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Non-canonical hydrogen bonds in genetic information flow
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Abstract: Non-Watson-Crick-type hydrogen bonds involving minor nucleosides such as inosine in
anticodon loops of transfer RNA are found in nucleic acids. Inosine contains hypoxanthine as a nucleobase
and can form base pairs with various bases in the genetic decoding process. This property was applied to
cloning complementary DNA by using oligodeoxyribonucleotide primers which contain deoxyinosine
residues. Hypoxanthine is generated by deamination of adenine, one of the major nucleobases in DNA and
RNA. Formation of unusual hydrogen bonds derived from damaged nucleobases in nucleic acids is thought
to be main cause of disorders in genetic information flow. Mutagenesis and carcinogenesis of damaged bases,
including hypoxanthine, 7, 8-dihydro-8-oxoguanine (8-oxoguanine) and pyrimidine photo-dimers in c-Ha-
ras genes, were investigated by using synthetic genes containing modified nucleotides. The mode of recog-
nition of unusual base pairing between a thymine photo-dimer and adenine by a repair enzyme was studied

by X-ray analysis.
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Introduction. The importance of the Watson-
Crick-type hydrogen bonds” (Fig.1) in molecular
recognition has been shown in various steps of the
genetic information flow, not only in replication and tran-
scription of DNA but also in translation of the messenger
RNA (mRNA) by transfer RNA (tRNA). The Watson-
Crick type-hydrogen bonding plays an essential role in
recognition between codon triplets in mRNA and anti-
codons in tRNA. For the confirmation of genetic codes,
synthetic ribotriplets were used in a binding study for
complex formation with cognate tRNA on ribosomes.”
Inosine, a minor nucleoside containing hypoxanthine as
a nucleobase, was found in the first position of the anti-
codon of yeast alanine tRNA and was assumed to form
hydrogen bonds with all four major bases (Fig. 2). This
kind of recognition process was elucidated by the wobble
hypothesis.g) We have mimicked this process in the
cloning of complementary DNA deduced from amino
acid sequences by using deoxyinosine-containing
oligodeoxyribonucleotides.” The deduced nucleotide
sequences include elements of ambiguity due to the
degeneracy of amino acid codons. This problem was
overcome by the use of this analogue because hypoxan-

thine can pair with any of four natural bases at the
ambiguous position, with or without hydrogen bonding.

Deoxyinosine can be generated in DNA from
deoxyadenosine by deamination either spontaneously or
in the presence of nitrous acid.” Point mutations are
thought to be induced in many cases by modification of a
base in DNA by a mutagen and subsequent misincorpo-
ration of an incorrect deoxynucleoside triphosphate at
the site opposite to the modified base catalyzed by
DNA polymerase. The base pairing properties of hypo-
xanthine had been studied, and results had shown that
hypoxanthine in oligonucleotides forms a stable base pair
with an adenine or cytosine residue in the opposite
strand.”"” Therefore, generation of hypoxanthine n
vivo may lead to a point mutation. The mode of mutation
was investigated by using synthetic oligonucleotides
containing deoxyinosine at the deoxyadenosine position
in the hot spot of the c-Ha-ras gene, and mutations with
adenine to guanine were detected in the transformed
cells.” Organic syntheses in combination with joining
enzyme systems provide various approaches to studies of
gene functions by preparation of genes that contain a
modified base. Modified bases, Os—methylguanine,g) 7, 8-
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Fig. 1. Watson-Crick Type hydrogen bonds between
thymine and adenine, between cytosine and guanine.

dihydro-8-oxoguanine ~(8-oxoguanine),'” pyrimidine
photo-dimers D have been included by using chemically
synthesized oligonucleotides. One of the oxidative
products of guanine, 8-oxoguanine, was found to be
formed by oxygen or X-ray radiation (Fig.3).
Pyrimidine photo-dimers were observed and identified in
DNA after ultraviolet radiation (Fig. 4). These lesions
were experimentally introduced into c-Ha-ras genes,
and mutations were characterized by analysis of the
genes from the transformed cells.

We also investigated the mode of interaction of this
photo-lesion with a repair enzyme using synthetic DNA
containing cyclobutane thymidine photo-dimers.

DNA cloning using deoxyinosine-containing
oligodeoxyribonucleotides. Deoxyinosine can pair
with any of the four major bases as shown in Fig. 2. In
analyses of genes encoding proteins, DNA sequences
deduced from the amino acid sequence include ambigu-
ities due to the degeneracy of amino acid codons. We
synthesized primer oligonucleotides that contain a
deoxyinosine at the position complementary to the
third nucleotide of the codon in mRNA of the protein.
This approach was successfully used in cloning the
human cholecystokinin (CCK) gene which is thought to
be of interest in studying the expression both in the gut
and brain.” The 26 mer oligonucleotide probe (Fig. 5)
was designed on the basis of the amino acid sequence of
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Fig. 2. Hydrogen bonds involving hypoxanthine-containing
inosine.

porcine CCKS8, Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH,,
the functional octapeptide unit from the carboxyl-termi-
nus. Because of the low concentration of the mRNA in
available human tissue, rather long probes were
required to isolate the gene directly from a genomic
library. In the case of usual cDNA cloning in which mRNA
is abundant, a mixed sequence of 14-17 nucleotides long
probes was often used.”” Lack of a CCK-producing
tumor cell line, the gene was directly isolated from a
genomic library.lg) To determine the amino terminal
sequence, DNA fragments were subcloned and ana-
lyzed by using a mixture of 14 mer oligonucleotides
representing every possible codon combination
deduced from the amino terminal pentapeptide. By
Southern analyses using these restriction fragments,
the preprocholecystokinin gene was determined and
characterized. Deoxyinosine-containing DNA was also
used as a template for DNA synthesis to see how DNA
polymerase reads deoxyinosine residues in templates.
The 26 mer was 3’-tailed with poly(dC), annealed with
poly(dG)-tailed plasmids, and incubated with DNA
polymerase (Klenow fragment). The resulting DNA lig-
ated to a plasmid vector circularized was transformed
into . coli. When the resulting recombinant plasmid
DNA was sequenced, all of the positions for deoxyinosine
were replaced by deoxyguanosine. The DNA poly-
merase selected deoxycytidine to pair with deoxyinosine.

Induction of mutation of a synthetic c-Ha-ras
gene containing Deoxyinosine. Activated ras genes
have been detected in tumor cells and are thought to be
involved in tumor initiation and progression.14)'l5) These
activated ras genes have been found to have a point
mutation at a specific site, either in codon 12, 13, or 61 or
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Fig. 4. Reactions of thymidines in DNA by UV irradiation.

Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH:

mRNA 5’ GAU UAU AUG GGA UGG AUG GAU UUU 4
C C C c i
G
U
Mixed 3’ CTA ATA TAC CCT ACC TAC CTA AAA 57
probe G G G G G
C
A

Deoxviggsine 3’ CTI ATI TAC CCI ACC TAC CTI AAI GG 5’
mer

Fig. 5. Deoxyribo primer (26 mer) containing deoxyinosine at ambiguous positions.
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Fig. 7. Construction expression vectors by insertion of the mini duplex.

some other position that induces substitution of an
amino acid in the ras-encoded protein, RAS (Fig. 6). The
mutant proteins differ from normal RAS in having lower
levels of GTPase activities and altered guanine
nucleotide-binding properties. These mutant proteins
remain as GTP complexes and disturb normal signal
transduction reactions. We have synthesized c-Ha-ras
genes with or without a mutation at the 12th amino acid
position and expressed them in /. coli.'® The tertiary
structure of the RAS protein complexed with GDP or
GTP analogues was investigated by X-ray structural

analysis."”"® The regions around the 12th , 13th, and
61st amino acids were found to be in contact with a
phosphate group of bound guanine nucleotides. The syn-
thetic genes with a mutation at the 12th amino acid
codon also showed transforming activity in cultured
NIH3TS cells.'"” These results showed that these cells
can be used to test mutagenicity of modified bases by
introduction to the oncogene at the specific position.

A point mutation was demonstrated by introduction
of hypoxanthine in the second adenine base of the hot
spot at codon 61 of a synthetic c-Ha-ras gene by synthe-
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Fig. 8. Synthetic scheme for protected 8-oxodeoxyguanosine amidite unit. Abbreviations: MMTr, monomethoxytrityl; CE, cya-

noethyl; iPr, isopropyl.

sizing a duplex containing deoxyinosine.s) The gene
was joined to an expression vector (Fig. 7) and trans-
fected into NIH3T3 cells. Transfection resulted in
increased focus formation. Total DNA was extracted
from the transformed cells, and the sequence of the
inserted c-Ha-ras DNA was analyzed by the polymerase
chain reaction-single-strand conformation polymor-
phism method.” Mutations with adenine-to-guanine
transition were exclusively detected, indicating that
hypoxanthine paired with cytosine during replication in
this case.

Possible base pairs of 8-oxoguanine during
replication in the c-Ha-ras gene. One of oxidative
lesions of nucleobases, 8-oxoguanine (Fig.3), was
found to be formed in DNA 27 vitro by various oxygen
radical-producing agents.”” The formation of 8-oxogua-
nine was also observed in cellular DNA n vivo by radi-
ation or oxygen radical-forming carcinogens. This
lesion is now known as a major cause of diseases related
to aging. In order to investigate the mutagenicity of this
compound, incorporation of nucleotides to the opposite
site of 8-oxoguanine by DNA polymerase was analyzed,
and various misreadings were found even in neighboring
positions.zz) *» These findings suggest that one reason of
mutation at guanine in a specific position of oncogenes is
a result of oxidation of guanine to 8-oxoguanine.

To determine the type of mutation induced by 8-
oxoguanine in an oncogene system, we constructed a
synthetic c-Ha-ras gene containing 8-oxoguanine in the

second position of codon 12 (GGC). For obtaining a gene
fragment containing 8-oxoguanine, a properly protected
deoxynucleotide unit was synthesized as shown in Fig.
8% The protected amidite unit was used in the
machine synthesis to obtain an oligonucleotide fragment.
The fragment was ligated into the synthetic gene and
joined with a c-Ha-ras-expression vector. The mutant
gene was transfected into NIH3T3 cells, and focus-
forming activity of the mutant gene was compared with
that of the normal gene. The c-Ha-ras gene containing 8-
oxoguanine induced more foci than did the normal c-Ha-
ras gene but only about 1 to 2% of the number induced
by the activated c-Ha-ras gene (GAC at codon 12, Asp-
12). The relatively low efficiency might be due to the
normal base pairing of 8-oxoguanine with cytosine. An
enzyme responsible for removal of 8-oxoguanine from
DNA also reduces the efficiency of transformation. The
c-Ha-ras gene present in these foci was analyzed by the
polymerase chain reaction-restriction enzyme method.
The mutation was characterized by sequence analyses,
and random mutations were revealed at the modified site
(GtoT, Gto A, and G to C) as well as mutations of the
adjacent G on the 5-side of 8-oxoguanine (G to A and G
to T). The G-to-T transversion can be explained by
base pairing between 8-oxodeoxyguanosine and
deoxyadenosine in the duplex DNA. The base pairing
between 8-oxodeoxyguanosine and deoxycytidine and
that between 8-oxodeoxyguanosine and deoxyadenosine
were elucidated by nuclear magnetic resonance stud-
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Fig. 9. Possible flow for G-to-T tranversion.

es.”” Fig. 9 shows a possible flow of the G-to-T
transversion in this system. If the repair systems of the
oxidized guanine bases do not work efficiently during
replication, this type of mutation can occur 7 v2v0.
Mutations at thymine photo-dimers in DNA.
Thymine photo-dimers (Fig. 4) are major photoproducts
in duplex DNA induced by ultraviolet (UV) light and are
thought to be involved in mutagenesis in prokaryotes.*”
Patients with xeroderma pigmentosum (XP) syndrome
develop skin cancer in areas exposed to sunlight, and
cells derived from XP patients cannot effectively repair
UV-induced DNA damage.® These findings indicate
that the DNA damage induced by UV light might be relat-
ed to carcinogenesis at least in the case of XP patients.
To investigate the mutagenicity of these photo-
lesions, DNA fragments containing a cyclobutane
thymine photodimer (cis-syn or trans-syn) were syn-
thesized. Fig. 10 illustrates synthetic procedures for the
preparation of nucleotide units.”” These synthones
were used to synthesize the fragments by the phospho-
ramidite method, and the oligonucleotides were ligated
to build a cassette modified at the opposite site of
codon 61. The obtained DNA cassette was joined to the
synthetic Ha-ras and incorporated into expression vec-
tors. When the vectors were transfected into mouse

NIH3TS3 cells, they induced focus formation. Sequence
analysis of ras gene fragments derived from the trans-
formed cells showed that the genes were activated by a
point mutation. The mutations detected most frequent-
ly were 3’- T to A for the cis-syn isomer and 5-T to A for
the trans-syn isomer.

These results together with the results of mutation
by modified bases are summarized in Table I.

Flipping out of an adenine base complemen-
tary to the thymine photo-dimer in the presence of
a repair enzyme. E. colz cells become relatively resis-
tant to UV radiation when infected with bacteriophage
T4. T4 endonuclease V is an enzyme that repairs DNA by
cleaving the 5’-side of the thymine base in thymine
photo-dimers in a DNA duplex as a pyrimidine dimer gly-
cosylase.SO) This small enzyme having 168 amino acids
also catalyzes cleavage of the DNA chain as an
apurinic-apyrimidinic endonuclease. This latter reac-
tion proceeds through f-elimination of the 3’-phos-
phate of an abasic site rather than through actual
hydrolysis of the phosphodiester bond.”” The enzyme
nonspecifically binds by electrostatic force before bind-
ing to a pyrimidine dimer. Once the enzyme has specifi-
cally bound to a pyrimidine dimer, the 5-glycosyl bond is
incised in the dimer, and scission of the phosphodiester



No. 9] Non-canonical hydrogen bonds in genetic information flow 399

DMTrO 0 T
HN Me
I
P
g g e
P. : A
CEO” \N(iPr}q i. tetrazole e HN | Me hv
T ii. Iz/HZ0 0 OJ\ acetone
H 0. iii. B0% AcOH i 0. N
0=§'-0
OCE
OLev OLev
0] 0
Me Me
i A A
NRR "'LO
o 0 i. DMTrCI
0 ii. HzNNH; - H;0
HO '*0';':' 0 ji. (iPr)zNP(CI)OCE, EtN(iPr)s
OCE P

CEO”™ “N(iPr),

Fig. 10. Synthetic scheme for cis-syn thymidine dimer amidite units. Lev refers to levulynyl. Other abbreviations are described in
Fig. 8.

Table I. Major mutations by modified bases at hot spots in the ras gene

Nucleoside containing

Introduced position Major mutation

modified base

OG—Methyldeoxyguanosine 12th GGC GAC
8-Oxodeoxyguanosine 12th GGC GTC, GAC
Deoxyinosine 61st CAA CGA
cis-syn Thymine dimer 61st GTT GAT
trams-syn Thymine dimer 61st GTT GTA

bond subsequently occurs at the backbone. The three-
dimensional X-ray structure of the enzyme was deter-
mined by using the gene product of the synthetic
gene,SZ) and site-directed mutagenesis was performed to
identify residues participating in substrate binding and
the catalytic reaction.” From the amino acid sequence,
a characteristic aromatic cluster was found in the C-ter-
minal region and was thought to be involved in the elim-
ination reaction. However, the three-dimensional struc-
ture showed an all a-structure, and the C-terminal
segment forms a rigid loop near the active site to stabilize
the structure by polar interactions between the loop and

the two helical ends.*” The crystal structure of this
enzyme complexed with a duplex DNA substrate con-
taining a thymine dimer revealed the unique conforma-
tion of the DNA duplex, which exhibits a sharp kink with
a 60 degree inclination at the central thymine dimer.*”
The adenine base complementary to the 5-side of the
thymine dimer is completely flipped out of the DNA
duplex and trapped in a cavity on the protein surface as
shown in Fig. 11. The hydrogen bonds between the 5’-
thymine and the opposite adenine are broken by inter-
action with the enzyme, and this event stimulates
cleavage reaction of the 5’-glycosyl bond by facilitating
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contact to the active site. Recognition of unusual
hydrogen bonds between the thymine dimer and the
complementary adenine by the enzyme is the initiation
for the repair reaction. These structural features suggest
the catalytic mechanism of how repair enzymes recog-
nize damaged DNA duplexes.

Future direction of structure-function rela-
tionship studies of nucleic acids. Recent findings on
the function of double stranded RNA in a range of
sequence-specific gene silencing phenomena in many
organisms suggest the importance of hydrogen bonds in

RNA.*® Depending on the nature of the target
sequence and the participating proteins, different type of
silencing can occur. RNA interference (RNAIi) is initiated
by small interfering RNA (siRNA) duplexes, 21-26
nucleotides in length. Another class of small RNA,
microRNAs (miRNAs), can induce silencing by targeting
mRNA. Depending on their degree of complementarity to
the target mRNA, they elicit either translational repres-
sion or mRNA cleavage. Post-transcriptional gene
silencing that is induced by siRNA and miRNA achieves
specificity through RNA-RNA sequence recognition
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and base pairing. The RNAi process also affects gene
function at the level of genomic DNA. Studies on prop-
erties of hydrogen bonds in DNA and RNA will become
important in functional genomics.
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