6512 J. Am. Chem. So@000,122,6512-6513

Minor Groove Hydration Is Critical to the Stability a
of DNA Duplexes H

Tao Lan and Larry W. McLaughlin*

Department of Chemistry, Merkert Chemistry Center
Boston College, Chestnut Hill, Massachusetts 02467

Receied February 25, 2000

Since the original observation of an ordered set of water b H
molecules;?termed the “spine of hydration,” within the primary N N—H---0, CH,
hydration sphere of the minor groove of duplex B-form DNA, f )
numerous studies have concentrated upon the function and role- N o .\
(s) of minor groove hydration. In the described spine of hydration, e \° A/N""H_N m-2p
individual water molecules bridge the*Mitrogens of adenines =

and the G-carbonyls of thymines at adjacent base pairs. A second
layer of water molecules bridges the oxygen atoms of the Figure 1. (a) Watsor-Crick dA-dT base pair. (b) WatserCrick-like
underlying first layer. Theoretical analys&sNMR studie§ and base pair between # and dnf2P.
additional crystallograpiy'! have all largely confirmed the
presence of this chain of ordered water molecules within the minor in Ty, (<2 °C, entries 2 and 3, Table 1). With the introduction of
groove, but its importance to the structural integrity of B-form a modified base pair (entry 4), roughly a°@ change inTy is
DNA remains to be clarified. present, and with two or four analogue base pairs (entries 5 and

To probe the importance of minor groove hydration for duplex 6), theTy values decrease by about 10 and°25 respectively.
DNA, we designed an analogue dA-dT like base pair that lacks With four analogue residues distributed over the core sequence
both the N-nitrogen of the adenine as well as th&&@rbony! of (entry 7) theTy value is about the same as that obtained with
the thymine (Figure 1). When present in duplex DNA, this base two analogue base pairs (entry 5). Thermodynamic analyses have
pair would disrupt the minor groove spine of hydration, in fact it assisted to characterize those complexes containing modified base
should eliminate the presence of any ordered water molecules orpairs. The introduction of a single analogue base pair results in
metal ions at these sequence positions since both sites used fog 1.8 kcal/mol change inG (entry 4), while the addition of a
hydration in the minor groove are absent. The analogue base pailsecond modified base pair (entry 5) only results in a further 0.8
used in this study contained as a purine element, 3-déaza-2 kcal/mol change. The presence of all four modified base pairs
deoxyadenosine (88) (Figure 1), a know# analogue in which  (entry 6) results in an additional loss of 1.4 kcal/mol in
the Ne-nitrogen is replaced by a-€H residue. Its pyrimidine-  stabilization energy, an average of 0.7 kcal/mol per added base
like partner was a 3-methyl-2-pyridone (é2®) (Figure 1). The pair.
latter derivative was prepared by a palladium-mediated cougling For comparison, we prepared the self-complementary Dickerson
between the iodo derivative of the 2-pyridone and the corre- yy4ecamer containing a block of four3@edm?2P base pairs.
sponding protected glycal. Further protection resulted in the st 4 ;M total strand concentration this sequence exhibited a single
phosphoramidite derivative suitable for DNA synthesis. transition at 70°C. At increased concentration (18V) two

With the analogue phosphoramidites in hand, we prepared ayansitions were present; one at 23 with moderate hyperchro-
series of double-stranded sequences similar to that first crystalllzedmicity and a second at 76C, moderately higher than that
by Dickersod* but substituted the analogue base pair for one or gpserved for the unmodified duplex. A biphasic transition, with
more native base pairs within the central core d(AATS§quence 4 concentration dependence for the early transition, is a typical
(Table 1). Introduction of either a single@cor dm?2P residue observatioff for hairpin loops that can also adopt duplex
into the dodecamer sequence results in a relatively minor effect ¢t ctures with a central core devoid of Watsd@rick (W—C)
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Table 1. Effects of déA and dn#2P Substitutions on the Stability SMZ5 methods. By AM1 analysis, the dipole magnitude increases

of a Duplex Dodecamér from 2.35 D (dA) to 3.46 D (cRA) with the analogue, but in the
5 ACCOCWELECGCA second case the magnitude decreases from 4.49 D (dT) to 3.73
3 AGGCC WEYECECEa) D (dm2P). The average for the base pair remains largely
ptry sequence? n  Thermdynanic Parameters’ unchanged, and a similar phen_or_nenon is observed using PM3-
W x-x Yy z-z" AGys aH s SM3 methodology. Hydrophobicity, as least as measured by
PO AT oy B o BN 24 mobility during reversed-phase HPLC is only moderately affected.
5w ix T A 6 With more significant detrimental base stacking effects for the
S S S - S A St SR analogue, théTy, values for entries 8 and 9 in Table 1 would
s at o o Lo am -8 differ. These observations suggest that while some alteration in
. csca e e am e the nature of the base stacking interactions due to changes in
9 5CGCG t G 0.6 211 2n dipolar or hydrophobicity effects may be present, the magnitude

of these differences are not responsible for signifcant losses in
duplex stabilization.

1Tn values were obtained at a concentration gfM in 20 mM

NaHPQ,, 1 M NaCl, pH 7.0 buffer using an AVIV 14DS spectro- (iii) Hydration/.MetaI lon Bi.nding. Sequences containing
photometer. Samples were heated at®@Hmin. 2a = dA andt = adjacent d®A residues (opposite dT's) have been characterized
dne2P. 3 Calculated withT = 25 °C and reported in kcal/mol fohG has having moderately reduceg, Talues}? but appear to still
andAH and in cal/mol°K for AS. exist primarily as duplex structures. In those sequences the O

carbonyls of the partner dT residues are still available as sites

(i) Interstrand Hydrogen Bonding. We designed the analogue ~ for hydration/metal ion binding in the minor groove. Hydration
base pair such that bidendate-\@-like hydrogen bonding would ~ in those sequences may not be as effective as in native dA-dT
not only be possible but probable (Figure 1). ThéAdesidue is containing sequences and consequently the helix is destabilized.
essentially a ring-fused derivative of 2-aminopyridine, and UV  In the present study, the complete absence of both #hetfdgens
studies of 2-aminopyridines have clearly established that theseand the G-carbonyls at as many as four sites within the center
derivatives prefer the amino rather than the imino féfiBtudies of a dodecamer eliminates all such possible interactions, and
of acid dissociation constants have led to the same concluSions. dramatically alters helix stability. Thermodynamic analyses
For the pyrimidine analogue we chose to prepare the C-nucleosideindicate that the presence of one analogue base pair results in a
of the requisite 2-pyridone. Also as the result of ultraviolet studies, 1.8 kcal/mol loss in stabilization energy, while the presence of
2-pyridones have been shown to prefer the keto rather than the€ach additional analogue results in an additionat-0.B8 kcal/
enol form!® In the absence of the 2@arbonyl, less hindered Mol loss. This observation is consistent with a cooperative effect
rotation about the glycosidic bond will occur, but it seems likely relating to the spine of hydration. The initial disruption of the
that as the hydrogen bonding face of théAdmesidue approaches ~ ordered water molecules arising from the introduction of a single
the dnf2P analogue, the complementary hydrogen bonding face analogue base pair may propagate along the minor groove and
will be selected. If free rotation about the glycosidic bond disrupt additional ordered water molecules at adjacent sites.
represented a significant entropic disadvantage to base pairing/Adjacent analogue base pairs then have a correspondingly
then the thermodynamic parameters measured for entries 8 andnoderate effect. These observations are consistent with theoretical
9 in Table 1 would differ. Had either analogue undergone an calculationd suggesting that in dA-dT sequences the spine of
unfavorable tautomeric shift, the base pair containing the analoguehydration should be considered an integral part of the helix and
residue would have a lone pailone pair clash or an NH) (H—N enhances the stability of the helix against base-pair opening events.
steric interactiorboth lead to severe helix destabilization when The corollary to this suggestion is that in the complete absence
present at even a single s#&° Other effects could be present  of minor groove hydration, base pair opening at dA-dT base pairs
and related to the change in the length of the glycosidic bond for can be expected to be enhanced and to contribute to the
dmP2P resulting from the replacement of thé-Ntrogen by  destabilization of the B-form duplex.
carbon, but when present in a—® rich sequence (entry 9 in In addition to the absence of hydration, the inability to localize
Table 1) no loss of stabilization was observed. Additionally, metal ion§1%1to either the R-nitrogens or G-carbonyls in
pseudouridine is a related derivative in which the uracil base hasthe minor groove, or to water molecules hydrating these sites
been rotated and attached to the carbohydrate through the CHthere is an alternative to this electrostatic view of the minor
position. It exhibits essentially normal base pairing with adenosine 9rooveé), may increase phosphatphosphate repulsion across the
in simple duplexed! minor groove to destabilize the duplex, or in the case of the self-

(i) Base—Base Stacking.The base stacking interactions complementary sequence, facilitate the noted conformational
between neighboring heterocycles are more difficult to quantify. change. Although bidentate hydrogen bonding base pairs with
In general it seems that heterocycles exhibit better stacking minimally altered base stacking properties are present in the core
interactions than simple aromatic compounds but the reasons forsequence, these effects alone do not appear to be sufficient for
these observations are less clear. Both dipdipole interactior® duplex stabilization. The spine of hydration associated with
as well as the hydrophobic effé&have been suggested by recent Possible metal ion binding in the minor groove is critical for the
studies as being origin for base stacking. We have calculated thestructural integrity of duplex DNA.
dipole moment for the two native and analogue nucleosides used
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