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A series of substituted salicylates and other structurally unrelated compounds hav- 
ing the common property of metal-ion complexation have been examined for the 
ability to inhibit the incorporation of sulfate into mucopolysaccharide. Several very 
potent inhibitors have been found among the mercaptoamines. It may be stated that 
the course of mucopolysaccharide sulfation is definitely affected by metal-binding 
agents, generally by inhibition. A close correlation between per cent inhibition of 
sulfation and metal-binding strength was observed, which establishes that the mode 
of inhibition is one of metal binding of the metalloenzymes involved in  mucopoly- 

saccharide sulfation. 

ALICYLATES have been shown to inhibit the S incorporation of "S into cartilage mucopoly- 
saccharide (1). Whitehouse and Bostrom (2) have 
postulated that salicylate exerts its inhibitory effect 
on this reaction either by acting as an alternative 
sulfate acceptor, being itself sulfated, or by complex- 
ation of the metalloenzymes involved in muco- 
polysaccharide sulfation (2, 3). The results re- 
ported here permit a more definite conclusion to  be 
made. 

A series of substituted salicylates and other struc- 
turally unrelated compounds having the common 
property of metal-ion complexation were tested for 
the ability to  inhibit the incorporation of into 
veal costal cartilage, according to  the procedures of 
Rubin and Howard (4) and Whitehouse and Bos- 
trom (2). It may be stated that metal complexation 
agents definitely affect the sulfation, generally by 
inhibition. A correlation between metal-binding 
strength and degree of inhibition is apparent, al- 
though agents with comparatively high or low metal- 
binding constants were found to  stimulate the incor- 
poration of sulfate. 

METHODS 

Incubation Procedure.-Incubations were carried 
out a t  37" in air with continuous slow shaking. 
Costal cartilage from a newly killed calf was sliced 
to 0.5 mm. thickness and in each determination five 
slices were preincubated in 10 ml. of Krebs-Ringer 
solution with the inhibitory agent ( 5  X lod3 M ) .  
After 15 min., sodium sulfate 36S (5  X lo6 counts/ 
min.) was added, and incubation was continued for 
3 hr. The medium was then decanted, and the 
slices were washed three times with chilled (4') 
Krebs-Ringer solution, blotted, and stored in the 
moist state at 4" until taken for counting. 

Measurement of Incorporated Radioactivity.- 
Approximate (Direct) A ssuy.-The intact, moist, 
circular cartilage slices (dry weight approximately 
40 mg.) were placed in tared planchets and dehy- 
drated by standing overnight in the refrigerator and 
drying for 10 min. at 100". The planchets were 
weighed, and the radioactivity of the slices was 
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measured directly with an end-window flow counter 
(Picker Compact Flow Detector). Results are re- 
corded in Table 1. 

Assay of Digested Slices.-Papain (2.66 mg. for 
40 mg. of tissue) was activated by admixture to  a 
paste with a few milliliters of 0.1 M phosphate buffer 
(pH 6.8) containing 1.22 mg./ml. of cysteine hydro- 
chloride (0.005 M). The paste was diluted to  the 
desired volume with phosphate buffer and warmed at 
55" for 30 min. The dried cartilage slices in phos- 
phate buffer (1 ml.) were denatured in boiling water 
for 15 min. and treated with 1 ml. of activated 
papain suspension. They were digested overnight 
at 55" and retreated with papain if still undigested. 
A small residue was removed by centrifugation. A 
1-ml. aliquot of the clear liquid was placed in a 
planchet, dried, and the incorporated %S was meas- 
ured. (See Table I.) 

The total (free and polysaccharide-bound) 
taken up by the tissues was thus measured, but it 
has been shown that 92% of the total is incor- 
porated into mucopolysaccharide after 30 min. 
incubation (2). Each series of incubations included 
a t  least one contamination control, in which the 

TABLE I.-INHIBITORY EFFECTS OF METAL-BINDING 
AGENTS ON 3% INCORPORATION IN 

MUCOPOLYSACCHARIDE 

Inhibition, % Inhibition, % 
Incubated Digested 

Agent, 5 X 10-S M Slices Slices 
Salicvlic acid 40.20 43.86 
o-Th$motic acid 62 46 48 30 

5-Nitrosalicylic acid 21.40 14.90 
3,6-Dimethylsalicylic acid 35 80 21 97 

4-Aminosalikylic acid -18.70" -30.80" 
Salicylamide - 36. 60a -47. 40a 
2-Mercaptoethylamine 90.40 93.40 
2-Mercaptoethylguanidine 62.90 71.90 
2-Mercaptoethylguanidine tri- 

thiocarbonate 93.31 95.60 
Pyridine-2-thiol-1-oxide Znb 86.24 92.51 
Na Diethyldithiocarbamate 70.03 72.84 
8-H ydroxy quinoline 76.63 79.95 
5-Nitrofurantoin 65.10 66.62 
2-Mercaptobenz~thiazole~ 54.85 51.67 
L-Cysteine- HCl 46.64 33.03 
Ethylenediaminetetraacetic 

acid 33.10 22.80 
Riboflavinb 6.10 -15.70" 
Glycine - 3.30" 0.46 
Methionine - 18.30- -23.20" 

Stimulatory effect. ' Incompletely dissolved. 
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TABLE II.-STABILITY CONSTANTS OF INHIBITORS WITH METAL CATIONS 

7 -Log KI (Water, 20-30°)a---- F 

Salicylic acid 10.6 6.9 6 . 8  6.6 5.9 16.4,29.3* 
Agent cu2 + Zn2 + COZ + Fez + Mn2 + Fe3+ 

o-Thymotic acidb- 9 . 7  . . .  . . .  . . .  . . .  15.8 
3.6-Dimethylsalicylic acidd 9 .1  . . .  . .. . . .  . . .  14.8  
5-Nitrosalicylic acidb# c . . .  . . .  . . .  . . .  . . .  14.5  
4-Aminosalicylic acidb. c . . .  . . .  . . .  . . .  . . .  16.3,30.5* 
Salicylamide . . .  . . .  . . .  . . .  . . .  10.0 
2-Mercaptoethylamine . . .  10.2 7.7 . . .  . . .  . . .  
Pyridine-2-thiol-1-oxide6 . . .  . . .  5.5 . . .  . . .  . . .  
Diethyldithiocarbamatef 11.9 . . .  . . .  . . .  . . .  . . .  

Cysteine . . .  9 . 8  9 . 3  6 . 2  4 .1  32.1* 
Ethylenediaminetetraacetic acid0 18.8 16.2 16.2 14 .3  13.6 25. 1 
Riboflavin 13.0* 5 .6  3.9 7 . 1  3 . 4  . . .  
Glycine 8.5 5 . 2  5 . 1  4 . 3  3 . 2  10.0 
Methionine 14.7* 4.4  7.9* 6.7* . . .  . . .  

8-H ydroxyquinoline 12.2 8 . 5  9.1 8 .0  6 . 8  12.3 

a 1: 1 Complexes are reported. 2: 1 complexes are indicated by an asterisk. Values are taken from Bjerrum J. Schwarzen- 
Organic Ligands,” The Chemical Society, London,’E&land, 1957, bach, G.,  and Sillen, L. G.,  “Stsbility Constants, Part I :  

unless otherwise noted. Determined in aqueous ethanol. Foye, W. 0.. and ’I !) . ‘urcotte J. G. J .  Pharm. Sci. 51, 329(1962 
Baum M D. M.S. thesis Massachusetts College of Pharmacy Boston 1984. Albert, A,: Rees, C. W., &d Tomlinson, 

I Values represent the over-all stability A. I. H.‘, Rkc. h a v .  Chim.. $5. 819(1956). f Janssen. M. 1.. ibid., 76, d7(1957). . -  
constants. 

tissue slices were incubated with iodoacetate at 37”. 
The very low radioactivity of these slices showed 
that extraneous was being removed by 
the washing procedure. 

RESULTS AND DISCUSSION 
The substituted salicylic acids selected as inhibi- 

tors cover a wide range of metal-binding strength. 
(See Table 11.) The alkyl-substituted acids, the 
3,g-dimethyl and 3-isopropyl-6-methyl (o-thymotic 
acid) derivatives, have avidities for heavy metals 
comparable to that of salicylic acid itself and show 
similar degrees of inhibition of mucopolysaccharide 
sulfation. The 5-nitro derivative is both a weaker 
complexing agent and sulfation inhibitor. The 4- 
amino derivative has a higher metal-binding con- 
stant for Fea+ ion, and salicylamide a much lower 
iron-binding constant than salicylic acid. Both of 
these compounds, however, stimulated the uptake 
of 365, suggesting that complexation of a metallo- 
enzyme here aids the sulfation rather than hinders 
it. 

Among the other metal-binding agents tested for 
inhibition of sulfation are found a variety of struc- 
tures, including a mercaptoamine, mercaptoguani- 
dine, dithiocarbamate, trithiocarbonate, oxine, 
EDTA, and a-amino acids. The highest per cent 
inhibitions of sulfation were given by 2-mercapto- 
ethylguanidine trithiocarbonate, 2-mercaptoethyl- 
amine, and pyridine-2-thiol-1-oxide zinc complex. 
No metal-binding constant is known for the trithio- 
carbonate, since it loses carbon disulfide in the pres- 
ence of metal ions in aqueous solution and forms a 
mercaptoethylguanidine-metal complex ( 5 ) ,  but 
metal-binding constants greater than those for 
salicylic acid have been reported for 2-mercapto- 
ethylamine (MEA). Only one constant has been 
recorded for pyridine-2-thiol-1-oxide, which is 
slightly lower than the corresponding constant for 
salicylic acid. More constants should be available 
for comparison before this compound can be de- 
clared an exception in this correlation of sulfation 
inhibition and metal-binding strength (e.g., compare 
the constants of salicylic acid and cysteine). A con- 
stant of somewhat greater magnitude than that of 

salicylic acid with cupric ion is known for diethyl- 
dithiocarbamate, and the degree of inhibition ap- 
pears a t  a somewhat higher level. An instability 
constant for 2-mercaptoethylguanidine and cupric 
ion has been reported (6) which places this com- 
pound slightly lower in complexing avidity than 
MEA, and the per cent of sulfation inhibition is cor- 
respondingly lower as well. 

Oxine (8-hydroxyquinoline) shows somewhat 
higher metal-binding constants than salicylic acid, 
and also shows a higher degree of inhibition of sulfa- 
tion. L-Cysteine, however, shows a higher binding 
constant for ha+ and Co2+ than does salicylic acid, 
a comparable value for Fez+, but a lower value for 
Mn*+. The degrees of inhibition of sulfation are 
very close for these two compounds. EDTA and 
salicylic acid are also comparable in both abilities. 
Glycine, methionine, and riboflavin have signifi- 
cantly lower metal-binding constants than has 
salicylic acid, and they show stimulatory effects on 
sulfate uptake. 

5-Nitrofurantoin shows a somewhat greater ability 
to  inhibit sulfate uptake than does salicylic acid, but 
this compound is not known as a metal-binding 
agent. It has been shown to bind significant 
amounts of calcium in our laboratory, however (7) .  
Metal-binding constants for 2-mercaptobenzothi- 
azole have not been reported, but constants some- 
what lower than those for a dithiocarbamate may be 
expected. This would place the compound a t  the 
same inhibitory level as salicylic acid, which result 
was found. 

A statistical treatment of the per cent inhibition 
data, using the values obtained for iodoacetate in 
each run, showed a reproducibility between runs of 
2.62-2.97. Using the Student t distribution treat- 
ment, no significant differences in the values for 
incubated and digested tissue slices were found, and 
i t  also appeared that the cartilage used was essen- 
tially the same for all runs. 

Whitehouse (3) has studied the mucopolysac- 
charide sulfation reaction in an attempt t o  explain 
anti-inflammatory properties of drugs acting on 
connective tissues. Another biological implication 
of this reaction is also apparent. 
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The presence of mucopolysaccharide sulfates in 
renal calculi has led to their implication as centers of 
nucleation for stone growth (4, 8). It is possible . that several of the agents that have been employed 
clinically for halting stone growth, such as the 
salicylates and 5-nitrofurantoin, may be effective 
because of their ability to  inhibit the formation of 
mucopolysaccbaride sulfates. 

It does appear from the data here, however, that 
this reaction is inhibited because of the metal-bind- 
ing properties of molecules for the metalloenzymes 
involved in mucopolysaccharide sulfation. The 
enzymes that are known to be involved in this reac- 
tion include ATP-sulfurylase, ADP-sulfurylase, 
APS-kinase, and sulfokinase. Magnesium has been 
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identified as a cofactor, but other metal ions may be 
involved. 
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Intermolecular Association of Stereoisomers as Examined 
by Infrared Spectra 

By N. H. CHOULIS 

Studies of acid-base association of asymmetric molecules in the solid state involving 
the determination of infrared spectra of diastereoisomeric salts are examined. 
Although infrared spectra measurements could not be used to indicate configura- 
tion of the com onents, definite differences in  the spectra of salts formed from 
stereoisomers o f  like configuration from those of unlike configuration could be 

determined. 

IPFERENCES in the infrared spectra of various D diastereoisomeric salts may be interpreted in 
terms of the difference in association of the compo- 
nents of these salts. Previously, Eliel and Kofron 
(1) found that differences in infrared spectra were 
significant enough to  distinguish between an active 
and a racemic form of a substance. 

Rosenberg and Shotte (2) examining the infrared 
spectra of quasi-racemic compounds found also 
differences in the infrared spectra of (+)-a,a-di- 
methylglutaric acid/( - )-a-methylglutaric acid and 
(+)-a,a-dimethylglutaric acid/( +)-a-methylglu- 
taric acid. 

Gronowitz (3) showed a difference in the infrared 
spectra of ( + )-2-thienylsuccinic acid/( + )-3-thienyl- 
succinic acid and ( - )-2-thienylsuccinic acid/( + )-3- 
thienylsuccinic acid. However, no attempt was 
made to  examine the infrared spectra and the differ- 
ences occurring between diastereoisomeric salts. 

EXPERIMENTAL 

Materials.-D-Amphetamine, L-amphetamine, D- 
a-phenethylamine, L-a-phenethylamine, D-mandelic 
acid, L-mandelic acid, D-tartaric acid, L-tartaric 
acid, and meso-tartaric acid were used. 

The signs D- and L- refer to  the absolute con- 
figuration of the compounds used. 
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Preparation of the Salts.-Equimolar quantities 
of the appropriate acid and base were dissolved in 
the appropriate solvent (e.g., ethyl or methyl 
alcohol or ether, etc.) under reflux. The solution 
was cooled and placed in the refrigerator until 
crystals were separated. These crystals were 
filtered off, dried under vacuum, and melting points 
were taken; the salts were recrystallized t o  constant 
melting points. 

Nujol mulls of the salts were prepared and placed 
between rock-salt plates, and the spectra were 
obtained. 

Instrument.-The Unicam S.P. 200 was used. 

RESULTS 

The results showed that  the salts formed from 
optically active acids and optically active bases of 
similar configuration had different spectra from those 
of the corresponding salts formed from acids and 
bases possessing opposite configuration (Tables I- 
111). Furthermore, as  expected, the spectrum of a 
D-acid/D-base was superimposable to the spectrum 
of the corresponding L-acid/L-base diastereoisomeric 
salt. Also the D-acid/L-base and the L-acid/D-base 
salts had the same infrared spectra but dissimilar t o  
the spectra of D-acid/D-base or L-acid/L-base dia- 
stereoisomeric salts. 

The spectrum of a salt formed from a racemic or 
optically inactive acid with one stereoisomer of a n  
optically active base was superimposable with that  
of the same racemic or inactive acid and the other 
stereoisomer of the base (Table IV). 




