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ABSTRACT. Two analogue bases are described: 3-deazaadenine is a derivative of adenine from which N3
has been deleted and 3-methyl-2-pyridone is a C-nucleoside that mimics thymine but lacks the O2 carbonyl.
The déA-dm32P base pair is similar to dA-dT but eliminates the polar functional groups in the minor
groove. The presence of this base pair in dA-dT rich sequences results in destabilized duplexes or
conformational preferences for monomolecular hairpins rather than bimolecular duplexes. When present
in dG-dC rich sequences, no significant differences in helix stability are observed. These differences are
explained on the basis of hydration effects, most notably, the elimination of the minor groove spine of
hydration normally present in dA-dT rich sequences. CD spectra suggest that sequences with a fully
modified core (four analogue base pairs) are more A-like helices than B-like helices. Sequences containing
two analogue base pairs can be transformed to A-like helices under conditions of high salt, or 65%
trifluoroethanol. These conformational changes are also explained in terms of a loss of hydration in the
minor groove that normally stabilizes the B-form conformation. In the absence of such hydration, the
helices are conformationally mobile and adopt a more A-like helix form.

Early crystal structures defined two right-handed helical more hydrated than A-form helices on the basis of changes
conformations for DNA designated as the A-form and in molar volumes 14—16). It has also been reported that
B-form (1). Interconversion between the two helical forms monovalent ions can be sequestered within the minor groove
is generally observed to be cooperative and has beenspine of hydration 11, 17—19), although this electrostatic
described as being driven by base stacking effe2js ( view of the minor groove is disputedld). This water
although a recent structure has been determined that appearstructure has been used to account for the difficulty in

to be intermediate between A- and B-forn®®.(A-form observing the B~ A transitions in sequences rich in dA-dT
helices require dG-dC rich sequences and low water activity; base pairs, and the fact that poly(dggly(dT) sequences
the latter form is typically obtained using sal4—6) or have never been reported to adopt a stable A-form confor-
organic solvents71—9). Transitions from the B-form helix =~ mation.

to the A-form helix are promoted by d(C@|GG) sequence A-form duplexes do not exhibit a minor groove spine of
steps. hydration. In contrast to the B-form conformation, the

The stabilities of both the B-form and A-form helices, and phosphates of an A-type helix display well-ordered hydration,
their interconversion, are generally explained in terms of and along the phosphate chain, individual phosphates are
hydration effects10). In the B-form helix, there appears to  pridged by one to three water moleculd$)( The major
be relatively little specific hydration of the internucleotide groove in the A-form helix is very narrow, and the confor-
phosphates, but a well-ordered spine of hydration is presentmational stability may be facilitated by water molecules that
in the minor groove of dA-dT rich sequences. This spine of pridge the phosphates across the major groove. The transition
hydration is formed from a primary layer of water molecules from a B-form helix to an A-form structure is thought to
that bridges the base pairs by binding to the O2 carbonyls require the destabilization of the ordered minor groove spine
of the dT residues and the N3 atoms of the dA residi®s (  of hydration present in the formel@). Destabilization of
This interaction is not within a single base pair, but bridges the B-form hydration in the minor groove can be ac-
residues from adjacent base pairs. A second layer of watercomplished in part by increasing the dG-dC content of the
molecules is piggybacked onto the primary layer to create a sequence; the N2-amino groups of the guanine residues
continuous chain of water molecules within the minor groove. protrude into the minor groove and interfere with the ordered
Recent high-resolution structures have confirmed the natureminor groove spine of hydration. Reducing the water activity

of this spine of hydration}(1—13), and two structures have  of the solvent [using high concentrations of salt-6) or
indicated that additional water molecules can bind to form organic solvent 7—9)] then facilitates the cooperative

hexagonal complexed {, 12). In general, when DNA and  transition.

RNA duplexes are compared, B-form helices appear to bé  1he orientation and the inter-residue stacking of the
T This work was supported by a grant from the NSF (MCB 0077667). nucleobases differ in the B-form and A-form helices, and
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addition to changes in base stacking, the sugar puckering in5.0 min. The collected oligonucleotides were reduced in
B-form helices favors the Cz&ndo conformation while in  volume and detritylated with 80% aqueous acetic acid (60
A-form helices the sugar puckering tends to be-&%do, min, on ice). The resulting oligonucleotides were then
but an early 2) and still common view is that sugar desalted (Sephadex G-10) and stored-&0 °C. The
puckering is a consequence of the B to A transitions rather unnatural nucleotides could be incorporated into the DNA
than being a cause. strands with essentially the same coupling efficiency as the
Some modified DNA duplexes will adopt A-form duplexes common nucleotides.
even under conditions of high water activity. For example, = MALDI-Voyager MS for 5-d(CGCGaattCGCG)-3a is
sequences containing-B—P-5 phosphoramidate linkages dc®A and t dn¥2P): calcd for 12-merid 3606, found 3600.
form A-type duplexesZ0); model studies with simple dimers Nucleoside AnalysisSmall amounts of oligonucleotides
suggest that with these amidate linkages thedZ®lo sugar  containing modified bases were digested with snake venom
conformation is preferred. Crystallographic analysis has phosphodiesterase and calf intestinal alkaline phosphatase
confirmed the A-form conformation of this sequen@d)( into monomeric units: a 50L reaction mixture containing
In the study presented here, we have examined the propertie®.5 Azg Unit of oligonucleotides was incubated overnight at
of duplexes containing one or more modified dA-dT base 37 °C with 1 unit of snake venom phosphodiesterase and 1
pairs in which the functional groups normally present in the unit of calf intestinal alkaline phosphatase. An aliquot of
minor groove (N3 of dA and the O2 carbonyl of dT), those this mixture was analyzed by HPLC [4.6 mm 250 mm
responsible for minor groove hydration, have been removed column of ODS-Hypersil, 50 mM potassium phosphate (pH
without otherwise altering base pairing properties. The 5.5) and a gradient of 0 to 70% methanol over the course of
importance of this functionality and its role in helix stability 60 min]. The results of this analysis indicated that no

and duplex conformation has been examined. undigested material remained, and that all of the nucleoside
constituents had been fully deprotected. On the other hand,
EXPERIMENTAL PROCEDURES both dG and dtA coeluted, and d&2P was only partially

resolved from that mixture. To confirm the presence of all
four nucleosides, an aliquot of the digestion mixture was
Oligonucleotides were synthesized on an Applied Biosys- reanalyzed using 0.1 M triethylamine/acetic acid (pH 8.0)
tems 381A DNA synthesizer.'-Deoxynucleotide phos- and 5% acetonitrile (isocratic) which resulted in the following
phoramidites and'&erminal nucleoside-controlled pore glass e€lution times: 3.7 min for dC, 5.9 min for dG, 6.6 min for
support (CPG) were purchased from Glenn Research (Sterdm®2P, and 8.0 min for d#\. The dn¥2P was still difficult
ling, VA). High-performance liquid chromatography (HPLC) to observe because of its low extinction coefficient at 260
was performed on a Beckman HPLC system using C-18 nm, but reanalysis with the detection at 297 nm confirmed
reversed-phase columns (ODS-Hypersil, 5 mm particle size,its presence. The extinction coefficients of nucleoside
120 A pore) with detection at 260 nm. Oligonucleotides were constituents at pH 5.5 and 260 nm are as follows: 11 700 L
desalted with Econo-Pac 10DG disposable chromatographyM* cm™ for dG, 7300 L M* cm™* for dC, 10 200 L M*
columns (Bio-Rad, Hercules, CAJy measurements were ¢m * for dc®A, and 1400 L M* cm™* for dmP2P.
taken on an AVIV spectrophotometer (model 14DS UV/Vis).  Thermal Denaturation Studie$hermal denaturation stud-
ies were performed in solutions of 20 mM Nz, (pH
Methods 7.0) and varying the concentrations of NaCl. Absorbance
and temperature values were measured with an AVIV 14DS
UV —visible spectrophotometer equipped with digital tem-
perature control. The temperature of the cell compartment
was increased in 1.TC steps (from 10 to 98C), and when
equilibrium was reached, temperature and absorbance data

2P was deprotected as the first step by treating the solid Vere collected. Thay values were determined manually

support with a solution of 40% TEA and pyridine for 2 h frog; ”:e art])sorb_agZeG\I/Eersus terppera(‘;ure_ plots.l d
and then 0.5 M 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) ECIrophoresis was periormed using gels prepare

: P : : from solutions of 12% acrylamide, 0.6% bis(acrylamide),
in anhydrous pyridine for 848 h and finally by washing .
with acetonitrile three times. After evaporation of the 10 mM Mg(OAc), 50 mM Tris-HOAc, and 0.1% am-

- - : _monium persulfate (pH 7.0) (30 c 15 cmx 0.1 cm). A
;/iolanles, ammonia treatment was performed in the conven 7 uL aliquot of 2.54M oligonucleotide in 10 mM Mg(OAe)
onal manner, 50 mM Tris-HOACc buffer was heated at 98 for 10 min
Purification of the oligonucleotides was accomplished by '

cooled to ambient temperature, and equilibrated at°€.0
fast flow HPLC (4.6 mmx 120 mm, reverse-phase C18 . . . o
column, trityl on), starting with 100% A for 1 min, using a overnight. To this solution were addeduL of [y-**PIATP,

linear gradient from 0 to 50% B over the course of 4.5 min 1uL of T4 polynucleotide kinase buffer (20, and 1uL of

. : : T4 PNK, and the resulting mixture was incubated at’G7
[A being 50 mM triethylammonium acetate (pH 7.0) and B i’ ; .
being 50 mM triethylammonium acetate in 70% acetonitrile]. for 30 min. Samples were mixed with 10 mM Mg(OAc)

1S- 0, 0,
The DMT-protected 12-mers had retention times of about 50 mM Tris-HOAc (pH 7.0), 40% sucrose, and 0.05%
bromophenol blue and 0.05% xylene cyanol as dye markers

| Abbreviati A 7d ad P ne (also abbreviated for loading. Electrophoresis was performed at 40 The
reviations: ?A, - e0Xxy-o-deazaadenosine (also abpreviate H
in sequences as “a); P, 5-(1,2-dideoxy-n-erythro-pentofuran- gel was run at a constant voltage of 200 V, until the xylene

osyl)-3-methyl-2-pyridone (also abbreviated in sequences as “t’); CD, Cyanol dye had migratec_i approximately_ 20 crlQ h). The
circular dichroism:Ty, thermal melting point. gels were visualized using a phosphorimager.

Materials

DNA SynthesisThe native and modified 12-mers were
prepared and deprotected by solid-phase DNA synthesis
using standard protocol22). A slightly different methodol-
ogy was applied when thymidine analogue @m was
involved. Thep-nitrophenylethyl protecting group for dm




a

0,
N

970 Biochemistry, Vol. 40, No. 4, 2001 Lan and McLaughlin
CHy
3 T \/>
VN ,
C

o .

b H
\
N N—H---Q CH;
(
N k) o -H— 3. \ ~
2 c¢®A N----H—N m®2p dC
G \C —.
c/
minor groove

Ficure 1: lllustrations of (a) a native dA-dT base pair and (b) an
analogue d®A-dm32P base pair.
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Circular Dichroism StudiesCD spectra were obtained at
3 or 6uM duplex in 20 mM sodium phosphate buffer (pH
7.0) with varying concentrations of sodium chloride and/or
trifluoroethanol usually at 8C. The spectrum of the buffer
was obtained separately in all cases and then subtracted from TV
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The DNA duplexes examined in this study contained one FIGURE 2: HPLC analysis of a small quantity of the sequente 5
or more modified dA-dT base pairs in which the minor Y[CGCG (CA(CA(M2P)(nF2P) CGCG] after treatment with

. . shake venom phosphodiesterase and alkaline phosphatase. HPLC
groove functional groups were absent. This effect was congitions: buffer A [0.1 M triethylammonium acetate (pH 8.0)],
achieved by using nucleosides with a 3-deazaadenine bas&u acetonitrile, and isocratic elution. Detection at 260 (bottom

residue (d#A) in place of dA and a 3-methyl-2-pyridone trace) and 297 nm (top trace).
heterocycle (di#2P) in place of dT (Figure 1). Even with
the formation of a conventional W-C base pair, the absenceTable 1. Sequences afféh Values for Self-Complementary
of purine N3 and pyrimidine 02 functional groups will ~Seduences Containing #cand dnf2P Substitution
eliminate ordered hydration in the minor groove as well as 50 ACGCGWXYZCGCG)
the possibility of localized metal ions.

The phosphoramidite derivatives of the two modified

3'dGCGC WX'Y'Z'GCGQ)

nucleosides could be incorporated into the growing oligo- sequence

nucleotide strand with coupling efficiencies that were es- entry W-W X-X' Y-Y' z-z v (°C)
sentially indistinguishable from those of the common nu- 1 AT AT T-A T-A 67
cleoside phosphoramidites. Deprotection of the32iPa 2 A-T A-t t-A T-A 56
containing strands began with a treatment with DBU/pyridine i aAL_'tt :_'tt :'_': tt:'g EBC
to remove thep-nitrophenylethyl group and unmask the 5 T T T T hp
carbonyl. The length of time necessary for complete depro- 6 AT G-C C-G T-A 72

tection of dnf2P-containing sequences varied with sequence 7 A-t G-C C-G t-A 71

Composition, but a reaction time of 48 h ensured that the aT, values were obtained at a concentration gild in 20 mM

protecting group had been quantitatively eliminated. Sub- NaHPQ;, 1 M NaCl, pH 7.0 buffer using an AVIV 14DS spectro-

sequently, a conventional ammonia treatment completed thePhotometer. Samples were heated at a rate of@min. " a is dCA

removal of protecting groups and released the sequences fronf"dt dm2P.¢hp means the sequence exists predominantly in the
- - . onomolecular hairpin conformation.

the solid support. Purification was accomplished by reversed-

phase HPLC. ) ) .

Nucleoside analyses helped to confirm the presence of thethe mixture with detection at 297 ni(a for dm’2P) clearly
analogue residues in the final purified products. We typically showed the presence of the analogue residue (Figure 2, top
performed two analyses of the oligonucleotides, both by trace).
reversed-phase HPLC after snake venom phosphodiesterase Thermally Induced Transition§Ve initiated our study of
alkaline phosphatase digestions. The first at pH 5.5 (phos-duplexes containing the analogue base pairs with the
phate buffer and elution with methanol) did not effectively preparation of the Dickerson dodecamer with the central core
resolve the two analogue residues from dG (data not shown),sequence d(AATB)replaced with four dA-dm32P analogue
but this analysis did confirm that thp-nitrophenylethyl base pairs d(aattTable 1, entry 4). At a relatively high
group(s) had been effectively removed from the gl concentration (1&M) of dodecamer, two absorbance versus
residue(s). A second analysis using the same column buttemperature transitions were observed (Figure 3a). The early
eluted isocratically in 0.1 M triethylamine/acetic acid (pH transition occurred near 2 and the latter near 7CC. At
8.0) and 5% acetonitrile provided better separation of all four a lower concentration (8M), the early transition disappeared
nucleosides, but the di2P residue was not as prevalent as and only a single transition was observed neaf@0This
the other residues (Figure 2, bottom trace). Reanalysis ofbehavior is similar to that reported for sequences with a
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Ficure 3: Thermal denaturationT(;) analyses at a total strand concentration oi«/Min 20 mM NaH,PO, (pH 7.0) ad 1 M NaCl: (a)
5-d[CGCG (@A)(c3A)(m32P)(nP2P) CGCG] and (b) 5d(CGCG TTTT CGCG).

central core of non-WatsefCrick base pairs48), and in that of the hairpin sequence (containing the dT loop, LTlane
fact, similar behavior was observed (Figure 3b) for a self- 5) and has much greater mobility than the native Dickerson
complementary dodecamer with a core of dT residues (Tabledodecamer (lane 3).

1, entry 5). Thes@&y experiments suggest that in the presence  One possible explanation for the observed preference for
of a core of four d8A-dm32P analogue base pairs, the self- the hairpin conformation with a core sequence of analogue
complementary Dickerson dodecamer prefers the monomo-base pairs is that despite the careful design of the two
lecular hairpin complex rather than the bimolecular simple analogue nucleosides, base pairing and base stacking effects
duplex. Evidence for this observation was obtained from are dramatically affected such that a non-base-paired core
nondenaturing PAGE analyses under conditions similar to sequence results. We have examined computation2By (
those of theTy study (Figure 4). The analogue sequence both interstrand hydrogen bonding and changes in dipole
(lane 6) has a gel mobility that is essentially identical with moment as indicators of significant changes in base pairing
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Ficure 4: Nondenaturing PAGE analysis, with 50 mM Tris-HOAc
(pH 7.0) and 10 mM Mg(OAg) lane 1, 5d(CCGG AATT
CGCC); lane 2, 5d(CCGG AATT CGCCY5'-d(GGCG AATT
CCGG); lane 3, 5d[CCGG A(GA)TT CGCC}5-d[GGCG AA-
(m32P)T CCGG]; lane 4,'5d(CGCG AATT CGCGy; lane 5, 5
d(CGCG TTTT CGCG); lane 6,"H[CGCG (GA)(C3A)(m32P)-
(m32P) CGCG]J; and lane 7, sample from lane 6 diluted witkx 10
5'-d(CGCG AATT CGCG).

Table 2: Sequences afg, Values for Non-Self-Complementary
Sequences Containing @cand dnf2P Substitutiof

5'dA(CCGGHNXYZCGCQ)

3"AdGGCCH'X'Y'Z'GC GG

sequence
entry W-W X-X' Y-y’ z-7 Tv (°C)
1 A-T A-T T-A T-A 63
2 A-T aT T-A T-A 62
3 A-T A-t T-A T-A 62
4 A-T a-t T-A T-A 60
5 A-T a-t t-a T-A 53
6 a-t a-t t-a t-a 37
7 A-t A-t T-a T-a 52
8 A-T A-t t-A T-A 56

aTn values were obtained at a concentration gfM in 20 mM
NaHPQ,, 1 M NaCl, pH 7.0 buffer using an AVIV 14DS spectro-
photometer. Samples were heated at a rate of@/fin.? ais dA
andt dm®2P.
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moderate decrease ifiy (ATy = —3 °C). If the duplex
contained two adjacent analogue base pairs (Table 2, entry
5) the Ty value was reduced by 1, and with the entire
d(AATT), core sequence replaced with analogue base pairs
(Table 2, entry 6) thdy value dropped to 37C (ATy =

— 26 °C). This latter effect was much more dramatic than if
simply one strand in the core sequence was replaced with
the analogue residues (Table 2, entry 7). The substitution of
two dt residues into the non-self-complementary sequence
reduced th& ), value about the same amount as that observed
for the self-complementary sequence (compare entry 8 in
Table 2 with entry 2 in Table 1).

Since the dt residue exhibits a maximum absorbance at
297 nm {min = 255 nm), it was advantageous to monitor
thermal melting effects for the fully substituted dodecamer
(Table 2, entry 6) at 260 and 297 nm (Figure 5). Th&C7
difference in observedy values suggests that unstacking
of the dn¥2P residues, and presumably the disruption of the
central base pairs, occurs as a relatively early event along
the denaturation pathway. By comparison, no differences
were noted forTy values obtained at the two different
wavelengths for the dG-dC rich sequence (Table 1, entry
7).

Circular Dichroism. We have examined the circular
dichroism spectra for both native and analogue sequences
to determine whether the presence of théAddm32P base
pairs results in any change in helix conformation. The native
dodecamer sequence (Table 2, entry 1) exhibits a conven-
tional B-type (i, Figure 6a). The spectra of all sequences
containing dmi2P residue(s) exhibited some complexity due
to the fact that the absorbance maximum for this residue is
centered at 297 nm (arghi, = 255 nm). With the presence
of one analogue base pair (Table 2, entry 4), the spectrum
remains largely unchanged, but with two*dedm32P base
pair substitutions (Table 2, entry 5), the negative CD

and stacking properties of the analogues, but found no transition loses intensity and there are two positive transitions
dramatic differences. As a control experiment, we prepared present (ii, Figure 6a). The blue shift of the stronger positive
a second pair of native and/or analogue sequences. The nativeransition to 262 nm and the decrease in intensity of the
sequence contained most of the elements of the Dickersonnegative transition near 250 nm are more typical of A-form
dodecamer, but the central dA-dT and dT-dA base pairs werehelices than corresponding spectral characteristics of B-form
replaced with dG-dC and dC-dG, respectively. The final two helices. The smaller positive transition (285 nm) as well as
dA-dT base pairs are now located within a dG-dC rich the new negative transition near 300 nm may reflect
sequence (Table 1, entry 6). The analogue sequence replacesllipticity effects resulting from the presence of two @R
the two dT residues with d#P (dt) residues (Table 1, entry residues. With the incorporation of four analogue base pairs
7). Tw measurements (Table 1) and thermodynamic param-into the core sequence (Table 2, entry 6), the positive
eters 23) indicate that both the native and analogue transition at 262 nm increases further (iii, Figure 6a) while
sequences have thermal stabilities that are essentially identithe second positive transition has largely disappeared. The
cal. With the same two dt residues present within the core spectra of this complex are distinctly different from the
d(AATT), sequence of the Dickerson dodecamer (Table 1, classic B-form CD spectra, and more like those of an A-form
entry 2), a single transition resulted at all the concentrations helix.
that were examined, suggesting that the sequence exists as Salt Effects A number of recent studies have indicated
the duplex rather than the monomolecular hairpin, but with that the minor groove functional groups or the ordered water
aTy reduced by 12C. Further substitutions of the dt residue molecules at these sites are coordination sites for monovalent
for the remaining two dT residues (Table 1, entry 3) again metal ions, and that these localized metal ions in the minor
resulted in a complex that prefers the monomolecular hairpin groove may be critical for stability and conformational effects
rather than the duplex. in A-tract sequences2{—26). We have examined the
We prepared a second series of non-self-complementaryrelationship of duplex stability and sodium ion concentrations
sequences that contain the core d(AAT3g¢quence (Table for a series of sequences, including the native dodecamer
2). While the presence of a singledcor dmP2P residue in (Table 2, entry 1), a sequence with a single da-dt base pair
the core sequence did not have any significant effect on the(Table 2, entry 4), a sequence containing two dt residues
observedly values (Table 2, entries 2 and 3), the presence (Table 2, entry 8), a sequence containing two analogue da-
of a déA-dm32P base pair (Table 2, entry 4) resulted in a dt base pairs (Table 2, entry 5), and a sequence with the
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Ficure 5: Thermal denaturationT(;) analyses at a total strand o
concentration of &M in 20 mM NaH,PO, (pH 7.0) ad 1 M NaCl
for the sequence containing four analoguéAddms32P base pairs
(Table 2, entry 5) with detection at 260 and 297 nm.

Ag(M”

fully modified core sequence (Table 2, entry 6). The first
three sequences (Table 2, entries 1, 4, and 8) all exhibited
Tw versus Na concentration plots that are parallel (Figure

7), suggesting that the sequences all have linear relationships.C
betweenTy and salt concentration. A similar relationship
was also observed for the sequence containing two da-dt base
pairs at sodium concentrations 8220 mM [Figure 7 A)].

At >220 mM, the relationship became biphasic wig
values exhibiting a reduced sodium ion dependence and
suggesting a conformational change in the complex. Simi-
larly, the sequence with four da-dt base pairs [Figurm)] (
exhibited a relationship that was similar to that observed for
the sequence with two da-dt base pairs at sodium concentra-
tions of >220 mM. To confirm the nature of this confor-
mational change, we examined the CD spectra of sequence y
5 (Table 2) (that exhibiting a biphasic salt dependence) at 30 240 2t0 280 00 30 200
both low and high salt concentrations (Figure 6b). Both Wavelength (nm)

spectra exhibit two positive transitions, but the intensities . 6: (&) Circular dichroism spe?:tra at & toral strand concentra
of the transitions differed, suggesting that the increased salt'GURE S (&) : g
concentrations resulted in a sigg]:]?]ifican% conformational change 17 Of 64M in 20 mM NaFtPQs (pH 7.0) al 1 M Nacl: () the
in the duplex. native sequence (Table 2, entry 1), (ii) the sequence containing

two dA-dm32P base pairs (Table 2, entry 5), and (iii) the sequence
Studies under Low Relag Humidity.We have examined  containing four déA-dm®2P base pairs (Table 2, entry 6). (b)
the CD spectra of the sequence with two analogue base pairé:i;%“a:\/ldﬁh{_aijsg (Sli'_iegtga)l ]fit atlht0t3| strand CO“CteF‘tFaﬂgL‘(/;m?

- - In 20 mM Na .0) for the sequence containin

(Table 2, er_lt_ry 5) at pH 7.0 ‘de 100 mM sodium Chlc_mde dmP2P base pairs ('IE)abIe 2, entry 5) i?] (i)0.01 M NaCIgand (i) 1.0
under conditions of varied trifluoroethanol concentrations. p nacl. (c) Circular dichroism spectra at a total strand concentra-
Under conditions of 0% trifluoroethanol, the observed CD tion of 3uM in 20 mM NaH,PQ, (pH 7.0) and 100 mM NaCl for
spectrum exhibits the two positive transitions characteristic the sequence containing two’éedm®2P base pairs (Table 2, entry
for this sequence (i, Figure 6c); the primary positive transition 5) (i), and additionally containing (ii) 40% trifluoroethanol, (iii)

. f 60% trifluoroethanol, (iv) 65% trifluoroethanol, and (v) 70%
is at 262 nm and the secondary transition at 285 nm. As thetriﬂuoroethanol. The inset shows a comparison of the spectrum with

alcohol concentration is increased, the primary transition g5 trifluouroethanol (iv) with that of the fully modified 12-mer
increases in intensity, while the secondary transition is in the absence of trifluoroethanol (vi).

slightly red shifted and decreases in intensity until at 65%
alcohol there is but a single transition (iv, Figure 6c). This
latter spectrum is very similar (see the inset of Figure 6¢) to
that obtained for the sequence containing the fully modified
da-dt core (Table 2, entry 6). Further increases in the content
of trifluoroethanol resulted in denaturation of the duplex.

As(MTem™)

tion of analogues that function in general like native residues,
but lack the functional groups of interest. In the study
presented here, we have chosefAdfor the dA analogue
and the C-nucleoside d2P as the dT analogue. The3dc
residue is a ring-fused derivative of 2-aminopyridine. Spectral
studies 27) and acid dissociation2@) constants of 2-ami-
nopyridines have established that these derivatives prefer the
amino tautomeric form. The di@P residue is a 2-pyridone.
Probing the nature of the minor groove functional groups UV studies have showr2) that the keto rather than the
by examining sequences in which the functional groups of enol form is preferred. On the basis of the preferred
interest have been removed requires the design and preparaautomeric structures, this pair of base residues should exhibit

DISCUSSION
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groove. From the very first crystal structure reported by
Dickerson (), it has been suggested that dA-dT rich
sequences have a well-ordered spine of hydration in the
minor groove. One set of water molecules bridges the N3
atoms of the dA residues and/or the O2 carbonyls of the dT
residues, while a second layer of water connects the
underlying first layer of hydration forming a continuous spine
of hydration. This structure is absent in dG-dC rich sequences
in part because the presence of the guanine N2-amino group
in the minor groove interferes with the formation of this
ordered spine of hydratioriQ). More recently, this hydration
structure has been observed at higher resolution in a number
of crystal structuresl@, 13, 17, 35). The results presented
here suggest that this water structure within the minor groove
20 15 .0 05 00 is critical to duplex stability. Previous theoretical studies
tooine (36, 37) as well as NMR analyses3§, 39) have also
FiGURe 7: Plots ofTy vs sodium ion concentration at a total strand suggested that a stable spine of hydration may be necessary

concentration of M in 20 mM NaH,PO, (pH 7.0): @) the native . h
sequence (Table 2, entry 1D))the sequence containing onedle for effective B-form duplex formation. The presence of the

dm®2P base pair (Table 2, entry 4 the sequence containing ~ Cross-strand hydrogen bonding by water molecules in the
two dn#2P residues (Table 2, entry 85)the sequence containing ~ minor groove may stabilize the B-form duplex by inhibiting

two dA-dme2P base pairs (Table 2, entry 5), al) the sequence  base pair opening effects as has been suggested on the basis
containing four d8A-dm32P base pairs (Table 2, entry 6). of theoretical calculations3@).
complementary hydrogen bonding interactions and mimic A number of analyses by both NMR2€) and high-
the dA-dT base pair as illustrated in Figure 1. Interactions resolution crystallographyl@, 17, 18, 35) indicate that
that interfere with complementary hydrogen bonding usually monovalent cations can substitute for selected water mol-
lead to dramatic duplex destabilizatid30( 31). In addition ecules within the hydration structure in the minor groove,
to hydrogen bonding interactions, inter-residue base stackingbut a related structurel®) reports the absence of such
effects are critical to effective duplex formation. Base localized metal ions. Molecular dynamics simulations have
stacking interactions for adjacent heterocycles are morealso suggested that such cations could partition into the minor
difficult to quantify. It appears that heteroaromatics exhibit groove @0—42). In such positions, they could conceivably
better stacking interactions than simple aromatic compounds,provide some cross-strand phosphate shielding and thereby
but the reasons for these differences are unclear. Bothenhance the stability of the duplex structure. However, the
dipole—dipole interactions32) and the hydrophobic effect  current studies cannot assist in resolving the issue of metal
(33) probably contribute to the parameters defining base ion binding within the minor groove of the duplex DNA.
stacking in aqueous solutions. We have performed calcula- The introduction of increasing numbers of da-dt base pairs
tions on dipole moments for both analogues, and while someinto a dodecamer sequence results in decreashs Wialues
changes are present, the average for the base pair remaingf 3, 10, and 26°C for one, two, and four analogue base
largely unchanged2Q). pairs, respectively. Consistent with the suggestion that the
Stability EffectsThe incorporation of two dA2P residues  analogue base pairs lacking minor groove hydration give rise
into a dG-dC rich sequence results inTa value that is to the destabilization of the duplexes are the thermal melting
essentially identical with that of the native dT-containing profiles for the sequence with four da-dt base pairs obtained
sequence (Table 1, entries 6 and 7). Thermodynamicat 260 and 297 nm. Th&y obtained at 297 nmATy = —7
parameters determined for both of these sequences were alstC) is quite specific for hypochromicity effects of the #m
identical @3). This similarity suggests that the daP 2P residue. When present in a dA-dT rich sequence, the
analogue forms a WatseiCrick base pair and provides inter-  unstackingTy for the dn¥2P residue suggests that the dA-
residue stacking interactions that are at least similar to thosedT core sequence is the site at which thermal disruption of
present with the native dT residue. Both characteristics havethe base pairs begins, consistent with the observation that in
now been confirmed by X-ray crystal structure analy3#.( the absence of the minor groove functional groups and/or
By comparison, the presence of two ¥R residues in a  associated hydration or metal ion binding, the duplex
dA-dT rich sequence results in a decreas&irby some 11 structure in dA-dT rich sequence is significantly destabilized.
°C (compare entries 1 and 2 in Table 1). The loss of duplex The fact the central core sequence undergoes duplex melting
stability when the analogue base pair is present in a dA-dT before the ends of the duplex is not unusual. NMR studies
rich sequence, and the absence of effects when present in &dased upon monitoring the imino proton resonances have
dG-dC rich sequence, suggests that the analogue does nathown that with central G-U mismatches, the center of the
affect the fundamental properties of interstrand hydrogen duplex melts before the termind8, 44).
bonding and base stacking since such effects would desta- Conformational EffectsThe destabilization of dA-dT rich
bilize sequences rich in dG-dC base pairs as well as thosesequences lacking minor groove sites for hydration and metal
that are dA-dT rich. Instead, the analogues must disrupt aion binding is supported by the conformational preferences
structure-stabilizing phenomenon that is present in dA-dT of self-complementary sequences. The Dickerson dodecamer
rich sequences but not in dG-dC sequences. The most likelycontaining a core of analogue residues, or even just the four
parameter that has been altered by the substitution of thesedm®2P residues, undergoes a conformational transition
particular analogues is the nature of hydration in the minor whereby the monomolecular hairpin conformation is pref-
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erentially adopted. Similar transitions between duplex and noted previously2) that the effects of sugar puckering may
hairpin structures are known, but shifting the equilibrium more often be a consequence rather than a cause ofthe B
toward the hairpin usually requires the introduction of a base A transition.

pair mismatch into the duplex§, 46) such that after the

transition it is located in the loop section of the hairpin. The SUPPORTING INFORMATION AVAILABLE

preferential formation of the hairpin with these sequences

reported thermodynamic paramete28)(as well as theTy
value obtained at 297 nm.

Hydration of nucleic acids in general has been related to
conformational preferences for double-stranded DNA, (
14—16). The explanation of the observation thatB A
transitions in helical DNA only occur in sequences rich in
dG-dC base pairs, and cannot be facilitated in poly(dA)-
poly(dT), has relied upon hydration differencéd®), Poly-
(dA)-poly(dT) maintains an ordered and very stable minor
groove spine of hydration, first suggested with the original
structural analysis of the Dickerson dodecamg&y &nd
confirmed with recent high-resolution structur&g,(13, 17).
This spine of hydration must be disrupted to facilitate the
formation of the A-form conformation with an alternative
mode of ordered hydration involving chains of water
molecules bridging the major groove and loss of overal
hydration (4—16). Disrupting the minor groove spine of
hydration usually involves both increasing the number of
dG-dC base pairs and reducing the water activity of the
solution. Salt-induced effects are usually the result of
multivalent ions such as spermine or cobalt comple®gs (
but with the analogue sequences presented here, a more facile
transition occurs even with increasing concentrations of a
simple monovalent cation like sodium. As with organic
solvent effects, dG-dC rich sequences often require ethanol
or trifluoroethanol concentrations of 75% for a stable
A-conformation to result 1—9), but with the present
sequence containing two analogue base pairs, the A-like
conformation is obtained at the lower concentration of 65%
organic solvent (iv, Figure 6c). At 65% trifluoroethanol, the
spectrum of the partially modified sequence d(GAatgs
very similar to that of the sequence containing a fully
modified core d(GaattGpbtained in the absence of organic
solvent (vi, Figure 6c¢, inset).

The present group of minor-groove modified sequences
do not adopt a conventional B-form (Figure 6a). And while
the conformations of the analogue sequences are not strictly
speaking A-form, with increasing numbers of analogue base
pairs the CD spectra resemble A-like conformations much
more than B-like conformations (Figure 6a). If the absence
of the minor groove functional groups results in a preference
for A-like conformations, then analogue sequences with only
partial losses of those functional groups might be more easily
transformed to A-like structures under conditions or low
water activity.

Selected modifications have also facilitated B to A
transitions, most notably, the introduction of ‘aphosphor-
amidate linkageZ0, 21). But in that case, the transformation
was likely induced because of the preference for the modified
carbohydrate to adopt a G8ndo conformation typical of
A-form structures, rather than the @nhdo conformation
preferred in B-form duplexes. Although in other cases;B
A transitions appear to be possible without corresponding
changes in the conformation of the sug@), 6uggesting as

Synthetic procedures and schemes for the preparation of

suggests that the core of analogue base pairs is destabilizeghe gn#2p phosphoramidite. This material is available free
relative to native dA-dT base pairs, consistent with the ¢ charge via the Internet at http:/pubs.acs.org.

2.
3.

9.
10.
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