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SUMMARY

In continuation of prestioms work from this laboratory, a system was developed
consisting of partidles firomm «olon homogenates sedimenting at zoooo < g (after
removal of whole célls amd diebris at rooo - g), which could effect net synthesis of
mucopolysaccharide-bomnd hexosamines from glucose 6-phosphate, glutamine, ATP,
UTP, DPN and Mg2*. Wikemens the whole homogenate had an absolute requirement
for, at least, ATP, UTIP.und DIPN, the particles required at least glucose 6-P and Mg>-.
The average of mucapasnadianide-bound hexosamines formed was 2.8 pmoles/100mg
protein for whole hamogumte. 7.3 wmoles for the 20000 .. g particle suspension,
and 0.0 pmole far the cdll-mp and microsome fraction on incubation for 3 h at 37°.
Histological examinatiom slxowed the particles to be cell-free, bacteriological tests
(after incubations with «llgnmmyeetin, which gave normal mucopolysaccharide syn-
thesis) revealed no baateritall comtamination. The formation of mucopolysaccharide-
bound hexosamines dhowed @m approximately linear relationship with the amount
of protein in the parntidies imcwbated. Mucopolysaccharide synthesis was lower with
UDP-glucuronic adid .and UIDPacetyviglucosamine as substrates in place of glucose
6-P. The level of mmogpdssaccharide-bound hexosamines formed by whole homo-
genates of vitamn A-ddbciemt rats was reduced to 0.27 pmole/100 mg of protein,
by vitamin A-deficient purticikes o [ess than 0.1 pmole. Complete restoration of the
latter to the normal lewell of mmeopolysaccharide synthesis with added vitamin A
was not possible, but wemldl be so restored by adding a metabolite derived from
vitamin A acid.

NTRODUCTION

Previous work fram dgs kefboratory has demonstrated the effect of vitamin A on
the biosvnthesis of mmcapsllysaccharides in rat colon!—*. In order to make an approach
towards the identificatiom «f the reaction step or steps in which the vitamin partici-
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" Present address: Deaparomentt of XNatrition, Food Science and Technology, Massachusetts
Institute of Technology, Camubmidis:;, Mass. (.5 A
**¥ Present address: Diivisiom of Ynimal Nutrition, Animal Sciences Laboratory, University
of Illinois, Urbana, 11l. TC-S.%..

Biochim. Biophvs. Acta, 69 (1963) 524-532



VITAMIN A AND MUCOI.’OLYSACCHARIDE BIOSYNTHESIS 525

pates, a technique was developed for the biosynthesis of MPS by colon homogenates,
measured by a net increase in MPS-bound hexosaminest. It was shown that in
vitamin A deficiency, this synthesis was severely depressed, and could be partially
restored specifically by the addition of small amounts of vitamin A.

In the present study, a fractionation of colon homogenate was carried out in
order to obtain that cell-fraction in which MPS is synthesized. In view of previous
results from our laboratory2, and the fact that several of the known enzymes of
MPS synthesis occur in the cell-sap, it was surprising to us to find that MPS synthesis
took place in cell particles similar to (or identical with) mitochondria.

EXPERIMENTAL

Materials, methods and animals used were exactly identical with those described
previously?d, with the following exceptions. About 2 g of cleaned rat colon was homo-
genized in buffer, as described*. Whole cells were removed from the homogenate by
centrifugation at 1000 x g for 10 min, and the supernatant suspension was incubated
for 3 h at 37° in air as described?. At the end of the incubation period, the reaction
was stopped by heating to 100° for 3 min. Dialysis and hydrolysis followed4, and the
assay of the resulting hexosamines was done as described previously?.

For experiments in which particle suspensions were used, the supernatant ob-
tained from the centrifugation of the homogenate at 1000 x g was re-centrifuged at
20000 > g for 20 min. The resulting pellet was incubated after re-suspension in the
same volume of buffer solution. The supernatant of the centrifugation at 20000 > g
was used as the “‘microsome and cell-sap”’ fraction.

A microscopic examination of the particle suspension after staining with
methylene blue revealed no whole cells. Many whole cells could be seen in the pellet
from the rooo ~ g centrifugation. The particle suspension, after incubation with
chloromyecetin (7.5 pg/ml) showed no bacterial growth upon incubation on nutrient
agar piates for 48 h. _

To obtain the active metabolite of vitamin A acid, five vitamin A-deficient rats
were each injected with 6.1 mg [*Clvitamin A acid (2.27 uC) (obtained through
courtesy of Professor O. Wiss, of Hoffmann-La Roche Co.) intraperitoneally in 0.5 ml
of saline. The rats were killed after 24 h, the intestines removed, cleaned with cold
0.9 % saline solution and ground up with anhydrous sodium sulfate. The mixture
was then extracted 5 times with small portions of petroleum ether (Skelly ¥). The
combined extracts were extracted twice with 5 ml 6 % sodium bicarbonate solution.
The aqueous extract was then carefully acidified with 2 N HCI, and extracted 35 times
with the same volume of ether. The ether solution was dried over anhydrous Na,SO,
and the solvent removed under reduced pressure. The residue (from all five rats)
{0.0044 pC) showed an nitraviolet absorption spectrum with inflections at 310-315
and 335 mu. It had been shown previously by esterification of the acids from the
intestine with diazomethane and fractionation of the esters on a column of de-acti-
vated alumina, that vitamin A acid is absent from this material. It was dissolved in
dilute sodium bicarbonate solution, the pH adjusted to 7.2, and aliquots were added
to the pariicle suspension as shown in Table IX,
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RESULTS AND DISCUSSION

In order to carry out a cell-fractionation of rat colen with respect to MPS-synthesizing
capacity, the system previously developed?! was used, with removal, first, of the nuclei,
whole cells and debris. Table I shows that under these circumstances MPS-synthesis,
as measured by net increase in MPS-bound hexosamines, continues to function.
In fact, if calculated per 100 mg of protein, it increased from about 1.0 to about
2.5 pmoles of MPS-bound hexosamines formed. Some of the requirements of this

TABLE 1
MUCOPOLYSAUCHARIDE SYNTHESIS BY COLON HOMOGENATES: REQUIREMENTS

Rat-colon homogenates were prepared and incubated with co-factors (total volume, 2 ml; protein

per incubation as shown) for 3 h at 37" in air as described in the text. Zero-time samples were
heated to boiling and dialyvzed, etc. without incubation. Co-factors added to each sample: glucose
6-P, 20 umoles; L-glutamine, 30 gmoles; ATP, 2 gmoles; UTP, 4 umoles; DPN, 1 pgmole; Na,S0,,
1 umole; MgCl,, 10 ymoles. Each numbered experiment refers to a colon from a separate animal.
Data within each numbered experiment refer to replicate determinations of zero-time values or
values after incubation, each made on separate aliquots of the same homogenate. CS significs
“‘complete system”. Values in table refer to total mucopolysaccharide-bound hexosamines per
sample. In Expts. 1a and :za, increases in hexosamines upon incubation statistically significant,

P < 0.01.
Hexosamines Herxosamines Average hexosamines H e;z:am:![im's
Evpt Additions Protewn zero-time Average after Average Jormed ¥ 160
APl ‘ {mg) (ue) fug) incubation {ug) P";m;:i"lg
fug) {ne (pmoles) ( pmolesi
1a CS 11.0 283.0 305.6
273.5 353.6 329.2 55-7 0.312 2.84
202.4 305.6
2a CS 9.4 257.6 300.0
R 252.0 253.0 304.8 289.8 35.9 0.201 2.1
252.0 300.0
252.8
2b —-UTP 241.6 — o o o
—DPN 257.6 — 3.7 0.027 0.209
—ATP ’ 252.8 — 0.8 0.005 0.05
— Glutamine 300.0 — 46.1 0.257 2,77
TABLE I1

MUCOPOLYSACCHARIDE SYNTHESIS BY COLON HOMOGENATES FROM
VITAMIN A-DEFICIENT RATS

Methods used, co-factors added and data expressed identical with those shown in Table I.
Values in table refer to total mucopoiysaccharide-bound hexosamines per sample.

. . Average hexosamine Hexosamines
Protein Hgf;ﬁ'::::“ Average aji’cix?: mﬁ mf‘: " Average Sormed Sformed per
(mg) (ug) {p8) ug) {118 - 100 g profein
e {18} { tmoles) { pumoles;
8.5 72.6 83.6
I1L.C g3.7 102.0 99.6 3.0 0.022 0.27
103.2 i00.2
109.2
98.4
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TABLE III
MUCOPOLYSACCHARIDE SYNTHESIS BY COLUN PARTICLES

Methods used, co-factors added and data expressed identical with those im Table I, except that
a particle suspension (20000 X g) instecad of whole homogenate was incubated. Values in table
refer to total mucopolysaccharide-bound hexosamines per sample.

osami N Azorage b - H :
. Hexasamines Hexosamines
Pratein NN Average : : Average File % Sformed per
(mg) “L'((;lg)mb (ng) after .(':f;f"“m' (nug) - 100 Mg protein
{mE) ( pemmades) { amoles)
3.4 00.8 i51.2
76.8 87.4 106.8 148.0 G0o.G 0.34 10.0
78.8 153.6
103.2 185.6
160.8
132.0
TABLE 1V

MUCOPOLYSACCHARIDE SYNTHESIS BY COLON MICROSOMES AXD CELL-SAP

Methods used, co-factors added and data expressed identical with those shown in Table I, except
that the microsome and cell-sap fraction was used. Values im table refer to total mucopoly-
saccharide-bound hexosamines per sample.

. Hexosamines Amneragpe b £ H :
Expt Protein H i’t'azﬁ’::;'"s Average after Average formead Jormed per
xpl. (mg) “:’[lﬂ ) € (1g) incubation (ug) 00 mg protein
(ug) { =gy { pwales) (umaoles)
1 3.6 42.4 44.8
34.8 39.6 40.4 23.6 FR o.022 0.61
34.0 48.8
47.2
2 6.8 49.6 58.0
43.2 56.8
49.6 49.7 52.8 58.1 8.4 ©.047 0.69
544 62.0
52.8" 61.2

* Incubated without co-factors.

TABLE V
MUCOPOLYSACCHARIDE SYNTHESIS BY COLON PARTICLES IN PRESENCE OF CHLOROMYCETIN

Methods used, co-factors added and data expressed as shown in Table IV. Chloromycetin (15 ug)
was added to each incubation. Values in table refer to total mucopolysaccharide-bound hexos-
amines per sample. At the end of the incubation, agar plates were inoculated with incubation
mixtures. After 24 h insignificant bacterial growth (150 cells/ml). After 4§ h 134 cells/ml were

present.
N . Hexosamines Anonane & ; H
Protein P_‘_:f:a,"::' es Avrrage ) aftvr‘ Average fornend Jformed per .
(mg; (p) {HE) incubaticn (sg) - Z00 IRg protein
{ug) {gegii | prmeales) { umoles)

2.t 183.2 209.2

153.2 166.1 224.0 379 ©.323 I5.4

162.4 240.4
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syvstem, for UTP, DPN and ATP, but not for glutamine, which is presumably already
present, are also shown in Table I. As illustrated in Table II, the system is vitamin
A-dependent, in that the value of hexosamines formed by colon homogenates from
deficient rats dropped practically to zero.

As previously?, the high zero-time value for MPS-bound hexosamines, due to
the high MPS content of colon, was a cause for concern. In order to eliminate the
uncertainty due to this circumstance, at least three ana usually a larger number
of determinations were carried out on separate aliquots of the same homogcnate or
particle suspension, before (zero-time value) and after incubation. Statistical tests
showed that the increases in MPS-bound hexosamines were highly significant.

Cell fractionation revealed that, contrary to expectation, the MPS-synthesizing
activity of the preparation resided in the fraction containing particles sedimenting at
20000 = g. (Table III) rather than in the microsome and cell-sap fraction (Table IV).
That this result was not due to contamination of the particle suspension by whole
cells was demonstrated by the absence of whole cells from the preparation after
staining, under conditions when whole cells were easily seen in the fraction sedimenting
at 1000 - g. Bacterial contamination was excluded by carrying out the incubation
of the particles in presence of chloromycetin (Table V), when a similar level of MPS
synthesis was achieved, but no bacterial growth was detectable after plating-out
the suspension on nutrient agar.

TABLE VI
MUCOPOLYSACCHARIDE SYNTHESIS BY COLON PARTICLES: REQUIREMENTS

Methods used, co-factors added and data expressed as shown in Table I1I. Values in table refer
to tota! mucopolysaccharide-bound hexosamines per sample. CS signifies ““complete system”’

. verase :
. T o .
Hevos ines Hevosamines e, omises Hexosamines

) Protcin - Averag after Averag 3 Jormed per
Expt. Additions (’:!g) ..e,?;)‘-;:)me (peg) r'rk'nh(:!r'nn (::g/ A_thfarmcd _ Too mgprg;’ein
(e} (ng) { umoles) { umoles)
1 CS 2.3 56.4 So.0
66.4 56.9 qo.8 82.4 25.5 0.142 6.2
18.0 72.0
36.3
- MgCl, 62.4 56.9 o o o
31.2
2 Cs 1.6 24.0 43.2
28.8 20.2 48.4 45.8 19.6 0.109 6.8
28.0
— MgCl, 32.0 32.0 5.8 0.032 2.0
2.0
3 CS 3.3 o 135.6
b 107.2 135.6 133.8 26.6 0.149 4.5
92.4 132.0
—G-6-P 102.0
107.6 1rz.z 5.0 0,023 0.5
128.0 "
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A study of the requirements of the particle system (Table VI) showed that at
least Mg2+ and glucose 6-phosphate are needed. Fig. 1 illustrates the approximately
linear relationship between protein incubated and MPS synthesized by the particle
suspension. When comparing the activity of whole homogenate (Table I) and that
of the particle suspension (Tables III, V and VI), it can be seen that, on a basis of the

amount of protein incubated, a 2- to 4-fold purification of the system has been
obtained.
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Fig. 1. Experiment showing the variation of MPS-bound hexosamines formed with protein incu-
bated in the particle suspension under conditions described in Table 11I. @, the hexosamines
synthesized for cach level of protein incubated; +-, the averages of each incubztion.

In previous work from this Jaboratory, it had been found that upon fractionation
of pig-colon mucosa, an enzyme fraction could be obtained in the supernatant solution
after centrifugation at 105000 > g, which catalyzed the incorporation of labeled
sulfate and glucose into MPS, and was influenced by vitamin A (ref. 2). Our present
results differ from this work, in that MPS synthesizing activity, measured by net
increase of MPS-bound hexosamines, is found in the particle suspension sedimenting
at 20000 ~ g. No explanation Las been found for this difference beyond the fact that
in the previous work the particle suspension was not tested by itself, and may have
shown higher activity than the supernatant solution. There is, of course, the possibility
of a species difference, since only the rat was used in the experiments presently re-
ported whereas pig colon was used before. It is noteworthy that SCHILLER ef al.®
found a particle suspension sedimenting at 20000 x g from rat fetus skin to effect
hyaluronic acid synthesis.

A further difficulty is due to the fact that most of the enzymes which synthesize
the precursors of MPS are known to be located in the cell-sap, e.g., the UDP-glu-
curonic acid forming enzyme® and the sulfate activating enzyme? (sulfurylase). It is
possible that these enzymes also exist in the MPS-synthesizing particles of colon,

Biockim. Biophys. Acta, 6¢ (1963) 524—532
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TABLE VII
MUCOPOLYSACCHARIDE SYNTHESIS BY COLON PARTICLES WITH URIDINE NUCLEOTIDES
Methods used and data expressed as in Table IV. Co-factors added to each incubation: UDP-
acetylglucosamine, 1 gmole; UDP-glucuronic acid, 1 gmole; acetylglucosamine, 1 gmole; ATP,
2.5 pmoles; DPN, 2.5 umoles; UTP, 1 umole; MgCl,, 10 umoles; Na,50,, 1 umole. Values in
table refer to total mucopolysaccharide-bound hexosamines per sample. CS signifies ““complete

system’’.
. Average ;
. Hexosamines ) Hexosamines
. Hcxosamines hexosamines
s Protein - : Average after Average formed per
Expt. Additions {mg) ’"(‘;;?)m fugl incubation (reg) formed Tuo g protein
fury {reg) ( samoles) (umales)
I CSs 2.0 65.6 75.4
68.4 67.6 72.0 77-5 9.9 0.035 2.5
69.2 76.8
8z.0
2 CS 1.0 26.0 2.0
26.0 24.4 30.0 3.7 7.3 0.041 4.1
22.8 30.0
33.2
— Na,S0, 31.2
3i.z 29.4 3.0 0.028 2.8
27.6

TABLE VIl
THE INFLUENCE OF VITAMIN A ON MUCOPCOLYSACCHARIDE SYNTHESIS BY COLON PARTICLES

Methods used, co-factors added and data expressed as shown in Table III. Colons were from

vitamin A-deficient rats. Vitamin A added (2.5-1072 ymoles) in suspension in bovie serum

albumin. Values in table refer to total mucopolysaccharide-bound hexosamines per sample.
CS signifies *‘complete system’’.

. Average .
N Hevosamines 3 Hrxosamines
. Hexosamines hexosamines
o Protzin oyt Average after Average Jormed pev
Expt.  Additions (mg) ”e?;n?)m (ue) incubation (1g) | Jormed  soomgprotein
(1g) (ng} (pmoles) [ Holes)
1 CSs 1.0 70.8 61.6
68.3 65.6 o o o

65.6 69.6
+Vitamin A 75.6

75.6 74-3 6.0 0.033 3.3
75.6
70.8
2 CS 1.6 61.2 - 62.8

59.2 65.1 3.9 n.022 1.3
73-2
+Vitamin A £2.0

63.0 62.3 1.1 ©.006 0.4
57.6
61.2

a possibility currently being investigated in this laboratory. Preliminary data indicate
that particles sedimenting at 20000 < g as well as the supernatant solution contain
sulfurylase activity (unpublished observations by the authors). It is of inteiest to
note that the particle suspension does not yield a greater amount of MPS in presence
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TABLE IX

THE INFLUENCE OF A VITAMIN A ACID DERIVATIVE ON MUCOPOLYSACCHARIDE SYNTHESIS
BY COLON PARTICLES

Methods used, co-factors added and data expressed as shown in Table III. Colons were from

vitamin A-deficient rats. ‘‘Cpd. 111" represents the metabolite of vitamin A acid referred to in the

text. CS signifies “‘complete system’. Values in table refer to total mucopolysaccharide-bound
hexosamines per sample.

N Average ;
. Hexosamines > Hexosamines
. Hexosamines . hexosamines
. pies Prot, H ] 4 te A : ed pe
gapr. additions  SER orotime AT P P i Jormed roomg brotein
(ne) (ng) (umoles) ~ (Hmoles)
1 CS 1.4 49.6 62.8
6z.0 35.1 54.0 58.3 3.2 0.018 1.3
54.0
+Cpd. 111 8o0.0
(8 ug) 68 4 69.4 14.3 0.079 5.7
64.0
67.2
2 Cs 0.94 70.4 72.8 -
80 1 754 81.2 76.6 1.2 0,007 0.7
76.0
+Cpd. 111
{8 ug) 100.9 95.2 19.8 0.109 1.6
90.4
+Cpd. 111 95.6
{16 ug) 80.4
’ 83.2 85.9 10.5 0.058 6.2
84.4

of UDP-actylglucosamine and UDP-glucuronic acid than merely glucose 6-phosphate,
as shown in Table VII. It is likely that colon MPS contains moieties other than those
directly derived from UDP-glucuronic acid and UDP-acetylglucosamine, such as
sialic acid and fucose. Therefore, the system would be expected to be less efficient in
incorporating the sialic acid and fucose moieties of MPS when supplied with UDP-
glucuronic acid and acetylglucosamine, than with glucose 6-phosphate.

Particles from vitamin A-deficient rats showed much reduced MPS synthesis.
With whole homogenate?, it has been possible to restore this activity to normal,
or even above, by adding vitamin A. With the particle suspensions presently used,
restoration of activity was low or absent (Table VIII). This suggests that the vitamin
itself acts not as such but is first changed into an “‘active form”, a change effected by
another cell-fraction than the particles. That this is actually the case is demonstrated
in Table IX. The active metabolite was obtained by injecting vitamin A-deficient
rats with labeled vitamin A acid, and extracting intestinal lipids with ether. Labeled
acidic material was re-extracted from the ether solution with bicarbonate as described.
Upon incubation, this acidic lipid material free from vitamin A acid but derived
from it, completely reactivated deficient particle suspensions to normal (Table IX).
Further work regarding the nature of this active metabolite is in progress.

Biochim. Biophys. Acta, 69 (1g63) 524-532
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In conclusion, as can be seen from the summary Table X, it has been found that
the MPS-synthesizing ability of colon homogenates resides in a particle preparation
sedimenting at zoooo ~ g, and that this preparation is stronglv dependent on the
vitamin A status of the animal, though not on vitamin A itself, but probabiy a
metabolite of it.

TABLE X

MUCOPOLYSACCHARIDE SYNTHESIS BY (CEil FRACTIONS FROM RAT COLON

Sscopolysaccharide-bound
kzxnsamincs formed

Cell fraction pew roc Mg proteie
imowhated for P hat
7 ispeles)
Whole homogenate (normal 283, 2.0 2,77
Whole homogenate (deficient: .27
Microsomes + ccll-sap tnormah o dE; 0.H0
Particles (normal) 0.0 6.2 6.8 4.5
Particles (deficient) f.5 03,070
Particles (deficient + vitamin A 3.3 0.4
Particles ideficient -~ vitamin A acid metal:olite 5.7 L0, b

ACKNOWLEDGEMEXNT

This investigation was supported by a graat from the National Vitamin Foun-
dation, Inc.

REFERENXNCES
1 G. WoLF AND P. T'. VARANDANI, Biochim. Biophys. dc2a, g3 (igho) 501L.
2 G. WolF, P. T. Varaxpax: axp B. C. JouxsoxN, Biackim. Biophvs. Acta, 36 (1ub1) 59.
3 A. MorETTI AND G. WOoOLF, Biochim. Biophvs. Aciz, 36 (19610 392,
4 A, MoreTTI AND G. WOLF¥, Biochim. Birophys. Acta, 33 1651} 263.
5 8. SCHILLER, G. A. SLOVER AND A. DORFMAN, Biockem Brophvs. Res. Commuien., 5 (1961) 334,
¢ 7. L. STROMINGER, H. M. KarckaRr, J. AXELrOD axp E. S, Maxwerr, J. Adm. Chem. Soc.,

76 (1054) 6411.
7 P. W. RoBBiNs AND F. LirvaxN, J. Biol. Chem.. 233 (1958 686,

Buochis. Biosphkyvs. dcta, 09 (1963) 524-532



