TTTTRRRB'BB BRRRRRR'RRRR

BR'RRTTTTTTTT'R-RBBBBBRR'RR RTTTTRR'RRRR

TAK2

PgK1 RRRTTTTRTT'TTRRRTTTTR'RBBBRTTTT-'RRTTTTTTTT'RRRRR
PgK4 RRRTTTTRTT ' TTRRBBBBRR'RTTTTRRRT- ' TTTRRRRTTT ' TRTTT
PgK5 RRRTTTTRTT ' TTRREBBBBBR ' RTTTTRRRRR ' RRRRRRTTTT ' RRRRR
IIKA  RRRRRRRRTT'TTEBBBBTTB'BBBBBTTTT-'RRRRRRTTTT'TTTTR
FXIIK1 TTTTTTRTTT'TBBBBBBRRT'TTTRRRRRR-'BBB

PgK2 RRRRRRRRTT ' TTRRRRRRRR 'RRRRTTTTT- ' TTTRRRTTTT 'RRTTT
PgK3 BBRTTTTRTT ' TTBBBBBRRR ' RRRRRRRRT~ ! TTTRRRTTTT 'RRTTT
IIKS  BBRTTTBBBBRRBBBBBRRRR'RRHHHHHHHK-'HHRHHHHRTTT 'TBBBB
TAK1

UKK1

Fig. 3.

BBRTTTBBBE ' BBBRRRRRRR ' RRTTTTRRR- ' RRRRRTTTTR ' RRREBBBBRT ' TTTRRRRTTT ! T-TTTRRBEB 'RTTTTRRRRR ' RRRR
RRTTTTRRRR'RRRTTTTRRR ' RBBBBBRRB- ' BBBBRRRRTT ' TTREBBBBRR'RTTTTRTTTT ' B~BEBRBRBB ' RRRRBEBBBB ' BRRT

Secondary structures of the kringle domains of various proteins, as predicted from Chou-Fasman calculations. The structurés

represented are: a-helices (A), f-sheets (B), coils (C), and B-turns (T). All kringles have been aligned with TAK2 as the reference. In
cases where the comparison does not require a sequence gap in TAK2 at residue sites 30 and 62, a (-) has been inserted to indicaté
peptide sequence continuation. The ' is used to indicate every 10th position, including gaps. PgK1 through PgKs5 represents kringles
1 through 5, respectively, in human plasma plasminogen. IIKA and IIKS refer to kringles A and S, respectively, in human plasma
prothrombin. TAK1 and TAK2 are kringles 1 and 2, respectively, in human melanoma tissue plasminogen activator. UKK is the
single kringle of human urinary urokinase. XIIKI represents the lone kringle in human Factor X1la.

1 possesses a higher probability of reflecting the true
genetic events that have occurred. Another such
manual attempt has been forwarded (Magnusson
1979). Here, the sequence similarities of the two
bovine prothrombin kringles and the five human
plasminogen kringles were compared. In the case of
the alignments of PgK1 and PgK2 with PgK35, the
proposed gap (Magnusson 1979) at position 36 of
PgK1 coincides with the statistically determined gap
generated in this report at position 35 of PgK 1. Fur-
ther, in the comparison of PgK2 with PgK4, and
PgK3 with PgK4, we find that a more favorable
alignment in both cases would involve no sequence
gaps, rather than the two placed in each of the pairs
under consideration by the manual alignment (Mag-
nusson 1979). Other such refinements are possible
in the alignments proposed by simple visualization
procedures.

An effort to quantitate alignment scores of some
of these kringle structures has been made (Patthy et
al. 1984). Here, a system was devised that assigned
all amino acid sequence identities a score of + 10,
except for Cys, which was scored as +20. Sequence
gaps were provided scores of —25. A computer sys-
tem was apparently not employed in order to max-
imize scores for all possible alignments within a
given comparison, and all possible comparisons
beween kringle structures were not made. Most of
our statistically predicted optimal alignments differ
from those previously reported (Patthy et al. 1984).
As one example, the alignment of PgK1 and TAK1
can be considered. Here, a proposed alignment (Pat-
thy et al. 1984) that contains gaps at positions 24,
46-48, 52, 65, 72, and 73 in PgK1 and at positions

23,60, 61, and 74 in TAK1 has been proposed. Our
alignment, proposed in Table 2, contains fewer sé-
quence gaps. Further, employing a B value of 2 and
an NPEN of 15, the match score for the alignment
proposed by these investigators is 3.9 SD from ran-
domness. Qur value, of 12.6 SD, under these con-
ditions, is much more favorable. Since genetic trees
of the relatedness of the kringles have been con-
structed (Patthy et al. 1984) based upon these less-
than-optimal alignments, they must be viewed with
some skepticism.

Nucleic Acid Alignments

One very useful application of these more soundly
constructed alignments, with genetically probablé
gaps properly inserted, is that the nucleotide base
changes that occurred in these similar structural re-
gions can be accurately assessed and commented
upon. Table 5 provides a summary of this infor-
mation for the particular kringle regions that have
experimentally determined nucleotide sequences,
i.e., PgK4 and PgK5 (Malinowski et al. 1984), [TKA
and IIKS (Degen et al. 1983), TAKI and TAK2
(Pennica et al. 1983), UKK1 (Verde et al. 1584),
and HPF1 (Raugei et al. 1983). In the majority of
the cases, the nucleic acid alignments presented in
Table 5 augment the intersubclass relationships that
have been implied by the protein sequence align-
ments and do not indicate that a change in any of
the relationships suggested above is necessary. For
example, it is seen from Table 5 that the plasmin-
ogen activator kringles possess well-conserved nu-
cleotide sequences in the final alignments. In com-



Table 5. Nucleotide base differences in mRNA in the align-
ments of the kringle regions of various proteins

No. of codons requiring No. of
changes of?

Sequence identical
1 2 3 bases

First Second 0 base bases bases (total)
PgK4r PgK5© 18 26 23 11 129 (234)
PgK4 11K A4 15 31 17 15 124 (234)
PgK4 [IKS® 14 23 21 20 109 (234)
PgK4 TAKI1* 17 15 27 19 108 (234)
PgK4 TAK2e 20 21 20 17 122 (234)
PgK4 UKK 1 15 21 27 15 114 (234)
PgK 5 IIKA 17 23 19 20 116 (237)
PgK5 IIKS 16 23 21 19 115(237)
PgK5 TAK1 15 21 25 18 112 (237)
PgK3 TAK?2 21 21 24 13 129 (237)
PgKS5 UKK1 17 20 21 21 112 (237)
IIKA IIKS 16 14 28 21 104 (237)
IIKA TAK1 15 21 21 21 108 (234)
IIKA TAK2 9 27 25 17 106 (234)
KA UKK1 15 19 27 17 110 (234)
1IKS TAK1 13 16 27 21 98 (231)
IIKS TAK2 14 20 23 21 105 (234)
[IKS UKKI1 17 15 19 27 100 (234)
TAK! TAK2 26 20 18 18 136 (246)
TAK]1 UKK1 24 17 21 20 127 (246)
TAK2 UKK1 22 23 19 18 121 (246)
HPFl PgK5 9 11 26 15 75 (261)

a Codons matching sequence gaps have been ignored in the count
» HPg kringle 4, protein residues 357-434

< HPg kringle 5, protein residues 461-540

4 HFTI kringle A, protein residues 65-~143

< HFII kringle S, protein residues 170-248

"HTPA kringle 1, protein residues 127-208

& HTPA kringle 2, protein residues 215-296

» HUK kringle 1, protein residues 50-131

i HuHP, protein residues 1-68

paring maximal alignments of TAKI1, TAK2, and
UKXK1, 22-26 of the codons are preserved intact,
and 17-23 codons only require a single base change.
Overall 121-136 of the total of 246 nucleotides are
identical. These strong similarities argue for the
placement of these domains in the same subclass in
the evolutionary tree proposed. Similarly, the weak-
er similarity between TAK1 and PgKS5, observed
from protein alignments (Table 1), is also reflected
in the nucleic acid alignments. From the data of
Table 5, it is seen that in this case 43 of the 79
codons require either two or three base changes in
the final alignment. These two kringles are placed
in different subclasses in Fig. 2. On the other hand,
a larger number of nucleotide matches is seen with
PgK5 and TAK?2 than was noted in amino acid
sequences. Overall, when different proteins are con-
sidered, the weakest similarities are observed with
the prothrombin kringles and those from the two
plasminogen activators. The strongest similarities
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are present between the two types of plasminogen
activators.

The maximal alignment between HPF1 and PgK5
obtained from protein sequences was also employed
to evaluate nucleotide matches between these two
regions. As seen in Table 5, only nine of the 261
codons were identical in the alignments. A total of
75 identical bases were observed, suggesting that the
similarity between HPF1 and PgK5 was very weak.
This argues further that HPF1 is most likely not a
kringle structure.

Evolutionary Relationships

These statistically most probable alignments have
also been used herein to assess evolutionary rela-
tionships (Fig. 2) between the kringles, thus allowing
us to speculate on possible structure—function cor-
relations in the less studied kringles. Qur evolu-
tionary tree was generated based upon three con-
siderations: (1) the relationships are due to a
divergent evolutionary process involving gene du-
plication as evidenced by the high degree of simi-
larity with respect to amino acid residues, (2) the
deletion and/or insertion of genetic material pro-
ceeds by a minimal manipulative route, thus the
relationships with the fewest gaps are favored, and
(3) the number of residue identities is indicative of
relatedness. Initially, the kringles can be separated
into three subclasses: (1) PgK 1, ITKA, ITKS; (2) PgK2,
PgK3, PgK4; and (3) TAKI, TAK2, UKKI. Sepa-
ration of the various kringles into these subclasses
is based upon the data suggesting that no gaps are
necessary for their optimal alignments. By this cri-
terion, kringles PgK5 and FXIIK!1 cannot be in-
cluded in any one subclass since both require breaks
to align with any of the other kringles.

The statistical alignment of kringles in subclass
1 indicates that PgK 1 and ITK A are the most similar.
Yet, it is not obvious if IIKS is closer on an evo-
lutionary time scale to PgK1 or ITKA since align-
ments yield similar results with 26 and 24 identities
and alignment scores of 15.8 SD and 14.8 SD, re-
spectively. These relationships are then presented
schematically as [PgK1 = IIKA] - IIKS.

The second subclass mentioned, containing PgK2,
PgK3, and PgK4, yields some of the highest align-
ment scores. PgK?2 aligns most favorably with PgK4
and PgK3. It is noted that alignment of PgK2 with
PgK3, as opposed to PgK2 and PgK4, yields two
more identities, yet has a lower alignment score, of
19.2 SD. In each case a no gap alignment has been
used for the comparison. Thus, the former com-
parison yields matches in residues that are less likely
to mutate, as suggested by the mutation database
(Dayhoff et al. 1978). The latter comparison pro-
vides more sequence identities than the former, but
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the mutations are in less probable directions, thus
lowering the alignment score. These relationships
are thus represented as [PgK2 = PgK4 = PgK3].

The final subclass of kringles, TAK1, TAK?2, and
UKK]1, shows a similar relationship as in subclass
1 where TAK1 and TAK2 represent the most fa-
vorable alignment. However, it is unclear how
UKK1 is related to these other two kringles, with
each alignment yielding 39 identities and scores of
~17.0 SD. The schematic representation of these
relationships are, therefore, represented as [TAK1 =
TAK?2] - UKKI].

Intersubclass relationships were based primarily
on minimizing the number of gaps necessary 1o op-
timally align each kringle subclass, with direct re-
lationships based on scores and identities con-
served. The assembled relationships are represented
in Fig. 1. PgK1 and IIKA are probably closer on an
evolutionary time scale to subclass 2 since the align-
ment requires only a one-residue break in subclass
2, in the vicinity of residue 57 (Table 2), for optimal
alignment. The alignment of PgK1 or IIKA with
subclass 3 requires a minimum of three breaks. The
most direct relationship between subclass | and sub-
class 2 resides in PgK 1 and PgK4 where 43 identities
are seen (Table 3), with an alignment score of 18.9
SD (Table 1). Although subclass 2 shows evolu-
tionary homology to subclass 1, it also provides a
minimal manipulative route to subclass 3, requiring
only two gaps. The first gap is a three-residue break
in subclass 2 occurring within a region from residues
46 to 50 (Table 2). The second gap involves a single
residue in subclass 2, probably occurring within a
region encompassing residues 67-77 (Table 2). The
most direct relationship is observed between PgK4
or PgK3 with TAK2, having 34 identities each and
alignment scores of ~14.5 SD. This proposed re-
lationship is supported by the fact that maximal
alignment of subclass 1 with subclass 3 requires a
similar gap insertion pattern as subclass 2, with a
three-residue gap in subclass 1 within a region rang-
ing from residues 46 to 50 and a one-residue gap in
subclass 1 within a region ranging from residues 67
to 77, in addition to another one-residue gap in
subclass 3 between residues 62 and 64. Thus, it
appears that subclass 2 bridges the other two sub-
classes.

A possible criticism of this alignment procedure
is that exact gap sites are not conserved. The fact
that more specific sites cannot be located is probably
due in part to a divergent evolution mechanism that
involves point mutations which result in amino acid
changes that influence the statistical alignments.
Thus, slight variation in gap insertion points are
seen with the ALIGN program. Despite this prob-
lem, the location of break regions are reasonably
apparent.

The two remaining kringles PgK5 and FXIIKI
appear 10 align optimally with PgK1 and TAK2,
respectively. The relationship of PgK5 to PgKl, of
subclass 1, is supported by the observation that the
alignment of subclass 2 requires two single-residue
gaps that correspond to the gap necessary for aligfl'
ment to subclass 1, between residues 57 and 60 11
subclass 2, and a gap for the alignment of subclass
1 to PgK35, at approximately residue 36 in sub-
class 2.

FXIIK 1 is most closely aligned with TAK2, with
41 identities and only one three-residue gap ocCur~
ring in FXIIK1 within a region ranging from resl-
dues 30 to 41. This same gap is inserted regardless
of whether the kringle domain of subclass 3 is aligned
with FXIIK1.

The final evolutionary relationships (Fig. 2) ar¢
consistent with a known functional property of some
of the kringles. Fibrin-binding capabilities have been
proposed for PgK 1 (Lerch et al. 1980), PgK4 (Lerch
et al. 1980; Cole and Castellino 1984), TAK2
(Ichinose et al. 1986), and to a lesser extent for PgK3
(Sottrup-Jensen et al. 1978), supporting the rela-
tionships generated by the alignments between the
proposed subclasses. In addition, it would be €X-
pected that ITKA, and possibly FXIIK 1, would show
the same binding capability, but preliminary results
(Ichinose et al. 1986) indicate that this is not the
case.

The evolutionary tree, presented in Fig. 2, differs
somewhat from that previously suggested (Patthy €t
al. 1984) in that we are able to establish distinct
evolutionary relationships between the kringles. The
evolutionary relationships reported in this com-
munication suggest that all of the kringles have been
derived from a single gene, but the occurrence of
kringles in other proteins has arisen by the dupli-
cation of the genetic material responsible for PgK4.
In addition, it appears from the alignment scores
calculated that in proteins with multiple kringles,
gene duplication of an initial existing kringle has
occurred, e.g., TAK2 was duplicated yielding TAK1.
It has been suggested that all the kringles are derived
directly from a singular primordial gene (Patthy €t
al. 1984). While this is certainly a possible expla-
nation, it appears to be an inefficient route to krin-
gles that possess the functions of fibrin binding and
e-amino caproic acid (EACA) binding. Our scheme
suggests an evolution of a functional protein domain
that has been incorporated over time into other pro-
teins providing a property beneficial for survival. It
is noted that a number of the relationships reported
(Patthy et al. 1984) agree with those reported here,
particularly the close relationships between the plas-
minogen kringles and ITKA as well as the homology
between the kringles in the plasminogen activators.



Secondary Structure Predictions

Figure 3 illustrates our predictions of the secondary
structures of these homologous kringle regions, ac-
cording to the rules of Chou-Fasman (Chou and
Fasman 1978) and Burgess et al. (1974). While any
reference structures could have been chosen, in this
example the alignments have all been referred to
TAK?2, which contains a known fibrin-binding site
(Ichinose et al. 1986), with the following amino acid
gap locations: (1) sites 30 and 62 in TAK2; (2) re-
gions 46-48 and 72 in the plasminogen and pro-
thrombin kringles; and (3) region 34-36 in FXIIK1.
In all the alignments, the gaps have been counted
as occupying a position. In cases in which the aligned
kringle did not require gap insertions at either res-
idue 30 or 62 in TAK2, a dash was inserted to
indicate the absence of a gap site and that the peptide
sequence was continuous. The first four kringle
structures have been purported to contain lysine-,
EACA-, and/or fibrin-binding sites and are grouped
at the top of the figure to facilitate inter-kringle com-
parison of secondary structure.

It can be readily seen that while genetic homology
has been retained, the amino acid substitutions that
have occurred have potentially important conse-
quences, since several areas of conformational dis-
similarities exist. For example, it is believed that
the kringle 1 domain of human plasminogen and
kringle 2 of human tissue plasminogen activator are
responsible for the interaction of these proteins with
fibrinogen and fibrin (Thorsen et al. 1972; Wiman
and Collen 1978; Rijken and Collen 1981; Wallen
et al. 1982; Ichinose et al. 1986). This allows plas-
minogen activation to occur favorably on the fibrin
surface with this particular activator (Thorsen 19735).
However, despite the occurrence of a homologous
kringle in human urokinase and human Factor XIIa,
these proteins do not bind in a functionally signif-
icant fashion to fibrinogen and fibrin. Thus, the evo-
lutionary differences that exist in these kringle areas
have allowed changes, most likely of the confor-
mational kind, that significantly alter the functional
properties of these molecules.

In another example, human plasminogen is known
to bind the effector molecule, EACA, most probably
via its kringle regions. However, plasminogen krin-
gle 1 interacts with this molecule very tightly (Lerch
et al. 1980), kringle 4 binds EACA with lesser affin-
ity (Lerch et al. 1980; Cole and Castellino 1984),
and kringle 5 does so much more weakly than either
kringle 1 or kringle 4 (Sottrup-Jensen et al. 1978).
Urokinase, prothrombin, and Factor XIla are not
known to specifically interact with EACA, at least
not in a fashion that has a functional consequence.

With these insights, and with the assumption that
the lysine-, EACA-, and fibrin-binding sites are the
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same, it is now possible to align the kringles PgK1,
PgK4, PgKS, and TAK2 and attempt to discover
homologous regions in the secondary structure that
may be important to these interactions. Two ho-
mologous regions can be located with respect to sec-
ondary structure: (1) a region including residues 1-
12, containing two S8-turns, and (2) a region stretch-
ing from approximately 65 to 77 that contains a
B-sheet/B-turn/B-sheet sequence of conformations.
It is interesting to note that native plasminogen res-
idues, Asp.;,» and Arg,,s (positions 60 and 75, in-
cluding gaps, in the K4 sequence), reported to be
involved in the lysine-binding site of PgK4 (Trexler
et al. 1982), are located in this latter region of ho-
mology. Itis also interesting to note that IIKA, ITKS,
and FXIIK1 do not bind to fibrin (Ichinose et al.
1986). In Fig. 3, it is shown that these latter kringles,
with the possible exception of FXIIKI, lack sec-
ondary structural homology in the region between
residues 66 and 77. This suggests that the secondary
structure in this region is important to binding of
the above effector molecules. The secondary struc-
tures of FXIIK1 and PgK2 both exhibit a possible
B3-sheet/B-turn/S-sheet sequence with the second
B3-sheet region starting closer to the COOH-terminal
end of the domain. With regard to the first 12 po-
sitions of these kringles, only PgK3 retains the first
two 8-turns seen in the EACA-binding kringles.
While showing high turn potential, we observe
that a nonapeptide region, containing residues 52—
60, although homologous at the primary sequence
level, shows little evidence for homology at the sec-
ondary structure level. However, another region of
secondary structure similarity, consisting of residues
66-77, shows strikingly less primary sequence sim-
ilarity. The amino- and carboxyl-terminal ends of
this peptide display the greatest similarity between
kringles and the 8-turn located in this region shows
much greater sequence diversity. Since the amino
acid substitutions that have occurred in this area
have allowed retention of the 8-sheet/g-turn/3-sheet
conformation in kringles that bind the effector mol-
ecules listed above, further support is obtained for
the importance of that particular secondary struc-
tural arrangement to the binding process. If this re-
gion is indeed essential, FXIIK1, which also con-
tains that same predicted secondary structure in this
region, should also bind these ligands. While it is
enticing to speculate that these two regions of sec-
ondary structure are essential for the fibrin- or lys-
ine-binding site, the inability of other kringles to
participate in this binding could readily be explained
by conformational differences in the relevant site
that are induced by point mutations in other parts
of the molecule. It should be noted that in addition
to the lack of secondary structure similarity in the
region of amino acids 66-77 between the kringles
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that do not bind the effector molecules, primary
structure similarities reveal that critical substitu-
tions for the Aspg, residue in PgK4 have also been
made in kringles IIKA, IIKS, and UKK]1. The Arg,
residue in PgK 4 is conserved to some extent in each
of the kringles, with the exception of IIKS, with Lys
found as the common positively charged substitute,
occurring within two positions of site 75.

An example of this latter situation is noted when
comparing UKK1 and FXIIK 1. The large degree of
amino acid sequence similarity between these re-
gions is not reflected to the same degree in their
secondary structures, which have noticeable differ-
ences. This is readily explainable in a manner typ-
ified by examination of the structure prediction for
residues 8—11 in each sequence. Here, the sequence,
Ser-Tyr-Arg-Gly, in FXIIK1, is predicted as a 3-turn.
In UKK1, the same residues are Phe-Tyr-Arg-Gly,
a sequence with a low S-turn potential. Thus, the
substitution of a Phe for a Ser residue in position 1
alters the structural prediction considerably. Other
examples of such effects with conservative substi-
tutions are possible. This type of situation most like-
ly has allowed some functional diversity to be pres-
ent in genetically similar regions of these molecules.
This again points to important conformational dif-
ferences in regions of molecules with extremely
strong genetic relationships, that are brought about
by amino acid substitutions.

While results from secondary structural predic-
tions have been very useful for attempting to explain
functional differences between the kringles, it is ob-
vious that consideration of tertiary structural dif-
ferences will also be important to a more detailed
analysis of structure-function relationships of these
highly interesting domains. However, this awaits
detailed x-ray structural analysis of all of the krin-
gles. To date, only one such structure exists, that for
TIKA (Park and Tulinsky 1986), a kringle without
reported interesting functional properties.

The comparison of the secondary structure pre-
dicted for IIKA is in reasonably good agreement
with that determined from the crystal structure of
this area (Park and Tulinsky 1986). These investi-
gators have shown that the two intradisulfide bonds
in this kringle form a sulfur cluster and that the
peptide segments surrounding these disulfide re-
gions exist as antiparallel 8-sheets. Two strands,
Asns,—Aspsg and Gly,;—Thrgg, correspond to the two
regions of highest residue conservation. The first
(-sheet is not predicted by our approach since this
segment contains residues of low 8-sheet potential.
This indicates that interactions with the other strand
may induce a -sheet in this peptide segment. The
Glyg;~Thrgg sheet corresponds to the first strand
predicted between positions 66 and 77 in our study.
As noted by Park and Tulinsky (1986), these two

B-strands are separated by a f-turn, as we predict.
The remainder of this kringle structure has been
inferred by Park and Tulinsky (1986) to exist 18
B-sheet and B-turn conformations. The inability t0
produce exact assignments has been limited by the
contorted folding in the kringle structure. The pre-
dictions in this work support the evidence of Park
and Tulinsky (1986) that the remainder of the struc-
ture exists as 3-sheets and §-turns, with the excep-
tion of FXIIK1 and IIKS, which are predicted 10
contain short regions of «-helix.

Alignment with Haptoglobin

The protein and nucleic acid alignments generated
in this study suggest little-or-no homology sequence
similarity between any of the kringles and HPFL,
an observation that differs from a report (Kurosky
et al. 1980), which claimed that the most numerous
matches were between HPF1 and PgKS$5. In an at-
tempt to improve alignment scores, we extended the
comparisons of the various kringles with the 5¢-
quence of the human haptoglobin a-chain, consist-
ing of residues 1-74, which terminates at the last
Cys position in this chain. The results obtained sug-
gested that no substantial matches exist.

In conclusion, we have produced a quantitative
evaluation of the genetic relationships between the
functionally significant kringle domains of human
plasma proteins that are involved in blood coagu-
lation and fibrinolysis. In all cases, alignment scores
are extremely high, indicating that these segments
are indeed related by a process other than chance.
The manner of alignment that produced the highest
match was not difficult to decide in most cases, and;
in those that were ambiguous, intuitive reasoning
allowed a justifiable decision to be reached. The
overall process of producing match scores has al-
lowed a comparison to be made regarding the sim-
ilarities of these different proteins, a feature that
could not be attained in a rigorous fashion from p21§t
attempts centered on maximizing sequence identl~
ties. It is most reasonable to propose that a prl-
mordial gene that coded for a kringle loop has been
replicated many times, altered, and recombined t0
produce part of the structures of plasminogen, pro-
thrombin, tissue plasminogen activator, urokinase,
and Factor XIla. In general, the kringles that ar¢
most similar reside within the same proteins, an
the plasminogen kringles are most similar to thos¢
of prothrombin. The single kringle domain in uro-
kinase shows the least similarity with that same re-
gion in other proteins, except for the tissue plas-
minogen activator kringles and the single kringle
structure in Factor XIIa, with which it is most highly
similar, and with which it can be believed to be
homologous.
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