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Synthesis and Properties of Oligonucleotide-Cellulose Columnst 
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ABSTRACT : Deoxyribooligonucleotides of known length and 
sequence have been linked to cellulose paper in high yield by 
phosphate ester formation, using the water-soluble car- 
bodiimide, 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide 
metho-p-toluenesulfonate. The resultant deoxyribooligo- 
nucleotide-cellulose papers were converted into a form suit- 
able for column chromatography. Oligonucleotide-cellulose 
columns are capable of retaining complementary deoxyribo- 
oligonucleotides under conditions which favor hydrogen-bond 
formation (neutral pH, high salt concentration, and low tem- 
perature). These complementary oligomers are conveniently 
released from the columns by applying a linearly increasing 
temperature gradient. The eluted nucleotide peaks are sym- 

metrical and can be characterized by their temperature mid- 
point (Tmc) and range of elution. The capacity of these col- 
umns has been estimated to be 0.25-0.33 of the theoretical 
maximum. However, for complete resolution between adja- 
cent oligomers of a series, a ratio of matrix-bound oligomer 
to free oligomer of 20 : 1 is required. Preliminary evidence sug- 
gests that the entire oligonucleotide attached to the cellulose 
is capable of hydrogen bonding with its complementary se- 
quence. Deoxyribooligonucleotide-celluloses also retain ribo- 
oligonucleotides although the stability of these hybrids is less 
than that of the corresponding deoxyribooligonucleotide. A 
5'-terminal phosphate lowers the T,," of an oligomer by ap- 
proximately 1-2 '. 

I t is probable that immunochemical precipitation of specific Materials and Methods 
polysomes (Williams and Askonas, 1967; Holme et a1.,-1971; 
Uenoyama and Ono, 1972; Palacios el al., 1972; and Palmiter 
et al., 1972) will provide the basis of a general technique for 
isolation of mRNA in a translatable form. However, the high 
degree of specificity which can be achieved by molecular hy- 
bridization has also been used for the isolation of several 
mRNAs (Hayashi et al., 1963; Attardi et al., 1963; Imamoto 
and Yanofsky, 1967; Stubbs and Hall, 1968). We suggest that 
it should be possible to isolate a specific mRNA by hybridiza- 
tion involving only a very short length of the polynucleotide 
chain. The length of a complementary oligonucleotide se- 
quence required to isolate a unique species of mRNA in an  
organism of given genetic complexity (Table I) is within that 
to which synthetic methods for deoxyribooligonucleotides 
can be applied (Khorana, 1968). Consequently, we have initi- 
ated studies directed at  a general procedure for the isolation 
of a specific mRNA molecule by hybridization with a matrix- 
bound synthetic oligonucleotide which is complementary to a 
partial sequence in the mRNA. 

A first requirement for this approach is an eficient method 
for linking one end of an  oligonucleotide of defined sequence 
to an  insoluble matrix. Second, a complete definition of the 
interaction of the oligonucleotide-matrix with complementary 
oligonucleotides is required. The present communication de- 
scribes efficient synthesis of a variety of deoxyribooligonu- 
cleotide-celluloses linked by esterification of an oligonucleotide 
5 '-phosphate to cellulose. The interactions of these deoxyribo- 
oligonucleotide-celluloses with complementary oligonucleo- 
tides suggest that the methodology will be useful in the isola- 
tion of specific polynucleotides. 
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Nucleotides. The oligonucleotides used were prepared as 
described previously (Astell and Smith, 1971). The oligomer 
pd(A-C-T-T-T-T-T) was prepared by standard chemical syn- 
thesis (Astell, 1970). 

Preparation of' Oligonucleotide-Cellulose. The 5 '-phosphate- 
terminated deoxyribooligonucleotides were linked covalently 
to cellulose paper using a water-soluble carbodiimide (Gil- 
ham, 1968, 1971). The method was modified by increasing the 
concentration of buffer and, most important, the amount of 
reagent used, resulting in incorporation consistently greater 
than 60 %, even for the longer oligomers. Approximately 500- 
1500 nmoles (50-150 A.U. I) of oligonucleotide (sodium salt) 
was suspended in 0.5 ml of 0.04 M Mes buffer (pH 6.0). CMC, 
120 pmoles (50 mg), was added, and the solution streaked 
evenly on to a strip of Whatman No. 3MM paper (50 mm X 
120 mm, approximately 1 g). [Previously, the Whatman No. 
3MM paper was washed in M EDTA (pH 7.0) and then 
water and air-dried. The papers were then placed in MeOH- 
concentrated HC1 (99:l) for 3 days, washed with water, 0.05 
M Mes buffer (pH 6.0), and water, and air-dried. This treat- 
ment was designed to methylate carboxyl groups which 
might be present in the cellulose (Gilham, 1971).] The paper 
was air-dried and left at  room temperature for 24-48 hr. In 
most cases, the paper was streaked with another 50 mg of 
CMC in 0.5 ml of Mes buffer (0.04 M, pH 6.0) and left a fur- 
ther 48 hr. Unincorporated oligomer was eluted from the 
paper by descending chromatography (0.05 M sodium phos- 

._______. ~ ~~~ ~ ~ ~ ~~~~ .~ 

1 The abbreviations and definitions used are a s  follows. For  nucleo- 
tides and oligonucleotides and other reagents, the IUPAC-IUB recom- 
inendations are used; cellulose-p(dT),, an octathymidylate linked to 
cellulose by a 5 '-phosphate: Mes buffer, sodium 2-(h'-morpholino)- 
ethanesulfonate; CMC, l-c~clohex~1-3-(2-morpholinoethyl)carbod~~m~ 
idi: metho-p-toluenesulfonatc; A.U. ,  the amolunt of material with an 
absorbance of 1.0 when dissolved in 1 ml of solvent in a 1-cm light path 
(the absorbance is determined at  the wavelength of maximum absorb- 
ance); T,$, the temperature at the midpoint of a peak of oligonucleotide 
clutcd from an oligonucleotide-cellulose column; the range of elgtioii 
is the temperature span over which the oligonucleotide is eluted; MBS, 
I \ I  NaCl in 0.01 M sodium phosphate (PH 7.0). 
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TABLE I :  Minimum Length, n,  of Unique Base Sequences in 
mRNA Derived from Genomes Containing 3 X lo3 to 3 x 
lo9 Base Pairs.' 

Organism (Base Pairs) 4n n 

R17 (3300);b MS-2 (4000): 
@X 174 (5100);bSV40 (7000) 

T7 (40,000); X (50,000) 
T2, T4 (2 X lo5) 

E .  coli (4.5 X lo6) 
Yeast (2 x 107)' 

Teleosts (4 x 
Amphibians (1 x l o g > ,  

Reptiles (1 , 5  x 
Mammals (3.2 x logy 

4 1  
16 2 
64 3 

256 4 
1,024 5 
4,096 6 

16,384 7 
05,536 8 

262,144 9 
1,048,576 10 
4,194,304 11 

16,777,216 12 
67,108,864 13 

268,435,456 14 
1,073,741,824 15 

4,294,967,296 16 

"The  minimum length, n, for a unique oligonucleotide 
transcribed from a given genome is obtained when 4n equals 
the number of base pairs in the genome. Thomas (1966) has 
presented similar calculations for determining the minimum 
nonrepeating length in a genome. ' Base pairs in replicative 
form of nucleic acids. ' Base pairs in haploid cells. 

phate, pH 7.0) and the per cent incorporation was calculated 
from the amount of nucleotide recovered in the eluate (Gil- 
ham, 1968). 

Column Chromatography with Deoxyribooligonucleotide- 
Celluloses. The oligonucleotide-cellulose was cut into 1 -mm 
squares, suspended in MBS, and stirred vigorously to form a 
pulp. The pulp from 60 cm2 could be packed under pressure 
into a jacketed column 9 mm diameter x 50 mm. The column 
was washed with 0.1 N NaOH (rapidly) prior to equilibrating 
with MBS at -4". Samples of complementary oligomers 
(3-7 A.U.) in 1 ml of MBS were loaded. The column was 
washed with MBS at -4" until unbound oligonucleotide was 
eluted. Hydrogen-bonded oligonucleotide was eluted with the 
same buffer using a temperature gradient, normally a linearly 
increasing gradient which produced an increase of 0.5 "/l.7-ml 
fraction per 11 min. This flow rate and temperature gradient 
was used in all experiments except where noted otherwise. 

Results and Discussion 

Incorporation o j  Deoxyribooligonucleotides into Cellulose 
Paper. Gilham (1968) has reported that phosphoryl groups on 
nucleotides may be linked to  cellulose paper sheets using 
water-soluble carbodiimide, CMC. Although the reaction 
went reasonably well with small oligomers, there was a de- 
creasing yield of incorporation as the length of the oligonu- 
cleotide increased. In two experiments, p(dT)12 was incorpo- 
rated at a level of only 11.8% and 16.7% (P. T. Gilham, per- 
sonal communication). In the present experiments it was 

TABLE 11 : Synthesis of Oligonucleotide-Celluloses. 

Amount of 
Oligo- 

Reaction nucleotide 
Time Incorporated 

Oligonucleotide' CMC (mg)b (hr) (A.U.)' 

50 26 32 (56) 

50 24 39 (50) 
50 48 27 (56) 
2 X 50 96 47 (98) 
2 X 50 96 69 (96) 
2 X 50 96 30 (63) 

50 64 25 (28) 
2 X 50 96 97 (78) 
2 X 50 96 96 (72) 
2 X 50 96 77 (74) 
2 X 50 96 103 (78) 
2 X 50 96 83 (98) 

50 26 6 (13) 

' The numbers in parentheses are the amounts (A.U.) of 
oligonucleotide used in each experiment. When 2 x 50 mg 
of CMC was used, 50 mg was added at the start of the reac- 
tion and 50 mg after 48 hr as described under Materials and 
Methods. ' Numbers in parentheses are the percentage yields. 

found that by using a higher concentration of Mes buffer (for 
better pH control) and twice as much carbodiimide (CMC) in 
two applications, at the start of the reaction and 48 hr later, 
incorporation of oligomers was consistently greater than 60 
(Table 11). For example, the per cent incorporation of p(dT)g 
using these conditions was 97 and 92, compared with lower 
and variable yields of 13 and 50% with less carbodiimide 
(Table 11). We feel that the factor most important in limiting 
the incorporation of oligomers under the improved conditions 
is the purity of the synthetic oligomers. 

Possible Side Reactions Resulting j rom the Reaction of' 
Nucleotides with CMC. Because the integrity of the groups in- 
volved in hydrogen bonding between complementary oli- 
gomers is essential, it is important that the coupling reagent 
does not react with the nucleotide bases. Gilham (1962) and 
Naylor et al. (1965) have reported that CMC reacts specifi- 
cally with thymine, uracil, and guanine nucleoside residues at 
pH 8.0 to form the CMC adducts. However, below pH 7.0, 
the reagent did not participate in a base addition reaction 
(Ho and Gilham, 1967). Because we used a high molar ratio 
of CMC to nucleotide (up to 250 : 1) and extended reaction 
times (up to 96 hr), the reaction with mononucleotides under 
our conditions was examined to see if any CMC adducts were 
formed. We were able to detect a small amount of by-product 
(1-2 %) when CMC was incubated with deoxythymidine 5'- 
phosphate (Table 111). This product was identified as the 
CMC adduct described by Ho and Gilham (1967) by chro- 
matography, high-voltage electrophoresis, and spectral data 
(Astell, 1970). In agreement with Naylor et al. (1365), de- 
oxyadenosine and deoxycytidine 5'-phosphates did not un- 
dergo a base addition reaction. 

If 2% of the thymidine residues in a preparation of cellu- 
lose-p(dT)9 are substituted with CMC, it can be predicted 
that 17% of the oligomers will be substituted with the carbo- 
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TABLE III: Reaction of pdT, pdA, and pdC with CMC." 

Amount 
(pmoles) Buffer 

-~ - 

20 
20 
20 
20 
20 
20 
10 See Methods 

2 ml of 0 1 M sodium borate, pH 8 0 
2 ml of 0 1 M Mes, pH 6 0 
2 ml of 0 1 M Mes, pH 6 0 
2 ml of 0 1 M Mes, pH 6 0 
2 ml of 0 1 M Mes, pH 6 0 
2 ml of 0 1 M Mes, pH 6 0 

Time Yield of CMC-Sub- 
(hr) - CMC (mg) __ - ~~- stituted - Derivative (%) 

7 68 99 
7 68 -1-1 5 

24 68 -1-1 5 
96 50 mg at time zero, 50 mg at 48 hr 
96 50 mg at time zero, 50 mg at 48 hr 
96 50 mg at time zero, 50 mg at 48 hr 

-2 
None detected 
None detected 

24 50mg -1 

The nucleotides were allowed to react with CMC under the conditions described in the table. At the end of the incubation 
the samples were diluted to 10 ml with water, loaded onto a DEAE-cellulose column (OAc-) (12 mm diameter x 400 mm), and 
eluted with a linear gradient of triethylammonium acetate (0.01-0.15 hi, pH 7.1, 1400 ml). 10 pmoles of pdT was incorporated 
onto cellulose paper in a normal incorporation reaction (see Methods). 53% of the nucleotide was linked covalently to the 
cellulose. Of the 4 7 z  eluted from the paper and run on a DEAE-cellulose column (OAc-), 1 (47 nmoles) was recovered as 
the CMC adduct of pdT. 

diimide (Steele and Torrie, 1960). However, in agreement 
with the work of Gilham and his coworkers, we found that 
at an alkaline pH, the adduct is completely degraded to de- 
oxythymidine 5'-phosphate within 24 hr. Therefore, in some 
experiments, the oligonucleotide-cellulose papers were in- 
cubated in 0.2 M sodium carbonate buffer (pH 10.9) for 20 
hr, then washed and converted into a pulp (Table IV). 

Properties of Oligonucleotide-Cellulose Columns. As noted 
earlier the preparations of oligonucleotide-cellulose obtained 
from oligonucleotide covalently attached to 60 cm2 (1 g) of 
cellulose paper yield 9 mm diameter x 50 mm columns. When 
an aliquot of complementary oligonucleotide (3-7 A.U.) was 
loaded onto such a column, a small amount of nucleotide was 
not bound and was eluted by washing the column with MBS 
at -4". The bound oligonucleotide could be recovered 
quantitatively by raising the temperature. This was accom- 

- 

I I I 

4 0  80 120  

Fraction No. 

FIGURE 1 : Chromatography of p(dA)* on cellulose-p(dT)8 using (A) 
a stepwise thermal gradient and (B) a linear thermal gradient, A 
sample of p(dA)s (2.6 A.U. in 1 ml of MBS) was applied to a cellu- 
lose-p(dT)* column (27 A. U. p(dT)s; 9 mm diameter X 50 mm) at 
0'. The column was washed at a flow rate of 1 m1/22 min. In 
Figure 1 A, the oligonucleotide was eluted by stepwise thermal elu- 
tion as indicated. In Figure lB, the oligonucleotide was eluted by a 
linear temperature gradient. The straight line indicates the tempera- 
ture of the column. In both A and B, the fraction size was 1 ml. 
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plished either by stepwise increments or more usually by a 
linear temperature gradient. In one early experiment using 
thermal elution, p(dA)g was eluted from a cellulose-p(dTjs 
column over a stepwise temperature range of 5-30" (Figure 
la). It appeared that the column was subractionating the 
sample of p(dAjg. However, the purity of this nucleotide was 
checked and found to be >95 %. When a similar sample was 
eluted using a linear temperature gradient (Figure lb), the 
p(dA)* was eluted in a broad symmetrical peak with a tem- 
perature range of 24". The was approximately 20". This 
wide temperature range of elution is not entirely unexpected 
for oligomer-oligomer interactions. Naylor and Gilhani 
(1966) and Astell (1970) have observed that in oligomer- 
oligomer interactions in solutions, the melting range is of the 
order of 20-30". However, Gilham (1964) has reported that 
with oligonucleotide-celluloses prepared from a random mix- 
ture of lengths of homooligonucleotides, a complementary 
oligonucleotide is eluted within a narrow temperature range 
(-5 "). The capacity of the oligonucleotide-cellulose used by 

TABLE IV:  Elution of p(dA)g and p(dA); on Different Prepara- 
tions of Cellulose-p(dT)9. - 

_- ~- ______ 
A.U. 

Cellulose Incor- 
Preparation porated T,,,r of p(dA), T,,,c of p(dA)9 

1. Cellulose-p(dT)g 39 
2. Cellulose-p(dT)q 48 5 
3. Cellulose-p(dT)g 48 5 

18 0 (5 5 A.U.) 32 0 (5 6 A.U.) 
14 0 (5 7 A.U.) 29 5 ( 5  3 A.U.) 
14 0 ( 5  5 A.U.) 29 5 (4 4 A.U.) 

(treated at pH 
10 9 for 20 hr)= 

(treated at pH 
10 9 for 20 hr) 

(treated at pH 
10 9 for 20 hr) 

a Cellulose preparation 3 was obtained by incubating 

4. CelIulo~e-p(dT)~ 69 19 0 ( 5  1 A.U.)  

5 .  Cellulose-p(dT)y 47 16 5 ( 5  1 A.U.) 

____ - ~ ~ - 

preparation 1 at pH 10.9 for 20 hr. 
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Gilham was at least 200-fold greater than the oligonucleotide- 
celluloses used here (Astell, 1970) and, as reported below, in- 
creasing the capacity of a column reduces the temperature 
range of elution of an oligonucleotide. 

The thermal elution of oligonucleotides over a wide tem- 
perature range (both stepwise and linear elution) suggests 
that there is a heterogeneity of binding sites for oligonucleo- 
tides on the column. Several types of heterogeneous binding 
may occur. For example, the oligonucleotides attached to the 
cellulose may present a range of available nucleotides free to 
bind with a complementary nucleotide. However, the amount 
of sample loaded was well below the capacity of the column 
(discussed below, and in greater detail elsewhere; Astell, 1970). 

At very low temperatures and in high salt, less stable inter- 
actions may (and probably do) form. For example, two oligo- 
adenylates may each partially bind to a single oligothymidyl- 
ate. As the temperature is raised, these structures will rear- 
range to more stable ones, and excess oligonucleotides will be 
eluted. However, such an explanation would also predict an 
asymmetrical elution profile of the bound nucleotide. In Fig- 
ure 2B the nucleotide is released from the column in a sym- 
metrical peak. A study of capacity (see below) indicates that 
this type of heterogeneity of binding is not the explanation 
applicable to the present case. 

A third type of heterogeneous binding involves triple- 
strand structures. Arguments are presented later which sug- 
gest that these types of structures do not participate in the 
interactions described in this report. Several reports in the 
literature indicate that in polymer-oligomer interactions, the 
T, increases as the activity (concentration) of oligonucleotide 
is increased (Magee et ul., 1963; Cassani and Bollum, 1969). 
I t  has also been reported that if the concentration of only one 
of the two components is altered (for example, if the concen- 
tration of the polymer is kept constant, and the concentration 
of free oligomer is increased), not only does the T, increase, 
but there is also in increase in the slope of the transition, and 
thus a decrease in range of melting (see Table I1 in Cassani 
and Bollum, 1969). It is possible that these phenomena in- 
fluence the behavior of oligonucleotide-cellulose columns. 

Typical Temperature Gradient Elution. As a basis for fur- 
ther discussion, a typical temperature gradient elution profile 
of an oligonucleotide will be described (Figure 2A). A sample 
of p(dA)* was retained (>go%) by a cellulose-p(dT)9 column. 
When the temperature was raised, the bound nucleotide was 
eluted as a symmetrical peak with a TmC of 26". The range of 
elution was 19". The reproducibility of the TmC was + 0.5" 
for a particular preparation of the oligonucleotide-cellulose. 
(However, different preparations of a particular oligonucleo- 
tide-cellulose eluted a complementary oligonucleotide at  
slightly different temperatures, see Table IV.) 

When another oligomer, p(dA)ll, was chromatographed on 
the same cellul~se-p(dT)~ column (Figure 2b), the elution 
profile (solid line) indicated that p(dA)ll was eluted with a 
Tn,c of 37". However, there was a leading edge to the main 
peak. In order to define this "leaking," a sample of p(dA)ll 
which was retained at  29" but eluted at 50" in a stepwise tem- 
perature shift (inset, Figure 2B) was rechromatographed on 
cellulose-p(dT)g. This sample of p(dA)ll was eluted as a sharp, 
symmetrical peak (TmC = 37"), with a complete absence of 
the leading edge (Figure 2B, clotted curve). It seems likely 
that the leading edge observed with the initial sample of 
p(dA)11 was due to impurities (probably oligonucleotide pyro- 
phosphates). This suggestion is supported by solution T, 
data on the purified p(dA)ll with p(dT)g and p(dT)12 (Astell, 
1970). 

A 
0.08 - 

P 

E 
0 0.04'  
9 
(Y 

0 
c 

0.04 

30 60 90 120 

Fraction No. 

FIGURE 2: Typical elution profiles for oligonucleotide-celluloses. 
Elution of p(dA)s (A) and p(dA)ll (B) on a cellulose-p(dT)9 column 
(39 A.U. p(dT)o; 9 mm diameter X 50 mm). The oligonucleotide 
samples (approximately 5 A.U. in 1 ml of MBS) were slowly applied 
to the column at -4". The column was washed at this temperature 
gradient as described under Materials and Methods. The inset in 
Figure 2B is the stepwise elution of p(dAIl1 on cellulose-p(dT)g. 
The dotted curve in Figure 2B is the elution profile for "oligonu- 
cleotide-cellulose purified" p(dA)ll (see text). 

Alternate Methods for the Elution of Oligonucleotides Inter- 
acting with Oligonucleotide-Cellulose Columns. We have tried 
methods other than thermal elution for the chromatography 
of complementary oligonucleotides on oligonucleotide-cellu- 
lose. If the principle behind these oligonucleotide-cellulose 
columns involves retention by hydrogen-bond formation, 
then any conditions which destabilize hybrid structure should 
be capable of effecting the elution of hydrogen-bonded oligo- 
nucleotides. Szybalski (1967) has reviewed the reagents or 
conditions which can reversibly destabilize hybrid structure. 
We have examined the use of reverse salt gradients, linear in- 
creasing gradients of formamide and N,N'-dimethylform- 
amide, as well as an increasing gradient of NaC104. Although, 
all of them eluted oligonucleotide, none of the procedures 
seems to offer an advantage over the thermal elution procedure 
described above. 

Capucity of Oligonucleotide-Cellulose Columns. The ca- 
pacity of the oligonucleotide-celluloses was examined by 
chromatographing varying amounts of complementary oli- 
gomer, p(dA)*, on a cellulose-p(dT)g column. Over the range 
of oligomer chromatographed, (from 5 to 75% of the theo- 
retical amount complementary to the cellulose-p(dT)g col- 
umn), it was found that the eluted peak was symmetrical for 
the smaller amounts, but by the time the column was loaded 
to 33-50Z of its theoretical capacity, an asymmetrical peak 
was obtained with a leading front edge. The capacity could 
best be quantitated by comparing the amount of nucleotide 
not retained by the column against the amount of the theo- 
retical maximum load put on the column (Figure 3). Here it 
can be seen that the functional capacity of this cellulose- 
p(dT)g column is approximately 0.25-0.33 of the theoretical 
amount. 

Resolution of a Series of Oligonucleotides, p(dA),, on Cellu- 
lose-p(dT)g. The resolution of the series p(dA), (n = 6-11), 
was studied on a preparation of cellulose-p(dT)g. A composite 
elution profile for the series is given in Figure 4A. A tabulated 
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I I 

Length, n 

2 5  50 15 
Amt. of Oligonucleotide loaded 

( y o  of theoretical capacity) 

FIGURE 3 :  Per cent A.U. p(dA)s not retained by a cellulose-p(dT)r, 
column. A cellulose-p(dT)8 column (27 A.U. p(dT)*; 9 mm diameter 
X 50 mm) was loaded with various amounts of p(dA)8 (5-75z of 
the maximum theoretical capacity of the column. The column was 
washed and the oligonucleotide eluted as described under Materials 
and Methods. The amount of material not retained by the column 
is expressed as a percentage of the oligonucleotide loaded. This is 
plotted against the load expressed as the percentage of the theoreti- 
cal capacity of the column. 

summary of the T,nc and range of elution has been presented 
(see Astell and Smith, 1971). It can be seen that when the 
p(dA), is equal in length to, or shorter than, the cellulose- 
bound oligonucleotide, oligomers differing in length by 2 
nucleotide residues are completely resolved, while oligomers 
differing in length by only 1 nucleotide are less completely re- 
solved. 

In order to determine if the resolution of these columns 
could be improved, we prepared a column which was approx- 
imately three times the usual size [9 mm diameter x 150 mm; 
150 A.U., p(dT),]. The elution of p(dAj, (n = 6-9) was stud- 

0.1 2 

E c 0 0 8  

0 
9 

0 0 4  
+ 
0 

c 
+ 0 . 1 2  

s 
Q: 0.08 

0 

11 

0 0 4  

1 8 0  3 6 0  5 4 0  

6 0  

4 0  

2 0  

0 :  
3 
I- < 
oi 
LLI 
p. 

50 2 
I- 

30 

I O  

VOLUME, ml 

FIGURE 4: Composite elution profile for p(dA), on cellulose-p(dT)s. 
((A) 9 mm diameter X 50 mm; 39 A.U. p(dT)o and (B) 9 mm diam- 
eter X 150 mm; 150 A.U. p(dT)s). Samples of p(dA),, n = 6-11, 
approximately 5-9 A.U., were applied to the cellulose-p(dT)u 
columns and eluted with a linear temperature gradient as described 
under Materials and Methods. For Figure 4B the flow rate was 4.7 
ml/ll min per 0.5". The sample size in A was 1.7 ml and in B 1.6 ml. 
The number above each peak is the length of the p(dA),. 
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FIGURE 5 :  T,,z of p(dA), on cellulose-p(dT)B. Samples of p(dA), 
( n  = 6 to 11) were loaded onto a cellulose-p(dT)g column (39 A.U. 
p(dT)Q; 9 mm diameter X 50 mm) and eluted as described under 
Materials and Methods. The T,,c values are plotted cs. length ( 1 2 )  of 
the p(dA)n, 

ied. In  this case, successive oligomers of the deoxyadenylate 
series were completely resolved (Figure 4B). 

In Figure 4B it is interesting to note that even on a larger 
column (larger both in void volume and capacity), the oligo- 
nucleotides are eluted in a relatively smaller volume than on 
a 9 mm diameter X 50 mm column (Figure 4A). Thus the 
range of elution is reduced to 8-12', significantly less than the 
range of elution on a smaller column (16-19") (Astell and 
Smith, 1971). On these larger columns, complete resolution of 
successive oligomers is achieved when the ratio of bound 
oligomer to complementary oligomer is approximately 20 :l .  

Acailabilitj. f . r  Hydrogen-Bond Formation of' Nucleotides 
in Cellulose-Bound Oligonucleotides. When the length of the 
free oligomer exceeds that of the bound oligomer, the 7',,,r 
increment between successive oligomers is reduced (Figure 
4A). If the T,,,c for each oligomer is plotted cs. the length of 
the oligomer (Figure 5), there appears to be a linear relation- 
ship between the two up to the point where the length of the 
p(dA), equals the length of the cellulose-bound p(dT),. These 
data indicate that probably the entire oligonucleotide attached 
to the cellulose is capable of hydrogen bonding with a com- 
plementary sequence. More extensive analysis of this observa- 
tion has been carried out, and the data, supporting the con- 
clusion above, will be published shortly (Astell et ul.,? 1972). 

The fact that the TmC continues to increase when the length 
of the free oligonucleotide exceeds the length of the bound, 
suggests that adjacent bound oligonucleotides participate in 
the binding of a single oligonucleotide chain. However, these 
columns have approximately 0.3-1 pmole of bound oligomer,! 
g of cellulose, or fewer than 1 substituted glucose residue in 
6000. It is therefore very unlikely that two adjacent oligonu- 
cleotides participating in the binding of a single oligodeoxy- 
adenylate, explains the increase in stability of chain lengths 
10 or 11 in Figure 5. A possible explanation of this observa- 
tion might be that there is increased stabilization due to ex- 
tended stacking of the purine bases, contributing to the ovtx- 
all stability of the interaction. 

Interaction of Ribooligon~icleotides with Cellulose-p(dT)e. 
If deoxynucleotide-celluloses are to be used in the isolation of 
naturally occurring ribonucleic acids, it is important to know 
how ribooligonucleotides elute from these columns in coni- 
parison with deoxyribooligonucleotides. To define the elution 
of ribooligonucleotides, the series r(A), (n  = 6-9) was ex- 
amined on a preparation of cellulose-p(dT),. For comparison, 
the dephosphorylated deoxyribo series d(A), (n = 6-9) wa5 

-~ ~ _ _ ~  ~~. . - 

! \ l ; i i iuscrip~ in  preparation. 
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also studied. The results of these experiments have been 
tabulated previously (Astell and Smith, 1971 ; Table I). It  is 
clear from these data that the ribooligonucleotides eluted at 
4-9 lower than the corresponding deoxyribooligomers. It is 
interesting that the phosphorylated p(dA), series elutes ap- 
proximately 1-2 " lower than the dephosphorylated series, 
d(A),, suggesting that even at a very high salt concentration 
(1 M NaCI), the 5'-phosphate group on the oligonucleotide is 
capable of reducing the stability of the hybrid structure. A 
similar destabilizing effect of a terminal phosphate residue has 
been observed in oligomer-oligomer interactions (Miles et a/. 
and in oligomer-polymer interactions (Lipsett, 1964). 

Characteristics of Different Preparations of Oligonucleotide- 
Celluloses. We have compared the properties of different prep- 
arations of the same oligonucleotide-cellulose (cellulose- 
p(dT)Q), and found that although that Tmc of a particular 
complementary oligomer is reproducible (+ 0.5 ") with a 
given batch of oligonucleotide-cellulose, there is variability 
between different preparations. The Tn,c of p(dA), and p(dA)g 
on five different preparations of cellulose-p(dT)Q is listed in 
Table IV. A number of possible explanations for this variability 
have been considered and eliminated (Astell, 1970), and we 
are unable to offer a suggestion that would explain this result. 

Stoichiometry of' The Interaction between Complementary 
Oligomers with Oligonucleotide-Celluloses. We have assumed 
that the hybrid interactions studied here involve double- 
stranded structures. Studies with synthetic complementary 
polymers (adenylate and uridylate and/or thymidylate poly- 
mers) have indicated that triple-stranded structures can occur 
(see Felsenfeld and Miles, 1967, for a review). Similarly, in 
oligomer-polymer interactions, in certain cases, triple- 
stranded complexes have been observed (Naylor and Gilham, 
1966; Miles et a / . ; 3  Cassani and Bollum, 1969). Cassani and 
Bollum noted that oligo[d(pT)l :poly(dA) did not form triple 
strands under their experimental conditions, however, oligo- 
(dA) :poly(dT) resulted in three-stranded structures when the 
length of the oligodeoxyadenylate was less than a critical 
length which was dependent on the solvent. 

Few studies of oligomer-oligomer interactions have been 
undertaken (Naylor and Gilham, 1966; Miles et Astell, 
1970). Miles et al. reported the presence of triple-stranded 
structures. 

We feel that the formation of triple-stranded structures 
between oligomers in solution and complementary oligonu- 
cleotides attached to the cellulose are, at least for the oligo- 
nucleotide-celluloses st cd here, unlikely. In most cases, 
when triple-stranded s tures form because of steric rea- 
sons, the stoichiometry dolves two pyrimidine strands and 
one purine strand (Felseiifeld and Miles, 1967). In the studies 
reported here, three-stranded structures would need to in- 
volve two oligothymidylate chains with one oligodeoxy- 
adenylate. Because fewer than one glucose residues in 6000 is 
substituted with an oligothymidylate, the chance of two 
oligopyrimidine chains being sufficiently close to participate 
in a ternary complex is very unlikely. Therefore, the interac- 
tions studied in the present communication are most likely 
two-stranded structures. 

We have prepared cellulose-oligodeoxyadenylates and 
studied the thermal chromatography of oligothymidylates. 
In this case, three-stranded structures may participate in the 
binding of the free oligomers. The results of these experiments 
will be reported shortly (Astell et a/. 2). 

H. T. Miles, J. Frazier, and F. M. Rottmanii, quoted in Felsenf'eld 
and Miles (1967). 

Conclusions 

We have suggested that it should be possible to isolate 
mRNAs by hybridization of a complementary oligonucleotide 
to a very short length of the polynucleotide chain (Table I). 
The practical application of this procedure requires that one 
be able to attach efficiently one end of the oligonucleotide to 
an insoluble matrix (for example, cellulose). Modification of 
the water-soluble carbodiimide method of Gilham (1968,1971) 
for attachment of nucleotides to cellulose through a 5 '-phos- 
phate achieved this objective. The reaction was equally facile 
when the attached nucleotide was deoxyadenylate, deoxycy- 
tidylate, or thymidyiate. It was possible to attach 1 pmole of 
oligonucleotide to 1 g of cellulose paper. 

It is important to note that the new conditions did not re- 
sult in reactions involving the heterocyclic bases which could 
interfere with hydrogen bonding. 

Studies of the hydrogen-bonding properties of deoxyribo- 
oligonucleotides-celluloses were carried out using comple- 
mentary deoxyribooligonucleotides. These were used because 
of their availability through chemical synthesis. However, 
more limited studies with ribooligonucleotides (Astell and 
Smith, 1971) showed that the effects are comparable. The 
lower stability of the ribooligonucleotide interactions con- 
firm those of polynucleotides in solution (Riley et a/., 1966). 

The experiments reported here demonstrated that the 
oligonucleotide-celluloses have excellent capacity for com- 
plementary oligonucleotides and that the latter can be con- 
veniently eluted from an oligonucleotide-cellulose column 
using a linearly increasing temperature gradient. Stable inter- 
actions were possible with as few as six deoxyadenosine- 
deoxythymidine or adenosine-deoxythymidine pairs. All of 
the bases in an oligonucleotide covalently linked to cellulose 
appear to be available for hydrogen-bond formation. Most 
importantly, the method is capable of resolving structures 
differing in length by one base pair. We feel that the system is 
worth further investigation as a poksible tool in mRNA isola- 
tion. 
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Determination of the Secondary Structures of Proteins 
by Circular Dichroism and Optical Rotatory Dispersiont 

Yee-Hsiung ChenJ Jen Tsi Yang,* and Hugo M. Martinez 

ABSTRACT: The rotatory contributions of a protein can be 
represented by X = f~ f~ + fpXp + ~ R X R ,  where X can be 
either the ellipticity or the rotation at any wavelength. The 
Thef’s are the fractions of the helix (H), p form and unordered 
form (R); the sum off’s is equal to unity and eachfis greater 
than or equal to zero. With the f values of five proteins ob- 
tained by X-ray diffraction studies, the X ’ s  of these proteins 
at any wavelength are fitted by a least-squares method, which 
defines the XH, X,, and XR. The circular dichroism and opti- 
cal rotatory dispersion for the helix, p, and unordered form 
thus determined can be conversely used to estimate the sec- 

S ince the discovery of the optical activity of a helix (Doty 
and Yang, 1956; Yang and Doty, 1957) and the introduction 
of the Moffitt equation (Moffitt and Yang, 1956), optical 
rotatory dispersion (ORD) and, more recently, circular dichro- 
ism (CD) have been widely used for studying the conforma- 
tion and conformational change of proteins and polypeptides 
in solution. At first, the use of ORD for estimating the helical 
content of a protein molecule was only suggestive, since X- 
ray diffraction studies had not yet revealed the three-dimen- 
sional structure of any protein (Crick and Kendrew, 1957). 
The current methods for estimating the helical content of a 
protein molecule such as the bo of the Moffitt equation, the 
reduced mean residue rotation at  233 nm, and the mean resi- 
due ellipticity at 222 nm are based on the use of synthetic 
polypeptides as model compounds and, furthermore, they 
completely neglect the optical activity of other structural 
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ondary structure of any protein with X’s at several wave 
lengths for the same equation. Results of tests on five addi- 
tional proteins were satisfactory to good. The calculated spec- 
tra were also in satisfactory to good agreement with the ex- 
perimental results. The p and unordered forms have the same 
ellipticity and rotation near 222 and 233 nm, respectively, 
and a very small bo of the Moffitt equation. Thus, as a first 
approximation, the helical content of a protein varies linearly 
with or bo. The present approach is more realistic 
than previous methods using synthetic polypeptides as refer- 
ence compounds. 

elements such as the p form (see, for example, Yang, 1969). 
Recently, Greenfield e f  a/. (1967) have attempted to fit the 
experimental ORD of proteins with a combination of the ORD 
of pure helix, p form, and random coils as deduced from syn- 
thetic poly(L4ysine). Magar (1968) has proposed a method 
of minimizing the variance between experimental and com- 
puted ORD curves for the determination of the three forms. 
Greenfield and Fasman (1969) have used the same principle 
for the minimization of the CD spectra. In the method of 
isodichroic points, Myer (1970) has estimated the fractions 
of the three forms in proteins from the CD measurements at 
three wavelengths corresponding to the three isodichroic 
points. In all cases poly(L-lysine) was used as a model com- 
pound for the three forms. All these treatments using syn- 
thetic polypeptides, however, lead to estimates that could 
differ considerably from the X-ray results. For instance, 
the three-dimensional structure of sperm-whale myoglobin 
showed 77% a helix and no p form (Kendrew et ul., 1960). 
The ORD of myoglobin, however, could best be fitted with a 
mixture of 54-55Z a helix, 35-36Z p form, and 10% coils 
(Greenfield et al., 1967; Magar, 1968), and the isodichroic 
points method gave the same estimates as the ORD spectrunl 
(Myer, 1970). The computer fit of the CD spectrum of myo- 
globin gave about 68 % CY helix and 5-8 /3 form, which were 
closer to the X-ray results (Greenfield and Fasman, 1969). 

The use of synthetic polypeptides as model compounds for 


