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Besides glucosamine residues, the heparin macromolecule also includes residues of idu-—
ronic and glucuronic acids and large quantities of sulfate groups, which endow it with
strong acid properties, and it also possesses a unique spectrum of biological activity. Ac-
cordingly, the study of heparin salts is particularly interesting [6, 10, 12]., However, the
absence of methods of obtaining the various acid and normal salts of heparin is a substan-
tial handicap.

The aim of the present investigation was to develop methods of obtaining acid and normal
Na+, K+, Ccatt, andkg++ salts of two individual heparin fractions, one of which contains
three (HP-3) and the other four (HP-4) sulfate groups per dimer of the macromolecule [7-9],
and to study these salts by IR spectroscopy.

EXPERIMENTAL METHOD

The original highly purified preparations HP-3 and HP-4 were obtained in the form of
normal K'-salts by the method described previously [9]. Acid salts HP-3 and HP-4 were ob-
tained by treating solutions of original preparations with the gt form of a cation—exchange
resin (Amberlite IR-124, from Serva, West Germany). After removal of the Amberlite the
acids HP-3 and HP-4 formed in the solutions were converted into Na+, Kt Ca++, and Mg++
salts by the corresponding salt form of this resin., Solutioms of the salts thus obtained
were separated from the resin by centrifugation and lyophilization. Normal salts of HP-3
and HP-4 also were prepared from solutions of the acid forms of these fractions by precipi-
tation with 5 volumes of ethanol containing CHsCOONa (saturated), CH;COOK (10%), CaCl.
(10%), and MgCl. (10%Z). After 18-20 h (4°C) residues of the salts were separated on a cen-
trifuge (see above), washed with ethanol (to remove the salts) and ether, and dried above
P20s in vacuo. Neither HP-3 nor HP-4 could be isolated as free acids because of their ex-
ceptionally hygroscopic properties.

The IR spectra of dry‘preparations of salts of HP-3 and HP-4, mixed with KBr in the ra-
tio of 1:300, were obtained at 20°C on a Perkin-Elmer model 577 spectrophotometer. Full de-
tails of the method were described in [3-6].

EXPERIMENTAL RESULTS

Analysis of original preparations of mormal Kt salts of HP-3 and HP-4 showed that they
are highly purified and that the ratio between the monomers agrees with the theoretical val-
ues (Table 1). The content of covalently bound amino acids in HP-3 and HP-4 was 2.22 and
0.90% respectively. Dicarboxylic amino acids and hydroxyamino acids greatly predominated.

All the preparations of salts obtained are listed in Table 2, which gives the ratios be-
tween cations and anions in acid and normal salts of HP-3 and HP-4. The identification num-
ber of the salts (Roman numerals) in Table 2 are identical with those of their spectra in
Figs. 1 and 2.

In the IR'spectra of all acid and normal salts of HP-3 and HP-4 in the 3700-2800 cm™
region there was a strong band (maximum about 3400 cm~!) with shoulders at 3100 and

1

Research Laboratory of Biological Structures, Ministry of Health of the USSR, Moscow.
(Presented by Academician of the Academy of Medical Sciences of the USSR S. S, Debov.)
Translated from Byulleten' ﬁksperimental'noi Biologii i Meditsiny, Vol, 92, No. 12, pp. 680~
683, December 1981, Original article submitted June 15, 1981.

1650 0007~4888/81/9212-1650$07.50 © 1982 Plenum Publishing Corporation



TABLE 1. Results of Analysis (inpmoles/mg
g anion of Preparations of Heparin Frac—-
tions (M £ m); n =5

Component HP-3 HP-4
Nitrogen 1,194-0,01 | 1,204-0,01
Amino sugar (A) 1,4140,00 1,3140,01
Sulfate group (B) 4,4640,05 | 5;29--0,03
Hexturonicacids (C) 1,454-0,02 | 1,37+4-0,03
B/A 3,16 4,03
C/A 1,02 1,04

TABLE 2. Ratio between Cations and Anions in Dimers of Salts of HP-3 and HP-4 (HP-
3-[ (HSO5) 5~R~COOH]; ; HP—4—[(H803)4—-R-—COOH]H; Disaccharide Repeating Structural Unit
~ HP-3 and HP~4 Dimer — Inside Square Brackets

Salts of HP-3 Salts of HP-4
No. acid [ NO', normal No.] acid ] No., normal
I | Nag(S0;)3—R—COOH V| Nag(S0g)g—R—COONa IX | Nay(8Og),—R—COOH X111} Nay(SOy),—R—COONa
11 | Kg(SOg)s—R—COOH VI Kg(SOg)3—R—COOK X | K4(SOg)s—R—COOH X1V | K4(SOg);—R—COOK
I11 | Cagl(SO5)5—R—COOH], | VII|Cas(SOs)s—R—COOL,Ca | XI|Cayl(SOg),—R—COOH], | XV | Ca,[(5Qy),—R—CO0],Ca
IV | Mg[(SOz);—R—COOH]; | VIII | Mgal (SOg)s—R—COO],Mg | XII | Mg,[(SO5),—R—COOH]; | XVI | Mg,i(SO,),—R—COO];Mg

2500 cm™?*, due to overlapping valency oscillations (symmetrical and antisymmetrical) of
methylene and free hydroxyl groups, the N-H bond, and certain other groups and bonds. In
the spectra of the acid Cattsalt of HP-4 this band was slightly split and had maxima at 3525
and 3400 cm™'. 1In the spectra of the acid Na+, K+, and Ca™™ salts of HP-3 and also of the
acid Nat, Kt, catt, and Mgt salts of HP-4 in the 2800-2500 cm~' interval a shoulder was
present, which varied in size and could be ascribed to hydrogen bonds [11, 13]. Neither the
normal salts of HP-3 and HP-4 nor the acid Mgt salt of HP-3 had any shoulder in their spec-
tra in this region (Fig. 1, I-IV and Fig. 2, IX-XII).

All the acid salts of HP-3 had bands of valency oscillations of the carbonyl group of
the carboxyl residue in their spectra at 1745 cm™', oscillations due to CN, C—C—0, and C-N-R
bonds (amide II) at 1550 cm~*, and oscillations of the R-80s~ group at 1245 and 600 cm™*
[1-5, 11]. Bands at 1125 cm™! and within the range 1100-950 cm~' (maxima at 1050 and 1020
em~*) of overlapping oscillations of primary and secondary alcohol hydroxyl groups, and also
non-planar deformation oscillations of the hydroxyl group (925 cm™*) also were clearly vis-
ible in the spectra of these salts. Bands at 1645 and 1380 em™' also were present (see be-
low). 1In the spectra of acid salts of bivalent metals with HP-3 the R-S0;~ group band had
an ill-defined maximum at 1220 cm~* with adjacent shoulder (Fig. 1, I~IV).

Normal Nat, xt, catt, and Mgt salts of HP-3 had no band at 1745 cm—? in their spectra
but they did have a strong band at 1645 cm~' due to absorption by the carboxylate ion, and
also bands at 1420, 1380, and 1125 cm~'. The intensity of the 1550 cm™ ' was sharply reduced
in the spectra of normal salts of HP-3, especially the Ca™ and Mg™ salts. The 600 cm™*
band in the spectra of the Ca’ and Mgt salts was much wider than in the spectra of the
acid salts of these same metals. The 940 cm~* band was weaker in the normal salts of HP-3
than in its acid salts (Fig. 1, V-VIII).

Spectra of acid Nat, K*, ca™, and Mg™ salts of HP-4 had a band at 1745 cm—!, which was
weaker in the case of salts of the bivalent metals, and also bands at 1650 and 1550 cm™t.
There was a clear band at 1380 cm~' in the spectra of the acid Nat, K+, and Mg+t salts of
HP-4, whereas in the spectrum of the Catt salt of HP-4 only a shoulder remained of this
band. In the 1300-1000 cm~* range a band with complex structure including only a shoulder
instead of the band at 1240 cm~', was present in the spectra of acid Nat and ca't salts of
HP-4, and in the narrow interval 1200-1100 cm™' there was a band at 1140 em~! and a shoulder.
In the case of the Mgt salt of HP-4 there was a wide band of simple structure without a
shoulder at 1240 em™' in this same region. A band at 1240 em~* and one at 1100 cm~* with a
shoulder at 1150 cm™* were present in the 1300-1000 cm~* range in the spectra of the acid
Kt salt of HP-4. Acid Nat, K+, and Ca™ salts of HP-4 had a pointed band at 600 cm™ ' in
their spectra, which was represented by a doublet in the case of the Ca™™ salt, whereas in

the spectrum of the Mg++ salt in this region there was a wide band. A shoulder was present
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Fig. 1. IR absorption spectra of acid (I-IV) and normal (V-VIIIL) Nat, xt, catt,
and Mgtt salts of HP-3. Roman numerals correspond to salts listed in Table 2. Ab-
scissa: above — wavelength (in p), below — wave numbers (in cm™'); ordinate,
transmission (in %).

Fig. 2. IR adsorption spectra of acid (IX-XII) and normal (XIII-XVI) Nat, K,
Catt, and Mgtt salts of HP-4. Legend as to Fig. 1.

at 940 cm™' in the spectra of all acid salts of HP-4. Marked differences were found in the
structure of the spectra of acid salts of HP-4 due to the nature of the cation, and affect-
ing mainly the region of oscillations of the R—S0;~ group (Fig. 2, IX-XII).

The band at 1745 cm™* was absent in spectra of normal Na+, K+, ca’t, and Mg++ salts of
HP~4 but an intensive carboxylate ion band was present at 1640 cm~', which was much weaker
in the case of the Mg++ salt than in the spectra of the other three normal salts of HP-4.
Instead of the 1550 cm™* band only'a shoulder remained. Bands at 1420, 1380, and 1240 cm™*
(particularly strong for Nat and K¥ salts) and at 940 cm™! were present in the spectra of
all normal salts of HP-4. The band at 600 cm™' in the spectra of the Nat and Kt salts con-
sisted of a doublet, whereas in the spectra of the Ca*™ and Mgtt salts it was indistinct in
shape (Fig. 2, XIII-XVI).

The strong band at 1645 cm™' in the spectra of all salts of HP-3 and HP-4, which over-
lapped with the carboxylate ion band in the spectra of the normal salts of these biopolymers,
cannot be attributed to oscillations of the acetamide group, for even if this group was pres-
ent in HP-3 and HP-4, it was only in extremely small quantities. More probably this band
was due to peptide bonds of the polypeptide components of HP-3 and HP-4 [9, 14]. The band
at 1380 cm™ !, present in the spectra of all the salts studied, is also difficult to explain.
On the basis of the facts described above, and also since a band at 1380 cm~' is present in
the TR-spectra of glucuronic acid and potassium glucuronate, which contain no acetyl group
[4], it does not seem possible to attribute this band in the spectra of HP-3 and HP-4 to os-—
cillations of this group. The question of the presence of an acetyl group in HP-3 and HP-4
must remain open.

'The presence of a band at 1745 cm™* in the spectra of acid salts of HP-3 and HP-4 evi-
dently proves that protons of carboxyl groups of hexuronic acids in these salts are not re-
placed by Nat*, KF, Ca™, or Mgtt. This is in agreement with the fact that hydrogen bonds
were detected only in salts with free carboxyl groups, by means of which intermolecular in-
teraction can take place, with the formation of hydrogen bonds. The absence of the band at
1745 cm™' and shoulder of hydrogen bonds in spectra of the normal salts of HP-3 and HP-4 and
the presence of a band of carboxylate ion (1645 cm™') in them is evidence that in these
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cases the proton of the carboxyl group is replaced by a metal, as a result of which inter-
molecular hydrogen bond formation on account of carboxyl groups is ruled out. The absence
of intermolecular hydrogen bonds in the acid Mgttt salt of HP-3, correlating with the
presence of a band at 1745 cm—! in the spectrum, is probably due to the presence of stearic
and other factors in this case, preventing intermolecular interaction.

The band at 820~800 cm~' present in the spectra of all salts of HP-3 and HP-4 is diffi-
cult to interpret. It can be tentatively suggested that absorption in this region is con-
nected with the R-S05;~ group, for the amplitude and structure of this wave showed parallel
changes with the 600 cm™* band [1, 2].

Changes in the 600 cm™ ! band in the spectra of acid salts of HP-3 and HP-4 dependent on
the nature of the cation show that the proton of the sulfate group in these salts is re-
placed by the corresponding cation [1, 2].

Intermolecular interaction in acid and normal Ca'™ and Mgtt salts of HP-3 and HP-4 can

also take place with the aid of these bivalent cations, when one cation reacts with two

acid groups belonging to different macromolecules of the given proteoglycan, resulting in
the formation of supramolecular complexes. Participation of coordination bonds in this pro-
cess likewise cannot be ruled out [15].

Within a given heparin fraction, i.e., HP-3 or HP-4 differences in the IR spectra of
the salts are thus determined by the cation and by the presence or absence of a free car-
boxyl group. Differences between the IR spectra of salts of HP-3 and HP-4 with the same
cation, however, are determined by the anion. It follows from analysis of the IR spectra
of the salts of HP-3 and HP-4 we have studied that differences between these heparin frac-—
tions are not confined to their chemical composition, but also extend to their macromolecu-
lar structure.

Individual macromolecules of the same heparin fraction in the living organism may per—
haps exist in the form of Nat, xF, catt, and Mgtt galts, with the conformational properties
peculiar to each of them and with their own particular biological activity, in harmony with
the diversity of physiological functions of heparin.
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