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of Michigan, Ann Arbor, Mich.)

Connective tissue varies widely in its histo-
logical appearance and chemical composition. Its
physical state ranges from the hardness of bone
to the viscous mucopolysaccharides found in syn-
ovial fluid. Current evidence would indicate that
the special fibrillar and other extracellular con-
stituents are formed by the cells of the connec-
tive tissue (1). Certain of these constituents
have been shown to change with age (2, 3), nu-
tritional status (4, 5), and during experimental
propagation in vivo (6). Observations of this
type suggest that physiological factors that regu-
late the functional state of connective tissue may
be directly associated with the chemical inter-
mediates leading to de novo synthesis of these
cell products. The 5'-ribonucleotides 1 have been
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1 The following abbreviations are used: AMP, ADP,
ATP, CMP, CDP, CTP, GMP, GDP, GTP, UMP,
UDP, UTP for the 5'-mono-, di-, and triphosphates of
adenosine, cytidine, guanosine, and uridine; UDP-G for
uridine diphosphate glucose; UDP-Gal for uridine di-
phosphate galactose; UDP-hexose for unresolved mix-
tures of UDP-G and UDP-Gal; UDP-AcGmfor uridine
diphosphate-N-acetyl-D-glucosamine; UDP-AcGalm for
uridine diphosphate-N-acetyl-D-galactosamine; UDP-
AcHmor UDP-N-acetyl-hexosamines for an unresolved
mixture of UDP-AcGm and UDP-AcGalm; UDP-GA
for UDP-D-glucuronic acid; GDP-M for guanosine di-
phosphate mannose; GDP-Fu for guanosine diphosphate
fucose; GDP-X for a guanosine diphosphate monosac-
charide; GDP-hexose for the total amount of GDP-M,

shown to be essential to the anabolic synthesis
of proteins (7), polysaccharides (8), and lipids
(9). The monosaccharide sugar nucleotides are
the precursors presumed to be involved in the
biosynthesis of mucopolysaccharides, glycopro-
teins, and glycolipids (8, 10, 11). In several ex-
perimental systems (12) these intermediates have
been shown to be involved in formation of the
products of connective tissue cells, and partial
characterization of nucleotides present in car-
rageenin granulomas has been made by Decker
and Gross (13).

In the current study, the 5'-ribonucleotides pres-
ent in acid soluble extracts of 14-, 28-, and 42-
day sponge biopsy connective tissue have been
isolated and identified. This time interval spans
the most active period of connective tissue or-
ganization of subcutaneously implanted polyvinyl
sponge in experimental animals (14). The con-
tent of UDP-N-acetylhexosamines was found to
increase with tissue age, whereas the concentra-
tion of UDP-hexoses and GDP-hexoses decreased
between 14 and 42 days. No significant shift in
the per cent composition of the other 5'-ribonu-
cleotides was demonstrated. The incorporation
of 32P-orthophosphate into purine and pyrimi-
dine nucleotides was also studied at each tissue
age.

Methods
Production of inflammatory connective tissue in guinea

pigs. The technique involved in implantation and removal
of polyvinyl sponge granulomas and the morphologic
characteristics of the tissue have been previously de-
scribed (14). Four sponge implants (0.5 X 2 X 2 cm)
were made in the low dorsolumbar area of adult mongrel
guinea pigs (650 to 800 g); 15 to 2Q animals were used

GDP-Fu, and GDP-X; Pi for inorganic phosphate; Pt
for total phosphate. In initial fractionation A260 = ab-
sorbance of ultraviolet (UV) light at 260 mgu in a 1-cm
light path X total volume in milliliters.
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in each experiment. Two groups of animals were studied
at 14 days, and one group was studied at 28 and at 42
days. Weight of the animals was determined every 3
days throughout the period of experimental observation,
and individual animals were excluded from the study
unless weight stability or gain was recorded. Each ani-
mal's drinking water was supplemented with ascorbic
acid for 5 days after implantation of the polyvinyl
sponges. Four hours before removal of the implants,
5 Ac of Na2H32PO4 was injected into each of the
granulomas.

Preparation and fractionation of the acid soluble tissue
extract. The sponge implants were rapidly removed from
each animal, cut into small fragments, and placed di-
rectly into an equal volume of cold (40 C) 10% tri-
chloroacetic acid. Wet weight of the total tissue mass

was determined, and all subsequent operations were car-

ried out at 40 C. The implants were homogenized in a

Waring blendor for 5 minutes. The supernatant was

filtered through a coarse scintered glass funnel and the
residue re-extracted with an equal volume of 5% tri-
chloroacetic acid. The total extract was combined and
the final acid soluble fraction obtained after repeating
the filtration. Trichloroacetic acid was removed by three
successive extractions with equal volumes of diethyl
ether. The volume of water soluble material was mea-

sured and absorbance at 260 mu (A260) and 280 mku de-
termined in a Beckman DU spectrophotometer. Analyses
for inorganic phosphorus, total phosphorus (15), adenine
(16), and protein (17) were carried out on portions of
this material. Preliminary fractionation of the extract
was accomplished by stepwise gradient elution from a

Dowex 1 (formate) x-8, 200- to 400-mesh resin column
30 X 1.9 cm in size. The column was washed with 400 ml
distilled water followed by elution with increasing concen-

trations of formic acid and ammonium formate in formic
acid as described by Denamur, Fauconneau, and Guntz
(18). Serial 15-ml fractions were collected on an auto-
matic fraction collector, and the A260 of each fraction was

determined. One-ml samples from each fraction tube were

removed for measurement of radioactivity. The pres-

ence of Ninhydrin reactive material in the column frac-
tions before the addition of ammonium formate to the
eluent was determined on 0.05-ml samples after they were

applied to Whatman 1 paper (19).
Appropriate fractions were pooled, and the pH of the

pooled eluates was adjusted to 4.5 with NH40H. This
material was absorbed on 30- X 1.9-cm columns of coarse

SGL acid-washed charcoal.2 The columns were washed
with 500 to 1,000 ml of distilled water, and this was

promptly followed by the rapid elution of the charcoal
columns with 4% NH4OH in 50% ethanol (vol/vol).
The total volume of eluting solution was determined by
repetitive measurement of A260 material present in the
eluate. The ammoniacal-ethanol eluates were concen-

trated to dryness by rotary evaporation at 250 C. The
dried material was redissolved in a small volume of dis-

2 Pittsburgh Coke and Chemical Co., Pittsburgh, Pa.
The charcoal was prepared according to the procedure
of Bartlett (20).

tilled water, and final purification and separation of the
individual nucleotides were accomplished by paper chro-
matography. After application to Whatman 3-mm paper,
descending chromatography was carried out with iso-
butyric acid: concentrated ammonium hydroxide: water
(57: 4: 39), pH 4.3. The ultraviolet-absorbing bands
were identified, eluted with water, and concentrated, and
each one was rechromatographed with 95% ethanol: 1.0
M ammonium acetate (70: 30), pH 7.4. The ultraviolet-
absorbing bands were again eluted with distilled water;
these eluates were used to identify the individual nu-
cleotides.

Identification of 5'-ribonucleotides. The mobilities (Re)
of the nucleotides separated by paper chromatography
were compared with the mobility of standard 5'-ribonu-
cleotides 3 chromatographed as marker compounds on the
same chromatogram. Total absorbance at 260 mu was
determined for each component, and ultraviolet absorp-
tion spectra at pH 1.5, 5, and 11 were determined in a
Cary model 14 recording spectrophotometer. The purine
or pyrimidine base was identified by the characteristic
spectral shifts that occur at these pH values. After we
had previously determined total absorbance at 260 my
for each component and identified the base present in each,
we used the appropriate molar absorbancy index (21) to
calculate the molar concentration of each nucleotide iso-
lated from the tissue. NAD was identified by its ab-
sorption spectrum and the characteristic spectral shifts
in absorption maxima that occur at 260 and 327 my
after the addition of cyanide. Samples from the same
preparations were analyzed for phosphorus by the Fiske-
Subbarow method as modified by Hurlbert, Schmitz,
Brumm, and Potter (15). Susceptibility of these nucleo-
tides to enzymatic hydrolysis by 5'-nucleotidase present in
Crotalus adamanteous venom was carried out according to
the method of Heppel and Hilmoe (22). To assay mono-,
di-, and triphosphate nucleotides, we employed a 100-
fold excess in enzyme concentration to simultaneously
utilize the pyrophosphatase as well as the 5'-nucleotidase
activity of the venom (11). One-hour incubations were
analyzed for inorganic and total phosphorus (15), and
zero time incubations served as controls.

Characterization and identification of sugar nucleo-
tides. In this study 0.2-,umole portions of all uridine,
guanosine, and cytidine nucleotides having a mobility on
final preparative paper chromatography similar to the
respective sugar nucleotide standards were hydrolyzed
with 0.01 N HCl at 1000 for 15 minutes. The hydro-
chloric acid was removed by lyophilization and the hydro-
lysate analyzed chromatographically as shown in Figure
1. Appropriate sugar nucleotides and 5'-ribonucleotides
were applied on the same chromatograms as reference

3 The reference 5'-mono-, di-, and triphosphate nucleo-
tides, nucleosides, bases, and UDP-glucose used in the
present study were obtained commercially (Pabst Labora-
tories, Milwaukee, Wisc.). The "4C-labeled UDP-N-
acetyl-D-glucosamine, UDP-N-acetyl-D-galactosamine, and
guanosine diphosphate mannose were kindly supplied by
Dr. Saul Roseman and his associates, Rackham Arthritis
Research Unit, The University of Michigan.
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ETHANOL: AMMONIUMACETATE 7: 3. pH 7.4

UDPG UDPG UMP UDP
hydr.

X X X X

o 0

o 0

AcGolm
Gal + Man 0 *
G +AGm 0 *
Fuc + GA 0 0

0

n-BUTANOL:PYRIDINE:WATER 3: 1:1 J-_

FIG. 1. Two DIMENSIONAL PAPER CHROMATOGRAPHYFOR IDENTIFICATION OF SUGAR

NUCLEOTIDES. Diagrammatic presentation of the method of 2 dimensional paper chro-
matography (Whatman 3-mm) employed in preliminary identification of sugar nucleo-
tides. In this instance 0.2-umole samples of uridine diphosphate glucose (UDPG),
UDPGhydrolyzed in 0.01 N HCl at 1000 C for 15 minutes (UDPG, hydr.), uridine
monophosphate (UMP), and UDP were chromatographed 16 hours by descending
technique using 95% ethanol: ammonium acetate (7: 3), pH 7.4. The dried chro-
matogram was examined under ultraviolet light and demonstrated the release of UDP
after mild acid hydrolysis with disappearance of UDPG. Trace amounts of UMP
were occasionally noted in the hydrolyzed specimen. The chromatogram was cut
horizontally and the distal 24 cm prepared for descending chromatography using
n-butanol: pyridine: water (3: 1: 1) for' 8 hours, dried, and redeveloped for 16 hours.
The following standards were included at the margin: N-acetyl-D-galactosamine (Ac-
Galm); galactose (Gal); mannose (Man); glucose (G); N-acetyl-D-glucosamine (Ac-
Gm) ; fucose (Fuc) ; and glucuronic 3,6-lactone (GA). Their mobilities after chro-
matography are indicated by shaded circles: Gal < G< Man < AcGm< Fuc < GA.
The broken circle at the origin identifies the position of the acyl-sugar released by mild
acid hydrolysis after initial chromatography in ethanol: ammonium acetate, and the
open circle corresponding in mobility to glucose identifies the specific sugar after
chromatography in n-butanol: pyridine: water (3: 1: 1). The sugars were detected by
a periodate-benzidine reaction (23). All unknown specimens were originally exam-
ined by this technique. Those demonstrating release of an acyl-sugar and appearance
of the appropriate nucleotide diphosphate under conditions of mild acid hydrolysis
were further characterized as described in the text.
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compounds. Further characterization of the monosaccha-
ride present in the sugar nucleotides identified by this
procedure was accomplished by chromatography of addi-
tional samples after mild acid hydrolysis. The hydroly-
sates were deionized with mixed bed resin [equal quan-
tities of Dowex 50 (H) and Dowex 1 (HCOs), 20 to 40
mesh], and the filtrates were concentrated to a small
volume. Acetylhexosamines were separated by electro-
phoresis and detected with an alkaline-ethanol spray rea-
gent as described by Jourdian and Roseman (24). Hex-
oses and acetylhexosamines were separated on Wrhat-
man 1 paper with the following solvent systems:
n-butanol: pyridine: 0.1 N HCO (5: 3: 2), n-butanol: py-
ridine: water (3: 1: 1), and ethyl acetate: pyridine: water
(10: 4: 3). The sugars were detected with a silver ni-
trate reagent (24).

A 2.0-,umole sample of the UDP-N-acetylhexosamines
isolated from 14-day tissue was hydrolyzed with 2 N HCl
at 1000 C for 3 hours (25). The hydrolysate was ly-
ophilized, redissolved in distilled water, and applied to a
46- X 1-cm Dowex 50 (H) 200- to 400-mesh column from
which the individual hexosamines were eluted with 0.3 N
HCl as described by Gardell (26). After fractionation
the amount of glucosamine and galactosamine was de-
termined by colorimetric analysis (27). Complete separa-
tion of the two hexosamines was confirmed by paper
chromatography of samples from the two column peaks.

Radioactivity determinations. Samples from the initial
extract, column fractions, and final chromatographic
components were dried on metal planchets before measure-
ment of radioactivity. A thin window gas flow counter
was used for all determinations of 'P radioactivity.

4.0 /4 DAYGRAMJLOMAS

2.0

C G
.6

.4
0F

.2 1

Counting efficiency was such that 1 ,uc was equal to 8.0 X
106 cpm. Counting of the individual specimens was car-
ried out for sufficient time so that the error of counting
was less than 3%. Specific activities were calculated
after a correction for 82p decay. Internal standards
were employed and all experiments corrected when nec-
essary to the same level of measured radioactivity.

Results

Characterization and purification of acid sol-
uble extracts. Sponge biopsy connective tissue
was studied at 14, 28, and 42 days. During this
interval, connective tissue ingrowth progresses
from partial to complete penetration of the sub-
cutaneously implanted polyvinyl sponge. In each
of these experiments, implants from 15 to 20
animals were pooled so that the total connective
tissue mass available for extraction with cold
trichloroacetic acid was 60 to 100 g net wet
weight. As demonstrated in previous studies
(14) and confirmed in this investigation, the
water content of 14- to 42-day granulomas was
88 ± 1%o of tissue wet weight. Net tissue wet
weight was used to compare the various chemical
analyses at 14, 28, and 42 days.

Figure 2 illustrates the elution pattern of A260
material and radioactivity after fractionation by

IN ~~~~~200

I-J~~~~~~-5
11

K,

VII
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210

A ~~~~AA A
FRACTIONNUMBER

FIG. 2. DoWEX1 (FORMATE) GRADIENTELUTION COLUMNCHROMATOGRAPHY.Pattern of elution of nucleotides present
in an acid soluble extract of 70.6 g of 14-day sponge biopsy connective tissue. The 5'-nucleotides present in peaks B to K
are identified in Table II. Absorbance at 260 mA per ml (solid line), and 3P radioactivity counts per minute per
milliliter (broken line) were determined on each 15-ml fraction tube. After elution with 400 ml distilled water,
stepwise changes in the eluent were made at the points indicated on the abscissa: 1 N formic acid, tube 0; 4 N
formic acid, tube 29; 0.2 N ammonium formate in 4 N formic acid, tube 70; 0.4 N ammonium formate in 4 N formic
acid, tube 114; and 1.6 N ammonium formate in 4 N formic acid, tube 167. P1 indicates the presence of inorganic a'P
in the eluate.
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ion exchange chromatography of one of the acid
soluble extracts from 14-day tissue. Six major
and two minor peaks were identified by the
changes in absorbance at 260 m1A. In general,
the elution of radioactivity paralleled that for
A260 material although an additional peak D
and at least two radioactive components were
present in peak F. Unincorporated inorganic 32P
(Pi, Figure 2) accounted for the large radioactive
peak eluted from the column between peaks G
and H. Column chromatographic fractionations
of the acid soluble extracts from 28- and 42-day
tissue were similar to that found with 14-day
tissue. With the exception of peak I-J, the total
amount of radioactivity decreased 20 to 30% in
the other peaks between 14 and 42 days. The
nucleotide composition of these column fractions
will be discussed in detail subsequently. Small
amounts of NAD and Ninhydrin reactive mate-
rial were detected in the fraction tubes corre-
sponding to peak B at 14, 28, and 42 days.

Using known mixtures of standard 5'-ribonu-
cleotides, we achieved quantitative recovery with
the formic acid-ammonium formate system. Un-
der the conditions employed in these studies com-
plete resolution of individual nucleotide con-
stituents was not accomplished by the initial step
employing ion exchange chromatography. We
elected to collect 15-ml fractions and to isolate
the individual nucleotides after further purifica-
tion by charcoal column and paper chromatog-
raphy. As reported by others (15, 18), nucleotide
monophosphates were found in small quantities
in peaks F to K, indicating that some degra-
dation of nucleotide di- or triphosphates had oc-
curred during column fractionation. In all of
the experiments we found that more than 95%o
of the total A260 material present in the original
acid soluble extract was absorbed to the ion ex-
change resin and eluted during fractionation.
After absorption and elution from charcoal, 70%o
of this A260 material was present in the am-
moniacal-ethanol eluates. This apparent loss was
felt to represent primarily the exclusion of pep-
tides and non-nucleotide materials in these early
steps of purification. Comparison of A260 of
the total material eluted from the charcoal col-
umns with that recovered after the final step of
paper chromatography was found in all experi-
ments to be 79%o + 9%o. The molar concentra-

tions of total, individual, and sugar nucleotides
per 100 g of tissue have been calculated after
application of the appropriate molar absorbancy
indexes (21).

Measurements of radioactivity were carried out
at each step during fractionation and purification.
In the 14-day study, 9%o of the initial radioac-
tivity present in the crude acid soluble extract
was shown to be present in 5'-nucleotides, 11.5%o
at 28 days, and 10%o at 42 days. In each ex-
periment the major source of non-nucleotide ra-
dioactivity was present in the trailing limb of
peak G. In the other fractions separated by
ion exchange chromatography, more than 84%o
of the radioactivity in each peak was ultimately
recovered in the 5'-nucleotides. When the ma-
terial from peak G was applied to the charcoal
columns at pH 4.5, 94% of the radioactivity was
not absorbed and was removed from the column
by a preliminary wash with distilled water. Some
of this labeled material could represent unchar-
acterized sugar phosphates; however, migration
on paper chromatography in two solvent systems
corresponded with that of inorganic 32P.

Qualitative identification of 5'-nucleotide con-
stituents. Migration in the final preparative
paper chromatographic system was determined
for each ultraviolet-absorbing band identified on
the individual chromatograms. From these data
Rf values were determined and compared to those
of standards run simultaneously in the same sol-
vent systems. Good correlation was found among
these values, the data obtained by spectral anal-
ysis, and the phosphorus to base ratios.

The spectral characteristics were determined
for each of the ultraviolet-absorbing components
after elution from the final paper chromatograms.
In Figure 3 representative spectra of individual
nucleotides isolated from 14-day experiment 2
are compared with standard 5'-nucleotide mono-
phosphates. The unknowns H22 and J72 had the
spectral absorption characteristics of adenosine
and uridine, respectively. Specimen K62 had an
acid-base shift in absorption maximum charac-
teristic of guanosine, but anomalies in the minima
were noted due to the presence of unidentified
impurities. This specimen was chosen for graphic
presentation as an example of the minimal spec-
tral characteristics acceptable for unknowns in-
cluded in this study. After spectral identifica-
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FIG. 3. ULTRAVIOLET ABSORPTION SPECTRA OF 5'-RIBONUCLEOTIDES. Spectra were determined in a Gary
model 14 recording spectrophotometer. All components from final preparative paper chromatography were
examined and spectral curves made at pH 1.5, 5.0, and 11. In the upper portion of the Figure, the spectra of
adenosine monophosphate (AMP), UMP, and guanosine monophosphate (GMP) from a commercial source
are compared with representative specimens in the lower portion from 14-day experiment 2. The absorp-
tion maxima, minima, and pH shifts of Hn. and Jas indicate adenosine and uridine. Sample K.2 is in-
cluded as an example of the minimal spectral characteristics acceptable for unknown specimens, in this in-
stance guanosine. A = absorbance of ultraviolet light; mg= wavelength in millimicrons.

tion of the compound, the same sample was used
to determine the total phosphorus content of
the specimen.

Samples from all final fractions found to con-
tain uridine, guanosine, or cytidine nucleotide
were examined for sugar nucleotide content by
two dimensional paper chromatography as illus-
trated in Figure 1. Employing this procedure,
we identified uridine sugar nucleotides as major
constituents of peak H from the Dowex 1 (for-
mate) column fractionation (Figure 2). In the
solvent system [95%o ethanol:1.0 M ammonium
acetate (7: 3), pH 7.4] used for final separation
and purification of 5'-nucleotides UDP-glucose

+ UDP-galactose, Rump 1.05, and UDP-N-
acetyl-D-glucosamine + UDP-N-acetyl-D-galactos-
amine, Rump 1.12, were resolved. In several in-
stances after two dimensional paper chromatog-
raphy a compound with an Rf corresponding to
glucuronic acid (lactone form) was identified.
However, less than 0.16 Mmole per 100 g was
isolated from 14- to 42-day tissue. This small
quantity precluded complete characterization of
the intact parent uridine nucleotide. Guanosine
diphosphate mannose, Rump 0.94, was the major
guanosine sugar nucleotide identified. In all of
the experiments small amounts of fucose and a
hexose tentatively identified as glucose were
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found after acid hydrolysis and two dimensional
paper chromatography of compounds present in
peak F, G from the Dowex 1 (formate) column.
Further characterization of these 5'-monosaccha-
ride nucleotides was accomplished by study of
additional samples after mild acid hydrolysis,
deionization with mixed bed resin, and paper

chromatography in two other solvent systems

that separate hexoses and N-acetylhexosamines.
The presence of both N-acetylglucosamine and
N-acetylgalactosamine was also demonstrated
qualitatively by borate electrophoresis after hy-
drolysis of amino sugar nucleotides isolated from
14-, 28-, and 42-day tissue (24). Quantitative
separation of the free hexosamines on a Gardell
column [Dowex 50 (H) ] revealed that the molar
ratio of glucosamine: galactosamine derived from
amino sugar nucleotides in 14-day granulomas
was 4: 1.

Quantitative identification of 5'-nucleotide con-

stituents. In Table I total 5'-nucleotide concen-

tration per 100 g in the two 14-day experiments is
compared to that found in 28- and 42-day sponge

biopsy connective tissue. The values are based
on a summation of the calculated molar concen-

tration of the individual nucleotides isolated at

each tissue age. Based on the variation noted at

14 days a slight increase in total 5'-nucleotide
was observed at 28 and 42 days. Adenine nu-

cleotides accounted for 40 to 43%o, uridine nu-

cleotides for 42 to 45%, guanosine nucleotides for
11 to 14%, and cytidine nucleotides for less than
4% of the total 5'-nucleotide content. Chemical
assay for total adenine present in the original

crude acid soluble extracts was 54 4, 72, and
76 umoles per 100 g at 14, 28, and 42 days, re-

spectively. When these values were arbitrarily
corrected by taking into consideration the se-

quential losses of unidentified A260 material that
occurred during purification, the amount of ade-
nine nucleotide present in the final total 5'-
nucleotide pool was 45 to 56%. No significant
shift in the per cent composition of total charac-
terized nucleotides was demonstrated between 14

and 42 days.
During the period (14 to 28 days) of maxi-

mal cell growth, the concentration of total sugar

nucleotide and UDP-N-acetylhexosamine in-
creased (Table I). At 42 days the content of

sugar nucleotides decreased from 12.4 to 5.6

Mmoles per 100 g. In spite of the decrease in

total sugar nucleotides the amount of UDP-N-
acetylhexosamines remained unchanged. As in-

dicated by the ratios in Table I, the UDP-N-
acetylhexosamines accounted for 46% of the total

sugar nucleotide at 42 days, whereas a decrease
in UDP-hexose (UDP-G + UDP-Gal), and

GDP-hexose (GDP-M, GDP-Fu, GDP-X, or

glucose) occurred in 42-day tissue. Trace

amounts of UDP-D-glucuronic acid (< 0.16 /A-
mole per 100 g) were isolated from 14- to 42-day
granulomas. Due to the small quantities recov-

ered, chemical characterization of this nucleotide
was incomplete, and it was not included in the

calculations dealing with the content of sugar
nucleotides in this tissue. No cytidine sugar
nucleotides were identified in sponge biopsy con-

nective tissue.

TABLE I

Comparison of 5'-ribonucleotide and sugar nucleotide content during in vivo development
of sponge biopsy connective tissue*

Ratios

Sug. nuc.
Total Total Total Total UDP-hexose GDP-hexose UDP-AcHm

5'-nucleotide Sug. nuc. UDP-AcHm 5'-nucleotide Sug. nuc. Sug. nuc. Sug. nuc.

pmoles/100 gt
14-day: 74 8.8 1.2 0.12 0.65 0.22 0.14
14-day 88 10.9 1.2 0.12 0.69 0.20 0.11
28-day 100 12.4 2.7 0.12 0.59 0.19 0.22
42-day 94 5.6 2.5 0.06 0.47 0.07 0.46

* Abbreviations: UDP= uridine diphosphate; AcHm= N-acetyl hexosamines; Sug. nuc. = sugar nucleotide; and
GDP= guanosine diphosphate.

t Values are expressed as micromoles per 100 g wet weight of tissue. Water content was 88 i 1%at each tissue age.
t 14-day experiments 1 and 2.
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TABLE II

Characterization of S'-ribonucleotides from 14-, 28-, and
42-day sponge biopsy connective tissue

Phosphorus Inorganic P
Column Spectral

peak* analysist Basel Total P§ Identityll

mean 4 observed range of values
B, C Adenosine 1.01 d 0.08 1.07 4 0.16 AMP
G Adenosine 1.94 h 0.09 0.89 41 0.12 ADP
IJ Adenosine 3.05 =1: 0.18 0.75 4- 0.02 ATP
C Uridine 1.04 ± 0.24 0.98 -4 0.04 UMP
G Uridine 1.86 :1= 0.12 0.65 UDP
IJ,K Uridine 2.86 :1 0.06 0.94 UTP
DE Guanosine 1.10 4 .012 1.00 GMP
F Guanosine 1.91 :h 0.17 0.71 GDP
K Guanosine 2.89 0.94 GTP
H Uridine 2.09 4 0.15 0.91 4 0.12 UDP-hexose
H Uridine 1.91 4 0.12 0.68 UDP-AcHm
F,G Guanosine 2.01 4 0.20 0.71 GDP-hexose

* Predominate pattern of elution from Dowex 1 (formate) column.
t Nucleoside identified by characteristic acid-base shift of absorption-

maxima and minima (21).
Molar ratio of total phosphorus to purine or pyrimidine base.

§ Ratio of net inorganic phosphorus (Pi) to total phosphorus released
after enzymatic incubation with snake venom. See text for details.

11 AMP, ADP, ATP, UMP, UDP, UTP, and GMP, GDP, and GTP,
are the 5'-mono-, di-, and triphosphates of adenosine, uridine, and guan-
osine, respectively.

Characterization of the 5'-ribonucleotides iden-
tified in sponge biopsy connective tissue is pre-
sented in Table II, which summarizes the analyses
carried out on individual constituents present in
14-, 28-, and 42-day tissue. The pattern of elu-
tion of these compounds during ion exchange
chromatography is indicated by letters B to K,
which refer to the absorption peaks in Figure 2.
The elution sequence corresponded with the an-
ticipated behavior of mono-, di-, and triphos-
phate nucleotides when subjected to fractionation
on a Dowex 1 (formate) resin column (15, 18).
The mean total phosphorus to base ratio and ob-
served range of values for the several 5'-nucleo-
tides demonstrated satisfactory agreement with
the theoretical values. The mono-, di-, and
triphosphate nucleotides of adenine and uridine
were identified in all experiments. Identification
of GMPand GDP in 28-day tissue was incom-
plete, and in the 42-day study GTP was only
partially characterized. The sugar nucleotides
UDP-G, UDP-Gal, UDP-AcGm, UDP-AcGalm,
GDP-M, GDP-Fu, and GDP-X or glucose were
identified at each tissue age. The only cytidine
nucleotide identified in 14-, 28-, and 42-day tissue
was CMP.

Confirmation that attachment of the phosphate
group to the ribose moiety of the nucleotide was
in the 5' position was established by enzymatic

hydrolysis. Inorganic phosphorus released by in-
cubation of these nucleotides with snake venom
was compared with the amount of total phos-
phorus present in the same specimen after hy-
drolysis with strong acid. An inorganic to total
phosphorus (PI/Pt) ratio of 1.0 indicated that
all the phosphorus had been hydrolyzed during in-
cubation by action of specific 5'-phosphatases.
Studies with standard 5'-ribonucleotides indicated
that under the specific conditions of incubation
employed in these experiments the venom pyro-
phosphatase and 5'-nucleotidase would quantita-
tively release all 5'-phosphate. Ratios for the
nucleotides isolated from 14-, 28-, and 42-day
tissue are included in Table II. Although they
were less than 1.0 for some of the di- and tri-
phosphate nucleotides, in each instance a sig-
nificant fraction of the primary phosphate group
was enzymatically converted to the inorganic
form.

82p incorporation studies. In Table III, the
mean specific activities of inorganic phosphate,
the 5'-nucleotides, and sugar nucleotides 4 hours
after in vivo administration of inorganic 32P are
compared at 14, 28, and 42 days. At each tissue
age the specific activity of ATP was higher than
that of the other 5'-nucleotides, and at 42 days
it exceeded that of inorganic phosphate. The
specific activity of each nucleotide and of Pi was
greatest in 14-day tissue. When these values

TABLE III

Age dependent alterations in mean and relative specific
activities of 5'-ribonucleotides in sponge biopsy connective

tissue

14 days 28 days 42 days

cpm/yImole P
Pi 42,100 26,400 16,400

AMP 13,900 (0.33)* 15,530 (0.59)* 11,910 (0.72)*
ADP 18,780 (0.45) 16,870 (0.64) 8,710 (0.53)
ATP 28,230 (0.67) 23,020 (0.87) 21,790 (1.31)

UMP 12,000 (0.28) 7,035 (0.27) 10,980 (0.66)
UDP 16,920 (0.40) 8,125 (0.31) 6,690 (0.41)
UTP 17,200 (0.41) 2,130 (0.08) 4,410 (0.27)

GMP 8,000 (0.19) 720 (40.0)
GDP 5,200 (0.12)
GTP 20,000 (0.48) 3,650 (0.22)

UDP-hexose 17,870 (0.42) 2,220 (0.08) 4,370 (0.27)
UDP-AcHm 19,060 (0.45) 10,500 (0.64)
GPD-hexose 17,400 (0.41) 3,510 (0.21)

* Relative specific activity of the individual 5'-nudeotides compared
to the specific activity of the total inorganic phosphate pool at each
tissue age.
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were related to the specific activity of Pi, differ-
ences relative to the inorganic phosphate pool
were demonstrated for several of the 5'-nucleo-
tides at 28 and 42 days. For the adenine nu-

cleotides, UMP, and the UDP-N-acetylhexosa-
mines relative specific activities compared with
the total inorganic phosphate pool increased,
whereas those of UTP, GMP, GTP, and the
other sugar nucleotides decreased. These data
indicate that the complex biochemical relationships
of phosphate interchange known to occur among

these compounds changed during maturation of
the polyvinyl sponge granuloma.

Measurements of radioactivity were not made
on GMP, GDP, GTP, GDP-hexose, or UDP-
AcHm at 28 days. Calculation of specific ac-

tivity for GTP was not made at 42 days, since
characterization of this nucleotide was incom-
plete. As previously indicated small amounts of
AMP, UMP, GMP, ADP, and UDP were de-
tected after final purification of the eluates from
the Dowex 1 (formate) column along with their
respective nucleotide di- and triphosphates in peaks
F to K. Specific activity determinations on these
compounds were essentially equal to those re-

corded at 14, 28, and 42 days for the intact
nucleotide mono- or diphosphates isolated from
Dowex 1 (formate) column peaks B to G. This
finding suggested that net incorporation of in-
organic 82p into high energy phosphate of these
individual 5'-nucleotides at 14, 28, or 42 days
preferentially followed an ordered sequence that
exceeded any randomization produced by degra-
dation or exchange reactions.

Discussion

Partial characterization of the 5'-nucleotide con-

stituents of experimental connective tissue stimu-
lated by the subcutaneous injection of carrageenin
has been reported by Decker and Gross (13).
The detailed findings of these investigators closely
parallel the observations reported here for con-

nective tissue stimulated by subcutaneous im-
plantation of polyvinyl sponge (28). By using
agar implantation to stimulate connective tissue
formation in rats, Tetsuka and Konno (29) have
studied 82p incorporation into the ribonucleic
acids. Although their study was directed toward
identification of 2'-, 3'-nucleotide base composi-

tion and its presumed relationship to collagen
synthesis, they did observe prompt incorporation
of isotope into 5'-ribonucleotides and sugar phos-
phates. These observations complement the pres-
ent investigation and demonstrate that 5'-ribo-
nucleotides and several of the sugar nucleotide
intermediates that had been shown to be involved
in mucopolysaccharide, glycoprotein, and glyco-
lipid synthesis in other systems (8, 10, 11) can
be isolated from connective tissues stimulated by
three different experimental procedures.

Of critical importance to proper interpretation
of the present data was an evaluation of the
methods used in this investigation to isolate and
identify the 5'-ribonucleotides. Satisfactory re-
producibility of the fractionation procedures, al-
though complex, has been demonstrated in the
two 14-day studies and further confirmed by the
experience with duplicate experiments reported
in another study (30). The net increase in
UDP-N-acetylglucosamine + UDP-N-acetylga-
lactosamine with tissue age appears to be an ac-
curate reflection of the internal changes in sugar
nucleotide composition that occur during growth
and maturation of sponge biopsy connective tis-
sue. Isolation and partial characterization of only
trace amounts of UDP-glucuronic acid could have
resulted from the known difference in chemical
stability of this compound to the procedures used
to separate and identify the other 5'-nucleotides
(10). Similarly, CMP-N-acetylneuraminic acid
is extremely labile. and may have been present but
undergoing spontaneous degradation during frac-
tionation of the acid soluble tissue extract (25).
For this reason equally important changes in
these or other sugar nucleotide constituents may
have gone undetected in the present study.

One explanation for the observed increase in
the amount of UDP-N-acetylhexosamines present
at 28 and 42 days could be a decrease in de novo

synthesis of mucopolysaccharides and glycopro-
teins. All previous chemical studies carried out

on this tissue (6, 14, 31) indicate that formation
of extracellular constituents reaches maximal con-
centrations between 28 and 42 days after im-
plantation. In this situation, concentration of the
final end products or their rate of removal could
determine the rate of synthesis of essential pre-
cursors (32). Alternatively, it has recently been
suggested (33-35) that individual sugar nucleo-
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tides, including UDP-N-acetylglucosamine (34),
may control their own rate of synthesis by "feed-
back inhibition." Under these circumstances,
different quantities of the individual nucleotide-
linked sugars have been found to accumulate
(12). It has been postulated that regulatory
mechanisms of this type would spare the ex-
cessive utilization of high energy phosphate when
incorporation of activated precursors into final
macromolecular products was blocked for any
reason (34, 35). Changes in mucopolysaccha-
ride concentrations have been reported to occur
in several specialized forms of connective tissue
with increased tissue age (2, 3, 36). Perhaps
the observed increase in UDP-N-acetylhexosa-
mines noted in sponge biopsy connective tissue
and knowledge of the biochemical control of sugar
nucleotide metabolism may ultimately prove to
be related to the age dependent changes in the
concentrations of specific extracellular constitu-
ents of connective tissue. Further examination
of their role in connective tissue metabolism may
broaden our understanding of the physiopathology
of the processes of aging and the diseases of
connective tissue.

Summary

The 5'-ribonucleotides present in acid soluble
extracts of rapidly growing connective tissue
stimulated by subcutaneous polyvinyl sponge im-
plantation have been isolated and partially char-
acterized. The in vivo incorporation of inorganic
82P into these activated chemical intermediates
has also been determined. The concentration of
uridine diphosphate (UDP)-N-acetylglucosamine
+ UDP-N-acetylgalactosamine increased from 1.2
to 2.5 umoles per 100 g between 14 and 42 days
after implantation. During this time, the 32P
specific activity of the uridine, guanosine, and
sugar nucleotides decreased with increase in tis-
sue age. Except for uridine monophosphate and
the UDP-N-acetylhexosamines the relative spe-
cific activity compared to that of the inorganic
phosphate pool also decreased during this time
interval. The specific activity of the adenine
nucleotides remained essentially stable, whereas
their relative specific activities increased during
connective tissue organization of the polyvinyl
sponge implant.

In this study several nucleotide-linked sugars
currently recognized as intermediates in biosyn-
thesis of mucopolysaccharides and glycoproteins
have been isolated and identified. The changing
concentration of UDP-N-acetylglucosamine +
UDP-N-acetylgalactosamine may indicate that
these nucleotides play an important role in regula-
tion of the anabolic pathways that lead to syn-
thesis of several of the ground substance con-
stituents of connective tissue.
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