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Kinetic Analysis of the Role of Zinc in the Interaction of Domain 5 of
High-Molecular Weight Kininogen (HK) with Heparin
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Receied August 31, 1999; Rised Manuscript Receéd February 23, 2000

ABSTRACT: Previous investigations have shown that HK and its light chain bind heparin, preventing the
enhancement of antithrombin inhibition of thrombin and potentiating the inhibition of plasma kallikrein
by antithrombin. We found that both HK and HKa bound heparin, but HK exhibited a greater affinity.
We therefore localized the binding sites for heparin on HK. HK domains 5 and 6 of the light chain as
well as domain 3 from the heavy chain, expressed as glutatli@darensferase (GST) fusion proteins in
Escherichia coli were tested for binding to immobilized heparin by surface plasmon resonance using a
BiaCore 2000 instrument. GST-D5, but not GST-D3, GST-D6, or GST, bound to heparin when the
recombinant domains were present at a concentration of 70 nM. To localize more precisely the amino
acid sequences on D5, both of the subdomains, histidine-glycine-rich GST-(HO¥4) and histidine-
glycine-lysine-rich GST-(H475S626), were expressed and tested for binding to immobilized heparin.
The Kq was much lower for GST-(K420D474) than for GST-(H475S626) in the presence or absence

of Zn?*. GST-(K420-D474) was effective in decreasing the rate of inactivation of thrombin by antithrombin
in the presence of heparin andZnwhile GST-(H475-S626) had no effect. We conclude that the binding

of heparin to HK is a complex function of Zhinteracting with histidines in the sequence K42n474

to create high-affinity binding sites. HK has the potential to be an important modulator of heparin therapy.

HK is a multidomain molecule with many functions, each
mediated by binding to different ligands. HK is cleaved by
plasma kallikrein to form cleaved HK (HKal), a disulfide-
bonded two-chain molecule, bradykinin (amino acids-363
371), and a polypeptide (amino acids 3729). The
N-terminal heavy chain common to HK and low-molecular
weight kininogen (LK) contains three domains homologous
to crystalline cystatin. Domain 1 binds €adomain 2 binds
to and inhibits platelet calpair2(3), and domain 3 (D3)
binds to receptors on plateletd)( neutrophils %), and
endothelial cells), thereby inhibiting thrombin binding to
platelets ¢, 8), accounting for HK antithrombotic action in
vivo (9). Domain 5 (D5) contains two subdomains, a
histidine-glycine-rich region (amino acids 42074) and a
histidine-glycine-lysine-rich region (amino acids 47502)
(Figure 1) which bind to cellular receptors, @, 10, 11) as
well as to anionic surfaced.?). D5 is also responsible for
the antiadhesive action of HKa on neutrophil8,(14) and
endothelial cells15). Finally, domain 6 (D6) binds prekal-

likrein and kallikrein (L6) and is required for prourokinase- ©),

activated fibrinolysis on endothelial cell surfacds)( ®

- : CC0C T AN
Heparin has been shown to bind to HK and HKa, but not

to LK (18), implying that the binding site is in the light chain @

of HKa. Heparin binding was quantified by the ability of ®@@®®n

Ficure 1: Structure of D5 of HK. D5 is the high-molecular weight
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204 (Y.L.). GST-D5 used in this study is the GST N-terminally linked to
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10 uM inhibited the heparin enhancement of thrombin been pre-equilibrated in the acetate buffer and concentrated
inhibition by HK (200 nM) to the level of the uncatalyzed to a volume of 0.9 mL using a Centricon-3 apparatus. One
reaction, indicating indirectly that Zh enhances heparin  hundred milliliters of an 8 mg/mL biotin-x-x-hydrazide
binding to HK. However, the regions of the light chain of solution (in dimethylformamide) was added to 0.9 mL of
HKa which support heparin binding have not been elucidated, concentrated oxidized heparin, mixed, and incubated at 25
nor has the action of zinc been clearly defined. This action °C for 24 h. The excess biotin was removed using a
of heparin has further functional implications, since Olson Centricon-3 apparatus.
et al. @9, 20) have shown that HK enhances the ability of Surface Plasmon Resonance AnalyBisal-time biomo-
antithrombin to inhibit kallikrein and enhances prekallikrein lecular interaction analysis was performed by using a
activation. BiaCore 2000 instrumen®p@). Binding data were collected
Therefore, using surface plasmon resonance, we studiedwith a thermostated resonant mirror biosensor. All of the
the binding of HK, HKa, recombinant domains 3, 5, and 6, experiments were performed at 2& using the buffer
and recombinant subdomains of D5 (see above) to definecontaining 20 mM HEPES and 0.15 M NaCl (pH 7.4). The
the sequences that are responsible in HK for binding heparin,flow rate was 1QuL/min unless otherwise specified.

as well as the role of Z in the association and dissociation ~ Immobilization of Biotinylated Heparin for BiaCore

reactions. Analysis.Biotinylated heparin £9 kDa) was immaobilized
upon a gold-dextran surface to which streptavidin from

MATERIALS AND METHODS Streptomyces adidinihad been covalently bound (SA-5

sensor chip). Heparin (@g/mL) in 20 mM HEPES and 0.15
HK and HKa were purchased from Enzyme Research \y Nacl (pH 7.4) was then injected at a flow rate ofi5/

Laboratories (South Bend, IN). HK was95% of a single  min_ Nonspecifically bound heparin was removed by a wash
band of 110 kDa on both nonreduced and reduced SDS,yith 1 M NaCl. Approximately 56-150 resonance units

electrophoresis. HK had been digested with plasma kallikrein (ruy (~50-150 pg/mmd) of heparin was bound to the chip
(molar ratio of 100:1 of HK to plasma kallikrein) for 20 min for the study of HK, HKa, GST-D5, GST-D3, GST-DS,

at 37°C. The resulting HKa was composed of two bands of GST-(K420-D474), and GST-(H4955626).

62 and 46 kDa, when analyzed by reduced SDS electro-  inetic Analysis of Heparin Interaction with HK, HKa,
phoresis. The band of 62 kDa (amino acids-362) GST-D5, GST-(K42‘9D474), and GST-(H495S626).HK,
represents the heavy chain of HK, while the 46 kDa band HKa, GST-D5, GST-(K426D474), and GST-(H4955626)
represents the smaller light chain following the third cleavage \yere perfused across an SA-5 chip upon which bietin
by plasma kallikrein (amino acids 42@26). Antithrombin  henarin had previously been immobilized as described above
was purchased from Enzyme Research Laboratories. Humary; 5 flow rate of 10 mL/min for 58350 s. At least five
o-thrombin was a generous gift from John W. Fenton, Il gitferent concentrations of each protein were injected. After
(Division of Laboratories and Research, New York State gach analyte injection, the chip surface was regenerated by
Department of Health, Albany, NY) and had a specific perfusion wih 4 M MgCl, for 2 min and then with 1 M
activity of 2400 NI4 units/mg and a purity of 99.24%. S-2238 NgaC| for 3 min. This regeneration protocol reproducibly

(H-p-phenylalanyle-pipecoyl+ -arginylp-nitroaniline - hy- brought RU values back to those observed before analyte
drochloride) was purchased from DiaPharma Group, Inc. perfusion.
(West Chester, OH). Binding of proteins to the streptavidirgold—dextran

Recombinant Protein®eletion mutants of the light and  syurface is expressed in resonance units (1-RUpg/mnd).
heavy chains of HK were prepared as previously described Changes in RU over time form a “sensorgram”, and these
(22). These have been constructed in pGEX2T vectors usingchanges have been shown to be proportional to the changes
a cDNA, encoding the light and heavy chains of human HK in mass bound to the surface. Data were analyzed by
as targets for restriction enzymes. Each construct hasBlAevaluation 3.0 software. A Langmuir binding model
glutathioneStransferase (GST) at the N-terminus of the (stoichiometry of 1:1) was used to analyizg (association
polypeptide fused to the HK polypeptide. The amino acid rate constant, M s™1), ko (dissociation rate constant; s,
sequences linked to GST for GST-D3, GST-D5, and GST- and K;, (equilibrium dissociation constant) for HK, HKa,
D6 are K236-M357, K420-S513, and S565S626, respec-  GST-D5, and GST-D5 subdomains binding to heparin. For
tively. We also constructed two deletion mutants of D5, both each concentratiolk,, andk.; were obtained simultaneously
linked to GST, K4206-D474, which lacks the histidine-  from the equatiorKp = Kofi/kon.
glycine-lysine-rich region, and H47585626, which lacks the Thrombin-Antithrombin AssayCombinations of anti-
histidine-glycine-rich region. The mutants were purified on thrombin, expressed GST-HK peptide, and heparin were
a glutathione column te 90% purity as previously described  incubated at room temperature in a 1.5 mL polypropylene
(21). centrifuge tube in a buffer of 0.01 M HEPES, 0.1 M NaCl,

Biotinylation of Heparin.Homogeneous low-molecular and 0.1% PEG 8000 (pH 7.4) containing ™M ZnCl, or
weight heparin (10 mg) (molecular weight of 9000), pur- 100uM EDTA. After thrombin was added to give a final
chased from Enzyme Research Laboratories, was dissolved/olume of 30QuL, 30 uL aliquots were removed at specified
in 2.5 mL of 0.1 M sodium acetate and 0.15 M NaCl (pH times and placed in a Falcon 96 microtiter plate well
5.5) and chilled onice, and 50 mL of 0.5 M sodium periodate containing the thrombin substrate, S-2238, to measure
was added. After mixing, it was returned to an ice bath and remaining thrombin catalytic activity. Each well contained
placed in the dark for 2630 min. Fifty milliliters of 1 M 300uM S-2238 in a volume of 10@QL in a buffer of 0.02
sodium sulfite solution was added to stop the oxidation. The M HEPES, 0.25 M NaCl, 10aM EDTA, 0.1% PEG 8000,
oxidized heparin was applied to a PD-10 column which had and 100 ug/mL hexadimethrine bromide (pH 7.4). The
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Ficure 2: Surface plasmon resonance sensorgram of the association and dissociation of HK and HKa with immobilized heparin. Biotinylated
heparin (50 RU) was immobilized on an SA-5 streptavidin-coated dextran chip and perfused with buffer 20 mM HEPES and 0.15 M NaCl
(pH 7.4)] at a rate of 1@L/min. The binding affinities of HK (at 1.£16.7 nM) and HKa (at 11:244.4 nM) were determined with (top)

and without (bottom) ZnGI(50 uM). The ko, andko; were calculated on the basis of the rate of change of RU vs time and are shown in

Table 1.

Table 1: Kinetic Constants of HK, HKa, GST-D5, GST, GST-(K4IM74), and GST-(H475S626}

with Zn?+ (50 uM ZnCly)

without Zr?+ (with 50 uM EDTA)

Ko (NM) Kon (M~257) (x10F) kofr (S°2) (x1074) Ko (nM) Kon (M~1572) (x10F) ke (53) (x107%)
HK 0.30+ 0.07 1.27+0.81 4.03+ 3.53 211£071  3.38:055 69.0+ 17.0
HKa 1.39+1.20  0.53+0.19 6.87+ 5.43 14.2+ 5.28 0.54+0.17 69.8+ 3.78
GST-D5-(K420-S513) 5.14-1.69  0.06+0.01 2.92+ 1.30 27.7£22.3 0.02+ 0.02 4.42+ 1.64
GST-(K420-D474) 3.53-0.68  0.012+ 0.005 0.314+ 0.098 1.56£0.40  0.04+0.01 0.80+ 0.12
GST-(H475-S626) 11.9+ 1.7 0.030+ 0.004 0.339+ 0.039 52.6+ 4.9 0.010+ 0.001 5.37+ 0.52
GST >1300 NA NA >1300 NA NA

aMeand4 SD, y? range of 0.3545.0, NA, not analyzable. Independent fits using Langmuir 1:1 kinetics. Buffer: 0.01 M HEPES and 0.15 M

NaCl at pH 7.4 and 25C.

reaction with thrombin was allowed to proceed at room
temperature for exactly 15 min, at which time 100 of

nM for HKa (Figure 2 and Table 1). The increase in binding
affinity is attributed to the loweKq for both molecules in

50% acetic acid was added to stop the reaction. The platethe presence of 2n, while Zré* has little effect ork,, for
was read at 405 nm on an EL808U Ultra Microplate Reader either HK or HKa (Figure 3 and Table 1).

(Bio-Tek Instruments, Inc., Winooski, VT) to assess the

Comparison of the Binding Affinity for D3, D5, and D6.

generation of pNA from the substrate. A standard curve using To determine which domain bound to heparin, we then

different concentrations of thrombin alone was generated to

convert the unknown to thrombin concentrations.

RESULTS

Effect of ZA" on HK or HKa Binding to Immobilized
Heparin.We first studied the binding of HK and HKa. The
binding affinity was determined at different protein concen-
trations with and without the addition of ZnGB0 uM). In
the absence of 2, HK displays a higher affinity Kp =
2.1 nM) for immobilized heparin than HKa with lép of
14.2 nM (Figure 2 and Table 1). HK and HKa both increase
the affinity of binding to heparin by about 10-fold in the
presence of Z#t: Kp = 0.30 nM for HK andKp = 1.39

compared GST fusion proteins of the two cell binding
domains of HKa, D3 and D5, and the kallikrein binding
domain, D6. Domain 5 is in the histidine-lysine-glycine-rich
region of HK. At either high or low concentrations, GST-
D5 shows the highest affinity of binding to immobilized
heparin, while GST-D3, GST-D6, and GST alone bound very
poorly, and to about the same extent (Figure 4). We then
performed a kinetic analysis of the binding of GST-D5 to
immobilized heparin in the presence ofZrat concentra-
tions from 4.4 to 20.4 nM (Figure 5). For GST-D5 withZn
kon=0.06x 108 M~1sL kot =2.92x 10%s%, andKp =
5.14 nM. In the absence of Zn the extent of binding was
reduced and concentrations of GST-D5 of- 1185 nM were
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Ficure 3: Representative sensorgrams of HK and HKa binding to
heparin in the presence and absence of zinc. The binding of HK
and HKa to heparin was assessed in the presence @V6BnCl,
and its absence at a concentration of 11.1 nM. Kh®f HK was
greater than that of HKa. ThHey in the presence of zinc was 10- 34nM
fold greater than in its absence with both HKa and HK. Tyt
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Ficure 5: Surface plasmon resonance sensorgram of the association
and dissociation of GST-D5 with immobilized heparin. In the
presence of 5&M ZnCl,, the concentrations of GST-D5 ranged
from 4.4 to 20.4 nM, while in the absence of addedZrigher
concentrations of GST-D5 (38L35 nM) were foundkon, Ko, and

Kp were determined with BlAevaluation 3.0 software using the 1:1
Langmuir binding model.
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bases for a suitable template on which to base a homology-
modeled structure. D5 of HK is 30.6% identical and 40.5%
homologous (identityt- similarity) with a histidine-rich actin
binding protein, hisactophilin 1, fromicytostellium discoi-
deum The NMR solution structure for hisactophilin 1 was
700 | A determined several years adt8(24). The structure of the
homology model of HK D5 has been publishezb), The
ribbon representation of HK D5 indicates that the core is
composed ofs-sheets ending irp-turns which represent
surface-exposed loops.

Comparison of the Binding Affinity for D5 Deletion
Mutants Lacking Subdomaindn a previous study, we
defined two subdomains within D5, one rich in histidine and
glycine (amino acids 420475) and the other rich in
histidine, glycine, and lysine (amino acids 47502) 1).

, . . . ‘ Each was expressed as a GST fusion protein. The HG-rich
0 50 100 150 200 250 region was GST-(K426D474). Since GST-D6 showed no
Time (seconds) binding to heparin, GST-(H4755626), which encompassed
FiGURE 4: Binding affinity of GST, GST-D3, GST-D5, and GST-  the H-G-K-rich region plus D6, was used (Figure 1). Kinetic
D6 to immobilized heparin in the presence of @@ ZnCl,. Panel studies similar to those performed on GST-D3, GST-D5, and

A depicts the data generated at lower concentrations. Data for higherGST-DG were performed using surface plasmon resonance
concentrations of the same analytes are shown in panel B. Solid )

lines are GST-D5 at 34 or 200 nM. Dashed lines are GST-D3 at !N the presence of Zn, GST-(K426-D474) bound with a
53 or 297 nM. Dotted lines are GST-D6 at 50 or 335 nM. Thin higher affinity (K¢ = 3.53 nM, withk,, = 0.012x 10° M1
solid lines are GST alone at 96 or 1300 nM. standky = 0.314 x 104 s1) than GST-(H475S626)

[K¢=11.9 nM (Table 1)]. The difference was due to a lower
used in the binding studies. In the absence ofZar GST- Kon (0.012x 10° M~1 s71) since theky (0.339x 1074 s7Y)
D5, kon=10.02x 10° Mt s7%, kst = 0.02x 104 s, and was similar (Figures 6 and 7). In the absence of addéd,Zn
Kp = 27.7 nM (Table 1). the differences were more dramatic, with GST-(K42B474)

Selection of Recombinants for the Fine Mapping of D5. binding with a much loweKq (1.56 nM), a highek,, (0.04
Because of the involvement of D5 of HK in heparin binding, x 10° M~* s71), and a lowerky (0.80 x 1074 s71), than
we attempted to fine map the binding of GST-D5 to heparin GST-(H475-S626), with a lower affinity K4 = 52.6 nM),
using recombinant proteins. We searched the known data-a lowerko, (0.01 x 10 M~* s7%), and higherks (5.37 x
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FIGURE 6: Binding of GST-(K426-D474) with immobilized FiIGURE 7: Binding of GST-(H475 S626) with immobilized heparin

heparin in the presence of zinc. Th&, kon, and ko were : : f :
determined with BlAevaluation 3.0 software using the 1:1 Langmuir \l:v;tilgga?r?ev:\{l:t{](f_lgtnzglgqcuiJ’Eﬁl(&hgo,%gggllfoﬁ were determined by

binding model.

104 s™1). Thus, GST-(K426-D474) contributes the high- 15
affinity binding of D5. In the presence of EDTA, no binding
of GST-(K420-D474) was demonstrated (data not shown).
In the buffer used without added zinc, there was detectable
Zn?t (<1 uM) (12).

Effect of D5 and Its Deletion Mutants on the Heparin- !
Accelerated Inactiation of Thrombin by AntithrombirBjork ol N
et al. 18) demonstrated that HK, HKa, and its light chain 0 1
were able to inhibit the rate enhancement by heparin of Time (minutes)
antithrombin inactivation of thrombin. We confirmed that Ficure 8: Effect of D5 and its deletion mutants on the heparin-
HK and HKa slowed the heparin-accelerated rate of thrombin accelerated inactivation of thrombin by antithrombin. Antithrombin
inactivation by antithrombin (data not shown). We tested the (A1) at & concentration of 236 nM was incubated in the presence

I and absence of 100 nM D5 or a deletion mutant and/or 25 nM
ability of GST-D5, GST'(K429[_)474?' ar_1d GST'("_'475 _ heparin (Hep) in a 1@M zinc-containing buffer at room temper-
$626) to decrease the rate of inactivation of antithrombin ature. Thrombin (T) was added to achieve a final concentration of
(236 nM) and of thrombin (12 nM) in the presence of heparin 12 nM in 300uL. At various time points, an aliquot of the reaction
(M, = 9000, 25 nM) and ZnGI(10 uM). In the absence of mixture was added to a buffer containing the thrombin substrate,

oo . S-2238, to measure residual thrombin activity (see Materials and
HK derivatives, we observed the marked acceleration of \, -~ details): TAT®), TATHep (), TATHep and GST-

inactivation of thrombin by antithrombin in the presence of ps @), TATHep and GST-(K426D474) (a), and TATHep and
heparin (Figure 8). The rate of inactivation of thrombin by GST-(H475-S626) ). Mean=+ SD (h = 3).

antithrombin with or without heparin was not affected by
ZnCl, (data not shown). DISCUSSION
In the presence of D5 and GST-(K42D474), we found Our studies in which we used surface plasmon resonance,
a marked decrease in the rate of inactivation, suggesting thata technique with several advantages, have resulted in several
these HK fragments were able to compete with antithrombin new insights into the interactions between HK, heparin, and
or thrombin for heparin binding (Figure 8). The decrease in Zn?*. This technique assesses directly the formation of the
the rate of concentration did not occur when EDTA was complex between heparin and HK or its constituents by an
present, suggesting that Zrnwas required for the effect of  increase in mass. Second, it allows quantitation by calculation
the HK derivatives. In contrast, GST-(H475626) did not of Kp. Surface plasmon resonance is assessed in a flow
affect the rate of inactivation by antithrombiheparin with system, which results in its ability to measure in real time
or without Zr¢* (Figure 8). the kon and ko, which may give insight into the nature of
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the complex that is formed. Finally, it is appropriate to use
immobilized heparin in a flow system, since it closely mimics
the interaction of plasma components such as HK with
endothelial cell-bound glycosaminoglycans.

Our studies of HK and HKa binding to heparin showed
that both species bound surprisingly well. In fact, the binding
constants of HK and HKaKp = 0.3 and 1.4 nM) compare
favorably Kp = 4.4 nM) to that of platelet factor 4, a protein
with a very high affinity for heparin36). HK exhibited a
higher affinity (lowerKp) than HKa. This unexpected finding
is explained by the loss of amino acids S3R419 in the
formation of HKa by the third cleavage by plasma kallikrein
at the R419-K420 linkage. Bjork et al. 18) found no
difference between HK and HKa, but used an indirect

Biochemistry, Vol. 39, No. 17, 2006109

these subdomains and expressed thek icoli. Prokaryotic
expression does not allow the evaluation of glycosylation,
but there are no consensus sites for attachment of carbohy-
drate in the sequence of amino acids 4802, although there
are seven probable sites for O-linked carbohydrate in the
rest of the light chain and three sites for N-linked carbohy-
drate in the heavy chain of HK38). We found that in both
the presence and absence of addett ZBST-(K420-D474)
(Figure 6) contains the sites of high-affinity binding to
heparin K4 = 3.53 and 1.56 nM, respectively) (Table 1).
This result is strikingly different from GST-(H473502)
(Figure 7), which ha&y values of 11.9 and 52.6 nM in the
presence and absence of added*Zmespectively. In the
absence of added Zh the ko for GST-(H475-S626) was

assessment of binding which could have missed this degreel6-fold higher than in the presence ofZnwhereas with

of affinity change.

GST-(K420-D474), thek, was only 2-fold higher. Thus,

We examined three of the domains of kininogen that react Zn?* stabilizes the binding of the lysine region, similar to

with ligands: GST-D3, which binds to blood cells and
endothelial cells; GST-D5, the site for binding to endothelial
cells; and GST-D6, the prekallikrein binding site. Only GST-
D5 bound to heparin, while GST-D3, GST-D6, and GST
did not. This finding directed our attention to GST-D5 as
the only domain involved in heparin binding. The enhance-
ment by Zi" is clear for GST-D5 binding. GST shows no
detectable binding. The affinity of D5 is only 5-fold lower
than that of HKa, and this domain exhibits most, if not all,
of the heparin binding activity, and is potentiated by*Zn
Retzios et al.Z7) showed that chemical modification of £4

the results without GST-D5. On a surface representation of
the homology model25), all histidines appear to be available
on the surface and form a localized subdomain. In this case,
the cation interacting with the anionic surfaces of heparin
serves as a bridge to the zinc-coordinating histidines of D5.
Although this mode of heparin binding is rare, it is not
unprecedented. Histidine-rich glycoprotein, a close relative
of HK, contains homologous regions in both the heavy chain
(cysteine protease inhibitor-like sequence3) (and light
chain (a histidine-rich region, but proline- rather than glycine-
rich). Heparin binding to this molecule is enhanced byZn

16 of the 23 available histidines resulted in a decreased levelas well as by decreased pRd5. Another example is the

of Zn?* binding as well as binding to anionic surfaces. We
have shown that Zn increases 5-fold the affinity of a
peptide from D5, H44+H458, for anionic surfaceslp).
Heparin is a negatively charged polyme28) which
interacts with protein molecules via electrostatic interaction

with lysines and/or arginines. There are, however, several

examples in which zinc, by binding to exposed histidines in
protein, facilitates binding to heparin. Zinc acts as a cofactor
for heparin neutralization by histidine-rich glycoprote2®),

The activation of the plasma kallikreirkinin system on
endothelial cells needs both high-molecular weight kininogen
and Zrt* (30). In plasma, the total Z' concentration is
10-25 uM (31). The actual free Z concentration is
significantly lower (-3 uM), since the majority of the ion

is bound to albumin32). Because we could determine the
individual rate constants of associatidg, and dissociation
(kof), we gained insight into the mechanism by whick?Zn
tightened the affinity (decreased tig for heparin). The
kon Was minimally increased, but tHes was dramatically
decreased for both HK and HKa binding to heparin. This
unique observation indicates thatZrstabilized the non-
covalent complex with heparin.

To begin to map the regions responsible within D5, we
took advantage of the fact that while the entire region of
amino acids 426502 was rich in both histidine and glycine,
the region of amino acids 47%02 was much richer in
lysine. Thus, the region of amino acids 42474 contains
14 of 55 (26%) histidines, and the region of amino acids
475-502 contains 8 of 28 (28%) histidines, essentially the
same. In contrast, the region of amino aacids 4204
contains 4 of 55 (7%) lysines, while the region of amino
acids 475-502 contains 9 of 28 (32%) lysines. Thus, we
prepared GST fusion recombinant polypeptides for both of

effect of zinc on heparin binding h§A4 amyloid precursor
protein. The affinity of heparin is increased-2-fold by
micromolar concentrations of 2h (36). However, in this
case, ZA" binds to two cysteinyl residues and one glutamate
residue 87), but not to histidine.

The other motif for heparin binding, which is far more
common, consists of basic amino acids (arginine or lysine)
displayed on the same side of a helix @strand, which
requires no metal. These heparin binding domains have been
suggested to be defined by linear consensus sequesfd)es (
The model of D5 contains no helices, as expected because
of the large number of glycines, which are generally thought
to be a helix-breaking residu@9). It is also possible that
the presence of lysine adjacent to histidine may even interfere
with zinc binding because of unfavorable electrostatic forces.
Six of the seven lysine residues are contiguous in the
molecular model based on the NMR structure of hisactophilin
(25). Conserved motifs are not obvious, and the tertiary
structures are probably more important. Moreover, these
subdomains differ substantially from each other since the
contributions from arginine and lysine to theZZfindepen-
dent affinities are different.

The first of the proposed motifs of XBBXBX or XBBBXX-

BX (where B designates a basic residud &na hydropathic
amino acid) is present in H473K502, namely, in reverse
order, XBXBBX, NK*IGK*¥K4%4N. However, a study of
fibroblast growth factor 2 (FGF2) using the cocrystal
structure of FGF2 and heparin-derived sequences indicates
that the tertiary structure may be critical for high-affinity
binding @0). Indeed, FGF2 consists of 12 antiparallel
pB-sheets.

HK is known to be one of the important heparin binding
proteins in human plasma4l). Bjork et al. (L8) have
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localized the ability of HK to slow the heparin-accelerated
rate of thrombin inactivation to the light chain (D5 and D6).
In this study, we have further delineated the sequence that
is responsible for K426D474 and demonstrated its zinc
dependence. This result correlates with the tight binding
constant of 3.53 nM for this fragment. In contrast, the
C-terminal fragment of D5 and D6, H47%5626, is unable

to neutralize the effect of heparin in the antithrombin
thrombin reaction. This difference may be due to the weaker
binding constant for heparin (11.9 nM). The concentration
of HK in human plasma may be an important modulation of
heparin therapy. Under conditions where the level of HK is
decreased, e.g., sepsi), one might expect that a greater
sensitivity to heparin might result. However, this situation
is complex because of other important heparin-binding
proteins such as serum amyloid A, histidine-rich glycopro-
tein, and platelet-derived PF41%).

Further knowledge of the relationships of lysine to heparin
binding, as well as the contributions of histidine to?Zand
heparin binding, will depend on the delineation of the three-
dimensional structure of D5 in the presence ofZikefforts
to crystallize D5 are in progress.
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