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Thermodynamic Analysis of the Heparin Interaction with a Basic Cyclic Peptide
Using Isothermal Titration Calorimetty

Ronald E. Hilemari,Robert N. Jenningsand Robert J. Linhard*

Division of Medicinal and Natural Products Chemistry and Department of Chemical and Biochemical Engineering,
University of lowa, lowa City, lowa 52242, and Scios Inc., Mountain View, California 94043

Receied January 27, 1998; Resed Manuscript Receed July 7, 1998

ABSTRACT: Brain natriuretic peptide (BNP) was examined as part of a continuing study of the interaction
of proteins and peptides with the glycosaminoglycan heparin. BNP was tentatively identified as a heparin-
binding protein on the basis of its cyclic structure and the high frequency of the basic amino acid residues,
lysine and arginine. Thermodynamic analysis using isothermal titration calorimetry confirmed heparin
binding to BNP with a micromolaKg. Surprisingly, despite the high frequency (22%) of basic residues

in BNP, only a small portion of the free energy of this interaction resulted from ionic contributions under
physiologic conditions. The contribution of polar amino acids, representing 28% of BNP, was next
examined in a variety of different buffers. These experiments demonstrated the transfer of five protons
from buffer to BNP on heparin binding, suggesting that hydrogen bonding between the polar residues of
BNP and heparin is a major factor contributing to the free energy of BNP binding to heparin. Hydrophobic
forces apparently play only a small role in binding. Heparin contains few nonpolar functional groups,
and a positive change in heat capacityCf, = 1 kcal/mol) demonstrates the loss of polar residues on
BNP—heparin binding.

Previous studiesl( 2) performed in our laboratory have disulfide bond between € and C¢ of the mature peptide
identified structural features within peptides that are impor- forming a 17-residue loop. Natriuretic peptides act as
tant for glycosaminoglycan (GAGinteraction. Specifically,  vasodilators and counter the vasoconstriction effects of the
a cyclic peptide structure based on the primary sequence ofrenin/angiotensin/aldosterone systesh (BNP is involved
acidic fibroblast growth factor was found to interact more in the regulation of salt and water homeostadis blood
strongly with the structurally related GAG, heparan sulfate, pressure regulatiorb), and vascular remodeling), Ex-
than a linear peptide having the same sequence. Wepression of BNP occurs mainly in the ventriclés, (but it
proposed that the cyclic peptide was structurally similar to was first isolated from brain7j as a 134-amino acid
the constrained loop structure found in the fibroblast growth precursor that is post-translationally modified to the active
factor GAG-binding domain and that the presence of a loop form containing 32 residues. BNP is stored in atrial granules
brings the basic amino acids into closer apposition. On the (8) and secreted in response to myocardial wall stréks (
basis of these results, we searched the Swiss PIR, GenbankBNP’s sequence is highly homologous with that of ANIB)(
and Brookhaven PDB databases for naturally occurring basicincluding the disulfide loop structure. In a previous study
cyclic peptides for further studies on the role of loop (11), ANP was shown to interact with heparin, and when
structures in GAG binding and identified brain natriuretic  ANP was coadministered with heparin, the extents of both
peptide. the hypotension and diuretic effects of ANP were reduced

Brain natriuretic peptide, or B-type natriuretic peptide in rats. Although no reports have characterized BNP as a
(BNP), is a member of a family of hormones that includes GAG-binding peptide, its relatively high level of basic
atrial natriuretic peptide (ANP) and C-type natriuretic peptide residues (approximately 30 mol % and kgf 11) and its
(CNP). BNP is a 32-amino acid peptide containing a loop structure suggested it would interact avidly with the
GAG heparin.
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Upon binding of a protein, these counterions must be units/mg, Celsus Laboratories, Cincinnati, OH) were made
displaced from the polyelectrolyte and thus affect the in distilled deionized water, and the concentration was
thermodynamics of the interaction. Heparin can also be derived on the basis of reported molecular weights of each
described as a poly-ol as it contains a large number of [M/(BNP) = 3463 (0.801 mg of BNP/mg of solidMw-
hydroxyl groups that can be involved in hydrogen bonding. (heparin)= 12 000, andMy/My = 1.3 (14)]. The com-
This report characterizes the thermodynamics of the brain mercial heparin used in this study is polydisperse, with
natriuretic protein (BNP) interaction with heparin using molecular weights ranging from 4000 to 25 000. Therefore,
isothermal titration calorimetry (ITC). ITC directly measures all reported thermodynamic values represent averages of the
the heat released (or absorbed) on ligand binding to amixture used. A single lot of heparin was used to minimize
macromolecule. Binding curves are generated by performing variation between experiments. BNP and heparin solutions

multiple injections of the ligand into a solution of the

were stored at 4C until they were used. Stock solutions

macromolecule. One experiment affords the independentof NaCl (2 M), sodium phosphate, Tris-HCI, Tricine/NaOH,

variablesAH, K,, and the number of binding sites,as well
as the dependent variablass and AG.

MATERIALS AND METHODS

General. All data were collected using a model 4209 Hart
Scientific microtitration calorimeter (Pleasant Grove, UT).
The voltage to the instrument was regulated with a Citadel
power conditioner (model LC630) from Best Power Tech-
nology, Inc. (Necedah, WI), to minimize noise due to voltage
fluctuations. A digitally controlled external water bath
(model 9109, Polyscience, Niles, IL) was typically setét
°C below the operating temperature for data collection.
Chemical calibration was carried out by comparing the
observed enthalpy of ionization for Tris to the theoretical
value using 16-5 uL injections of 1 mM HCl into 1 mL of
250 mM Tris base at 200 s intervals. Molecular modeling
of BNP over then-carbon backbone of ANP was performed
using SYBYL (version 6.1) molecular analysis software from
Tripos, Inc. (St. Louis, MO), on a Silicon Graphics work-
station.

Preparation of BNP. Recombinant human BNP was
cloned as a fusion protein Bscherichia colK12. The BNP
peptide was separated from the fusion partner by acid
cleavage. The formation of the disulfide bond was ac-
complished by air oxidation. The peptide was then purified

by a series of reversed phase and ion exchange chromatog

raphy steps. The purity was96% on the basis of the
percent chromatographic area.

Preparation of Heparin Oligosaccharideddeparin lyase
| was from Sigma Chemical Co. (St. Louis, MO). The

enzymatic preparation and structural characterization of the

sodium salt of each heparin oligosacchartd&dAp2S(1—4)-
o-D-GIcNpS6S AUAP2S(1—4)-a-dD-GIcNpS6S(1+4)-a-L-
IdoAp2S(—=4)-a-D-GIcNpS6S, AUAp2S(1—4)-o-b-
GIcNpS6S(1-4)-a-L-ldoAp2S(1+4)-a-D-GlcNpS6S(++4)-
o-L-ldoAp2S(1—4)-0-D-GIcNpS6S, AUAp2S(1—4)-a-D-
GIcNpS6S(1-4)-a-L-IdoAp2S(1—4)-a-D-GlIcNpS6S(1-4)-
o-L-ldoAp2S(1—4)-a-D-GlcNpS6S(1-4)-a-L-IdoAp2S(1—4)-
o-D-GICNpS6S, andAUAp2S(1—4)-0-D-GIcNpS6S(1-4)-
o-L-IdoAp2S(1+4)-a-D-GIcNpS6S(+-4)-0-L-IdoAp2S(1-4)-
o-D-GIcNpS6S(t-4)-0-L-1doAp2S(1—4)-a-D-
GIcNpS6S(1+4)-a-L-1doAp2S(1—4)-0-D-GICNpS6S (where
AUAp is 4-deoxye-L-threo-hexenopyranosyluronic acid,
GlcNp is 2-amino-2-deoxyglucopyranose, ldoAp is ido-

and HEPES/NaOH (pH 7.4) (500 mM) were prepared for
the buffer-dependent experiments. MES/NaOH (pH 6.0),
Tricine/NaOH (pH 8.0), CHES/NaOH (pH 9.1), and CAPS/
NaOH (pH 10.5) were prepared at 200 mM for the pH-
dependent experiments. Solutions were mixed to obtain the
required final concentrations of each component for indi-
vidual experiments.

Isothermal Titration Calorimetry (ITC) of BNP with
Heparin Titrations of heparin (twenty &L aliquots, 0.45
mM, at either 200 or 300 s intervals) into a solution of BNP
(2 mL, 120uM) were performed in 50 mM buffer containing
varying NaCl concentrations. For each NaCl concentration,
at least three separate determinations were made. A detailed
description of the mathematical model has been previously
reported {5—17). For the interaction Mt X < MX, the
measured parameter between the macromolecule (M) and
ligand (X) is the difference in the heat of interactioh(;)
between thé andi — 1 injection. The heat of interaction is
expressed a&Q; = Q; — Q-1 = AH[MX; — MXj_4], where
AH is the enthalpy of binding per mole of ligand. The extent
of MX complex at injectioni is related to the known total
ligand concentration [N, total macromolecule concentration
[M+]i, and association constafit Both [M+]; and [Xr]; must
be adjusted for dilution at eadkth injection volume of X.
Thus, [Mf]i = [M+]iD' and [%7]i = n[X1]o(1 — D'), where
[M+]o and [X{]o represent the initial macromolecule and
ligand concentrations, respectively, abdrepresents the
dilution at injectioni. Since the concentration of complex
is related as [MX]= [X+]i — [X]i, the positive real root is
solved from the following expressiok[X]? + (1 + K[M1];

— KIX4)IX]i — [X+]i = 0.

Isothermal Titration Calorimetry (ITC) of BNP with
Heparin Oligosaccharides.Titrations of oligosaccharide
(twenty 5uL aliquots, at 300 s intervals) into a solution of
BNP (1 mL, 120uM) were performed in 50 mM sodium
phosphate buffer (pH 7.4). The concentration used for each
oligosaccharide having a degree of polymerization of 2, 4,
6, 8, and 10 was 9, 6, 3, 3, and 1.15 mM, respectively.
Concentrations were calculated by UV spectroscopy in 30
mM HCI using anezzznmof 5200 Mt cm™t (18).

RESULTS

The sequence and amino acid composition of mature BNP
is shown in Table 1. Inspection of the sequence reveals that

pyranosyluronic acid, and S is sulfate), having degrees of BNP contains a number of residues that could potentially

polymerization of 2, 4, 6, 8, and 10, respectively, have been
reported previously1Q).

Preparation of Solutions.Stock solutions of both BNP
and porcine intestinal mucosal heparin (sodium salt, 167

interact with heparin. The-carbon backbone of ANP has
been determined by NMRLO), and molecular modeling of
the BNP sequence over the ANP structure (not shown)
suggests that the loop structure produced by the disulfide
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Table 1: Sequence and Amino Acid Composition Analysis of BNP 1A R
sequence °SPKMVQGSGCFGRKMDRISSSSGLGCKVLRREf

-
N
1

-]
1 M

Composition

amino acids % by frequency
basic (KR) 22
polar (NCQSTY) 28 1
acidic (DE) 3 0
hydrophobic (AILFWV) 19 0 1200 2400 3600 4800 6000
TIME (sec)
bond brings several basic and polar residues into close 300 . . — . . . .
apposition. We investigated the possibility that BNP is a B_
heparin-binding protein using isothermal titration calorimetry.
A representative titration is shown in Figure 1. The peaks
(panel A) correspond to an exothermic interaction. The peak
area diminished with each new injection of heparin. The
small peaks of constant area seen near the end of the titration . e 1
(injections 15-20) correspond to the heat of dilution for 04 Ll SR
heparin. In a separate experiment, the heat of dilution for — T 1 1
heparin was determined by injecting heparin into buffer in
the absence of BNP. This constant was subtracted from the
raw data (panel A) to obtain the microjoules of heat evolved FIhGUREhl:t Rsr;;es?nﬁatévg)titratiton of BIS\IOP W'i;lh’\f:eglari?og Ezg)mM
from each injection (panel B). The similarity between the Pnosphate bulter (pH 7.4) containing 59 mM Natl at'&,
fitted curve Jand th((apintegrazted peak areays (panel B) is Raw data. BNP (1 mL, 12pM) was titrated with heparin (100

. ; i oo \b . uL, 450uM). Each injection volume wasAL. (B) Integrated data.
consistent with the noncompetitive multisite interaction peak areas in panel A were fitted using an iterative nonlinear least-

model (see Materials and Methods) used to describe thissquares algorithm that variéeH, K,, andn. The fitted data (dotted
interaction. line) describes an interaction withsH of —28.7 kcal/mol, aKq4

Effect of Salt on the BNPHeparin Interaction. A of 1.78uM, and a stoichiometryn) of 9.92 mol of BNP per mole
polyelectrolyte, such as heparin, is associated with boundOf heparin.

pJoules/sec

200 bl _

100 4 u i

HJoules

Injection No.

counterions (e.g., Na. These counterions are released when -5.2 —
heparin binds to its ligand, BNP. The equilibrium is ] - )
described as follows20).

-5.3 .' -

BNP'" + heparinNNa" = BNP-heparin+ NyNa" L

N represents the number of counterions released, and the _ *1 » 7
termy describes the fraction of counterion bound per unit ¥ ] {
charge. The ternp depends on the axial charge density of 2 55| |
the polyelectrolyte and has been both mathematically and - -
experimentally determined for heparin to be 023,(22).
Due to the entropically unfavorable ordering ofNen the -5.6 4 .
heparin polyanion, a fraction of the free energy of protein - ]
binding is derived from the release of Na The overall 57 g
interaction of protein with heparin is comprised of both an "21 18 A5 42 | 09 06
ionic and nonionic component. The ionic component, Log [NaCl]

described by the favorable release of'Neom heparin by Ficure 2: Effect of salt on the BNPheparin interaction. Linear

a cgtlon W'thm the protein (such as an arginine or lysine regression analysis was used to obtain the dotted line which
residue), is termed the polyelectrolyte effez0,(23). The corresponds to g-intercept of —5 and a slope of 0.4. At the
nonionic component may involve interactions such as y-intercept, [Nd] is 1 M and corresponds tok of 11 M and a
hydrogen bonding or hydrophobic interaction. The overall AG of —6.8 kcal/mol.

interaction can be described as follows. )
phate and 150 mM NaCl (pH 7.4)], th& was determined

log K, = log Kd(nomomc)+ Ny Iog[Na+] to be 5.6uM (Table 2). Extrapolation of the data to 1 M
Na' affords the nonionic contribution (thgintercept was

This equation suggests that the extent of protein binding to —5, or a Kq of 11 uM; see the legend of Figure 2).
heparin will decrease with increasing NaCl concentrations, Comparison of the binding free energy at a selected ionic
as is commonly observed for heparin-binding proteins. A strength with the nonionic binding free energy can be used
plot of log[NaC1] versus logKy yields a line with a to describe the percent ionic contribution and is only 6% [at
y-intercept and slope corresponding to the nonionic contribu- 25 °C, with 150 mM NacCl, in 50 mM sodium phosphate
tion and number of ions released multiplied by(Figure buffer (pH 7.4)]. When the value fap (0.8) is taken into
2), respectively. The percent nonionic contribution to the account, the slope of the plot (Figure 2) yields the number
total energy of binding is dependent on the NaCl concentra- of Na' ions displaced per BNP interaction and corresponds
tion. At physiologic ionic strength [50 mM sodium phos- to 0.5 Na ion.
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Table 2: Effect of Salt on the Thermodynamic Values for the Table 3: Effect of the Degree of Polymerization on the
Interaction of BNP with Hepari Thermodynamic Values for the Interaction of BNP with
n (no. of Monodisperse Heparin Oligosaccharitles
total BNPs per degree of n (no. of BNPs per AHobs
[NaCl] [Na'] AGops heparin AHops polymerization  Kg (uM) oligosaccharide)  (kcal/mol)
(M) M)  Kg@M)  (kcal/mol) chain) (kcal/mol) 5 ~1000 nd nd
0.010 0.1005 2.221.3 —7.82+0.31 12.3+1.3 —39.4+7.3 4 240 0.5 -1.7
0.025 0.1155 3.&0.8 —7.66+0.13 13.6+2.4 —36.9+3.1 6 34 11 —6.5
0.050 0.1405 4.6-0.3 —7.36+0.04 10.4+0.8 —27.9+4.4 8 20 1.0 —7.6
0.100 0.1905 5.&¢04 —7.23+0.05 7.6+14 —-6.8+1.0 10 12 0.9 —-12.2

0150 02405 5601 —7.16+£0.01 66+£01 —2.3+06 a All data were collected in 50 mM sodium phosphate buffer (pH
a All data were collected in 50 mM sodium phosphate buffer (pH 7.4) at 25°C. ® Not determined due to insufficient heat of interaction.

7.4) containing the indicated amount of NaCl, at’25 The total [N&]

was calculated as the sum of sodium ion concentrations from 50 mM

sodium phosphate buffer (0.0905 M) and the added NaCl. Each salt

concentration is reported as an average and average deviation of atfable 4: Effect of Buffer on the Thermodynamic Values for the

three separate determinations. Interaction of BNP with Hepari
AHion n (no. of BNPs AG AHobs
While the change iy as a function of salt concentration buffer _ (kcal/mol) _per heparin) _ (kcal/mol) _ (kcal/mol)
is well behaved, Table 2 also shows an unexpected andm'(:—;ESS g-gg S-ﬁ 8-% :g-ggi 8-82 :gg-‘?li 1%
significant (2-fold) change in the stoichiometry of interaction, .o 776 09:01 —883+003 —361+01
n. Furthermore, theAHqps sShows an even greater change Tris 11.51 104 0.1 -8.02+03 -152+23

(17-fold) over the same range of salt concentrations, includ- a All data were collected in the indicated buffer (50 mM, pH 7.4)

ing an abrupt changéHops going from—27.9 to—6.8 kcal/ containing 25 mM NaCl, at 25C in triplicate.
mol, between 0.05 and 0.10 M NaCl. These changes in both

n and AHobs suggest a change in the mode of binding is tetrasaccharide interaction with BNP was considerably
taking place as the salt concentration becomes high. Thus,,«yer Kq of 240 uM) with an observed ratio of two
caution must be used in interpreting Figure 2. While the easaccharides per BNP. Oligosaccharides with a degree
precise number of sodium ions released may not be u¢ noymerization of 8 and 10 bound BNP with greater
definitively established from Figure 2, it remains clear that ity than the hexasaccharide and had increased heats of
a small number of Naions are displaced on BNP binding. pinging but were not sufficiently large to accommodate two
On the basis of a weight-averaged molecular weight of NP molecules. Due to the relatively large amounts of
12 OOO_ for heparln and a sequence corresponding to theoligosaccharide required~{f mg per titration) and the
repeating disaccharide unit-4)-o.-L-1doAp2S(1~4)-f-p- difficulties in their preparation and purification, these experi-
GleNpSES(- with a molecular weight of 665, the number  yents were not repeated at varying NaCl concentrations.
of disaccharides per heparin chain is 18 (12000/665). With  Effect of Buffer on the BNPHeparin Interaction. Al-
150 mM NaCl and 50 mM sodium phosphate, we observed {hoygh the observed enthalpy of interactiiig, obtained
6.6 BNP molecules binding per heparin chain (Table 2). fom an ITC experiment, is normally used to describe the
Thus, these data show that under physiologic conditions apjnding event, solvent contributions may also be involved.

hexasaccharide is the smallest interacting species (threg-q, example, proton(s) from the buffer may be consumed

disaccharides- 18/6.6). o during the interaction. The relatively small ionic contribution
Effect of the Degree of Polymerization on the BNP g the observed free energy for the interaction of BNP with
Heparin Interaction. Although the observedq for the heparin suggests that this interaction is almost entirely due

BNP—heparin interaction increased with increasing NaCl g hydrogen bonding. Hydrophobic interactions are not
concentration as expected, the stoichiometry of interaction generally important for interactions with heparin since the
varied (Table 2). This result is not predicted by the only hydrophobic group in its structure is an acetamide
polyelectrolyte theory. In addition, the inherent polydisper-  fynctionality of GIcNpAc (where Ac is acetate), which occurs
sity [Mw/My ~1.3 (14)] of heparin might further complicate  approximately once per heparin chaf. The number of
the calculation of the minimum number of BNP binding sites protons involved in the interaction of BNP with heparin was
in heparin. To definitively establish the number of sugar getermined by performing titrations in several buffers having
residues that interact with BNP, structurally defined, mono- known enthalpies of ionization2(, 25) (Table 4). The
disperse oligosaccharides were prepared by partial heparinghserved enthalpy of interactionKloyg is linearly related

oligosaccharides used wASJAp2S(1—4)-a-D-GIcNpS6S-

(1—4)-a-L-ldoAp2S(++],4)GIcNpS6S, whera = 0, 2, 4, AHg= AHy + NAHR

6, and 8 for disaccharide through decasaccharide, respec-

tively. Table 3 shows the effect of heparin oligosaccharide The y-intercept, AHir;, is the intrinsic enthalpy of the
chain length on the interaction of BNP. Consistent with the interaction, and the slop#l, is the number of protons either
stoichiometry of BNP-heparin binding, a heparin hexa- abstracted from the buffer (positive value) or donated to the
saccharide, AUAp2S(1—4)-a-b-GIcNpS6S(1+4)-o-L- buffer (negative value). A plot okHion VersusAHqss (Figure
IdoApP2S(t+4)-a-p-GlcNpS6S(1-4)-a-L-ldoAp2S(—+4)-a- 3) shows that approximately five protons are abstracted from
D-GICNpS6S, was the smallest interacting species with anthe buffer per BNP molecule. Thg-intercept gave an
observed 1:1 molar ratioKg of 34 uM). The heparin intrinsic enthalpy,AHi, of —77.8 kcal/mol. As reported
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-10

T ) T " Table 6: Temperature-Dependent Thermodynamic Values for the
| E J Interaction of BNP with Hepari
-20 4 P n (no. of BNPs AH AG TAS
T(°C) per heparin)  (kcal/mol)  (kcal/mol) (kcal/mol)
m 15 121 —57.6 -7.4 —50.3
© -304 E 20 11.2 —47.0 —-7.7 —39.4
§ 25 15.3 —38.5 -7.6 —30.9
3 - ] 30 115 —49.9 -8.1 -41.8
X 404 . 35 11.2 —36.2 -7.9 —28.3
8 40 9.6 —26.3 -8.3 —18.0
g B 45 10.0 —22.7 -8.0 —14.7
-50 4 JT_ n a All data were collected in 50 mM sodium phosphate buffer (pH
| 7.4) containing 25 mM NaCl, at the indicated temperature, and are
I reported as the average of duplicate determinations.
-60 . . .
3 6 9 12
AH._ (kcalimole) Effect of Temperature on the BNPeparin Interaction.
on

The effect of temperature was investigated in sodium

Ficure 3: Effect of temperature on the BNeparin interaction. phosphate buffer (Table 6). The slope of the relationship

Linear regression analysis (dotted line) yields a slap€,j of 1

kcal/mol and ay-intercept of—361 kcal/mol. of AHeps versusT (not shown) describes the heat capacity
change AC,, for the BNP-heparin interaction. The large
Table 5: Effect of pH on the Thermodynamic Values for the positive value foAC, of 1 kcal/mol Indlcat_es a loss of polar
Interaction of BNP with Heparin residues on the surface of BNP. This is expected for
n (no. of BNPs AHope interactions of protein with a highly charged molecule such
buffer pH K.  perheparin) Kq(@uM) (kcal/mol) as heparin. Extrapolation O K yields ay-intercept of—361
MES 60 6.1 9.52 019  —341 kcal/mol.
Tricine 7.4 8.1 9.2 0.14 -50.7
Tricne 80 8.1 11.4 0.74 —39.9 DISCUSSION
CHES 92 93 10.1 0.99 —40.3 . ] ] ) )
CAPS 105 10.4 10.5 425  —62.8 Previous studies from our laboratory, in which a variety
2 All data were collected in the indicated buffer (50 mM, at the Of Physical and chemical methods were used on a variety of
indicated pH) containing 25 mM NacCl, at 2&. heparin-binding peptides, suggested the importance of mul-

tiple arginine and lysine residues conformationally con-
strained in a closed loofd(2). Modeling studies on known
heparin-binding proteins also suggested the importance of
secondary structure in the topology of GAG binding sites
d(l, 2). A search for conformationally constrained peptides
rich in basic amino acid residues suggested that we examine

analysis was performed (Table 4), these were not independen he cyclic peptide BNP as a possible GAG-binding peptide.

replicates, as the same stock solutions of BNP and heparin detailed search of the literature revealed no information
’ Jo o ting that BNP w. h rin-bindin tide. Inter-
were used to perform ITC in triplicate. Thus, the modest suggesting tha as a heparin-binding peptide °

iation i h diff t buff ' likelv b estingly, a chondroitin sulfate proteoglycan, having a GAG
variation Inn with ditferent bulters can most likely be — cpain structurally related to heparin, has been shown to be
ascribed to errors in concentrations.

secreted from cardiomyocytes under the same conditions that
Effect of pH on the BNPHeparin Interaction. The pH  induce BNP 28). Perhaps this natriuretic peptide is stored
dependency of the BNPheparin interaction was next on the GAG chains of this proteoglycan and is released in
investigated (Table 5). Each titration was performed near response to neuroendocrine stimuli as a pept@aG
the K, of the buffer to ensure good buffering capacity. complex.
Separate studies of the effect of each buffer on the interaction |nijtial examination by isothermal titration calorimetry
were not undertaken. However, the small variationnin  confirmed that BNP interacted with heparin with a micro-
suggests that pH does not influence the stoichiometry of this molar K4 consistent with our expectations. BNP contains
interaction. TheKqwas observed to increase with increasing seven possible charged basic residues (excluding histidine
pH. While it is possible to rule out changes in the which is uncharged at pH 7.4) corresponding to 22% of its
protonations of certain functional groups in the range of pH structure. This high content of basic residues suggested that
6.0—-10.5 [i.e., theN-sulfo andO-sulfo groups of heparin  the interaction between BNP and heparin was primarily the
have K, values of 0.5-1.5 (27)], others such as carboxylate result of ionic interaction. Record analys0f was used
groups may play a role. The average heparin chain containsin an attempt to confirm this assumption.
18 carboxylate groups, and BNP has two, the C terminus The negatively charged sulfate (and carboxylate) groups
and D. The Kavalues of the carboxylate groups in heparin present in heparin are typically ion-paired with positively
are reported as 3.1; however, because heparin is a polyeleceharged sodium ions. Due to the entropically unfavorable
trolyte, their K, is concentration-dependent and may be ordering of Nd on the heparin polyanion, a fraction of the
substantially higher. In addition, a carboxy group in a free energy of protein binding is derived from the release of
hydrophobic domain of an interacting complex might show Na'. The overall interaction of protein with heparin is
a pK, in the neutral pH range. comprised of both an ionic and nonionic component. The

previously in Table 2, a change imwas also observed with
buffer (Table 4). This change was neither large nor
consistent. Tha value is the least reliable term in any fit
because a small error in the concentration of both BNP an
heparin can lead to a large error m While replicate
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ionic component, described by the favorable release ¢f Na the BNP-heparin interaction was determined to be 1 kcal/
from heparin by a cationic residue within the protein (such mol. For proteir-protein interactions, negativeC, values
as the guanidinium group of arginine or the ammonium group are normally observed, corresponding to a reduction in the
of lysine), is termed the polyelectrolyte effect. The nonionic number of nonpolar surface-exposed residues. For the
component may involve interactions such as hydrogen BNP—heparin interaction, we expected that the predominant
bonding or hydrophobic interaction. By experimentally driving forces are ionic and polar in nature. The positive
determining the overaKy at multiple N& concentrations,  AC, confirmed a reduction in the number of polar surface-
we can calculate the contribution of the polyelectrolyte effect. exposed residues. The heat capacity of binding has been
Using polyelectrolyte theory, the degree of ionic character shown to be extremely useful in predicting the surface-
for the interaction of BNP with heparin was determined. exposed polar and nonpolar surface area change upon ligand
Surprisingly, the observed value wa$% ionic component  binding 26, 32). Since no structural data are available for
for BNP—heparin binding. While the unexpected increase BNP, calculations quantifying the change in water-accessible
in nwith ionic strength complicates the interpretation of the nonpolar surface area cannot be performed.
precise level of the ionic contribution to hepariBNP In conclusion, while the presence of a loop structure rich
interaction, it is certainly much lower than that reported for in basic amino acid residues suggested that BNP was a
other heparin-binding proteins. For example, basic fibroblast heparin-binding protein, the molecular basis for this interac-
growth factor (bFGF) Z1), antithrombin [l (ATIII) (29), tion had little to do with the abundance of these amino acid
thrombin @2), and secretory leukocyte proteinase inhibitor residues. This study points out the importance of the often
(SLPI) (30, 312) display 30, 40, 80, and 85% ionic contribu- overlooked polar amino acid residues in promoting pretein
tions, respectively. GAG interaction through hydrogen bonding. This study also
The consistent decreaserinvith increased ionic strength  demonstrates the value of ITC in performing detailed analysis
when coupled with the dramatic changeAiqps between of such interactions.
0.05 and 0.1 M NacCl suggests the mode of BNieparin
binding is being altered at higher salt concentrations. At ACKNOWLEDGMENT
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