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Summary

Mouse L-1210 celts in log phase were radiolabeled with [14O1uridine tor 24 hours in medium

containing al l  four deoxynucleosides (dN's). After removal of exogenous radiolabel the cells

were subjected to serum arrest tor 24 hours in medium containing all four dN's. The dN's were

included to prevent incorporation of RNA radiolabel into DNA. Under condit ions of serum arrest,

DNA synthesis is inhibited, and most RNA transcript ion which is independent of DNA synthesis

should continue, result ing in a di lut ion of radiolabel in RNA. The mouse cells or isolated nuclei

were entrapped in agarose inserls, extracted in sodium dodecyl sulfate (SDS) detergent, and

subjected to electroelution. When the DNA remaining in the insert was subjected to DNase I

digestion, a soluble DNA fraction was recovered along with radiolabeled RNA. The abil i ty to

recover radiolabeled RNA under these condit ions suggests that i t  may be associated with DNA at

origins of replication. A substantial port ion of this DNA associated RNA (DAR) appears to be

sensi t ive to  phosphol ipase C;  an enzyme known to re lease DNA f ragments f rom the nuclear

matrix. DAR is composed of an RNase A sensit ive fraction which appears to be f lanking small

segments of DNA and an RNase A/alkal i  resistant fraction (ARR) which is associated with



DNase I resistant ONA and represents less than 0.5% ot the total RNA radiolabel. When DAR,

heat-denatured DAR, and ARR are subjected to electrophoresis together with 123 base pair DNA

ladder markers, they migrate as broad bands beginning at approximately 369 base pairs. More

than one-half of each of the bands migrates faster than lhe 123 base pair marker. The migration

rate and width of  the bands are remarkably  s imi lar ,  ind icat ing that  heat ing and a lka l i

treatments are incapable of reducing the size range of DNase I digested DAR. ARR from phenol

extracted DNA is 10-14 l imes more resistanl to alkal ine hydrolysis than soluble RNA isolated

from the same source. Phenol extraction removes two-thirds more ARR from DNA which has not

been incubated in proleinase K than from DNA which was incubated in the enzyme prior to

extraction, suggesting that ARR is t ightly l inked with native proteins. Gas chromatography and

mass spectromelry (GCMS) reveal that ARR contains a uraci l  content which is an order of

magnitude higher than that of whole cel l  DNA. ARR subjected to sequential digestion by nuclease

P1 and alkal ine phosphatase fol lowed by high performance l iquid chromatography (HPLC)

analys is  reveals  that  the [14C]ur iOlne is  incorporated as ur id ine and not  as thymid ine or

deoxyuridine. l t  also demonstrales that i t  is incorporated into ARR via 3' phosphodiester bonds.

Because of the strength and int imacy of the association of DAR with high molecular weight DNA,

its resistance to experimental condit ions selective for the retention of RNA near origins of

replication, i ts association with DNase I resistant DNA with a size range similar to origins of

replication, the apparent sensit ivity to phospholipase C, and it 's resemblance to Okazaki RNA

pr imers in  ur id ine content  and RNase A sensi t iv i ty ,  i t  is  postu lated that  DAR's are s table,

rep l icat ion in i t ia t ion pr imers s i tuated at  or ig ins of  rep l icat ion wi th in  the nuclear  matr ix .  The

unusual chemical stabil i ty associated with a port ion of i ts r ibonucleoside struclure suggests the

presence of novel molecular bonds in this area.



Short Tit le: Alkal i  Resistant RNA

Key Words: DNA-associated RNA (DAR); alkal i-resistant RNA (ARR); sodium dodecyl sulfate

(SDS); deoxyribonucleosides (dN's); gas chromatography-mass spectrometry (GCMS); high

performance l iquid chromatography (HPLC).



In t  ro d u c t  ion

In both prokaryotes and eukaryotes, DNA is held together in independently supercoiled DNA

domains. In prokaryotes, RNA appears to be involved in this process (Hecht et al, 1977;

Kavenof f  and Ryder ,  1976;  Pet t i john and Hecht ,  1973;  Stonington and Pet t i john,  1971;Worcel

and Burgi, 1972; Worcel et al, 1973). The role of RNA in the establishment of independently

supercoiled DNA domains in eukaryotes is less clear (Adolph et al, 1977; Cook, 1984; Cook and

Brazel l ,  1976;  Cook and Brazel l ,  1978) .  Prote ins have been demonstrated to  mainta in

supercoil ing in DNA domains and Topoisomerase l l  DNA cleavage sites have been located near

DNA at tachment  s i tes (Berr ios et  a l ,  1985;  Cocker i l l  and Garrad,  1986;  Sperry  et  a l ,  1989) .

Addit ionally, supercoil ing has been shown to be sensit ive to the action of proteinase K (Cook,

1984). l t  does not necessari ly fol low, however, that the DNA domain anchorage sites are

maintained by protein just because supercoil ing is sensit ive to proteases and these sites are

near DNA domain attachment points. As has been shown in prokaryotic studies i t  is possible to

relax the supercoil ing in DNA domains without the concomitant destruction of the DNA domain

attachment site (Pett i john and Hecht, 1973; Worcel and Burgi, 1972). Other proteins which

do not appear to be topoisomerases have also been found to be t ightly l inked to eukaryotic DNA

and are resistant to extraction by phenol, SDS, proteases, and alkal i  (Krauth and Werner,

1979) .  Fur thermore,  they appear  to  res ide wi th in  the nuclear  matr ix  (Werner  and Rest ,

1987; Neuer and Werner, 1987:'  Chernokhvostov et al, 1989) associated with repetit ive DNA

sequences (Neuer-Nitsche et al, 1988) whose locations vary according to cel l  type (Werner

and Neuer-Ni tsche,  1989) .  There is  a lso ev idence that  phosphol ip ids may be involved wi th

nuclear matrix DNA attachment sites (Cocco et al, 1980), and may be associated with DNA

repl icat ion (Misc ia et  a l ,  198B).

Assuming that the establishment of eukaryotic DNA domains takes place in the nuclear matrix,

then, the attachment sites must punctuale the DNA at periodic intervals. Perturbations in the



DNA which occur at periodic intervals most probably occur within such attachment sites. Three

such per turbat ions ate a lka l i -sensi t ive l inkers (F i l ipp id is  and Meneghin i ,  19771,  reg ions

recalc i t rant  to  DNA c lon ing (Marx,  1985) ,  and A+T r ich regions (Moreau et  a l ,  1981;Moreau

et  a l ,  1982) .  ln  a l l  three cases the per iod ic i ty  is  wi th in  the s ize range of  rep l icons.  The

init iat ion of DNA synthesis appears be at the level of the nuclear matrix (McOready et al, 1980,

Di jkwel  e t  a l ,  1986,  Jackson and Cook,  1986,  Carr ie t  a l ,  1986,  Di jkwel  and Haml in ,  19BB)

and DNA primase can be found associated with nuclear matrix (Tubo and Berezney, 1987,

Hirose et al, 19BB), suggesting that the origins of replication may be anchored there. Even a

modest l i terature review reveals that origins of replication are A+T rich (Moore, 1979; Chan

e t  a l ,  1981 ;S t i nchcomb  e t  a l ,  1981 ;Tschumper  e t  a l ,  1981 ;Zysk ind  e t  a l ,  1981 ) .  Toge the r ,

ihese observations suggest that protein and phospholipid components may be involved in the

establishment of DNA domain attachment sites at origins of replication--roughly paral lel ing the

s i tuat ion which ex is ts  in  prokaryotes in  which the chromosomal  or ig in  of  rep l icat ion is

"permanently" attached to a mesosome or invagination of the cell  membrane (for review see

Firshein,  1989) .  These s i tes may be a lka l i -sensi t ive,  A+T r ich,  and res is tant  to  c lon ing.

Alkal i  sensit ive DNA sites usually indicate DNA damage (such as apurinic sites) or the presence

of RNA, and resistance to cloning suggests the presence of unusual struclures. One unusual

structure associated with origins of replication are palindromes or "snap back" sequences (Vogt

and Braun,1977,  Stow and McMonagle,  1983,  Zannis-Hadjopoulos,  M. ,  1984,  Brykov and

Kukhlevski i ,  1988). Palindromes can be diff icult to clone because of their unusual sensit ivity

to  endogenous,  recombinogenic  nuc leases (Leach & Stahl ,  1983) .  Double s t randed,  ce l lu lar ,

heterogenous RNAs with unusual propert ies such as resistance to RNase A in high salt can be

isolated from cellular nuclei. Some are t ightly associated with the nuclear lamina (Herman et

a l ,  1978)  or  associated wi th  DNase l - res is tant  DNA at  developmenta l ly  regulated nuclear

matrix attachment sites (Patriot is et al, 1990). Others are known to have "snap back" quali t ies

and hybr id ize wi th  repet i t ive ce l lu lar  DNA (Je l inek and Darnel l ,  1972) .  Other  invest igators

have reported the discovery of actinomycin-D resistant double stranded RNA with snap back



regions which are present even after 60% of the RNA has been digested by RNase A (Stern et al,

1970). The snap back RNA regions are destroyed by alkal ine hydrolysis (Jel inek and Darnell ,

1972, Stern et al, 1970). Such RNA's could be associated with palindromic regions at DNA

attachment sites within origins of replication. Although snap back regions within nucleic acids

are general ly considered to be palindromic, they may also be an indicator of cross l inks, either

between daughter strands or non-daughter strands. l f  the snap back regions were the result of

double stranded, palindromic RNA, then, this RNA should be destroyed by alkal ine hydrolysis.

However, i f  the snapback regions involved cross l inks, lhen, the most l ikely posit ion for these

cross l inks would be at the 2' hydroxyl posit ions of the r ibose moiety and such bonds would be

alkal i  resistant. Evidence for lhe presence of alkal i  resistant RNA at replication init iat ion sites

has been demonstrated (Birkenmeyer, 1987). Therefore, the focus of this investigation was lo

test the possibi l i ty that an unusual RNA species may be involved in the establishment of

eukaryotic DNA domain attachment sites within the nuclear matrix. Radiolabeled uridine was

considered as an excellent probe for these studies since any RNA associated with origins of

replication should be A+U rich. The init ial results obtained supported the hypothesis that an

RNA species containing an alkal i  resistant component was t ightly associated with whole genomic

DNA in an area that displayed an unusual resistance to DNase I digestion and was highly

concentrated in  the nuclear  matr ix  (Abernathy,  1988) .  This  data is  be ing repor ted here

together  wi th  addi t ional  data conf i rming that  ARR is  composed of  a lka l i  res is tant  RNA

nucleotides part ial ly removable by phenol extraction which are associated with a heterogenous

size range of DNase I resistant DNA molecules, most of which are less than 123 base pairs in

length.



Mater ia ls  and Methods

General Cell Maintenance

Growing stocks of  mouse L-1210 cel ls  were mainta ined as suspension cu l tures in  f i l ter

steri l ized Eagles MEM (Earle's salts) with 2X nonessential amino acids, 1.5X essential amino

acids,  and 1.5X v i tamins (GIBCO).  The medium, supplemented wi th  10% feta l  bov ine serum

(FBS, K.C. Biologicals), is referred to as B-10. Cells were maintained in log phase at 37oC

under a humidif ied atmosphere of 5% COz. Stock cultures were maintained in the absence of

antibiot ics. Experimental cultures contained pen/strep (50U and SOug/ml) Cells were counted

by hemocytomeler; cel l  viabi l i ty was determined by trypan blue exclusion.

Selection of Experimental Culture Procedures

To enhance the possibi l i ty of identifying RNA, stably associated with DNA, two sources of

misleading information were identif ied:1) Okazaki RNA primers, though transiently associated,

would contribute to the signal of recovered DNA associated RNA, and 2) labeled uridine could be

incorporated into DNA as thymidine result ing in an erroneous signal. To minimize Okazaki

effects, cel ls were serum arrested tor 24 hours fol lowing radiolabeling to inhibit the init iat ion

of new DNA synthesis while al lowing completion of the round of synthesis already in progress,

thereby a l lowing the re lease of  any radio labeled Okazaki  pr imers.  To min imize the

misincorporation of uridine as thymidine, the r ibonucleotide reductase pathway was inhibited

by the addi t ion of  exogenous deoxyr ibonucleos ides (dN's)  (K lenow, 1962;  Thelander  and

Re icha rd ,  1979) .

ln i t ia t ion of  DNA synthesis  was inh ib i ted by sh i f t ing the log phase ce l ls  f rom B-10 to  B-0.5

medium. Atler 24 and 48 hours, the number of cel ls in B-0.5 compared to cel ls in B-10 was

70o/" and 30% respectively (data not shown). The viabil i ty of the B-0.5 cel ls was 96% and

B0% respectively (data not shown). To further confirm the effectiveness of the serum arrest.



3X106  ce l l s ,  a l i quo ted  f rom the  s tock  cu l tu re ,  were  m ixed  w i th  [3H ] thymid ine  ( f i na l

concentrat ion,  1 .0 uCi  /ml) ,  incubated 30 minules (37oC),  and prec ip i ta ted wi th  an equal

volume of 10% cold tr ichloroacetic acid. Tripl icate control samples were taken at the

init iat ion of serum arrest fol lowed by samples at 24 and 48 hours. Precipitates were collected

on Whatman GF/B glassfi l ters with cold 10% tr ichloroacetic acid fol lowed by cold 95% ethanol

washes. The f i l ters were dried and counted in 10 mls of Aquasol (New England Nuclear). The

addi t ion of  dNs (50ug/ml  each of  deoxyadenosine,  deoxycyt id ine,  deoxyguanosine,  and

thymidine) reduced the incorporation of [3H]tnymidine by 94% (resutt ing from dilut ion of the

label). By 24 and 48 hours, after step down to B-0.5, incorporation was further reduced to

1o/"  and O.5o/o (data not  shown).  Both ce l l  enumerat ion and lSHl thymid ine incorporat ion

resul ts  ind icate that  these procedures may be ef fect ive in  min imiz ing mis leading s ignals .

However, even though inhibit ion of radiolabeled thymidine uptake was more pronounced at 48

hours B-0.5, the reduction in cel l  viabi l i ty was of such concern that we selected the 24 hour

B-0.5 condit ions as our general experimental protocol.

Radiolabeling Cells

Cells were al iquoted from growing stocks, centri fuged, and resuspended in fresh B-10 at 3X107

cells/ml. To a 100 mm petri  plate was added 4.4 mls of B-10 with or without dNs and 100 ul

of the cell suspension. This culture was incubated for about 24 hours as described above to allow

the cells t ime to recover from the subculturing procedure and dNs to equil ibrate. At the end of

th is  per iod,  rad io label  was added to the cu l tures in  0.5 mls of  B-10.  For  s ing le label

exper iments, the radio label  was 0.5 uOi  of  e i ther  [methy l -14O]thymid ine (0.25mCi/1.3 mg,

New Eng land  Nuc lea r ) ,  12 - l4C lu r i d ine  (55 .9  mCi /mM,  New Eng land  Nuc lea r ) ,  o r  L - [1 -

laCl leuc ine (55 mCi /mM, New England Nuclear) .  For  double label ing exper iments,5 uCi

of [methy l -3H] thymid ine (6.7 Ci /mmol ,  New England Nuclear)  was added to the cu l tures a long

with 0.5 uOi of [14C]uridine. The solutions were mixed and the cells al lowed to incubate an

addi t ional  24 hours.  At  the end of  th is  incubat ion,  the ce l ls  were harvested,  counted,



centr i fuged,  and resuspended at  a  concenl rat ion of  2X1Os/ml  in  non-radio labeled B-0.5.  In

those experiments in which ribonucleotide reductase was being inhibited, B-0.5 also contained

dNs. The cells were incubated for 24 hours to al low for serum arrest. At the end of this t ime the

cells were again counted and pelleted for nuclei preparations or for use directly in gel inserts.

Buffers

Buffers varied in terms of concentrations of Tris, EDTA, magnesium, and pH depending on the

procedure.  However  they were of  four  bas ic  types:1)  ext ract ion buf fer  (1OmM Tr is ,  1OmM

EDTA, 1% SDS, pH 8.0) ;  2)  e lect roelut ion buf fers  (40mM Tr is ,  10 mM EDTA or  {5  mM

MgCl2 ) ,  pH  8 .0 ) ;  3 )  enzyme incuba t ion  bu f fe rs  (1OmM Tr i s ,5  mM EDTA,  pH  7 .8  { f o r

prote inase K,) )  or  (10mM Tr is ,  5  or  10mM MgCI2,  pH 7.4 { for  DNase l ,  RNase A,  and

phosphol ipase C)) ;  and 4)  prec ip i ta t ion buf fers ,  (1OmM Tr is ,  1OmM EDTA or  {5  or  1OmM

MgCl2 ) ,0 .1M NaC l ,  pH  7 .4 )  f o r  e thano l  p rec ip i t a t i on ,  and  (1OmM Tr i s ,  1mM EDTA,0 .1M

NaCl, pH 8.0) for tr ichloroacetic acid precipitat ion. In some cases 250 ug/ml of carrier DNA

was added to the precipitation buffers. Some of the buffer formulae were derived from Maniatis

et al, 1982. The extraction buffers were used to denature endogenous nucleases and remove most

of the protein and much of the RNA from the DNA prior to electroelution. Electroelution buffers

were used to make agarose gels and electroelute gel inserts. Enzyme incubation buffers were

used to incubate gel inserts in various enzyme solutions before or after various electroelution

steps. Ethanol and tr ichloroacetic acid precipitat ion buffers were used to precipitate DNA and

associated molecules (RNA and prote in)  ext racted f rom gel  inser ts  fo l lowing gel  inser t

extraction, electroelution, and enzymalic digestions.

Production and Extraction of Gel lnserts

Cel ls or pur i f ied nuclei  (modif ied f rom Basler et  a l ,

temperature Sea Plaque agarose (FMC Corp.) to produce

in volume. The maximum concentration of cells or nuclei

1981) were added to low melt ing

gel inserts ranging from 50 to 250 ul

used in these gel  inserts was 3X106
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cells or nuclei per 50 ul volume. Concentrations as low as 2X105 cells per gel insert were used

in early experiments but this was increased for isolation and characterization of ARR. Early gel

inserts were formed in agarose wells made by a cork borer, but later gel inserts were made in

agarose-embedded pipette sections. Gel inserts were incubated overnight in extraction buffer,

r insed,  and used d i rect ly  for  e lect roelut ion or  incubated two t imes in  Tr is-magnesium

incubation buffer (at least 30 minutes per incubation) in preparation for enzyme incubations.

Gel Electroelution

The term electroelution is used to emphasize that what is being assayed is not emerging bands of

DNA or RNA but rather the relative amounts of DNA and/or other associated molecules which are

resist ing electrophoresis because of their large size and/or complex structure. Gel inserts were

elect roeluted in  e i ther  convent ional  s lab gels  or  by hor izonta l  tube gel  e lect roelut ion.  In

horizontal tube gel electroelution, small 1 ml sections cut from a 10 ml plastic pipette are

embedded in agarose and the inserts (50 ul) are formed in these sections. After gell ing on ice

the inserts are removed from their forms, extracted, processed as needed, and returned to clean

1 ml pipette sections. These small sections are connected by tubing to larger (4.5 ml), agarose-

f i l led pipette sections, submersed in buffer in a horizontal posit ion,and electroeluled. In later

experiments, the small pipette section was not used and inserts were placed directly inside a

buf fer - f i l led depress ion wi th in  the larger  tube.  The major i ty  o f  these exper iments were

performed with the horizontal tube gels because of the convenience of preparation, ease in

handl ing,  and improved reproducib i l i ty .  Af ter  e lect roelut ion,  the p ipet te  sect ions were

dismant led and the gel  inser ts  removed.  The inser ts  were e i ther  prepared for  addi t ional

manipulat ions or  p laced in to l iqu id sc int i l la t ion v ia ls  a long wi th  buf fer  (0 .5 ml) ,  mel led,

mixed with 10 ml of aquasol, and counted. Tube gels (from the larger sections) were extruded

from thei r  sect ions d i rect ly  in to sc int i l la t ion v ia ls  and,  mel ted.  A l iquots (0.5 ml)  f rom the

mel ted tube gels  were t ransferred in to f resh v ia ls  a long wi th  10 ml  of  aquasol ,  mixed,  and

counted. Counts which entered the tube gel were tabulated and added together with the counts
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remaining in the gel insert to obtain lhe "tolal" counts. The counts remaining in the insert were

divided by the total counts to yield the relative retention of label within the insert. These

numbers could then be used to obtain relative retention averages and for comparing controls to

exper imenta l  groups.

Protocol for Pilot Gel Retention Assay of Uridine Radiolabel

[14C]ur id ine labeled nucle i  in  ge l  inser ts  were ext racted overn ight  and subjected to  an

alternating series of incubations and electroelutions. The incubations involved sham treatments

or exposure to proteinase K, RNase A, phospholipase C, and DNase l.  Al l  enzymes were obtained

from Sigma Chemical Company. The procedure was as fol lows: Gel inserts were extracted

overnight. They were then removed from the buffer and electroeluted for 3 hours at 70 volts

(4oC) in a Tris- EDTA slab gel. Al l  of the gel inserts were removed from the slab gel and

incubated for  8  hours (37oC )  in  10mM Tr is ,  SmM EDTA, pH 7.8.  In  a l l  cases but  one the

buffer contained 40 units/ml of proteinase K. Following this incubation the gel inserts were

electroeluted in a second slab gel containing Tris-magnesium buffer overnight at 25 volts

(4oC). They were removed and incubated for an addit ional B hours at 37oC in Tris-magnesium

incubat ion buf fer .  The buf fer  conta ined no enzyme,  or  e i ther  40 uni ts /ml  o f  RNase A,

phospholipase C, or a combination of both. Following this incubation the gel inserts were

electroeluted for 3 hours at 70 volts (4oC) in a second Tris-magnesium gel. They were removed

and incubated for an addit ional 8 hours (37oC) in Tris-magnesium incubation buffer. One gel

insert was incubated in 40 units/ml of DNase L This insert had received trealments with

proteinase K, RNase A, and phospholipase C. The inserts were then electroeluted in a fresh

Tr is-EDTA gel  for  7 .5 hours at  70 vo l ts  (4oC).  The inser ts  were removed,  s ta ined wi th  3

ug/ml  of  e th id ium bromide,  and e lect roeluted for  an addi t ional  1 .5 hours to  remove excess

ethidium bromide. The inserts and slab gels were photographed, melted, and counted in aquasol

(see Figure 2 and Table l).
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Protocolfor Gel Retention Assay of DAR

Gel inserts containing cells or nuclei were extracled overnight. They were electroeluted for 3

hours at 40 volts and room temperature in Tris-magnesium agarose tube gels and incubated in

Tr is-magnesium incubat ion buf fer ,  wi th  or  wi thout  RNase A (20 U/ml) ,  for  16 hours (37oC).

They were electroeluled for 3 more hours at 40 volts and room temperature in fresh Tris-

magnesium tube gels; then incubated overnight in Tris-magnesium buffer (37oC). Al l  of the gel

inserts except one set (which had received no RNase A treatment) were incubated in the

presence of  DNase |  (20 uni ts /ml) .  Macromolecules in  the incubat ion buf fers  were e i ther

precipitated in ethanol or tr ichloroacetic acid as described in the next paragraph.

Precipitation of DAR

Precipitat ion methodologies involving ethanol and tr ichloroacetic acid were modif ied from

established procedures (Maniatis et al, 1982). ln those experiments involving tr ichloroacetic

acid or ethanol precipitat ion of DAR and ARR the gel inserts were incubated for about 24 hours

at 37oC in 4-5 mls of Tris-magnesium containing 20 U/ml of DNase l.  In later experiments the

DNase lconcentration was increased to 40 units/ml and 0.1N NaCl or KCI was added to the

buffer to faci l i tate precipitat ion. In one experiment the gel inserts were melted and used to

compare tr ichloroacetic acid and ethanol precipitat ion. However, i t  was discovered that

fol lowing DNase I digestion most of the DAR label was extracted out of the gel insert, so in future

experiments the gel insert was simply counted and the gel insert extract was used for the

isolation of DAR via ethanol precipitat ion. Since it  was uncertain whether the DAR could be

precipitated with ethanol some of the samples were tr ichloroacetic acid precipitated in Tris,

NaCl, and EDTA in the presence of 250u9/ml of carrier DNA. Later i t  was discovered that DAR

ethanol precipitat ion in Tris, NaCl, and magnesium could be accomplished even in the absence of

carr ier  DNA and the t r ich loroacet ic  ac id prec ip i ta t ion procedure was d iscont inued s ince

recovery of enzymatical ly appropriate substrate from the pellets was necessary for future

experimenls. The condit ions used for lr ichloroacetic acid and ethanol precipitat ions were an



overnight incubation at 4oC and -50oC respectively. Samples were precipitated in 2.6 volumes

of ethanol to faci l i tate RNA precipitat ion fol lowed by ultracentri fugation (0oC) for 30 minutes

at 106,600 X g (Maniatis et al, 1982). The supernatants were decanted and the tubes inverted

and  d ra ined .  The  l ubes  were  re f i l l ed  w i th  1  m l  o f  co ld  e thano l :0 .1N  NaGl ,  10mM

MgClz({2.6} :1 ,  v :v) ,  vor texed br ie f ly ,  f i l led wi th  an addi t ional  2 .5 mls of  a lcohol ,  centr i fuged,

and subjected to two ethanol r inses to insure that the f inal pel let was relatively devoid of

supernatant label. The pellets were drained as before and then placed into a vacuum desiccator

and evacuated for 10 minutes at room temperature to remove the last traces of ethanol. They

were redissolved in  0.5 mls of  1OmM Tr is ,  10mM EDTA, pH 8.0 and t ransferred in to l iqu id

sc int i l la t ion v ia ls  together  wi th  10 mls of  aquasol .  Samples were genera l ly  counted 5 or  10

minu tes .

Alkaline Hydrolysis Procedures

Alkaline hydrolysis was performed according to established methods (Bock, 1968). One-half ml

of either pre-neutral ized KOH with buffer (control) or 0.1N KOH was added to dried, buffer-

free ethanol precipitates, vortexed, and incubated (37oC) for 5 minutes. They were vortexed

again and heated at '100oC tor 20 minutes. The tubes were chil led on ice and 0.25 mls of O.2N

HCI was added to neutral ize KOH samples while 0.25 mls of 0.1N KCI was added to the controls.

All  tubes were vortexed after the addit ion of HCI or KCl, buffered by the addit ion of 0.25 mls of

40 mM Tris, 0.1 N KCl, 40 mM MgCl2, pH 8.0, and ethanol precipitated. From this point they

were processed as described in the preceding paragraph in preparation for l iquid scinti l lat ion.

Phenol Extraction and ARR Recovery

DNA from cells incubated in [14C]uridine but no dN's were serum arrested and trapped in low

melting temperature Sea Plaque gel inserts. The inserts were extracted overnight in TE buffer

+ 1o/" SDS and electroeluted in TM buffer for 3 hours at 70 volts. The inserts were either

digested in DNase I as previously described or the inserts were melted at 65oC in TE buffer (10
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mM Tris, 1mM EDTA, pH 7.8) containing 0.5% SDS, split into lwo samples and proteinase K

added lo one set of samples at a final concentration of 50 pg/ml. The samples in TE buffer were

incubated overnight at 37oC. The DNased samples were adjusted to 1OmM magnesium and all

samples were phenol exlracted, back extracted once, then, extracted in chloroform. The samples

were ethanol precipitated and processed as described earlier for ARR preparation. All samples

were counted for 10 minutes in Bray's scintillation cocktail.

Confirmation of Alkali Resistant Properties of ARR

Mouse cells were radiolabeled with either [3H]uridine or [14C1uridine with dN's and subjected

to serum arrest as described earlier. The cells were harvested, incorporated into gel inserts,

and extracted in TE buffer containing SDS. The extracts (which contained the majority of the

uridine radiolabel incorporated by the cells) were saved and kept at 4oC. The gel inserts were

electroeluted to remove non-bound RNA radiolabel. The gel inserts containing [3H]uridine were

added to the SDS extracts containing [14O]uridine and vice-versa. They were heated to 65oC to

melt the low melting point agarose so the gel insert DNA/DAR and SDS exlract RNA radiolabels

could mix together. The solutions were extracted with phenol and chloroform and ethanol

precipi tated. The pel lets were r insed with ethanol ,  subjected to alkal ine hydrolysis,

neutralized, ethanol precipitated, rinsed twice, dried, redissolved, and counted by l iquid

sc in t i l l a l ion .

Molecular Sizing Assay

Ten tube gels were lilled with 2o/" Sea Plaque agarose in 40 mM TE buffer, pH 8.0. Standard

123 base pair ladder DNA markers (BRL) were added lo one tube. The markers were also mixed

together with DAR, DAR heated to 100 oC for 20 minutes in 0.1 M KCl, or ARR and placed into

three separate tubes. The remaining six tubes were fi l led with duplicale sets of either DAR,

heated DAR, or ARR. All samples contained [14C]uridine. The tubes were submerged and

arranged horizontally in an electrophoretic chamber containing 40 mM TE buffer, pH 8.0 and
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subjected to 3 hours of electrophoresis at 35 volts. All of the gels were removed from their

tubes and six of lhe sample gels and ths marker gel were stained with 3 pg/ml of ethidium

bromide, aligned together along their long axes and photographed under UV light. All sample gels

wers sliced into 3 mm seclions, melted and diluted in water in scinti l lation vials, mixed with

10 ml of Readysolve scintillation cocktail and counled.

GCMSAssay

Whole mouse cell DNA was purified by a modified conventional phenol-chloroform extraction

procedure (Shih and Weinberg, 1982). ll was ethanol precipilated and subjecled to alkaline

hydrolysis procedures as previously described for ARR isolation. The resulting pellet and an

ARR pellet were sent to Dr. Dave Bergtold at the National Bureau of Standards (now the National

Institute for Standards and Technology). They were subjected to acid hydrolysis to release the

bases and processed for GCMS analysis. The resulting chromalographed peaks were @mpared by

dividing the areas of all other peaks by the area established for thymine. The relative

concentralion of different bases lor ARR was compared to that in whole mouse cell DNA by

dividing ARR (base/thymine) ratios by whole mouse cell DNA (base/thymine) ratios.

HPLC,Assery

Incubalion parameters for nuclease Pl and alkaline phosphalase were derived from the

literature (Linn and Roberls, 1982; Perbal, 1984). The ARR ethanol pellets were resuspended

in 0.1 ml of nuclease P1 buffer (10mM Tris, 1mM ZnSOa, pH 5.0) containing 40 units/ml

nuclease P1 and incubated at 55oC overnight with shaking. They were then mixed with 0.9 ml of

alkal ine phosphatase buffer (0.1MTris,  1mM ZnSO4, pH 8.1) containing 40 uni ts/ml of

bacterial alkaline phosphatase and incubated at 65oC at least two hours or overnight with

shaking. HPLC parameters were derived from methods established in the laboratory of Dr.

Ronald Trewyn at lhe Comprehensive Cancer Center at OSU. The samples were loaded onro an

Allex, reversed-phase, C-18, HPLC column attached to a Beckman 121 UV spectrophotometric-
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radiolabel f low detector and eluted at 1.0 or 1.5 ml/minute at 2000-2500 psi over a 20 to 40

minute period. UV peaks were detected at 260 nM. HPLC cocktai l  was 1% acetonitr i le in 50mM

ammonium formate buf fer ,  pH 4.1.

Resu l ts

The Effects of Enzymes on DNA Associated f 
qClUriaine Radiotabel

Because a variety of enzymes have been shown to effect DNA structure, a pi lot experiment was

carried out to determine the effect of various enzyme lreatments on the abil i ty of gel inserls to

retain [14C]uridine label after SDS extraction and electroelution (this study pre-dated the use

of added dNs and quantitat ive tube gel techniques). The results, shown in Table l ,  suggest that

treatment with proteinase K alone may increase the retention of uridine radiolabel relative to

the contro l  (1784 versus 1006 CPM).  When inser ts  were incubated sequent ia l ly  wi th

proteinase K and then RNase A the counts increased sti l l  further from 1784 lo 2095 CPM. The

possibi l i ty that these numbers reflect real increases in retention have been under investigation

in our  laboratory but  the ev idence accumulated so lar ,  a l though in terest ing,  is  s t i l l

inconclusive. When gel inserts were treated with phospholipase C alone, retained counls dropped

lo 744 CPM and, in conjunction with RNase A, the counts from two separate inserts were

reduced to 230 and 875 CPM. Together, these results represent a sizeable loss of counts when

compared with the control insert. In the insert exposed to DNase l,  the counts dropped to within

background levels .  These in i t ia l  resul ts  suggested that  some form of  RNn l l t4Clur id ine

labeled) was resistant to SDS extraction and electroelution. Resistance of some cellular RNA's

to RNase A and RNase T1 has been previously demonstrated (Cook and Brazell ,  1978). The loss

of label fol lowing DNase I treatment suggested that the RNA may be int imately associated with

high molecular weight DNA which was responsible for i ts retention within the gel insert. The

part ial sensit ivity of the label to phospholipase C suggested that either membrane components
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are playing a role in the retention of the RNA label or the enzyme preparation contained

deoxyribonuclease activity.

Confirmation of DAR

The ur id ine labeled mater ia l  was iso lated f rom the h igh molecular  weight  DNA for  fur ther

character izat ion as descr ibed in  Exper imenta l  Procedures.  The percent  o f  to ta l  counts

recoverable by ethanol precipitat ion are shown in Table l l  (pel let). Sham incubations resulted

in the retention of 47.0/o of the DNA label with no recovery in the supernatants and 1.4% (25

CPM) being recovered in the pellet. After incubation in DNase I the percent retention in the

insert dropped dramatical ly to only 7.7o/o wilh 34.1o/o of the label being recovered in the

supernatant  and 5.7% (119 CPM) in  the pel le t .  Pre- t reatment  wi th  RNase A fo l lowed by

elect roelut ion resul ted in  a s l ight  fur ther  decrease in  inser t  re tent ion to  5.8% wi th less

mater ia l  be ing recovered in  the supernatants  (31.5%) and the pel le t  (2 .8o/o,40 CPM).  The

uridine labeled insert which was subjected to DNase I digestion alone had retained only 0.4% of

the total label with 3.8% and 1.0% (268 CPM) recovery of the label in the supernatant and

pel le t  respect ive ly .  Pre- t reatment  of  a  ur id ine labeled inser t  wi th  RNase A fo l lowed by

electroelution and DNase I digestion resulted in the same amount of insert retention (0.4%) as

obtained without RNase A pre-treatment with one-half as much recovery in the supernatant

(1.9" / . )  and essent ia l ly  the same amount  of  recovery in  the pel le t  (1 .1" / " ,310 CPM).  Inser ts

labeled with leucine retained only 0.2% of their label after RNase A treatment fol lowed by

electroelution and DNase ldigestion. Recovery in the supernatant and pellet was only 0.1% and

0.2% (19 CPM) respectively. The resulls of this study part ial ly characterized the RNA species

associated with the DNA as exist ing in an ol igomeric form (tr ichloroacetic acid or ethanol

precipitable) which is part ial ly resistant to RNase A treatment. The abil i ty of RNase A to

remove some of  the DNA radio label  can be expla ined in  one of  two ways:1)  The enzyme

preparat ion conta ins a deoxyr ibonuclease res is tant  to  convent ional  heat- inact ivat ion
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procedures whose activity may be enhanced by the use of buffers containing magnesium or 2)

the DNA being cl ipped out is f lanked by RNase A-sensit ive RNA.

Characterization of DAR by Alkali Treatment (ARR)

The percentages of whole cel l  DNA recovered as DNase I resistant fragments after heating in

buffer was 0.9% in Tris, magnesium, NaCl buffer and 1 .8o/" in Tris, EDTA, NaCl buffer (Table

l l l) .  The equivalent DAR counts were 1.07o and 0.5% respectively. When the DNA and DAR

fragments were heated in alkal i  they were found to contain alkal i  resistant subcomponents

which comprised 56-78% of the DNA and 40-60% of the DAR. The loss of DNA and DAR label

during heating in alkal i  could be attr ibuted to the loss of small fragments f lanked by single

strand nicks and/or fragments generated from staggered single stranded nicks on opposite

strands, both of which could be produced by the DNase I treatment.

Effect of Phenol Extraction on ARR Recovery

The results shown in Table lV represent the percentage of total [14C]uridine radiolabel released

from gel inserts digested in DNase I or from melted gel inserts. About 25% of the counts are

recovered as ARR from DNA which has been digested in DNase I and ethanol precipitated without

phenol extraction (row 1). After phenol extraction about one-half of the counts retained in the

ARR ethanol supernatant and one-third of the counts recovered as ARR are retained within the

phenol and the phenol/aqueous phase (row 2). DNA which has not been digested in DNase I and

phenol extracted loses 86% of i ts [14C]uridine to the phenol/aqueous phase with only 2lo and

3% retention in the phenol and ARR ethanol supernatants respectively. Ten percent of the total

counts are recovered as ARR (row 3). l f  this DNA is digested in proteinase K and then phenol

extracted the percentage of counts retained in the phenol/aqueous phase is reduced to 63%, the

phenol counts are negligible, the ARR ethanol supernalant counts increase lo 11o/o, and the ARR

counls increase lo 25'/.  (row 4) which is the same level of recovery seen in DNased DNA which

was not phenol extracted.
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Confirmation of ARR

The double labeled counts obtained from the mixed ARR/SDS extract are shown in Table V. All

counts in the tr i t ium window attr ibutable to carbon 14 have been subtracted out. The means for

each sel of control data (KCl treated) and their alkal ine treated counterparts were compared by

the student t test to determine if  the losses of counts between the two sets of data were

significant (data row 3). No significant loss of counts was detected in the ARR which was labeled

with carbon 14 (p >> 0.2 tor a one-tai led test). ln contrast, the SDS extract which was labeled

with carbon 14 showed a very signif icant loss in counts (p < 0.0005). A signif icant loss of

counts was detected for the ARR which was labeled with tr i t ium (p < 0.0125). However, the

signif icance level for the counts lost in the tr i t iated SDS extract was much greater (p <.

0.00025). The dramatic difference between label loss in ARR labeled with carbon 14 versus

tri t ium might be attr ibutable to proton exchange between water and the tr i t iated uridine under

the harsh condit ion used. The means for the counts of the alkal ine treated samples were divided

by the control means (data row 5) and the result ing ARR ratios were divided by their respective

SDS extract ratios (data row 6), These data indicate that the relative loss of counts due to

a l ka l i ne  hyd ro l ys i s  were  10 -14  t imes  g rea te r  f o r  SDS ex t rac ts  than  fo r  t he i r  ARR

counterparts. This provides very strong evidence that ARR is indeed far more alkal i  resistant

than the majority of the cellular RNA.

Molecular Sizing of DAR, Heated DAR, and ARR

The graphs displayed in Figure 1 represent three sets of DAR, heated DAR, and ARR samples. The

samples represented by the upper  graph were mixed wi th  molecular  weight  markers.  The

migration rate of four of the markers (123-492 base pairs) was determined from photographs

of the tube gels which were stained with ethidium bromide and exposed to UV l ight. The

remaining samples were not mixed with markers. The middle and bottom graphs represent

samples s ta ined or  not  s ta ined wi th  eth id ium bromide respect ive ly .  The samples were not
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detectable by ethidium bromide staining. The data points represent percentages of the total

counts tabulated for each curve. These results clearly demonstrate that DAR, heated DAR, and

ARR comigrate as a single broad band, most of which is less than 123 base pairs in length.

Therefore, heating of DAR to 100 oC either in the presence or absence of alkal i  has l i t t le i f  any

effect on the band migration rate, and hence does not contribute to any further size reduction of

DNase ldigested DAR.

The Base Composition of ARR

Analys is  of  ac id-hydro lysed ARR pel le ts  by GCMS indicates that  urac i l ,  thymine,  cytos ine,

adenine, and S'methylcytosine are present (data not shown). When the relative concentrations

of bases are compared to whole cel l  DNA, as described in Experimental Procedures, the

ARR/DNA base rat ios for  guanine,  cytos ine,  and S 'methy lcytos ine were 0.8,  1 .1,  and 0.9

respectively (adenine was not determined). These ratios suggest that there is no signif icant

difference in the relative amounts of these bases in ARR as compared to whole cel l  DNA.

However, the ARR/DNA ratio for uraci l  was 11.9, indicating a ten-fold higher concentration of

uraci l  in ARR as compared to whole cel l  DNA.

The Nucleoside Composition of ARR

Even with the exogenous addition of dNs to inhibit ribonucleotide reductase, there is still need of

direct proof that the labeled uridine is present in ARR as labeled uridine and not some olher

nucleos ide.  The nucleos ide composi t ion of  ARR f rom serum arrested ce l ls  labeled wi th

[1aO]uridine was analyzed by HPLC (Table Vl). Two samples, containing equal numbers of cel ls,

were labeled and processed for ARR concurrently. Cells in Sample 1 were not incubated in dNs;

cells in Sample 2 werc incubated in dNs as described in Experimental Procedures. Sample 2

cells incorporated 2.1 t imes as much uridine label as Sample 1 cel ls (data not shown). Sixty

percent of the label incorporated in Sample 1 cells was removed by SDS extraction compared to

92/" of the label taken up by Sample 2 cel ls (data not shown). Therefore, Sample 1 cel ls
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retained about 2.4 times more non extractable label than did Sample 2 cells. The small losses of

label resulting from electroelution indicate that most of the non-extracted label is DAR (data

not shown).

Retention t imes for nucleoside peaks were determined by simultaneous UV and radiolabel

detection of carbon 14. Radiolabel coeluted only with uridine even though thymidine was presenl

in both samples as determined by UV absorption (Table Vl). Deoxyuridine was prominent in

Sample 1 ( -dNs)  but  v i r tua l ly  absent  in  Sample 2 (+dNs) .  No radio label  coeluted wi th

deoxyur id ine.  Thymid ine and ur id ine peaks were larger  in  Sample 2 than in  Sample 1.  The

amount  of  rad io label  coelut ing wi th  ur id ine was about  1.6 t imes greater  in  Sample 2 than in

Sample 1 (data not shown).

Discussion

When cel ls  are radio labeled wi th  [14O]ur id ine fo l lowed by a 24 hour  incubat ion in  serum

arrest medium without radiotabel a port ion of the [14C]uridine can be recovered from the cells

in  the form of  DAR, i .e . ,  RNA which is  t ight ly  l inked to  h igh molecular  weight  DNA as

demonstrated by i ts abil i ty to resist removal from agarose-bound DNA during extraction in SDS

followed by electroelution. Since only the init iat ion of DNA synthesis and not DNA synthesis

itself is inhibited by condit ions favorable for serum arrest, any radiolabeled RNA associated

with DNA fol lowing a pulse chase should be found near the origins of replication (assuming that

RNA transcript ion which is independent of DNA replication is not being interrupted as well).

This t ight association of the DAR with the DNA suggests that i t  may be covalently l inked to the

DNA in a manner simil iar to Okazaki RNA primers. However, the abil i ty of DAR to remain

associated with the DNA even when replication is being inhibited suggests that i t  is not an

Okazaki primer in the tradit ional sense.
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Exhaustive incubation in SDS fol lowed by exhaustive electroelutions are incapable of removing

all  of the DAR. Remarkably, exhaustive incubations in proteinase K and/or RNase A seem to

increase the retention of the RNase A resistant label. However, some RNase A sensit ive label is

released (together with a small amount of DNA) fol lowing exposure to RNase A in magnesium-

containing buffers and eleclroelution. Whether this indicates the presence of a contaminating

heat-resistant deoxyribonuclease or the cl ipping out of DNA flanked by RNase A sensit ive RNA

remains to be seen. The inabil i ty to recover the RNase A sensit ive port ion of the DAR in the

pellet after DNase I digestion suggests that this port ion of the DAR is associated with DNase I

sensit ive DNA and/or contaminating RNases within the DNase I preparation are removing it

during the incubation Period.

Much of the DAR is removed after exposure to phospholipase C in buffers containing magnesium

followed by electroelution. Whether this effect is due strictly to the enzyme or a contaminating

deoxyribonuclease must be confirmed. Prel iminary data obtained from DNA spreads examined

by electron microscopy suggest that the enzyme preparation may contain a contaminating

nuclease activity. However, data from electrophoretic gel migration patterns of PM2 plasmids

incubated with the enzyme show no evidence of nuclease activity (not shown). The DAR is

completely released (presumably with the DNA) after exposure to DNase I fol lowed by

elect roelut ion.

DAR can be ethanol precipitated from the DNase I buffer in which the gel inserts are

incubated. The abil i ty to recover the DAR from the buffer suggests i t  has been converted into a

freely diffusable form. And the capacity for ethanol precipitat ion suggests this form must be

oligomeric, although it  is uncertain how much of this capacity is due to DNA, RNA or protein.

It  has been reported that DAR is associated with protein at the level of the nuclear matrix

(Patriot is et al, 1990). DNased ldigested DNA and undigested DNA contain at least two major
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ARR components, one is removable by phenol extraction and the other is not. The ARR removed

by phenol from DNased DNA distr ibutes i tself approximately 4:3 between the phenol/aqueous

interface and lhe phenol phase respectively with 32% of the ARR been lost to either one or both

of these fractions. ln undigested, and hence higher molecular weight DNA, 63% of the ARR is

removed by phenol extraction and is sequestered almost entirely within the phenol/aqueous

interface. Incubation of undigested DNA in proteinase K releases this ARR so the total amount

recovered equals that recovered from DNased DNA which was not phenol extracted. The ability of

the phenol/aqueous interface to retain more than lwice as many [14C]uridine counts from

undigested DNA than from DNased DNA suggests that a posit ive relationship exists between the

size of the DNA molecules and the abil i ty of the interface to retain ARR and that the DNA and its

ARR constituent are being part i t ioned between the phenol and aqueous phases as a result of an

association with protein. The observation that smaller pieces of DNfuARR are less retained by

the phenol/aqueous interface than larger pieces (17% versus 10% respectively) suggests that

the protein component is physically separated from the ARR by a segment of DNA lhat can be

clipped by DNase L Clipping this DNA segment could separate a port ion of the ARR from the

protein component, preventing the ARR from being removed by phenol extraction.

The observation that the size range of DNase I digested DAR is unaffected by heating or alkal i

suggests that DNase I digested DAR and ARR are identical. This is supported by the data shown in

Table V which ind icates that  no [14C]ur id ine radio label  is  lost  due to  heat ing in  a lka l i .  The

effect of heating and alkal i  on DAR secondary structure is less clear. l t  seems unlikely that the

DAR/DNA complex is single stranded in native form, but denatured daughter strands might

comigrate during electrophoresis. Another possibi l i ty is that the DAR is crossl inked either by

proteins or lhrough other novel bonds and hence cannot be separated by heating or alkal i

treatments. There is evidence to suggest that at least 5% of the ARR retains double stranded

character  a f ter  heat  denaturat ion and hydroxy lapat i te  e lu t ion and is ,  therefore,  e i ther

crossl inked, contains inverted repeats, or both (data not shown). Less str ingent condit ions for
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reannealing may be required to demonstrate that mosl or al l  of the ARR contain crossl inks

and/or inverted repeats. The fact that the majority of the DNase I resistant DNfuRNA fragments

are less than 123 base pairs in length is compatible with the hypothesis that ARR is associated

with Okazaki DNA fragments, possibly as primers at origins of replication (100-300 base

pa i r s ) .

When DNase I  d igested DAR iso lated f rom cel ls  incubated in  dN's  together  wi th  e i ther

[14C]ur id ine or  [14O]thymiOine is  heated in  a lka l i ,  a  por t ion of  the DAR and DNA can be lost

(Table l l l ) .  S ince a lka l i  t reatment  is  unable to  remove [14C]ur id ine f rom undigested DAR

(Table V) the loss of DNase I digested DAR and DNA during heating in alkal i  suggests that alkal i

labi le bonds may be present which are important for DAR retention during heating of DNase I

digested fragments but are not cri t ical when the DAR is associated with undigested DNA. Since

RNase A is incapable of removing addit ional material from DNase I digested DAR (Table l l)  these

cryptic alkal i  sensit ive bonds may be analagous to those associated with RNase A insensit ive DAR

described elsewhere (Patriot is, et al 1990). When freeze-damaged DNA is electroeluted from

thawed inserts, the rates of release of ARR and DNA are coupled (data not shown). Also,

thymidine is isolated alongside uridine from ARR after nuclease P1 and alkal ine phosphatase

digestions. Therefore, i t  appears that at least the alkal i-resistant port ion of the DAR consists of

RNA l inked to DNase l-resistant DNA. DNase I resistant DNA fragments up to 20 bp in length are

known to exist in regions upstream from promoters (Lobanenkov, 19BB).

Prel iminary results indicate that when cells are grown in the presence of deoxynucleosides to

inh ib i t  the uptake of  labeled ur id ine in to DNA by way of  convers ion to  deoxyur id ine or

thymid ine there is  an increase in  DNA repl icat ion as demonstrated by a h igher  level  o f

thymid ine incorporat ion in to DNA ( ind icat ive of  a  grealer  number of  4N cel ls) ,  a  drast ic

decrease in deoxyuridine levels, an increase of label uptake into soluble RNA and ARR, but a

decrease in i ts overal l  incorporation into DAR (data not shown). The decrease in DAR label
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coupled with an increase in ARR label suggests that uptake of uridine label into DAR is being

inhibited in one pathway and stimulated in another one involved in ARR formation. The simplest

explanation for lhe decrease in label uptake into DAR is that the uridine to thymidine pathway

is blocked by the presence of exogenous thymidine. The abil i ty of exogeous deoxynucleosides to

dampen uridine to thymidine conversion while amplifying ARR production suggests that ARR is

not simply an art i fact of the isolation procedures.

The presence of a port ion of the DAR, part of which may be l inked to protein, that is 10-13

times more resistant to alkal ine hydrolysis than is the majority of the cellular RNA containing a

10 fold higher level of uraci l  than whole cel l  DNA in the form of deoxyuridine and uridine is an

important discovery which must be careful ly scrutinized in l ight of the more conventional and

accepted procedures ut i l ized for  iso lat ing and pur i fy ing RNA's.  Var ia t ions in  phenol  and

chloroform ext ract ion procedures,  inc lud ing the ion ic  s t rength of  the buf fers  used for

extraction are known to result in a wide variat ion in the abil i ty lo recover A+T rich satel l i te

DNA's (Skinner and Triplett,  1967; Rae et al, 1976). The recovery ot DNA's with high A+T

content (matrix attachment sites?) may be diminished by such procedures along with any ARR

associaled with them. Furthermore, small pieces of DNA associated with proteins can be lost in

the phenol phase (Bodnar et al, 1983). l f  ARR is associated with DNA-protein complexes at

attachment sites which have been highly fragmented during preparation, then, ARR could be

extracted out along with these complexes.

A considerable amount of ARR was recovered in the soluble RNA fractions, which indicates that

ARR can be extracted out of the gel inserts during the SDS incubation. Although it  is tempting to

dismiss the recovery of soluble ARR counts as art i facts of the isolation procedure, the large

percentage of counls recovered (almost 10'/" of the carbon 14 radiolabel) suggests that

incomplete hydrolysis or ineff icient removal of hydrolysed counts cannot ful ly account for such

a large recovery. A more plausible explanation is that some component of the ARR is being
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extracted out of the insert and recovered. Whether this soluble ARR is associated with simple

linear pieces of DNA fragments and/or more complex struclures remains to be clarif ied. Recent

investigations in our laboratory provide evidence that supercoiled DNA structures are being

released during both SDS extraction and gel electroelution (data not shown).

Exactly how unmodif ied uridine radiolabel can be recovered from ARR fol lowing nuclease P1

and alkal ine phosphatase digestions remains to be determined. One plausible explanation for the

recovery of  ur id ine f rom ARR is  that  dur ing a lka l ine hydro lys is ,  ur id ine or  whatever

ribonucleoside is immediately adjacent to DNase l-resistant DNA cannot be removed. l t  is known

that RNA dimers composed of one 2'-o-methylated nucleoside and one unmethylated nucleoside

are res is tant  to  a lka l i  (Bock,  1968;  Maden and Sal im,  19741 Rot tman,  1978;  Nish imura,

1979). A deoxynucleoside adjacent to an unmethylated ribonucleoside should provide similar

protection against alkal ine hydrolysis. A second explanation for the alkal i  resistance of ARR is

chemical  modi f icat ions at  the 2 '  hydroxy l  pos i t ion of  the r ibose moiety  which confers

alkal i /RNase A resistance. The two most l ikely protecting groups are methyl and phosphate

groups. Methyl groups have been found to be associated with r ibosomal RNA (Maden and Salim,

1974) ,  t ransfer  RNA (Nish imura,  1979)  and capped messenger  RNA's (Rot tman,  1978) .  The

largest alkal i-resistant RNA fragments isolated to date belong to r ibosomal RNA's which are

2'-o-methylated ribonucleotides and are four nucleotides in length (Maden and Salim, 1974).

I t  is  un l ike ly  that  such o l igonucleot ides would be capable of  e thanol  prec ip i ta t ion under  the

condit ions used here. l t  is even less probable that they would be present to undergo an ethanol

prec ip i ta t ion procedure fo l lowing such extensive t reatments as SDS ext ract ion and

electroelution. Finally, the abil i ty of alkal ine phosphatase to isolate uridine from ARR suggests

that any protecting group at the 2' hydroxyl posit ion of r ibose would probably be phosphate and

not a methyl group. Phosphate groups at the 2' hydroxyl posit ion of the r ibose moiety have been

found to be associated with nuclear RNA's (Konarska et al, 1982; Wallace and Edmonds, 1983;

Ruskin et  a l ,  1984;  K iberst is  e t  a l ,  1985;  Arnberg et  a l ,  1986;  Cech,  1986;  Peebles et  a l ,
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1986 ;  Van  de r  Veen  e t  a l ,  1986 ) .  The  a l ka l i  r es i s tance  o f  t hese  t r i - phosphory la ted

r ibonucleos ides has been demonstrated (Wal lace and Edmonds,  1983;  Ruskin et  a l ,  1984;

Kiberst is  e t  a l ,  1985) .  In  the absence of  nuc lease P1 t reatment  and under  more gent le  heat

trealments ARR is at best only sl ightly sensit ive to alkal ine phosphatase (not shown). After

digestion with nuclease P1 and under more str ingent condit ions of heating, alkal ine phosphatase

does release uridine from ARR. The RNA tetranucleotide model described in Figure 2A can be

cleaved by nuclease Pl at al l  3'  posit ions except the one adjacent to the phosphorylated 2'

posit ion (Wallace and Edmonds, 1983). l f  this is digested by alkal ine phosphatase, the end

product generated wil l  be a tr inucleotide. Therefore, such a model cannot explain how nuclease

P1 and alkal ine phosphatase can release uridine from ARR. On the other hand, i f  the ARR were

complementary to  the RNA spl ice s i te  as shown in  F igure 28,  then,  lhe 2 'phosphory lated

position would be adjacent lo a 5' instead of a 3' position. The 3' positions would be available for

hydrolysis by nuclease P1 so that the product in Figure 2C would be generated, and after

alkal ine phosphatase treatment, free uridine could be released (Figure ZD). l t  is of interest to

note that 79"h of the tr iphosphorylated nucleosides associated with RNA splice sites are

adenosine (Wallace and Edmonds, 1983) which would mean that 79a/o of lhe complementary ARR

splice sites should be uridine. Of course, the releasing of free uridine from ARR by sequential

treatments with nuclease P1 and alkal ine phosphatase could also be achieved from uridine not

modi f ied at  the 2 '  pos i t ion i f  i t  was cont iguous wi th  l inear  DNA nucleot ides.  The f ina l

explanat ion for  the ur id ine re lease wi l l  requi re addi t ional  s tudy in to the nature of  the

nucleotides generated from ARR by nuclease Pl digestion.

The resistance of DAR to the inhibit ion of DNA synthesis, i ls t ight and stable association with

DNase I resistant DNA fragments comparable in size to Okazaki fragments, i ts apparent

association with protein, i ts uridine composil ion, and its high uraci l  conlent compared to whole

cell  DNA, al l  suggest that DAR could be Okazaki RNA primers that remain bound near lo or at the

origins of DNA replication in a form that renders them part ial ly insensit ive to alkal i  and RNase
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A. Similar observalions have been described elsewhere (Birkenmeyer, 1987). As such, i t  is a

good candidate for alkal i  sensit ive l inkers and A+T rich regions, and because it  is a mosiac of

DNA, protein, and ARR, i t  is also a good candidate for unclonable areas. Because of the potential

for cross l inks between ARR and other matrix elements i t  is tempting to suggest that ARR may

be involved in attaching origin DNA to other elements within the nuclear matrix. The apparent

sensit ivity of DAR to phospholipase C (albeit prel iminary) hints of l inkages between DAR and

phosphol ip ids,  thus imply ing s t ructura l  ro les for  DAR wi th in  the nuclear  matr ix .  Resul ts

reported by others suggest that DAR is t ightly associated with DNA at matrix attachment sites

which are developmental ly regulated (Patriot is, 1990). The dual observation that RNase A

digestion can generate a small loss of DNA and RNA and at the same time increase overal l

retention of the DNA and remaining RNase A resistant DAR in gel inserts during electroelution is

remarkable and suggests that DAR may play an important role in the integrity of DNA

superst ructure.

We recognize that  the s tabi l i ty  o f  the DNfuDAR associat ion dur ing lhe 24 hour  pulse-

chase/serum arrest incubation could represent nothing more than uptake of uridine into primer

which is not being removed because of a replication block. And, the ability of RNase A to clip out

pieces of DNA along with a portion of the DAR may represent the loss of Okazaki DNA fragments

flanked by DAR. However, the int imate relationship of DAR with DNase I resistant DNA, i ts

unusual  behavior  dur ing phenol  ext ract ion,  and the unusual  chemical  s tab i l i ty  o f  i ts  ARR

subcomponent  prov ide adequate just i f icat ion for  cont inued invest igat ions of  these unusual

structures and into possible novel functions DAR may be performing at the level of lhe nuclear

ma t r i x .
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Table f. Retention ot (4quriaine Radiotabel in Gel tnserts Fottowing

Successive Enzyme Treatments and Electroelutions

Experimental Procedures CPM/Gel Insert(s)

EE -> Sl ->

EE -> PK ->

EE -> PK ->

EE -> PK ->

1  0 0 6

1 7 8 4

2 0 9 5

744

EE -> PK ->

EE .> PK .>

Seven gel inserts containing [14C]ur idine labeled mouse nuclei  were subjected to overnight extract ion in

1% SDS buffer followed by a series of electroelutions and incubations in appropriate buffers with, or

without, enzymes. The sham incubated gel insert (top row) received no enzyme treatments. All other

inserts were subjected to various parallel incubation lreatments as depicted under Experimental

Procedures. Successive treatments are indicated by arrows and changes in the protocol, as one proceeds

down the table, are shown in bold face type. Sl = sham incubation (enzyme buffer, no enzyme), pK =

proteinase K, RA = RNase A, PC = phospholipase C, Dl = DNase l, and EE = electroelution. After all

t reatments were completed, the inserts were melted and counted by l iquid scinl i l lat ion (cpM/Gel Insert) .
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Table ll. Percent of Totat l4qrnymidine, l4CllJridine , and Tl4qteucine Badiotabet

Isolated From Single Labeled Gel lnserts Subjected to Electroelution With or Without
Treatments in RNase A and DNase I

PERCENT RADIOLABEL

Label Thymidine Uridine Leucine

Treatment  S l  D l  RA->DI  D l  RA->DI  RA->DI

Samole

I n s e r t  4 7 . 0  7 , 7  5 . 8  O . 4  0 . 4  0 . 2

supernatan t  0 .0  34 .1  31  .5  3 .8  1  .9  0 .  1

P e l l e t  1 . 4  5 . 7  2 . 8  1 . 0  1 . 1  O . 2

SDS Ext rac t ion  51 .6  52 .5  59 .9  94 .8  96 .6  99 .5

Gel inserts contained mouse cel ls radiolabeled with ei ther [14O]thymidine, [14C]ur idine, or

114C1leucine and extracted overnight in 1% SDS buffer.  They were electroeluted and then sham incubated

in buffer (Sl) or in the presence of RNase A (RA). After the incubation period the gel inserts were

electroeluted a second time and then sham incubated in buffer or in the presence of DNase | (Dl). lnserts

incubated in RNase A, electroeluted, and incubated in DNase I are denoted as follows: (RA->Dl). The DNase I

or f inal  sham incubat ion buffers were precipi tated overnight in ethanol or t r ichloroacet ic acid, centr i fugeo,

and the pel lets r insed twice pr ior to solubi l izat ion and count ing. The tr ichloroacet ic acid data is not shown

but is equivalent to the ethanol. The data is presented as percentages of total counts recovered (Pellets).

Other data presented include the percentage of counts recovered from the ethanol supernatants

(Supernatants),  the inserts,  ( lnserts),  and lhe SDS extract ion buffers and tube gels (SDS Extract ion).

Most of the radiolabels were in SDS extraction bu{fers and pre-RNase A tube gels.
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Table lll. Percentage of Whote CeU [14C]fnymidine or laClUriaine Radiolabels tsotated

From Gel lnserts Subjected to Electroelution, DNase I Digestion, Heat, and Alkali

PERCENT RADIOI.ABEL

Ethano l  Thymid ine  Thymid ine  Ur id ine  Ur id ine

Buffer (Buffer) (KOH) (Buffer) (KOH)

TNM 0.e  0 .7  (78)  1 .0  0 .4  (40)

TNE 1 .8  1 .0  (s6)  0 .s  0 .3  (60)

Gel inserts contained mouse cel ls radiolabeled with ei ther [14C]thymidine or [14C]ur idine and were

extracted overnight in 1% SDS buffer. They were electroeluted and incubated in DNase l. The DNase I

buffer was ethanol precipi tated in ei ther Tr is,  NaCl,  magnesium (TNM) or Tr is,  NaCl,  EDTA (TNE) buffers,

centrifuged, rinsed once to remove buffer, and subjected to 100oC for 20 minutes in the presence of either

Tris buffered solul ion, pH 8.0 or in 0.1N KOH. After hydrolysis the lubes containing KOH were neutral ized

and buffered. All solutions were ethanol precipitated, centrifuged, and the pellets rinsed twice,

resolubilized, and counted. The data is presented as percentages of total counts recovered. TNE also

contained 250 ug/ml carrier DNA. Data in parentheses represent label recovered under alkaline conditions

as a percentage of label recovered in buffer.
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Table lY. Ettect of Phenol Extaction on ARR Becovery

Samoles ola phenol c h l o r suD 1 suo 2 ARR

A

B

D

27 .5

8s .9

62.7

2 1 . 0

1 . 7

0 . 6

0 . 1

n {

0 . 1

7  4 . 4

34.2

2 . 6

1 0 . 9

0 . 5

0 . 1

0 . 1

25.1

1 7 . 1

9 . 6

25.7

The "total" [1aO]uridine counts described in this table are those associated

with inserts after SDS extract ion and gel electroelut ion. In column 1 the

samples A and B represent DNased digested DNA and C and D denotes DNA

released from melted inserts. Only samples B, C, and D were subjected to

phenol extraction and these were vortexed during the extraction procedures.

Fifty pg/ml of proteinase K was added to sample D and both samples C and D

were incubated overnight at 37 oC. In column 2 ^ p/a" represents the

percentage of total counts released from the inserts remaining in the

phenol/aqueous interface after removing the aqueous phase and back extracting

onc€. Columns 3 and 4 indicate the percentage of total counts retained in the

phenol and chloroform respectively. Columns 5 and 6 contain the percentage of

total counts recovered from ethanol supernatants before and after alkaline

hydrolysis respect ively.  Column 7 contains the percentage of the total  counts

which can be precipitated by ethanol as ARR.
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Tabfe Y. Comparison of Relative Alkali Resistance of ARR to non-ARR

Set 1 Set 2

l t4Cl ur idine [3H] ur idine [sH] ur idine [ 1aC ]  u r i d i ne

Gel insert SDS extract Gel insert SDS extract

0 . 1

0 .1

M KCI

M KOH

1461 t  44

1469 I  99

2 1 0 8 9 8  r  1 6 5 2  1 0 5 8 5

6793 I  3199 4566 r

t  1009 24092 + '1093

729 2365 t 1476

t stat ist ic

siqni f  level

-  0 . 0 5

>> o.2

3 7 . 7 9

<< 0.001

3 . 2 3

<  0 . 0 1 3

7 . 8 9

< 0 .001

KOH/KCI

Index

1 . 0 1

1 0 . 1 0

0 . 0 3 0 . 4 3

1 4 . 3 3

0 . 1  0

Mouse L-1210 cel ls were radiolabeled with ei ther [3H]ur idine or [14C]ur idine, encapsulated into

gel inserts and extracted with SDS. The inserts were electroeluted to remove non-bound RNA label.

The inserts containing [3H]ur idine were added to the SDS extracts containing [1aC]ur idine and vice-

versa. The two combinations were healed to melt the inserts and the two labels were mixed. The

final solutions were subjected to phenol/chloroform extraction and ethanol precipitation. The pellets

were redissolved, spl i t ,  ethanol precipi tated, r insed free of buffer,  heated in ei ther KCI or KOH,

neutralized (where applicable), and again ethanol precipitated. These pellets were rinsed twice,

dissolved, and counted by l iquid scint i l lat ion. Samples were assayed in tr ip l icate and the means and

standard errors of the counts are displayed in the first two data rows. Differences in the two means

(KCl versus KOH trealed) were measured by the student t test (data row 3). The levels of

significance are for one-tailed tests at 4 degrees of freedom (data row 4). The ratios of the two

means (KOH/KCI) are shown in data row 5. The index on the left in data row 6 was calculated by

dividing the KOH/KCL ratio of the inserts containing [14C]uridine by the KOH/KCL ratio of the SDS

extracts containing [14C]ur idine. The corresponding [3H]ur idine index is shown on the r ight.
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Table Yl. UptC Retention Times of ABR Nucteosides From Cetts Labeted with
I acluriaine

UV

RETENTION TIMES

Uridine Deoxyuridine Thymidine

UV1 4 c 1 4 cUV14c

Standards 4.03 6 . 3 4 18.23

Sample 1 (-dNs) 4 . 1  0 4 . 1  0  6 . 6 s  N D 1 8 . 8 0  N D

Sample 2 (+dNs) 3 .30 3.30 (see legend) ' l  8.1 0 ND

ARR pel lets single labeled with [14C]ur idine were digested sequent ial ly in

nuclease P1 and alkal ine phosphatase to generate nucleosides as described in Experimental

Procedures. Retent ion t imes (RT, recorded in minutes) of ur idine, deoxyuridine, and thymidine

standards were recorded fol lowing UV detect ion at 260 nm. lmmediately fol lowing, ARR

samples were injected sequentially and analyzed by both UV and radiolabel. In both samples all

of the radiolabel was confined to a single peak coeluting with the uridine. Sample 1 is ARR from

cel ls not exposed to exogenous deoxynucleosides (dNs).  Sample 2 is ARR from cel ls exposed to

50 ug/ml of the four dNs as described in Experimental  Procedures. Compared to the non-

radiolabeled standards, the RTs for ur idine, deoxyuridine, and thymidine of Sample 1 were

sl ight ly increased; the RTs for ur idine and thymidine of Sample 2 were sl ight ly decreased.

Deoxyuridine was vir tual ly absent in Sample 2. ND = none detected.
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Fig. 1. DAR, DAR heated to 100 oC, and ARR were loaded into separate submersible tube gels

containing 2"/" Sea plaque a garose and electrophoresed for 3 hours at 35 volts. The first set of

gels (DAR, heated DAR, and ARR) each contained 123 base pair  DNA ladder markers ( top

curve).  The second and third sets of gels contained no markers (middle and bottom curves

respectively). All the gels were removed from their tubes and sets 1 and 2 were stained with

ethidium bromide, al igned along their  long axes, and photographed under UV l ight.  No samples

were detectable with ethidium bromide staining alone. Al l  the gels were sl iced into 3 mm

sections which were diluted in water, melted, mixed with scintil lation cocktail, and counted. All

data was tabulated as percentages of total counts. Four markers (123-492 base pairs) were

measured in the photographs and their  migrat ion distances calculated and superimposed on the

graph.
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Branched RNA
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Fig.2. A diagram of a letranucleot ide RNA spl ice si te is shown in 14, the spl ice si te is pr imari ly

composed of adenosine (after Wal lace and Edmonds, 1983).  A, U, N, and P represent adenosine, ur idine,

any nucleoside, and phosphate respectively. The model in 1 B represents a portion of the DNA sense strand

after DNase I digestion and alkaline hydrolysis. lt is composed of ARR and DNA and is responsible for the

transcr ipt ion of the RNA spl ice si te.  When i t  is digested by nuclease P1 the 3'  bonds are digested,

conver t ing  i t  in to  u r id ine  2 ' ,5 'd iphosphate  (1C) .  Free  ur id ine  is  re leased fo l low ing  d iges t ion  in  a lka l ine

phosphatase (1 D).


