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Polynucleotide Sequence Analysis 
by Sequential Base Elimination: 
3'-Terminus of Phage Qf RNA 

Abstract. The nucleotide sequence of 
a 3t-terminal fragment obtained by ribo- 
nuclease T1 hydrolysis of the ribonucleic 
acid from bacteriophage Qf3 has been 
determined by an improved method of 
sequence analysis which involves sequen- 
tial removal of bases by periodate oxi- 
dation and beta-elimination. The results 
obtained from ten such oxidation-elimi- 
nation cycles and from the alkaline hy- 
drolysis of the remaining oligonucleotide 
indicate that the first 16 nucleotides at 
the 3'-terminus of this ribonucleic acid 
have the sequence: 
-G-C-C-C-U-C-U-C-U-C-C-U-C-C-C-A. 

The initial phase in the sequence anal- 
ysis of RNA molecules (1) of high 
molecular weight has involved the de- 
velopment of methods for the investiga- 
tion of the primary structures near their 
terminals. Although these methods are 
expected to produce only a limited 
amount of sequence information relative 
to that contained in the whole molecule, 
it is considered that such information 
will be of some value in studies on struc- 
ture-function relations in RNA. In the 
case of viral ribonucleic acids, the in- 
terest in terminal structures results from 
the expectation that they will be found 
to contain specific nucleotide sequences 
which signal for the initiation and term- 
ination of both the replication and trans- 
lation of these molecules. The terminal 
sequence -G(CgU4)C-A of the RNA 
from the bacteriophage Q/ has already 
been shown to differ from the corre- 
sponding sequences in the phages f2 and 
MS2, and it has been suggested that this 
difference in sequence may constitute 
the molecular basis of the observed 
template specificities displayed by the 
Q/ and MS2 polymerases (2). 

For the specification of the actual or- 
der of the 14 pyrimidines at the Q/3 
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A-C-C-C-A of the f2 RNA (3). In this 
method the bases are removed sequen- 
tially from the 3' end of the polynucleo- 
tide by cycles of operations consisting 
of (i) periodate oxidation of the termi- 
nal glycol group; (ii) treatment of the 
resulting dialdehyde with a primary 
amine to effect the removal of the ter- 
minal base by a beta-elimination reac- 
tion; and (iii) the removal of the termi- 
nal phosphate group, so produced, by 
phosphatase to regenerate the polynu- 
cleotide in a form ready for the next 
cycle. Previously we had used a cyclo- 
hexylamine solution buffered with di-n- 
propylmalonic acid for the beta-elimina- 
tion step, because this mixture gave es- 
sentially quantitative yields when applied 
to the cleavage of small oligonucleo- 
tides. However, the results of experi- 
ments with this amine solution and 
larger oligonucleotides have indicated 
that, in these cases, the yields of the 
beta-elimination reaction fall somewhat 
short of the desired 100 percent. A new 
amine mixture containing cyclohexyla- 
mine and tetramethylglycinamide is now 
being used for this reaction, because, in 
experiments with both dinucleotides and 
hexanucleotides, this solution has been 
found to effect over 97 percent removal 
of the oxidized terminal nucleosides. The 
tetramethylglycinamide also serves an- 
other purpose in that it is used as the 
buffer for the subsequent enzymatic de- 
phosphorylation step in each cycle. A 
second major modification in this meth- 
od of sequence analysis resulted from 
the observation that the DEAE-Sepha- 
dex chromatography used to separate 
the liberated base from the polynucleo- 
tide fragment resulted in the incomplete 
recovery of the fragment in each cycle. 
This problem has now been solved by 
substituting, for the chromatographic 
matrix, DEAE-cellulose from which the 
recoveries are rapid and essentially 
quantitative. 

In a typical oxidation-elimination cy- 
cle the polynucleotide (10 to 100 nmole) 
in water (250 pi) is treated with EDTA 
(free acid, 2.0 mg) to inactivate any 
phosphatase which is carried over from 
the previous cycle. The mixture is al- 
lowed to stand for 1 hour at 20?C with 
occasional shaking and then the amine 
solution (1M cyclohexylamine-2M 
N,N,N',N'-tetramethylglycinamide-HCl; 
100 kl) is added. When the EDTA is 
completely dissolved, 0.2M sodium peri- 
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N,N,N',N'-tetramethylglycinamide-HCl; 
100 kl) is added. When the EDTA is 
completely dissolved, 0.2M sodium peri- 
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odate. After incubation of the solution 
for 15 minutes at 20?C, water (500 Id) 
and alkaline phosphatase [2 units (4) in 
100 1ti of water] are added (final pH = 
8.0 at 37?C). The mixture is incubated 
at 37 ?C for 2 hours and then ad- 
justed to pH 9.0 by the addition of 2M 
ammonium hydroxide (200 pl), and 
finally applied to a DEAE-cellulose col- 
umn (Whatman DE23, HCO.- form, 
pH 9.0; 0.5 by 50 cm). The column is 
eluted with water to recover the lib- 
erated base and then treated with a lin- 
ear gradient of triethylammonium bi- 
carbonate (200 ml, 0.1 to l.OM) at a 
flow rate of 15 ml/hour to recover the 
polynucleotide fragment. The combined 
fractions containing the fragment are 
then concentrated to dryness ready for 
the next cycle. 

The 3'-terminal fragment of Qf/ RNA 
was isolated by the method previously 
described (5). In this method the RNA 
is first digested with ribonuclease T1 and 
then treated with sodium periodate. The 
oxidized terminal fragment is selectively 
absorbed on an aminoethyl-cellulose col- 
umn and subsequently recovered from 
the column by treatment with n-propyl- 
ammonium bicarbonate. This treatment 
releases the fragment by a beta-elimina- 
tion reaction, and the fragment is ob- 
tained in a form that lacks its terminal 
nucleoside. The fragment from Q/3 RNA 
obtained in this way had the composi- 
tion (C9U4)Cp (2). This polynucleotide 
was dephosphorylated, and the product 
was submitted to ten cycles of periodate 
oxidation-beta-elimination. The order of 
the bases released from the 3' end was: 
C,C,C,U,C,C,U,C,U,C. The identity of 
the base released in each degradation 
cycle was determined by its position of 
elution from the DEAE-cellulose col- 
umn and by its ultraviolet spectrum. In 
a number of cases the entire water 
eluate from the column was analyzed 
on a small column of Dowex 50 X 8 
(200 to 400 mesh, 0.4 by 60 cm) (6) 
to confirm that only one base was re- 
leased at each degradation cycle. The 
recovery of the base from each cycle 
was more than 80 percent, based on the 
amount of oligonucleotide introduced 
into the cycle. For example, in cycle 
five, 4.25 O.D.U. at 260 nm of oligo- 
nucleotide gave 0.32 O.D.U. at 265 nm 
of cytosine. 

The remaining part of the sequence of 
the terminal fragment was determined by 
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lyzed with 0.25N sodium hydroxide (0.2 
ml) for 18 hours at 37?C. The mixture 
was then neutralized with carbon diox- 
ide and applied to a DEAE-Sephadex 
column (HCO.3- form, pH 9.0; 0.4 by 
100 cm). Elution with water gave uri- 
dine (16 nmole) as the only nucleoside, 
and subsequent elution with 0.2M am- 
monium bicarbonate (pH 9.0) gave cyti- 
dine 2'(3')-phosphate (49 nmole) as the 
only nucleotide. The ratio of Cp to U 
was 3.02 to 1.0, indicating that the 
structure of the oligonucleotide was 
C-C-C-U. These results and the results 
of the ten degradation cycles taken to- 
gether with the known specificity of 
ribonuclease T_ and the results of the 
terminal base determination of the intact 
Q/ RNA (2) demonstrate that the 3'- 
terminal hexadecanucleotide sequence of 
the RNA is as shown above. 

Recently, Dahlberg has also studied 
the 3' terminus of Q/3 RNA and has 
proposed (7) a nucleotide sequence 
which, like the present work, was based 
on the compositional formula -G(C9U4) 
C-A reported earlier (2). However, this 
sequence differs from that reported here 
in four positions (residues 7, 8, 9, and 
10 from the 3' terminus). A revised 
sequence has also been communicated 
by the same author (8), and this se- 
quence differs in two positions (residues 
5 and 6) from that derived here. At the 
moment the reasons for these conflict- 
ing results are not clear because the 
methods of sequence analysis used by 
Dahlberg differ quite markedly from 
ours and the experimental details of that 
analysis are not yet available for com- 
parison with those reported here. 

While the periodate-beta-elimination 
method yields results which appear to be 
unambiguous, it can be seen that the ex- 
perimental operations suffer from the 
fact that they are rather time-consuming. 
However, because the method employs 
a cyclic process of degradation it is open 
to improvement by automation. Initial 
experiments have shown that it is possi- 
ble to carry out all of the steps required 
in each degradative cycle while the poly- 
nucleotide is bound to a solid support. 
We are presently using this principle to 
develop a sequencing machine which 
will carry out the degradative cycles 
automatically, and this approach should 
reduce the time of analysis to about 2 
hours per base. 

H. L. WEITH 
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Single Chain Alkali Resistance 
in Hemoglobin Rainier: 

/, 145 Tyrosine -> Histidine 

Abstract. The mechanism of alkali 
resistance in hemoglobin Rainier, an 
adult human hemoglobin variant (P/ 145 
tyrosine -> histidine), has been investi- 
gated. Alkali denaturation kinetics, 
electrophoretic and hybridization study, 
and ultracentrifuge analysis provided 
evidence for a monomeric /3 Rainier 
chain resisting denaturation at alkaline 
pH. These data provide evidence for a 
previously unrecognized effect of a 
single amino acid substitution, that is, 
the change of the alkali denaturation 
properties of monomeric chains. 

Increased resistance to denaturation 
by alkali is a characteristic of human 
fetal hemoglobin (a272) and several 
adult animal hemoglobins (oa2/3). The 
structural basis of this property is not 
known. Dissociation studies and the 
first-order alkali denaturation kinetics 
in human Hb at272 and in bovine Hb 
a'.,2,, support the postulate that the 
increased alkali resistance is confined 
to symmetrical dimers (c/3) rather than 
asymmetrical subunits (ac2 and f12) (1). 
Among many variant hemoglobins 
caused by single amino acid substitu- 
tions, only Hb Rainier (/3 145 Tyro- 
sine -> Histidine) exhibits resistance to 
alkali denaturation (2). Thus, the 

References and Notes 

1. Abbreviations: RNA, ribonucleic acid; DEAE, 
diethylaminoethyl; O.D.U., optical density unit; 
Cp, cytidine 2'(3')-phosphate; U, uridine; C, 
cytidine; A, adenosine; and G, guanosine. Se- 
quences are presented in the standard way by 
the linear array of nucleosides, with the 3'- 
hydroxyl terminus to the right. Nucleosides in 
parentheses are of still-undetermined sequence. 

2. H. L. Weith, G. T. Asteriadis, P. T. Gilham, 
Science 160, 1459 (1968). 

3. H. L. Weith and P. T. Gilham, J. Amer. Chem. 
Soc. 89, 5473 (1967). 

4. Electrophoretically purified bacterial alkaline 
phosphatase was obtained from Worthington 
Biochemical Corp., Freehold, New Jersey. One 
unit is that amount of enzyme which releases 
1 Amole of p-nitrophenol from p-nitrophenyl- 
phosphate per minute under the assay condi- 
tions given by A. Garen and C. Levinthal 
[Biochim. Biophys. Acta 38, 470 (1960)]. 

5. J. C. Lee and P. T. Gilham, J. Amer. Chem. 
Soc. 88, 5685 (1966). 

6. W. E. Cohn, Science 109, 377 (1949). 
7. J. E; Dahlberg, Nature 220, 548 (1968). 
8. , personal communication to J. T. 

August, ibid. 222, 121 (1969). 
9. Supported by NIH grant GM 11518 and an 

American Cancer Society postdoctoral fellow- 
ship to H.L.W. 

11 July 1969 

Single Chain Alkali Resistance 
in Hemoglobin Rainier: 

/, 145 Tyrosine -> Histidine 

Abstract. The mechanism of alkali 
resistance in hemoglobin Rainier, an 
adult human hemoglobin variant (P/ 145 
tyrosine -> histidine), has been investi- 
gated. Alkali denaturation kinetics, 
electrophoretic and hybridization study, 
and ultracentrifuge analysis provided 
evidence for a monomeric /3 Rainier 
chain resisting denaturation at alkaline 
pH. These data provide evidence for a 
previously unrecognized effect of a 
single amino acid substitution, that is, 
the change of the alkali denaturation 
properties of monomeric chains. 

Increased resistance to denaturation 
by alkali is a characteristic of human 
fetal hemoglobin (a272) and several 
adult animal hemoglobins (oa2/3). The 
structural basis of this property is not 
known. Dissociation studies and the 
first-order alkali denaturation kinetics 
in human Hb at272 and in bovine Hb 
a'.,2,, support the postulate that the 
increased alkali resistance is confined 
to symmetrical dimers (c/3) rather than 
asymmetrical subunits (ac2 and f12) (1). 
Among many variant hemoglobins 
caused by single amino acid substitu- 
tions, only Hb Rainier (/3 145 Tyro- 
sine -> Histidine) exhibits resistance to 
alkali denaturation (2). Thus, the 
structural alteration causing alkali re- 
sistance is known. The mechanism, 
however, by which an amino acid sub- 
stitution near the carboxyl terminal of 

structural alteration causing alkali re- 
sistance is known. The mechanism, 
however, by which an amino acid sub- 
stitution near the carboxyl terminal of 

the /3 chain alters the alkali denatura- 
tion properties of the hemoglobin is 
not apparent. Therefore, we tested 
whether in Hb Rainier alkali resistance 
is a property of the af3 Rainier dimer, 
the /32 Rainier dimer, or the monomeric 
/3 Rainier chain. 

Alkali denaturation of Hb Rainier 
differs strikingly from that of Hb a272 
(Fig. 1). In contrast to the first-order 
kinetics of fetal hemoglobin, approxi- 
mately 50 percent of Hb Rainier is de- 
natured within the first minutes of the 
reaction, while denaturation of the 
remaining hemoglobin fraction pro- 
ceeds significantly slower than the de- 
naturation of Hb F (Fig. 1). These 
findings are inconsistent with alkali 
resistance of symmetrical a,/ Rainier 
dimers, because first-order kinetics 
would be expected in that case. The 
observed biphasic alkali denaturation is 
more consistent with alkali resistance of 
only one type of hemoglobin chain. To 
test this possibility, hemoglobin Rainier 
was treated with 0.06N NaOH from 2 
to 30 minutes. The hemoglobin solu- 
tion was then neutralized, concentrated 
by vacuum dialysis, and studied by 
starch-gel electrophoresis in a buffer 
system of tris (hydroxymethyl) amino- 
methane (tris), ethylenediaminetetraace- 
tate (EDTA), and borate at pH 8.6 (Fig. 
2). After 2 minutes in 0.06N NaOIL, 
only traces of hemoglobin with the elec- 
trophoretic migration of Hb Rainier 
were observed. However, a new fast- 
moving hemoglobin fraction with a mo- 
bility expected for the /j Rainier chain 
appeared on electrophoresis (Fig. 2). 
The electrophoretic migration of this 
fraction was identical to that of the /3 
Rainier chain prepared by treatment of 
Hb Rainier with p-chloromercuribenzo- 
ate (PCMB) (3), an indication that it 
consists of /f Rainier chains. The /3 
Rainier chains recovered after treatment 
of Hb Rainier with 0.06N NaOH were 
mixed with equal concentrations of aA 
chains prepared by treatment with 
PCMB; the mixture was incubated for 
2 hours at 4?C and examined by starch- 
gel electrophoresis in the tris-EDTA- 
borate buffer system at pH 8.6. The /3 
Rainier chain recombined with the aA 
chain to form hemoglobin Rainier (Fig. 
2). These findings indicate that the hemo- 
globin recovered after alkali treatment 
is free /3 Rainier chain; therefore, the 
biphasic alkali denaturation kinetics of 

the /3 chain alters the alkali denatura- 
tion properties of the hemoglobin is 
not apparent. Therefore, we tested 
whether in Hb Rainier alkali resistance 
is a property of the af3 Rainier dimer, 
the /32 Rainier dimer, or the monomeric 
/3 Rainier chain. 

Alkali denaturation of Hb Rainier 
differs strikingly from that of Hb a272 
(Fig. 1). In contrast to the first-order 
kinetics of fetal hemoglobin, approxi- 
mately 50 percent of Hb Rainier is de- 
natured within the first minutes of the 
reaction, while denaturation of the 
remaining hemoglobin fraction pro- 
ceeds significantly slower than the de- 
naturation of Hb F (Fig. 1). These 
findings are inconsistent with alkali 
resistance of symmetrical a,/ Rainier 
dimers, because first-order kinetics 
would be expected in that case. The 
observed biphasic alkali denaturation is 
more consistent with alkali resistance of 
only one type of hemoglobin chain. To 
test this possibility, hemoglobin Rainier 
was treated with 0.06N NaOH from 2 
to 30 minutes. The hemoglobin solu- 
tion was then neutralized, concentrated 
by vacuum dialysis, and studied by 
starch-gel electrophoresis in a buffer 
system of tris (hydroxymethyl) amino- 
methane (tris), ethylenediaminetetraace- 
tate (EDTA), and borate at pH 8.6 (Fig. 
2). After 2 minutes in 0.06N NaOIL, 
only traces of hemoglobin with the elec- 
trophoretic migration of Hb Rainier 
were observed. However, a new fast- 
moving hemoglobin fraction with a mo- 
bility expected for the /j Rainier chain 
appeared on electrophoresis (Fig. 2). 
The electrophoretic migration of this 
fraction was identical to that of the /3 
Rainier chain prepared by treatment of 
Hb Rainier with p-chloromercuribenzo- 
ate (PCMB) (3), an indication that it 
consists of /f Rainier chains. The /3 
Rainier chains recovered after treatment 
of Hb Rainier with 0.06N NaOH were 
mixed with equal concentrations of aA 
chains prepared by treatment with 
PCMB; the mixture was incubated for 
2 hours at 4?C and examined by starch- 
gel electrophoresis in the tris-EDTA- 
borate buffer system at pH 8.6. The /3 
Rainier chain recombined with the aA 
chain to form hemoglobin Rainier (Fig. 
2). These findings indicate that the hemo- 
globin recovered after alkali treatment 
is free /3 Rainier chain; therefore, the 
biphasic alkali denaturation kinetics of 
Hb Rainier are due to the original rapid 
denaturation of the aA chain and the 
subsequent resistance to denaturation of 
the ,/ Rainier chain. 
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