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CHAPTER I
THE CHARACTERISTICS OF COLLAGEN

The phenomenon of wound healing in past ages has been shrouded by
an aura of mystery and superstition; it is only in modern times that any
semblance of scientific study has been applied te the phenomena involved
in an attempt to discover the mechanisms which cause the ocutward mani-
festations of tissue regeneration.

Direct microscopic analysis of regenerating wound tissue reveals a
network of ¢ollagen fibers imbedded in a gelatinous matrix; fibroblasts,
the cells which produce collagen fiber precursors, can be seen to be
acattered through the network., In the initial stages of egeneration,
the tissue is predominately cellular. As these cells manufacture collagen
precursors and fiber formation proceeds, the tissue becomes relatively
more fibrous and less cellular, with a consequent decline in metabolic
activity., Hence, it becomes clear that collagen formation and deposition
reflect the process of tissue regeneration., With the refinement of a
variety of new experimental and analytical techniques applicable to
protein chemistry, new aspects of collagen structure, binsjnthesia, and
metabolism have been opened for study (36).

Amino Acid Composition

Collagen is a fibrous protein which makes up an extracellular network

which serves to unify the area of the integument as well as to provide




support for larger cellular structures. The collagen molecule is charace
terized by a glycine content of the order of 30 = 35% of the total amino
acid residues. Two unique amino acids are found in collagen: hydroxy=
lysine is present to the extent of about 2% and hydrexyproline to the
extent of about 3% (this may vary up to 20%, depending on the source of
the collagen) (36). Hydroxyproline is unusual in that it ie found pri-
marily in collagen snd a few plant proteins (28). It has been shown
that hydroxypoline administered to animals orally or by injection is
not incorporated into collagen (79); conssquently, it has been postulated
that the source of collagenous hydroxyproline is proline, which has been
hydroxylated either immediately before or after incorporation inte the
collagen structure (27). Collagen is aleo rather unique in that it con-
tains little tyrosine and methionine, while tryptophan and eystine are
completely absent. The amino acid composition of rat skin collagen is
sammarized in Table I.

Studies on the amino acid ssquense of collagen have been carried
out by Grassmsn and his associates (26). Amino asid endegroup analyses
of peptides isolated from tryptie hydrolysates of gelatin revealed, in
almost all eases, the presence of three N-terminal glyecines, two Cetere
minal arginines, and one Ce-terminal glycine. The estimated molecular
weights of these fragments suggested the presence of triple chain peptides,
tut it has not been ascertained whether this phenomena is an artifact of
hydrclysis or not.

o systematic distribution of either glycine or imino acids could
be established, since peptides of the sequence glycyleglycine,




JARLE I

AMINO ACID COMPOSITION OF RAT SKIN COLLAGEN

Residues/100 Total Residues (66)

Tropo~- 1 2
Amino Acid collagen Subunit Subunit

3-Hydroxyproline 0.09 0.10 0.00
h-Hydroxyproline 9.2 9.6 8.6
Aspartic Acid 4.6 4.6 b.h
Threonine 1.96 1.99 1,98
S8erine k.3 k2 &3
Glutamic Acid 71 7.4 6.6
Proline 12.1 12.9 113
@Glycine 3.1 33.0 33.6
Alanine 10.6 11.2 10.2
Valine 2.40 1.96 3.20
Methionine 0.78 0.80 0.61
Isoleucine 1.08 0.64 1.6
Leucine 2.38 1.8 324
Tyrosine 0.2h 0.21 O.2h
Fhenylalanine 1.13 1.16 1.01
Hydroxylysine .57 043 0.80
Lyaine 2.81 3.0k 2.2h
Histidine 0.49 0.19 0.85
Arginine Sl 4.9 Sel
Amide N (5.1) 4.2 (4.3)




glycyleX-glycine, and glycyl-"X-glycine (X = another amino acid residue)

were identified by endegroup analyses. The latter evidence is in cone-
tradiction to the molecular model of collagen proposed by Rich and Crick (71).
(See discussion which follows.) Attempts were made to correlate regions

of peptides containing predominately polar amino acids with dark band

regions obhserved in collagen fibers under the elestron microscope and

regions of peptides containing mainly nonpolar amino asids with light

bands under the same conditions. More evidence must be obtained before

the theory can be unguestionably substantisted. (Ses Fig. 1).

Holscular Strugturs

The current concept of the basic collagen molecule is that of a
relatively rigid rod 2900 A in length and 16 A in dismeter, having
molecular weight of approximately 360,000 (9). This unit has been desig-
nated “troposollagen" by Schwitt, et.al. (75). A considerable portion
of the molecule, if not its entire length, consista of three polypeptide
chains, each with a left~handed helical conformation, the three helices
being wound about each other in a right-handed fashion to form a triple
stranded rope-like structure (71).(See Fig. 2). This conformation requires
that at least onesthird of the amino acid residues in collagen be glycine,
since only two=thirds of the aveilable residue positions can be accommodated
by other amino ae¢ids.

Plen, et.al., have represented tropocollagen as containing two types
of subunits, 31 and 92; these are present in the proportion of two 91
to one 92. These subunits are polypeptide chains of similar sisze,
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Fig., 1: Schematic Representation of Collagen Fiber Showing Dark
and Light Bands as Observed under Electrom Microscope. (26).

Fig. 2: Schematic Representation of Tropocollagen Molecule, (29).




but different amino acid composition. (See Table I). Under certain
conditions, dimers of 41 and 32 can be isolated from collagen; these
are designated 81 and A2, VY1 is a dimer consisting of an 3l unit
crosslinked to an 32 unit, while 42 is a dimer consisting of two a1l
units crosslinked in a similar msnner (66).

Bond Types Present in Tropocollagen

Due to the absence of cystine in collagen, no disulfide linkages
sre available for intra~ or intermolecular binding. The three peptide
chains of the tropocollagen molecule are linked primerily by intramolecular
hydrogen bonds between the amide nitrogen of one peptide bond and carbonyl
oxygen of the peptide link of the adjacent chain., Only every third peptide
group may form such interchain bonds; consequently, other types of linkages
have been sought. Gallop (23,24) has presented evidence for interchain
ester and amide linkages and for » -glutamyl peptide bonds in collagen.
There is also the possibility that both the J-and o-carboxyl groups of
aspartic acid are involved in intermolecular c¢ross linking (8), The
configuration of the peptide chains within the collagen molecule may give
rise to inter-~ or intramolecular bonding; it 4s possidble that more than
one configuration of the peptide chain 91 is present at a given time
and under certain conditions (66). Rich and Crick (71) have formulated two
models for the collagen molecule which they have designated as Collagen I
and Collagen II. 1In Collagen I, the hydroxyl groups of hydroxyproline
are oriented inward, facilitating interchain bonding. In Collagen II, the
same hydroxyl groups are oriented outward, favoring crosslinking between




molecules rather than between individual chains of a single molecule.
Collagen II is sterically more stable and requires less distortion to
accommodate amino acids other than glycine., Some physicochemical evidence

is available to support both models (29).

Polymerisation of Tropocollagen
Tropocollagen molecules are asymmetric and associate together by

their end regions, where the ends of the three polypeptide chains project
by different amounts. The end regions of the peptides are rich in tyro-
sine, which is believed to be instrumental in binding the molecules together
end to end (36), Under physiological conditions, the charge distribution
on the surface of the asymmetric molecules is such as to make the most
stable form of aggregate the one in which they overlap by one~fourth of
their length, thereby giving rise to electron microscopically visible
perioda of 700 2. If the terminal amino acid residues of a tropocollagen
molecule are designated as A and B, collagen formed in vivo could be

schematically represented in the following way:
A- BA. B

A -BA. B

In vitro oconditions such as an increase in ionic strength, or addition

of high molecular weight substances such as glycoproteins, mucopolysac~
charides, or nucleiec acids, to the medium containing tropocollagen may
cause alterations in the nature of the connection between molecules

and/or changes in the periodicity of the fibers. The effect of an incresse
in ionic strength is illustrated in Fig. 3. "Fibrous long spacing®(FLS)




Fig. 3: Effect of Ionic Strength on Periodicity of Collagen Fibers.

e

640 A 220 A No Period
(0.17 M NaCl) (0.34 M NaCl) (0.51 M NaCl)

Each lomgitudinal unit schewaticslly repree
sents a tropocollagen particle with four
major subdivizicns cvenly spaced slong the
length of the solecule. Lach of the four
subdivisions shows a further finer divisioen
into three parts. The degree to which the
nulocules ave staggercd as they lime up will
determine the nature of the 9«:10&. At left,
the longitudinal units preseat in 6,17 H RaQl
are arranged in the "aarnal" period of B40 A,
As the iouit strength of the NaCl solution is
increased, the uoloculas arrango themselves in
such & way as to decrease the length of the
period. Finally, =z icnic streagths such as
that of 0.51 K NaCI are raached. the woie~
cules arrange “theuselves in rendom fashion,
and no perlod can be detected (see oxtreme
right}. (29},
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collagen can be precipitated from acidic solutions of collagen by addition

of high molecular weight substances; it is characterized by periods of
L J

up to 3000 A and association of tropocollagen molecules in antiparallel

array without overlap, as shown in the following:

A BA B
B. -~AB. A
A —BA- B

Precipitation of collagen in the presence of ATP results in "segment
long spacing” (81S) collagen; it is characterized by association of the
molecules in parallel array without overlap, as shown in the following:

A BA -B
A BA. B
A BA B

Other in vitro conditions have been observed to cause precipitation of
two dimensional sheets and possibly even three dimensional lattice-like

aggregates (32).

Soluble Collagens
Scluble collagens represent a group of biologically young collagens

which can be brought into solution under certain conditions without loss
of native structure. Thie is not to be confused with the dissolution of
insoluble ¢ollagen in hot water resulting in gelatin formation. The
latter is an irreversible denaturation process resulting in the destruction
of the secondary structure of the protein. |

Acid soluble collagen, or "procollagen", as it has been termed by
Orekhoviteh (64), is considered to be a type of young collagen newly

‘ formed and probably to be found on the outside of fibers or fibrils.
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It is a non-homogeneous substance and is thought to exist in solid form in the

tissues. It has been shown to have essentially the same amino acid com~
position as insoluble collagen (66). Precipitation with chondroitin
sulfate in vitro gives rise to the formation of fibers by a process thought
to be analogous to fiber formation in vive (36).

Neutral salt soluble collagen is thought tec be a precursor of both®
acid soluble and insoluble collagens. It is soluble in the same solutions
as acid soluble collagen and would be extracted with this fraction were
it not first removed by extraction with neutral sodium chiloride solutions (31),
It has been shown in guinea pigs that dietary restriotions and/or vitamin C
deprivation csuse a reduction in the neutral salt soluble collagen (33, 30).
Green, et.al., have shown that a portion of the extractable neutral salt
soluble fraction is associated with intracellular microsomes, but more
specific estimates of the intra~ and extracellular distribution cannot
be made at this time (27).

Aging of collagen appears to decremse its solubility, but the exact

nature of the change is not yet understood.

Collagen Fiber Formation

Collagen may be observed at the tissue level in the form of extra-
cellular fibers ranging in size from 0.2 microns to diameters visible
to the naked eye, Minute examination of mammalian skin collagen fibers
reveals the presence of discrete parallel or interlacing unbranched fibrils
varying in diameter from 100 i to 0.2 microns., It is generally agreed
that small fibrils are formed initially; these then thicken as the tissue




matures. The maturation process may be a matter of days (in vitro
conditions in tissue culture) or a matter of weeks and months (normal
in vivo conditions). In studies with chick embryos, Fitton-Jackson (48)
has deseribed a decrease in the amount of interfibrillary material
which accompanies the increase in fibril size.

In the early stages of fibril formation, particularly in wounds,
the arrangement of the direction of the fibrils appears to be random;
however, it iz apparent that fibril orientation must be regular cluring
the later stages of development. Electron micrographs have revealed a
certain regularity both in the spacing between fibrils and in the band
alignment in parallel fibrils (48, 87, 89, 90). Fibrils have usually
been observed to run in the same direction, although Karrer (51) has
deseribed fibrils lying in opposite directions. The mechanism by which
fibril orientastion is controlled remains quite obscure.

The site of collagen fiber formation has not been definitely elu-
cidated at the present time., The present conasensus of opinion is that
the fibroblast synthesizes tropocollagen, which is then secreted into the
extracellular spaces where it aggregates with other similar units to
form a fibril. There is a possibility that, under certain circumstances,
polymerization of tropocollagen within the cell could ocour; the thin
fibrils formed could then be extruded to the extracellular space where
they could increase in size by accretion (29). There is an alternative
possibility that the bulk of fibrils appear de novo in the extracellular
spaces by aggregation of tropocollagen units in a process similar to that

observed in vitro. There is evidence to support the aggregation of collagen




molecules either at the c¢ell surface or at a distance from it (10, 47).
What appear to be collagen fibrils have been observed under certain
conditions within fibroblasts in avian tissues (&7). It is possible

that these fibrils may have been precipitated within the cytoplasm, or
that extracellularly formed fibrils may have been encompassed by fibro-
blasts in transit through tissue., Alternatively, extracellular matrix
containing collagen in molution may have been engulfed and fibrils polym-
erized within the vacuole inside the cell. Chapman (1%) has lately
propesed that collagen in maumals may be deposited in the extracellular

space by shedding of cytoplasm,




15

CHAPTER I1
BIOSINTHESIS OF PROTEINS

A knowledge of the structure and composition of collagen fibers is
required prior to considering the mechanisms involved in the formation
of this protein., The formation of c¢ollagen may be anticipated to involve
a mechanism similar to that required for the synthesis of other proteins,
even though this protein has unique properties and conpuitién. Collagen
formation may be considered at two levels: at the level of formation of
the polypeptide chains &1 and a2, and at the level of polymerizaticn
of these units into tropocollagen and collagen fibers., The latter has
been considered in the previous section. This chapter will be concerned
with the mechanism of formation of the polypeptide chains,

The Interrelationship of DNA and RNA to Protein Synthesis

DRA molecules consist of long double stranded chains of polydeoxy=-
nucleotides arranged in the form of helices and bound to basic nuclear
proteins. The sequence of the deoxynucleotides in the DNA is believed
to be of paramount importance in that it determines the informetion con~
tained within the molecule. In the presence of the enzyme, DNA-polymerase,
and the appropriate deoxynucleoside triphosphates, DNA helices produce
complimentary RNA chains which have been designated "messenger"RNA,
The messenger RNA strands, contalning the information stored in DNA,
then move from the nucleus to the ribosomes in the cytoplasm. These




1k
discrete particles, consisting of approximately 50% RNA and 50% protein,

are considered to be the site of most cellular protein synthesis. In the
cytoplasm, free amino acids react with ATP through the intervention of the
appropriate activating enzymes to form aminoscyl adenylates. These com~
pounds remain bound to the enzyme surface; through the intervention of the
same enzymes, they are tranaferred to soluble or transfer RNA and thus
transported to the ribosomes., The tranafer RNA-aminoacyl complexes are
aligned on the ribosomes as dictated by messenger ENA, and peptide bond
formation takes place. The newly-formed protein and the intact transfer
RRA are then released from the microsomal surface; the messenger RNA utiliged
is believed to be inactivated in the proceas. The process is summarized
in Fig. 4 (63). Many of the details of the processes described have yet
to be clarified, Current experimental evidence will be cited as each
step is examined in greater detail,

Formation of BHA

X~ray diffraction studies led Watson and Crick (88) in 1953 to con~
clude that DNA consists of two helical strands of deoxyribonucleotides
wound together and held in position by hydrogen bonds between complementary
base pairs, the bases including adenine, guanine, cytosine, and thymine.
This postulation received further support some years later when Warner
et.al, (86) obaerved that aynthetic polynucleotides, such as polyadenylic
acid, interacted in solution to form double—stranded helical structures
similar to that proposed for DNA. The theory was further substantiated

by Kornberg (53, 7) in 1960 with the isolation of an enzyme which would
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Trenster Amino polymerase separation
ANA Acid DNA
V u] HS5ARRGARAREERNEEI
+
RNA ‘ choi:—'
polymerose separation
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jINERRAREREEREENS
RNA strand
Trm'u Amino
Acud chain
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Fig. 4: Schematic outline of nucleic acid functlion.
The ladder-like figures represent double-stranded
nucleic acids snd the bases are represented by the
short cross lines. See p. 13 and 1% for a complete
discussion of the various figures (63).
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synthesize DNA from deoxyribonucleoside triphosphates with liberation of

inorganic pyrophosphate. The enzyme, termed DNA-polymerase, requires the
presence of mucleosids triphosphates and a DNA primer for activity. It
is thought that DNA polymerase has the ability to separate the chains of
the DNA molecule and to organize the proper complementary nucleoside tri-
phosphates along each single strand; polymerization then occcurs with the
production of two identical molecules.

Bole of DNA in Protein Synthesis

It is well known that DNA does not participste directly in cytoplasmic
protein synthesis (13). It was originally thought that DNA played a more
direct role in nuclear protein synthesis, but more recent work has shown
this not to be the case. When the enzyms, deoxyribonuclease, is added
to an in vitro preparation of nuclei, DNA is hydrolyzed and amino acid
incorporation comes to & halt, However, amino acid incorporation may again
be stimulated by addition of a DNA supplement, or partially denatured DNA,
or BNA, or a variety of polyanionic compounds (4). Deoxyribonuclease has
been shown by the same workers to inhibit oxidative phosphorylation in the
nucleus. It has been suggested that amino acid incorporation per se is
not damaged, but that the impaired energy mechanism will no longer support

incorporation.

In a series of experiments patterned after the work of Mams and

Novelli (58) on the formation of a pantoyl-adenylate by reaction of
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pantothenic acid and ATP with consequent relemse of pyrephosphate, Hoagland

et.al, (39) showed that a slow exchange of pyrophosphate and ATP in soluble
extracts of rat liver was strongly stimulated by a mixture of natural amino
acids, Furthermore, in the presence of amino acids and hydroxylamine,

hydroxamates were formed e.g. leucyl~hydroxamate was identified., The reac-

tions can be summarized as follows:

EZguation I: Enzyme + ATP + amino acid = Enzyme-AMP amino acid + PP
Equation II: Enzyme-AMP amino acid + uaaan —
Enzyme + AMP 4+ amino acid-RHOH

De Moss et. al. (17), by incubating chemically synthesized leucyladenylate
and inorganic pyrophosphate in bacterial extracts, were able to demonstrate
the reverse of Equation Y. Thus, the direct activation of amino acids

was established,

Continued experimentation revealed that when total amino aeid concen-
tration in the inecubation mixture was kept eonstant, ATP-pyrophosphate
exchange was stimilated by an increase in the number of amino acids present
(13). This seemed to indicate that the individual amino acids did not
compete for a single enzyme, but rather that each reacted with a different
enzyme, At present, several amino acid-specific activating enzymes have
been isolated and purified from various tissues. These enzymes probably
contain an «~8H group at the active center, since activity is inhibited by
p-chloromercuribenzoate and protected by reduced glutathione (1, 16).

It has been observed that Equation II can be made to proceed as written

only in the presence of high concentrations of hydroxylamine., This is due
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to the fact that the aminoacyl adenylates remain tightly bound to the acti-

vating enzymes. This serves as a protective measure, since at physiological
pH, free aminoacyl adenylates would form peptide bonds irn random fashion
via a non-enzymic process (13).

Refinements in subcellular fractionation procedures led to the isolation
by Zameenik et.al. (40, 52) of the activating enzymes. When the pH of the
supernatant remaining after separation of nuclei, mitochondria, and micro=-
somes, was adjusted to 5.0, a prec¢ipitate formed. When redissolved and
added to a gynthetic amino acid incorporating system consisting of an energy
source capable of regenerating ATP, mierosomsl particles, GTP, and amino
acids, the release of pyrophosphate from ATP was observed, indicating that
the precipitate must have contained the activating enzymes.

Similar synthetic amino acid incorporating systems have been utilized
in an attempt to determine the mechanism by which the activated amino acids
are transferred to the microsomal particles. Hoagland et.al. (41) found
that the "pH 5" enzyme fraction contained about 5% RRA; furthermore, when

cm-ltucine. the isolated RHA

the preparation was incubated with ATP and
became labeled. When thias cl &dcucim-m was added to microsomal particles,
the leucine could eventually be ifsolated in the microsomal proteins. The
RNA which mediates the transfer of amino acids from the adenylate to the

picrosomal RNA has been termed "transfer RNA",

Transfer RNA
Various attempts to isolate the transfer RNA present in the supernatant

remaining after subcellular fracticnation have established the fact that
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there is a specific soluble RNA for each individual amino acid. The RNA

molecules are estimated to contaln between 50 and 100 nucleotide residues
and to have a molecular weight in the range of 10,000 to 50,000 (2, 77).

It has been observed that when crude transfer RNA is loaded with leucine,

at maximum it can bind only about one leucine residue per two thousand
nucleotide residues (2%, 38). Since there are twenty amino acids, it would
seem that the estimate of 100 nucleotide residues psr molecule is reasonably
accurate. Aleo, it would seem that sach transfer BENA molecule transfers
only one aminc acid residue.

The transfer RNAs differ from other cellular RNAs in that they are
soluble in M NaCl and in that they contain apprecisble amounts of pseudo-
uracil nucleotide. The terminal end of the polynmucleotide chain consists of
two cytidylic acid residues in the pentultimate positions and one adenylic
acid residue at the terminuas, Fixation of amino acids is possible only when
these three residues are intact (37). The terminal adenylic acid residue
is attached via its 5' phosphate group to the 3' position of the preceeding
eytidylic acid residue; it iz believed that the amino acid attaches at the
2' or 3! position of the adenine nucleotide (13). It has been established
that the transfer of a free amino acid to aderylic acid and thence to trans-
fer RNA is mediated by the same activating enzyme (56). However, very
little is understood of the mechanism by which the amino acid is passed
from transfer RNA to the microsomal particle. It has been postulated that
the helical structure of transfer RNA allowa for three unpaired bases at
one end of the molecule; these bases msy recognize certain triplet base
groups present in messenger RNA at the microsomal site and thereby permit




alignment of the amino acids so that peptide bond formation can occur.
A schematic representation of a transfer RRA mclecule with an attached

amino acid is shown in Fig. 5.

Microsomal RRA

Mierosomel RNA and its functions is probably the least understood of
the variocus RNA species. It was originally thought that microsomal RRA
served as a template for protein synthesis, With refinement in experi~
mental techniques, it has become evident that this is not necessarily the
case, Many workers have observed that the composition of microsomal RNA
is similar in a number of bacterial species, yet the variations in the
correasponding DNAs are appreciable. Volkin, using incubation mixtures of
E. coli infected with "T-even" phages (85), observed that a short-lived RNA
having the characteristics of phage messenger RNA was rapidly formed after
infection, Phage proteins were also subsequently formed. Examination of
the microsomal RNA present revealed that no phage microsomal RNA was formed;
hence, it could be concluded that microsomal RNA did not function as a
template“for protein synthesis in this inatance,

Microsomal RNA is estimated to comprise 80-90% of the total cellular
RRA; it exists, bound to protein, as discrete ribonucleoprotein particles,
contributing about 50% of the particle weight.

Tissieres et.al, (80), using microsomal particles isolated from
E. coli, has observed that the intact 70 8 ribosome is actually composed of
two subunits having sedimentation coefficients of 50 8 and 30 8 respectively.
Kurland (54) has shown that the 50 8 subunit consists either of one RRA




Fig. 5: Schematic Diagram of Transfer RNA
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molecule having a molecular weight of 1,120,000 and sedimentation coeffi-
cient of 23 S, or of two RNA molecules, each having a molecular weight of
about 560,000 and a sedimentation coefficient of 16 S, The 30 S subunit
consists of one of the latter molecules, Hence, each microsomal particle
appears to consist of two molecules of high molecular weight RNA; a
"large'" one and a "small" one; in some cases, three 'small" molecules
have been reported (78). This observation probably holds true for other
types of RNA,

It appears that the RNA in the microsomes consists of long continuous
polynucleotide chains, made up of 1500 to 2000 (small component) and
4000 to 4500 (large component) nucleotide residues each. The concentration
of magnesium in the medium is known to affect the state of aggregation
of the molecules, In the presence of a high concentration of magnesium
ions, there is the possibility that chains of 6000 polynucleotide residues

may exist (78).

Messengg£ RNA

Messenger RNA is that type of RNA which carries information from
the DNA in the nucleus to the extranuclear sites of protein synthesis,
It is believed to be formed by the action of RNA polymerase in the
presence of the four ribonucleoside triphosphates and a DNA primer.

The DNA primer may be single or double stranded; however, certain

types of RNA polymerases prefer the double stranded primer to the

single stranded one, so that RNA formation is more efficient when the
former is used (63). When double stranded DNA is utilized for messenger

RNA production, there is evidence that both strands are duplicated, the
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base composition of the RNA being the sajle as that of the DNA primer
with uracil replacing thymine,

There is some evidence to support the theory that under in vivo
conditions, RNA can replicate on only one DNA strand e.g. if the terminal
end of one strand of a double stranded DNA molecule were bound in some way
s0 as to prevent the action of RNA polymerase, then no messenger RNA could
be formed from that strand. Presumably, it would be possible to release
this bond without denaturing the double stranded helical structure, so that
under ig.zizzg_conditions. both strands would be available for RNA synthe-
sis (78, 96).

Messenger RNA is known to exist in very small amounts in cells e,.g.
less than 8% of the total RNA in bacteria (78). It is thought that
messenger RNA molecules are variable in size, depending upon the nature
of the protein to be synthesized, Various workers have reported molecular
weights varying from 30,000 to 2,600,000, but some of these values may
be artifacts resulting from partial degradation of the intact molecules

during the isolation process (78).

Transfer of Information for Protein Synthesis

The recognition of messenger RNA as the carrier of information from
DNA to the site of protein synthesis has aroused tremendous interest in
the manner in which this information is stored in messenger RNA, As
early as 1954, Gamow (95) observed that if a four-letter "alphabet"
consisting of the nitrogenous bases A, G,’C. and T (See appendix I) was

to specify a twenty word "dictionary" corresponding to the twenty amino
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acids, each code word would have to contain at least 3 bases, If each
code word contained only two bases, only 4 x 4 or 16 words could be coded,
whereas 3-base code words would allow 4 x 4 x 4 or 64 code words to be
formed, The latter case would allow ample code words for the twenty amino
acids, as well as numerous other code words which might code such infore
mation as "begin hereo" or “stop here", Recent experimentation by Niren-
berg and Matthaei, and Ochoa and associates (62) has provided evidence
for this theory,

An ingenicus method for the study of the code words described above
has been developed by Nirenberg and Matthaei (61). Cell-free extracts
are prepared by crushing bacterial cells so as to release the cell sap
containing DNA, messenger RNA, ribosomes, enzywes, and other soiuble
components. When provided with an energy source, these extracts will
incorporate amino acids into protein, Incorporation can be followed by
use of Cl.zmino acids.

Addition of deoxyribonuclease to a cell«free system has been shown
to have no effect on the initial rate of amino acid incorporation, but
subsequent incorporation is greatly reduced, It would seem, then, that
DNA serves as a template for messengor RNA synthesis, while messenger RNA
in turn serves as a template for protein synthesis. Initially, when some
messenger RNA is present, protein synthesis continuses; when the supply is
exhausted aand no more can be made, protein synthesis stops,

In addition, it was further observed that messenger RNA from various

sources will stimulate protein synthesis. Synthetic polynucleotides,
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produced by the action of the enzyme polynucleotide phosphorylase on the
appropriate mixture of nucleoside triphosphates, appears to have the
same effect (62, 50),

By adding various synthetic polynucleotides to a cell-free amino
acid synthesizing system, Nirenberg and Matthaei (62) have been able to
observe the manner in which information is stored in messenger RNA. Using
polyuridylic (poly U) acid as a synthetic messenger RNA, they were able
to isolate a polypeptide consisting exclusively of phenylalanine residues.
Ochoa and associates (55) extended this work by adding various combinations
of other nucleoside triphosphates to poly U, The ratio of phenylalanine
to other amino acids incorporated was observed to be approximately propor-
tional to the expected occurence of various triplet permutations in random
sequences formed by particular mixtures of nucleoside triphosphates. Thus,
a mixture of nucleoside triphosphates in the proportion of 5U:lA, in the
presence of polynucleotide phosphorylase, was expected to yield poly-
nucleotides containing the following proportions of triplets: UUUs25;
UUA=UAU=AUU=S5; AAU=AUA=UAA=1; AAA=(.2, When these polynucleotides were
added to & cell-free protein synthesizing system, polypeptides composed
of phenylalanine or tyrosine or asparagine were isolated in the ratio
of 25:5:1. Thus it appears that the code for phenylalanine is UUU; for
tyrosine, UUA or UAU or AUU; for asparagine, AAU or AUA or UAA., The
various triplet codes derived in this way for the twenty amino acids are
summarized in Table II. It will be noted that the code appears to be
degenerate i.e. in some cases, more than one triplet has been shown to

cause the incorporation of an amino acid,




TABLE II

CODE DICTIONARY OF PURINE AND PYRIMIDINE BASES

INVOLVED IN THE BIOSYNTHESIS OF PROTEINS (62)

Amino Acid RNA Code Words
Alanine CCG ucG*
Arginine CGC AGA UCcG*
Asparagine ACA AUA
Aspartic Acid GUA
Cysteine UuGH
Glutamic Acid GAA AGU*
Glutamine ACA AGA AGU*
Glycine UGG AGG
Histidine ACC
Isoleucine UAU UAA
Leucine uuG uuc UUA vuy®
Lysine AAA AAG" | AAU"
Methionine UGA*

Phenylalanine uuuy

Proline cce CCu* | CCA' | CCG!
Serine ucu ucc UcG
Threonine CAC CAA

Tryptophan GGU

Tyrosine AUU

Valine usy

#Uncertain whether code is UUG of GGU,

*Need for U uncertain

*Codes preferentially for phenylalanine,

“Need for G and U uncertain

tNeed for U, A,G uncertain,
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Additional experimentation is necessary before it can be concluded
with certainty that either the code is degenerate, or that the multiple
triplets observed for some amino acids are actually due to artifacts ine
herent in the experimental technique,

Another type of experimentation, in which messenger RNA from tobacco
mosaic virus is treated with nitrous acid, has shown that conversicn of
one purine to another, or of one pyrimidine to another, results in the
substitution of one amino acid for another in the protein produced. Such
changes are designated "transitions", Other changes involving the intere
change of a purine with a pyrimidine have also been observed; these changes
are known as "transversions™ (50), Such experimentation has given rise to
the concept of "the shared doublet™ i,e. the suggestion that certain amino
acids may be coded by triplets that have two nitrogenous bases in common.
Hence, one amino acid may be substituted for another by a change of only
one nitrogenous base in its particular messenger RNA code word., The
significance of this concept becomes apparent when one considers that
various inherited defects have been shown to be due to the substitution
on one amino acid for another in a given protein e.g. sickle cell
anemia, Continued experimentation in these areas will undoubtedly serve

to elucidate some of the most fundamental concepts of biochemistry,
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CHAPTER II1I
NUCLEIC ACIDS IN REGENERATING WOUND TISSUE

Various sources of regenerating tissue have been used in the study
of nucleic acid metabolism during the regemerative process, Histochemical
techniques and colorimetric analyses of the RNA and DNA content of the
tissue have both been utilized; in spite of the diversity of both source
material and methods of measurement, the results of investigations are
rather consistent,

The RNA content of regenerating wound tissue has been shown to ine
crease after infliction of the wound, reaching a maximum approximately
7-10 days later (34, 44). Hosoda (44), in addition, was able to demon-
strate that uptake of P32 into RNA of regenerating wound tissue in mice
increased to & maximum at the fourth day after wounding, declined slightly
at the sixth day, and reached a new maximum at the eighth day before taper-
ing off at the twelfth day after wounding. The initial maximum was attri-
buted to the high RNA content of leucocytes which had infiltrated the wound
area; this inflammatory reaction was observed histologically and shown
to decline by the fifth or sixth day, The maximum on the eighth day
coincides with the period of active fibroblastic proliferation and fiber
formation; hence, it would scin that there is a definite relation between
the progress of regeneration and RNA synthesis. “hese results are
substantisted by the findings of Tsanev (82}, who observed that RNA is

conserved during periods of intense mitotic proiiferation,
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Tsanev has also observed a rapid disintegration of existing PNA immediately
following trauma; it is belleved that the disintegration products cause
tiie accumulation of leucocytes at the wound site, thereby effecting a
biclogicai cleansing of the area and preparing a favorable environment
for granulation tissue formation (81, 83}, The observations of Palladira
and Gudina {65) on the actiom of purire-containing substances supports
this theory, as do histochemical studies made by Raekallie (68).

Several attempts have been made to elucidate the role of vitamins
C and A (5, 73, 84) on nucleic secic metabolism in regenerating wound tissue,
Rudas (73) observed that if guinea pigs were maintained on a scorbutic
diet for 5 days prior to wounding, the RNA content of the wound tissue
was decreased as compared to control values, This situation could be
avoided by supplementing the scorbutigenic diet with vitamin C during the
preoperative period. Administration of vitamin C after wounding to animals
which had been maintaired on a scorbutigenic diet previous to wounding
did pot ceuse RNA levels to return to noymal., Tsanev (84) observed scmee
vhat different results, While an impairment of ccllagen synthesis could
be observed early in the regencrative process, he did not detect a decreased
RNA content in tihe wound until two weeks after wounding. He postulated
that the effect of vitamin C was not directly on RMA levels, but on oxi-
dation-reduction procosses of the cell, Aay such impairment would be
reflectad in decreased levels of organic phosphorus compounds, thersby
decreasing the RNA precursor pool and the high-energy phosphate compounds

which provide most of the energy for protein synthesis,
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Williamson and Guschlbauer have studied extensively the formation and
turnover of nucleic acids during the regenerative process in rats (35, 92,
93, 94). They observed an increase in the RNA content of the wound tissue
which reached a maximum at about 8 days after wounding. Determination of
RNA~phosphorus which measures total RNA and of purine«bound ribose which
measures only the purine content of RNA enabled the pyrimidine content
of the RNA to be calculated by difference (91). The ratio of purines to
pyrimidines was then calculated at intervals after wounding. In the early
stages of wound healing, the ratio of purines to pyrimidines is about one,
indicating that these components are present in equal amounts on a molar
basis. In the later stages, there appears to be a preponderance of pyrim-
idines in the RNA, as indicated by a decreased purine : pyrimidine ratio.
This may indicate that more than one specific type of RNA may be produced
during the regenerative process, The fact that more than one type of
protein, e.g. extracellular collagen and intracellular proteins, has been
observed in the wound tissue lends credence to this theory,

Further studies by the same authors (35) on the types of protein
produced in regenerating wound tissue have revealed that while the amount
of collagen in the wound increases throughout the regenerative period,
the concentration of intracellular proteins remains essentially constant.
Also, a protein or peptide rich in sulfur-amino acids appears to be formed,
paralleling the course of collagen formation. The requirement of sulfur-
amino acids for the repair process has been widely recognized, but its

exact significance remains obscure (91).
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In measuring p32 incorporation in vivo into RNA associated with the
nuclear, ribosomal, and soluble fractions of regenerating wound tissue
in rats, Williamson and Guschlbauer (52) observed a change in the fcormation
and turnover of nuclear RNA paralleling ccllagén formation in a mammer
analogous to that described for the sulfur-rich protein, It appears that
several types of RNA are formed during the regenerative process, That
type associated with the nuclear fraction is thought to be concerned with
collagen formation, since both are formed slowly and cannot be detected
in appreciable amounts until the repair process is fairly well advanced.
By way of contrast, the RNA associated with the ribosomal fraction is a
very ﬁi%i:;fraction of the total RNA, but appears to have a very rapid
turnover during the early stages of wound healing., This occurs coincidently
with the period of maximal cell proliferation in the wound tissue; hence,
it seems probable that this type of RNA is associated with cellular pro-
tein synthesis. The soluble fraction seems to be very rich in RNA during the
early phases of wound healing, but its turnover is very low as measured by

p32

uptake, This may be due to the presence of oligonucleotides resulting
from increased nuclease activity immediately after wounding (92). Later in
the regenerative process, the amount of soluble RNA decreases, and the

turnover rate becomes almost negligible,

Objectives of the Werk Reported tu This Thesis

The principal purpose of this investigation is a more detailed study
of nuclear RNA than has previously been reported. According to the current

theory of protein synthesis and to the results of the investigation of




amino acid incorporation into nuclear proteins (3, 43, 57, 70), it would
seem that at least two groups of RNAs are present in cellular nuclei,
Cne group is concerned with nuclear protein synthesis and consists of
nuclear messenger RNA, nuclear ribosomal RNA, and nuclear transfer RNA,

The other group is composed of the various messenger RNAs necessary for
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extranuclear protein synthesis. These may be further subdivided into those

RNAs concerned with cellular protein synthesis and those concerned with
collagen precursor biosynthesis. The latter classification has already
been suggested by Williamson and Guschlbauer (94). It would seem, then,
that analysis of both the content and composition of nuclear RNA during
the regenerative process would yield valuable information regarding the
nature of the RNAs present and their possible functions, Accordingly,
three types of measurements will be made:

1, The determination of purine~bound ribose will be utilized as a

measure of the RNA content of the nuclear fraction. Any changes in nuclear

RNA levels during the regenerative process can then be detected. Measure-
ment of total cellular RNA by Williamson and Guschlbauer (92) has revealed
changes in RNA levels during wound healing; similar changes may or may

not be observed in the nuclear fraction of wound tissue, There is the
possibility that the changes in total cellular RNA observed may have been
the result of changes occurring in one particular subcellular fraction;

if this is the case and major changes in cellular RNA levels do not take
place in the nuclear fraction, the results of this series of experiments
may be expected to differ appreciably from the findings of Williamson and

Guschlbauer.
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The determination of purine~bound deoxyribose will be utilized as a
measure of the nuclear material present in the preparations, Nuclear
protein concentrations of the preparations will be utilized as a basis
for calculation in comparing RNA and DNA levels in various preparatioms,
e.8, Amounts of ribose and deoxyribose will be calculated per mg. nuclear
protein,

2., Hydrolysis of the nuclear RNA to liberate the nitrogenous bases
which will then be separated chromatographically. In view of the role of
messenger RNA in the storage of information concerning protein synthesis,

a comparison of the amounts of nitrogonous bases isolated and the amounts
of nitrogenous bases calculated to be required to code for a protein of the
amino acid composition of collagen might give an indication of the relative
amount of nuclear RNA which is concerned with collagen biosynthesis at
various intervals during the regemerative process,

3. Administration of various RNA precursors in vivo to determine
the extent of incorporation of these precursors. The primary purpose of
these experiments is to observe the incorporation characteristics of three
guanine derivatives in an attempt to ascertain which would be the most
feasible for use in studies on the rate of incorporation of RNA precursors
into nuclear RNA,

The experimental procedures employed in the proposed investigation

will be described in the following chapter.
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CHAPTER IV

EXPERIMENTAL PROCEDURES AND METHODS

In the following experiments, female Sprague Dawley albino rats
(200-225 gms,) were used, Wounds were made under ether anesthesia by
excision of a four cm, circle of skin from the back down to the deep fascia
as previously described (94). Wounds were swabbed with 95% ethanol as
an antiseptic procedure. The wounded animals were kept in individual
cages for periods of 5, 8, or 12 days after wounding on a limited stock
diet. Water was permitted ad libitum, To collect the wound tissue, the
animals were sacrificed by an overdose of ether and the tissue immediately
removed and frozen in liquid nitrogen., The frozen tissue samples were
stored in a deep freeze at ~15° C. until they could be homogenized.

Since only a very small amount of nuclear material could be isolated
from the tissue obtained from one animal, tissues from several animals
were pooled at this point and crushed, while frozem, by repeated blows
of a hammer on a steel pestle in a cold steel mortar, During this crushing
process, the tissue was repeatedly treated with liquid nitrogea to ensure
its being kept in a frozen and brittle state, The crushed tissue was then
transferred to a chilled flask and suspended in cold 0.25 M sucrose
containing 0.003 M Ca®* (approximately 1.3 gms, of tissue per 60 ml.)
and shaken in the cold room for 3-4 hours (42, 76).

The suspended homogenized tissue was centrifuged at 600 rpm for 5

minutes at 2° C, Upon histological examination, the resulting precipitate
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appeared to consist largely of shreds of insoluble collagen particles and
was discarded, The supernatant was again ceatrifuged at 600 rpm for 10
minutes (II) and finally again at 1800 rpa for 20 minutes (III) at 2° C.
Further fractionation yielded fractions which appeared to contain essentially
no nuclei upoa histologic examination, After soparating the three fractions
described, the remaining supernatant containing noa-nuclear fraguents was
discarded,

The precipitates resulting from the centrifugation at 600 rpm (I1I)
and 1800 rpm (I1I) were studied histologically in an attempt tc identify
the subcellular componsnts, Smears were prepared from small amounts of
the precipitates and stained with either hematoxylin and eosin (to differen-
tiate nuclear and cytoplaswic material) or aniline blue (to ideatify the
presence of ccllagem). Microscopic examination revealed these precipitates
to consist of intact nuclei contaminated with significant amounts of small
collagen fragments and some cytoplasmic debris, Extemnsive experimentation
was conducted in an attempt to purify these fractioms, with little or no
success, However, use of the crude fractions without further purification
could be justified for several reasons:

1. Collagen fragments would not interfere with the isolation or
identification of nuclear RNA because the insoluble proteins would be
precipitated previous to extraction of RNA,

2. The major amounts of RNA in the cell are associated with the
nucleus, the microsomes, and with the soluble supernatant. Under the
conditions of centrifugation described, the cytoplasmic contamination of

the nuclear fraction appeared as shreds of material, but no discrete particles
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such as mitochondria or microsomes could be detected, The homogenization
technique employed was not expected to result in extensive destruction
of intact microsomes, etc.; consequently, no significant contamination
by cytoplasmic RNA was to be expected. Microsomal RNA and soluble RNA,
then, would not be expected to contribute appreciably to the contamination

of the nuclear RNA present,

Isolation gf_Nuclear RNA

The RNA in the nuclear fraction of the regenerating wound tissue was
isolated by a modification of the method of Schmidt and Thannhauser (74},
Pricipitates (II) and (III) obtained by the above procedure were combined
and suspended in 10,0 ml. of 7% perchloric acid and centrifuged in the
cold at 3800 rpm for 20 minutes, The precipitate was washed with a small
amount of distilled water, re-centrifuged, and the supernatant discarded,
A 5,0 ml., portion of 0,3 N KOH was added to the washed precipitate in the
centrifuge tube, After suspending the precipitate in the alkali by brief
mixing, the tube was incubated for one hour at 37° C. The suspension was
immediately centrifuged in the cold at 3800 rpm for 10-15 minutes. The
supernatant was decanted into a clean centrifuge tube and the precipitate,
consisting mainly of insoluble proteins, was washed with distilled water
and the washings added to the supernatant. The precipitate was discarded.

Acidification of the supernatant with 2.0 ml, of 2 N perchloric acid
resulted in the formation of a copius white precipitate consisting of
DNA and nuclear proteins. The precipitate was collected by centrifugation

for 15 minutes at 3800 rpm., The supernatant was decanted and the precipi-
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tate washed with distilled water, the washings being added to the super-
natant., The supernatant, containing monc- and polyribonuclentides, was
filtered and made up to a velume of 25.0 ml,, the final concentration of
perchloric acid being 2 N, The precipitate was dissolved in 1 N NaOH and
made to a volume of 10.0 ml, All samples were stored in the cold until

the analytical procedures could be carried out.

Determination _qif_ Nuclear RNA

The RHA from the nuclear fractiom of the wound tissue was measured
by the method of Ceriotti (11). /This technique is specific for the
measurement of the color formed by the reaction of purine~bound ribose with
orcinol.

The reaction of ribonucleotids samples with orcinol was found to
give rise to a brown color which interfered with the measurement of the
norsal green color resulting from the orcinoleribose reaction, The sube
stance giving rise ta this brown color could be destroyed by waking the
ribonucleotide aiiquot alkaline to a fimal concentration of 0.1 N NaOH
and incubating in a boiliag water bath for 15 minutes prior to reaction
with orcinol, This procedurs does not appear to affect the riboss bound
in the nucleotide (63),

The procedurs consists of adding orcinol reagent to 5.0 ml, samples
of ribonucleotide sclutior and to standard samples of the same volume cone
taining 5.0 « 15,0 4 moles of D-ribuse, followed by hesting the mixture
at 160° C, for 40 minutes, The orcincl reagent is prepared on the day of

use by dissolving 100 mgs. of orcinol in 106 ml, of 0,04 M CuCl, (dissolved
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in concentrated HCl) and diluting to 100 ml, with concentrated HCl. After
cooling, the reaction mixtures were extracted for 10 minutes on a mechanical
shaker with an equal volume of iso-amyl alcchol., Une extraction appeared
to xemove essentially all of the color from the aqueous phase (45). The
optical density of the alcoholic extract waé weasured at once at 660 milii-
microns in a KletteSummerson colorimeter, All determinations were made

in triplicate, A typical standard curve is represeanted in Fig, 6.

Determination _g_f_ DNA

The reaction of purine-bound D-2Z«deoxyribose with indole (12} was
used to measure the DNA in the nuclear fraction., To a 4,0 ml, aliguot of
DNA solution and to 4.0 ml, standards containing 3.0 to 15.0 ¢4 moles of
De2«deoxyribose was added 2.0 ml, of concentrated IiCl ard 2.6 wi, of 0,04%
aquecus indele. The reaction mixtures were heated 1n a boiling water
bath fer 10 winutes, Uponr cooling, the reaction mixtures were extracted
by shaking for 10 minutes with an equal volume of chloroform to remove
extranecus cclor caused by reaction of proteins in the selution., Repeated
extractions with chloroform have been advocated in the literature, but no
significant change in the resding of the aqueous phase could be observed
upen repeated extraction; conseguently, only a single extraction was employed.
The optical density of the aqueous phsse was measured at 500 millimicrons
in & KletteSumserson colorimeter. All samples were measured in triplicate,

A typical standard curve is represented in Fig. 7.




Fig. 6: Standard curve obtained by plotiing optical density egainst
the amount of D-ribose in each sample after determining the D-ribose
content of the samples according to the method of Ceriotti(ll) as
described on p. 37. Since fresh reagents were prepared for each deter-
mination, & new standard curve coneisting of three points was con-
structed for each determination..
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Determination gﬁ_Total Protein

The amount of protein in the samples was measured by comparison of
tyrosine content of the nucleoproteins present in the DNA fraction with
that of bovine plasma albumin by means of the reaction with FolineCiocal-
teu phenol reagent (22), Standard samples were prepared containing 0,0 -
2.5 mgs. bovine plasma albumin in a volume of 1.0 ml,; 1.0 ml, aliquots
of the DNA fraction were also prepared. To each sample was added 1.0 ml,
of Folin-Ciocalteu phenol reagent (diluted 1:3) and 2,0 ml. of 1.5 M
Na,CO;. The reagents were mixed and the color was allowed to develop in
the dark for 20 minutes. The tubes were read at 540 millimicromns in a
Klett~-Summerson colorimeter. A typical standard curve is represented in

Fig. 8.

Chromatogxaphic Separation gﬁ_ﬁitrogpnous Bases Present in RNA

The method described by Cohn (15) was used to separate the nitrogenous
bases in the RNA isolated from the nuclel present in regenerating wound
tissue., The cation exchange resin, Dowex 50 X8, was prepared by washing
successively with 1 N NaOH, 1 N NaCl, and 2 N HC1 interspersed with several
rinsings in distilled water betweem each wash, After each suspeasion in
distilled water, the resin was allowed to settle slowly so that there would
be a separation of the large intact particles of the resin fyom "the fines",
The latter, consisting of brokenm resin beads, settle very slowly and could
easily be decanted, Inclusion of "fines" with the resin in 2 column tends
to reduce the rate of flow through the column,

The prepared resin was suspended in distilled water and poured into




Fig. T: Standard curve obtained by plotting optical density against
amount of D-2-deoxyribose in each sample after determining the deoxy-
ribose content of the samples according to the method of Ceriotti (12)
as described on p. 38. A standard curve consisting of three points
was constructed with every determination of experimental samples.
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Pig. 8 Standerd curve for Folin-Clocaltew resction. Samples of
bovine plasme slbumin were prepared in concentrations of 0.0 to 2.5
wghe/mley 240 ml, of 1.5 M Ba,00, snd 1.0 ml, of Folin-Clocalteu
reagent faixuma 1:3) vere xa88d3 The wixture wes shaken and the
color allowed to develop for 20 minutes in the dark. Smuples were
reed at 540 millimierons and the optical density plotied agalnst
concentration of the semple as shown sbove.{(22).
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the column to be used for the chromatographic separation., This column
had an inside diameter of 10 mm, and a resin length of 10 cm. The resin
was washed with 2 N HCl for at least 30 minutes before use, The flow rate
through the column could be regulated by means of a stopcock at the base of
the column; it was usually maintained at about 2,0 « 2.5 ml. per minute.
The same column was used for several separations; it was repoured only when
air bubbles had become entrapped in the system, After the column had been
used for a separation of the nitrogenous bases, the column was washed with
water for at least 30 minutes and stored under water until its next use,

Solutions of the various nitrogenous bases containing 0.0 - 2,5 moles
of base per ml. were used to calibrate the column. A 2.0 ml, aliquot of
the standard solution was allowed to settle into the column and was then
eluted with 2 N HCL. Fractions of 5.0 ml, were collected by means of a
Vanguard fraction cellector, Ultra-violet absorbing materials were detected
by means of a Beckman DU spectrophotometer with an attached Photovolt
recorder. All samples were read at 265 millimicrons. The areas under
the peaks obtained by means of the recorder were estimated by planimetry
and by triangulation. A standard curve was constructed for each base by
plotting the area under the curve against the concentration of the solution.
These standard curves are shown in Fig. 9.

Samples of the ribénucleotido solutions isolated from the nuclear
fraction of the wound tissue were hydrolyzed in 2 N perchloric acid in
sealed tubes for 3 hours in a 100° C, oven. Aliquots were placed on the
column in a manner analogus to that described above. The column was

eluted with 2 N HCl until approximately 600 ml., had been eluted.




Fig. 93 Calibration of cation exchange column. Samples of the four
nitrogenous bases known tc be present in RNA were prepared in concen-
trations of 0.0 to 3.0 «moles of base/ 2,0 ml. of 2 N perchloric acid.
Easch sample was placed on & cation exchange column and eluted with

2 N HC1 (See text). 5.0 ml. fractions of the eluent were collected
and the optical demsity of each recorded and plotted against the

ml. of eluent. The area under the resultant peaks was calculated and
appears here plotted sgainst the amount of bese in each sample.

O - Adenine; X - Guanine; © - Uracil; @ - Cytosine and Cytosine
nucleosides.
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Ultra-violet absorbing materials in the fractions were determined and
recorded as in the case of the standard solutions. A typical chromatogram

is presented in Fig. 10.

Isotopic Experiments

A study of the incorporation of various guanine derivatives into
nuclear RNA was initiated for the purpose of determining which compound
could be utilized most effectively in an extensive study of the rate of
incorporation of RNA precursors into nuclear RNA. A group of 18 or 19
female Sprague~Dawley albino rats were wounded and maintained in the usual
manner., On the day of sacrifice, 8 days after wounding, each animal was
given an injection i,p. of 5 microcuries of the labeled compound (guanylic
acid-s-cu, guanosine-S-C“, or guanine-8-C14) and sacrificed 3 hours later.
The wound was excised as quickly as possible and frozen in liquid nitrogen;
from this point on, the separation of RNA was the same as for non-isotopic
experiments. Aliquots of the RNA fraction isolated were placed in plan-
chets, neutralized, and evaporated to dryness; these were then counted in
a thin window gas flow assembly with automstic sample changer. Samples

were corrected for background, dead time, and instrument efficiency,




Fig, 10: Chromatogran oblained by plotting optical density against
mi. eluent. A 2.0 nl. ssmple of nuclear RHA isolated from a pooled
sample of tissue collected 5 days after wowding was placed on the
column and eluted as described on p. 43. Peait no. 1 represents uracil
and any widine nucleosides which may be present. Peak no. 2 repre-
sents cytosine; the portion of this peak is thought to represent
cytidive. The pesk is believed to represent a methyl cytosine,

Peak no. 3 represents guanine and peak no. 4 represents sdenine.
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CHAPTER V
RESULTS AND DISCUSSION

Interpretation of the data presented can best be made after con-
sidering some of the limitations of the methods and techniques employed
in obtaining the nuclear fraction from regenersting wound tissue,

In general, techniques developed for the isolation of nuclear material
are dependent on a difference in specific gravity between the nuclei and
the cytoplasmic components of the cell., Much of the experimental work
on nuclear material has been done with calf thymus nuclei, because the
specific gravity of the nucleus is appreclably different from that of the
cytoplasm. In this tiaéua, the nucleus comprises €0% of the cell; hence,
separation of the nuclear material can be achieved rather easily and in
good yield. In granulation tissue, however, the specific grevity of the
nucleus is thought to be closer to that of the cytoplasm. Also, the
nucleus comprises a smaller portion of the total cellular material.

These properties mske the iscolation of nuclear meterial from grsnulation
tissue much more difficult.

The isolation of nuclear material from granulation tissue presents
additional problems beceuse of the constantly changing character of the
tissue, Five days after vounding, the tissue eppears to have a high
water content and low fiber and cell) content as compared to the same tissue
three days later, eight days after wounding. Five days after wounding,
the tissue is very thin and difficult to disect from the animal;




eight days after wounding, the tissue is much firmer and may easily be
disected fyrom the wound area. At the latter time, the water content
appears to have decreased and the cell and fiber content appears to have
increased. By the twelfth day after wounding, the wound has contracted
appreciably and lost even more water, while the collagen fiber content
has increased appreclably. Essentially, therefore, one must work with
three different types of tissue, each characteristic of a certain stage
of the regenerative process.

Homogenization of the tissue in such & way as to liberate intact
nuclei is another difficulty encountered in the isolation of nuclear
material. It was observed that the use of a glass homogenizer resulted
in a negligible yield of intact nuclei. Use of a Virtis homogenizer
resulted in cantaminatién of the nuclear material with vhole cells and
appreciable amounts of large collagen fragments. It wes finally decided
to freeze the tissue in liquid nitrogen, then crush it in the frozen
state with a mortar and pestle. This technigue permitied fragmentation
of the collagen fibers vhile leaving the nuclei largely intact,.

Centrifugation of suspensions of crushed regenerating wound tissue
from orgenic solvents of varying specific gravity was attempted as a
wethod of isolating the nuclear material. Because of the differences
in the properties of the regenerating wound tissue at different stages
of formation, it was found that a new centrifugation technique would
have to be developed for each type of tissue collected during the regen-
erative process. Also, the losses during execution of this technigue

vere so great as to necessitate the use of inconveniently large numbers
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of animals to obtain reasonable yields of nuclear material (6).

The use of aqueous solutions for the suspension of tissue homogenates
.8 citric acid buffers or sodium chloride solutions, has been observed
to extract some water soluble components from the nuclei. These techniques
vere avoided, as some extraction of RNA from the nuclear material during
the isolation procedure was to be expected (19, 20).

Isolation of nuclei by centrifugaticn from dilute sucrose solutions
has been used successfully (20, 42, 76). In some tissues, this technique
hes permitted the isclation of intact nuclel with very little contamination
by cytoplasmic material and little loss of nuclear components. Isotonic
solutione (0.25 M) have been utilized most frequently, since the nuclei
remain intact in such solutions. Hypertonic solutions (20) bave been
utilized in some cases in an attempt to concentrate the nuclear material
and increase its specific gravity. This procedure, when utilized with
granulation tissue, resulted in poor separations due to imbedding of the
shrunken muclei in collagen fragments. Addition of Ca®"ions to the
BucroOBse solutiopn has been showun to reduce agglutination of the nuclel
with cytoplasmic debris, thereby facilitating the isolation of a
relatively cytoplasm-free nuclear fraction.

After s rather thorough investigation of the available technigues,
it was decided that isolation of nuclear material from 0.25 M sucrose
solution containing 0.003 M Ca’"would be best suited to this series of
experiments. This procedure permitted the nuclel to be maintained at
their maximal intact size while effecting at least gross separation of

collagen fragments, nuclei, and lighter cytoplasmic components.




Purther purification of nucleil presented additional problems.

A combined aqueous-nonagqueous technique involving isolation of the nuclear
material in 0.25 ¥ sucrose containing 0.003 ¥ Ca™', lyophilization, and
further purification in orgsnic solvents did pot yleld either intact
nuclei or appreclable purification, as observed by histological examinstion.
Resuspension of the crude nuclear fraction in O.kk M sucrose resulted

in rupturing of the nuclel., Layering techniques were also atiempted.
These consisted of layering a portion of the homogenate (0.25 Y sucrose
as the suspending medium) over a sucrose solution of higher specific
gravity, Presumably, light cytoplasmic debris would be meintained at

the interface or by the more dense sclution, while the heavier nuclei
would sediment to the bottom of the more dense solution upon careful
centrifugation. This §rocedure must be repeated several times to be
effective; however, the repeated suspension and centrifugation of the
nuclei resulted in either agglutination or rupture of the nuclei.

It wvas finally decided that a crude unpurified nuclear fraction
would be utilized in this series of experiments. (See Chapter IV for
rationale behind this decision.)

Values obtained by measurement of purine-bound ribose, purine-
bound deoxyribose, and total nuclear protein present in the nuclear
fraction of regemerating wound tissue are summsrized in Tebles III, IV,
and V. The variable conditions for each experiment and the rew values
obtained, as well as calculations of RNA and DNA on the basis of nuclear

protein content, are presented.




TABLE ITI

D-RIBOSE, D-2-DEOXYRIBCSE, AND TOTAL PROTEIN

IN NUCLEAR NUCLEIC ACIDS 5 DAYS AFTER WOUNDING

No. | ymoles 4y moles nge Protein ~7 noles REA «fmoles DRA RHA

Rats | D-Ribose | D-2-Deoxy- Purine Nucleotides | Purine Nucleotides | DRA
ribose mgs Provein g« Protein

20 | 7.3% 8.9 109 0.067 0.082 0.83

5 | 0.88 3.2 14 0.063 0.23 0.28

5 | 3.83 13.0 75 0.051 017 0.30

16




“Fo.

qmoles | «moles | mgs Protein] < moles RHA 4 moles DNA REA
Rats | D-Ribose | D-2-Deoxy - Purine Nucleotides | Purine Nucleotides| DHA
riboge mg. Protein mg. Protein

19% | 1k,52 3.8 25 0.592 0,13 3.82

18 | 12,00 e 98 0.122 oo
18+ | 12,07 49,0 280 0,043 0.18 0,247
22 | 12.20 28.6 333 0,037 0409 0.429
10 | 3.k2 8.3 50 0,068 0,17 0,k12
0 ! 1.58 3.8 18 0,088 0,21 0,415
10 | s.b2 10.7 b 0.073 0.15 0.506
9 | 9.9 12.5 107 0.093 0.12 0.793
9 | 6.3 10.9 0,097 0.17 0.562

* Isotopic Experiments

-
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TAHE ¥

D-RIBOSE, D-2-DEOXYRIBOSE, AND TOTAL PROTEIN

No. | «/moles «yacles ng. Protein <y moles RNHA Afmoles DRA REA

Rate | D-Ribose | D-2-Deoxy- Purine Nuclectides| Purine Nucleotides| DINA
ribose mge. Protein mgs Protein

27 4,67 6.4 58 0.08L 0.1l 0.73

18 | 5.k2 12,0 54 0.103 0.22 045
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The values cbtained by measurement of the purine-bound ribose have
been used as a weasure of the tolal HNA content of the nuclesr fraction.
Since only a portion of the RNA is meesured by this reaction, the actual
RNA content in the nuclear fraction is undoubtedly apprecisbly highex.
However, the objective of these experiments is not primsrily concerned
with the absolute amount of RHA present at a given time, but rather with
the change in RNA content over a period of time. Any changes occurring
in nuclear RNA content will be proportionsl to the change in purine-
bound ribose. For convenience, then, the values obtained in the deter-
mination of purine-bound ribose will be looked upon as a measwre of total
nuclear RNA, Similarly, the determinstion of purine-bound deoxyribose
by means of the indole reaction (12} will be used as a ueassure of total DNA.

There appears to be considerable variation in the raw values as
determined by measurement of ribose and deoxyribose, even when similar
amounts of tissue sre used i.e. when pooled samples consisting of tissues
from equal numbers of rats are used. When these data are calculaited on
a protein basis, however, they are in much betler agreement,

The ratio of 4 moles of RNA purines/mg. nuclear protein, « moles
DNA purines/mg. nuclear protein, and REA/DNA have been obtained by
statistical treatment of the raw data and are presented in Table VI,
Micromoles of RNA (purines + pyrimidines)/mg. nuclear protein, as calculated
from the purine/pyrimidine rstios in Table IX, is also included in Table VI.
The change in ratio of RNA/DNA with time during the regenerative process

is depicted graphically in Figure lli.




WUCLEIC ACIDS IN THE NUCLEI OF CELLS

IN RECENERATING WOUND TISOUB

5 Days after| 8 Days after| 12 Days alter
Hounding Hounding Wounding
A\ uoles R4 puwrine
Bo. nuciear Provein | 0.065 10,00 | 0.071 £0.03] 0.090 X001
Mucles DRA puxine
tie Nuclear Protein | 0.161 £ 0.06| 0.165 £0,01| 0.166 £0.08

M woles RIA purine

A\ moles DA purine | 0.284 £ 0.01 [ 0.465 #0.07| 0.59 £ 0.19
- —
M noles REA purines
pyrinidines
mg. Nuclear Protein 0.134 Ol.162 0.223

#* Derived value, using puw/py ratios in Table VIIT.
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Fig. 11: Change in Nuclear RNA/DNA Ratio of Regenerating Wound
Tigsue with Time afiter Wounding.
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The DHA content of the nuclear Iraction of regenerating wound tissue
can be seen o remain essentially constant over the 12 day period of
observation. This is in contrast to the findings of Willlamson and
Guschlbauer on the DNA content of whole tissue howmogenates of regenersting
wound tissue (92). This apparent discrepancy can be resolved by con-
sidering that in each situation, the DNA values are calculated on the basis
of total protein or tissue nitrogen. In the nuclear fraction, the amount
of total protein present is of the same order of magnitude throughout
the period of observation. However, in the whole tissue homogenate,
the amount of tissue nitrogen or total protein increases as tissue regen-
eration progresses. As a result, the ratio of DNA/tissue nitrogen increases
in the early stages of wound healing when cellular proliferation is
intense and the rate oi‘ DHA formation is high; 1t then reaches a maximum
and declines when the DHA content of the tissue hes reached a constant
level and deposition of extracellular protein continues to increase.

The RNA content on the basis of protein in the nucleus can be seen
t0 increase very slightly but steadily throughout the twelfih day after
wounding. This parallels the findings of Guschlbauer and Willismson {92)
on whole tissue homogenates very closely, except that the total amounts
of RNA in the nuclear fraction are much smsller, as would be expected. A
similar increase in RNA conient was observed by Hosoda (L) in whole
tissue homogenates from mice. It appears that the changes observed in
nuclear RNA levels contribute only a small fraction of the total change

cbserved in the RNA content of cells during the regenerative process.
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The amount of nuclear RNA as compared to DNA can be seen to increase
almost linearly with the course of tissue regeneration. These findings
would seem to indicate that an appreciable amount of protein synthesis,
with consequent demand for nuclear RNA, occurs throughout the wound
bealing pericd. This protein-synthesizing activity most likely represents
both collagen synthesis and turnover of nuclear proteins, At this point,

it cannot be determined which proceses wmay be the more significant.

Resulte of Chromatography of Nitrogenous Bases

The chromatogram showing the resolution of the nitrogenduz base
components of nuclear RRA isolated from wound tissue five daye after
vounding is represented in Figure 10 (p. 46). The numbered pesks represent
uracil, cytosine, gusnine, and adenine respectively. In calibrating the
colum, it was observed that cytidine wes eluted in the same position
as the < component of the cytosine peak. This seems to indicate incom-
plete hydrolysis of pyrimidine nucleotides under the given conditions.
Uridine, uracil, thymine, and thymidine all have no charge and migrate
together; therefore, it is not possible to observe whether the RNA
fraction is contaminated with DNA (the only potential source of thymine
or thymine nucleosides). The ¥ peak has not been investigated, but is
thought to represent a methyl cytosine.

The amounts of bases obtained from nuclear RNA at various periods
during the regenerative process are shown in Table VII, There appears
to be a slight preponderance of pyrimidines early in the regenerative

process which incresses in the later stages., This is in contradistinction




TABLE VIT

BASE COMPOSITION OF NUCLEAR RNA

IN REGENERATTHG WOUND TISSUE

Days after Wounding

Base > Day=s 8 Days 12 Days
wmoies] & |moies) % |4moies| %
Uracil l".h‘ 15015- 1905 2905 2.2 17.6
Cytosine
Crtidine| 10.3 | 36.2 | 17.7 | 20.6 5.3 | B2k
Guenine 7.3 | 25.6| 17.3 | 26.0 3.2 | 25,6
Adenine 6.5 | 22,8 12.0 | 16.0 1.8 | 4.4

64




to the observations of Williamson and Guschlbauer (94), as can be seen
by the comparison of purine/pyrimidine base ratios in Table VIII. In the
date of Willismson and Guschlbauer, it appears that the purine/pyrimidine
ratio is essentially unity during the early stages of wound healing.
By the twelfth day, both sets of values compare favorably with each other.

In Table IX, the emino acid composition of rat skin collagen is
presented according to the findings of Piez (66). One of the possible
code triplets that would be expected to be found in messenger RMA concerned
with collagen biosynthesis is included for each smino acid. The relative
amounts of purines and pyrimidines (on a percentage basis) have been
calculated and are shown in succeeding columns,., The purine/pyrimidine
ratio for rat skin collsgen has been calculated from these dats %o be
approximately 0.82., This would seem to indicete that maximum collagen
precursor formation takes place between the fifth and the eighth days
after wounding. The use of other possible triplet codes for the various
aminc acids present in collagen may yield e calculated purine/pyrimidine
ratio in closer agreement with the findings of Williamson et.al. (94).
It has been cbserved that the triplet codes for the basic amino acids
lysine and arginine, as well as that for histidine, contain a puwrine-
pyrimidine ratio of grester than one. It appears that nuclear RNA con-
taining high amounts of purines would be priwarily concerned with nuclear
protein synthesis, while that having s somewhat high concentration of
pyrimidines would be primarily concerned with collegen formation.

The ratios obtained by Williemson and Guschlbauer (94%) may show a

somevhat retarded increase in pyrimidine content due to the fact that the




TABLE VIII

I§ RNA OF § WOUND TISSUE

Purine-Pyrimidine Ratio
Days after | Current® Published#*
Wounding Expts. Date
5 Days 0.9k 1.11
8 Days 0,78 | 1.05
12 Days 0.67 0.70
#* Nuclear RNA

#% Total Cellular RNA (94)




TARLE IX

REQUIRED FOR COLLAGEN SYNPHESIS (50, 66)

Anino Acid % Of Code & %
Collagen| Triplet| Pu Py
Proline
. Hydrozyproline 2.2 ccu e | 22,2
Aspartic acid L6 GUA 3.0 1.6
Threonine 1.96 CAC 0.6 1.2
Serine L.3 uu — %.3
Glutanic acid Tod AGU 4.8 2.4
Glycine 3341 WG 22,11 1l.0
Alanine 10.6 cCG 365 Tel
Valine 2.4 U 0.8 1.6
Methionine o 0'8 m e 6 1y 1(8
Isoleucine 3.23.3 Ay 3.6 7.2
Leucine 2&15- G O & Le 6
m‘Oﬁ ine Q.2 AUU Je1 0.2
Phenylalanine 1.1 Uy - 1.1
Lysine -
Hydroxylysine 3ok ARA J|  -e-
Histidine 0.5 ACC 0.2 0e3
Arginine 5.1 coe 1.7 Sl
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animals used in that series of experiments were meintained on a protein-
free diet; hence, all metabolic processes would be retarded and collagen

biosynthesis would be appreciasbly delayed.

Results of Isotopic Studies

The data obtained from the isotopic studies made with guanylic
acid.-B—-C}'h, gmnosine-»&clk, and guanina-&cm are summarized in Table X.
The specific activity (c/m/4mole REA) of the nuclear RNA isolated after

1hcanbemntobemorethantentims

administration of guanosine-8-C
a8 much as that of nuclear REA isolsted after administration of guanylic
acid-S«Clh. Essentislly no inecorporation of gmnine-&clu into nuclear
RNA was observed over the three hour period,

Determination of the specific activity of the DNA isolated after

1k and of gmnim«-&ﬁ'm (c/m/¢ mole DNA)

administration of guenylic acid-8-C
revealed some incorporation into the DNA fraction. Without further
experimentation, it is difficult to judge whether these observations are
of asignificance, or vhether they are the result of poor experimental
technique. There ls reason to suspect the latter in the case of velues
obtained after administration of guanylic acid»%-clu, as the amownt of
DHA isolated in thet experiment was much lower than the amounts isclated
in other similar experiments (See Table IV). The amount of DNA isolated
after administration of guaninaaa-cm appears to be somewhait higher than
the values obtained in other experiments (See Table IV). The specific
activity of the DNA isolated after administration of guanine—&-clk is

very low; however, when it is considered that nc incorporation into RNA




TARLE

X

INCORPCRATION OF LABELED PURPORIED RNA PRECURSORS

INTO NUCLEAR RNA OF REGENERATING WOUND TISSUE

W Total| Total | c/m ng. c/m
¢ -Guanine c/m |4mcles | per | Protein | per mg.
Derivative RNA RHA |gmcle Protein
REA
Guanylic Aem~8mc3"* 250 .52 17 2,5 0
Guanosine-8-C 3500 | 12.00 | 292 9t 35.7
. 14 .
Guanine-8-C 0 12.07 0 280 0
A

Conditions: 18 rats each received 5 microcuries of labeled

compound & deys efter wounding; all samples

collected 3 hours after injection.
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could be detected, even such a low level of incorporation into the DNA
fraction may be significant. Further experimentation using well developed
techniques is necessary before any valid conclusions as to the incorpor-
ation of Qll’~guanin& derivatives into DNA can be made,

Williemson and Guschlbauer (9%) have shown in messurements of total
cellular RKNA that the ratio of purines/pyrimidines is approximastely
equal to unity during the early stages of wound heeling. If this ratio
is maintained in nuclear RHA, it would seem that the specific activity
of guancsine—&cm is of the order of 150 c¢/m/4mole total RNA. The
specific activity of P> under the same conditions is approximately
1200 c¢/m/ymole total REA. Several reasons mey b2 considered for this
discrepancyt

1. The discrepancy may be due merely to the different dose levels

of isotcpe administered e.g. & microcuries of 1-"32 per aunimal and

KL

5 microcuries of guanosine-8-C° per animal. It is difficult to estimate

the percent of the total dose which is incorporated into the nuclear RNA
fraction, particularly in the case of P32, since so many other types of
compounds are known to utilize it at the same time.

2. The difference in amount of incorporation observed may be indi-
cative of a difference in the rate of incorporation of the two compounds
without necessarily implying a change in the turnover rate of nuclear RNA.
It is possible that the exchange of P32 and RKA-PSI may be a partially
non-enzymic reaction, particularly at the dosage administered; whereas
the incorporation of gmmsinw&-clu is dependent upon two engymic reactions,

namely, phosphorylation of gusnosine to the nucleoside triphosphate




and incorporation of the latter into nuclear RNA by the action of RNA
polymerase, Hence, in & given time, the incorporation of gl:zam:usine--8-(‘.‘:"4
may appear to be slower because of the number and rate of the reactions
involved in its incorporation.

McEwen, et.al. (58), in studies of the incorporation of adenine
derivatives into calf thymus nuclei in viiro, have reported several
observations in sgreement with those presented here. When such nuclei

W are at 37° C. for periods of one hour

were incubated with Cm ~-AMP or C
or less, the label was isolated primarily in the nucleoside fraction.
Very little labeled ATP or RBA was isoclated. Addition of an excess of
cmr‘ad.anoaine to the same mixture resulted in a &% reduction of incor-
poration of clh'

It appears that simi.’.ar conditions exist in vivo in the nuclef of

% g ncorporated to @

regenerating wound tissue cells., Gusnosine-8-C
much greater extent than either its monophosphorylated derivative or
guanine itself. However, unlike McBwen's findings, an appreciable amount
of the label appears to be incorporated from the intranuclear nucleoside
pool into nuclear RNA. This may have been due in part to a longer
incubation period (three hours), or to some factor present under in vivo
conditions, but not present under in vitro conditions. No determination
of intranuclear levels of free nucleosides or nuclectides was wmade, so
it is difficult to estimate what percentage of the dose incorporated into
the nucleus was further incorporated into nuclear RNA.

McEwen postulated that nucleotides must be hydrolyzed to nucleosides

before entry into the nucleus can take place; within the nucleus, the
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nucleosides must then be rephosphorylated in order to be incorporated

U into the nucleus was observed

under in vitro conditions and incorporation of M-Clh into the nucleus

into nuclear RWA. Incorporation of AMP-C

vas observed under in vivo conditions. The rate of incorporation in
both cases was slower than for the analogous nucleoside derivatives,
thereby glving evidence for the mechanism postulated above.

Adeninewclh was observed to be incorporated under in vitro conditions,
while mnine-«Cli; was not incorporated under in vivo conditions. Seversl
reactions are known to involve the conversion of adenine to adenine
nucleotides in mamusls (95); it may be that analogous enzymes for guanine
are not present in the cells of regenerating wound tissue, thereby esccounting

for the neglipible guanine incorporation observed in these experiments,




CHAPTER VI
SUMMARY AND CORCLUSIONS

Regenerating wound tissue obtained from female rats was homogenized
and the nuclear material isclated. The RNA of the nucleus was separated
from the DNA by a modification of the method of Schmidt and Thann-
hauser (74). Totel RNA in the preparations was measured by meens of the
orcinol reaction for purine-bound ribose (11), while the DNA was deter-
mined by the indole reaction for purine-bound decxyribose (12). The
isoclated RNA was hydrolyzed; the nitrogencus bases and nucleosides
arising from this procedure were separated by ion-exchange chromatography
on Dowex resins (15). Purine/pyrimidine base ratios were then calculated.

k23 L

In other experiments, guanylic acid-8-C or guanosine-8-C° or

guanme-s-cm was edministered in vivo three hours previous to sacri-
ficing each animal. The isolation of nuclear RNA was carried out exactly
as in the earlier experiments. In addition to the determinations described,
sliguots of the isclated RNA frmction were neutralized and the activity
measured,

The observations made in this series of experiments may be summarized
as follows:

1. On the basis of nitrogen content, the DNA content of the nuclear
fraction of regenerating wound tissue remained essentially constant
throughout the period of tissue regeneration studied, while a slight

increase in the RHA content of the same fraction was observed,
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2. Acidic hydrolysis of the isolated RHA resulied in the liberation
of free purine bages and a mixture of free pyrimidine bases end pyrimidine
nucleosides, as cbserved by ion-exchange chromatography. Trace amounis
of a substance suspected tc be a methyl cytosine were alsoc isolated
during the chrometographic separations.

3. Purire/pyrimidine base ratios, calculated from the chromato-
grephic data, were compared with the value expected for the hypothetical
mesesenger-RHA required for collagen synthesis. This comparison appeared
to indicete thet nuclear RNA may be primarily concerned with puclear
protein synthesis during the early stages of the wound tissue regeneration
and wilth collsgen biosynthesis during the later stages.

L, The purine/pyrimidine ratios celculsted from the desta in this
series of experiments are somewhat lower then those previously published
{9%) during the early stages of wound healing; however, the values are
in good sgreement in the later stages of regeneration., This difference
may be due to ap artifect which resultis vahen date obitained by vericus
methods are compered, or it way be due to the fact that the animals used
in this series of experiments were maintained on & normel diet; while
those used in earlier experiments (9b) were maintained on a protein-free

dlet.

b is incorperated to 2 much greater extent into

1k

5 Gmnosine-»&cl
nuclear RNA of wound tissue than either guanine-8-C7 or guanylic

b
aCid—s*cl .
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