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Histone Messenger RNA from HeLa Cells:

Terminit
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ABSTRACT: The distribution of [*H]methyl radioactivity in
cytoplasmic histone mRNA, isolated during the DNA syn-
thetic (S) phase of the HeLa S cell cycle, has been investi-
gated. Evidence is presented that approximately 30% of the
radioactivity is in m’GpppX™pY p oligonucleotides, where X™
represents 2’-O-methylated adenosine and guanosine with a
molar ratio of 4:1, respectively. The remainder of the radio-
activity is present as m’GpppX™pY™pZp oligonucleotides,
where XM is again 2’-O-methylated adenosine and guanosine
(4:1) and where y™ represents 2’-O-methylated adenosine,

Inverted dinucleotides have recently been found at the 5
termini of a variety of poly(A)!-containing mRNA species.
These modified termini have the general structure m’G5’
ppp5’X™(cap 1) and m’G5'ppp5’X™pY™(cap 2). While cap
1 structures, where X™ is limited to 2’-O-methylated adenosine
or guanosine, are the predominant termini synthesized by viral
cores in vitro (Abraham et al., 1975; Furuichi and Miura,
1975; Furuichi et al., 1975a; Urushibara et al., 1975; Wei and
Moss, 1975), both cap 1 and cap 2 structures have been found
in poly(A)-terminated mRNA isolated from virus-infected and
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Evidence for Modified 5’

guanosine, cytidine, and uridine with ratios of 2:1:1:1, re-
spectively. While 48.6% of the [*H]methyl radioactivity was
present as N®-methyladenosine in poly(adenylic acid)-termi-
nated mRNA from S-phase cells, no evidence for N°-meth-
yladenosine was found in histone mRNA. It thus appears that
histone mRNA which lacks 3’-terminal poly(adenylic acid)
sequences and functions on cytoplasmic polyribosomes during
a limited portion of the cell cycle is capped but lacks inter-
nal-modified nucleosides.

-uninfected mammalian cells (Adams and Cory, 1975; Cory
and Adams, 1975; Furuichi et al., 1975b; Lavi and Shatkin,
1975; McGuire et al., 1976; Rose, 1975; Shatkin, personal
communication; Wei et al., 1975a). One example of the het-
erogeneity of modified sequences found at the 5 termini of
cellular mRNA has appeared recently. Cory and Adams
(1975) present evidence that poly(A)-containing mRNA from
mouse myeloma cells contains a minimum of 27 5’-terminal
sequences, with any of the four 2’-0-methylated nucleosides
present at positions X™ and Y™. The 5’ termini of low-molec-
ular-weight nuclear RNAs also contain methylated nucleosides
(Ro-Choi et al., 1974, 1975). In addition to modified nucleo-
sides at the 5’ termini, poly(A)-containing cellular mRNA
(Adams and Cory, 1975; Cory and Adams, 1975; Furuichi et
al., 1975b; Desrosiers et al., 1974; Perry et al., 1975) and
mRNA isolated from cells infected by SV40 virus (Lavi and
Shatkin, 1975) and adenovirus (Shatkin, personal communi-
cation) contain internal N6-methy1ad'enosine residues, which
are probably located near the 5’ end.
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While there is abundant evidence that the m’G residue,
which is common to all capped termini, is required for ribosome
binding of mMRNA and its efficient translation in vitro (Mu-
thukrishnan et al., 1975; Both et al., 1975; Rao et al., 1975),
recent results indicate that polio virus mRNA isolated from
infected cells does not contain the m’G residue (Hewlett et al.,
1976; Nomoto et al., 1976). Although to date this is the only
poly(A)-terminated mRNA isolated from mammalian cells
without a cap, it appears that modification of the 5" terminus
of at least one mRNA species is not required for its efficient
translation in vivo.

Thus far, no evidence has appeared concerning the 5'-ter-
minal structures of RNA molecules with a known messenger
function which lack poly(A) at their 3’ termini. Since both
poly(A) and caps have been thought to extend the half-life of
cytoplasmic mRNA by preventing degradation by termini-
specific exonucleases, it would be of particular interest to ex-
amine the nature of the 5 termini of an mRNA species which
has a short half-life and lacks poly(A). We have chosen to in-
vestigate the 5'-terminal sequence of histone mRNA from
Hel.a Sj cells, since it lacks 3’-terminal poly(A) sequences and
functions on cytoplasmic polyribosomes with a relatively short
half-life during a limited portion of the cell cycle (Borun et al.,
1967, Stein, J. et al., 1975). By displaying the digestion prod-
ucts of [*H]methyl-labeled histone mRNA on DEAE-cellulose
paper following ionophoresis and subsequently characterizing
these labeled oligonucleotides by determining their suscepti-
bility to specific enzymes, it was possible to analyze the limited
amount of radioactivity in the 5" termini of histone mRNA.
Evidence is presented that the pool of histone mRNA is capped
but lacks any internal-modified nucleosides.

Experimental Procedures

Maintenance of Cells. HelLa S; cells were maintained at 37
°C in suspension culture in Eagle’s medium (Eagle, 1959)
supplemented with 7% calf serum and 2 mM glutamine.

Conditions for Radioactive Labeling and Isolation of
mRNA from S-Phase Cells. Hel.a S; cells were synchronized
by treatment with two cycles of 2 mM thymidine (Stein and
Borun, 1972). To obtain [3H]methyl-labeled mRNA from
S-phase cells, I X 107 total cells were grown in the presence
of 30 uM adenosine for | h following release from the second
exposure to 2 mM thymidine. The cells were then harvested
and resuspended at a concentration of 2 X 106 cells/mL in
medium lacking methionine and containing 30 uM adenosine,
20 uM guanosine, 20 mM formate, 5% dialyzed calf serum,
and 20 uCi/mL [mezhyl-3H]methionine (specific activity 3.7
Ci/mM, Schwarz/Mann, Orangeburg, N.Y.). After 5 min
incubation unlabeled methionine was added to a final con-
centration of 20 uM.

Cells were harvested after 3.5 h of incubation at which time
greater than 98% of the cells are undergoing DNA synthesis
(Stein and Borun, 1972). The cells were washed with Earle’s
balanced salt solution and lysed in 10 mM NaCl, 1.5 mM
MgCl;, 10 mM Tris (pH 7.4). After pelleting nuclei at 1500g
for 5 min and mitochondria at 27 000g for 15 min, polyribo-
somes were pelleted from the postmitochondrial supernatant
fraction by centrifugation at 100 000g for 90 min. Polyribo-
somes were suspended in 0.1 M NaCl, t mM EDTA, 1% so-
dium dodecyl sulfate, 10 mM sodium acetate (pH 5.4), and
the RNA was extracted twice at room temperature with |
volume of phenol plus 1 volume of chloroform-isoamyl alcohol
(24:1, v/v), followed by two extractions with 1 volume of
chloroform-isoamyl alcohol. RNA was precipitated from the
aqueous phase with 2 volumes of ethanol and was fractionated
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on 5-30% sodium dodecyl sulfate-sucrose gradients. RNA
sedimenting in the 4S-18S region was pooled, concentrated
by ethanol precipitation, and refractionated on a second 5-30%
sodium dodecyl sulfate-sucrose gradient. RNA sedimenting
in the 7S-11S region was pooled, concentrated with ethanol,
and applied to a column of oligo(dT)-cellulose. Radioactive
RNA eluting with application buffer (0.5 M KCI, 10 mM Tris
(pH 7.5)) in the void volume was recycled through a second
column of oligo(dT)-cellulose. Radioactive RNA which again
cluted in the void volume was desalted on a column of Sepha-
dex G-50 and concentrated by ethanol precipitation. We have
previously shown (Thrall et al., 1974), in agreement with the
work of others (Gallwitz and Breindl, 1972; Jacobs-Lorena et
al.. 1972), that such S-phase 7-11S RNA preparations direct
the synthesis of histones in in vitro protein synthesizing sys-
tems. When the in vitro translated polypeptides are analyzed
electrophoretically in a sodium dodecyl sulfate-polyacrylamide
gel system where fractionation is principally by molecular
weight (Laemmli, 1970) and in a acetic acid-urea-polyac-
rylamide gel system where fractionation is by charge as well
as molecular weight (Panymin and Chalkley, 1969), detectable
levels of proteins other than histones are not observed (Thrall
et al., 1977). Additional criteria for purity of the histone
mRNA preparation are derived from hybridization analysis
with a *H-labeled DNA complementary to histone mRNAs
prepared by the same procedure from S-phase cells not labeled
with [methyl-3H]methionine. The kinetics of the histone
mRNA -histone cDNA hybridization reaction indicate a ge-
netic complexity (3000 nucleotides) consistent with the pres-
ence of mRNAGs for the five histone polypeptides. While po-
lysomal RNA from S-phase Hel a cells hybridizes with histone
c¢DNA, no significant level of hybrid formation between his-
tone ¢cDNA and G polysomal RNA or polysomal RNA from
S-phase cells treated with cytosine arabinoside is observed.
These hybridization results indicate the absence of ribosomal
RNA and tRNA sequences in the histone mRNA preparation
and together with the translation data discussed above suggest
the absence of other RNA species in the histonc mRNA
preparations. Other properties of the mRNA preparation have
been reported (Stein, J. et al., 1975; Stein, G. et al., 1975; Park
et al., 1976).

Radioactive poly(A)-containing RNA eluting from the ol-
igo(dT)-cellulose column in 10 mM Tris (pH 7.5) was also
recycled through a second column of oligo(dT)-cellulose after
addition of KCl 1o a final concentration of 0.5 M. Poly(A)-
containing mRNA isolated from the second column was de-
salted as above and concentrated by ethanol precipitation.

Analyses of Modified Nucleosides. [*H]Methyl-labeled
RNA was digested for 3 h at 37 °C in 15 uL of a solution
containing 50 ug/mL pancreatic ribonuclease A (Worthington
Biochemical Corp., Freehold, N.J.), 50 ug/mL ribonuclcase
T, (Calbiochem, La Jolla, Calif.), 2 units/mL ribonuclease
T> (Calbiochem), and 50 mM ammonium acetate (pH 4.5).
The hydrolysate was applied directly to a sheet of DEAE-
cellulose paper 1-m long and ionophoresis was carried out in
50 mM sodium citrate buffer (pH 4.0) (Konrad et al., 1972)
at 35 V/cm until the xylene cyanol dye migrated 30 cm from
the origin. Radioactive products were located by counting I-cm
strips of dried DEAE paper in toluene-based scintillation
fluid.

Digestion products were eluted from the DEAE paper with
triethylamine carbonate (Barrell, 1971) and treated with
Penicillium nuclease { Yamasa Shoya Co. Ltd., Tokyo, Japan),
alkaline phosphatase (BAPF, Worthington Biochemical
Corp.), and nucleotide pyrophosphatase (type IlI, Sigma
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Chemical Co., St. Louis, Mo.), as described by Furuichi et al.
(1975b). Hydrolysates were analyzed by electrophoresis on
Whatman 3MM paper at 2600 V for 40 min in pyridine-ace-
tate buffer (pH 3.5). Products were located as described above,
eluted with water, and analyzed further by descending paper
chromatography. Chromatograms were developed in either
isobutyric acid-0.5 N NH4OH (10:6, v/v) (system A); or 2-
propanol-concentrated HCI-H,0 (68:17.6:14.4, v/v) (system
B). After chromatography, radioactive products were located
by counting 1-cm strips in 1-mL of water and 10 mL of
Aquasol (New England Nuclear Corp., Boston, Mass.). Au-
thentic marker compounds, which included 5’-adenosine mo-
nophosphate (pA), 5’-adenosine tetraphosphate (ppppA)
(Sigma Chemical Co.), N-methyladenosine (N%-mA), and
2’-0O-methylated nucleosides (A™, G™, C™, U™) (P. L. Bio-
chemicals, Inc., Milwaukee, Wis.), were located under ultra-
violet light.

Results

Isolation of the 5’ Termini of S-Phase HeLa Cell nRNA
and Characterization of the Internal-Modified Nucleoside
from Poly(A)-Containing mRNA. HeLa cells exposed to
[methyl-3H]methionine during S-phase of the cell cycle con-
tained radioactivity in both poly(A)-terminated mRNA and
histone mRNA with approximately 1.2 and 0.6% of the total
cytoplasmic 3H radioactivity in each fraction, respectively.
After digestion with a mixture of T|, T», and pancreatic A ri-
bonucleases, both mRNA pools yielded radioactive products
that migrated during ionophoresis as two peaks on DEAE
paper with mobilities slower than a marker with a net charge
of —4 (Figure 1, panels a and b). Previous results have estab-
lished that it is to this region of the DEAE paper that the 5’
terminus of reovirus (m’GpppG™pCp) migrates under the
ionophoretic conditions used here (McGuire et al., 1976). In
addition to the two broad peaks in the 5’-terminal region, di-
gests of poly(A)-containing mRNA also contained radioac-
tivity that migrated as a single sharp peak to the mononucle-
otide region of the paper (Figure 1, panel b). This radioactivity,
which represented 48.6% of the total recovered, was eluted
from fractions 52-55 and was characterized further by elec-
trophoresis on 3MM paper. Most of the eluted radioactivity
migrated with marker pA (Figure 1, panel ¢). After elution
from the paper, this sample was digested with alkaline phos-
phatase and was reanalyzed by electrophoresis. Figure 1, panel
d, illustrates that after removal of the phosphate, the pA-like
material now migrated with the A™and N®mA markers. The
identity of this modified nucleoside was subsequently con-
firmed as N6-methyladenosine by descending paper chroma-
tography (Figure .1, panel e). This same internal-modified
nucleoside has been found in poly(A)-terminated mRNA
isolated from both virus-infected and -uninfected interphase
cells (Adams and Cory, 1975; Cory and Adams, 1975; Furuichi
et al., 1975b; Lavi and Shatkin, 1975; Shatkin, personal
communication). In contrast to poly(A)-terminated mRNA,
the results illustrated in panel a of Figure 1 provide evidence
that histone mMRNA, which lacks poly(A), does not contain any
internal N®*mA. Histone mRNAs also appear to differ from
other nonpoly(A)-terminated RNA species such as ribosomal
and transfer RNAs, which contain internal-methylated nu-
cleotides. We were unable to detect any modified mononu-
cleotides in digests of histone mRNA even after eluting the
background radioactivity from the mononucleotide region of
the DEAE paper with triethylamine carbonate and counting
the eluates in 1 mL of water and 10 mL of Aquasol, that is,
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FIGURE 1: Analyses of hydrolytic products released from [*H]radioactive
histone mRNA and poly(A)-containing mRNA isolated from S-phase
cells. RNA was digested with a mixture of Ty, Ty, and pancreatic A ri-
bonucleases and analyzed by ionophoresis on DEAE-cellulose paper as
described under Experimental Procedures. *H radioactive products were
located by counting I-cm strips in scintillation fluid. Nucleotides of interest
were eluted from the paper with triethylamine carbonate, washed, digested
with additional enzymes, and analyzed by paper electrophoresis or de-
scending paper chromatography (see Experimental Procedures). (a and
b) Distribution of radioactive products after ionophoresis of digests of
histone mRNA and poly(A)-terminated mRNA on DEAE paper, re-
spectively. (c and d) Electrophoresis on 3 MM paper of radioactivity eluted
from fractions 52-55 of panel b before and after treatment with alkaline
phosphatase, respectively. The vertical line at 17 cm represents the origin.
(e) Analysis of radioactivity which migrated to fractions 12 and 13 (panel
d) by descending paper chromatography in system A.

under conditions which increase the counting efficiency of °H
radioactivity three- to sixfold.

Characterization of the Modified Nucleosides in Cap 1
Termini of Histone mRNA. The [*H]methyl-labeled oligo-
nucleotides from three digests of histone mRNA, which mi-
grated 17-19 cm from the origin after ionophoresis on DEAE
paper (Figure 1, panel a), were eluted, pooled, and charac-
terized further by digestion with additional enzymes. After
sequential treatment with Penicillium nuclease and alkaline
phosphatase, a broad peak containing the major portion of the
radioactivity was found to migrate during electrophoresis to
the pA region of the 3 MM paper (Figure 2, panel a). The two
smaller peaks in fractions (12-13) and (16~17), which con-
tained less than 8 and 5% of the recovered radioactivity, re-
spectively, probably represent some Y™ nucleosides released
from contaminating cap 2 structures (m’GpppX™pY™) during
Penicillium nuclease treatment (see Figure 3, panel a).

The nuclease resistant material which migrated toward the
anode (fractions 20-24) was eluted, pooled, and digested with
nucieotide pyrophosphatase and alkaline phosphatase. This
treatment would be expected to cleave and remove the internal
phosphates from the modified nucleosides of the cap 1 inverted
dinucleotide and release m’G and X™. Three peaks were found
after paper electrophoresis (Figure 2, panel b). The radioactive
product which migrated most rapidly toward the cathode (peak
1) was eluted and subsequently identified as m’G by de-
scending paper chromatography (Figure 2, panel ¢). Recently,
evidence has appeared that N® 0%-dimethyladenosine residues
have been found in the X™ position of capped termini of
2209

16, NO. 10, 1977



ny
o]
o

2

k3
o
-
5%
K

10 2 4C
FRACTION

FIGURE 2: Analyses of cap | termini from histone mRNA. Radioactivity
was eluted from fractions 17-19 after ionophoresis of three digests of
histone mRNA (Figure 1, panel a). These 3H-labeled oligonucleotides
were pooled, washed, digested sequentially with ribonuclease, and analyzed
further by paper electrophoresis and descending paper chromatography
(see Experimental Procedures). (a) Distribution of radioactivity. after
digestion of pooled eluates from the DEAE-cellulose fractions with Pen-
icillium nuclease and alkaline phosphatase, on 3 MM paper following
clectrophoresis. {b) Material in the pA region of panel a (fractions 20-24)
was eluted, treated with nucleotide pyrophosphatase followed by alkaline
phosphatase, and analyzed by paper electrophoresis. {c and d) Analysis
of radioactivity in peaks | and 2 of panel b by descending paper chroma-
tography in system A, respectively. (e and f) Analysis of radioactivity in
peaks 2 and 3 of panel b by descending paper chromatography in system
B, respectively.
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FIGURE 3: Analysis of cap 2 termini from histone mRNA. Radioactivity
was eluted from fractions 9-14 after ionophoresis of three digests of histone
mRNA, digested with ribonuclease, and analyzed as described in the
legend of Figure 2. (a) Distribution of radioactivity after electrophoresis
on 3 MM paper following digestion of the pooled eluates with Penicillium
nuclease and alkaline phosphatase. (b) Analysis of the radioactivity which
migrated with marker C™ (peak 1, panel a) by paper chromatography in
system A. (c and d) Analysis of radioactivity in peaks 2 and 3 of panel a
by paper chromatography in system B, respectively.

poly(A)-containing mRNA (Weiet al., 1975b). For this rea-
son, the radioactive product in peak 2, which migrated with
the A™ marker, was eluted and characterized further in two
chromatographic systems. In both cases, this digestion product
was found to migrate with an Ry identical to marker A™
(Figure 2, panels d and e). Finally, the radioactivity which
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TABLE I: Ratio of Radioactivity in Modified Nucleosides of Cap !
Terminij. ¢

Fraction
Peak Marker no. cpm Ratio
] m’G 4-5 199 5.4
2 Am 12-13 144 39
3 Gm 16-17 37 1.0

@ Distribution of radioactivity in peaks 1, 2, and 3 of Figure 2, panel
b. The sum of radioactivity in each of the three digestion products
separated by electrophoresis on 3 MM paper was deterniined by
counting 1-cm strips in toluene scintillation fluid. The ratio of radio-
activity in each was determined by dividing the total cpm in each peak
by the amount in peak 3.

remained near the origin with the U™ and G™ markers (peak
3) was found to migrate as a homogeneous peak with the G™
marker following paper chromatography (Figure 2, panel f),
with no radioactivity above background detected in the Um
region.

In addition to the chromatographic analyses of the X™
residues, the amount of radioactivity in the digestion products
illustrated in panel (b) of Figure 2 provides evidence for
monomethylated nucleosides at this position. For example, if
multimethylated residues were present in the penultimate
position, the sum of radioactivity in peaks 2 and 3 would exceed
that found in m’G (peak 1}. Table I provides evidence that the
total amount of radioactivity in peaks 2 and 3 is approximately
equal to that found in peak 1 and suggests a molar ratio of 4:1
for m’GpppA™ and m’GpppG™ in cap 1 termini of histone
mRNA.

Characterization of the Modified Nucleosides in Cap 2
Termini of Histone mRNA. The [?H]methyl-labeled oligo-
nucleotides from histone mRNA which migrated between 9
and 14 cm from the origin during ionophoresis on DEAE paper
(Figure 1, panel a) were eluted, pooled, and digested with
Penicillium nuclease followed by treatment with alkaline
phosphate. This regimen of enzyme digestion should release
3’-terminal nucleosides from cap 2 structures yielding cap !
and Y™ residues. Four radioactive products were resolved by
paper electrophoresis (Figure 3, panel a). Subsequent analyses
of peaks 1-3 by descending paper chromatography démon-
strated that, while material which was eluted from 1 and 2
migrated as homogeneous peaks with C™ and A™ markers,
respectively (Figure 3, panels b and c¢), the material in 3 was
resolved into two peaks (A and B) with equal molar amounts
of radioactivity migrating with G™ and U™ markers (Figure
3, panel d). Since we again found no evidence for dimethylated
mononucleosides being released from these structures, esti-
mates of the relative amounts of radioactivity in peaks 1-3
from panel (a) of Figure 3 suggest a molar ratio of approxi-
mately 2:1:1:1 for A™, G™, C™, and U™ as the Y™ nucleosides
in the cap 2 termini of histone mRNA (Table II).

The radioactive product(s) in peak 4 were treated with nu-
cleotide pyrophosphatase followed by alkaline phosphatase and
were analyzed by paper electrophoresis (Figure 4, panel a).
Three digestion products were found to migrate during paper
electrophoresis to positions which were identical to those fol-
lowing similar treatment of cap 1 structures. Furthermore, the
relative amount of radioactivity in each peak is similar to di-
gests of cap 1, that is, approximately 5:4:1 (Table III). The
products in peaks 1, 2, and 3 were identified again as m’G, A™,
and G™, respectively (Figure 4, panels b-¢). These results
suggest a sequence composition of m’GpppX™pY™ at the
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TABLE 11: Ratio of Radioactivity in Modified Nucleosides of Cap
2 Termini at Position Y™.4

Fraction
Peak Marker no. cpm Ratio
1 cm 8-9 73 1.0
2 Am 12-13 162 2.2
3 Gm.um 16-17 145 2.0
A Gm 20-23 205 1.0
B ym 34-37 196 1.0

“ Distribution of radioactivity in peaks 1, 2, and 3 of Figure 3, panel
a, and peaks A and B of panel d. The sum of radioactivity and ratio
in each peak was determined as described in the legend of Table I. The
sum of radioactivity in peaks A and B was determined by counting
1-cm strips in 1 mL of water and 10 mL of Aquasol following de-
scending paper chromatography. The ratio was determined by dividing
the total cpm in each peak by the amount in peak B.

TABLE I11: Ratio of Radioactivity in Modified Nucleosides of Cap
2 Termini at Position X™.4

Fraction
Peak Marker no. cpm Ratio
1 m’G 4-5 236 4.5
2 Am 12-13 195 37
3 Gm 16-17 52 1.0

@ Distribution of radioactivity in peaks 1, 2, and 3 of Figure 4, panel
a. The sum of radioactivity and ratio in each peak was determined as
described in the legend of Table 1.

5’-termini of histone mRNAs, where X™ represents A™ and
G™ (4:1) and where Y™ represents A™, G™, C™, and U™ (2:
1:1:1).

Discussion

Both cap 1 and cap 2 structures have been found in digests
of [*H]methyl-labeled histone mRNAs isolated from HeLa
S3 cells during the DNA synthetic (S) phase of the cell cycle.
Approximately 30% of the [*H]oligonucleotides migrate
during ionophoresis as m’GpppX™pYp, where X™ represents
A™and G™ (4:1). The remainder of the radioactivity migrates
in a more heterogeneous fashion with a slower mobility on
DEAE paper and appears to have the sequence composition
m’GpppX™pY™pZp, where X™ is again A™ and G™ (4:1) and
where Y™ represents A™, G™, C™m and U™ (2:1:1:1). The
common sequence composition of modified nucleosides
through the X™ position in these two termini is consistent with
recent kinetic data which argue that nuclear cap 1 structures
are further modified at the Y position in the cytoplasm, during
the biogenesis of mRNA (Perry and Kelley, 1976).

Recent results have demonstrated that the 5/ termini of
poly(A)-containing mRNA isolated from interphase HeLa
cells are relatively heterogeneous with regard to base compo-
sition, with all four 2’-O-methylated nucleosides present at
position X™, and G™, C™, and U™ present at the Y™ position.
While the results from interphase cells differ from those re-
ported here, they are not incompatible. For example, histone
mRNA lacks poly(A) and therefore would not have been
present in the pool of poly(A)-terminated mRNA analyzed
previously. Secondly, histone mRNA, which directs the syn-
thesis of five polypeptides on cytoplasmic polyribosomes during
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FIGURE 4: Analysis of 3H-labeled oligonucleotide(s) in peak 4 of Figure
3, panel a. Radioactive digestion product(s) were eluted from fractions
20-24, pooled, digested with ribonuclease, and analyzed as described in
the legend of Figure 2. (a) Distribution of radioactivity after digestion of
pooled peak 4 eluates with nucleotide pyrophosphatase followed by alkaline
phosphatase and analysis by paper electrophoresis. (b and ¢) Analysis of
radioactivily in peaks 1 and 2 of panel a by descending paper chroma-
tography in system A, respectively. (d and e) Analysis of radioactivity in
peaks 2 and 3 of panel a by descending paper chromatography in system
B, respectively.

S phase, would represent only a very small fraction of the total
mRNA present in interphase cells and should, therefore,
contain a less heterogeneous population of 5’ termini. Finally,
by enriching for a small subset of messenger sequences, mod-
ified nucleosides may be found which were undetected during
examination of a larger messenger pool. For example, results
presented here provide evidence for the presence of A™ at the
Y™ position of cap 2. While this modified nucleoside was not
found at this position in poly(A)-terminated mRNA from
interphase HeLa cells, a small amount of m’GpppA™pA™pAp
has been found at the 5 termini of poly(A)-containing mRNA
isolated from mouse myeloma cells (Cory and Adams,
1975).

Several laboratories have reported that histone mRNA
isolated from the polyribosomes of S-phase HeLa cells is het-
erogeneous, consisting of mRNAs for the five histone poly-
peptides (Thrall et al., 1974; Wilson et al., 1974; Borun et al.,
1975). If one can make the assumption that each species, as
isolated here, is present in equimolar amounts, then the ratio
of 4:1 for the A™ and G* residues in the X™ position would be
consistent with the penultimate base being A™ in four histone
mRNA species and G™ in one species. This assumes that no
dimethylated nucleosides are present at this position. Recent
evidence suggests that N6,0%-dimethyladenosine is present
in the X™ position of caps in poly(A)-containing mRNA iso-
lated from HeLa cells, L cells, and adenovirus-infected cells
(Wei et al., 1975b). We were unable to resolve dimethylated
adenosine residues from A™ marker in digests of cap structures
from histone mRNA using two chromatographic systems.
Furthermore, data from Tables I and Il are consistent with a
monomethylated A residue in the X™ position, since the sum
of radioactivity in products which migrated with A™ and G™
markers is equivalent to the amount of radioactivity in the m’G
peaks.

In addition to modified 5’ termini, approximately one-third
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of the [*H]methylmethionine label was found in N5-meth-
yladenylic acid as internal-modified mononucleotides which
were not immediately adjacent to the capped termini of
poly(A)-containing mRNA isolated from interphase HeLa
cells (Furuichi et al., 1975b). Results presented here in panels
b-¢ of Figure ! demonstrate that approximately 48.6% of the
total [3H]methyl label in poly(A)-containing mRNA isolated
from S-phase cells was also present as N®-methyladenylic acid.
In contrast to this situation with poly(A)-terminated mRNA,
we were unable to detect any internal-modified mononucleo-
tides in digests of histone mRNA, even under conditions which
increase the counting efficiency of 3H radioactivity by three-
to sixfold. Recent results indicate that histone mRNA may not
be unique in this regard. For example, globin mRNA, which
contains poly(A), was also found to lack any internal N%-
methyladenylic acid residues (Perry and Scherrer, 1975).
Furthermore, since 18S ribosomal RNA and transfer RNA
contain an average of | methylated nucleotide per 48 and 12
residues, respectively (Brown and Attardi, 1965; Staehelin et
al., 1968), and digests of histone mRNA lack methylated
mononucleotides, the results in panel a of Figure 1 argue that
ribosomal RNA and transfer RNA were absent from the pool
of 7S-11S nonpoly(A)-containing transcripts analyzed
here.

Recently, Furuichi et al. (1975b) have suggested that in-
ternal base modifications may be present at recognition sites
of cleavage enzymes which process large poly(A)-containing
heterogeneous nuclear RNA to smaller cytoplasmic mRNA
by conserving those sequences adjacent to poly(A) segments.
Since, to date, only purine residues have been found at the 5’
termini of nascent transcripts, the absence of internal base
modifications and the presence of only A™ and G™ as the
penultimate residues in the 5" termini of histone mRNA are
compatible with a model which would allow the conservation
of nascent 5’ termini in nuclear histone transcripts which are
the same size as cytoplasmic mRNA molecules. Experiments
using DNA complementary to histone mRNA are presently
under way to determine whether nuclear sequences can be
detected which are larger than cytoplasmic histone mRNA.

Our observations regarding the presence of capped struc-
tures in histone messenger RNAs of S-phase Hela S; cells are
consistent with a recent report by Surrey and Nemer (1976)
which indicates that sea urchin embryo histone messenger
RNAs have capped 5 termini and lack internal-methylated
nucleotides.
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Modification-Deficient Transfer Ribonucleic Acids from Relaxed
Control Escherichia coli: Structures of the Major Undermodified
Phenylalanine and Leucine Transfer RNAs Produced during Leucine

Starvationt

Goeffrey R. Kitchingman? and Maurille J. Fournier*

ABSTRACT: The structures of the major, chromatographically
unique phenylalanine and leucine tRNAs produced during
leucine starvation of a relaxed control (rel™) mutant of E. coli
have been determined. The results demonstrate that the unique
species are modification-deficient forms of the major, normally
occurring isoacceptor species. The unique tRNAPhe differs
from the fully modified species at nucleotide positions 16, 37,
39,47, and 55 from the 5/ terminus. The unique species con-
tains uridine (U) in place of dihydrouridine-16 (D16), iso-
pentenyladenosine in place of 2-thiomethyl-/Né-(§2-isopen-
tenyl)adenosine-37, a mixture of U and pseudouridine () in
position 39, a mixture of U and 3-(3-amino-3-carboxypro-
pyl)uridine at position 47, and a mixture of U and y at position
55. The chromatographically normal isoacceptor from amino
acid starved cells is deficient in D16 and ¢55, indicating that
that species is a mixture of mature and undermodified tRNAs.
The unique tRN AL isoacceptor consists of two subspecies
which are undermodified forms of the major, normally oc-
curring isoacceptor, tRNALeY; Both unique subspecies lack
the D and y residues which occur at positions 16 and 39 from
the 5" terminus; one subspecies also lacks D17. Compared with
the tRNALeY; from wild-type strains of E. coli B and K12, both
tRNALey; from nonstarved cells and the unique, rel~ tRNALev

Various perturbations of cellular metabolism result in the
appearance of chromatographically unique species of tRNA.
In Escherichia coli, these conditions include: deprivation of
essential amino acids (Fleissner, 1967; Capra and Peterkofsky,
1968; Stern et al., 1970; Waters et al., 1973; Fournier and
Peterkofsky, 1975; Kitchingman and Fournier, 1974, 1975;
Juarez et al., 1975; Katze and Mosteller, 1976; review by
Littauer and Inouye, 1973), or iron (Wettstein and Stent, 1968;
Rosenberg and Gefter, 1969; Juarez et al., 1975), culturing
in the presence of antibiotics (Waters, 1969; Mann and Huang,
1973; Kitchingman and Fournier, 1975) or amino acid an-

* From the Department of Biochemistry, University of Massachusetts,
Ambherst, Massachusetts 01003. Received August 24, 1976. Supported
by United States Public Health Service Grant GM-19351. Taken in part
from the Ph.D. dissertation of G.R.K. The visit to Dr. Dube’s laboratory
was made possible by a fellowship from the European Molecular Biology
Organization.

! Current address: Laboratory of Molecular Genetics, NICHHD,
National Institutes of Health, Bethesda, Maryland 20014,

BIOCHEMISTRY, VOL. 16, NOo. 10, 1977

are deficient in the modified guanosine which normally occurs
adjacent to the anticodon and the pseudouridine in the GTYC
sequence of the Y loop. Both the unique tRNAPhe and the
unique tRNALet Jack dihydrouridine residues which occur in
the 5" half of the D loop and pseudouridines which occur in the
3’ half of the anticodon loop and adjoining stem. Taken to-
gether, these findings suggest that the same enzymes are re-
sponsible for the formation of these particular modified bases
in both tRNAs. The results further suggest that several, per-
haps most, of the tRNAs from cells cultured under conditions
in which RNA and protein synthesis are uncoupled will be
similarly deficient in dihydrouridine and pseudouridine and
other minor nucleosides which occur less frequently. Because
both modification-deficient rel~ tRNAs have dihydrouridine
at position 20 and pseudouridine in the ¥ loop (and at position
41 in the unique tRNALeY), the results support the view that
there are multiple D- and y-forming enzymes in E. coli, some
of which may turn over rapidly or are selectively inactivated
when protein synthesis is blocked. The results are discussed
with a view toward understanding the structural basis for the
altered biological activity of the unique tRNAPhe species and
the order of events in the posttranscriptional modification of
newly synthesized tRNA.

alogues (Chase et al., 1974), deviation from standard culturing
temperatures (Chase et al., 1974), and reduced rates of aera-
tion (Wettstein and Stent, 1968). The biochemical basis for
the formation of these species is known in some instances.
Starvation of relaxed control (rel™) mutants of E. coli for

nmethionine, cysteine, or threonine results in the production of

tRNA deficient in methylated nucleosides (Mandel and Borek,
1963), sulfur-containing nucleosides (Harris et al., 1969), or
N-{purin-6-ylcarbamoyl)threonine (Powers and Peterkofsky,
1972), respectively; tRNA from methionine starved rel™ cells
is also deficient in 3-(3-amino-3-carboxypropyl)uridine
(Nishimura et al., 1974). Production of the undermodified
species in these cases is a direct result of the removal of a
substrate required for base modification. Removal of iron from
the culture medium results in the formation of tRNA deficient
in the methylthio moiety of 2-methylthio-/V¢-(§2-isopen-
tenyl)adenosine (ms2i®A) as iron is a necessary cofactor for
one of the enzymes involved in the conversion of i°A to ms2i®A
(Rosenberg and Gefter, 1969).
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