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A series of 9-mer DNA duplexes of the sequence 5'-d(GGTTXTTGG)-3'/3'-d(CCAAYAACC)-5,
where the central base X or Y = adenine (A), guanine (G), thymine (T), cytosine (C), and hypo-
xanthine (H), have been examined toward understanding the effect of hypoxanthine on DNA
stability. Comparison of the duplex stability in the gas phase versus solution indicates that
hypoxanthine has much less of a destabilizing effect in the gas phase versus in solution, relative to
the normal complementary duplexes. The biological implications of these results, both in the context
of hypoxanthine as a universal base and as a damaged base, are discussed.

Introduction

Hypoxanthine (1a) is a nucleobase that occurs naturally in
tRNA and is a key intermediate in the de novo biosynthesis
of purine nucleotides; it is also a mutation that occurs in
DNA when adenine is deaminated.'-
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1 a R=H (hypoxanthine)
R=

g (deoxy)ribosemonophosphate (inosine)
Hypoxanthine (also called “inosine” in its nucleotide form
(1b)) is often referred to as a “universal base”. This ability
was first recognized after the discovery that inosine was often
present in the first anticodon position in various tRNA
sequences.” That first anticodon position pairs to the third
codon position on mRNA, which is proposed to have some
“play” that allows for non-Watson—Crick base pairs (such
as hypoxanthine-adenine); this is the well-known Crick
“wobble hypothesis”.? As a potentially useful universal base,

(1) Voet, D.; Voet, J. G. Biochemistry, 2nd ed.; John Wiley & Sons, Inc.:
New York, 1995.
(2) Crick, F. H. C. J. Mol. Biol. 1966, 19, 548-555.
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hypoxanthine can form base-pair structures with all the
normal nucleobases (Figure 1).>*

Universal bases have a myriad of potential uses in mole-
cular biology.*>® In many applications, a needed oligonu-
cleotide sequence target may not be exactly known and the
universal base can act as a “wild card” that will bind to
any nucleobase indiscriminately.>’~° For example, hypo-
xanthine residues have been placed at ambiguous points in
oligonucleotide probes that screen genomic DNA libraries.” '
Universal bases are of particular utility when probes and

(3) Watkins, N. E. J.; Santalucia, J. J. Nucleic Acids Res. 2005, 33,
6258—6267 and references cited therein.

(4) Base pairs shown are those that prevail at pH 7.0 in crystal and NMR
structures; see the preceding references.

(5) Loakes, D. Nucleic Acids Res. 2001, 29, 2437-2447 and references
cited therein.

(6) Case-Green, S. C.; Southern, E. M. Nucleic Acids Res. 1994, 22, 131—
136.

(7) Martin, F. H.; Castro, M. M.; Aboul-ela, F.; Tinoco, I. J. Nucleic
Acids Res. 1985, 13, 8927-8938.

(8) Loakes, D.; Brown, D. M.; Linde, S.; Hill, F. Nucleic Acids Res. 1995,
23,2361-2366.

(9) Frey, K. A.; Woski, S. A. Chem. Commun. 2002, 2206-2207.

(10) Takahashi, Y.; Kato, K.; Hayashizaki, Y.; Wakabayashi, T.;
Ohtsuka, E. Proc. Natl. Acad. Sci. U.S.A. 1985, 82, 1931-1935.

(11) Ohtsuka, E.; Matsuki, S.; Ikehara, M.; Takahashi, Y.; Matsubara,
K. J. Biol. Chem. 1985, 260, 2605-2608.

(12) Miura, N.; Ohtsuka, E.; Yamaberi, N.; Tkehara, M.; Uchida, T.;
Okada, Y. Gene 1985, 38, 271-274.

(13) Kawase, Y.; Iwai, S.; Miura, K.; Ohtsuka, E. Nucleic Acids Res.
1986, 14, 7727-7736.

Published on Web 02/25/2010 DOI: 10.1021/j09023683

© 2010 American Chemical Society



Sun and Lee
O,
/H \
N [e AR H-N N Qrevvivin H-N ;
r/ / { 7\ r/ / { />_N\
AN N—Hesmmms N AN N—H:wnQ Gy
Cy N=" }—N Cy N="
(¢] cy
hypoxanthine/inosine cytosine hypoxanthine/inosine thymine
H H 0, N
---------- - N N 3
¢ N / Sn
/ AN N O»H-N L
N N—Herins N N =N G
Cy' C N N H-N
G- N "
hypoxanthine/inosine adenine hypoxanthine/inosine guanine

FIGURE 1. Possible structures of hypoxanthine-normal base
pairs.

primers are designed based on the amino acid sequence of a
protein, which can be complicated by codon degeneracy or
fragmentary peptide sequence data. >’ 111415

Although hypoxanthine has been used in primers and
probes, the fundamental examination of the stability of
base pairs containing it has been limited; the major experi-
mental study was conducted by Watkins and SantaLucia
in 2005.>%7!3 They examined the solution phase stability
(melting temperature) of 84 dimers containing hypo-
xanthine; combining their data with that of 13 additional
oligonucleotide dimers that were examined previously in the
literature, they were able to characterize the hypoxanthine
nearest-neighbor parameters, which allows for accurate
prediction of the stability of oligonucleotides containing
hypoxanthine. Overall, in solution, melting temperatures
of duplexes containing hypoxanthine vary widely and are
on average lower than those for complementary duplexes
containing only adenine, guanine, cytosine and thymine.>%7-13
Also, hypoxanthine-cytosine is more stable as a base pair
than other combinations; hypoxanthine is therefore not so
universal that it binds equally to each natural nucleobase in
solution.™>’

In the gas phase, numerous computational studies and
limited experimental studies have explored the tautomeric,
acidic and basic properties of hypoxanthine, as well as the
various hydrogen-bonded dimers.'”® As far as we know,

(14) Verma, S.; Eckstein, F. Annu. Rev. Biochem. 1998, 67, 99—134.

(15) de Mesmaeker, A.; Haner, R.; Martin, P.; Moser, H. E. Acc. Chem.
Res. 1995, 28, 366-374.

(16) Rutledge, L. R.; Wheaton, C. A.; Wetmore, S. D. Phys. Chem. Chem.
Phys. 2007, 9, 497-509.

(17) Paragi, G.; Palinko, I.; van Alsenoy, C.; Gyemant, I. K.; Penke, B.;
Timar, Z. New J. Chem. 2002, 26, 1503-1506.

(18) Hupp, T.; Sturm, C.; Janke, E. M. B.; Cabre, M. P.; Weisz, K.;
Engels, B. J. Phys. Chem. A 2005, 109, 1703-1712.

(19) Li, J.; Cramer, C. J.; Truhlar, D. G. Biophys. Chem. 1999, 78, 147—
155.

(20) Shukla, M. K.; Leszcynski, J. THEOCHEM 2000, 529, 99-112.

(21) Shukla, M. K.; Leszcynski, J. J. Phys. Chem. A 2003, 107, 5538-5543.

(22) San Roman-Zimbron, M. L.; Costas, M. E.; Acevedo-Chavez, R.
THEOCHEM 2004, 711, 83-94.

(23) Costas, M. E.; Acevedo-Chavez, R. J. Phys. Chem. A 1997, 101,
8309-8318.

(24) Kondratyuk, I. V.; Samiilenko, S. P.; Kolomiets, I. M.; Potyahaylo,
A. L.; Hovorun, D. M. Biopolim. Kletka 2000, 16, 124-137.

(25) Kondratyuk, 1. V.; Samijlenko, S. P.; Kolomiets, I. M.; Hovorun,
D. M. J. Mol. Struct. 2000, 523, 109-118.

(26) Ramaekers, R.; Dkhissi, A.; Adamowicz, L.; Maes, G. J. Phys.
Chem. A 2002, 106, 4502-4512.

(27) Cubero, E.; Guimil-Garcia, R.; Luque, F. J.; Erijita, R.; Orozco, M.
Nucleic Acids Res. 2001, 29, 2522-2534.

(28) Sun, X.; Lee, J. K. J. Org. Chem. 2007, 72, 6548-6555.
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however, no gas-phase experimental study of the effect of
hypoxanthine on duplex stability has been carried out.

Our interest is in examining the gas-phase properties of
hypoxanthine. In our work, we have found that gas phase
behavior often differs from that in aqueous solution and that
reactivity in the absence of solvent can be useful as a starting
point for extrapolation to other media. For example, we have
shown that the leaving group ability of certain damaged
bases is enhanced in a nonpolar environment, relative to in
aqueous solution.”®*7 We hypothesize that Nature could
take advantage of this enhancement by providing a nonpolar
enzyme environment to help discriminate damaged from
normal bases for cleavage. Because the interior of ribosomes,
polymerases, the cell plasma, and other biological media in
which universal bases may have a role vary in polarity and
are not fully aqueous, gas-phase studies of hypoxanthine
could lend insight into its biological role.

In this work, we examine the effect of hypoxanthine on the
gas-phase stability of a series of DNA duplexes using mass
spectrometry (MS) and compare those values to solution to
evaluate the effect of hypoxanthine on duplex stability in
nonaqueous environments. We discuss our results in the
context of hypoxanthine as a possible universal base and
also in its role as a damaged, mutagenic base.

Results and Discussion

We examined the 9-mer 5-d(GGTTXTTGG)-3'/3'-d-
(CCAAYAACCQ)-5, where the central base X or Y = adenine
(A), guanine (G), thymine (T), cytosine (C), and hypoxanthine
(H). We chose this particular sequence because we have
extensively characterized this series (where X or Y = all pos-
sible combination of A, G, T, and C) in both the gas and
solution phases in earlier studies from our laboratory. >34
We have found that this 9-mer is long enough to form helical
structures but also manifests measurable changes in stability
when just the central base pair is changed.****~*’ Furthermore,
these duplexes, because of the terminal GC base pairs that help
maintain helical structure during dissociation, are particularly
well-suited to the traditional two-state dissociation model that
allows for accurate theoretical prediction of melting tempera-
tures.*' In addition to our prior work in studying DNA duplex
stability in the gas phase, there are studies from several other

laboratories as well that serve to validate the methods used
herein, 3438:42-46

(29) Kurinovich, M. A_; Lee, J. K. J. Am. Chem. Soc. 2000, 122, 6258
6262.

(30) Kurinovich, M. A.; Lee, J. K. J. Am. Soc. Mass Spectrom. 2002, 13,
985-995.

(31) Kurinovich, M. A.; Phillips, L. M.; Sharma, S.; Lee, J. K. Chem.
Commun. 2002, 2354-2355.

(32) Lee, J. K. Int. J. Mass Spectrom. 2005, 240, 261-272.

(33) Liu, M.; Xu, M.; Lee, J. K. J. Org. Chem. 2008, 73, 5907-5914.

(34) Pan, S.; Sun, X.; Lee, J. K. J. Am. Soc. Mass Spectrom. 2006, 17,
1383-1395.

(35) Sharma, S.; Lee, J. K. J. Org. Chem. 2002, 67, 8360-8365.

(36) Sharma, S.; Lee, J. K. J. Org. Chem. 2004, 69, 7018-7025.

(37) Liu, M.; Li, T.; Amegayibor, F. S.; Cardoso, D. S.; Fu, Y.; Lee, J. K.
J. Org. Chem. 2008, 73, 9283-9291.

(38) Pan, S.;Sun, X.; Lee, J. K. Int. J. Mass Spectrom. 2006, 253,238-248.

(39) Pan, S.; Verhoeven, K.; Lee, J. K. J. Am. Soc. Mass Spectrom. 2005,
16, 1853-1865.

(40) Gaffney, B. L.; Jones, R. A. Biochemistry 1989, 28, 5881-5889.

(41) SantaLucia, J.; Allawi, H. T.; Seneviratne, P. A. Biochemistry 1996,
35, 3555-3562.

(42) Wan, K. X.; Gross, M. L.; Shibue, T. J. Am. Soc. Mass Spectrom.
2000, /1, 450-457.
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TABLE 1. Experimental (7, o) and Calculated (7, cac) Solution-Phase
and Gas-Phase (E5y) Data for XY Duplexes

XY Tm,expl (OC) Tm,cﬂlc (OC) ES() (%)

GC 35.83 33.48 11.754+0.10
CG 34.00 31.98 11.40+0.09
TA 31.78 29.32 10.82+0.08
AT 29.49 26.54 10.8440.07
CH 29.33 26.97 10.99 £ 0.04
HC 28.43 26.40 11.394+0.03
AH 23.78 20.60 10.77+0.05
HT 19.78 18.87 11.06 £0.09
HA 17.33 15.88 10.8240.07
TH 14.89 8.68 11.03+0.05
HG 14.67 8.66 11.37+0.04
GH 13.89 13.21 11.21 £ 0.04
HH 13.67 10.31 11.01+0.08

To simplify the nomenclature of each duplex in this paper,
we use only the variable central base of each strand to
represent the whole duplex. For example, a duplex called
“GH” refers to the duplex 5-d(GGTTGTTGG)-3'/3'-d-
(CCAAHAACCQ)-5, where X = guanine (G), Y = hypo-
xanthine (H). The various combinations where X or Y is an
H can form nine duplexes (AH, CH, GH, TH, HH, HA, HC,
HG and HT); we studied all of these plus the four comple-
mentary duplexes GC, CG, AT and TA.

Solution-Phase Stability. We assess the solution-phase
stability using two methods: the traditional method for
measuring the solution-phase stability of a DNA duplex,
melting temperature (7,,), and using a gas-phase method
that yields what we refer to as duplex stability (DS%). For
T, When the temperature of a DNA duplex solution is
slowly increased, the ordered double helical structures dis-
sociate into single strands. The midpoint of this transition is
the T,,. The higher the T,,, the more stable the duplex. The
experimental (7 exp) and calculated (7 catc) solution melt-
ing temperatures for our XY duplexes are shown in Table 1
(second and third columns, ordered in decreasing meexpt).3’7’47
Methods have been developed that quite accurately predict
solution-phase melting temperature.®”*"** Our experimen-
tal and calculated results correlate linearly with an R* 0f 0.97.
The normal duplexes (GC, CG, TA, and AT) are signifi-
cantly more stable than those containing hypoxanthine, with
the exception of CH and HC, which are close in stability to
AT. As expected, the duplexes containing G and C are more
stable than those containing A and T (the former has three
hydrogen bonds while the latter has only two). Among the hypo-
xanthine duplexes, CH is the most stable and HH is the least
stable.

In previous work, we showed that when X and Y are
normal nucleobases, the duplex ion abundance resulting
from electrospray (which we term DS%) reflects the solu-
tion-phase stability.***® That is, if the electrospray process
should volatilize the duplexes with relative integrity, then the
resultant mass spectrum should be a “snapshot” of the

(43) Gabelica, V.; De Pauw, E. Int. J. Mass Spectrom. 2002, 219, 151-159.

(44) Gabelica, V.; De Pauw, E. J. Mass. Spec. 2001, 36, 397-402.

(45) Gabelica, V.; De Pauw, E. J. Am. Soc. Mass Spectrom. 2002, 13,91
98.

(46) Gabelica, V.; Rosu, F.; Houssier, C.; De Pauw, E. Rapid Commun.
Mass Spectrom. 2000, 14, 464-467.

(47) LeNovere, N. Bioinformatics 2001, 17, 1226-1227.

(48) Breslauer, K. J.; Frank, R.; Blocker, H.; Marky, L. A. Proc. Natl.
Acad. Sci. U.S.A. 1986, 83, 3746-3750.
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FIGURE 2. Plot of DS% versus Ty, cxpe for complementary du-
plexes and duplexes containing hypoxanthine (5-d(GGTTX-
TTGG)-3'/3-d(CCAAYAACC)-5).

solution-phase composition and the relative ion abundances
among a series of duplexes with differing stability should
reflect their relative solution-phase stabilities.**~>® In order
to assess whether this method of using ion abundances to
measure relative solution-phase stabilities can be general-
izable to DNA duplexes containing a damaged base such as
hypoxanthine, we plotted the duplex ion abundances versus
the solution phase T}, values (Figure 2). A reasonable linear
relationship is seen (R2 = 0.93); thus, for this series of
duplexes, monitoring the duplex ion signal is a fast and
efficient method for assessing relative solution phase stabi-
lities. This is the first study establishing a correlation between
solution-phase stability and mass spectrometric signal abun-
dance for mismatched duplexes containing a damaged base.
Using MS in this way does have limitations, since ion
intensity is dependent on many factors, but we show that
for a controlled series such as this the method does work,
even if the nucleobases involved are abnormal.

Gas-Phase Stability. Whereas ion abundance yields the
solution-phase stability, collision-induced dissociation
(CID) to dissociate a duplex into its single strand compo-
nents yields gas-phase stability.**¥4>74¢57 Electrospray of
these 9-mer sequences yields duplex ions with both —3 and
—4 charges. Under gentle CID conditions, we find that

(49) Klassen, J. S.; Schnier, P. D.; Williams, E. R. J. Am. Soc. Mass
Spectrom. 1998, 9, 1117-1124.

(50) Ganem, B.; Li, Y.-T.; Henion, J. D. Tetrahedron Lett. 1993, 34,
1445-1448.

(51) Gidden, J.; Ferzoco, A.; Baker, E. S.; Bowers, M. T. J. Am. Chem.
Soc. 2004, 126, 15132-15140.

(52) Schnier, P. D.; Klassen, J. S.; Strittmatter, E. F.; Williams, E. R.
J. Am. Chem. Soc. 1998, 120, 9605-9613.

(53) Daniel, J. M.; Friess, S. D.; Rajagopalan, S.; Wendt, S.; Zenobi, R.
Int. J. Mass Spectrom. 2002, 216, 1-27.

(54) Cheng, X.; Chen, R.; Bruce, J. E.; Schwartz, B. L.; Anderson, G. A.;
Hofstadler, S. A.; Gale, D. C.; Smith, R. D.; Gao, J.; Sigal, G. B.; Mammen,
M.; Whitesides, G. M. J. Am. Chem. Soc. 1995, 117, 8859-8860.

(55) Rueda, M.; Kalko, S. G.; Luque, F. J.; Orozco, M. J. Am. Chem. Soc.
2003, /25, 83007-8014.

(56) Daneshfar, R.; Klassen, J. S. J. Am. Soc. Mass Spectrom. 2004, 15,
55-64.

(57) Wan, K. X; Shibue, T.; Gross, M. L. J. Am. Chem. Soc. 2000, 122,
300-307.
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FIGURE 3. CID spectra of the duplex HC*™ ions at relative
collision energies of (a) 10.4%, (b) 11.2%, and (c) 12.0%: “ds”
indicates double strand; “ss” indicates single strand.

dissociation of the —4 duplex into its constitutive single
strands (—2 charge on each) is the major fragmentation
pathway (Figure 3). The dissociation of the —3 charged
duplexes preferentially yields extensive cleavage of covalent
bonds, with little noncovalent dissociation. The effect of
charge state on duplex stability has been discussed previously
by others, and stability comparison among different ions is
valid only if all the duplexes have the same charge states and
fragmenting routes.*”>’ %% Therefore, we report the CID
experiments on the —4 charged duplexes only, where duplex
dissociation into the two single strands is the major pathway.

The dissociation of the parent duplex ion is monitored by
the disappearance of the duplex signal and the appearance of
the single strands. The collision energy at which 50% of the
duplexes are dissociated into single strands (“Esy”; more
details in Experimental Section) is used to characterize the
gas-phase stability.**¥4274657 The dissociation profiles of
four duplexes (GC, AT, HC, and HT) are displayed in Figure 4.
To achieve the same degree of dissociation among all these
duplexes (as indicated by the Esy value), the GC duplex
(squares) requires the highest collision energy (as indicated
by the largest Esq value), followed by HC then HT (circles
and upright triangles), with AT (upside down triangles)

(58) Lopez, L. L.; Tiller, P. R.; Senko, M. W.; Schwartz, J. C. Rapid
Commun. Mass Spectrom. 1999, 13, 663—668.

(59) McLuckey, S. A.; Van Berkel, G. J.; Glish, G. L. J. Am. Soc. Mass
Spectrom. 1992, 3, 60-70.

(60) McLuckey, S. A.; Habibigoudarzi, S. J. Am. Chem. Soc. 1993, 115,
12085-12095.

(61) McLuckey, S. A.; Vaidyanathan, G.; Habibi-Goudarzi, S. J. Mass.
Spectrom. 1995, 30, 1222-1229.

(62) McLuckey, S. A.; Vaidyanathan, G. Int. J. Mass Spectrom. 1997,
162, 1-16.
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FIGURE 4. Gas-phase dissociation profiles of four XY duplexes:
GC, HC, HT, and AT.
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FIGURE 5. Comparison of gas-phase stability (E5y) and solution-
phase stability (71 exp) Of the 13 XY duplexes. Error bars indicate
the standard deviation for each Es, value.

having the lowest Esq and therefore being the least stable.
This would indicate that the gas-phase stability order of these
four duplexes is GC > HC > HT > AT.

Table 1 (fourth column) lists all the Esq values for the 9 XY
duplexes containing H and the four complementary duplexes,
together with the melting temperatures, to allow for direct
comparison between gas-phase and solution-phase stabilities.
These data are also plotted in Figure 5. The Ejs, difference
between the most stable GC duplex and the least stable AH
duplex is only 0.98%. However, these differences are significant
because the average standard deviation is only 0.06%. From
Figure 5, one can see that the solution- and gas-phase stabilities
do not track (R* value is 0.07). Many of the hypoxanthine-
containing duplexes (HC, HG, GH, HT, TH, HH, CH) are
more stable than the normal duplexes AT and TA.

We believe that this disparity between the solution- and
gas-phase stabilities is meaningful. In previous work, we and

J. Org. Chem. Vol. 75, No. 6, 2010 1851
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TABLE 2. Ty expe and Esy Data for XY Duplexes (5'-d(GGTTXTTGG)-
3/3-d(CCAAYAACC)-5)

Tm‘expt ES(J
XY 0 (7o)

GCor CG 35.83(GC) 34.00(CG) 11.75+0.10(GC) 11.400.09 (CG)
ATor TA 29.49(AT) 31.78(TA) 10.84-£0.07(AT) 10.82-£0.08(TA)
HC or CH 28.43(HC) 29.33(CH) 11.3940.03(HC) 10.99 4 0.04 (CH)
HG or GH 14.67 (HG) 13.89(GH) 11.37£0.04(HG) 11.21 £0.04(GH)
HT or TH 19.78(HT) 14.89(TH) 11.06+ 0.09(HT) 11.03+0.05(TH)
HA or AH 17.33(HA) 23.78 (AH) 10.820.07 (HA) 10.770.05 (AH)
HH 13.67 (HH) 11.01 £ 0.08 (HH)

others have shown that gas- and solution-phase stabilities
often do track,****4?746 yet here they do not. Although the
two do not track, there are some clear trends (Table 2). In
Table 2, we arrange the data so that the duplexes that do and
do not contain H can be more easily compared. In solution,
all duplexes containing hypoxanthine are less stable (have
lower melting temperatures) than the normal GC (T expt =
35.83 °C), CG (34.00 °C), TA (31.78 °C), and AT (29.49 °C)
duplexes. This is consistent with earlier studies pointing to a
wide range in stability in hypoxanthine duplexes, with
hypoxanthine clearly favoring cytosine for base pairing.>®7-13
In the gas phase, however, the hypoxanthine-containing du-
plexes are not, generally, less stable than the normal duplexes.
In fact, the Esq values for those duplexes containing hypo-
xanthine fall, for the most part, between the E5 values of TA
(Eso = 10.82%) and GC (11.75%). (AH is the only duplex that
may be less stable than TA, with an Esy of 10.77 £ 0.05).
Therefore, in the nonpolar environment of the gas phase, the
hypoxanthine-containing duplexes are not unusually unstable
but rather fall into a range between the complementary GC and
TA duplexes.

This disparity between the effect of hypoxanthine in
solution versus in the gas phase is likely due to differing base
stacking rules in the two media. In previous work, we showed
that if a series of duplexes had the same number of hydrogen
bonds (same GC content), the solution- and gas-phase stabi-
lities do not always correlate.** We hypothesized that when
the GC percentage is constant in a series of duplexes,
hydrogen-bonding effects should be similar and any differ-
ences in stability between the solution and the gas phase are
thus attributable to stacking.>*

Hypoxanthine has been shown to be an effective base
stacker; gas-phase calculations indicate that stacking inter-
actions with hypoxanthine are as large as the best stacking
interactions between normal bases.'® We hypothesize that
the disparity between the solution and gas-phase results is
due, at least in part, to changes in base stacking ability of
hypoxanthine with the various other nucleobases in the
different media.

Biological Implications. Hypoxanthine as a Universal
Base. The most striking aspect of our data is the disparity
between the solution- and gas-phase stabilities. Our data
indicate that in the nonpolar environment of the gas phase,
the hypoxanthine-containing duplexes are not unusually
unstable but rather fall into a range between the comple-
mentary GC and TA duplexes (Table 2, third column, Es,
data). This difference in hypoxanthine’s effect on duplex
stability (relative to normal complementary duplexes) in a
nonpolar versus a polar environment could be useful in
applications utilizing hypoxanthine as a universal base.

1852 J. Org. Chem. Vol. 75, No. 6, 2010
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The differences we see could explain why although hypo-
xanthine (inosine) is a key component in the anticodon—
codon wobble pairing of tRNA and mRNA (which occurs in
the ribosome), it has had mixed success as a universal base in
in vitro applications such as PCR primers and hybridization
probes (where its wide-ranging effects on duplex stability
make it not so universal).>*>” In applications that might
occur in media that are not aqueous solution (for example, in
inhibitory antisense strands designed to bind to mRNA in
vivo), hypoxanthine may be a better universal base.""'> Of
course, our fundamental studies are at the extreme (the gas
phase), but these results point to interesting differences in the
intrinsic stability of duplexes versus those that are in solu-
tion.>!3

Hypoxanthine as a Damaged Base. Hypoxanthine can
result from the deamination of adenine and as such is a
damaged base in DNA and a mutagenic agent.'? The
mutagenicity of hypoxanthine lies in its ability to cause an
A-T to G-C transition.®*** If the adenine in an A-T base
pair is deaminated, the base pair becomes an H- T base pair.
In replication, H prefers C, so once the duplex unwinds and
replicates, an H-C base pair is formed. When that duplex
replicates, the C will base pair with a G; this is the A-T to
G- C transition. Since the specific sequence of the human
genome is responsible for coding proteins, signaling, and a
myriad of other important functions, the hypoxanthine
mutation can be deleterious.

The human genome is protected by an enzyme, alkylade-
nine DNA glycosylase (AAG), which excises hypoxanthine
from DNA.*~¢ Previous studies from our laboratory on
“free” nucleobases (i.e., the purine base alone, not incorpo-
rated into DNA) indicate that AAG may provide a nonpolar
environment that aids in the discrimination of damaged
from normal nucleobases.”® ¥’ We wanted assess whether
these current stability studies are consistent with this
hypothesis.

AAG will excise hypoxanthine from all possible base pairs
(hypoxanthine hydrogen bonded to adenine, guanine, thy-
mine, and cytosine). It appears that hypoxanthine is more
efficiently excised from H-T base pairs than H - C base pairs,
which is often explained by the solution-phase observation
that H- T base pairs are less stable than H - C base pairs (so it
would be easier to excise a hypoxanthine paired with a
thymine). However, this theory is inconsistent with the
observation that hypoxanthine is more efficiently excised
from H-C base pairs than H-G and H-A base pairs even
though H-C base pairs are more stable than H-G and H-A
base pairs in solution.®® These excision preferences are
further complicated by the limited set of sequences studied
with AAG, and the probability that the preferences are also
controlled by the nucleobases flanking each base pair (the
nearest neighbors).®~7!

(63) Hang, B.; Singer, B.; Margison, G. P.; Elder, R. H. Proc. Natl. Acad.
Sci. U.S.A. 1997, 94, 12869—12874.

(64) Saparbaev, M.; Laval, J. Proc. Natl. Acad. Sci. U.S.A. 1994, 91,
5873-5877.

(65) Stivers, J. T.; Jiang, Y. L. Chem. Rev. 2003, 103, 2729-2759.
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references therein.
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this perspective.
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Our solution-phase results are consistent with others’
solution-phase observations to date in that for our sequence
5-d(GGTTXTTGG)-3//3'-d(CCAAYAACC)-5, HC, and
CH are more stable than HT and TH (Table 2, second
column, T}, oxp¢ data). Also, HC and CH are more stable
than the same sequences containing G and A. Therefore, our
solution-phase results do not explain observed AAG exci-
sion preferences either.

The question is, do our gas-phase stabilities better explain
the observed AAG excision preferences? We find that there is
some consistency, though the sequence appears to have a
strong effect. For example, the HT duplex is less stable than
the HC duplex, which is consistent with the preferred exci-
sion of H from H-T over H-C base pairs (Table 2, third
column, E5ydata). But the CH and TH duplexes are actually
quite comparable in stability. That is, although both HC and
CH have the same sequence, and HT and TH have the same
sequence, the relative stabilities among them are different.
This is due to the differences in base stacking ability of H
when it is in the “X” versus the “Y” position in the 5'-
d(GGTTXTTGG)-3'/3'-d(CCAAYAACC)-5 sequence (i.c.,
flanked by thymines versus adenines). In another example,
the CH duplex is less stable than the GH duplex, which is also
consistent with the more efficient excision of H from H- C over
H-G base pairs. However, the HC and HG duplexes are
similar in stability. Therefore, the gas-phase data are not
entirely consistent with known AAG reactivity, but clearly,
the preferences are sequence dependent. Also, the gas-phase
data are quite different from the solution-phase data. These
differences are tantalizing in that it may be possible that an
explanation for AAG preferences might be better understood
by comparing and contrasting solution-phase and intrinsic gas-
phase stabilities. However, because AAG excision preferences
are sequence-dependent,®® 7! and our sequence is different
from those studied with AAG (which is also a limited set),
we cannot draw any definitive conclusions yet. We intend to
conduct future work with sequences that have been studied
with AAG to ascertain whether the observed AAG preferences
might correlate to the gas-phase stabilities.

Last, it has been found that excision of hypoxanthine is
much lower when hypoxanthine is flanked by a G and a 3'C
versus a 5T and a 3’A.%° In our studies, hypoxanthine was
either flanked by 5" and 3 adenines, or 5" and 3’ thymines. In
the future, we would like to ascertain how gas-phase stabi-
lities of duplexes containing hypoxanthine with different
nearest neighbors compare to solution-phase stabilities. Such
data will be helpful both in the context of AAG and also for
further assessing the utility of hypoxanthine as a universal
base.

Conclusions

Comparison of the gas-phase and solution-phase stabili-
ties of the 13 XY duplexes (5-d(GGTTXTTGG)-3'/3'-d-
(CCAAYAACCQ)-5) where X, Y = A, G, T, C, and H
indicates that although hypoxanthine has a fairly consistent
destabilizing effect in aqueous solution, in the gas phase,

(69) Vallur, A. C.; Maher, V. M.; Bloom, L. B. DNA Repair 2005, 4, 1088—
1098

(7.0) Abner, C. W.; Lau, A. Y.; Ellenberger, T.; Bloom, L. B. J. Biol.
Chem. 2001, 276, 13379-13387.
(71) O’Brien, P. J.; Ellenberger, T. J. Biol. Chem. 2004, 279, 9750-9757.
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those DNA duplexes with hypoxanthine are for the most
part as stable or more stable than the normal AT and TA
duplexes (and less stable than the GC and CG duplexes). The
comparable stability of the hypoxanthine-containing du-
plexes relative to the normal duplexes in vacuo could mean
that hypoxanthine, which has limitations as a universal base
in vitro, might prove useful in in vivo applications where the
environment may not be aqueous.’ Our results also could
potentially lend insight into hypoxanthine’s role as a damaged
base; when hypoxanthine arises from deamination of adenine,
it is excised by the enzyme AAG. The basis for the excision
preferences of AAG for certain base pairs is not understood.
Our current gas-phase data provide tantalizing results that
differ from the solution-phase data and imply possible insight
into AAG excision preferences. Future studies will probe
whether excision efficiencies of hypoxanthine from specific
sequences correlate to gas-phase stabilities of the hypo-
xanthine-containing base pairs. Nearest neighbor effects on
the stability of duplexes containing hypoxanthine in the gas
phase versus in solution will also be studied.

Experimental Section

Sample Preparation. Oligodeoxynucleotide single strands
were purchased from a commercial supplier. These single
strands were predesalted and used without further purification.
Stock solutions of 62.5 uM duplex were prepared in 40 mM
NH4OAc aqueous solution at pH 7.0. The stock solutions were
then annealed at 90 °C for 10 min and cooled slowly to 0 °C.
Before injection into the ESI-MS, the stock solutions were
diluted to 12.5 uM in 40 mM NH4OAc mixed with 20%
methanol.

Melting Temperature in Solution. The 7\, ¢\, values were
measured from UV melting curves obtained using a spectro-
photometer. All the measurements were performed at a duplex
concentration of 12.5 uM in 40 mM NH4OAc. Melts were moni-
tored at 260 nm by increasing the temperature continuously
from 0 to 80 °C, with absorbance measured every 0.2 °C. The
estimat“eod precision for the melting temperature experiments is
0.3 °C.

The Ty, calc values of the DNA duplexes are predicted by the
program “MELTING”.*” The settings are as follows: (1) hy-
bridization type: dnadna (for a DNA duplex); (2) nearest
neighbor parameters set: all97a.nn; (3) salt concentration: 0.04 M;
(4) nucleic acid concentration (total): 25.0 uM; (5) nucleic acid
correction factor: 4 (for non-self-complementary duplex); (6)
salt correction: san98a; (7) nearest neighbor parameters for
inosine mismatches: san05a. The error for estimating 7}, values
by the MELTING program is & 1.6 °C.3741:47.72.73

ESI-Quadrupole Ion Trap Mass Spectrometer and “Esy”
Experiments. Negative-ion ESI-MS spectra were obtained with
a quadrupole ion trap. The 0 °C solution was infused at 25 uL/
min directly into the mass spectrometer. The spray voltage was
—4.0 kV, while the capillary temperature was 175 °C. Collision-
induced dissociation (CID) was performed in the mass analyzer
by varying the relative collision energy with a default activation
time of 30 ms and a ¢ value of 0.25. The applied collision energy
is a normalized collision energy (in %) that corrects for the m/z
dependence of the activation voltage required for ions of
different m/z ratios.® The range of amplitude applied in the
MS/MS studies is 0.4—1.0 V.5® The gas-phase stability of the
duplexes is measured in a relative way by subjecting the duplex
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33, 415-440.
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parent ions to increasing collision energies during the CID event
inanion trap. Esqis defined as the collision energy at which 50%
of the duplexes are dissociated into sm%le strands, and is used to
characterize the gas phase stability.”*¥*7% A higher Es,
corresponds to a more stable duplex in the gas phase. Although
CID is a kinetic experiment, the dissociation is assumed to be
endothermic enou%h such that the barrier and the endothermi-
city are similar. 33545274776 The term coined by Gabelica and
DePauw for this sort of measurement is “kinetic stability”.**
When we refer to gas-phase stability in this paper, we therefore
mean kinetic stability. The internal energy distribution of the
parent ion is poorly defined due to the multiple collision events
in the ion trap. We therefore do not intend to report absolute
duplex dissociation energies but rather relative gas-phase stabi-
lities as reflected by the E50 s, a method establlshed previously
by our group and others.**3: 42-46.57.58.7
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Experimental conditions were tuned by optimizing the —4
charged duplex ions of the TA duplex (5-d(GGTTTTTGG)-3'/
3'-(CCAAAAACCQ)-5) (m/z = 1358); the conditions thus ob-
tained were applied to all the duplexes. Duplex abundance is
normalized by using the equation: % duplex (DS%) = (2 x [all
duplexes]) /([all single strands] + 2 x [all duplexes]), where the
values in brackets are absolute ion abundances.>****7% The
reported duplex abundance is an average of six full-scan mea-
surements; the average standard deviation is 1.69%. Duplex
dissociation profiles were fitted with sigmoid equations, and
the corresponding Esq values were derived using Origin 6.0 soft-
ware.”® Each CID experiment was performed under a parent ion
isolation width of w = 5; in previous studies we show that
changing the isolation width does not change relative Es, values.***
The reported Esq value for each XY duplex is an average of six
measurements. The average standard deviations for the mea-
surement of Esq for all the XY duplexes are 0.06%.
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