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A B S T R AC T A dysprothrombin designated pro-
thrombin Quick, is isolated from the plasma of an indi-
vidual with <2%of normal functional prothrombin ac-
tivity and 34% of the normal prothrombin level by im-
munologic assay. With Factor Xa or taipan snake venom
as activators, a fragmentation pattern identical to that of
normal prothrombin is observed on gel electrophoresis
in dodecylsulfate. This evidence combined with the
observed barium citrate adsorption of prothrombin
Quick and the low activity suggests that the defect in
prothrombin Quick is in the thrombin portion of the
molecule. Thrombin Quick is isolated and comigrates
with thrombin on dodecyl sulfate gel electrophoresis,
either reduced or nonreduced. The activity of thrombin
Quick on several biological substrates of thrombin is
investigated. Relative to normal thrombin, thrombin
Quick is 1/200 as active on fibrinogen and 1/20-1/50 as
effective in activating Factors V and VIII and aggregat-
ing platelets. A complex with antithrombin III is de-
tected by dodecyl sulfate gel electrophoresis. Further
investigation with the active site titrant, dansyl-
arginine-N-(3-ethyl- 1,5-pentanediyl)amide showed
that the thrombin Quick preparation has the same
affinity for the titrant as thrombin, but apparently only
40% active sites per mole protein are titrable.

INTRODUCTION
Dysprothrombinemia is a rarely described blood co-
agulation disorder in which the functional level of pro-
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thrombin is decreased relative to the immunologically
detectable prothrombin. This defect has been identi-
fied in nine pedigrees (1-9). Prothrombin (72,000
dalton) is the zymogen of the serine protease thrombin
(37,000 dalton), which acts on fibrinogen in the final
stages of blood coagulation (10). The activation reac-
tion, catalyzed by the serine protease Factor Xa, results
in the hydrolysis of two peptide bonds, and the loss of
a large activation peptide, fragment 1-2 (35,000 dalton)
from the amino terminus. The activation peptide itself
plays an important role in enhancing the rate of activa-
tion (11). Because of the complex nature of prothrom-
bin's activation, a functional dysprothrombinemia may
result from a defect at several different sites in the mole-
cule: in the fragment region, at a residue adjacent to a
Factor Xa cleavage site, or in the thrombin portion of
the molecule. In the present study, the dysprothrombin
prothrombin Quick was isolated from the plasma of a
patient originally studied by Quick (12, 13). The
prothrombin level in this plasma assayed by a two
stage method using thromboplastin or a one stage
taipan venom assay is <2%of normal. Although Quick
correctly identified this patient as prothrombin de-
ficient, only more recently has a dysprothrombin been
identified by immunologic assay (6). The results re-
ported here indicate that prothrombin Quick is hy-
drolyzed normally by prothrombin activators. The
resultant dysthrombin, thrombin Quick has been in-
vestigated in several reactions known to occur with nor-
mal thrombin. Previously studied dysprothrombins
have been defective in the fragment region or cleavage
sites (1-5, 7-9) as determined by formation of pre-
dicted amounts of thrombin on activation by non-
physiologic activators. Thrombin Quick is unique as a
genetically defective thrombin.

METHODS
Plasma from the dysprothrombinemic patient V.A. (12, 13),
was collected into acid citrate dextrose anticoagulant by a
standard double plasmapheresis technique. Approval of
the University of Iowa Human Use Committee and informed

^Clinical Investigation, Inc. 0021-9738/80/11/0934107 $1.00
Volume 66 November 1980 934 -940



consent of the patient were obtained. Plasma was either frozen
immediately or recentrifuged to remove cellular material and
stored at -75°C. Since prothrombin Quick was shown previ-
ously to be adsorbed by barium citrate (6), a standard pro-
thrombin isolation procedure, modified from that of Aronson
(14), was used to isolate both prothrombin Quick and normal
human prothrombin. For studies of thrombin, or thrombin
Quick, the respective prothrombins were activated with
taipan snake venom, phospholipid, and Ca2' as activator.
Thrombin was isolated by a modification of the procedure
originally described by Lundblad (15). The activation mixture
was applied to sulfopropyl Sephadex equilibrated in 0.1 M
NaCl, 0.05 MTris, pH 7.5. After elution of the break-through
peak, thrombin was eluted by increasing NaCl and stored in
aliquots at -75°. The thrombin and thrombin Quick concen-
trations were determined from the A28, corrected for light scat-
tering at 320 nm, an El'm = 16.2 (16), assumed the same for
both proteins, and mol wt = 37,000. A lyophilized preparation
of bovine factor Xa containing bovine serum albumin and
Tris-maleate was a gift from C. M. Jackson, St. Louis, Mo.
Phospholipid (rabbit brain cephalin), taipan snake venom, and
bovine serum albumin were obtained from Sigma Chemical
Co., St. Louis, Mo. Dodecyl sulfate gel electrophoresis in 10%
polyacrylamide was performed as described by Laemmli (17).

Bovine Factor V was prepared and assayed as described (18).
Human Factor VIII was prepared by the method of Wagner
et al. (19). Factor VIII was assayed by the one-stage method of
Hardisty and MacPherson (20).

Platelets from a normal donor were isolated by gel filtra-
tion on Sepharose 2B (21). Equimolar SrCl2 replaced MgCl2
in the eluant that contained 0.35% bovine serum albumin (22).
Platelet aggregation was studied by the method of Born and
Cross (23). All aggregation studies were completed within 3.5
h of venipuncture.

Fibrinogen was isolated by the procedure of Straughn and
Wagner (24). To study complex formation, antithrombin III,
isolated as described (25), was added to thrombin or thrombin
Quick and incubated for 8 min before addition of dodecyl
sulfate for electrophoresis, which was performed immediately.

For the study of the presence of an active site, the competi-
tive inhibitor dansylarginine-N-(3-ethyl-1,5-pentanediyl)-
amide (DAPA)1 was prepared as described (26). Fluorescence
spectra were collected with a Hitachi-Perkin Elmer fluores-
cence spectrophotometer, model MPF-2A, thermostated at 25°C.

Thrombin solutions in 0.1 MNaCl, 0.05 MTris, pH 7.5 were
used for titration. DAPAwas dissolved in distilled H20 and the
concentration determined from the A33s and e335 = 4.01 x 103.

DAPAwas added to the protein by using a Hamilton syringe
with repeating dispensor (Hamilton Co., Reno, Nev.). After
each addition, excitation spectra were obtained from 270-360
nm, with emission detected at 550 nm. Total titrant volume
did not exceed 2%of total volume of protein solution. Fluores-
cence after each addition of DAPAwas determined from the
recorder tracing. Fluorescence for DAPAadded to buffer only
was also determined. The least squares regression line for
the latter titration was determined and used to correct the
protein fluorescence at each DAPAconcentration. The cor-
rected titration data were used to determine the respective dis-
sociation constants and mole fraction of active sites (n) as de-
scribed by Gutfreund (27). The maximum fluorescence was
determined by iteration to maximize the correlation coeffi-
cient as described by Nesheim et al. (26).

In each experiment described, the action of thrombin and
thrombin Quick were compared in parallel with the
same reagents.

'Abbreviation used in this paper: DAPA, dansylarginine-
N-(3-ethyl-1,5-pentanediyl)amide.

RESULTS

To establish whether prothrombin Quick was cleaved
by prothrombin activators, parallel activations of pro-
thrombin and prothrombin Quick were analyzed by gel
electrophoresis in dodecyl sulfate. The results of the
activation with Factor Xa, phospholipid, and Ca2+ are
shown in Fig. 1. The same set of activation fragments
are observed with both proteins, and similar results
were obtained with taipan venom, phospholipid, and
Ca2' as activator. These results indicate that prothrom-
bin Quick is properly cleaved and suggest that the de-
fect in this molecule lies in the thrombin portion of
the molecule.

To investigate the properties of thrombin Quick, a
preparative scale activation was performed and throm-
bin Quick was isolated by sulfopropyl Sephadex
chromatography. This material was subjected to dode-
cylsulfate gel electrophoresis and was found to comi-
grate with thrombin and thrombin heavy chain on un-
reduced and reduced gels, respectively. Thus, at the
level of sensitivity of this technique no difference is
seen between thrombin and thrombin Quick.

Preliminary results indicated that thrombin Quick
possesses significant esterase activity with benzoylar-
ginine ethyl ester as substrate (unpublished observa-
tion). Since,, the plasma prothrombin in this patient was
assayed at <2%, an examination of the activity of throm-
bin Quick on biological substrates was of interest, par-
ticularly in view of the fact that a role for proteolytic
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FIGURE 1 Activation of prothrombin Quick and prothrom-
bin by Factor Xa, phospholipid, and Ca2 . Prothrombin
Quick, 66 ,mg/ml or prothrombin 77 itg/ml; Ca21, 7 mM; Factor
Xa, -7 U/ml (30); and phospholipid were incubated at 220C.
Aliquots were removed at the indicated times and the reaction
stopped by addition of dodecyl sulfate at 100°C. Gels were
loaded with 5 Ag (prothrombin Quick) or 6 j.g (prothrombin)
protein. The additional band seen in the 10- and 120-min gels
is due to albumin in the Xa preparation. Pro, prothrombin;
Pre 1, prethrombin 1; Thr, Thrombin; F1 2, fragment 1-2;
Fl, fragment 1.
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catalysis has not been rigorously established in all of
these reactions. In addition to the conversion of fibrin-
ogen to fibrin in the final stage of blood coagulation,
thrombin also participates in other reactions associated
with blood coagulation, including the activation of Fac-
tors V and VIII, the aggregation of platelets, and the
formation of a complex with the plasma protein inhibi-
tor antithrombin III. The behavior of thrombin Quick in
these reactions was investigated.

To determine the action of thrombin Quick on
fibrinogen, dilutions of normal thrombin were made to
extend the clotting time to that observed with the un-
diluted stock solution of thrombin Quick. Based on pro-
tein concentrations, the results indicated that thrombin
Quick was 1/200 as effective as thrombin in clotting fi-
brinogen. Fig. 2 shows the relative initial rates of dis-
appearance of Factor V (determined by appearance of
Factor Va) in reactions with thrombin and thrombin
Quick. Relative slopes were determined from corre-
sponding initial time points and indicate that the acti-
vation of Factor V by thrombin Quick occurs at 1/20 the
rate observed with thrombin. Thrombin Quick activa-
tion was found to deviate from linearity in the first
order plot (Fig. 2) after about half the total Factor V
had been activated (figure shows rates normalized to
equivalent protein concentrations for both enzymes).
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FIGURE 2 Relative rates of reaction ofthrombin and thrombin
Quick with Factor V. The fraction of Factor V remaining, de-
termined by appearance of Factor Va, is plotted on the or-
dinate and the activation time is shown on the abscissa. Vamax,
maximal Va activity; Vat, Va activity at time, t. The rates have
been normalized to equivalent protein concentrations for
thrombin and thrombin Quick and the initial four points were
used to determine the relative rates of activation. The reaction
mixtures contained 0.25 mg/ml Factor V and 0.56 ug/ml throm-
bin (-) or 2.6 ,ug/ml thrombin Quick (0) in 0.15 M NaCl,
0.02 M imidazole, pH 7.4 at 220C. At the indicated times, ali-
quots of the reaction mixture were diluted 1/200 into cold as-
say buffer and subsequently further diluted for assay.

Dodecyl sulfate gel electrophoresis of Factor V after ac-
tivation by thrombin and thrombin Quick showed the
same fragmentation pattern with both enzymes (data
not shown). For Factor VIII activation, the quantita-
tive interpretation is complicated by the rapid loss of
Factor VIII activity after activation. However, throm-
bin Quick at a concentration about 20 times that of
thrombin yielded comparable activation of Factor VIII.

In addition to the plasma coagulation factors, plate-
lets are an essential component of the normal hemo-
static mechanism and their aggregation may be in-
duced by thrombin. Both thrombin and thrombin
Quick induced aggregation of gel-filtered platelets. At
an enzyme concentration of 0.07 ,g/ml, where rapid
and complete aggregation was observed with thrombin,
no aggregation was observed with thrombin Quick.
Based on the amount of protein required to give an
equivalent lag time from thrombin addition to ini-
tiation of platelet aggregation, thrombin Quick was
about 1/50 as effective as normal thrombin.

Several protein proteinase inhibitors play important
roles in the regulation of hemostasis. These include
the protein designated antithrombin III. The interac-
tion of thrombin and thrombin Quick with antithrom-
bin III was examined to determine whether complex
formation occurred. Results of dodecyl sulfate gel elec-
trophoresis are shown in Fig. 3. A stable, presumably
covalent, complex was formed between thrombin
Quick and antithrombin III and significantly less
degradation of this complex occurred compared to that

1 .2 3 5

__--

FIGURE 3 At III complex formation with thrombin or throm-
bin Quick. Dodecyl sulfate gel electrophoresis of (1) throm-
bin Quick, 2 Zg; (2) thrombin, 3.5 Zg; (3) Antithrombin III,
12 ,Lg; and (4) thrombin Quick, 2 ,.g, plus antithrombin III,
6 ±g, and (5) thrombin, 2 ,g plus antithrombin III, 6 ig. For
gels 4 and 5, the proteins were mixed and incubated 8 min
before adding sodium dodecyl sulfate. Protein concentra-
tions in the incubation mixtures were (4) 0.02 mg/ml throm-
bin Quick, 0.061 mg/ml antithrombin III and (5) 0.17 mg/ml
thrombin and 0.64 mg/ml Antithrombin III.
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with the normal thrombin complex, as might be antic-
ipated from the decreased activity of thrombin Quick
observed in the above reactions. Analysis of this reac-
tion by scanning densitometry of gels run after incuba-
tion of thrombin Quick (0.028 mg/ml) with antithrom-
bin III (0.16 mg/ml) showed that 35% of the thrombin
Quick was converted to complex at 10 min. Prolonged
(1 h) incubation or addition of heparin (1 ,ug/ml) in-
creased the extent of reaction of thrombin Quick to
only 50%. Thus a complex between thrombin Quick
and antithrombin III is readily formed, but under
conditions where the reaction between thrombin and
antithrombin III goes to completion, only half of the
thrombin Quick preparation forms a complex. A sum-
mary of results comparing thrombin and thrombin
Quick is shown in Table I.

The observation that the reaction between thrombin
Quick and antithrombin III does not reach completion
raises questions regarding the integrity of thrombin
Quick. Therefore, the thrombin Quick active site was
titrated with DAPA, a fluorescent probe known to com-
pete with substrates for the thrombin active site. DAPA
binding to thrombin results in fluorescent enhance-
ment, and the Kd for this binding is reported as 43 nM
(26). Because of the low dissociation constant DAPA
may be used as an active site titrant. In parallel reac-
tions thrombin and thrombin Quick were titrated with
DAPAand the emission at 550 nm was determined
after excitation at both 340 and 290 nm. The results
are shown in Fig. 4. The results obtained from these ti-
trations, summarized in Table II, indicate that, based
on equivalent extinction coefficients for thrombin and
thrombin Quick, only 35-40% of the thrombin Quick
molecules possess sites titratable with DAPAto yield
fluorescence enhancement. The binding affinity is
comparable for both enzymes, and similar to that
reported for thrombin (26). It has been observed that
energy transfer from protein to DAPAoccurs as evi-
denced by DAPAfluorescence emission in response to
excitation at the protein absorption maximum. This
energy transfer results in a greater fluorescence en-
hancement than that seen with excitation at the

TABLE I
Comparison of Activity of Thrombin Quick with Thrombin*

Activity thrombin Quick/
Reaction activity thrombin

Factor V activation 0.05
Factor VIII activation 0.05
Platelet aggregation 0.02
Fibrinogen 0.005
Antithrombin III complex formed
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FIGURE 4 Titration of thrombin Quick (0.637 atM, 0) and
thrombin (0.659 g.&M, 0) with the competitive inhibitor, DAPA.
Fluorescence was determined at 550 nm. Excitation at (A)
340 and (B) 290 nm. Solid lines are calculated binding curves
for the parameters given in Table II, which were derived from
the data enclosed within the brackets for each titration
(Methods).

DAPAabsorption maximum,2 a finding which is con-
firmed in this study. It is also observed that the fluores-
cence per active site titrated is similar for thrombin and
thrombin Quick. The reason for the decrease in fluores-
cence observed at higher DAPAconcentrations is not
clear, but suggests a quenching phenomenon due to
DAPAprotein interaction since the free DAPAfluores-
cence is subtracted to yield the titration curves pre-
sented in Fig. 4.

* Based on total protein as determined by A280, assuming the 2 Straight, D. L., M. E. Nesheim, K. G. Mann, and R. L.
same extinction coefficients. Lundbland. Manuscript in preparation.
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TABLE II
Titration of Thrombin and Thrombin Quick with DAPA*

Excitation n Kd F/n I

nm mol nm

Thrombin 290 0.83 4.6 5.4
340 0.83 10 2.7

Thrombin Quick 290 0.35 15 4.9
340 0.41 12 2.2

* For procedures see Methods. n, mole fraction of active sites;
Kd, molar dissociation constant; F, maximum fluorescence ob-
tained from the iteration procedure used to determine n and
Kd. The units are arbitrary based on relative fluorescence.

DISCUSSION

The earlier finding that the functional prothrombin as-
sayed in the plasma containing prothrombin Quick
was <2%of normal, whereas the immunologic level of
prothrombin was 34%of normal might be explained by
a defect in the activation peptide, a defect at a
Factor Xa cleavage site or by the production of a dys-
functional thrombin. It was found that prothrombin
Quick was adsorbed to barium citrate (6), which indi-
cates that the Ca2+ and lipid-binding functions of the
fragment 1 region are normal (28). Since prothrombin
Quick is fragmented normally on activation by known
prothrombin activators, and the resultant enzyme has
the dodecyl sulfate electrophoretic properties of throm-
bin, the presence of a dysthrombin, thrombin Quick is
indicated. This is consistent with the earlier observa-
tion that both one and two stage assays for prothrom-
bin in the dysprothrominemic plasma yielded simi-
larly low levels of prothrombin.

In this study, the activity of thrombin Quick has been
compared to that of thrombin using the absorbance at
280 nm to establish relative concentrations of the pro-
teins. On this basis, thrombin Quick possesses only 0.4
the number of active sites found with thrombin as
shown by the titration with DAPA. This finding is con-
firmed by the observation that only half of the thrombin
Quick preparation reacts with antithrombin III. Al-
though a portion of the thrombin Quick preparation ap-
pears to be inactive by these criteria, the preparation
behaves as a homogeneous protein identical to throm-
bin by the physical criterion of dodecyl sulfate gel elec-
trophoresis, either reduced or unreduced. It is not pos-
sible to ascertain from these results whether the ap-
parently inactive portion of thrombin Quick is totally
lacking an active site. It may bind DAPA, but without
fluorescence enhancement or energy transfer. Ex-
amination of the results presented in Fig. 4A indicates
that the affinity of such binding, if present, must be
lower by at least a factor of 100.

Several possible explanations for the observed be-
havior may be suggested. Thrombin Quick may be a
less stable protein than thrombin and consequently
subject to partial denaturation and loss of the DAPA
binding site to the extent indicated by the titration re-
sults. Evidence against this is the observed stability of
thrombin Quick preparations stored at -700. DAPAti-
tration results similar to those presented were obtained
on the same preparation one month earlier. Another
possibility is that the thrombin Quick preparation is
highly contaminated with prethrombin 2. This explana-
tion is excluded by the previously mentioned coelec-
trophoresis of reduced thrombin and thrombin Quick
since prethrombin 2 is a single polypeptide chain that
is hydrolyzed to form the two chains of thrombin. No
prethrombin 2 is seen on the reduced gels.

Human thrombin is known to differ from bovine
thrombin by the absence of an homologous 13 amino
acid peptide at the amino terminal end of the A chain.
This peptide is removed from human thrombin auto-
catalytically (29), and because of this, the effect of the
peptide on thrombin activity is not known. For throm-
bin Quick, the decreased activity may result in slow
cleavage of this peptide and affect the observed activity
of the thrombin Quick preparation. However, electro-
phoresis results, as well as the stability of the prepara-
tion discussed above suggest that the hydrolysis of the
amino terminal peptide is complete. Other explana-
tions of the active site titration results include the sub-
stitution of an Arg residue at some point in the A chain
of thrombin such that a slow cleavage of the A chain
occurs autocatalytically with resultant alterations in the
titration behavior with DAPA. Such an alteration in the
A chain would not be detected by electrophoresis. Be-
cause of the low molecular weight of the A chain, only
the B chain of thrombin is observed on dodecylsulfate
gel electrophoresis in the presence of reducing agents.

Another explanation for the apparently altered num-
ber of active sites is that there are two dysthrombins
in the preparation. This could arise if the patient were
heterozygous for two dysthrombins, although the
finding of two in one individual should be a very rare
occurrence. However, this now appears to be a pos-
sibility in this patient. The presence of two dysthrom-
bins, one possessing an active site titrated by DAPA
and the other inactive by this criterion would explain
the results of both the DAPAtitration and the reaction
with antithrombin III. Further investigation of this
possibility continues and will include an attempt to
identify two precursor dysprothrombins. It has not
been possible to clearly establish the mode of inherit-
ance in this patient. The patient's mother is deceased;
however plasma from her father shows 41%prothrom-
bin in one stage taipan venom assay and 104% pro-
thrombin by immunologic assay (unpublished observa-
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tion) suggesting that he is heterozygous for normal pro-
thrombin and a dysprothrombin. It is possible that she
could have also inherited a dysprothrombin from her
mother; her siblings have not been available for study.

The results of the DAPAtitration indicate that for the
titratable molecules, the active site environment in
thrombin Quick retains certain similarity to that in
thrombin as evidenced by similar dissociation con-
stants for the titrant, similar fluorescent enhancement
determined by excitation at both 340 and 290 nm and
consequently a similar active site geometry to the ex-
tent required to facilitate energy transfer from the pro-
tein to DAPA. The defect in thrombin Quick, as evi-
denced by low activity with biological substrates must
lie in some other aspect of the active site. In this re-
gard it may be noted that both alpha and beta throm-
bins behave similarly with respect to DAPAbinding
while having differing catalytic behavior (26). The no-
tion that thrombin Quick activity may represent only a
thrombin contaminant is discounted by the differing
behavior of thrombin Quick relative to thrombin in the
various reactions studied. The relatively low activity
observed in thrombin-catalyzed reactions with Factors
V and VIII, fibrinogen, and platelets contrasts remark-
ably with the observed ease of formation of a complex
with antithrombin III and the presence of DAPA
binding sites.

Even if only one-third of thrombin Quick molecules
have active sites, the activity of thrombin Quick on Fac-
tors V and VIII, and platelets, is no more than 15% that
of thrombin and seems to occur much less readily than
antithrombin III complex formation. An even greater
defect (-1%) is seen with fibrinogen. It is hoped that
this difference may be exploited further to investigate
what must be a fundamental difference in reaction mech-
anisms for these various events in normal hemostasis.

The identification of a dysthrombin provides a
unique opportunity for investigation of the mechanism
of thrombin's action. If it is assumed that a defective
thrombin is due to a single point mutation and conse-
quently a single amino acid replacement in the primary
structure, a thorough understanding of the properties
of the resultant thrombin as well as identification of the
primary structure defect should allow an increased un-
derstanding of structure-function relationships in the
enzyme thrombin.
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