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SUMMARY 

The suitability of various materials for messenger RNA isolation and possible 
fractionation was examined by comparing the chromatographic behaviour of syn- 
thetic poly(riboadenylic acid) [poly(A)] and ribosomal RNA on each support. The 
ratios of poly(A) to ribosomal RNA capacities of the various materials under dif- 
ferent chromatographic conditions were used to estimate the potential selectivity of 
the columns for messenger RNA isolation. Using this criterion, benzoylated cellulose 
and oligo(deoxythymidylate)-cellulose should be the most selective materials of those 
studied. The elution conditions (temperature or salt gradient) used to obtain bound 
poly(A) were investigated to determine the optimum conditions for possible messenger 
RNA fractionation. It is concluded that oligo(deoxythymidylate)-cellulose appears 
to be the most suitable support of those investigated for messenger RNA isolation 
and possible fractionation. 

INTRODUCTION 

The covalent linkage of poly(A)” sequences to the majority of mRNA mole- 
cules of various organisms has permitted separation of these molecules from rRNA 
and tRNA, using relatively simple methods of affinity chromatography*-J. Most 
procedures described involve addition of the RNA under conditions which promote 
base pairing between the poly(A) in the RNA and the complementary nucleotides 
attached to the column. The column is then washed to remove non-bound RNA and 
the poly(A) containing RNA is eluted usually in one step, either by lowering the ionic 
strength of the eluent1*4, including formamide in the eluent?, raising the temperature 
of the coIumn6, or a combination of theseJ. 
__-- -_._- . . 

* Author to whom correspondence should be addressed. Present address: MRC Laboratory 
of Molecular Biology, Hills Road, Cambridge CB2 2QH, Great Britain. 

l * Abbreviations used throughout the article: Bz-cellul~sc = benzoylated cclluIosc: oligo (dT) =I 
oligo(deoxythymidylatc): poly(A) = poly(tiboadenylic acid): poly(U) - poly(ribouridylic acid): 
RNA = ribonuclcic ucid; mRNA = messenger RNA; rRNA = ribosomal RNA; SDS = sodium 
dodecyl sulphntc: tRNA = transfer RNA. 
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The aim of this work was to compare the binding and elution behaviour of 
synthetic poly(A) and rRNA to different poly(A) binding supports in order to select 
conditions where poly(A) binding was high and rRNA binding low, and to generally 
compare the characteristics of the different materials. In addition, it is considered 
that the variable length of poly(A) attached to natural mRNA7 and the length of the 
non-poly(A) region may affect the binding or elution behaviour of mRNA on these 
columns sufIiciently to permit some type of fractionation. Thus, we have studied the 
elution of poly(A) to select optimum conditions under which this may occur. A pre- 
liminary report of some of this work has appeared elsewherea. 

Most commonly used poly(A) binding materials were studied, with the ex- 
ception of millipore filters and poly(U)-glass filterslo, since these did not seem readily 
applicable to the procedures we were using. Benzoylated cellulose is a new poly(A) 
binding material. 

EXPERIMENTAL 

&en1 icais 
Poly(A) was purchased from Miles Laboratory (Elkhart, lnd., U.S.A.), 

Poly(U) and Sigmacell type 38 cellulose from Sigma (St. Louis, MO., U.S.A.). CF 11 
cellulose from Whatman. Sepharose 4B and poly(U)-Sepharose are products of Phar- 
macia (Uppsala, Sweden). Poly(U)-Sepharose was also prepared as described below. 

General colurm procedures 
The cellulose powder, substituted cellulose and poly(U)-Sepharose were packed 

under air pressure into glass columns (I.D. 1 cm) in 0.5 M salt solution buffered with 
0.01 M Tris-HCI, pH 7.4 (20’). The columns were washed until the optical density 
(257 nm*) of the effluent was 0.01 or less. At this point, the columns were re-equilib- 
rated if necessary with the required experimental buffer solution. All salt solutions 
used in this report were buffered with 0.01 M Tris-HCI, pH 7.4 (20”). 

To determine the poly(A) binding cap&ity of the various materials, poly(A) 
(2 mg/ml in the same salt solution as the column bufYer) was added in portions (usual- 
ly 5 Az5, units) to a column containing 0.5 or 1 g of the material. The column was 
washed with 10-l 5 ml of the salt buffer after each addition to remove the non-bound 
poly(A). The amount bound by the column was obtained from the difference between 
the amount added and the amount eluted. The additions were repeated until more 
than 90% of added poly(A) failed to bind to the column. The bound material was 
then eluted with buffer (0.01 M Tris-HCI, pH 7,4) and the elution was repeated with 
this buffer after 18 h at 20”. With poly(U)-cellulose, the 0.01 M Tris-HCI wash was 
performed at 45”. The binding capacities are expressed as Az4, units of poly(A) 
retained by 1 g or 1 ml of column material. The capacity of each material for rRNA 
was determined by addition of 10 A 157 units of rRNA to a column equilibrated in the 
indicated buffer solution. The RNA was allowed to bind for 10 min at 20”, then the 
column was washed with buffer to elute the non-bound RNA followed by 0.01 M 
Tris-I-ICI (pH 7.4) to obtain the bound RNA. The recovery was usually complete. 
A control column was used to correct for the elution of any non-nucleotide material. 
___.------ 

* The absorbance at 257 nm was used since this is A,,,,,, of poly(A). 
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For the temperature of clution experiments, a water-jacketed column was used, 
attached to a Haake FT water bath, which in turn was controlled by a Haake PGI I 
temperature programmer. The optical density of the effluent was monitored with an 
ISCO UA-4 absorbance monitor. 

The temperature of elution of poly(A) from the various materials was deter- 
mined usually by application of a linear increasing temperature gradient (18”/h) to 
the columns. Slower rates (12”/h) gave comparable results; faster rates of heating 
(3O”/h) gave a 1-2” wider temperature range of elution. In most cases, the poly(A) 
was added to the column equilibrated in the required salt solution at 20” unless elution 
was expected below this temperature; in the latter case binding was performed at 
2-4”. Pre-binding in 0.5 M salt buffer did not alter the subsequent temperature of 
elution in a lower ionic strength buffer. Stepwise heating (5” intervals) gave the same 
temperature range of elution as the continuous heating experiments. 

Prepuration qf colurnrl materials 
Oligo(dT)-cellulose was prepared by the method of Gilham” using Whatman 

CF I I cellulose, which had been washed according to the method of Perrin et a/.l2 
and dried irl vacua over phosphorus pentoxide at 45”. Poly( U)-cellulose was prepared 
as described by Sheldon et a/.*O. Poly(U)-Sepharose was prepared by coupling poly(U) 
to cyanogen bromide activated Sepharose 5*13. Alkaline hydrolysis in 0.1 M NaOH 
for I2 h at 20” released 7.5 AZ60 units of UMP per ml of packed Sepharose. All 
buffer solutions used with this material and with poly(U)-cellulose were autoclaved. 
Benzoylated cellulose was prepared according to the procedure described for the pre- 
paration of benzoylated DEAE-cellulose’~. 

Pofy(A) size cfistribcr?ion 
Poly(A) was analysed by sedimentation on a 5-40% linear sucrose gradient 

in 0.14 M NaCI, 0.01 M Tris-HCI (pH 7.4) for 3.5 h at 48,000 rpm in a Beckman 
SW 50L rotor on 8 Beckman L2-G5B centrifuge at 4”. The size distribution of poly(A) 
on 2.4’/, polyacrylamide gels was determined according to Loening’s, using E. co/i 
rRNA as marker. The E. co/i rRNA was isolated by phenol-chloroform extraction16 
of ribosomes prepared according to Staehelin and MagIott”. 

The poly(A) was found to sediment between about 3 and I2 S on a 5-40% 
sucrose gradient, with a maximum at 7 to 8 S. When analyzed on 2.4% polyacryl- 
amide gels, the poly(A) was distributed between the 4 and 23 S E. co/i RNA markers. 
The relationship between sedimentation coefficient’R, or electrophoretic mobility” 
and molecular weight of poly(A) indicated that the size range of this material was 
about 50-2,500 nucleotides, with a modal size of about 1,300 nucleotides. Thus, the 
synthetic material was considerably larger than the natural poly(A) (50-200 nucleo- 
tides’), but conclusions obtained concerning column capacity and salt effects should 
be the same for both. There may be minor differences in the temperature of elutinn 
and fractionation possibilities for the two Size classes (see Discussion). 

RESULTS 

Facfors t@ectiug the birding oJ’poly(A) artd rRNA to rnmori~~ed ce/fufose pow&r ’ 
Unmodified cellulose powder has been found to bind p~ly(A)~~*~~ and poly(A) 
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containing RNA 3*2L. Since it is the simplest available material for this purpose, we 
have examined its poly(A) binding properties in some detail. The capacity of cellulose 
powder for poly(A) and rRNA was found to depend upon salt concentration, salt 
cation type and the presence of detergents in the column buffer. Also, the poly(A) bind- 
ing capacities of various types of cellulose were found to be different in agreement with 
other reportda*‘. Fig. 1A shows the effect of salt cation on the poly(A) capacity of 
Sigmacell. The cellulose bound about the same amount of poly(A) in NH,,+ and I(+ 
buffers, and the amount bound was about lo-fold higher than that in Na+ and Li+ 
buffers. The capacity of CF 11 cellulose for poly(A) (Fig. 1B) was about one tenth 
that of Sigmacell and a similar cation dependence was evident. 

With experiments involving repeated additions of small portions of poly(A) 
to the columns, a point is reached where not all the added poly(A) binds to the 
material (0 in Fig. 1A on KCI curve). For convenience, this point is termed the oper- 
ational capacity, since it gives an idea of the actual capacity one would use in practice. 
Some of the added poly(A) continues to bind until a point is reached where no more 
poly(A) can bind to the column (M in Fig. 1A on NaCl curve); this point is referred 
to as the maximum capacity. The operational capacity might be expected to depend 
upon such factors as the amount of poly(A) in each addition and the time allowed 
for binding, but in these experiments we obtained reasonably constant values. 

A,,, UNITS OF POLVIAI ADDED/G 

Fig. I. Effect of salt cation type on poly(A) capacity of (A) Sigmacell and (I31 CF 11 cellulose. Poly(A) 
binding capacity of the ccllulosc cquilibrntcd in 0.01 M Tris-HCI (pH 7.4) containing the indicated 
salt at a concentration of 0.5 hi was dctcrmincd by addition of portions of poly(A) as described in 
Expcrimcntal. W--I, KCl; O-O, NH&l ; A-o, LiC1; a-0, NaCl; - - -, complete binding;. 
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The effect of KC1 concentration on the operational and maximum capacities 
of Sigmacell is shown in Fig. 2 (top two lines). Also included is the effect of salt con- 
centration (KC1 or NaCI) upon the binding of rRNA to Sigmacell (lower two lines). 
There is a linear relationship between the log of maximum and operational capacities 
and salt concentration, although only three points were obtained for the operational 
capacity. 

0.01 I ._L 

0 0.3 0.4 0.6 0.E I ii 

SALT CONCENTRATION (M, 

Fig. 2. Effect of salt concentration on capacity of Sigmaccll for poly(A) and rRNA. Poly(A) and rRNA 
binding capacities of the cellr~losc in 0,Ol M Tris-HCl containing the indicated salt concentration 
were determined as described in Experimental, Et- Cl, rRNA capacity in KCI; 0-O. rRNA capa- 
city in NaCl; A-A, operational capacity for poly(A); O-0. maximum capacity for poly(A). 

The binding of E. co/i rRNA to Sigmacell also increased in a roughly logarith- 
mic manner with salt concentration, although the rate of increase was lower than 
that observed with poly(A). The binding of rRNA was higher in KC1 than in NaCl 
buffers, which is an interesting parallel with poly(A), although the effect was not as 
tironounced. The capacity of Sigmacell for rRNA was considerably higher than that 
reported by Sullivan and Roberts3 for Sigma a cellulose; it is possible that different 
batches of cellulose differ in their rRNA as well as poly(A) capacities. Similar ex- 
tents of binding were observed wit11 plant rRNAf3 so this is not a phenomenon of a 
particular type of rRNA. In accord with Sullivan and Roberts3, we found the binding 
of rRNA decreased at higher temperatures. The Following capacities (Az5, units/g) of 
Sigmacell for rRNA in 0.5 M KC1 buffer at the indicated temperatures were obtain- 
ed: 4”, 3.4; 23”, 1.4; 30”, 0.66; 45”, 0.44, Even at 45”, however, the capacity of this 
batch of cellulose for rRNA was high enough to cause considerable contamination of 
mRNA unless it was reduced further by some other means. 

Detergents in the binding buffer were found either to decrease or eliminate the 
poly(A) binding to Sigmacell, perhaps by washing out the lignins responsible For 
poly(A) bindingzl, or by preventing the interaction between the poly(A) and the lig- 
nins. Extensive washing of the Sigmacell with 0.5 M NaCl buffer saturated with SDS 
at 20” reduced the poly(A) capacity of the cellulose from 3 to 0.8 Azs7 units/g. No 
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poly(A) bound to Sigmacell when added to a column equilibrated in 0.5 M KC1 
buffer containing 6 % p-aminosalicylate. 

Elufiorl qf poly(A) from celluiose 
Bound poly(A) can be eluted from cellulose powder with low-ionic-strength 

bufferszO. We found that the recovery of bound poly(A) was only 75 & lOaL with a 
single wash of 0.01 M Tris-HCI or distilled water,(pH 7). After keeping the column 
in the elution buffer for I8 h at 20”, most of the remaining poly(A) was obtained. A 
decreasing salt gradient (0.5-0.0 M KCI) was next investigated to determine the elu- 
tion range of poly(A) and whether any fractionation was detectable. The salt concen- 
tration range over which poly(A) eluted was dependent upon the amount bound and 
this appeared to be a consequence of the logarithmic dependence of capacity upon 
salt concentration (Fig.2). At a load of 4 A 25, units of poly(A) per g, the poly(A) 
eluted from 0.4 M KC1 to the end of the gradient. At a load of 0.5 AzS, units/g, 
elution did not begin until below 0.3 M salt. The wider elution range in the first case 
was not due to fractionation of the poly(A), since the fraction originally eluting be- 
tween 0.3 and 0.2 M, when reapplied to the column, eluted below 0.2 M, which wcls 
consistent with the behaviour expected if the elution range wasdependent upon column 
load. This result indicates that if fractionation of poly(A) or mRNA is being investi- 
gated with cellulose powder, low column loads should be used. 

Elution of bound poly(A) by increasing the temperature of the column was 
not satisfactory in view of the high temperatures necessary. In 0.5 M KC1 buffer, 
poly(A) eluted only above 70” and in 0.3 M KCI, between 60” and 80”. 

Capacity of ofigo(d7’) -cellulose .for poly(A) arid rRNA 
In 0.5 M NaCl buffer, freshly prepared oligo(dT)-cellulose was found to have 

an operational capacity of 54 A 257 units/g and a maximum capacity of 75 Azs7 units/g 
was estimated by extrapolation. Thus, when freshly prepared, the oligo(dT)-cellulose 
had about 150.fold higher binding capacity than cellulose under the same conditions 
(Fig. 1B). however, the capacity gradually decreased with use. 

The effect of salt concentration on the capacity of oligo(dT)-cellulose for poly- 
(A) is shown in Fig. 3. Up to 0.3 M both the operational and maximum capacities 
were almost proportional to salt concentration. At higher salt concentrations, both 
seemed to approach a limit. This was in marked contrast to the logarithmic increase 
of poly(A) binding capacity with increasing salt concentration observed with cellulose 
(Fig. 2) and indicates the oligo(dT)-cellulose could be quite successfully used for 
m RNA isolation at lower ionic strengths. In this way, poly(A) binding by the cellulose 
itself can be minimized, which may be desirable in view of the unfavourable elution 
characteristics of poly(A) from cellulose. The capacity of the oligo(dT)-cellulose for 
polyCA) in 0.3 A4 KC1 containing buffer was about loo/, higher than the capacity in 
0.3 M NaCl buffer23. If poly(A) was pre-bound in 0.5 M NaCl buffer, followed by 
equilibration in a lower-ionic-strength solution, more poly(A) bound than expected 
from Fig. 3. Under these conditions, the column was found to retain 37 AZJ7 units 
of poly(A)/g in 0.1 M NaCI, compared with 14 A 25’1 units/g when the binding was per- 
formed in 0.1 M NaCl buffer. 

The capacity of oligo(dT)-cellulose for rRNA was determined as for Sigmacell 
(Fig. 2). In both 0.5 M and 1 M NaCl buffers, less than 0.1 A25, units ,of E. co/i 
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Fig. 3. Effect of NaCl concentration on the capacity of oligo(dT)-ccllulosc for poly(A). The poly(A) 
binding capacities of oligo(dT)-ccllulosc in 0.01 M Tris-l-ICI (pH 7.4) containing the indicated con- 
centrations of NaCl were dctcrmined by addition of portions of poly(A) as described in Expcrimcntal. 
A-A, Operational capacity: O-0. maximum capacity of the oligo(dT)-cellt~losc. 

rRNA bound to 1 g of the oligo(dT)-cellulose compared with 0.8 Af5, units/g with 
Sigmacell. The low amount of rRNA binding to the oligo(‘dT)-cellulose indicates 
that this material should be a very discriminating support for mRNA. This would not 
be the case if the cellulose used to prepare the oligo(dT)-cellulose had a high rRNA 
capacity (e.g., Sigmacell). 

Efutiorl of po[v(A) ,jkom oligo(dT)-celfulose 
Poly(A) bound to oligo(dT)-cellulose can be eluted by raising the temperature 

of the column above the melting temperature of the oligo(dT)-poly(A) complex or 
by decreasing the salt concentration of the buffer zJ. The temperature at which elution 
begins and ceases is related to the salt concentration of’ the eluting buffer. In fact. the 
temperature of elution was found to be proportional to the log of the salt concen- 
tration. Such a relationship has been previously reported for the interaction of poly(A) 
and poly( U) zs. The results are shown in Fig. 4. The lower line represents the temper- 
ature at which poly(A) commenced eluting from the oligo(dT)-cellulose and the upper 
line the temperature at which elution ceased. As can be seen from the divergence of 
the two lines with decreasing salt concentration, the range over which poly(A) eluted 
increased at lower ionic strengths. Thus, the poly(A) eluted over a range of 9” in 
0.3 M salt and 19” in 0.03 E/I salt. 

Another batch of oligo(dT)-cellulose showed different temperature of elution 
characteristics. The elution temperatures were about IO” lower and the temperature 
ranges of elution were wider than those shown in Fig. 4. These effects could have 
been due to differences in the lengths of the dT-oligomers attached to each batch 
of oligo(dT)-cellulose. 

The elution range of poly(A) from oligo(dT)-cellulose was found to depend 
upon the amount of poly(A) bound, as is shown in Table 1. At low column loads 
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Fig. 4. Variation of tcmpcraturc of clution of poly(A) from oligo(dT)-cellulose with salt conccntra- 
tion. Oligo(d’Wccllulosc (I -25 g dry weight) in a jacketed column was equilibrated in the indicated 
salt concentration buffered with 0.01 M Tris-HCI (pli 7.4). and the tempcraturc of the column ad- 
justed below the expected elution range. Poly(A) (4.7 A 2s, units in 0.5 M NaCl containing buffer) 
was added and the coltimn washed with the indicated buffer to rcmovc any non-bound poly(A). 
‘I’hc tcmpcrature of the column was raised at 18”/h with a column ilow-rate of 0.5 ml/min. The AlsJ 
of the cflluent was monitored continuously and the tcmpcrature range of clution determined from this; 
O-U, tcmperaturc at which poly(A) first began cluting; 0-O. tempcraturc at which poly(A) 
ceased eluting. 

(less than 6% saturated), the temperature range of elution was 8”. At loads approach- 
ing saturation level of the column, the angc was 19”. The temperature range of elu- 
tion in 0.03 M NaCl buffer was also reduced by lowering the column saturation, but 
at comparable levels with 0.1 M NaCl buffer, the elution range was still somewhat 
greater. The temperature range of elution in any of these experiments was not altered 
by binding the poly(A) to a column equilibrated with 0,5 M salt followed by re- 
equilibration with the various lower salt concentrations. 

The relatively broad temperature range (8”) of elution of poly(A) at low column 
loads could have either been due to some fractionation of the poly(A) or simply to 
the range of melting temperatures of the oligo(dT)-poly(A) complex. To investigate 
the possibility of fractionation, a larger column (18.5 x 1 cm) of oligo(dT)-cellulose 
was used and 5 Az5, units of poly(A) were bound in 0.1 M NaCl containing buffer 
and eluted by a temperature gradient (18”/11). The poly(A) eluted from 46”-54” and 
the effluent was divided into three portions, 46”-48.5” (A), 48.5”-5 1.5” (B), and 51.5”- 
54” (C). Fraction A was re-applied to the column and eluted by the temperature 
gradient. It appeared over the range 46”~53”, i.e. practically the same as the original 
sample. Fraction B was found to re-elute from 47”-54”. Thus, very little fractionation 
of the poly(A) occurred under these conditions. 

To investigate salt gradient elution. poly(A) (5 Azs, units) was bound to a l-g 
column of oligo(dT)-cellulose, and the column re-equilibrated in 0.2 M NaCl buffer. 
A decreasing linear salt gradient. at 25” was applied and elution of ultraviolet (UV) 
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TABLE I 

LOAD DEPENDENCE OF ELUTION RANGE OF POLY(A) FROM OLIGO(dT)-CELLULOSE 
Various amounts of poly(A) in 0.5 M NaCl buffer were added to a jacketed column of oligo(dT)- 
cellulose (I .25 g dry weight) equilibrated in buffer containing the indicated salt concentration. The 
tcmperaturc of the column was kept below the expcctcd elution tcmperaturc during the addition and 
was then raised at 18”/h. The clution of poly(A) was monitored continuously. 
_~-.-__.--_._.____.-_________ _.-_ -__ .____ _.- .._. -.-_--.-__- ..- . . 
Salt Load Sntrtmtio~r iY44tion Tcmperaf44re 

concerrtratiori (As7 onitsk) (!W tempcrut44rc rnrigc (“C) 

(M) (“CJ .--.- .___... . ._-__-_-_. .__- _._ _.. .._. _ .._ .., . .._ _ ..___ . .._ ___.-_.. . 
0.1 0.4 2.9 46-54 8 

0.1 0.79 5.6 44-52 8 
0.1 I .98 14 42-52 10 
0.1 3.74 27 41-52 11 
0.1 Il.7 84 35.51 1G 
0.1 IS,9 1 IO’ 33-52 19 
0.03 0.79 13 28-42 
0.03 3.74 62 22.5-42s l”o 
. . . . ~..---_-____-_-._----.----._ .-__--- ._._.. -_--- . .._. - .-___ - ._.. __....__.__..____ .--.. _ 

* The apparent 110% saturation was presumably a result of adding poly(A) in 0.5 A4 NaCl 
buffer. 

c ,* ,*, 

absorbing material was monitored. Elution commenced at about 0.1 I M NaCI and 
continued until the salt concentration dropped to zero. This result was predicted 
from the dependence of elution temperature on salt concentration for this batch of 
oligo(dT)-cellulose. Presumably the range of salt concentrations over which poly(A) 
eluted would be reduced at lower column loads. 

Capacify qf pofy( U)-cellulose for poly(A) 
One gram of freshly prepared poly(U)-cellulose was found to completely re- 

tain 2.5 Az5, units of poly(A) (operational capacity) and had a maximum capacity of 
6 A2S7 units in 0.1 M NaCl buffer. After a few cycles of use, including natural RNA 
chromatography, its maximum capacity dropped to about 2 AzS7 units of poly(A) per 
g (ref. 23). The poly(A) binding capacity of poly(U)-cellulose was dependent upon 
salt concentration. The maximum capacities at 20” were found to be as follows: 
0.01 M Tris-HCI (PI-I 7.4), 0.04 A 257 units/g; 0.05 M NaCl buffer, 1.0 AlS7 units/g; 
0.1 M NaCl bueer. 2.0 AZS7 units/g. As observed with oligo(dT)-cellulose, the poly(A) 
capacity in lower-ionic-strength buffers was increased if the poly(A) was pre-bound 
in 0.5 M NaCl buffer, followed by re-equilibration with the lower salt bu’ffer. 

Eiufion of poIy(A) *from poly( U)-eel/dose 
As with oligo(dT)-cellulose, the temperature of elution of poly(A) from poly- 

(U)-cellulose was dependent upon the ionic strength of the elution buffer. Poly(A) 
(5 Azs7 units) was added to a column of poly(U)-cellulose equilibrated with 0,I M 
NaCl containing buffer. After washing to remove non-bound material the column was 
re-equilibrated with buffer containing the required concentration of NaCI. The 
temperature of the column was increased in 5” steps. The temperatures over which 
poly(A) eluted at the vlrious salt concentrations were as follows: no salt, 20”-44”; 
0.05 M NaCI, 39”-55”; 0.01 M NaCI, 56”-62”. The wide elution ranges at the two 
lower salt concentrations were in part due to the saturation of the column, since, as 



124 J. F.. B. MERCER, H. NAORA 

was observed with oligo(dT)-cellulose (Table l), the temperature range of elution of 
poly(A) increased at higher column saturations, Elution of poly(A) with distilled 
water at room temperature caused continuous leaching of fine cellulose particles 
containing poly(U) from the column; this did not occur to 
0.01 M Tris-HCI elution. 

Characterization 0J’ poly( I/)-Sepliarose 
Poly(U)-Sepharose was prepared by the Lindberg and 

the same extent with 

PerssonS modification 
of the original method of Wagner et al. 26 for coupling polynucleotides to CNBr- 
activated Sepharose. The maximum poly(A) capacity of the Sepharose was estimated 
to be 13 AZs7 units per ml packed volum,e in 0.5 M NaCl buffer. While bound poly(A) 
was completely eluted from poly(U)-cellulose with 0.01 M Tris-HCI at 45”, only a 
small fraction (l.O’;d) of the poly(A) could be eluled from poly(U)-Scpharose (both 
commercial and prepared) under the same conditions or at 75”. With 0.5 M NaCl 
buffer, however, the majority of the bound poly(A) was released at 75”. The temper- 
atures used in these experiments did not appear to affect the subsequent binding of 
poly(A) to the poly(U)-Sepharose, but above 75” some UV material eluted from the 
column (presumably poly(U)). Almost quantitative recovery of bound poly(A) was 
obtained when the column was washed with 90% formamide, 0.01 M Tris-HCI at 
20”, as expected from the results of Lindberg and Perssons. 

The incomplete elution of poly(A) in buffers of low ionic strengths at temper- 
atures above the melting point of the poly(A)-poly(U) helix. and the effectiveness of 
buffers of higher ionic strengths in completing the elution, indicate that the poly(A) 
must have been interacting with some other groups on the Sepharose. This inter- 
action was eliminated at higher ionic strengths (consistent with charged groups), 
permitting elution when the poly(A)-poly(U) helix was disrupted. At lower ionic 
strengths, although the helix was disrupted, the poly(A) was retained by the secondary 
binding forces. Formamide successfully eluted bound poly(A) at low ionic strengths 
and hence this solvent must also eliminate the secondary binding forces. This binding 
was relatively non-specific, since rRNA bound to poly(U)-Sepharose in 0.01 M Tris- 
HCI (capacity of Sepharose 0.75 A 257 units/ml) and could be eluted by washing with 
0.5 M NaCl buffer. In 0.01 M Tris-HCI, rRNA did not bind to unsubstituted Sepha- 
rose. As expected. poly(U) did not bind to poly(U)-Sepharose in 0.5 A4 salt, since the 
non-specific interactions were eliminated by the high salt concentration. 

Cltar’acferization of poly(A) hclirlg to hertzoylateci cellufose 
The benzoylated cellulose (Bz-cellulose) prepared in the same manner as ben- 

zoylated DEAE-cellulose”’ was found to be a very effective poly(A) binding support. 
Once bound, the poly(,A) was not eluted by washing the column with 0.01 M Tris-HCI 
at 20”, but could be eluted by inclusion of 25% absolute alcohol in the Tris buffer. 
Use of temperature or formamide elution has not been investigated. The capacity of 
this material for poly(A) was quite high. In 0.1 M NaCl containing buffer, 57 AZ5, 
units were completely retained (operational capacity) by one gram and the Bz-cellu- 
lose had maximum capacity of 95 A 257 units/g. This capacity is estimated to be 2,800- 
fold greater than cellulose powder in 0.1 M NaCl containing buffer, and &fold higher 
than oligo(dT)-cellulose. In 0.01 M Tris-HC1 at 20”, the Bz-cellulose was saturated 
by G AZ5, units of poly(A) per g. 
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In 0.1 M NaCl, less than 0.2 Azs7 units per g of rRNA appeared to bind to the 
Bz-cellulose, and were eluted with 0.01 M Tris-HCI, but accurate estimation of bind- 
ing was difficult because of the elution of UV-absorbing material from the column. 
Even after extensive washing with 50% alcohol, or 0.5 M NaCI, AZs,-absorbing mate- 
rial eluted from the Bz-cellulose at any buffer change and was particularly noticeable 
in the alcohol-containing buffers. This was reduced but not eliminated by exhaustive 
removal of fines by decantation. The successful application of Bz-celluldse to mRNA 
isolation will depend upon separation of the elution impurities from the RNA. 

The rRNA and poly(A) capacities for sonle of the supports studied are corn- 
pared in Table II. The selectivity factor (SJ) is delined as the ratio of maximum poly- 
(A) capacity to rRNA capacity of each material under the same conditions, since this 
permits easy comparison of the potential effectiveness of the materials for separating 
rRNA from poly(A)-containing RNA. Clearly under the conditions used, oligo(dT)- 
cellulose and Bz-cellulose are superior to cellulose powder and poly(U)-cellulose. 
The selectivity factor of cellulose powder varied with salt concentration and cation 
type, since both of these alter rRNA and poly(A) capacity and the best values can be 
estimated from the data in Figs. 1 and 2. As noted previously, the rRNA capacity of 
this batch of Sigmacell was higher than that reported by Sullivan and Roberts3. but 
the selectivity factor for Sigma a cellulose in 0.3 M NaCl at 45” calculated from their 
data was 31. which is not a great improvement over our highest value of 27. 

TABLE 11 

SELECTIVITY FACTORS FOR VARIOUS POLY(A) BINDING MATERIALS 
Data collated from results: Sigmaccll from Figs. I and 2. oligo(dT)-cellulose from Fig. 3. Maximum 
poly(A) capacities arc used (me/g) calculated assuming 23.5 n 2s7 units are cquivalcnt to I mg. The 
RNA capacity of poly(U)-ccllulosc was cstimatcd to bc the same as oligo(dT)-ccllulosc. since CF 1 I 
cellulose was used in both cases. The capacity in mg/g wascalculatcd assuming 25 A257 units are equi- 
valent to 1 mg. The selectivity factor (Sf) is defined as the ratio of maximum poly(A) capacity to rRNA 
capacity under the same conditions. 
-.... --._ . ..__.._ __..-... .__... _ __ .__. . _. . .._ _ ,.. 
Mareriat Sal? rRNA capacit_v Pofy f A) capacify Sf 

t W?l~) f n1.&?) 
..-..-. -- ..-.. ..--.-.-- ..-. - .._..... .~. _.___ __ _. __,_ ._. ___., ,.__ ., _. .._. _.. _ _ 

Sigmacell 0.3 M KCI 0.02 0.113 5.G 
Sigmacell 0.5 kf KC1 0.06 1.65 27 
Sigmacell 0.5 M NaCl 0.028 0.152 5.4 
Oligo(dT)-cellulose 0. I M NaCl .=0.004 0.61 >I50 
Oligo(dT)-cellulose 0.5 M NaCl *<0.004 2004 >5lO 
Poly(U)-cellulose 0.1 M NaCl e: 0.004 0.087 :. 22 
Bz-cellulose 0.1 M NaCl <0.008 4.13 >520 
__-- .._...-.._.._ - _..-.- ..--. -.-._ . . _._. .._ __~____._._._. .,. ,... .,. ,_.. __, ., 

DISCUSSION 

The results presented here are relevant both to the routine use of affinity chro- 
matography for the separation of poly(A) containing RNA from non-poly(A) RNA 
(principally rRNA), and to the possible use of these columns for achieving some de- 
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gree of fractionation of the bound molecules. In the first case, the principle concern 
is the selectivity of each column for poly(A) (Table 11). Also the elution of bound 
material must be complete, under conditions which do not favour degradation of the 
RNA and decomposition of the column material itself, leading to contamination of 
eluted RNA. 

For comparison of the potential selectivity of the columns for poly(A) versus 
rRNA, selectivity factors (Sf) were calculated for the columns and these are shown in 
Table II. The figures clearly show that cellulose powder and poly(U)-cellulose are less 
selective than oligo(dT)-cellulose and Bz-cellulose. The exact value of Sf’ depends 
upon the interaction of various factors which alter poly(A) and rRNA capacities, 
such as the salt concentration and cation type, and thus it can be optimized by judici- 
ous choice of the chromatography conditions. 

Quantitative recovery of bound poly(A) was not found to be a problem with 
oligo(dT)-cellulose or poly(U)-cellulose. With cellulose powder, however, complete 
recovery of poly(A) proved difficult indicating some losses of poly(A) containing RNA 
may occur with this material. Considerable problems were encountered in recovering 
poly(A) from poly(U)-Sepharose. This appeared to be due to a binding force retaining 
poly(A) at low salt concentrations. Although this occurred with both batches of poly- 
(U)-Sepharose tested here, Ihle et a/.27 report complete recovery of poly(A) from 
poly(U)-Sepharose by temperature elution in buffers of low ionic strengths; and Firtel 
et Q/.~~ recovered mRNA from poly(U)-Sepharose by washing with water. There 
may be differences between batches of poly(U)-Sepharose, perhaps resulting from the 
CNBr activation step. 

In most cases, the elution conditions used to release bound poly(A) would 
not be expected to cause mRNA degradation, however, during temperature elution, 
prolonged exposure to elevated temperatures (in excess of 50”) may be undesirable. 
The elution temperatures can be reduced by lowering the salt concentration of the 
eluent (Fig. 4). When using temperature elution to obtain bound poly(A) from oligo- 
(dT)-cellulose, conditions should be chosen to minimize the cellulose contribution 
to the poly(A) binding, since very high temperatures were necessary to elute poly(A) 
from cellulose powder. In cases where rRNA is bound to the column and would con- 
taminate mRNA, selective elution conditions, such as temperature gradients, may be 
successful in removing the bound rRNA prior to elution of mRNA. 

Breakdown of the column materials during elution only appeared to be a 
serious problem with poly(U)-cellulose and Bz-cellulose. In the former case, contam- 
ination by poly(U) could severely affect experiments with the isolated mRNA6; but 
in the latter case, the eluted impurities may be removable or inert. 

A detailed study of the elution range of poly(A) from the various columns 
was carried out to determine the optimum conditions for possible mRNA fractiona- 
tion using these materials. It is considered that the narrower the temperature (or salt 
concentration) range over which the poly(A) eluted. the better the potential resolving 
power of the column, since smaller effects on melting temperature due to differences 
in poly(A) size or mRNA length should be detectable under these conditions. 

The chromatography conditions were found to influence greatly the elution 
range of poly(A) from the various columns. The elution range increased at higher 
column saturations; a similar effect has been reported by Astell and Smith29~Jo. To 
obtain reproducible elution patterns, the same column saturation should be used. 
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Also, at higher eluent salt concentrations, the temperature range of elution of poly(A) 
from oligo(dT)-cellulose was decreased, as may be expected from the effect of salt 
concentration on the melting range of synthetic DNAs3’. Thus, to optimize the prob- 
ability of mRNA fractionation, low column loads and higher salt concentrations in 
the eluent should be used. The advantage of higher salt concentrations, however, is 
in part offset by the increased likelihood of mRNA degradation at the higher temper- 
atures necessary to complete the elution. 

The results indicate that the limiting 8” elution temperature range of poly(A) 
from oligo(dT)-cellulose was not due to fractionation of the poly(A) into different 
molecular weight classes. This failure to fractionate was expected from the long 
chain length of the poly(A); above a chain length of about 200, the melting temper- 
ature of poly(A)-poly(dT) complexes essentially reaches a limiting valueJz. The melt- 
ing range of complexes of complimentary polynucleotides is wider than the corre- 
sponding complexes of oligonucleotides and polynucleotides33, hence poly(A) eluted 
over a 6’ range from poly(U)-cellulose, indicating that poly(U) columns may be useful 
for fractionation studies. Poly(U)-cellulose would not be suitable because of its low 
capacity and instability. Poly(U)-Sepharose offers considerable advantages except 
for the difficulty in eluting poly(A) with some batches, although as mentioned above, 
Ihle et ~1.~’ successfully used temperature elution of poly(A) from poly(U)-Sepharose 
and their data indicate that fractionation of poly(A) up to a chain length of 200 may 
have been possible. 

In conclusion, for mRNA isolation, oligo(dT)-cellulose seems to offer distinct 
advantages over the other supports studied and should also be quite suitable for frac- 
tionation investigation. Chromatography of natural mRNA on this material is cur- 
rently being studied. 
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