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Identification of the Primary Structural Defect in the Dysthrombin Thrombin

Quick I: Substitution of Cysteine for Arginine-3821
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ABSTRACT: A congenitally dysfunctional form of prothrombin, prothrombin Quick, was isolated from the
plasma of an individual with less than 2% of normal prothrombin activity. Following activation of prothrombin
Quick, two dysfunctional thrombins, thrombin Quick I and thrombin Quick II, were isolated. Functional
characterization of thrombin Quick I indicated an increase in Ky and a decrease in kg, relative to thrombin,
for release of fibrinopeptide A. Comparison of k,,/Ky for thrombin Quick I to the value obtained for
thrombin yielded a relative catalytic efficiency of 0.012 for thrombin Quick I [Henriksen, R. A., & Owen,
W. G. (1987) J. Biol. Chem. 262, 4664—4669]. Lysyl endopeptidase digestion of reduced and S-
carboxymethylated thrombin and thrombin Quick I has resulted in the identification of an altered peptide
in this dysthrombin. Edman degradation of the isolated peptide has shown that the altered residue in this
protein is Arg-382 which is replaced by Cys. This could result from a point mutation in the Arg codon,
CGQC, to yield TGC. Together, these results indicate that Arg-382 is a critical residue in determining the
specificity of thrombin toward fibrinogen. Similar relative activities for thrombin Quick I in stimulating
platelet aggregation, in the release of prostacyclin from human umbilical vein endothelium, and in the release
of fibrinopeptide A suggest that these activities of thrombin share the same specificity determinants.

’]:lrombin, a serine protease with limited substrate specificity,
is derived from the plasma zymogen prothrombin. Thrombin
participates directly as a procoagulant in conversion of fi-
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brinogen to fibrin in the final stages of blood coagulation and
also has additional regulatory activities that both enhance and
attenuate the hemostatic response [for a review, see Mann and
Lundblad (1987)]. The identification of specificity deter-
minants in the interaction of thrombin with substrates, in-
hibitors, and cofactors contributes to the development of
models for structure—function relationships in this 36 000
molecular weight monomeric enzyme. Approaches to un-
derstanding structure—-function relationships in this enzyme
have included the study of degraded and chemically modified

0006-2960/88/0427-9160%01.50/0 © 1988 American Chemical Society
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forms of thrombin. The interpretation of the results of these
studies has been limited by the extensive modification and often
incomplete characterization of the degraded forms of thrombin
and the lack of specific, stoichiometric substitution at identified
sites in the primary structure for chemically modified throm-
bins.

Dysprothrombinemia is a rarely described congenital ab-
normality of prothrombin, and even less frequently does a
dysprothrombin yield a dysthrombin upon activation of the
zymogen. The dysprothrombin prothrombin Quick was iso-
lated from the plasma of an individual with less than 2% of
normal prothrombin activity. Following activation of pro-
thrombin Quick, two dysfunctional thrombins, thrombin Quick
I and thrombin Quick II, were isolated. Thrombin Quick I
has nearly normal activity in hydrolyzing low molecular weight
substrates and is indistinguishable from normal thrombin in
binding the specific inhibitor, N?-[5-(dimethylamino)-
naphthalene-1-sulfonyl]arginine N,N-(3-ethyl-1,5-pentane-
diyl)amide. However, in the release of fibrinopeptide A from
fibrinogen, there is an increase in Ky from 7 uM for normal
thrombin to 44 uM for thrombin Quick I, and a corresponding
decrease in kg, from 91 to 7 s”'. The ratio of k., /Ky for
thrombin Quick I compared to thrombin is 0.012 (Henriksen
& Owen, 1987). The primary structural studies on thrombin
Quick I which are reported here have been undertaken to
identify a site in thrombin that is essential in determining
specificity toward fibrinogen.

EXPERIMENTAL PROCEDURES

Reagents. Lysyl endopeptidase from Achromobacter lyticus
was obtained from Wako Chemicals, Inc., Dallas, TX. The
lyophilized enzyme was dissolved in sterile 0.15 M NaCl/0.02
M tris(hydroxymethyl)aminomethane hydrochloride (Tris-
HCI),! pH 7.4, at a concentration of 10 activity units/mL and
stored at 4 °C. The activity units (AU) of the enzyme are
those defined by the manufacturer. Iodoacetic acid was
purchased from Sigma Chemical Co., St. Louis, MO, and was
recrystallized from n-heptane. Brij 35 as a 30% solution was
obtained from Pierce Chemical Co., Rockford, IL, and o-
phthalaldehyde was obtained from Serva Fine Biochemicals,
Inc., Westbury, NY. PTH-(carboxymethyl)cysteine and
PTH-GIn were obtained from Sigma Chemical Co. and Pierce
Chemical Co. Water and acetonitrile for peptide isolation and
purification were HPLC grade.

Peptide Preparation. Thrombin Quick I was prepared as
described (Henriksen & Brotherton, 1983) from prothrombin
Quick that was isolated from plasma obtained by pheresis from
the donor, V.A. (Henriksen et al., 1980; Quick et al., 1955;
Quick, 1974). Approval of the University of Iowa Human
Subjects Commiittee (Iowa City, IA) and informed consent
of the donor were obtained. Normal human thrombin was
prepared as described (Lundblad et al., 1976). For reduction
and carboxymethylation, approximately 1 mg of protein was
dialyzed against distilled water. The precipitated protein was
lyophilized and dissolved in 0.5 mL of 6 M guanidine hy-
drochloride, 0.02% disodium ethylenediaminetetraacetic acid,
and 0.2 M TrissHC], pH 8.6. Mercaptoethanol was added to
1% final concentration, and the mixture was incubated at 37
°C for 2 h prior to the addition of an equimolar amount of
iodoacetic acid and incubation at 23 °C for 30 min (Butkowski
et al,, 1977). The modified protein was transferred to Spec-

! Abbreviations: AU, activity unit(s); PTH, phenylthiohydantoin;
Tris-HCI, tris(hydroxymethyl)aminomethane hydrochioride; HPLC,
high-performance liquid chromatography.

tra/Por 6 dialysis tubing, molecular weight cutoff 2000
(Spectrum Medical Industries, Inc., Los Angeles, CA), and
dialyzed against distilled water. The precipitated carboxy-
methylated polypeptide chains were lyophilized and digested
with 0.05 AU of lysyl endopeptidase at 37 °C for 4 h as
described (Miyata et al., 1987a), in a final volume of 0.50 mL,
followed by a second addition of 0.05 AU of lysyl endo-
peptidase and incubation for 4 additional h. The digested
material was stored at =70 °C.

Peptide Isolation. Peptide maps were prepared from 10 ug
of the digested protein by reverse-phase chromatography on
a Vydac 218TP54 C-18 column (The Sep/a/ra/tions Group,
Hesparia, CA) with a gradient of acetonitrile in 0.1% tri-
fluoroacetic acid at a flow rate of 1.0 mL/min. The column
effluent was monitored at 214 nm and by fluorescence fol-
lowing postcolumn derivatization with o-phthalaldehyde
reagent (Benson & Hare, 1975) added to the column effluent
at 0.2 mL/min. The o-phthalaldehyde reagent contained 1.0
g of o-phthalaldehyde, 1.5 mL of §-mercaptoethanol, and 1.5
mL of 30% Brij 35in 1.0 L of 0.5 M potassium borate buffer,
pH 10.4. A Varian Fluorichrom fluorometer was used to
monitor fluorescence. Peptides for sequencing were isolated
from 200 ug of protein by using the same column and gradient
conditions. Peptides were identified by the absorbance at 214
nm, and fractions were collected at 1-min intervals. The
fractionated material was stored at —20 °C. Fractions con-
taining the peptides of interest, as determined from the peptide
maps, were pooled and concentrated by lyophilization. This
material was rechromatographed on the same column by using
a gradient of 0-50% acetonitrile into 10 mM ammonium
formate, pH 6.5, for 60 min at a flow rate of 1.0 mL/min
(Miyata et al., 1987a). Fractions were collected at 1.0-min
intervals. Equipment for HPLC consisted of two Beckman
Model 112 pumps with a Beckman Model 421 gradient con-
troller and a Waters Model 481 variable-wavelength detector.
All peptide chromatography was performed at 22 °C, without
temperature regulation. The fractionated material was either
used directly or concentrated by lyophilization prior to se-
quencing.

Peptide Sequencing. Amino acid sequence analysis was
performed with an Applied Biosystems Inc. (Foster City, CA)
Model 470A gas-phase sequencer connected to an Applied
Biosystems Model 120A analyzer (Hunkapiller et al., 1983)
for on-line chromatographic analysis of the PTH-amino acids.
To identify amino acids and calculate recoveries, PTH-amino
acid standards were chromatographed prior to sequencing each
peptide. To quantitate Asp, Asn, Thr, Glu, and Arg, results
from freshly reconstituted standards were used after nor-
malizing the results to those from each peptide run by com-
paring the peak heights for Phe, Val, Pro, Met, Ile, and Gly,

Identification of PTH-GIn and PTH-(carboxymethy!)cys-
teine. Because the PTH derivatives of (carboxymethyl)cysteine
and glutamine coelute in the chromatographic system that was
used to separate the PTH-amino acids, these two amino acids
were identified by resequencing the peptide known to contain
either Gln or (carboxymethyl)cysteine with adjustment of the
initial chromatography buffer to pH 4.5. This resulted in the
separation of the two PTH derivatives with PTH-(carboxy-
methyl)cysteine eluting near Asn.

RESULTS

Peptide Maps. The results of peptide mapping studies are
shown in Figure 1. This analytical-scale chromatography
indicated the loss of peptide material for thrombin Quick I
in the region labeled A and the appearance of a shoulder in
the region labeled B.
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FIGURE 1: Peptide maps for thrombin and thrombin Quick I. Reverse-phase chromatography of peptides derived from a lysyl endopeptidase
digest of S-carboxymethylated thrombin (a) or thrombin Quick I (b). Peptide material is missing from thrombin Quick I in the region labeled

A, and an additional shoulder appears in the region labeled B.
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FIGURE 2: Preparative-scale purification of peptides from region A.
Peptides from 200 ug of the lysyl endopeptidase digest were chro-
matographed as in Figure 1. Material from region A was concentrated
and rechromatographed at pH 6.5, yielding the chromatograms shown
here. The upper tracing is for thrombin, and the lower tracing,
demonstrating the absence of one peptide, is for thrombin Quick I.
The amino acid sequence obtained for a sample from the peak labeled
A in the thrombin chromatogram is given in Table I. The amino-
terminal sequence Asp-Ser-X-Arg-Ile-Arg was identified for both
peptides labeled with an asterisk, corresponding to the peptide be-
ginning at prothrombin residue 495,

Peptide Isolation. Peptides were isolated from regions A
and B by preparative-scale chromatography and rechroma-

Absorbance 2¥nm

30
Time (minutes)

FIGURE 3: Preparative-scale purification of peptides from region B.
Peptides from region B were isolated and rechromatographed as
described for Figure 2. The upper chromatogram is for thrombin
and the lower chromatogram, demonstrating the appearance of an
additional peptide, is for thrombin Quick I. The amino acid sequence
obtained for samples from the peak labeled B in the thrombin Quick
I chromatogram is given in Table I. The sequence X-Phe-Gly-Ser-
Gly-Glu-Ala-Asp beginning at prothrombin residue 285 was identified
in both peptides marked with an asterisk. The base line for the
thrombin chromatogram dropped below zero absorbance at 35 min.
Differences in elution position between the two chromatograms are
attributed to slightly altered chromatographic conditions and/or
residual trifluoroacetic acid in the sample.

tographed at pH 6.5. Chromatograms for the rechromatog-
raphy of regions A and B are shown in Figures 2 and 3,
respectively. Comparison of the two sets of chromatograms
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Table I: Identification of Altered Amino Acid in Thrombin Quick I°

prothrombin thrombin thrombin Quick I
cycle sequence position amino acid identified pmol amino acid identified pmol pmol
1% 373
2 374 Phe 120 Phe 99 >200
3 375 Thr 32 Thr 19 112
4 376 Glu 76 Glu 53 >180
5 377 Asn 64 Asn 52 141
6 378 Asp 52 Asp 31 144
7 379 Leu 47 Leu 45 146
8 380 Leu 46 Leu 38 131
9 381 Val 32 Val 23 84
10 382 Arg 17 Xe¢
11 383 Ile 22 Ile 19 45
12 384 Gly 18 Gly 14 54
13 385 Lys 13 Lys 11 23
14 none none

9 Results are given for sequencing of peptide labeled A in Figure 2 and for duplicate runs of peptide labeled B in Figure 3. Sequence position
numbers according to Degen et al. (1983). > Amino acid in cycle 1 is expected to be asparagine linked to carbohydrate. ¢PTH-amino acid was
identified as Gln or (carboxymethyl)cysteine. See Figure 4 for identification of this residue.

Gin

L L J L

L
o 10 20 o 10 20
Time (minutes) Time (minutes)

FIGURE 4: Identification of PTH-(carboxymethyl)cysteine. (a)
Chromatographic separation of known samples of PTH-(carboxy-
methyl)cysteine, labeled Cys, and PTH-Gln, labeled Gln, by adjusting
the pH of the initial chromatography buffer to 4.5 (see Experimental
Procedures for further details). (b) Identification of PTH-(carbox-
ymethyl)cysteine, labeled Cys, at position 382 from resequencing the
peptide from thrombin Quick I labeled B in Figure 3.

shows a single peptide missing from region A in thrombin
Quick I and the appearance of a new peptide in region B.

Identification of the Site of Amino Acid Substitution. The
peptide from thrombin that was missing in thrombin Quick
I was sequenced, as was the new peptide appearing in thrombin
Quick I. These results with the associated recoveries of
PTH-amino acids are shown in Table I and indicate that the
altered residue in thrombin Quick I is Arg-382 of the human
prothrombin sequence (Butkowski et al., 1977; Degen et al.,
1983). No alternate sequences were detected in sequencing
either the normal or the abnormal peptide.

Identification of Cys-382 in Thrombin Quick I. The elution
position of the PTH-amino acid present at position 382 in
thrombin Quick I corresponded to either glutamine or
(carboxymethyl)cysteine. The altered chromatographic pro-
cedure that was used to distinguish between these two amino
acids was verified by sequencing residues 342-350 of pro-
thrombin Quick I with identification of Gln-344 and Cys-348.
Chromatograms of the standards, PTH-(carboxymethyl)cys-
teine and PTH-glutamine, and for the sequencer cycle cor-
responding to residue 382 in thrombin Quick I are shown in
Figure 4. Results from the preceding and following cycles
confirmed that the peak corresponding to PTH-(carboxy-
methyl)cysteine was unique to the cycle containing residue 382.
For this sequencer run, the recovery of the cysteine derivative
was estimated at 60 pmol where the recovery of PTH-Phe in
cycle 2 was 250 pmol (for comparison, see results for thrombin
Quick I in Table I). The altered properties of thrombin Quick

Table II: Relative Activity of Thrombin Quick I*

act. of TQI/
substrate act. of thrombin
benzoylarginine ethyl ester 0.74%
tos-Gly-Pro- Arg-p-nitroanilide 0.55%
fibrinogen A« chain 0.012%
platelet aggregation 0.017¢
prostacyclin release 0.024¢

9The activity of thrombin Quick I (TQI) compared to that of
thrombin in parallel experiments. ®Results are for k,/K;, from Hen-
riksen and Owen (1987). °Relative activity in platelet aggregation was
determined by comparing the time from enzyme addition to initiation
of aggregation. Prostacyclin release was from primary cultures of hu-
man umbilical vein endothelial cells. Results from Henriksen and
Brotherton (1983).

I may thus be explained by the replacement of Arg-382 by
Cys.

DiscussioN

The results presented above have identified Arg-382 in the
human prothrombin sequence as the site of substitution in
thrombin Quick I. The substitution by Cys is consistent with
a point mutation in a prothrombin gene of the affected in-
dividual. The decreased positive charge on thrombin Quick
I that is predicted from its elution position from sulfo-
propyl-Sephadex is explained by this substitution (Henriksen
& Owen, 1987). The amino acid composition of thrombin
Quick I (Henriksen, 1985) and the identical chromatographic
behavior of the other peptides obtained by lysyl endopeptidase
hydrolysis of thrombin and thrombin Quick I are consistent
with the absence of other changes in the primary structure of
thrombin Quick L.

Arg-382 follows the carboxyl terminus of the B insertion
loop when the amino acid sequence of thrombin is aligned with
the bovine a-chymotrypsin sequence (Elion et al., 1977). This
residue corresponds to an Arg in trypsin, but is substituted by
Val in chymotrypsin. The primary structure for this region
of thrombin is shown in Figure 5. In the three-dimensional
structure of bovine trypsinogen, this Arg is located distal to
the catalytic site, but on the same aspect of the molecule. If
it is assumed that the tertiary structure of trypsinogen is
conserved in thrombin, the location of this mutant residue is
consistent with the observation that the activity of thrombin
Quick I is minimally altered with respect to low molecular
weight substrates, but is markedly decreased in the release of
fibrinopeptide A, aggregation of platelets, and stimulation of
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FIGURE 5: Diagram of human thrombin indicating the primary structure in the region of substitution in thrombin Quick I. The catalytic triad
residues are indicated by one asterisk. Arg-382 which is replaced by Cys in thrombin Quick I is marked by two asterisks. Asp-519 is located
at the base of the substrate binding pocket. The site of carbohydrate attachment is indicated by (#). See text for references and discussion

of structural features.

prostacyclin release from human umbilical vein endothelium
(Table II). These latter three physiological reactions which
involve interaction with a large protein substrate or a cellular
surface might be expected to involve an extended region of
interaction on the thrombin surface.

Evidence for the existence of a fibrinogen specificity site,
extrinsic to the catalytic site, in thrombin has been summarized
(Fenton, 1981). Further evidence for this specificity site comes
from studies with thrombomodulin as a competitive inhibitor
of the thrombin-catalyzed release of fibrinopeptides from fi-
brinogen and fibrinogen fragments (Jakubowski et al., 1986;
Hofsteenge et al., 1986; Hofsteenge & Stone, 1987). More
recently, studies of direct binding between thrombin and
fragments of fibrinogen have identified fibrinogen a-chain
residues 17-78 as containing a strong binding site for thrombin
(Vali & Scheraga, 1988). The results of structural studies
on degraded forms of thrombin which retain activity toward
low molecular weight substrates but show a marked decrease
in fibrinogen clotting activity indicate that prothrombin res-
idues 386-3932 are deleted in bovine S-thrombin (Lundblad
et al., 1979) and that residues 383-393 are deleted in human
G-thrombin with the additional loss of residues 444-474 in
human ~y-thrombin (Boissel et al., 1984). Defects of ap-
proximately 50-foid in both Ky, and k., for release of fibri-
nopeptide A from fibrinogen by human y-thrombin (Lewis
et al., 1987) suggest the involvement of one or both of the
deleted peptide regions in determining the specificity toward
fibrinogen. For a form of thrombin, S;-thrombin, in which
a single hydrolysis occurs following residue 393, but where no
peptide is lost, the K, for release of fibrinopeptide A from
fibrinogen is increased about 2-fold with an approximately
40-fold decrease in k. Toward low molecular weight sub-
strates of thrombin, Sr-thrombin had a 3-fold increase in Ky
without a change in k,. For another derivative of thrombin,
hydrolyzed specifically following residue 470, the hydrolysis
of low molecular weight substrates was essentially unaffected,
and there was less than a 2-fold decrease in kg, for release
of fibrinopeptide A (Hofsteenge et al., 1988). Although this
latter study does not identify a region of thrombin critical for
fibrinogen binding, it does indicate that the structure around
residue 393 is critical for normal catalytic efficiency with
respect to fibrinogen. When the human and bovine thrombin

2 All sequence numbers refer to the human prothrombin sequence.
The bovine prothrombin sequence has three additional residues in the
amino-terminal activation fragments so that the actual position of bovine
thrombin residues is the number indicated +3.

sequences are compared, the peptides comprising residues
378-393 and 455-463 are identical and also contain several
residues that are conserved among serine proteases in general
(Degen et al., 1983; MacGillivray & Davie, 1984). The
previous functional characterization of thrombin Quick I
suggested that the alteration in this molecule involves a specific
fibrinogen binding site, extrinsic to the catalytic site, and that
this defect is communicated to the catalytic site as evidenced
by defects in both Ky and k, for the release of fibrinopeptide
A (Henriksen & Owen, 1987). The results of the present study
suggest that the fibrinogen specificity site includes Arg-382,
a residue that is retained in both $5- and «-thrombins (see
Figure 5).

Two chemically modified derivatives of thrombin with de-
creased fibrinogen clotting activity have been characterized
with respect to the site of modification. Human thrombin,
in the presence of heparin, is modified by pyridoxal phosphate
at two sites in the B chain, Lys-341 and Lys-385 (Meade et
al., 1987). Steady-state kinetic parameters for fibrinopeptide
A release have not be determined for this derivative. However,
the activity of phosphopyridoxylthrombin toward low molec-
ular weight substrates was nearly identical with that of un-
modified thrombin (Griffith, 1979). The modification by
tetranitromethane of Tyr-391 and/or Tyr-405 in bovine
thrombin results in a thrombin preparation in which the Ky
for release of fibrinopeptide A from fibrinogen is unaltered,
but k., is reduced to about one-third of that for unmodified
bovine thrombin (Lundblad et al., 1988).

Thrombin Tokushima is the only other dysthrombin for
which a primary structural defect has been identified. In this
case, Arg-418 is replaced by Trp. Although Miyata et al.
(1987a) concluded that this amino acid substitution was at
a substrate binding site, they also reported that all catalytic
activity of this dysthrombin was reduced including an increased
Ky and a decreased k,, for the substrate Boc-Val-Pro-Arg-
4-methylcoumaryl-7-amide. Arg-418 is adjacent to the con-
served Asp residue of the catalytic triad. The primary
structure defect in two other dysprothrombins has been de-
termined. In both prothrombin Barcelona and prothrombin
Madrid, the defect is at the factor Xa cleavage site between
fragment 2 and prethrombin 2 where Arg-271 is replaced by
Cys (Rabiet et al., 1986; Rabiet et al., 1987).

The substitution of Cys for Arg in thrombin Quick I is
expected to result from a point mutation in which the codon,
CGC, for Arg-382 (Degen et al., 1983) is converted to TGC.
It is reported that cytosine in the sequence CpG is highly
methylated and that this may result in making this sequence
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a “hotspot” for mutations, with C being replaced by T (Barker
et al., 1984). Arg to Cys mutations have been reported in
several other proteins of the coagulation pathway. These
include the antithrombin III mutants Toyama (Koide et al.,
1984), Tours (Duchange et al., 1987), Alger (Brunel et al.,,
1987), and Northwick Park (Erdjument et al., 1988) as well
as fibrinogens Metz (Southan et al., 1982), Zurich I (Southan
et al., 1982), Bergamo I (Reber et al., 1985), Osaka (Miyata
et al., 1987b), Kawaguchi (Miyata et al., 1987b), Schwarzach
(Henschen et al., 1983), Tochigi (Yoshida et al., 1988), and
Stony Brook (Galanakis & Henschen, 1985). The same
mechanism could also explain the Arg to Trp mutation in
prothrombin Tokushima (Miyata et al., 1987a) and the re-
ported mutation of the Arg codon to a stop codon in multiple
cases of hemophilia A (Youssoufian et al., 1986).

The results presented here identify residue 382 in human
prothrombin as essential for determining the specificity of
thrombin toward fibrinogen and also in the cellular responses
of platelet aggregation and prostacyclin release. As in other
studies of this type, it is not possible, from the data available,
to distinguish whether this residue is directly involved in
specific binding interactions or is critical only for maintaining
the structure of the binding site at another location in the
enzyme. Resolution of this question will require additional
investigation and would benefit from knowledge of the tertiary
structure of this enzyme.
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