VOL. 25 (1957) REVERSIBLE INACTIVATION OF LYSOZYME 623

REFERENCES

L M. BERGMaNN, E. Braxp anp F. WeINMANN, Z. physiol. Chem. 131 (1923) 1.

2 P. DESNGELLE AND A. CasaL, Biochim. Biophys. Acta, 2 (1948) 64.

3 P. DESNUELLE AND G. BoNJouRr, Biochim. Biophvs. Acta, 7 (1951) 3451.

4 D. F. ELLiotr, Biochem. J., 50 (1951) 542.

5 . K. ELviort, The Chemical Structure of Proteins, Ciba Foundation Symposium, edited by
G. E. W, WoLsTENHOLME AND M. . CaMERON, J. & A. Churchill Ltd., London, 1953. ’

8 L. WiseEBLATT, L. WiLsox anp W. B. McCoxNELL, Can. J. Chem., 33 (1935) 1295.

7 I.. K. RaMACHANDRAN AND W. B. McCoNNELL, Can. J. Chem., 33 (1955) 1638.

8 A, C. CHIBNALL AND M. W. REegs, The Chemical Structure of Proteins, Ciba Foundation Sym-
posium, edited by G. E. W. WoLsTENHOLME axD M. P. Camerox, J. & A. Churchill I:td,,
[.ondon, 1953.

9 1.. JosErssoN AND P. EpMaN, dcta Chem. Scand. (Proc. Swed. Biochem. Soc.), 10 (1950) 148.

10 P EpMaN axD L. JosErsson, Nature, 179 (1957) 1189.

1t A, B. KExprIck aND M. E. Hankg, J. Biol. Chem., 117 (1937) 161.

12 A N. SsmoriLts aND S, E. HartseLL, [. Bacteriol.,, 58 (1949) 731.

13 . F. JacoBsEX aND J. LEoxis, Compt. vend. trav. lab. Carlsberg, Sér. chim., 27 (1951) 333.

4 G. ALDERTON AND H. L. FEVOLD, J. Biol. Chem., 164 (1946) 1.

15 H. H. TarrLan axp W. H. STEIN, [. Biol. Chem., 200 (1953) 507.

16\, SakaMm! axD G. TOENNIES, [. Biol. Chem., 144 (1942) 203.

17 R. A. BoissoNNas, Helv. Chim. cta, 34 (1951) 874.

18 M. BERGMANN AND L. ZERvaAs, Ber., 65 (1932) 1192,

19 H. K. MiLLER aND H. \WaELSCH, J. Am. Chem. Soc., 74 (1952) 1092.

20 . [. SCHLESINGER AND A. W. MarTIN, [. A Chem. Soc., 36 (1914) 1589.

21 P EpMax, Acta Chem. Scand., 4 (1950) 283.

22 P, EpMaN AND J. SJOQUIST, A cfa Chem. Scand., 10 (1950) 1507.

2 K. HEIRWEGH AND P. EDMAN, Biochim. Biophys. Acta, 24 (1957) 219.

2| (. GREEN AND W, \. SCHROEDER, J. 1m. Chem. Soc., 73 (1951) 1385.

25 E. H. FrRIEDEN, J. .lm. Chem. Soc., 78 (1956) 961.

26 \\', F. HARRINGTON, Biochim. Biophys. Acta, 13 (1955) 450.

27 C. FROMAGEOT aAND M. P. DE GARILHE, Biochim. Biophys. Acta, 4 (1950) 509.

2 JC. LEwis, N. S, Snerr, D, J. HIRSCHMANN aND H. FRAENKEL-CONRAT, J. Biol. Chem., 186
(1950) 23.

Received March 2gth, 1957

ENZYMIC CLEAVAGE OF FOLIC ACID BY EXTRACTS
FROM HUMAN BLOOD CELLS

I. PREPARATION AND CO-FACTOR REQUIREMENTS OF
THE ENZYME SYSTEM

BEATRIZ M. BRAGANCA, [. ARAVINDAKSHAN anxp D. 5. GHANEKAR

Enzyme Chemistry Department, Indian Cancer Research Centre, Bombay (India)

Several reports have described the inactivation of folic acid encountered during the
assay of this vitamin in animal tissues!. SILVERMAN ef al.2 have demonstrated that
folic acid on incubation with rat liver extracts suffers a loss in the growth-promoting
properties for Streptococcus faecalis R. Comparatively less is known, however, about
the enzymes or the pathways through which folic acid is inactivated in animal tissues.
During the course of this work two abstracts have appeared which report that rat liver
slices® and pigeon liver extracts? can degrade folic acid with the liberation of a diazo-
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tizable amine. In this communication we present results to show that a preparation
from normal human blood cells can enzymically degrade folic acid under physio-
logical pH conditions at the C,-N,q linkage with the liberation of p-aminobenzoyl-
glutamic acid, and z-amino-4-hydroxy-6-formyl pteridine.

The overall reaction may be formulated as follows:

H H
OH c—C COOH
¢ Y ¢ co
N~C~cNac CHy~NH-C C-CO-NH-CH-CH,~CH,~COOH
~C=C~ —_—
N o
HyN-C . C = C
?H g COOH
N+C~cNac CHO C—C )i
. + H,N-C C-CO-NH-CH-CH,-CH,-COOH
I |; l ~C=C~
HN-C Oy~ C H H

Preparation, the nature of the products formed, as well as the co-factor require-
ments for this enzyme system, are described. Evidence is presented to indicate that
normal human blood contains inhibitors for the enzyme which cleaves folic acid.

TECHNIQUES

Enzymic degradation of folic acid

Routine determinations of enzyme activity were carried out by following the liberation of the dia-
zotisable amine from folic acid by the BRATTON AND MARSHALL test 8. In view of our previous ob-
servations? that acid extracts of blood can actively degrade folic acid, it was necessary, especially
when working with untreated haemolysed extracts of blood cells, to modify the order in which the
reagents were added. The following procedure was found to produce the minimum of interference.
The reaction mixture was treated with 1 ml of 0.1%, sodium nitrite and then with 1 m! of 309, tri-
chloroacetic acid. The precipitated protein was removed by centrifugation, and to a suitable aliquot
were added 1 ml of 0.5%, ammonium sulphamate and then 1 ml of 0.1%, N-naphthylethylenedi-
amine hydrochloride in the usual way. The intensity of colour was measured in a Klett-Summerson
Colorimeter with a 540 my filter. It may be noted that when extracts of cells prepared as described
in the present studies were employed, no modification of the BRATTOX AND MARSHALL test was
necessary.

Standards employed

A standard curve was plotted by employing pure p-aminobenzoic acid as the standard. On the
basis that p-aminobenzoic acid and p-aminobenzoylglutamic acid, which may be formed from
folic acid, give the same molal colour’, the experimental values (ug of folic acid degraded) were
calculated from this curve.

Pyotein content

Protein was estimated by the optical density method suggested by KALCKAR et al.8, using the
following formulation: Protein (mg per ml) = 1.45 Egq— 0.74 Fgqy, where Eag0 and Eyq, are
the extinctions of the solution at wavelengths 280 and 260 mp.

Phosphate buffers
Prepared by mixing KH,PO, and Na,HPO,.

Materials employed

P-Aminobenzoic acid - Nutritional Biochemicals Corporation; L(+) p-Aminobenzoyl-glutamic
acid - S.A.F. Hoffman-La Roche & Co. Ltd.; Folic acid (crystalline) — Nutritional Biochemicals
Corporation; Adenosine triphosphate disodium salt (ATP) 959 pure — Nutritional Biochemicals
Corporation; Glutathione — Nutritional Biochemicals Corporation; Tris(hydroxymethyl)amino-
methane - I.. Light & Co., Ltd. ; L-Cysteine monohydrochloride monohydrate - H.M. Chemical Co.,
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Ltd.; Thioglycollic acid — B.ID.H. Spot Test reagent; Coenzyme A\, approx. 75°, pure  Nutritional
Biochemicals Corporation; Diphosphopyridine nucleotide (DPN) Approx. 4H,0 - Sigma Chemical
Co.

Preparation of the enzyme

Active extracts of haemolysed cells were prepared as follows: fresh citrated (o.015 M) blood ob-
tained from the Haffkine Institute blood bank was centrifuged to remove the plasma: it was then
washed once with isotonic saline and the packed cells were haemolyvsed by addition of 5 volumes of
water. In a typical experiment 26.5 ml of concentrated HC1 were added dropwise to 110 ml of hae-
molysed cells under cold with continuous stirring. The final concentration was 2N with respect to
HCL The mixture was stirred for 5 minutes, then centrifuged for 10 minutes at 500 g. The precipitate
containing the active material was washed twice with 55 ml of 2N HCI, and the suspension was
centrifuged cach time for ten minutes at 300 g. The washed precipitate was then suspended in
50 ml of water and brought to pH 5.5 by addition of approximately 52 m! of ¥ NaOH. 26.5 ml of
0.5 M phosphate butfer of pH 7 were then added to the mixture with constant stirring. The total
volume of fluid was made to 136.5 ml by addition of water. The final extract was at pH 7. The
copious precipitate formed at this stage was removed by centrifugation for ten minutes at 500 g.
The supernatant thus obtained was dialvsed for 18 hours and formed the starting material for am-
monium sulphate fractionation experiments.

Fractionation by precipitation unth ammonium sulphate

The dialysed neutral extract obtained was fractionated by precipitation with ammonium sulphate
at o C. Solid ammonium sulphate was used for obtaining the percentage saturation required. The
precipitates obtained at each stage were allowed to settle for 30 minutes, then centrifuged for
20 minutes at 11,000 g. These were then dissolved in distilled water and dialysed for 20 hours
against 0 litres of cold distilled water with constant stirring. In a typical experiment precipitates
obtained at each stage from 60 ml of the neutral extract were dissolved in 20 ml of water. After
dialysis the volumes were usually made to 25 ml. The protein concentration of these extracts
generally ranged from 1.5 to 3 mg per ml. The enzyme retained activity for at least 7 days if
kept at o to 37 €. All centrifugations were carried out at o” C in an International Refrigerated
Centrifuge, PR-2.

Preparation of the supernantant [S) containing a cofaclor jor the enzyme

The supernatant obtained after removing the fraction precipitated by 70%, (NH,),50, saturation
was treated with a further quantity of (NH,),S0; to make it 1009 saturated. The precipitate was
removed in the usual wav and the supernatant dialysed in 3 litre portions of water (with one change)
at 5°C for four hours. This material was found to contain the cofactor required by the fraction ob-
tained by 55-70°%, {NH,),50, saturation. Longer dialysis led to loss of the active material.
Preparation of the heated extvact from haemolysed cells

The heated extract was prepared from the same undialysed neutral supernatant which also formed
the starting material for the experiments on fractionation with (NH,),50,. This extract at pH 7
was heated for 30 minutes in boiling water, the coagulated proteins were then removed by centrifu-
gation and the colourless solution thus obtained was used as the source of co-factors for the enzyme.

RESULTS

Degradation of folic acid by ammonium sulphate fractions prepared from blood extracts

The unfractionated, dialysed extracts, as well as the various fractions obtained by pre-
cipitations with (NH,),S0,, were consistently inactive, but the activity could be re-
stored in the fractions containing the active protein by the addition of a heated ex-
tract and supernatant (S), prepared from hacmolysed cells as described in the section
on techniques. However, the unfractionated extract showed great variations in activity
even when supplemented with the heated extract. In many of the preparations it was
found to be inactive even if the incubation period was extended beyond 16 hours.
Our expericence indicates that if the temperature precautions were strictly adhered to,
and the preparations were kept around o°C throughout the cxperimental period, the
unfractionated extracts were invariably inactive. This is evident from Table I.
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TABLE I

DEGRADATION OF FOLIC ACID BY AMMONIUM-SULPHATE FRACTIONS
OF BLOOD CELL EXTRACTS

Components of the incubation mixture: Folic acid = 300 ug; 0.5 M PO,~~~ buffer pH 7 = o.1 ml;

heated extract = 1.0 ml. Supplements: (NH,),SO, fractions = 0.5 ml; Supernatant (S) = 1.0 ml.

Total volume = 4 ml. Incubation time = 60 min. Temp. = 37° C. Non-enzymic degradation of
folic acid = 10 ug.

F, Fy Fy S F,+S Fy +S Fy~S Fy+FyFy - Fy F, + Fy F, + F,
Expt ug of folic acid degraded  0-55% 55-70% 70-100% Swuper +S
No.' by 1.0 ml of unfrac- from full
tionated extract Sat, with (NH,)450, sa’.;:;a-
g of folic acid degraded by the above ¥ Iphate {racti
1 10.0 (18 hours) 9.7 10.0 10.7 9.3 10.3 36.0 100 107 103 I1.0 —
2 10.0 (18 hours) — 10.3 — — —_ 50.0 — — — — 13.3
3 9.7 (1 hour) —- — — — 580 —- — — — 385
4 11.5 (1 hour) — — - — — 72.0 - - - —- — 57.5

Figures in brackets indicate the time of incubation for the unfractionated extract.

Table I, experiment 1 shows the activity of various fractions when incubated with
the heated extract and folic acid. It is apparent from these results that none of the
individual fractions were able to degrade folic acid under the experimental conditions
employed. Activity could be demonstrated only by combining the fraction F, precipi-
tated by 55-70% sat. (NH,),S0O, with the supernatant (S). The presence of an active
part in S suggests that this may have been split from the protein during the process of
fractionation. Although the exact nature of S is not known at present, a study of
some of its properties showed that it is lost if the dialysis was extended from 4 hours
to 16 hours, whereas the control containing the material dialysed for 4 hours and
kept under cold for the same period of time did not lose activity. The active material
in S was stable when heated for thirty minutes at 100° C but lost activity on washing.
These properties indicate that the substance is not a protein nor a metal ion. It may
be noted that the activity of the different enzyme preparations varied considerably
when the system was reconstituted with heated extract and S, possibly due to partial
loss of the factor present in S during dialysis.

Observations in Table I, experiments 2, 3 and 4, show that the fraction F, pre-
cipitated by 0-55% saturated (NH,),S0, inhibits the activity of F,. Although the
extent of this inhibitory action of F, on F, was not constant, it was consistently
observed in all preparations. Preliminary experiments indicate that F, behaves like
a protein in some of its properties. It is non-dialysable, can be precipitated by
(NH,),S0,, it is unstable to heat and loses activity on keeping. The unstable nature
of this inhibitor F,, which separates from the active material during fractionation,
may explain the occasional appearance of enzyme activity found in the unfractionated
extracts when temperature precautions were not strictly observed.

Requivements and properties of the enzyme system

Since the fraction precipitated by 55-70% saturated (NH,),SO, consistently showed
activity when supplemented with the heated extract and supernatant S, the properties
of the enzyme degrading folic acid were investigated using this fraction as the source
of the enzyme. Table II shows the effects of the heated extract and S on the enzyme
Refevences p. 634.
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activity of F,. The enzyme is completely inactivated in absence of S, whereas omission
of the heated extract reduced the activity to approximatelv 60°;.

TABLE 11
EFFECT OF THE HEATED EXTRACT AND SUPERNATANT (S) ON THE
ENZYMIC DEGRADATION OF FOLIC ACID BY FRACTION F,.

Complete system consisted of 0.5 ml F,; 1.0 ml heated extract; 1.0 ml (8$); 0.5 M/ PO,
pH 7.0

-, Buffer
and 300 ug folic acid. Total volume of mixture -= 4 ml. Incubation time — 1 hour. Temp. -
37 C. (Results corrected for non-enzvmic blank)

Conditions ng folic acid degraded

Complete systemn 8.0
Heated extract omitted 30.0
Supernatant (S) omitted 2.0
Heated extract and S omitted Nil

In attempts to replace the cofactors supplied by the heated extract and S, it be-
came apparent that maximal activity could be obtained in the presence of Mn++,
ATP and glutathione. Fig. 1 illustrates the effect of various concentrations of ATP,
Mn++, and glutathione on the activity of the enzyme. It is apparent that the optimum
activity is obtained when 5-10-* M ATP, 1-10-3 M Mn*+ and 1-1073 M glutathione
are present. Higher concentrations than these were found inhibitory to the system.
The enzyme was completely inactive when Mn++ or glutathione was omitted, but 60°,
of the activity remained when ATP was left out. DPN has been found by StLvERMax
et al.? to aid the inactivation of folic acid by rat liver extracts. In our experiments
with acetone-dried powders of rat liver it has been found that cleavage of folic acid at
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Fig. 1. Optimum requirements of ATP, Mn"-
and glutathione for the enzymic degradation of
folic acid by F,. 0.3 ml of enzyme extract F,,
containing 30 ug protein were incubated with
two of the cofactors in constant concentration
and varying amounts of the third cofactor were

Fig. 2. Rate of enzymic cleavage of folic acid.
Constituents of the incubation mixture. F, -
0.5 ml; 0.5 M PO;~~ buffer of pH 5.50r 7.0 =
0.4 ml; Folic acid = goo ug. Total volume =
4.0 ml. Temp. 377°C. Supplements: Curve 1:
510V M ATP + 1104 M Mn"* + 12103 M

added. Concentration of cofactors when not
varied: ATP — 5-107% M, Mntt = 1-10% A,
glutathione ~: 1-1073 M. Other constituents:
o.s M PO,~ buffer pH 5.5 = o.15 ml; folic
acid -- 300 ug. Total volume = 1.5 ml. Time of
incubation .- 1 h. Temp. 37°C.

References p. 634,

glutathione + o.5 M PO,~~— buffer, pli 5.5.
Curve 2: 5-1074 M ATP + 1-10°% W Mn*+ +
1-10~% M glutathione + o.5 .M PO,;~~~ buffer
pH 7. Curve 3: Heated extract = 1.oml -- 5 -
1.0 ml 4 buffer pH 7. Curve 4: Same constit-
uents as curves 1 without addition of F,.



628 B. M. BRAGANCA, 1. ARAVINDAKSHAN, D. S. GHANEKAR VOL. 25 (1957)
Cy—Ny linkage is reduced by 80% when DPN and nicotinamide are omitted®. In the
enzyme system under discussion, however, DPN produced negligible effect.

The progress of folic acid degradation with time in presence of cofactors supplied
by the heated extract and S, as well with known cofactors is illustrated in Fig. 2. It
is evident from these results that the reconstituted system containing ATP, Mn++,
and glutathione is more active than the system in which the cofactors are supplied by
heated extract and S. Furthermore, degradation of folic acid is much higher at pH 5.5
than at pH 7 as expected from the pH dependence curve. The initial rate of degradation
was calculated to be approximately 0.029 umoles of folic acid cleaved/minute/mg
protein (1 mg of the F, protein having come from 0.6 ml of haemolysed cells).

Fig. 2 curve 4 represents the non-enzymic degradation of folic acid under the same
experimental conditions. It is found to remain constant throughout the experimental
period of two hours.

The effect of temperature on the activity of the enzyme system is given in Fig. 3.
Under the experimental conditions employed the activity of the enzyme system was
reduced by 50% at 35°C and 9o% at 100°C. The relationship between pH and activity
of the enzyme system is illustrated in Fig. 4. The curve shows a sharp pH maximum
near pH 5 both with phosphate buffer as well as when tris(hydroxymethyl)amino-
methane buffer was employed. At pH 7 the activity is only 15% of the activity at
optimum pH. However, the experiments reported in Table I were carried out at pH 7
as the heated extract employed was buffered at this pH (see section on techniques).
Heated extracts prepared in a similar manner but buffered at pH 5.5 or obtained di-
rectly by heating haemolysed cells have not been found effective.

In order to determine whether the activating role of glutathione on this enzyme
system was specific, experiments were carried out in which glutathione was replaced
by other compounds containing thiol groups. Results obtained as given in Table I1I
show that cystein and thioglycollic acid in concentrations of 10~3 M produced only
slight activation. CoA was found to be more effective but less efficient than glutathione
In concentrations of 102 M it was about 75% as effective as glutathione.
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Fig. 3. Effect of temperature on folic acid de-
gradation. 1 ml of enzyme solution (F,) con-
taining 100 ug protein was kept for 5 minutes at
varying temperatures. An aliquot of 0.3 ml was
then incubated with 300 ug of folic acid for 1
hour at 37°C. Constituents of the system: ATP
51078 M; Mn** 1-10~* M ; glutathione 1-10-3
M ;0.5 M PO~~~ buffer pH 5.5 = o.15 ml. Total
volume 1.5 ml.
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Fig. 4. Relationship between pH and enzymic
cleavage of folic acid 0.3 ml. F, containing 26
4g protein was incubated in the usual system.
(See Fig. 3) using buffers of varying pH at 37°C
for 1 hour. Buffers employed: O—0O pH 3-4:
Sorensen’s glycine/hydrochloric acid buffer
(0.3ml); pH 5-7: 0.5 M PO~~~ buffer (0.15ml);
pH 8: Sérensen’s glycine/sodium hydroxide buf-
fer (0.3 ml). @ —@ 0.1 M tris(hydroxymethyl)-
aminomethane.
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TABLE I11
EFFECT OF SOME THIOL COMPOUNDS ON THE ENZYME ACTIVITY

The incubation mixture consisted of 0.3 ml 1, (dil. 1:20) — 5-10 1 M ATP — 1-10 ¥ M Mn+:

0.05 M PO butfer pH 5.5 .- 300 pug folic acid. Time of incubation — 0o min. Temp. = 37 C.

Thiol compounds were added in the concentrations specified. The results have been corrected for
non-cnzymic blank.

l<£ [ Thiol compound added f’ho’:ﬁ:lj;:;iﬁ"’:‘;z HE Z: L{:“I:;“;“d

1 None 3
Glutathione oo™ M 5
Glutathione 1e10°% M 128
Cysteine 1-10 ¥ M o
Cysteine 1-10 3 M S
Thioglycollic acid o104 Al 5
Thioglycollic acid 1-10 3 M 10

2 None e 0
Glutathione o104\ 32
Coenzyme A o104 A 19

3 None ]
Glutathione 1078 A 1l
Coenzyme A 1-107% M 01

It is to be noted that in every case it was ascertained by control experiments that
the particular thiol compound, in concentrations employed did not affect the BRATTON-
MaRSHALL test used for estimating the enzyme activity.

Inhibitory action of I on the enzyme system containing known cofactors

In view of the inhibitory effect produced by the (NH,),SO, fraction F, on fraction F,
when heated extract and S were used as the source of cotactors (Table I), the role of
F, on the enzyme system containing known cofactors was studicd. The results as
given in Table IV show that F, has no action on the system containing optimum
amounts of ATP, Mn++ and glutathione (Table IV, column 2).

TABLE 1V
KEFFECT OF F| ON THE ENZYME SYSTEM CONTAINING KNOWN COFACTORS
The incubation mixture consisted of 0.5 ml F, -4 300 ug folic acid { 0.05 A1 PO~ - buffer pH 7
+ the cofactors. Total volume = 4 ml. Time = 60 min. Temp. 37°C. The values have been corrected
for non-enzymic blank.

Concentration of cofactors

P .
- 5’f e ATP= Nt e ;.’“')_. M
- Le N Mn 5e107% ]
- . Volume of ¥y ra. Afnr+t-- ot R . Mu++ -
Expt. No. added (ml) “".“d ¢orml 110 Y M l, ,":,_, M “.’" :,_A ‘\i[_ 1-1r0—% M 110740
S— 1ml A [¢ Gl €= . N :
Glutathone == Cro-t M A (Y} Glitathione . - Coenzyme A
ror0-%M ForoT poro s 1-10-% M =110t M
ug of folic acid degraded
1 0 35 99 34 22 20
1.0 Q9 Q6 36 19 22
2 [¢] 79 77
1.0 11 74

References p. 634.
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As the activity of the system containing optimum amounts of known cofactors
is much higher than the system containing heated extract and S, the possibility was
considered that the lack of inhibition observed in the former system may be due to
higher concentration of cofactors. Experiments in which the concentration of each
individual cofactor was reduced below the optimum (Table IV, column 3-5), indicate
that F, has no action on the enzymic activity in the system containing known cofac-
tors even when these are present in concentrations below the optimum. It is therefore
possible that the coenzyme complex present in blood may not be identical with the
cofactors employed in the reconstituted system. In conformity with the observation
that F, does not inhibit the enzymic activity in presence of ATP, Mn++ and gluta-
thione, it is possible to demonstrate with the known mixture of cofactors, the activity
of the enzyme in unfractionated extracts which are completely inactive when heated
extract and S are employed as the source of cofactors.

Ldentification of the products of the enzymic degradation of folic acid

2-Amino-g-hydroxy-6-formyl-pteridine: the possibility that the pteridine deriva-
tive formed by the enzymic cleavage of folic acid may be 2-amino-4-hydroxy-6-
formyl-pteridine was tested by treating the products of the incubation mixture with
2,4-dinitrophenylhydrazinel®, It is evident from Fig. 6 that the degradation of folic
acid by the usual enzyme system is accompanied by a rise in the liberation of a carbo-
nyl derivative indicating that one of the products formed by cleavage of folic acid at
C¢-Nyo linkage may be 2-amino-4-hydroxy-6-formyl-pteridine. The identity of this
derivative was confirmed by adsorption and selective elution from an ion exchange
resin, and by paper chromatography.

Adsorption and elution from ion-exchange resin. Amberlite I.R.A. 410 (OH): Folic
acid (1200 ug) was incubated with the enzyme extract F, containing 2.6 mg protein
and the usual concentration of co-factors in a total volume of 6 ml for an hour at 37°C.
The precipitate formed was removed by centrifugation and 5 ml of the supernatant
were kept in contact with 1 g of the resin with constant stirring for about an hour. The
contents were then centrifuged and the resin washed with 5 ml of water. The adsorbed

8. 1 03
7.0
6.
85' 0.2
0
Wwa0 Ex
3.
QI
2.0
1. 1
o ! 42 | S N N B R B B
30 - 60 90 260 300 340 380
Time in min A (in my)

Fig. 5. Liberation of carbonyl derivative from  Fig. 6. Curve 1. Acetic acid eluate containing
folic acid. The incubation mixture consisted of enzymic degradation products of folic acid
5-1074 M ATP 4 10* M Mn** + 1-103 M (corrected for the blank). Curve 2. 2-Amino-4-
glutathione + o.05 M PO~~~ buffer pH 5.5 +- hydroxy-6-formyl-pteridine in acetic acid.
600 ug folic acid + F, containing 43 ug pro-

tein. Total volume = 1.5 ml. Temp. = 37°C. Curve 1: Complete system. Curve 2: Enzyme omitted.
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pteridine derivative was then cluted from the washed resin with 5 ml of 1 N acetic
acid. The absorption spectra of the eluate was determined in a Beckman Spectrophoto-
meter, Model DU, with a silica cuvette of 1 cm light path. As it was found that acetic
acid eluted materials from the resin which interfered with the spectrophotometric
determinations of the experimental sample, a correction had to be applied for this
extraneous absorption. The control cuvette contained materials which were treated
in an identical way as the experimental sample, except that folic acid had been
omitted during the incubation period. The absorption spectra of the pteridine deriva-
tive formed was then obtained by difference from that of the control.

In Fig. 6, curve 1, the absorption spectra are given of the acetic acid cluate, con-
taining the enzymic degradation products of folic acid, after correcting for the absorp-
tion due to impurities from the resin. This is compared with the spectrum (Fig. 6,
curve 2) obtained under similar conditions from a highly purified sample of 2-amino-
4-hydroxy-6-formyl-pteridine, which was kindly sent to us as a gift by Dr. Broguisr.
It is apparent from these absorption curves, that both the spectra are similar and in
agreement with that of 2-amino-4-hydroxy-6-formyl-pteridine as reported by Lowry
et al 1.

Paper chromatography of the enzymic degradation products of folic acid

Paper chromatography of the enzymic degradation products of folic acid was carried
out using the descending technique and 1 ¥ ammonia as the solvent, followed by photo-
graphy under ultraviolet light. From the results illustrated in Fig. 7 it is evident that
when folic acid is incubated with the usual enzyme system, the chromatogram shows
3 spots having the Ry values corresponding to those of folic acid, 2-amino-4-hydroxy-
6-formyl-pteridine, and p-aminobenzoic acid. In chromatograms developed in 1 N
ammonia it was not possible to differentiate clearly between p-aminohenzoic acid and
p-aminobenzoyl glutamic acid. It could be shown, however that the spot corresponding
to p-aminobenzoic acid in Fig. 7 was diazotisablec.

Identification of the diazotizable amine as p-aminobenzoviglutamic acid

The aromatic amine formed in the experimental mixtures was not extractable by ether
from aqueous solutions at pH 3, while p-aminobenzoic acid was readily extracted as
has been shown by STOKSTAD ef al 12,

The product of folic acid cleavage was identified as p-aminobenzoylglutamic acid
by paper chromatography, using Whatman No. 4 with n-butanol (40 ml)-~acetic acid
(10 ml)-water (50 ml) mixture as the solvent. Th spots were developed by the proce-
dure of ExmMax13. Results obtained are illustrated in Fig. 8 (Nos. 1-4). Thesc show that
no p-aminobenzoic acid was detectable among the degradation products of folic acid.
The p-aminobenzoylglutamic acid present in the experimental mixture was 1solated
and hydrolysed according to a method described by WEesgM. Chromatograms of the
hydrolysed and non-hydrolysed product as shown in Fig. 8 (Nos. 5-6) further confirm
the presence of p-aminobenzoylglutamic acid which on hydrolysis liberated p-amino-
benzoic acid. Glutamic acid could be identified in the mixture after hydrolysis.

From the experimental evidence given above it appears that the enzyme prepara-
tion from blood degrades folic acid only at C4~N, linkage, and there is no detectable
cleavage of the p-aminobenzoylglutamic acid so produced.

Refevences p. 634.
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Fig. 7. Paper chromatogram of products formed  Fig. 8. Identification of the diazotizable amine
on incubation of folic acid with F, in the usual  as p-aminobenzoyl-glutamic acid. 1. Enzyme
system. 1. Enzyme system without folic acid.  system without folic acid. 2. p-Aminobenzoic

2. Folic acid”. 4. 2-Amino-4-hydroxy-6-formyl-  acid.”™ 3. p-Aminobenzoyl-glutamic acid.*" 4.
pteridine.” 5. p-Aminobenzoic acid.” 3. Folic  Folic acid incubated with the enzyme system.
acid incubated with enzyme system. 5. Hydrolyzed.* " 6. Non-hydrolyzed.”**
DISCUSSION

The experimental evidence presented in this communication demonstrates that ex-
tracts made from human blood cells can degrade folic acid at C4—~N, linkage. This
cleavage can account for the loss in growth promoting properties of the vitamin for
Streptococcus faecalis organisms. From data available at present, it is not possible to
determine the nature of the intermediate steps involved in this degradation of folic
acid. Evidence from paper chromatography and the nature of the products identified,
however, shows that the overall cleavage leads to the formation of p-aminobenzoyl-
glutamic acid and z-amino-4-hydroxy-6-formyl-pteridine. The necessity for several
cofactors like ATP, Mn++, and glutathione, indicates that the reaction mechanism is
probably not a simple dehydrogenation followed by hydrolytic cleavage as has for
example been suggested for the mechanism of amino acid oxidases'®. It has not been

* Added to the enzyme mixture at the end of incubation period.
** Added to the enzyme system at the end of the incubation period.
*** p-Aminobenzoyl-glutamic acid isolated from the reaction mixture according to WEBB!4,
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possibie to demonstrate cleavage of folic acid in haecmolysed cells before acid treat-
ment. This enzyme like many hydrolytic enzymes in blood, is apparently present in a
masked form, and is liberated by treatment with acid, in which it is stable. Haemolysed
cells also appear to contain other labile and proteinlike factors which depress enzymic
cleavage of folic acid. Thesc inhibit the activity of the enzvme when the cofactor re-
quirements are supplied by extracts prepared from blood but not when ATP, Mn+,
and glutathione are employed. The inhibitors can be separated from the active protein
by ammonium sulphate fractionation. The nature of these inhibitory substances is
under investigation at present. Enzymes which are similar but may not be identical
with the one in blood are widely distributed in animal tissues. Acetone dried powders
of rat liver and sheep liver can actively degrade folic acid at C4-N |, linkage. Although
in these tissues as in blood, these enzyme systems are stable in cold HCI they are not
present in an inactive form. Activity may be demonstrated in both homogenates and
acetone dried powders of liver without pretreatment with HCI®. The existence in animal
tissues of such active svstems for the cleavage of folic acid, indicates this may be an
important step in the pathway for the disposal of folic acid and also for the biosyn-
thesis of some unconjugated pteridine derivatives known to occur in animal tissues.
2-Amino-4-hydroxy-6-formyl-pteridine which has becn shown to be one of the prod-
ucts of enzymic degradation of folic acid has aroused biological interest in recent
years as one of the most potent inhibitors of enzymes like xanthine oxidase!817.
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SUMMARY

1. Preparation is described of an enzyme system from human blood which can degrade folic
acid to yield p-aminobenzoylglutamic acid and 2-amino-4-hydroxy-6-formyl-pteridine.

2. The enzyme system requires AT, Mn~+ and glutathione as cofactors and shows optimum
activity at pH 5.

3. The enzyme is apparently present in blood in an inactive state. Activity is liberated on
treatment with hydrochloric acid.

4. Evidence is given for the presence of heat-labile inhibitors which may be separated from the
active fraction by (NH,),SO, fractionation. These inhibitors depress the cleavage of folic acid when
the cofactors requirements are supplied by extracts prepared from blood but not when ATP, Mn™"
and glutathione are present.

5. Thiol compounds like cystein or thioglycollic acid cannot replace glutathione as a cofactor
for the enzyme. Coenzyme A can partially serve this purpose.

6. The suggestion is made that these active mechanisms for cleavage of folio acid in animal
tissues may be important for the metabolic disposal of folic acid, as also for the biosynthesis of
biologically important unconjugated pteridines like 2-amino-4-hvdroxy-6-formyl-pteridine which
is a very potent inhibitor of xanthine oxidase.
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INFLUENCE DE L’INJECTION DE PYRIDOXINE SUR
LA DECARBOXYLATION DE L’ACIDE GLUTAMIQUE ET DE L’ACIDE
CYSTEINESULFINIQUE PAR LE CERVEAU CHEZ LE RAT

CARLO DE MARCO*

Laboratoire de Chimie biologique de la Faculté des Sciences, Paris (France)

Il est maintenant bien établi que Ja décarboxylation enzymatique, chez les animaux
supérieurs, de l'acide cystéinesulfinique!-2.3, de lacide cystéique! et de l'acide
glutamique’® implique la participation du phosphate de pyridoxal. Des travaux
antérieurs ont montré que, chez le rat® et le lapin?, l'activité décarboxylante de
broyats de foie vis a vis de I'acide cystéinesulfinique et de l'acide cystéique n’est
pas sensiblement accrue par addition, ¢n vitro, de phosphate de pyridoxal, ce qui
indique que, dans le foie, les systémes enzymatiques responsables de ces décarboxy-
lations sont pratiquement saturés en coenzyme. Ces travaux ont montré d’autre part
que, chez les mémes animaux?7, lactivité décarboxylante de broyats de cerveau
vis a vis de 'acide cystéinesulfinique, de I'acide cystéique et de l'acide glutamique
est au contraire fortement accrue par I'addition, ¢n vitro, de phosphate de pyridoxal.

I1a paru utile de rechercher & quoi était due une telle différence entre les systémes
décarboxylants du cerveau et ceux du foie. 4 priori, on pouvait faire deux hypotheses:

* Boursier du Consiglio Nazionale delle Ricerche.

Adresse actuelle: Istituto di Chimica biologica, Universita di Roma, Roma, Italia.

Bibliographie p. 640.



