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74.45; H, 7.21. of them. 
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Commercial heparin (sodium salt) wm purified through the cetyltrimethylammonium salt to a product readily 
convertible to the crystalline barium acid salt. The heparin polyelectrolyte molecule resists desulfation and 
0-acetylation. Partial desulfation of the so-purified heparin (sodium salt) with methanolic hydrogen chloride 
followed by N-acetylation allowed further desulfation. Subsequent acetylation converted most of the free hy- 
droxyl groups to acetate esters. The nearly 0-acetylated product 'contained two acetamido groups, two (free 
carboxyl) uronic acid residues, and approximately one ester acid sulfate group per tetrasaccharide unit. Re- 
duction of the uronic acid carboxyl groups in this product with diborane gave the carboxyl-reduced analog with 
quantitative conversion of the uronic acid moiety to aldose. Acid hydrolysis of the carboxyl-reduced poly- 
saccharide gave 2-amino-2-deoxy-~-g~ucose (isolated as the crystalline a-D-hydrochloride) and D-glucose (isolated 
as the crystalline penta-0-acetylglucose diethyl dithioacetal and previously as potassium hydrogen D-glucsrate) 
as the only monosaccharide hydrolytic components. This establishment of D-glucose in the hydrolysate char- 
acterizes the uronic acid of heparin as n-glucuronic acid. 

The polysaccharide heparin has been known for over 
forty years, and studies in relation to  its blood anti- 
coagulant properties have been extensive.2 Chemical 
studies on heparin up to 1954 have been reviewed in 
detail,3 and later work has been ~umrnar ized .~ ,~  Hep- 
arin has proved to be a remarkably intractable poly- 
saccharide for chemical study. It is not amenable to 
many of the conventional procedures used in polysac- 
charide structure determination. Much inconclusive 
and conflicting data exists in the literature regarding 
the linkage sequence, and even the structural units, 
of the heparin molecule; a great deal of the supporting 
evidence presented is based on color reactions and 
indirect evidence. Work based on inhomogeneous 
preparations has added considerably to the confusion 
regarding precise chemical structure. 

In  this paper and the following papers from this 
laboratory we have endeavored to base our studies on 
well-purified material and to draw conclusions on classi- 
cal proofs of structure, with isolation of crystalline 
degradation products identified by unequivocal meth- 
ods. 

The starting material we have used was a commercial 
heparin (sodium salt) of normal anticoagulant activity 
which we further purified by fractionation from salt 
solutions of the cetyltrimethylammonium salts of the 
sulfated polysaccharides present.8 This fractionation 
was effected with considerable loss (about 50%), but 
that material with the highest degree of sulfation 
present in the commercial heparin was so obtained. 
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Undoubtedly the yield could have been raised, but we 
wished to concentrate our efforts upon this fraction. 
That the mast cell, wherein heparin originates, con- 
tains a mixtures of polysaccharides cannot be doubted. 
We ourselves have described a galactan from this 
sourceg and dermatan sulfate @-heparin) also has 
been found therein.IO 

The purified heparin was readily convertible to  the 
crystalline polymeric barium acid salt first described by 
Charles and Scott," which has been adequately charac- 
terized by chemical and physical me thod~ . '~ - '~  The 
infrared spectrum of the purified polysaccharide 
(sodium salt) was identical with that described by Bur- 
son and co-workers16 for "purified heparin." Our puri- 
fied preparation contains five sulfate ester groups per 
tetrasaccharide unit12 l6 and even so undoubtedly con- 
tains some free amino groups from which the sulfuric 
acid residue has been removed by the mild acidity to 
which the material has been exposed during isolation 
and purification. It is known that the sulfoamino 
group of heparin is sensitive to a~idi ty . '~ , '~ . '*  In  the 
intact polysaccharide the anticoagulant activity is a 
function, among other things, of its degree of sulfation,17 
and indeed extrapolation of this activity to complete 
sulfation of the amino group leads to a predictable 
maximum activity of 190 I.U./mg. Whether such 
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highly active material is a trisulfate (per disaccharide 
unit; hexasulfate per tetrasaccharide) is not yet cer- 
tain, though J o r p e ~ ' ~ . ~ ~  tends to  favor such a concept. 

The high degree of sulfation of the polyelectrolyte 
heparin profoundly modifies its reactivity and solu- 
bility; removal of these sulfate groups is accordingly 
necessary before the linkages become amenable to  
investigation. Heparin has been completely desul- 
fated2' by solution in absolute sulfuric acid followed by 
acetylation. The product isolated was, however, 
considerably degraded. A much milder method for 
the desulfation of sulfated polysaccharides became 
available when Kantor and SchubertZ2 reported that 
chondroitin 4-sulfate could be desulfated heteroge- 
neously by methanolic hydrogen chloride a t  room tem- 
perature. Soon thereafter this laboratory' and a num- 
ber of found this t o  be applicable to heparin 
preparations. The direct treatment with methanolic 
hydrogen chloride reduced the sulfate content to ap- 
proximately two groups per tetrasaccharide unit. 
Further desulfation was possible, after N-acetylation, 
but it was still difficult to  desulfate the material com- 
pletely. This was in accordance with the previous 
finding of this laboratory that the heparin molecule 
contains acid-resistant sulfate. 16.26 Complete desulfa- 
tion could be achievedz7 if the further acetylated prod- 
uct, described subsequently, was desulfated homo- 
geneously with methanolic hydrogen chloride. 

In  the present work we elected to  proceed with a de- 
sulfated, N-acetylated heparin preparation still con- 
taining essentially one acid-resistant sulfate acid ester 
group per tetrasaccharide unit. The carboxyl unit in 
the uronic acid component had then been converted to  
the methyl ester by the desulfation procedure, and any 
reducing end groups had been changed to  the methyl 
glycoside. This product was then sufficiently soluble 
in organic solvents to permit further acetylation with 
acetic anhydride in a homogeneous pyridine-N,N- 
dimethylformamide solution. Such a procedure, but 
employing formamideq8 readily and completely acetyl- 
ates chondroitin 4-~ulfate.*~ Surprisingly, acetylation 
of the modified heparin stopped a t  a point where 1.6 
hydroxyl groups per tetrasaccharide unit remained 
unacetylated, and repetition of the procedure did not 
raise the acetyl value. As was found with pectin,28 
the methyl ester present could become deesterified by a 
transesterification. The acetylated free acid was 
soluble in water, formamide, N,N-dimethylformamide, 
and in mixtures of the last-named with bis(2-methoxy- 
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ethyl) ether (diglyme), a range of solubilities similar to 
those shown by peracetylated chondroitin 4 - s ~ l f a t e . ~ ~  

One of the principal difficulties in the elucidation of 
the structure of heparin arises from the fact that the 
conditions required for complete hydrolysis destroy the 
uronic acid component.30 This results from the in- 
herent acid sensitivity of uronic acids and the difficulty 
of hydrolyzing glycosidic bonds in sugars containing 
amino groups, due undoubtedly to the shielding effect 
exercised by the positively charged monoalkylammo- 
nium ion toward protonation of the glycosidic oxygen 
atom.31,S2 The remarkable reducing agent diborane, 
introduced into organic chemistry by Brown and Subba 
R ~ o , ~ ~  will reduce the carboxyl group to a primary 
alcohol. This reagent had been utilized for carboxyl 
reduction of plant acidic polysaccharides by Smith and 
Stephena4 and was utilized herein once a suitable 
derivative possessing diglyme solubility had been ob- 
tained. The uronic acid component was thus con- 
verted quantitatively to the much more acid-stable 
aldohexose and the polysaccharide, so modified, was 
now amenable to  complete acid hydrolysis. Sodium 
borohydride readily reduces the carboxyl function in 
the methyl ester form of chondroitin (desulfated),a6 
but it is much less effective (40% reduction in our 
hands) for the corresponding derivative of heparin. 36--38 

Complete acid hydrolysis of the carboxyl-reduced 
heparin modification led to the isolation and charac- 
terization of only two components in an approximately 
equimolar ratio. One of these was 2-amino-2-deoxy- 
D-glucose, isolated as t,he crystalline hydrochloride of 
its a-anomer, a finding corroborative of that of Jorpes 
and B e r g ~ t r o m . ~ ~  It is of interest that comparative 
X-ray diffraction patterns allow the establishment of 
anomeric form of known substances without recourse to 
polarimetric data. The only other component found 
was glucose, isolated as the crystalline penta-0-acetyl 
glucose diethyl dithioacetal by the procedure of Wol- 
from and Karabinos.40 The amount of this derivative 
obtained in the experimentation was insufficient for the 
determination of its optical rotation. However, it 
previously had been ascertained4' that potassium acid 
D-glucarate was obtainable from heparin by oxidative 
hydrolysis, a finding which limited the uronic acid com- 
ponent to D-glucuronic or L-glucuronic acid. The pres- 
ent result establishes the former and, therefore, the 
uronic acid component of our heparin preparation was 
D-glucuronic acid. This accords with the isolation from 
heparin of a crystalline isopropylidene derivative of 
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D-glucuronolactone by Foster and associates. 42 After, 
or nearly simultaneously with our publication, the 
finding of D-glucose in the hydrolysate of a partially 
reduced (sodium borohydride) heparin preparation 
was reported by Danishefsky and associates3* (0-D- 
glucopyranose pentaacetate) and by Cifonelli and Dorf- 
man3' (by D-glucose oxidase). It is true that heparin 
does not show a typical Dische (concentrated sulfuric 
acid and carbazole) glucuronic acid color test and 
indeed exhibits a color with concentrated sulfuric acid 
and anthrone similar to that given by a hexulosonic 
acidsz5 43 44 However, the present isolative degradation 
demonstrates unequivocally that D-glucuronic acid is 
the uronic acid component of heparin. Current re- 
ports of the presence of L-iduronic acid in heparin prep- 
a r a t i o n ~ ~ ~  were not confirmed with the purified and 
completely reduced preparations utilized by us. 

E~perirnental~~ 
Purification of Heparin through the Cetyltrimethylammonium 

Salt.-A modification of the method of Korn4? was used to purify 
the commercial (Upjohn, sodium salt) heparin samples employed; 
126 I.U./mg.; [ a ] " D  +44' (c 1.0, water). 

Anal. Calcd. for C24H31035NZSbNa7: C, 23.45; H ,  2.52; 
N, 2.28; S, 13.04. Found: C, 23.03; H ,  2.86; N, 2.35; S, 
12.62. 

To an amount of 10 g. of this material dissolved in water was 
added, with stirring, 50 ml. of 20% (w./v.) cetyltrimethylam- 
monium bromide (Eastman Organic Chemicals, Rochester, 
N.  Y. ) .  The yellowish gray precipitate formed was isolated by 
centrifugation, the supernatant decanted, and the precipitate 
washed in the centrifuge tube five times with 100-ml. portions of 
water. To the supernatant was added another 50 ml. of 20y0 
(w./v.) cetyltrimethylammonium bromide, and the precipitate 
formed was removed by centrifugation and washed as described 
above. The combined wet precipitates were dried in a desiccator 
under reduced pressure until the surface water was removed. 
The lumps were then pulverized and the final drying was effected 
in a vacuum desiccator over phosphorus pentaoxide; yield 28.3 g. 
of crude cetyltrimethylammonium heparinate. This 28.3 g. of 
quaternary ammonium heparin complex was dissolved in 600 ml. 
of warm ethanol and reprecipitated by dropping the cooled 
ethanol solution into 2 1. of cooled ether. After centrifuging and 
washing the precipitate three times with ether, the white amor- 
phous powder was dried in a vacuum desiccator; yield 22.6 g. 
The complex (22.6 g.) was then dissolved in 4 M sodium chloride 
(900 ml.) and stirred for 1 hr. Dilution of the solution to 1 M 
sodium chloride with 2700 ml. of water precipitated a white floc- 
culent solid. To this solid was added, under stirring, 25 g. of 
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P. Proctor, and J. S. Harrison, Noture (London), 166, 444 (1950)l as  well 
as by ninhydrin (0.2% in ethanol). R, is mobility relative to  that of glucose. 
Melting points were determined on a Hershberg type apparatus ( A .  
Thompson and M. 1,. Wolfrom, i n  "Methods in Carbohydrate Chemistry." 
Vol. I. R. 1.. Whistler and M. L. Wolfrom, Ed. ,  Academic Press, Inc., New 
York, N. Y..  1961, p. 517). 
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ties. All acetyl determinations were done by the method of A. Chaney and 
U. L. Wolfrom, A n d .  Chem.,  28, 1614 (1956). Combustion analyses on the 
sodium salts were made by the Huffman Microanalytical Laboratories, 
Wheatridge. Colo. 
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Celite. The Celite and heparin complex was isolated by centri- 
fugation and treated with 900 ml. of 4 M sodium chloride. A 
further amount of 20 ml. of 20% (w./v.) cetyltrimethylammo- 
nium bromide was added, and the solution was again made 1 M in 
sodium chloride. The reprecipitation procedure was thrice re- 
peated. The final precipitate was washed in the centrifuge with 
three 100-ml. portions of water to remove excess cetyltrimethyl- 
ammonium chloride. The precipitate was dissolved in 800 ml. of 
4 A4 sodium chloride, centrifuged, and the supernatant dropped 
slowly into ethanol (5500 ml.). After centrifuging the solids 
from the alcohol solution and washing with 100 ml. of ethanol, the 
precipitate was dissolved in water (100 ml.) and dialyzed for 3 
days against running distilled water. Upon concentration and 
freeze-drying, a white powder was isolated; yield 4.5 g. (45%); 
[ a IzaD +46" (c  0.73, water); A::: (p )  2.85 (OH), 6.25 (carboxyl 
C=O), 7.0, 8.15 (SO, ester), 9.75, 10.15, and 11.35. 

Anal. Calcd. for C Z ~ H ~ ~ O ~ ~ N Z S ~ N ~ ? :  C, 23.45; H,  2.52; N, 
2.28; S, 13.04. Found: C,23.48; H,2.79; N, 2.31; S, 13.01. 

This material was convertible to the crystalline barium acid 
heparinate by the procedure of Wolfrom and associates12 with the 
modification that all the solutions were maintained a t  room tem- 
perature or below and periods of standing were minimized; yield 
71.3y0. When this material wag reconverted to the sodium salt'* 
(above-noted precautions followed), the product was identical in 
rotation and infrared spectrum with the above-described sodium 
salt prepared through the cetyltrimethylammonium salt alone. 
The infrared spectrum obtained was in agreement with that re- 
corded by Burson and co-workers'6 for "purified heparin." 

Partially Desulfated, X-Acetylated Heparin Methyl Ester.- 
The sodium heparinate, purified as described above, was desul- 
fated to the monosulfate stage by the general procedure of Kantor 
and Schubertlz for the complete desulfation of chondroitin sulfate 
and essentially as described by Danishefsky, Eiber, and Cam23 
for their heparin preparation. ' An amount of 3.0 g. of the sodium 
heparinate was shaken for 20 hr. with 0.15 N dry methanolic 
hydrogen chloride (200 ml.). The mixture was centrifuged, the 
supernatant discarded, and the precipitate treated with another 
portion of 0.15 N methanolic hydrogen chloride (200 ml.) for 2 
days. The insoluble, partially desulfated heparin methyl ester 
was collected by centrifuging, washing twice with methanol (50 
ml.) and once with ether in the centrifuge tube, and air-drying; 
yield 2.1 g. 

Anal. Found: S ,  5.01. 
The partially desulfated heparin methyl ester was S-acetylated 

by the general procedure of Roseman and L~dowieg .~*  An 
amount of 2.1 g. was dissolved in water (150 ml.) to which was 
added methanol (15 ml.) and Dowex-1 resin (90 ml., -C03-2 
form). This solution was cooled to 0-5', under stirring, and 
acetic anhydride (IO ml.) added. After stirring for 3 hr. the resin 
was filtered and washed several times on the filter with water. 
The filtrate was dialyzed 3 days against running distilled water, 
and the dialyzate was concentrated to a small volume and freeze- 
dried; yield 2.0 g.; A::: (p )  6.04, 6.54 (-NHCOCHg), and 5.78 
(-COzCH,). 

Anal. Found: S, 5.14; HICCO, 5.3. 
The methanolysis with 0.15 N methanolic hydrogen chloride 

was repeated, for 1 day, and the product was isolated in the aame 
manner; yield 1.8g. (90%); [ a I z 5 ~  +66' ( c O . 8 ,  water). 

Anal. Calcd. for C~ZH~~.~~~~.~(NHCOCH~)Z(COZCH~)Z(OSOZ- 
Na)'.': S, 3.98. Found: S, 3.8.  

In  subsequent experiments i t  was found that a nearly desulfated 
product could be obtained by repeating the methanolysis on the 
N-acetylated product several times; [ a I z 6 D  +66" (c  0.5, water). 

Anal. Found: C, 39.55; H ,  5.39; N, 3.21; S, 0.2; Na (sul- 
fate ash), 0.1. 

Partially Desulfated, Partially Acetylated Heparin, Sodium 
Salt.-The partially desulfated N-acetylated methyl ester of 
heparin (1.0 9.) was dissolved in water and freeze-dried to give a 
fluffy white powder. This powder was placed in N,N-dimethyl- 
formamide (50 ml.), to which was added 16 ml. of freshly distilled 
acetic anhydride and 8 ml. of p~ridine.~g The heterogeneous 
mixture was shaken overnight, and the solid material became 
solubilized. More pyridine (8 ml.) and acetic anhydride (16 
ml.) was then added. After shaking overnight again, the reac- 
tion mixture was poured into 250 ml. of 0.001 h' sodium bicarbon- 
ate, dialyzed against running distilled water for 2 days, and freeze- 
dried; yield 0.9 g.; [a]2'~ +15" (c 1 ,  water); nonreducing to 
Benedict solution. This product was soluble in water, form- 

(48) s. Roseman and .I. Ludowieg, J .  Am. C h e m .  Soc., 76, 301 (1054). 
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amide, X,N-dimethylformamide, 2-methoxyethanol, and bis(2- 
methoxyethyl) ether (dig1yme)-N,N-dimethylformamide (4 : 1). 

Anal. Calcd. for C22Hz404 (NHCOCH3)2 (COZN~)~(OCOCH~) ,  4- 

(OH)1.6(OS02Ka)1.1: C, 39.58; H, 4.31; CH3C0, 24.98; Na, 
6.4. Found: C ,  39.28; H ,  4.55; CH,CO, 25.14; Na  (sulfate 
ash), 5.7; OCH,, trace. 

The sodium bicarbonate treatment was omitted when the 
sodium salt was not desired. 

The acetylation procedure was repeated on this product with 
no significant change in acetyl content. 

Methoxyl varied in subsequent experiments from 
trace amounts to 2%, indicating the probable presence of some 
methyl ester. 

Diborane Reduction of Partially Desulfated, Partially Acety- 
lated Heparin.-A water solution of partially desulfated, par- 
tially acetylated heparin (1.6 g., sodium salt) was passed through 
a column of Amberlite IR-120 resin (H+, 100 ml.), concentrated 
to a small volume, and freeze-dried; yield 1.5 g. This free- 
carboxyl form of the polysaccharide (1.5 g., 2.6 mequiv.) was 
dissolved in N,h'-dimethylformamide (40 ml.) contained in a 500- 
ml., three-necked, round-bottomed flask equipped with ground 
glass joints. Bis(2-methoxyethyl) ether (160 ml.) was then 
added slowly with stirring. Sodium borohydride (1.66 g., 43.6 
mmoles) was added to this solution and the reaction mixture 
stirred with a magnetics stirring bar under a stream of dried (sul- 
furic acid) nitrogen. By means of a dropping funnel, freshly 
distilled boron trifluoride etherate (8.74 g., 66 mmoles) in bis(2- 
methoxyethyl) ether (20 ml.) was introduced over 3 hr. into the 
reaction mixture and stirring was maintained overnight. The 
reaction mixture, containing a slurry of inorganic salts, was 
poured with stirring into 0.1 -1; sodium bicarbonate (150 ml.) and 
crushed ice (200 ml.) . The washings were dialyzed for 3 days and 
the concentrated dialysate was freeze-dried; yield 1.06 E.; 
[ ~ I Z ~ D  +530 (c 1, wateI). 

Calcd. for Cz4H2,08(N HCOCH& (OCOCH,), .S(OH)~.~-  
(OSOnNah.q: C. 43.4: H.  5.5: N ,  3.1: S, 3.2: C H Z O .  21.12: 

I 

Anal. 

h a ,  2.26.'- Found: C, 43:7; H, 5:7; N, 3.6; .S, 3 . 5 ;  CH&o; 
20.8; Na (sulfate ash), 1.6; uronic acid,60 trace; OCH3, trace. 

Total Hydrolysis of Partially Desulfated, Partially Acetylated, 
Carboxyl-Reduced Heparin.-The product from the preceding 
reaction (3.1 g.) was hydrolyzed in 4 N hydrochloric acid (310 
ml.) for 7 hr. a t  reflux. The solution was neutralized with silver 
carbofiate, filtered, and concentrated to a small volume. The 
precipitate which formed was filtered; the filtrate was treated 
with hydrogen sulfide, filtered again, and evaporated several 
times to dryness with 1-propanol to give a sirup; yield 1.2 g. 
Chromatography with solvent A revealed the reducing sugar com- 
ponents of R, 1 .OO and 0.72 to be the principal substances present, 
the latter being ninhydrin-positive;' accompanying minor zones 
had low mobilities. Resolution of the sirup was effected by pre- 

(49) D. 0. Hoffman and M. I,. Wolfrom, Anal. Chem., 19, 225 (1947). 
(50) Z. Dische, J .  B i d .  Chem., 167, 189 (1947). 

parative paper chromatography. In  order to provide a more 
even solvent flow, 10 X 46 cm. strips of Whatman No. 1 paper 
were sewnsl to the ends of 46 X 57 cm. sheets of Whatman No. 3 
paper. After applying neutralized hydrolysate to the thick 
paper (200 mg. per sheet on a 0.5-cm. band 3 cm. below the stitch- 
ing), the strip of Whatman No. 1 paper was placed in the empty 
irrigating trough and solvent A poured in. Zones corresponding 
to the R, values cited above were located by cutting 1-cm. strips 
from the center and edges of the sheet and spraying with silver 
nitrate-sodium hydroxide. 

Elution of the material in the zone of R, 0.72 was effected with 
solvent A, and the resultant sirup obtained on solvent removal 
was crystallized from water-acetone to give 2-amino-2-deoxy-a- 
D-glucose hydrochloride; yield 0.41 g. (34%) based on weight of 
hydrolysate; [aIz4"n +72" ( c  0.44, water, final); X-ray powder 
diffraction pattern62 identical with that of an authentic specimen. 

The sirupy material in the zone of R, 1.00 was isolated in the 
same manner; yield 0.301 g. (2501, based on weight of hydroly- 
sate). It was found to be chromatographically indistinguishable 
from glucose in solvents A, B, and C. A 40-mg. sample of this 
sirup was dissolved in Concentrated hydrochloric acid (0.5 ml., 
12 N ) ,  cooled in an ice bath, and ethanethiol (0.5 ml.) added.40 
The mixture was shaken for 1 hr. and then neutralized in the cold 
with concentrated ammonium hydroxide. The salt residue was 
dried by codistillation a t  40' with ethanol under reduced pres- 
sure, the process being repeated several times. The dried residue 
was treated with a 2: 1 mixture of acetic anhydride and pyridine 
(3 ml.). After standing overnight a t  room temperature, the 
solution was poured into water (10 ml.) and extracted twice with 
10-ml. portions of chloroform. The chloroform extract was 
washed four times with 10-ml. portions of a saturated sodium bi- 
carbonate solution and finally with water. The sirup obtained 
on evaporation of the solvent was crystallized from methanol by 
the gradual addition of water; yield 10 mg. (16%); m.p. 45.8-47", 
unchanged on admixture with an authentic sample of penta-0- 
acetyl-D-glucose diethyl dithioacetalss; X-ray powder diffraction 
pattern identical with that of an authentic sample46: 9.023 (vs) 
(1),7.654 (m), 7.158 (8) (3), 6.992 (m), 6.036 (m), 5.367 (w), 4.178 
(8) (2), 3.721 (m), 3.556 (w), 3.309 (m). 3.089 (w), 2.916 (m), 
2.710 (vw), 2.576 (w), 2.300 (vw). 
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