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1. INTRODUCTION 

A number of chromatographic methods are currently available for the frac- 
tionation of RNAs. These methods include calcium phosphate and hydroxyapatite 
gels; substituted celluloses such as DEAE-, ECTEOLA-, aminoethyl-, phospho-, 
benzoylated DEAE-, benzoylated DEAE-silicic acid-cellulose, etc. ; starch, agar, and 
polyacrylamide gels ; DEAE-Sephadex and its modified forms ; reversed-phase 
columns; and Kieselguhr columns with their various modifications. A homogeneous 
entity of RNA with respect to a single biological activity can be obtained by sequen- 
tial chromatography on a variety of these columns. 

One of the first column chromatographic methods that furnished a reproducible 
fractionation of RNA used methylated bovine serum albumin-Kieselguhr (MAK) ; 

it was first introduced for DNA fractionation1 and subsequently adapted0 for RNA 
fractionation. It appears to resolve different species of RNAs on the basis of their 
configuration and base composition. MAK column chromatography has proved to 
be particularly useful in the detection of different isoaccepting species of tRNAB-6, 
of alterations in tRNAs in normal and neoplastic tissues as well as new species of 
tRNA synthesized during virus infectionem’. 

With the increasing use of the MAK column as a tool in the analysis of a num- 
ber of biochemical problems, it was thought worthwhile to give a consolidated account 

l Preaont addross: Department of Chomiatry, Univerdty of Poona. Poona-7, India. 
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of the use of this column and the biological significance of the separations achieved 
from a wide variety of sources. We hope that through personal experience with this 
column, it may be possible to give a clearcut idea of its operational advantages, 
limitations, and scope. 

The adsorption of RNAs on proteins (such as histone, protamine, methylated 
serum albumin) and polyamino acids (poly-L-lysine, poly+arginine and poly-L- 
ornithine) immobilized on Kieselguhr (also technically known as Celite and Hyflo- 
Super-Cel), and silicic acid has been used by many workers for the separation of 
different types of RNAs and, also, for subfractionation of different species of RNA 
from a mixture of similarly metabolically active entities. Of these adsorbents a 
Kieselguhr (MAK) column, impregnated with bovine serum albumin which was made 
less acidic by methylation, has been used most extensively. 

IL. HISTOND-I~I~SEI.GUHl~ COLUMNS 

BROWN AND WATSON~ adsorbed nucleic acids on Kieselguhr impregnated with 
histone and noted that, whereas native DNA was adsorbed onto the column, dena- 
tured DNA and RNA were not. Stepwise elution furnished discrete subfractionation 
of calf thymus DNA, and the position of elution seemed to correlate with the A-T 
content of the DNA. It is assumed that these fractions reflected genetic heteroge- 
neity. The dissociation of the salt linkage (between the histone of the column and 
the loaded DNA) with increasing concentration of sodium chloride appeared to be 
the basis of DNA fractionation on this type of column. These results prompted the 
search for alternative column chromatographic methods for the fractionation of 
RNAs. 

III. METHYLATED BO\‘INE SERUM ALBUMIN-ICIESELGUHR COLUMNS 

A column of Celite coated with methylated bovine serum albumin was intro- 
duced as an anion exchanger by LERMAN~ for the fractionation of the “transforming 
principle” of Pmzrmococcal DNA into reproducible fractions exhibiting significant 
differences in their ability to transform recipient cells to streptomycin resistance. 
The form in which the methylated serum albumin-Kieselguhr (MAK) column is now 
used most widely is that of MANDELL AND HERSHEY~. who developed it to permit the 
separation of DNA and RNA on the basis of their molecular size. They used this 
column for the resolution and identification of several natural and artificial mixtures 
of nucleic acids; in particular, the bacteriophage DNAs. The column consists of three 
layers: (a) the uppermost layer is composed entirely of Kieselguhr and serves as a 
mechanical barrier to the working portions of the column; (b) the middle layer is 
composed of methylated serum albumin with Kieselguhr; it functions as an initial 
adsorbent, effects the separation, sharpens the bands, and allows the resolved 
material to pass quickly on to the next layer because of the low content of net 
positive charges on methylated serum albumin; and (c) the lower layer is composed 
of Kieselguhr with a lower percentage (by comparison with the middle layer) of 
methylated serum albumin, and the resolved species of nucleic acids are eluted from 
this layer. 

With the MAK column prepared as above, MANDELL AND HERSHEY~ separated 
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mixtures of nucleic acids from E. colz’ and phages T, and T, with a gruclient of in- 
creasing concentrations of electrolytes. They observed that the order of elution WUY 
tRNA, bacterial DNA, phage DNA, and microsomnl RNA. This is a general order of 
elution and has now been confirmed by many workers in many systems with rRNA 
being subfractionated into 16s and 23s RNA D - 11. MANI)IZLL AND HIZRSHIXY~ did note 
a variability in the elution profiles depending on the amount of nucleic acid adsorbed 
onto the column. 

(x) Bnctcvda 

SUEOXA AND YAMAN@ have employed a MAK column for fractionating 
acylated tRNAs and have shown that the column is capable of resolving aminoacyl- 
tRNAs by furnishing characteristic profiles for each of the IG aminoacyl-tRNAs 
studied. The chromatographic elution pattern revealed &accepting species of 
several amino acid specific tRNAs, and this finding was subsequently confirmcdl”. 
This was perhaps the first independent study that confirmed the idea of a degenerate 
genetic code. They further demonstrated that the relative amounts of each tRNA 
species appeared to be constant under different growth conditions. Although this 
observation may be true for E. coli, it does not extend to other systems. In fact, 
studies on tRNA at different stages of B. wbtilis growth have shown that the profiles 
are a function of growth conditionsl”. 

That the MAK column resolves isoaccepting species of tRNA was substantinted 
by THIEBE AND ZACHAU~~ who purified two species of phenylalanyl- and three 
species of valyl-tRNAs obtained by counter-current distribution (CCD). It was noted 
that these species could not be further resolved on a MAK column, possibly implying 
that they are homogeneous. These species of tRNA were also detected in unfrac- 
tionated tRNA on the MAK column without undergoing CCD, indicating their 
presence as a reality and not an artifact of the fractionation procedure. Although the 
bases of MAK column chromatography and of CCD are different, identical data were 
obtained by both methods, indicating the soundness of the MAK column procedure. 

MAK column chromatography has been effectively used in the study of fully 
methylated and methyl-deficient E. cob tRNAs 1°J7. Different separation profiles were 
obtained for normal species and their unacylated counterparts, as well as for fully 
methylated and methyl-deficient species; that is, four peaks of phenylalanyl-tRNA 
were resolved using acylated-methyl-deficient tRNA, in contrast to two peaks in 
fully methylated E. cola’. The coding properties of these fractions responded differently 
to different nucleotide triplets, indicating that fractionation on the MAK column also 
has some biological basis. Differences in the elution patterns of normal and methyl- 
deficient E. coli leucyl-tRNA have also been noted l’. 

E. coli leucyl-tRNA species charged by multiple forms of leucyl-tRNA syn- 
thetase furnished surprisingly different profiles lE. The latter enzyme was obtained in 
three fractions from E. coli extracts. using hydroxyapatite and DEAE-cellulose chro- 
matography. It appeared that there are different enzyme forms (possibly a mixture 
of monomers) capable of charging isoaccepting species to different extents under 
identical sets of experimental conditions. 

The MAK column has also been used for the chromatographic separation of 
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in viva and a’lt vitvo acylated B. coli tRNAs specific for leucine, isoleucine, and phcnyl- 
alanine. Although leucyl-tRNA gave identical elution profiles irrespective of in ho or 
in r&o aminoacylation, the relative amounts of peak I and peak II of phenylalanyl- 
and of isoleucyl-tRNA varied under different physiological conditior@. Such 
differences in behavior may have some correlation with their regulatory role in 
protein biosynthesis. 

That the MAK column resolves different species of tRNAs on the basis of 
secondary structure was also shown by LOWRIE AND BERGQUIST~~ who fractionated 
g-fluorouracil (5-FU) substituted tRNA (IW-tRNA) of E. coli from unsubstituted 
tRNA. This resulted in a change in the secondary structure of IW-tRNA (up to 100% 
replacement of uracil by 5-IW), which was reflected in the column behavior as well 
as in the different thermal denaturation profiles. It was interesting to note that 
FU-tRNA was capable of accepting all amino acids tested and could transfer phenyl- 
alanine into polyphenylalanine and lysine into polylysine in a polynucleotide stimu- 
lated system. 

Analysis of aminoacyl-tRNAs of spore, sporulating and vegetative cells of 
B. szrblilis on the MAK column have shown significant differences in the elution 
profiles of a number of aminoacyl-tRNAs al-se. These included variations in the ratio 
of the two valyl-tRNAs, increased lysine acceptor activity, an extra peak of seryl- 
tRNA, and alterations in the pattern of tyrosyl-tRNA. However, the relationship 
of these changes to different growth stages studied is in doubt, since many of them 
also occur in response to changes in the composition of growth rnediaa3~~~s’. At 
one stage, DOI el al. 84 felt that the lack of sensitivity of the MAK column proce- 
dure may have precluded any observation of minor changes with other aminoacyl- 
tRNAs. The validity of this statement requires additional evidence; otherwise, it 
seems that differences were expected, but were not exhibited on the chromatogram. 

The chromatographic profiles of B. sddilis lysyl-tRNA in the oxidized and 
non-oxidized (natural) state were studied, and the differences in their profiles were 
notedss-30. Oxidation of tRNA prior to aminoacylation resulted in either no change 
or partial inactivation or complete loss of acceptor activity, possibly depending on 
the degree of oxidation. Binding efficiency of lysyl-tRNA to poly-A-ribosome complex 
was also reversibly altered by iodine oxidation and thiosulfate reduction. It is sug- 
gestedss that the possible presence of thiobases in tRNA is at the root of this altered 
behavior and may have a role in controlling the rate of protein synthesis at the 
translational level. DOI AND GOEHLER~~ claim that their results have for the first 
time illustrated the requirement of a finite conformation of tRNA for efficient 
binding to poly-A-ribosome complex, the changes in conformation being derived 
from optical rotatory dispersion (ORD) studies. tRNAs from B. suBtilis cells in log 
and stationary phases and from spores were also compared for such type of studies. 
These observations indicated conclusively that oxidation of tRNA resulted in the 
loss of original conformation and that the altered conformation appeared on the 
chromatogram as an independent entity. 

The MAK column has been usednr, also, for the separation of methionyl-tRNA 
from N-formyl-methionyl-tRNA in B. subtilis, where no differences could be detected 
between N-formyl-methionyl-tRNA from vegetating cells and spores. 
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(a) Phage 
The MAK column has been used in phage infected cells for two purposes pri- 

marily: (a) to isolate and characterize the phage specific message (refs. 32-34, see 
under mRNA), and (b) to screen for possible changes in tRNA profiles in phage in- 
fected cells’m38-3’. For example, the chromatographic behavior of aminoacyl-tRNAs 
of E. coli after infection with bacteriophage T, revealed that out of the 17 aminoacyl- 
tRNAs examined, the leucyl-tRNA profile differed before and after phage infection; 
and the alteration appeared to be the result of an early event during phage infection. 
Further studiesSe revealed that phage T, and T, infection also brought about similar 
changes in the leucyl-tRNA pattern, whereas no such modification was observed 
after Tr, TB, TI, or T, infection or during induction of il prophage. In further studies, 
MAK columns were used extensively to examine the elution pattern of tRNA from 
E. coli B before and after different intervals of phage T, infection, of leucyl-tRNA 
prepared by two different methods, and of lcucyl-tRNA at different growth stages 
of E. coli’. Similar studies were also carried out by NIRENBERG et a1.37. In some cases, 
codon responses of the fractionated samples were studied for their binding ability to 
ribo.uome in response to a polynucleotide template and were found to be different 
upon phage infection. This indicated that fractionation on the MAK column was 
biologically meaningful. 

Additional evidence has been afforded that the MAK column resolves iso- 
accepting species and can correlate secondary structure to biological significanceaE. 
The triplet binding response to ribosomen0m3a of the MAK column fractionated- 
1eucyLtRNA demonstrated the presence of 4 or 5 species of leucyl-tRNA in un- 
infected E. coli. After phage T, infection, however, quantitative variations were 
observed in the elution profiles, although the basic pattern of elution was more or 
less the same. It is believed that the differences in the percentage distribution in 
different fractions of leucyl-tRNA before and after phage infection may have some 
correlation with the need for phage specific protein synthesis and are transcribed 
from phage DNA. The codon assignments for 4 out of 5 leucyl-tRNA fractions 
obtained on both a reversed phase column (RPC) and a MAK column have been 
established~~3D. 

(3) Yeast 
MAK column chromatography has been utilized 4o for the partial fractionation 

of yeast seryl-tRNA into two, and possibly three fractions. These three fractions and 
those obtained by the CCD technique appear to be identical. Although glycyl-tRNAs 
from brewer’s yeast have been fractionated on DEAE-Sephadex, these species were 
not separable on the MAK column‘n. 

(4) Animals 
(a) Sea urchin. MAK column chromatography has been found to be a useful 

tool in the analysis of the sequence of molecular events that take place during the 
early stages of sea urchin development 4sAa. In the unfertilized sea urchin eggs, RNA 
and protein synthesis are halted. Upon fertilization, mRNA appears to be activated; 
and the pre-existing ribosomes and tRNA are utilized for protein synthesis. The 
nucleic acids of sea urchin at different developmental stages are broadly distributed 
as usual into three peaks representing tRNA. rRNA and DNA4s. It was claimed that 
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methylation of nucleic acids is not initiated until postgastrula formation. It has been 
further shown42 that no new tRNA is synthesized prior to gastrulation suggesting 
that any new species found44m4s must be the result of enzymatic modification rather 
than dc nowo synthesis. However, mRNA, unlike other species of RNA, is synthesized 
during the blastula stage; and a new species of lysyl-tRNA appears during the first 
I.5 Ii after fertilizationq4. 

A more detailed examination of the tRNAs of the blastula stage of sea urchin 
embryos46 showed that new or altered species of lysyl-, leucyl-, and seryl-tRNAs 
were detectable when compared to the profiles obtained with tRNA from unfertilized 
eggs. Other tRNAs examined showed no differences, suggesting that these modifica- 
tions were specific. Some differences, of course, may exist in the tRNAs not studied. 
The major peaks on the chromatogram could possibly be further subfractionated by 
more effective gradients and may furnish multiple species of tRNA. Recently evidence 
has been cited42 that such alterations in tRNAs occur concomitantly with a burst of 
tRNA methylase activity in the sea urchin eggs. 

(6) I~ssects. The MAR column has been used in the purification and fractiona- 
tion of tRNA from two kinds of silk Worms BomOyx naori and Philosamia cynlhia 
ricini47~4~. The elution pattern obtained 47 for aspartyl- and seryl-tRNA of silk gland 
was quite different from that of E. coli, while glycyl-, alanyl-, and tyrosyl-tRNAs 
corresponded in elution characteristics with the corresponding fractions of E. coli 
which served as a reference sample for comparison. It was further notedqe that the 
silk gland contained large amounts of glycyl-tRNA. This, of course, correlates with 
the large content of glycine in silk fibroin. 

(c) Am~hibiarts. To get more information on the regulation of hemoglobin 
synthesis during metamorphosis, tRNAs from blood cells of larvae and adult Rana 
calesbeiaraa were fractionated on a MAR column 40. Striking differences between the 
larval and adult organisms were noted with respect to the profiles of arginyl- and 
methionyl-tRNAs, It is interesting to note that methionyl-tRNA, present in adults, 
is practically missing in the larval stage. Similar studies on the analysis of RNA syn- 
thesized during the different stages of amphibian embryogenesis are also reported by 
BROWN AND LITTNA”~~~. These studies revealed the appearance of certain species of 
RNA at a specific stage of development with comparative repression at another stage, 
indicating a possible role in initiation of new classes of protein synthesis only at a 
certain stage of metamorphosis. 

(d) Mammals. ELLIIM AND SHKRIDAN’* found that drastic conditions of elution 
were necessary to recover total L-cells RNA. As much as 30% of the total RNA 
could not be eluted, and the use of high temperature for the elution resulted in 
changes in the properties of the tRNA. Similar results were nlso obtnined in the case 
of HeLa cell (human cancer line) RNA fractionatiorP2. 

The tRNAs of R large number of different tissues or organs from a variety of 
animal species were screened by comparing the chromatographic profiles of 14C- and 
aH-labeled aminoacyl-tRNAs on MAK column#. In general, no differences were 
detected among different tissues from the same animal species, except for a peak of 
seryl-tRNA present in the kidney but absent in the liver. Similar studies were also 
done with a number of cell lines, including HeLa, MDBK (bovine kidney), adenovirus 
transformed hamster cells, and chick fibroblasts. In general, no differences were 
detected; however, when tRNA isolated from an Ehrlich ascites tumor (EAT) cell 
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was compared to that of mouse liver tRNA, differences in profiles were found for 
glycyl-, phenylalanyl-, seryl-, and tyrosyl-tRNAs. For example, the tyrosyl-tRNA 
of a large number of cell lines fell into three possible classes: containing peak I alone, 
peak II alone, or both peaks I and II. A number of tumor cells (q., HcLa and 
viral transformed cells) contained both species. 

It would be interesting at this stage to hypothesize that the presence of both 
peaks in tumor cells, but only one or the other in normal cell lines might indicate a 
change in tRNA profiles with differentiation. HOLLAND ct alm64 tested such a hypo- 
thesis by following the MAK column chromatographic profiles of tyrosyl-tRNAs 
during the selection of fibroblastic cells from mouse and chick embryos. Whereas two 
species of tyrosyl-tRNA were present in the embryos, the fibroblastic type (type I) 
became predominant with continuous culture and selection. The same fibroblastic 
type of tyrosyl-tRNA appeared to be present in both nvian and mammalian sources. 
This type of difference, whether it is due to enzymatic modification or differential 
gene transcriptionll, obviously was a result of differentiation. 

In further studies using MAK column chromatography, detectable differences 
among tRNAs from mammalian, avian, and bacterial systems were reportedb”. In 
many cases these differences were accompanied by a loss of acceptor activity between 
the heterologous tRNAs and acylating enzymes. Further studies demonstratedsfi 
that phenylnlanyl-tRNA from EAT cells, which differs from liver phenylalanyl- 
tRNA in its elution profile on a MAK column, does not have an altered ability to 
respond to poly-U in an in vilro protein synthesizing system from E. coli. 

Aminoacyl-tRNAs from rat liver and from different plasmocytomas were com- 
pared 6V by MAK column chromatography. tRNA specific for leucine and threonine 
furnished differences in profiles, certain peaks being present in normal tissue which 
were missing from neoplastic tissue. The authors hold the opinion that the differences 
observed might be related to the malignant nature of the systems studied. 

Mitochondrial and cytoplasmic aminoacyl-tRNAs of rat liver have also been 
compared~B~~0 using MAK column chromatography. Specific mitochondrial species of 
leucyl-, tyrosyl-, aspartyl-, valyl-, and seryl-tRNAs were detectable. It is not clear 
whether mitocbondrial tRNAs are synthesized exclusively in the mitochondria. 
Sufficient care has been exercised by BUCK AND NASS 1o to ensure that the differences 
observed were not artifacts of isolation or acylation. It is, however, difficult to under- 
stand their observation that denatured tRNAs furnished profiles similar to native 
tRNAs since the MAK column resolves on the basis of secondary structureBOmO1. 
Differences in chromatographic profiles of leucyl-tRNA from mitocbondrial and 
extramitochondrial (cytoplasmic) fractions were also noted in Tetvalzyntcna fly&- 

f OIWiS~~. 

(5) Plants 
MAK columns have been extensively used to study the changes in the pattern 

of RNA synthesis in peanut cotyledons during germinationa and in the develop- 
ment of wheat embryo ‘JlJ4. RNA was eluted into 6 fractions: tRNA I, tRNA II, 
DNA-RNA, light rRNA, heavy rRNA, and mRNA; and it was observed that the 
chromatographic profiles of z-, 7-, and q-day-old peanut cotyledons showed more 
mRNA synthesis as the plant seedling grows older up to a particular period. These 
changes in the pattern of nucleic acid synthesis are believed to have some correlation 
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with the appearance of particular enzymes in higher concentrations at a definite 
lwriod of growth. 

The clution patterns of what embryo tRNAs specific for pllenylnlnnine, 
glycine, theonine, leucine, swine, and proline were similar; but for valine, histidine, 
glutamic acid, nrginine, and lJ.sinc were different with the development of the plant 
secdling”1g04. Possibly, tllesc cllangcs arc due to profoundly altered pllysiological 
processes in nn organism during development. l;urtllermore, in view of the role of 
tRNAs in translation proccswcs, changes in percentage distribution of tRNA may 
he necessary iii tlic events c>f diffcrentiiltioii. 

‘Total tRNAs isolated from Herpes nimples virus infected and uninfected baby 
hamster kiclnqv (13H IC) cells have been cllronlatograplled on the MAK columnae. 
The differences in the elution pattern were significant in some cases, but marginal in 
otllcrs. The appearance of an cstra fraction of arginyl-tRN.4 after infection, under 
identical esperimental conditions was, reporteda. A T,-RNase digest of arginyl-tRNA 
showed two peaks in tlw infected preparation wllicll were missing from uninfected 
prcpnrntions. DNA-s-RNA hybridization studies provided evidence for tile virus 
specific RNA molecules which had many of tile attributes of tRNA. However, 
MOWIS r’l ~1.“” were unable to contirm the appearance of a new Herpes specific 
arginyl-tRNR by reversed-pllnsc chromatography in infected Hep-a cells. 

(2) I:oot-arcn-lrrorrtlc discnst! virifs 
VANDls \~OUlllS r!t da’ employed a MAK column for the enrichment of lJHI< 

tRNA activity before and after foot-and-mouth disease virus (L;MDV) infection. 
The tRNAs from IWDV-infected cells showed uniformly low levels of RNA methy- 
lntion throughout the elution pattern implying that infection inhibits metliylation in 
all tRNA species. 

A low-lnolecular-weigllt RNA fraction isolated from the oncogenic virus, BAI 
strain A (avian m_yeloblastosis) by MAK column chromatography accepted amino 
acids and transferred them to the site of polypeptidc elongation under the conditions 
established I’JC vitro for cellular tRNA aHJ’lb. The behavior of this viral RNA fraction 
cm the MAK and DEAE-cellulose colunmsalB was very similar to that of tRNAs of 
cellular origin. Total viral RNA was separable into two fractions; 20% had low- 
lnoleculnr-weigllt and nearly half of this had tRNA activity. The distribution of 
tRNAs from the virus differed from that found in tllc infected normal chick liver 
cells, suggesting that functional tRNA is a part of the viral particle. In further 
studies, the elution profiles of the virus and of viral transformed cell tRNAs (leukemic 
myeloblnsts) were compared by using a double-labeling tecllniclue70. Differences 
were observed for the isoaccepting species of lysyl-tRNAs. 

(4) Piconcn7~irlrs 

The lMAI< column was tested for its efficacy in the fractionation of a new 
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The MAIC colUllll1 IliLS Ix-o\wi to I>c il riL]lid illltl rc?lm~clwil~lc Illctllc~tl d I’rilC- 

tionnting il.llCl cnriclling polioviras IiNR front tlw Ilost cell (citlicr HcL~l or Il~llllilll 
rrninion ~11s) IiNk\ 76. LIB illld, iLlSO, li)lm tllcl lmrilicat ioii of il rllpliCil ti\W iii tcrnic!clintcwQ--“.‘. 
Lt wm iirdcxl tlmt sin~lc-str:iIicl~lcl viral RN:\ (s;sliNA) i s strongly rctiGncc1, c~lutiiig 
after tllr! Ilost r-~11 rRk;\ ; ~\~llc~rc:;ls tllc ~l~~~~l~l~~-~t~~~~~~l~~cl l<N:I (&lZNr\) cluttd I\IUVII 
C?i~rliCr”“~“a. I;Ull~i~l l>Ililfil! ClSl<N;\, illSO, al~lwarcd i\t tllc Silllll* IOCUS 011 tllc ~IlIUlll~tlb 
grain as tllnt elf polim~irus cls12N.ANJ. ‘I’lw prolilcs ~~1~0 rc~xmlc~cl tllilt s>-ntlicsis 0r 
tlsliNr\ takes 1IliMV bctiwc virml sslZN;\s illT foriiiidH~. Howcvcr, wrovq- \Vi1S Olll} 

Sol:*;, (ref. 8.3) nlltl \VnS stroiigl>- ClC~~l!IlClC?llt 011 tllC Ihnv-rate Of tllC Sillt-griltliC!llt UllCl 

tcmpcratur~! 0r the ~UIIIII ‘IN, It is wortli noting tllilt \‘irill RN;\ rctaincxl its inlilctivit~~ 
il.ftCr pMsr~jil! tlirou~li tllc C01ulllI17b~7” in contmst to tlw instnhility 0r tlw non- 
infective RN;! frnctionyll. ‘I’lw inst;ll,ility rcmnincxl cwcn ;lft’tcr cwlum11 chronliLt(l- 
pxpliy, nmking it clillicult to cstillli~h! tlic scdinlcllti~tioll rocfihmt. l’llis bclinvior 
kc1 tlic! nutliors to prolmsic tllnt tlw particular frwtion is probnl~l~~ mRNA. Since tlw 
ssRNA iLrlc1 cl~lZN/\ IIX\T t Ilc S~IIIC contour hgtll, tllc nl(~lcC~lli1r sim illlcl wconcla->* 
striwturc ~l~)~~l’ilWCl to LX till! IXHiS Of I’~i~l~tiollilti~~ll, ilS illitiilll~w lKl\~~I~i~t~Cl IIy iVIANI~lI1.I. 

ANI) HERSI-IICY@. ClS\Zh::\ cmriclkxl lIiw $I:\ I< ~ll~~lll~ltO~~i~~~ll~~ WELS illSO ll~~lll~~~l~llC!OUS 

witI1 rcspcct to scclinlr~lltatir~ll i~lli~l>‘SiS, proving tllc Iiigll rcwd~4lig il13ilitJv Of tllc 

M:\Ii colunln ;Lncl ilfiiLil1 c~onlirmilig tlw prcclirtion’~U. 

(5) Phtrgc 
Tllc MAli CO~UI~\I~ \Vils USC!C~ NG to i~snniiric tllc c~lirolllnto~rnl~llic~ proliIi!s d 

RNAs isoliLt.4 frcml cc.)lil>llilgc~, MS, ant1 q@, wliicll cliffiT from mcli otlicr iii surface 
l:lliWp!S wlcl scrologicnl prolwrtics. ‘I’lic cloUblc-labeling technique revcnlcd tllnt 
MS, RNA-C:‘QI’] iLl\virws c~lutc~ct I>ct\vccll I(,!% n11cl 23s 1,;. CO/~ I.~<NA, while Q/3 RNA-[“‘IIJ 
lmwclecl tllia r[lS mnilxmcmt. ‘I’lli: SCnlXlriLtc!Cl fractions cliffiwcl SiglliIiCY~lltl~’ in tlicir 

I>iWC comlmsi tion. 

(6) I’ltt~/t ilirl\S 
MATLJS t:,! dNU c~ml~loyccl iL MAli colunln to scpnrnte RNA from Cllincw c.ah- 

Imgc nncl tolmxu Icaves before and ;Lftcr turnip yellow mosaic virus (TYMV) infw- 
tim. Profound cliffcrmws in tlx ~wc~tiles lwtwwn tlw infcctivc and wllular RNA 
wcm round; in aclclition, tlw prolilcs of tlw RNA dt~r IO-CliLJ%’ iiifwtim clifferccl 
froni tlmsc after 30-clays’ i1ikction. ‘I’lw ol~scrvccl cliffwcnc:cv u-cm! w1llirmecl by 
runnilig sucrose clcnsity gradient wiitril‘llgption Silll~llti~llC~O~~Sl~~. ‘I’lli! bic.~logiC*i~l signi- 
lilY~lll~l! Of tllC clbscmwl tliffiwwws is Ilot iVt (‘IlWr. 

(I) Utrclr'rdrr 

SIIE~KA ANI) CI-~I~NG~~~ usecl tlw MA I< wlunln for tlw prtial resolution of rRNR 
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aud tRNA from E. co/i and found x usual and reproducible elution pattern, tllc 
result of a11 interpla>~ OF molecular size, 11ychgc11 Imncling (secondary structure) nrld 
base composition, Iii their opinhii, since tllc Mhli column mainly operates 011 
diffcrcnces in molcculnr size, it could possibly rcplacc density gradient ccntrirugntion. 
Howcvcr, this 11as not hen borne out. 

MOX~EI< cl &H’ used tlicl MAIi column for tlic cliruinntclgraI,liic sclxuxtion or 
1’. cob +prccursor IIN& 1rc’m gS RNA nthr sllort periods o~labeling. TIIC prccursc’r 
gS RNA appeared to bind more strongly to the column tllan the mature gS RNA, 
thus enabling a clearcut resolution. ‘T11e column could xlsc~ n~solve mature gS RNA 
from tllc 43s precursor partirlcsHT, aild :LISO mature (functional ii1 protein bios>.ii- 
thesis) ribosomcs and immature (that which did not contuill a full complcmcnt of pro- 
tein and is incnpablc of protein s!~ntllcsis) ribosomcs of E. co/i nusotropllsHN. Similar 
studies are also reported I,- Ill\x1~30~~c; @I’. tonic strcii#.li of the eluting agent. aiicl tcm- 
perature were found to be the key factors affecting resolution. Tlicse studies thus sup- 
port the earlier clnta W”l that lligli cc.mccntrntion of snlt and liigli temperature are rc- 
quired for the resolution of rRNAs. particularly those of mamrnnliaii origin. Tlic 
changed pnttcrn of clutiou profiles due to chnngcd structure nl’ rRNA suhcqucnt to 
reconstitution lias tllso I~JI~ dcmonstrntcd “3. Hcxt delliLturt?d IGS rliN.4 isolated from 
E. coli combined with tile 30s rihsomal protein I’rnction, giving n partially active 
30s ribosonic. The resulting cl~aiige in the structure, rcllerted in the cliangd c?lution 

proiilcs, substantiates carlicr results (Lo~“1 that tlic M,IAli column rcsol\~c~s on tlic basis 
of secondary structure. 

The MAIC column Ilns been cmploycd routinely to e~i~mille tllc effect of diffc- 
rent antibiotics on RN:\ syntliesis iii mnii~- s>-stems; i'ib., tlic effect of pluramycin~‘~~, 
rifiimpicinW, actinoniycin lY1ll~“‘l, and cl~loruinI~lieiiico1~‘~. Gencrnlly, all species of 
RNA are inllibitcd to ~111 almost cqunl estcntl’:‘. rRNd! from ~lllornml~l~cnicol-treated 
E. cobi had less ntYinit>. for tllc MAIi columns in cr’mparison to its untrcnted countcr- 
part, and this difference in behavior is rcfectcd in early elutionn7. Ibtll the IGS iuld 
23s components of clllr~ralnI~llellicol-tre~~ted fi. co/i rRNA sedimented slightly faster 
through sucrose gradients. The diffcrencc uotcd may he clue to variations in secon- 
dary structure, and it is suggcstcd “7 tllat clllori~~llpllel~icol rRNA IYIX.L* llnvc il grcntcr 
degree of helical structure than untrcntcd (l~l>rmal) rRNA. 

It wils noted tllat tile overL111 sulqx-cssion of nucleic acid .s;mtllesis by tlw plant 

hormone dormin could be reversed lq* c>~tokinin administrirtion ils judged frem hf.4 Ii 
column elution I)rotilcsl’R, 

rRNAs from diffcrcnt species of Lhrcillus IKLVC been rcsolvcd”” according tc’ tllc 
procedure hid down by YANIiOlWiY AND S1’llX;ISI~BIAN’oo who I’rnctioiiated GS, 1% 
and 23s components of rRNh from 13. mcguttvium cm MAIC columns. IGS and 23s 
components of rRNA obtained b~v repeated ivIr\Ii column cl~ro~natogral~l~y”” from 
different Ijncillrrs species were utilizccl for the llcterologous llybridiantion esperimeuts 
and to esaminc bnsc colll~~lclllclltnrity, if ally, between DNA a1~1 RNA. Similar 
studies were also cnrried out by h’~ARGUI.IES d ob.lol. 

Total RNA and 5-i-luorouracil (1%) containing RNA from B. sublilis were 
neatly resolved, furllishiug distinct proti1e.s ql”z. FU-ribosoiiics, t lius isolated, were 
subjected to sucrose dcnsit). grnclicllt centril’ugation and tllcrmnl chuturation 
studies. Unlike the results observed in tlZN.4, 110 cllungc WLS revealed in size, shape, 
and conformation of the two rRNAs, suggesting 1;lJ substitution IIns little or no 
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hI:\li ~Ol11lllll ~llr~~llli~tO~rill~ll~~ IIiM IX!Cll USCY] 10:1 liw tllcl rCw)luticm 0I’rut liiclllc!>- 

tRN;\ Uvllcrc it \Vi1s llcltcv] tllilt RN:\ is tlistrilmtccl ilito tllnv! I~c~;tI;s ~or.rc!sl”‘licliliC: to 

t RNA, aoS-rI<Si\, iUlC1 l’i~piCll>’ l~~lX~ll!tl (albr :‘~l’-ntliiiillistratioll) KS:\. hl~~t1.151~ 

r-l rrl.“” I’rilc~tiolli~tccl l<SL\ fl'Oll1 tllC LXYI!I.Wi~I cclrtr!s Or Illi~tUr1: IllillC! illltl li’llli~ll? rilts 

011 LL MdIr\l< l’OlUl11l1 i1.C; IVCll iLS I)!’ S1ll’I’OSI’ rlclllsit>. glX.tliirllt ~‘~llltl.il’ll~i~ti~~li. ;\I1 01 tllc 

tlmx Uracticms, +, ITS, itlld aSiS, Ol>tiLillL!C! 13JV citlwr tcclllliclucl, \Vl'I'l' ~(IIll~XLriLI~IC iIllt1 

nxxe ricll ill rL<N;\. ‘I’llC lJil?;c wliiposition in ill1 tllrcc I’l’i1VtiOllS \vc:rc Illill’l<L!~ll~’ colil- 

~~l~lll~llti1r~-, tllc cliI’fcrcncc~s Iwilig Slllilll, I.31lt sigliili~i~nt. lii~lJiCll>* lulwli~tl l<N;\ I‘lmoni 

ril.t li\xnr iiwlci wx’e rcs~dvi!cl~~‘~ intc-) I’our I’ractiolis: tliK:\, rRNi\, illld tu’o nil2S;\S. 

One 01’ tllc I’ravtions \VilS Silllilar to rl~N;I, n-it11 il lligll (;A: c-omposition, wllilc two 

otlwr friwtiolls of Iligll nlcllciwlar \vcigllt il.p~lUiLriXl to 1x2 like US;\. 
Nucleic acids isr)latccl from Ill~~usc liver iuld Ellrli~‘ll iLScitcS tunior (L\‘I‘) wlls, 

trcntccl wit11 VilriclUS CY~llWlltri~tir~llS (0.00~ to r.O’J;,) of 1 iwmalclcI~~~tlc for I rnin iLt 
32°, wcrc sclx~ral~lc ‘“I’, Jh!CTCi~Sd L’c’CO\‘l!1’\’ fIYlll1 tllC COlUlllll IViLS fOUll<l to IXm ClC]lc‘ll- 
Chllt 011 tllc fC~~llliLlC]Cll~~Cl~ conwiitrutiw :lllCl :llSO 011 tllc strurturc of tIViltC!Cl nucleic 
ncicl iM judged from sl’“i~trol’llotc)iiictric menS;urcmc~nts. rliN~1\ fViLS Iiiost sclnsitivc tcl 
fornlalclclI!-clr!, wllilc tliN;\ \Vi1S lcast scnsiti\7% (DNA I\‘ilS iritcrliii~tlii~ti~)I ITormal- 

ClCllJXle fmmccl iL StilblC CC~lll]JlPX nmitll RX:\, illld tile rcsultiiig r~olll~~IcS Ilal Illon! 

alhit). for tile M~;\li colunln. ‘I’llis rcsultccl in C]CliL~XJd cluticm illlC1 altcratiow in tllc 
elution profilcSi. 

I,Ixc;I~ril.ll IlilS cl~ar~~ctmkxl cliffvrcnt tyllcs ol’ I<NL\ s~vltlwsimcl in r;hbit bcmc 
inarrow prclx~lxtions 011 IL ML\ li c01LlIllIl. TAtiLl nucleic aci’d ]~lI’lXllYltiOllS I'IWlll lil'l 

cells and from rat liver gave tllc LlSuid clutiml prolilcslO. Howcvcr, iI m3v frm.?ion or 
RNA V,XA clctcctccl in botll tlw prcparahns, Showing il nunlhr of lm~pcrtics iclcmtical 
to 5S rlW.4 of IXKtWiCLl SJ~Stcllls. l;urtlwr stuclics 011 tllc iUlill>‘SiS 01’ tllC 5S RNA 
frnctioh CJbtXilllXl by &I Ii column cllrolllato~ri~l~l~~~107 SllggcStCd tllXt it 111X> IlOt IX! 
citlwr ;I precursor of tRN;\ or iL ClCgtXdi~tioll product of rRNA. l;urtlwrriiorc, IlliLtllC- 
iiiaticnl winI?& ilIlt clmiiical cvidcmx su]l]mrtcc] tllin conclusim ; iuld G,\l.lr+lsl~T 
r-l rrl.~o7 feel tllat 5S RNA 111iLy IIC consiclcrccl a new SlxvGs of rlCNX. 

MAK COlUlllll ~ll~~lll~~t~~~i~]~ll~ IlilS lXXl1 C?lll]~lO)VX] l>r YOSI-IIIir\Wt\ t-1 Itl.‘“” tll 

fractionate RNA isolated from culturccl 1;L ~~11s (an csti~l>liSlled line from Ilunml 
minion). ‘I‘liq~ observed tlie USUill tlircc peaks, cor~.~~sl~~)~lcli~l~ to t RN.4, rlCNA, and 
nlliNA. It \viLS noted”u tlmt resolution coulcl Ix ilnpro\xd I>y opcri~ting tlw CO~UIIIII 

at. 30-35°. iktinoiii~~cin 1.1 CllilSC alwrimcnts Ilil.VC I’urnislwcl nclcliticma] in fC~rllli~ti011 
ElIlOUt tile IllCtil.lI~liC StiItC! Of tWW fril.ct.iollS: 40 XllC] 50s. ‘I’IIC i1SSUlll]~tiOll”” tllilt f,JllC 
of the rapidly labclccl fractions having tlw scdinwntation mcllicicnt of 50s is not an 
aggregntc of smaller nlolccules, but represents iI single nllZNi\ n~rhxulr~ cnrraspncling 
to an entire operon conqxised c)f 111any cistrcms, seems to bc far-fctcllecl, l;ur~~m\ ct rrl.lbl~ 
seem to colltratlict tlwir statements as regards size and stnl>ilit>w 01 nlT<NA. 

The USC of tile MRli colu~nn in tile cllronli~to~rapllic weparntion of HeTh ccl1 
rRNA, its precursor (QRNA), nlld a rapiclly lnhlecl IliFSIl-nic’lecular-~vei~l~t DNA- 
like RNA ((&RNA) afforded very par resolutionlO1). The rate of biosyntlwsis of 
different species of nucleic ncids in Hch cells (S, strain) Ilaving cliffcrent stntcs of 
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activity were compared by using a double-labeling technique 110. The profiles differed 
significantly for different states of tile HeLn cell. 

In view of tile general limitations of the non-quantitative elutionha~“:’ aiicl poor 
resolution of tile mammalian r1ZN.h HJ,““&J”- 111, E:I.LlSTvI Ah’13 RHODIS”1 in t roduccd il 
new concentration grnclicnt of guanidinc tliioc>xnntc iis a substitute for tile sodium 
chloride gradient in order to achieve a better than 90(-/O clution of tllc tcnaciouoly 
bound DNA-like RNA (D-RNA) and to give sharply defined peaks. Tllis pro~edurc 
furnislxxl distinct prolilcs of D-RNA fr(.lnl different cell types. 

Wheat embryo rRNA has been allalyzcd by MMAK column cllronl;~tc)gral,ll~UL; 
three peaks corresponding to INS, an intermediate, and 28s fractions were observed, 
as against 18s and ~$3 fractions obtained by linear sucrose density gradient centri- 
fugation. The intermediate peak, after characterization, was found to lx 2% RNA 
in a different conformation. Flowever, it could be converted into a regular 28s peak, 
with the degree of conversion being inhellced by Mg*+ conccntrstion. Protein con- 
tarninfltioii up to 2%, concentration 0C tile adsorbate, xnd variation ill tcmpcraturc 
between 4-37” had no effect on the elution profilcs. A quantitatively nltcred elutiori 
profile was obtained at n different pH of 5.2-h&, possibly implying conformationnl 
differcnccs. It was a rather odd observation that Na+ concentration 11ncl an effect 
equivalent to tllnt of Mga-l- concentration. 

D. dtNA fract~iorcntio,s 

The mRNAs were frslctionatcd from different morphgenetic phases of the 
life cycle (viz., sporulation, germination,. and stepdown transition-pnssagc from 
rapid to slow growth) of B. srrbtilas and were studied 11* for their hybrid forming 
ability. These studies hdicated that these messengers arc derived from clifferen t gene- 
tic loci. To find common clusters of sequences, total RNA preparations from sporu- 
lnting and log phase cells of B. srtbtilis and B. CCYC~~S were fractionated with n lincnr 
gradient of 0.3-1.2 111 sodium chloride l13. With pulse-labeled RNA for hybridization 
studies, a Inaxirhum of only I-GO/~ hybridization was noted with the hcterologous 
(RNA of one spccics with DNA of the other) system compared to tile hybridization 
with the l~o~nologous (RNA and DNA from tile s;lmc spccics) system. Altllougll 
etliciency was low, the results were reproducible. Thus, a small number of idcnticnl 
sequences among DNA and RNA of the heterologous system and coml)lerllentnrity 
in the I~o~~~ologous system were detectedl13. 

The nldity of LL MAX column to fractionate sharply RNA fractions of diffcrcnt 
molecular sizes ,.AI range of sedimentation coefficients from 8.5s to 30s) has been 
clearly demonstrated in the resolution of E. cobi pulse-labeled RNA components 
into a number of specieslla. Tile fractions obtained had a uucleotide composition 
similar to DNA and, thus, arc probnbly mRNA. 

RNA samples having different labels isolated from a “diploid” E. COG culture 
zoo PS strain (IT-Lac-k) at the end of the glucose phase and at the end of the diauxie lag 
phase, have been resolved using MAK column cllromatograpllyl~b. Marked differences 
were noted in elution profiles and in the percentage distribution of RNA. The profiles 
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grivc sliarl) frrLctions of @, IGS, ancl a3S RNA; tlw httcr li-xtion was believed to 
corresponcl to tllc prescncc of specific lactose mRN.4 in tllc induced culture. It is 
suggested that this chromatogrnl~llic frnctionntion of RN;\ cstrncted at tllc cncl of 
the dinusic lag plinsc from celis growing in n glucose-hctosc medium slic~uld lwwicle 
in wry useful menns of isolating spcilic “lachsc” mTiNA in :I. relatively pure form. 

The MAli column Iins been effcctivcly enlplo~~d to compnrc the molecular nnd 
metabolic propertics of mRNA isolated from E. toll: before and after infection by 
pIli1#? -I’, (rCfS. 32-34). 13~7 elllpli~~~hg n dOUbk-hbdillg tCChlli~~~Ie, Sign~fiCmt CliffCr- 

enccs in mRNr\s nt different time intervals of plunge T, infection in E, co/i 1313 stmin 
wcrc observccl by following tllc :‘H- and W-incorp orated-RNA clution protilesg”~74. 
RN& iuohtcd from 12. coli K-rz “Lx” deletion mutant with ancl without inducer, 
from an induced rrnd non-induced wild strain II;. co111 l3l3 nncl from both these sources 
under different csperimental cwnditionu, wcrc also resolvecF’h. ‘I’lie non-infected and 
infected (with Pl~ajic Prrll) cultures of B. co1.i were labeled lvitll [l-K]- and L3H]- 
uridinc, and the total RNA \viLs subjected to cllromatogrnpllic studies to clctect 
plunge Peril spccilic RNA b>* hybridization studies. PIlap PIrll was chosen iii tliis 
work since it ccmsistcntly yiclclccl Iiigll titers of transducing 1~11~~gc. Siniilnr studies 
were also pcrfornlccl wit11 pllage ~lrS174, and the Ilylxid formed nppcarcd ns EL distinct 
pcnk between RNA and lhagc @~X174 DNA. ‘I’llus, MAK column chromatogra- 
pl1y 11’11117 provided conclusive data that one of the strnnds of the DNA dul~lcs is the 
source of trnnslnt~~ble gcnctic information. 

Tile clnssicsll work of M,\NDISJ.I. ~NII E~ISRSHEY~ and tllnt of other 
~vOrkersBa-D6111fl,117 in the fractirmntion of pllagc-induced nucleic acids hid clown the 
follcnving principles on wliicli MAK coluniii cllromatojirnpllir separations nrc hasccl. 
‘1’1~ MAK column fractionntcs RNA according to cliffercnccs in both lxwc ccmpo- 

sition mcl cliiiin-length, tllc srnnllcr fragincrits eluting at R lower clectrolytc coIiccn- 
trntioii. Altlwugh these two l~roccsscs occur simultaiicously, tlic cI’fects of base conl- 
lx)siticln arc rendily detectnble because ;L higIl molnrity of clectrol>?e is rcquirecl for 
tile elution of a high adenine uracil (A-U) contnining RNA. The efficiency of tile frnc- 
tionating ability of the column cnn be further increased with respect to diffcrcnccs in 
base composition by prior fractionation with respect to size in linear sucrose gradients. 

13rond fractionation of stable RNA from n tenaciously lxx.lncl DNA-like RNA 
(D-RNA) from S. ccvcvisiac was achieved 118 by eluting with sodium doclccyl sulhte . 

(SDS), and the fractions were charnctcrized for ~~llysico-clle~~licr~l properties. TIE 
binding of D-RNA with the adsorbent was so tenacious tllnt SDS could not 1~ sub- 
stitutecl lq* any other eluting ngent. It is believed that the SIX may denature the 
protein associated with D-RNA, thus making the elution ensicr nnd quantitntivc. 

(2) Ihrgi 
A broad separation of Y..-labeled, uniclcntified polypllosl~llntc itlId nucleic 

acids from plnsmodin, PI$_WWl. po&cq5llnlrr~ll, has lxcn ‘ol,tiLilled using a MAT< 
columnlln. l’hc fraction clutccl nt ;I 0.5 Ill sodium chloride concentration has the 
high molecular wcigllt and characteristic properties applicable to iI polyphosphnte. 
An extract of purified nuclei of Ph~lsnvrbrr~ polycc~Icnlrw~ also yielcled R similnr fraction, 
inclicnting its site of origin as nuclenr. No frnctionation of RNA species was, however, 
achieved under the conditions used for chromatography. 
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(3) Birds 
The fractionation of 3*P-labeled RNA of immature duck erythroid cells re- 

vealed the presence of two types of mRNA on the basis of base composition and S 
values alsolso. SCHIIRRER el al. l*O feel that one of them is functional mRNA since it 
carries the fraction of genetic code actually expressed in a given cell, while the 
other is a nascent mRNA which is a chromosomal transcription product corres- 
ponding to the active fraction of the genome. It is further suggested that these two 
types may differ from each other qualitatively and quantitatively. 

(4) Mammals 
A MAK column was employed to resolve different species of RNA and purify 

them from cultured PL cells from human amnion oaJOa. It is claimed00 that a fraction 
having a 50s value is a homogeneous mRNA corresponding to an entire operon com- 
prised of many cistrons Be. ELLI-CM AND SHIXRIDAN~~ have reported the clearcut separa- 
tion of rapidly labeled nucleic acids from L-cells and noted that a large part of 
rapidly labeled RNA was tenaciously bound on to the column. It could not be eluted 
with the usual gradient of sodium chloride and seemed to represent the bulk of the 
messenger or D-RNA. Similar studies by KUBINSKY AND KocH~~~ revealed that RNA 
Srom the stationary phase is apparently similar to DNA in its properties, while the 
bulk of RNA from logarithmically growing cells has rHNA-like base composition. 

LICHTENSTEIN CC al.Oe raised the resolution power of the MAK column while 
fractionating nRNAs J%om Zajdela ascites hepatoma and rat liver. The improved 
elution procedure consisted of using a temperature gradient from 35” to g5”, and 
1.5 M sodium chloride as an eluting agent, after the elution of RNA by the usual salt 
concentration gradient (0.5-1.5 M). It was noted that the chromatographic profiles 
of nRNAs from the sources studied differed significantly and were reproducible. The 
possibility of the occurrence of certain alterations in the molecular characteristics of 
nRNA during elution due to progressively rising temperature was examined by re- 
chromatographing the same fraction; this proved successful. Of course, whether the 
use of a temperature gradient to the extent of 95” is feasible for all problems remains 
questionable in view of contradictory dataO~JOOJ11 in the past. Successful rechromato- 
graphy of nRNA after elevating it to such a high temperature is also unconvincing. 
Even though LICHTENSTEIN et al. Do claim it was successful for nRNA (possibly due to 
complementary base composition), it may not work with tRNA or rRNA. 

(5) Plants 
The pattern of mRNA synthesis at different stages of peanut cotyledon develop- 

ment was studied by following the MAK column profiles’n. It was found that rela- 
tively more mRNA is synthesized in rq-day-old cotyledons than in 2-day-old 
‘ones. 

E. AItematiwes to the MAIC column 

Denatured proteinsrg* and batchwise adsorption 1as have been tried as possible 
alternatives to the MAK column. The resolution obtained is not superior to that on 
the MAK column, and the good flow-rate provided by KieselguhrlQd is absent. Fur- 
ther, the limitations of batchwise adsorption seem evident. A more fruitful approach 
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may be the modification of the MAIC column to provide distinct resolution of different 
tRNAs in a single chromatographic run, rather than minor alterationsl*gll”. 

F. Aduantagcs of the MAK colzsmt 

Because of its flexibility and resolving power, MAK column chromatography 
is a useful tool for rapid analysis of nucleic acids lan. Suitable adjustment of the sodium 
chloride gradient can magnify any region of the chromatographic profiles. The column 
is relatively simple and convenient as elimination of clogging allows a high flow-rate. 
It can sharply distinguish different types of RNAs (tRNA, rRNA, and mRNA) from 
DNA and can resolve isoaccepting species of tRNA, viral, and phage specific RNA. 

G. Disadvantages of the MAK cohmn 

(I) Limited capacity 
A major drawback of the column is its limited capacity-about I mg of RNA 

per IO ml of the column volumea (ten times less than the capacity of DEAE- 
cellulose), and this is particularly a problem in the fractionation of tRNA since only 
a small fraction of total tRNA is specific for any given amino acid. 

Partial loss in acceptor activity of seryl-tRNA after passage through the 
column has also been reported40. with increased loss of activity in preparative 
separations which employ bigger columns. Separation is clearcut only if a long 
column is used or if small quantities of adsorbate are loaded on the columnO. Any 
modification which reduces the flow-rate and capacity of the column is not feasible. 
Therefore, MAK column chromatography is not used for preparative work. 

The commonly used column, as devised by MANDELL AND HERSHEY~, does not 
result in a homogeneous species of RNA with respect to one biological expression 
since contamination of a fraction with the nucleic acid appearing in the preceding 
fraction (tailing) is usually observed OO. Various workersD~JOOJl1 have observed that 
mammalian rRNAs, in particular , are not clearly resolved into the 18s and 31s 
components, while bacterial rRNAs are separated more clearly~PJO~~lOE. This discre- 
pancy appears to be a characteristic of the MAK column with respect to mammalian 
rRNAs, and is not due to technical errorslae. 

That the column preparation and the handling of material is critical has been 
reported by BROWN et al. 71, Pre-wash of the column with 1.0% versene solution was 
required to obtain reproducible results since heavy metal ions apparently interfere 
with RNA adsorption, and the profiles of rRNA can change dramatically. It was 
found that the elution pattern depends on a finite concentration of Mgs+ ionsa1JB7. 

(3) Eflect of tcmfisvature 
Controversy has raged for a long time over the use of a temperature gradientDo 

for the fractionation of tRNA. Elution at a higher temperature often gives better 
resolution, but perhaps at the cost of other characteristics. Furthermore, the opera- 
tional advantages of the MAK column at 35”, over those at 15” (ref. 78) in RNA 
fractionation have been questioned in STAEHELIN’S laboratorylll. 
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(4) Incomplete rccovcry 
Chromatography of nucleic acids on MAK columns using a 0.3-1.2 A1 salt gra- 

dient is a universally recognized method, However, ELLEM AND SHIZRIDAN~~ found 

that even 2.0 M sodium chloride could not quantitatively elute HeLa cell RNA, as 

about 10% RNA still remained tenaciously bound to the adsorbent. Others have also 

observed incomplete recovery on the MAK column E3mEfi. The remaining RNA could 
be eluted with either 1.5 M ammonium- hydroxide or 1.5 M sodium chloride at an 
elevated temperature of go”. It should be noted that both the eluting agents and the 
high temperature conditions are drastic: 1.5 M ammonium hydroxide will probably 
degrade RNA with concomitant loss of biological expression and an elevated tem- 
perature approaching Tm (temperature of melting) will do the same. 

MANDELL AND HERSHEY~ found that channeling is a serious drawback and 

that competition among nucleic acids for adsorption sites seriously limits the resolu- 
tion power of closely related species. In addition, the distribution pattern is often 
not quantitatively reproducible because of variations in the quality of batches of 
methylated bovine serum albumin. Thus, lack of reproducibility poses difficulties in 
clearcut interpretational. 

Finally, MAK column chromatography can be used as a screening technique 
only to indicate whether differences exist or not; it cannot furnish qualitative or 
quantitative relationships. 

IV. PROTAMINE-ICIESELGUHR COLUMN 

Protamine coated on Hyflo-Supercel (Kieselguhr) has been recommended as 
an adsorbent for the fractionation of nucleic acids lm. The column gives a different 
distribution pattern to that obtained with the MAI< column. Although bacterial 

RNA and DNA could be eluted with a salt gradient, rat liver RNA could not be 
eluted even at 4.0 M sodium chloride or 1.0 M ammonia concentration. Its tenacious 
binding onto the column required a low concentration of SDS, possibly to denature 
the protamine, and to effect elution of the rat liver RNA in a single peak, in contrast 
to a 0.3 M sodium chloride concentration which yielded two sharp peaks of yeast 
RNA. BROWN et aLlaD also used a protamine-Kieselguhr column for a similar purpose. 

The protamine-Kieselguhr column has a higher capacity than the MAK 
column. However, it furnishes sharp resolution only below 40% capacity; it also 
separates RNA from DNA more easily than the MAK column and can fractionate 
yeast tRNA. unlike the histone-coated Kieselguhr columns. Protamine, in contrast 
to methylated serum albumin and histone, is a stable material with constant pro- 
perties. Use of both the columns -MAK and protamine-Kieselguhr-in conjunction 
may well improve the separations. 

V. METHYLATED SERUM ALBUMIN-SILICIC ACID COLUMN 

Use of silicic acid in the partition cbromatographic separation of tRNAs was 
first reported by EVERETT et al. 100; the specific activities of different tRNAs were 
considerably increased, encouraging the hope that this procedure could be developed 
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to subfractionate different tRNAs. Although the method was simple and furnished 
considerably enriched tRNAs, the operational losses were heavy, as much as 60%. 
For this reason, the procedure was not developed further. 

The need for a rapid and simple alternative to the MAK column, preferably 
improved, prompted OKAMOTO AND KAWADE 101 to develop the methylated serum 

albumin-silicic acid (MASA) column as a promising preparative tool for the resolution 
of tRNAs from brewer’s yeast and rRNA from E. co& REVEL AND LITTAUER~~* used 
both MAK and MASA columns to compare the fractionation of E. coli methyl-deficient 
phenylalanyl-tRNA and its normal counterpart. The fractions isolated gave different 
responses with different triplets. It was also noted that unacylated-, methyl-deficient-, 
and normal-phenylalanyl-tRNA behaved differently on the MASA column than on 
the MAK column. Further studies showed 1~1~4 that four peaks of phenylalanyl-t RNA 
were resolved using pre-charged methyl-deficient tRNA ; the coding properties 
of these fractions responded differently to different templates. The phenylalanyl- 
tRNA species, thus obtained, were 50% pure. That multiple species of several amino- 
acyl-tRNAs failed to be resolved on the MASA column in the absence of amino- 
acylation presumably implied that the free amino group of the attached amino acid 
is responsible for the distinct elution pattern of aminoacylated tRNAsi=. That the 
differences in profiles reflect differences in conformation is yet to be established. 

The MASA column was aIso employed 13~~~ to compare the chromatographic 
profiles of methionyl-tRNA before and after formylation. Considerable differences in 
profiles and acceptor activity were reflected. Furthermore, transfer of methionine 
and recognition of the ApUpG codon were completely lost after formylation. This is 
possibly due to a change in the secondary structure, resulting in changed chromato- 
graphic behavior. It has been emphasized by earlier workersi31-1w that changed 
secondary structure reflected a change in chromatographic behavior on both MASA 
and MAK columns. 

Studies on MASA, as well as a polyacrylamido gel column, for the chromato- 
graphic separation of E. coli tRNA showed that phenylalanyl- and methionyl-tRNAs 
are eluted earlier from the MASA column than their aminoacylated counterpartd37. 
Phenylalanyl-tRNA is further subfractionated into four species out of the total tRNA 
isolated from a relaxed methionine-requiring mutant of I?. coli grown in a methyl- 
deficient medium. Polyacrylamide column chromatography showed that N-blocked 
tRNAs, such as N-acetyl-phenylalanyl-tRNA and N-formyl-methionyl-tRNA, are 
excluded more than their aminoacylated or unacylated counterparts, a finding con- 
sistent with a more extended configuration for N-blocked species. 

MASA has been used to separate 3zP-labeled nucleic acids of phage MIZ 
(ref. 138). At a finite electrolyte concentration, infectious single-stranded phage RNA 
was adsorbed on to MASA and was removed by centrifugation, while the infectious 
RF remained in solution. By following the band sedimentation of the MASA fractions, 
two distinct types of RF were obtained: one sedimenting at 15S, the other between 
17 and 27s (22s). 15s RF has been shown to behave chromatographically like DNA, 
whereas the 22s RF fraction found in the supernatant is like single-stranded phage 
RNA. It may be mentioned here that the procedure developedlse does not look like 
a column procedure, but more or less like a batchwise adsorption. 

It was noted that the MASA column has zoo-fold greater adsorptive capacity 
and higher resolution power for tRNA than the MAK column13J34. However, the 
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flow-rate is painfully slow. The MASA column is able to differentiate between un- 
acylated-, aminoacylated-, and N-blocked aminoacylated-tRNA species. These 
studies revealed that the three above-mentioned types of tRNA have three different 
conformations which permit the separation. It seems that, like the MAK column, 
the MASA column separates species of tRNA upon differences in secondary structure. 

VI. POLYAMINO ACID-KIESELGUHR COLUMNS 

A. Poly-L-lysina-Kiese~uhv column 

AYAD AND BLAMIRE~~~ have ushered in a new era of chromatography by in- 
troducing the use of the synthetic polypeptide, poly+lysine, in the fractionation of 
DNA. The principle behind this column technique is the association of poly+lysine, 
like other basic proteins, with DNA or RNA and the discriminating dissociation of 
the complex (between RNA and poly+lysine) with an increasing concentration 
gradient of salt or suitable eluting agent. It has been shown that the column can 
resolve tRNA from DNA and that protein contamination in the nucleic acid prepa- 
ration did not have any effect on the elution profiles. The column furnished better 
separations than the MAK column. 

A column of poly+lysine Kieselguhr (PLK) gave a composite peakldo between 
1.6 and 1.8 M sodium chloride which revealed the presence of large amounts of RNA 
and some contaminating DNA and proteins. It has been further shown141 that the 
column provides a distinct separation of DNA from RNA, that it enables partial 
resolution of genes corresponding to the synthesis of histidine and tryptophan and 
that the fractionation is mainly a function of base composition and, like other 
Kieselguhr columns, to some extent of secondary structuresJ31. After studying the 
chromatographic profiles. of E. cola’ and yeast RNA149J4s, it is claimed that RNA 
fractionation depends in part on secondary or tertiary structure (which affects the 
binding of RNA to PLK) and that the nature of the binding determines the concen- 
tration of salt required for elution. 

The PLK column seems to be a quick, reliable method of ascertaining the type 
of nucleic acid (depending on the position of a particular fraction on the chromato- 

I gram) and, also, to what degree each component is homogeneous._ The tentative 
mechanism proposed for binding to the column seems reasonable ‘from an under- 
standing of the MAK and MASA columns. However, one has to consider the size of 
the molecule and, also, hydrogen bonding before arriving at a final conclusion. 

B. Poly-L-omithine- aud poly-L-avginineKieselgulrv columns 

LousER et aL144‘ ’ introduced some new columns-Kieselguhr columns coated 
with any of the following polyamino acids : poly+lysine, poly+arginine, or poly-L- 
ornithine. The ‘poly+lysine coated Kieselguhr column has been reported pre- 
viouslyls~-lU, and the introduction of a poly+arginine column was anticipatedlss. 

Nucleic acids binding on to poly+arginine-Kieselguhr (PAK) and poly-L- 
omithine-Kieselguhr (POK) columns could be dissociated by increasing the salt con- 
centration. It was notedlaa that in the case of the PAK and the PLK columns an 
additional pH gradient was necessary to bring about optimum resolution. The pattern 
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of elution varied between one polyamino acid column and another. On all three columns, 
E. coli $5 rRNA was completely resolved from tRNA. However, the PAK column 
furnished superior resolution of 5s rRNA over the other columns studied. Quick pre- 
paration, rapid flow-rate, and use of the columns several times without loss of re- 
producibility are some of the operational advantagesld4. 

In the near future, it may be possible to introduce poly-L-citrulline- and poly- 
L-histidine-Kieselguhr columns; these polyamino acids are similar in physico-chemical 
properties to those now reported ls”Jd4. Of course, it may be difficult to introduce the 
poly-L-histidine column ; the procedure of polymerization with histidine may pose 
difficulties due to the presence of the heterocyclic ring in the molecule. 

VII. I'OLYNUCLEOTIDE--I<IES@LGUHlZ COLUMNS 

The MAK column as introduced by MANDELL AND HERSHEY*, 11as undergone a 
series of modifications, including the introduction of silicic acid in place of Kiesel- 
guhrlal, the introduction of several polyamino acids in place of methylatcd serum 
albumin1sDJ4d and other minor modificationsls*Js~Js~, Recently, LIN~"~ developed 
yet another modification for fractionation of RNAs. The ability of polynucleotides 
to hybridize with each other to varying degrees under suitable annealing conditions 
has been exploited to form the basis of the separation. 

The method146 consists of precipitation of the desired polynucleotide, natural 
or synthetic, from its aqueous solution by hexnmine cobalt chloride in the presence 
of an inert porous support, such cas Kieselguhr; adsorption of the RNA in the 
presence of dioxane; and the development of the column using the standard proce- 
dure*. It was rather interesting to note that retention of RNA on the column did not 
necessarily require any complementarity in base sequences. Other requirements for 
annealing (viz., low temperature and low ionic strength) were, however, obligatory. 

Chromatography of RNA on Kieselguhr coated with pig liver denatured DNA 
permitted partial fractionation of tRNA from V-labeled rRNA, of high- and low- 
molecular-weight RNA and also of [%I-valyl-tRNA from the bulk of the tRNAs. all 
from microbial sources. This column seems basically similar to the DNA-cellulose 
column14°, the DNA-agar columnl47, and the polynucleotide-cellulose column14e. 

Although the novel ability of dioxane to promote polynucleotide interaction has 
been exploited to introduce an alternate adsorbent for RNA fractionation14B, the 
column has many potential limitations. For example, dioxan itself is a corrosive sol- 
vent and liberates heat when mixed witli aqueous media. For this reason dioxan has 
been a failure in the extraction of enzymes in the past. With such a drastic inherent 
property, dioxane is likely to inactivate the acceptor activities of the tRNAs to be 
fractionated. Moreover, none of the separations attempted were complete; contami- 
nation of DNA with poly-I was obvious. Further studies using the column may 
throw more light on the problem. 

VIII. CONCLUSION 

Of the different Kieselguhr columns impregnated with proteins, polyamino 
acids, and polynucleotides, the MAK and the MASA columns appear to be superior. 
They provide a clearcut and reproducible method for the fractionation of RNA into 
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tRNA, rRNA and mRNA and for further subfractionation of tRNA into isoaccepting 
species. They are also simpler than polyamino- or polynucleotide-Kieselguhr 
columns. The availability and low cost of methylated serum albumin in comparison 
with costly polyamino acids or polynucleotides makes it a universally applicable tool. 
The MASA column has higher capacity than the MAR column; however, the latter 
affords rapidity, having an appreciably higher flow-rate than the MASA column. 
The use of the MASA in conjunction with the MAR column may have both high 
capacity and good flow-rate, thus being a potential tool in the preparative frac- 
tionation of tRNA. With the meagre data available on the performance of polyamino 
acid- and polynucleotide-Kieselguhr columns, it may, however, be premature to 
evaluate their ability to fractionate nucleic acids at this stage. 
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