mission of other arboviruses, particularly
those transmitted by long-feeding ticks,
needs to be explored.
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Heparin Promotes the Inactivation of Antithrombin

by Neutrophil Elastase

RoOBERT E. JORDAN,* JALEH KILPATRICK, RICHARD M. NELSON

Heparin is an acceleratory cofactor for antithrombin, a circulating inhibitor cf blood
coagulation enzymes. The presence of heparin on blood vessel walls is believed to
contribute to the nonthrombogenic properties of those surfaces. In apparent opposi-
tion to this function, heparin was found to greatly accelerate the in vitro inactivation of
antithrombin by neutrophil elastase. Inactivation rates in solution were potentiated
several hundredfold by specific heparin fractions with anticoagulant activity. Although
the data suggest that a heparin-antithrombin complex is essential for the inactivation
by elastase to occur, the enzyme itself interacts tightly with heparin. These results
suggest a mechanism which, if operating in vivo, could lead to a localized neutraliza-
tion of the anticoagulant function of heparin at the endothelial surface.

HE BLOOD COAGULATION SYSTEM IS

a series of linked proteolytic reac-

tions that, in the presence of appro-
priate stimuli, can rapidly lead to clot forma-
tion. A number of natural anticoagulant
mechanisms are present to guard against the
undesirable deposition of thrombi within
normal blood vessels. Recent evidence sug-
gests that the luminal surface of the blood
vessel, the endothelium, is itself actively
involved in the regulation of thrombosis (1).
When the normally nonthrombogenic na-
ture of the endothelium is lost, as in certain
irfflammatory conditions, a hypercoagulable
state can result. The current study suggests a
mechanism by which the normal function-
ing of the endothelial heparin-antithrombin
system might be modified in inflammatory
discase. '
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Antithrombin (also referred to as anti-
thrombin III or AT-III) is the primary
plasma inhibitor of blood coagulation en-
zymes and is a member of a large superfami-
ly of related proteins that includes several
serine proteinase inhibitors (serpins) (2).
These proteinase inhibitors share a common

*Fig. 1. Effect of heparin on the rate of antithrom-

bin inactivation by neutrophil elastase. A. reaction
mixture, that contained purified human anti-
thrombin (10) at a concentration of 2 pM and
various concentrations of heparin in 0.15M NaCl
and 0.02M tris HCL, pH 7.5, was *warmed to
37°C. Elastase was added to a concentration of 5
nM to initiate the reaction. Reacticns were
stopped at the indicated times by a 20-fold dilu-
tion of an aliquot of the reaction mixture into the
second-phase assay buffer (0.1544 NaCl and
0.05M1 tris HCI, pH 8.4) that contained 1 ug of
-1 proteinase inhibitor per milliliter. Antithrom-

mechanism by which a covalent, essentially
irreversible complex is formed with the tar-
get enzymes (3). It is interesting that several
of these inhibitors are themselves the target
of attack by proteinases of mammalian and
nonmammalian origin. In the case of anti-
thrombin, neutrophil elastase catalyzes a
specific and inactivating cleavage near the
site involved in the inhibition of coagulation
enzymes (4). It has been hypothesized that
this inactivation phenomenon contributes to
the hypercoagulable state linked to neutro-
phil activation in inflammation and septice-
mia (5, 6).

Maintenance of plasma concentrations of
antithrombin at or near the normal level of
approximately 2 pAM is apparently essential
to avoid the thrombotic tendency associated
with both hereditary and acquired deficien-
cy states (7). Disease-related decreases in
circulating antithrombin levels can be more
than 50% in extreme cases of septicemia.
Such large decreases have most often been
attributed to a massive consumption of anti-
thrombin in the course of inhibiting large
amounts of activated coagulation enzymes.
A possible alternative explanation was sug-
gested by the recently described inactivation
of antithrombin in vitro by neutrophil elas-
tase (5). The widespread activation of neu-
trophils in inflammation and the potential
for significant release of elastase give this
mechanism some appeal. However, the ex-
trapolation of this observation to the phys-
iological setting must take into account the
very high plasma levels of a specific and fast-
acting elastase inhibitor. This inhibitor, a-1
proteinase inhibitor, normally prevents
expression of elastolytic activity in plasma
(3). To address this conceptually problemat-
ic situation, we investigated the influence of
heparin on the elastase-antithrombin inter-
action.

The anticoagulant heparin is a functional-
ly and chemically heterogeneous sulfated
carbohydrate with the ability to bind to
antithrombin and accelerate its rate of inhi-
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bin activity was then determined by a chromogenic heparin cofactor assay as described (7). The
individual reaction mixtures were as follows: no added heparin (@); 1 ug per milliliter of inactive
heparin (A); 50 (W), 100 (O), 400 (A), or 700 (0) nanograms per milliliter of the anticoagulant
fraction of heparin. The human neutrophil elastase was a gift of J. Travis or was a human sputum—
derived preparation obtained commercially from Elastin Products Company.
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bition of coagulation enzymes. Heparin
does not normally circulate in blood but,
rather, is an integral component of vascular
endothelial cell walls (8). The anticoagulant
activity of heparin, as purified from animal
tissues and administered therapeutically, de-
rives from a limited subfraction of heparin
molecules (35%) with affinity for anti-
thrombin (9). Despite its central role in the
normal functioning of antithrombin, a simi-
lar potentiation by heparin of the inactiva-
tion of antithrombin by elastase was not
detected in earlier studies (5). We were
prompted to reexplore this possibility in
consideration of the profound influence of
heparin on antithrombin inhibitory function
and its potential ability to localize events at a
surface in vivo.

A representative kinetic study of the inac-
tivation of highly purified human anti-
thrombin by neutrophil elastase is presented
in Fig. 1. For these studies in vitro, we
found it essential to use extremely well
characterized and highly purified antithrom-
bin preparations. This is because heparin
and platelet factor 4, a heparin-neutralizing
component, are frequent contaminants of
antithrombin purified from pooled blood
plasma by affinity chromatography on im-
mobilized heparin supports. The absence of
these contaminants was ensured in the pre-
sent study by inclusion of specific separation
steps (10) and confirmed by specific assays
for these components (11).

Inactivation of antithrombin occurred at a
negligible rate in the absence of heparin
(Fig. 1). When small amounts of active
anticoagulant heparin (12) were included,
however, a progressive and eventually com-
plete loss of the inhibitory activity of anti-
thrombin occurred. In the curve that repre-
sents a heparin concentration of 50 ng/ml,
the approximate calculated molar ratios of
heparin, elastase, and antithrombin were
1:1.5:600, respectively. Rates of inactiva-
tion were dependent on heparin concentra-
tions at low levels but reached an apparent
maximum velocity at approximately 0.5
pg/ml of the active heparin species. To
achieve maximal inactivation rates, then, a
heparin concentration less than 3% of that
required for stoichiometric equivalence with
antithrombin was needed. Thus, both hepa-
rin and clastase act catalytically to inactivate
antithrombin. This catalytic role for elastase
distinguishes the mechanism of the present
heparin-accelerated inactivation phenome-
non from the heparin-accelerated inhibition
of clotting enzymes by antithrombin. In the
latter case, heparin catalyzes the formation
of a covalent, stoichiometric complex be-
tween antithrombin and enzyme (13).

To determine the magnitude of the pre-
sent heparin effect, we compared the rate of
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Fig. 2. Heparin-Sepharose chromatography of
elastase-inactivated antithrombin. A reaction mix-
ture containing 5 mg of antithrombin and 150 p.g
of clastase was initiated with a trace amount of
heparin and monitored for antithrombin func-
tional activity until inactivation was complete.
Before application of the reaction mixture on the
column, free heparin was removed by adsorption
on QAE-Sepharose (10). The reaction mixture
was applied to a heparin-Sepharose column (1.1
by 8.8 cm) preequilibrated in a buffer that consist-
ed of 0.25M NaCl, 0.02M tris HCI, pH 7.5.
Elastase-inactivated antithrombin (A) eluted as a
single unbound peak under the conditions of
application. Elastase was eluted by a 120-ml linear
gradient of NaCl from 0.25 to 0.6M1. Elastase
activity (O) was detected by its ability to hydro-
lyze the chromogenic substrate methoxysuccinyl-
Ala-Ala-Pro-Val-p-nitroanilide (Sigma) as previ-
ously described (16). Heparin-Sepharose was pre-
pared as described previously (10).

inactivation in the presence or absence of a
saturating level of heparin (10 pg/ml) and
assumed that first-order kinetics were
obeyed in each case. With 5 nM elastase and
500 nAM antithrombin, an approximately
400-fold rate enhancement was observed.
This enhancement value derives from the
ratio of velocities of 650 nAf/min in the
presence and 1.6 nM/min in the absence of
the active heparin species. Although this
calculated rate enhancement reflects the spe-
cific solution-phase conditions and reactant
concentrations used, its magnitude empha-
sizes that heparin can greatly accelerate this
inactivation phenomenon.

The inactive heparin fraction failed to
promote the cleavage of antithrombin by
elastase (Fig. 1). Other glycosaminoglycans
including dermatan sulfate, chondroitin 4-
sulfate, chondroitin 6-sulfate, and dextran
sulfate were also without significant stimula-
tory effect at similar concentrations. The
distinguishing characteristic of active hepa-
rin, in contrast to the inactive heparin frac-
tion and other sulfated carbohydrates, is its
ability to bind with high affinity and speci-
ficity to antithrombin. The apparently strin-
gent requirement for the active heparin spe-
cies in the present reaction strongly suggests
that a heparin-antithrombin complex is the
substrate for elastase attack.

Previous studies with crossed immuno-
electrophoresis demonstrated that, in con-
trast to functional antithrombin, elastase-
cleaved antithrombin had little or no bind-
ing affinity for heparin (5). We have con-
firmed this result using affinity chroma-

tography on immobilized heparin. Elastase-
inactivated antithrombin is not adsorbed to
immobilized heparin at a relatively low
(0.25M) concentration of sodium chloride
(Fig. 2). This is in contrast to the tight
binding of functionally active antithrombin
to heparin, which serves as the basis for the
affinity purification of the inhibitor from
most other plasma proteins and which re-
quires much higher ionic strengths for de-
sorption (10). Also evident in Fig. 2 is a
tight binding interaction between heparin
and neutrophil elastase. A single peak of
elastase activity eluted at a sodium chloride
concentration of approximately 0.5M1. No
elastase activity was detected in the unad-
sorbed eluate region containing the elastase-
cleaved antithrombin.

It is likely that the binding interaction
between the highly cationic neutrophil elas-
tase and the heparin affinity matrix is largely
electrostatic and relatively nonspecific in na-
ture. This is supported by the considerable
affinity of neutrophil elastase for cation-
exchange chromatography gels (14) and its
ability to interact with several sulfated glyco-
saminoglycans (15). This stimulatory effect
of heparin on the inactivation of antithrom-
bin is in contrast to a more commonly
observed inhibition of neutrophil elastase
activity in the presence of sulfated glycosa-
minoglycans (15).

It is uncertain to what degree, if any, the
interaction between heparin and elastase it-
self contributes to the rate of inactivation of
antithrombin in solution. The inactivation
clearly requires the presence of the active
anticoagulant heparin fraction that binds
specifically to antithrombin. Moreover, hep-
arin exhibits an apparently tighter affinity
for antithrombin than for elastase as judged
by chromatographic elution from the immo-
bilized glycosaminoglycan. Notwithstand-
ing these considerations, an interaction be-
tween elastase and endothelial-bound hepa-
rin in vivo might localize the enzyme and
sequester it away from the high circulating
levels of elastase inhibitors. A further con-
sideration is the likelihood of significant
local amounts of elastase released from the
activated neutrophils, which normally ad-
here to sites of acute inflammation. This
model would suggest that an association
between neutrophil elastase and endothelial
heparin in vivo might contribute significant-
ly to antithrombin inactivation and thereby
facilitate the occurrence of localized clotting
events.

The inhibition of coagulation enzymes by
the heparin-antithrombin system is accepted
as a pivotal regulatory mechanism of the
clotting process. The demonstration of ac-
tive anticoagulant heparin on the vascular
endothelium (&) supports the concept that
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the heparin-antithrombin system is impor-
tant in the balance between procoagulant
and anticoagulant pathways on the vessel
wall. The results of the present in vitro study
suggest, however, that under certain condi-
tions, the binding of antithrombin by hepa-
rin could lead to a potentially opposing
outcome. The participation of heparin in the
inactivation of antithrombin by elastase rep-
resents an unexpected action for this antico-
agulant. A similar occurrence on in vivo
surface-bound heparin could lead to a local-
ized reversal of the nonthrombogenic char-
acter of the vascular endothelial lining.
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Stable Integration and Expression of a Bacterial
Gene in the Mosquito Anopheles gambine

Louis H. MILLER, RICHARD K. Sakal, PATRICIA ROMANS,
ROBERT W. GwADZz, PHILIP KANTOFF, HAYDEN G. COON

Foreign DNA was successfully introduced into the germline of the African mosquito
vector of malaria Anopheles gambiae. Stable integration of genes into the germlines of
insects had been achieved previously only in Drosophila melanogaster and related species
and required the use of the P element transposon. In these experiments with Anopheles
gambiae, the plasmid pUChsneo was used, which contains the selectable marker neo
gene flanked by P element inverted repeats. Mosquitoes injected with this plasmid
were screened for resistance to the neomycin analog G-418. A single event of plasmid
insertion was recovered. Integration appears to be stable and, thus far, resistance to G-
418 has been expressed for eight generations. The transformation event appears to be

independent of P.

HE WORLDWIDE RESURGENCE OF

malaria is due in part to drug resist-

ance in the malaria parasite and in-
secticide resistance in the anopheline mos-
quito vectors. The development of control
schemes based on genetic modification of
the capacity of vector populations to trans-
mit malaria (1) may eventually provide alter-
natives to traditional control methods. To
achieve this goal, it will be necessary to
develop methods for the physical introduc-
tion of genes into mosquito lines. This will
make it possible to evaluate the effects of
potentially parasiticidal genes (for example,
diphenoloxidase) on the development of the
parasite in vivo. Foreign DNA has been
integrated into the germline of Drosophila
melanggaster and related Drosophila species
(2) through the use of the P element, a
germline-specific transposable element of D.
melanogaster (3). Similar transposons have
not been found, nor has stable integration
been achieved, in other insects. In this study,
we developed a method for introducing
DNA into the germline of the African ma-
laria vector Anapheles gambiae.

To inject DNA into mosquito embryos,
we initially followed the techniques de-
scribed for injection of DNA into D. melan-
ggaster embryos (4). However, a number of
modifications were necessary because of the
unique properties of mosquito eggs. The
most important difference was the inability
to remove the chorion, necessitating a nee-
dle that could penetrate the egg shell with-
out killing the embryo.

Mosquito oviposition was controlled to
provide eggs of precise age for injection (5).

L. H. Miller, R. K. Sakai, P. Romans, R. W. Gwadz,
Laboratory of Parasitic Diseases, National Institute of
Allergy and Infectious Diseases, Bethesda, MD 20892.
P. Kantoff, Laboratory of Molecular Hematology, Na-
tonal Heart, Lung and Blood Institute, Bethesda, MD
20892.
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Eggs were maintained at 21° to 22°C to
slow development of pole cells, the embry-
onic precursor of the germline. The pole
cells of A. gambiae appear ultrastructurally
similar to those of D. melanggaster (6) and
form about 3 hours after oviposition at
21°C. Between 1.5 and 3 hours after ovipo-
sition, eggs floating on a drop of water were
aligned and attached to double-stick cello-
phane tape; the other surface of the tape was
attached to a slide. The water was removed
from around the eggs and the eggs were
dehydrated for 1 to 1.5 minutes, depending
on the age of the eggs, in a desiccator until
they were slightly bowed inward. Slight
dehydration was required so that the eggs
would not leak during injection. Excessive
dehydration decreased viability and was
avoided. After desiccation, prehydrated

100 um
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Fig. 1. Comparison of A. gambiae (A) and D.
melanogaster (D) eggs. Arrowheads identify the
posterior end of each egg. The end of the injec-
tion needle (arrow) is shown.
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