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A conformational study is reported on 29-deoxyguanosine 59- pseudorotational equilibrium, whereas the interactions of
Zn2+ and Hg2+ ions with N7 resulted in the shift towards N-methylmonophosphate [MepdG (1)] and 29-deoxyguanosine

39-methylmonophosphate [dGpMe (2)] and their interactions type pseudorotamers which can be explained by the
strengthening of the anomeric effect as softer metal ions bindwith Mg2+, Zn2+ and Hg2+ ions. The conformation of MepdG

(1) and dGpMe (2) in D2O solution was inferred from vicinal to N7 and make the imidazole moiety less electron-rich. (ii)
The binding of divalent metal ions to MepdG (1) and dGpMeproton-proton, proton-phosphorus and carbon-phosphorus

NMR coupling constants and nuclear Overhauser effects (2) causes a shift of the syn q anti equilibrium towards anti,
which is larger for softer Zn2+ than for harder Mg2+ ions. (iii)(NOE). The chemical shift changes showed that hard Mg2+

ions interact preferentially with the phosphate oxygen atoms The conformational equilibrium across the C49–C59 bond (γ
torsion) in dGpMe (2) is not affected by the increasedin MepdG (1), whereas in the case of dGpMe (2) the

interaction with the phosphate oxygen atoms competes with concentration of M2+ ions. (iv) βt conformers are preferred by
ca. 77% in aqueous solution of MepdG (1) and only smallthe interaction to the C6=O carbonyl group. Softer Zn2+ and

Hg2+ ions were found to show strong binding affinity towards changes of ca. 1 percentage point in βt population have been
found upon metal ion binding to MepdG (1). (v) The two-N7 in both MepdG (1) and dGpMe (2). Analysis of J coupling

constants and NOEs measured as a function of metal ion state εt
q ε– conformational equilibrium is biased towards

εt rotamers by 63.5% in dGpMe (2). Interaction of hard Mg2+concentration revealed that: (i) N q S pseudorotational
equilibria are biased towards C29-endo pseudorotamers in and softer Zn2+ or Hg2+ ions with dGpMe (2) resulted in the

minor increase (, 3 percentage points) in the population ofM2+-free MepdG (1) and dGpMe (2) by 68% and 75% at
298K, respectively. Titration of MepdG (1) and dGpMe (2) εt conformers.
with Mg2+ ions caused no observable changes in N q S

MepdG (1) and dGpMe (2), which consist of all the essen-Introduction
tial structural elements of DNA to which metal ions can

The structure and function of nucleic acids depend on interact: β--29-deoxyribofuranose, the phosphodiester
metal ions. A knowledge of the effects of metal species on fragment and the heterocyclic moiety.
DNA structures is important in understanding the natural The phosphodiester groups in MepdG (1) and dGpMe
role of metal species. [1] Monovalent alkaline cations and di- (2) carry one negative charge at neutral pH and are ex-
valent alkaline-earth metal cations interact preferentially pected not to overestimate the effect of electrostatic associ-
with the phosphate groups, which stabilizes the DNA ation of metal ions and a nucleotide on the structural
double duplex by neutralizing the negatively charged sugar- change of nucleic acids. With the use of high-field multi-
phosphate backbone, and to a lesser extent with the bases. [2]

nuclear 1H-, 13C-, 15N- and 31P-NMR spectroscopy we were
Interactions of divalent cations with nucleobases are in- able to identify the binding sites for the individual metal
volved in many biophysical processes and can cause polari- ions on MepdG (1) and dGpMe (2), and to examine the
zation of nucleobases associated with the stabilization of conformational changes along the glycosyl bond (syn q

certain hydrogen bonds between A5T and G;C Watson- anti equilibrium, torsion angle χ), pseudorotational equilib-
Crick base pairs as well as Hoogsteen base pairs in triplex rium of sugar moiety between North- and South-type con-
DNA. Little is, however, known in the literature about how formers, reorientation along C492C59 bond (torsion angle
the interaction of metal ions with particular nucleotide in γ) and the conformational equilibria along phosphodiester
oligomeric fragment affects its conformation and how this fragments with torsion angles β[P2O592C592C49] and
local conformational change is transmitted into reorganiz- ε[C492C392O392P] in MepdG (1) and dGpMe (2), respec-
ation of the three-dimensional structure. In order to study tively.
local conformational changes induced by metal ions we According to the pseudorotation concept[3] the furanosyl
have prepared two simple mononucleotide models of DNA, ring in nucleosides and nucleotides[4,5] is involved in in-

terconversions of puckered envelope and twist forms. The
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study we have chosen three divalent metal ions (Mg21,
Zn21 and Hg21) which differ in their soft-hard nature and
are known to have distinct binding modes to nucleic acids.
Hard metal ions like Mg21 are expected to bind to phos-
phate oxygen atoms in MepdG (1) and dGpMe (2), which
would alter the strength of the [O492C492C392O39] gau-
che effect in dGpMe (2) in particular and should change
the population of S-type conformers in dGpMe (2). On the
other hand, possible binding of Mg21 to C65O of guanine
ring[18] would change the electron distribution in the purine
moiety and thus specifically affect the N q S pseudoro-
tational equilibrium through the modulation of the anom-
eric effect. Soft metal ions like Hg21 will bind to N7 of the
guanine ring which is expected to increase the population
of the N-type conformers due to the strengthening of the
anomeric effect. It is, however, hard to predict how the in-
crease in the steric bulk due to soft metal ion binding to
N7 of MepdG (1) and dGpMe (2) would additionally shift
the N q S pseudorotational equilibrium towards S. Zn21

is expected to have affinities for both the nucleobase and
the phosphate groups and is therefore expected to change
both the anomeric effect as well as the strength of the

Figure 1. Structural formula of MepdG (1) and dGpMe (2) [O492C492C392O39] gauche effect.

the part of the ring which is most puckered and Ψm indi-
cates the extent of the puckering. In a survey of X-ray crys- Results and Discussion
tal structures[6] of nucleosides and nucleotides sugar moie-
ties were found in both North (N) and South (S) confor- Binding Sites
mations. The former range (0° < P < 36°) is centered
around P 5 18° (C39-endo), whereas the latter (144° < P < The affinity of metal ions towards the specific electron-

rich sites in MepdG (1) and dGpMe (2) has been studied180°) is centered around P 5 162° (C29-endo). The values
of Ψm were found in a range from 30° to 46°. [6] A large by monitoring the changes in their 1H, 13C, 15N and 31P

NMR chemical shifts as the concentration of Mg21, Zn21collection of NMR data is consistent with the confor-
mational equilibrium between two distinctly identifiable N and Hg21 ions was gradually increased to 0.1, 0.2, 0.5, 1.0

and 2.0 molar equivalents. Titration of MepdG (1) andand S conformations which are dynamically interconverting
in solution. Two-state N q S pseudrotational equilibrium dGpMe (2) with two molar equivalents of Mg21 ions re-

sulted in a very small chemical shift change of a few ppbis controlled by the competing anomeric and gauche ef-
fects. [7] The 39-OH or 39-phosphate groups in 29-deoxynu- for the H8 signal (Figure 2), which indicates the absence, or

possibly very weak interaction of Mg21 with N7 of thecleos(t)ides drive the N q S equilibrium towards S-type
conformation through the tendency to adopt a gauche guanine moiety. [19] In addition, the small 1H-, 13C- and 15N-

NMR∆δ values reported in Table 1 for MepdG (1) indicateorientation of the [O492C492C392O39] torsion angle. [7,8]

The heterocyclic bases are involved in the anomeric effect a very weak interaction of Mg21 ions with the pentofur-
anose moiety, phosphodiester or the heterocyclic ring inwhich results in the energetic preference of N-type (pseudo-

axial nucleobase) over S-type (pseudoequatorial nucleob- MepdG (1). On the other hand, the addition of two molar
equivalents of Mg21 ions to dGpMe (2) caused a downfieldase) conformation in terms of the anomeric effect alone.

The anomeric effect in nucleosides involves the interaction shift of 0.143 ppm for the C6 signal, which suggests an in-
teraction of Mg21 ions with the C65O carbonyl oxygenbetween the non-bonded lone pairs of O49 and the anti-

bonding σ* orbital of the glycosyl bond (i.e. nO49 R atom under neutral pH. We have furthermore detected
changes of 0.4 Hz in 2JPC59 and 2JPCH3 coupling constantsσ*C19-N orbital overlap) and its strength is closely related to

the electronic nature of the aglycone.[7,9215] The pro- for MepdG (1), which indicate that Mg21 ions interact with
oxygen atoms of the phosphate group and possibly influ-tonation of the nucleobase facilitates the nO49 R σ*C19-N

interactions, thereby resulting in the increased population ence rotamer population across β (vide infra).
Titration of MepdG (1) and dGpMe (2) with up to twoof N-type conformers.[12214,16] We have already shown in

our preliminary study on the conformational changes in- molar equivalents of Zn21 ions resulted in the progressive
downfield shift of the H8 signal (Figure 2). The affinity ofduced by metal ion binding to 29-dG that Zn21 and Hg21

bind to N7 and shift the N q S pseudorotational equilib- Zn21 aqua ions to bind to N7 of the nucleobase[20] has been
independently confirmed with 13C- and 15N-NMR datarium towards N by 0.8 percentage points (R 5 2.0) and 4.1

percentage points (R 5 0.2), respectively. [17] In the present (Table 1). The 31P chemical shifts of MepdG (1) and
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is noteworthy that chelation[21226] of N7 and α-PO4 mono-
ester in 6-oxopurine nucleotide monophosphates by Pt21

resulted in a downfield ∆δ(31P) shift of 3.5 ppm.[21] The
31P chemical shifts are, however, sensitive[27] to bond angle
changes, conformational changes along α and ζ and en-
vironmental effects, and are therefore difficult to correlate
with the strength of binding of metal ions with phosphate
groups. The addition of more than 0.2 molar equivalents of
Hg21 ions to the aqueous solutions of MepdG (1) or
dGpMe (2) resulted in the broadening of 1H-NMR signals
probably due to macrochelation, which was followed by
precipitation after the addition of one molar equivalent of
Hg21 ions. The downfield shifts of H8 resonances upon ad-
dition of Hg21 ions were much larger than in the case of
Zn21 (Figure 2) which is in agreement with the softer nature
of Hg21 ions and indicates strong binding affinity towards
N7 (Table 1).

North q South Pseudorotational Equilibrium

The analysis of the solution conformation of the 29-de-
oxy-β--ribofuranosyl moiety in MepdG (1) and dGpMe
(2) is based on five (3J1929, 3J19299, 3J2939, 3J29939 and 3J3949)

Figure 2. Changes of H8 chemical shifts as a function of increasing proton-proton coupling constants (Table 2) which havemetal ion concentration in D2O solution of MepdG (1) (panel A)
been interpreted in terms of a two-state N q S pseudoro-and dGpMe (2) (panel B); in the case of Hg21 ions the precipitation

precludes the extraction of NMR chemical shifts above R 5 [M21]/ tational equilibrium, as is normal for 29-deoxyribose rings
[nucleotide] 5 1.0 (see Experimental Section).[4,5,29231] The titration of both

MepdG (1) and dGpMe (2) with Mg21 ions caused no ob-
servable changes in 3JHH coupling constants (Table 2). IndGpMe (2) moved upfield by 0.095 ppm and 0.018 ppm,

respectively, upon addition of two molar equivalents of the case of Zn21 and Hg21 ions, we observed considerable
changes in 3JHH coupling constants, which indicated thatZn21 ions which suggests that the coordinative interaction

between Zn21 and phosphate oxygen atoms is negligible. It the N q S pseudorotational equilibrium were perturbed

Table 1. The comparative effects of Mg21, Zn21 and Hg21 ions on the 1H-, 13C-, 31P- and 15N-NMR chemical shifts[a] of MepdG (1)
and dGpMe (2)

MepdG (1) dGpMe (2)
M21-free Mg21 Zn21 Hg21 M21-free Mg21 Zn21 Hg21

(R 5 2.0) (R 5 2.0) (R 5 0.2) (R 5 2.0) (R 5 2.0) (R 5 0.2)

H8 8.064 0.003 0.100 0.016 7.990 0.008 0.064 0.021
H19 6.333 20.002 0.022 0.005 6.344 20.001 0.007 0.002
H29 2.847 20.008 20.030 20.010 2.875 0.000 20.001 0.001
H20 2.542 0.002 0.031 0.040 2.678 0.004 0.014 0.008
H39 4.717 20.003 0.011 20.010 4.937 0.001 0.002 0.000
H49 4.246 20.001 0.013 0.013 4.320 20.001 20.001 20.012
H59 3.860 0.000 0.004 20.0094.040 0.000 0.019 0.014H50 3.805 0.000 0.004 20.010
C6 161.846 0.005 20.107 20.032 161.912 0.143 20.040 2
C8 140.409 0.062 0.482 0.128 140.826 0.005 0.323 0.072
C49 88.550 0.016 0.072 0.097 89.218 20.025 0.001 20.003
C19 86.475 0.040 0.232 0.176 87.055 20.010 0.064 0.013
C39 74.113 0.014 20.180 0.039 78.559 20.043 20.137 20.034
C59 67.981 0.048 20.126 0.053 64.451 20.002 20.047 20.008
Me 55.620 0.054 0.062 0.078 55.758 0.030 0.055 0.018
C29 41.364 0.085 0.317 0.115 40.687 0.001 0.045 0.003
P 2.342 20.064 20.095 20.020 1.593 20.037 20.018 20.023
N7 2145.3 20.6 28.4 21.5 2146.4 0.0 24.2 20.5
N9 2207.2 0.0 0.9 2 2209.1 0.5 1.0 2

[a] Chemical shifts for free MepdG (1) and dGpMe (2), and ∆δ [5 δM
21(R) 2 δfree] values for each of the metal ions are given in ppm.

The positive ∆δ value indicates that the particular resonance is shifted downfield upon addition of the metal ion. 1H- and 13C-NMR
chemical shifts are referenced relative to trimethylsilylpropionic acid.
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Table 2. Experimental JHH, JHP and JCP coupling constants as a < PS < 166.5°, 37.3° < Ψm

S < 38.2°). Two important con-
function of metal ion concentration in aqueous solution of MepdG clusions can be drawn from the data in Table 3. First, the
(1) and dGpMe (2) at 298 K[a]

interaction of MepdG (1) and dGpMe (2) with divalent me-
tal ions results in only a minute variation in the geometryMepdG (1) dGpMe (2)

Metal M21- Mg21 Zn21 Hg21 M21- Mg21 Zn21 Hg21 of the pseudorotamers in both N and S regions of confor-
free free mational space. The differences in the pseudorotational par-

ameters P and Ψm are certainly a matter of degree, not of
R 0.0 2.0 2.0 0.2 0.0 2.0 2.0 0.2 kind. Second, the gradual increase in the concentration of

metal ions has direct influence on the population of N- and3JH19H29 7.4 7.4 6.7 7.2 8.1 8.1 7.7 7.9
S-type conformers in MepdG (1) and dGpMe (2) (Figure3JH19H20 6.4 6.5 6.5 6.4 6.1 6.1 6.3 6.2

3JH29H39 6.2 6.2 6.2 6.3 6.1 6.1 6.1 6.1 3). The largest shift of N q S pseudorotational equilib-
3JH20H39 3.6 3.7 4.0 3.6 2.8 2.8 3.0 2.9 rium towards N-type conformers was 5 percentage points3JH39H49 3.1 3.1 3.1 2.9 2.6 2.7 2.8 2.6
3JH49H59 3.4 3.4 3.4 3.4 upon addition of two molar equivalents of Zn21 to MepdG3.9 3.9 3.5 3.93JH49H50 4.5 4.5 4.6 4.6 (1). The binding of metal ions to N7 makes the imidazole3JH29P39 0.8 0.8 0.7 0.8

moiety less electron-rich which strengthens the anomeric ef-3JH39P39 7.2 7.2 7.1 7.2
3JH49P59 1.7 1.6 2.0 1.6 fect of the heterocyclic nucleobase in MepdG (1) and
3JH59/50P59 5.0 5.0 4.9 5.0 dGpMe (2). Note that the changes in the N q S pseudo-3JC29P39 3.5 3.5 3.3 3.2

rotational equilibrium are smaller than changes caused by3JC49P39 5.8 6.0 5.7 6.0
3JC49P59 8.6 8.5 8.7 8.5 N7 protonation.[12] The smaller drive towards N-type sugar
3JC59P59 5.5 5.1 5.4 5.2 conformation due to the interaction of divalent metal ions2JC39P39 5.3 5.2 5.1 4.9
2JCH3P39 5.8 5.6 5.6 6.1 with N7 of guanine in MepdG (1) and dGpMe (2) relative
2JCH3P59 6.1 5.7 5.9 5.8 to that due to protonation could be explained by the solv-

ation of the metal ions. Water molecules, which mediate
[a] Coupling constants are listed only at two limiting concentrations M21 interactions with nucleotides reduce the effect of the(R 5 0 and R 5 2.0 or 0.2), whereas they have been collected as a
function of increasing R. The coupling constants at all concentra- metal ion on the redistribution of electron density in guan-
tions of metal ions (0.0 < R < 2.0) have been used in the conforma- ine. The increase in the population of N-type conformers
tional analysis. The signals for H59 and H5” were isochronous for

upon interaction with two molar equivalents of Zn21 isMepdG (1). 2J292” was 14.0 and 14.2 Hz for MepdG (1) and dGpMe
(2), respectively. 2J5950 was 12.5 Hz for dGpMe (2). 2J292” and 2J595” larger for MepdG (1) than for dGpMe (2). The interaction
did not change by increasing the concentration of metal ions. of Zn21 with the 59-phosphodiester in MepdG (1) is not

expected to affect the N q S pseudorotational equilib-
rium directly. The N7-phosphate chelation in MepdG (1)as the softer metal ions interacted with MepdG (1) and

dGpMe (2). could, however, affect its N q S pseudorotational equilib-
rium and result in higher conformational purity. On theIn the elaboration of the experimental 3JHH coupling

constants at various metal ion concentrations we have used other hand, the interaction of Zn21 ions with the 39-phos-
phodiester group in dGpMe (2) changes the strength of thethe computer program PSEUROT,[31] which calculates the

least-squares fit of the five parameters defining the two- [O492C492C392O39] gauche effect which should be ob-
served through the specific shift of the N q S pseudoro-state N q S pseudorotational equilibrium (PN, Ψm

N, PS,
Ψm

S and xS) to the set of experimental 3JHH coupling con- tational equilibrium towards the S-type conformers. It is,
however, clear from the ∆δ values given in Table 1 thatstants. Our analysis incorporated 30 (i.e. 6 3 5) 3JHH coup-

ling constants in the case of Mg21 and Zn21 ions, 15 (i.e. 3 Zn21 ions interact predominantly with N7 in dGpMe (2)
which strengthens the anomeric effect and drives the N q3 5) 3JHH coupling constants in the case of Hg21 ions and

five 3JHH coupling constants for metal-free aqueous solu- S pseudorotational equilibrium towards N-type pseudorot-
amers. As the [O492C492C392O39] gauche effect and thetions of MepdG (1) and dGpMe (2). As 3JHH coupling con-

stants in MepdG (1) and dGpMe (2) indicated a bias of N anomeric effect counteract each other in the drive of the N
q S pseudorotational equilibrium, the overall increase inq S pseudorotational equilibrium towards S-type con-

formers, the maximum puckering amplitude of the minor the population of N-type pseudorotamers is larger in
MepdG (1) than in dGpMe (2).N-type component (Ψm

N) was constrained in the iterative
procedure to find the best fit between experimental and cal- The 1H-NMR chemical shift changes of the H8, H19 and

H29 resonances for MepdG (1) at seven concentrations inculated coupling constants. All other parameters were freely
optimized (see the Experimental Section for details). The the range from 60 m to 1 m afforded the average associ-

ation constant (Kav 5 3.5 ± 1.6 21) which suggested thefinal convergence resulted in the global minima for each
metal ion data set with root-mean-square error below 0.3 presence of 94% (±3) of unstacked molecules at a 10 m

concentration. Similar evaluation of self-association ofHz and the maximum discrepancy between experimental
and calculated coupling constants (∆Jmax) below 0.5 Hz. MepdG (1) after titration with Mg21 ions (R 5 1.0) with

the use of the chemical shift changes of the H8, H19, H29The results in Table 3 show that the geometry of the minor
N conformer is characterized by C29-exo puckering (232.1° and H20 signals gave a Kav value of 3.0 ± 1.5 21 corre-

sponding to 94% (±3) of unstacked molecules at a 10 m< PN < 222.0°, 37.3° < Ψm
N < 38.2°), whereas the major

S conformer is characterized by C29-endo puckering (161.5° concentration. The interpretation of the chemical shifts of
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Table 3. The comparative effect of metal ions on the N q S pseudorotational equilibrium of MepdG (1) and dGpMe (2)[a]

MepdG (1)
Metal R PN Ψm

N PS Ψm
S % Sfree % SM

21 ∆Jmax r.m.s.

M21-free 0.0 223.2 37.5 163.9 37.5 67.7 2 0.43 0.202
Mg21 2.0 222.0 37.3 164.9 37.3 67.9 67.4 0.45 0.189
Zn21 2.0 226.4 37.6 166.5 37.6 67.4 62.4 0.50 0.232
Hg21 0.2 228.4 37.6 165.4 37.6 67.1 66.6 0.45 0.215

dGpMe (2)
Metal R PN Ψm

N PS Ψm
S % Sfree % SM

21 ∆Jmax r.m.s.

M21-free 0.0 232.1 38.2 162.0 38.2 74.6 2 0.32 0.276
Mg21 2.0 230.5 38.1 161.5 38.2 74.7 74.5 0.31 0.282
Zn21 2.0 226.9 37.7 163.0 37.6 75.1 72.0 0.38 0.304
Hg21 0.2 232.0 38.1 163.5 38.1 74.7 73.3 0.36 0.274

[a] Phase angle of pseudorotation and maximum puckering amplitude for N-(PN and Ψm
N) and S-type (PS and Ψm

S) pseudorotamers are
in degrees, root-mean-square error (r.m.s.) and the maximum individual discrepancy between experimental and calculated coupling con-
stants (∆Jmax) are in Hz.

error 5 0.217 Hz, ∆Jmax 5 0.4 Hz; for 10 m see Table 3).
Although the fraction of unstacked species decreases from
95% at 1 m to 67% at 10 m concentration, the Zn21-
promoted drive of the N q S pseudorotational equilib-
rium towards N changes by only 2 percentage points which
is within the error limits. There is therefore a definite M21-
promoted drive of the N q S pseudorotational equilib-
rium towards N which is not affected considerably by the
extent of self-association and the conclusions on the tuning
of the N q S equilibrium by M21 interactions with N7
of the nucleobase at a 10 m concentration remain un-
changed.

The comparison of the temperature-dependent shift of
the N q S pseudorotational equilibrium from 278 K to
338 K at 1 and 10 m MepdG (1) upon interaction with
Zn21 (R 5 1.0) has shown the following: (i) the geometries
of the interconverting N and S conformers are nearly iden-
tical [for 1 m: (PN 5 228.0°, Ψm

N 5 37.5°) q (PS 5
166.0°, Ψm

S 5 37.5°); for 10 m: (PN 5 225.2°, Ψm
N 5

37.3°) q (PS 5 166.5°, Ψm
S 5 37.3°)], and (ii) the de-

crease in the population of S-type pseudorotamers with the
increase of temperature is smaller at a 10 m than at a 1
m concentration (for 1 m: %S278K 5 68.5, %S338K 5 64.0Figure 3. The N q S pseudorotational equilibrium in MepdG (1)

(panel A) and dGpMe (2) (panel B) as a function of increasing and for 10 m: %S278K 5 66.8, %S338K 5 63.8). The in-
metal ion concentration

crease in temperature from 278 K to 338 K caused the up-
field shift of the H8 signal from δ 5 8.125 to δ 5 8.069 at
10 m, and from δ 5 8.097 to δ 5 8.043 at 1 m MepdGthe H8, H29 and H20 signals in MepdG (1) in the presence

of Zn21 ions (R 5 1.0) resulted in a Kav value of 27.2 ± (1). The 1H-NMR ∆δ values between 278K and 338K are
indeed very similar for all resonances at 1 and 10 m17.0 21 which corresponds to 67% (± 14) of unstacked

species at a 10 m concentration of MepdG (1). The ad- MepdG (1). The shift of the N q S pseudorotational
equilibrium is slightly different, which indicates that asditional titration of MepdG (1) with Zn21 ions from R 5

0.0 to R 5 2.0 was performed at a 1 m concentration, more nucleotide becomes unstacked with the increase of
temperature, the Zn21-promoted drive towards N-type su-where 95% (±3) of species was found to be unstacked. The

comparison of the results at the two concentrations showed gar conformation becomes comparable at the two concen-
trations. The temperature-dependent population changes,that the geometries of both major and minor conformers

and their respective populations differed only slightly (for 1 however, do not allow us to dissect the effect of enthalpy
and entropy contributions to the Zn21-promoted drivem: PN 5 224.9°, Ψm

N 5 37.4°, PS 5 165.3°, Ψm
S 5

37.4°,%Sfree 5 68.1 and %SZn
21 5 65.5 at R 5 2.0, r.m.s. towards N-type sugar conformation from the drive of the
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N q S equilibrium due to the variation of the stability
constant of labile M212nucleotide species with tempera-
ture.

syn q anti Equilibrium

The semiquantitative information about the confor-
mational equilibrium across the glycosyl bond (χ) in
MepdG (1) and dGpMe (2) upon the interactions with me-
tal ions has been calculated from H8 ↔ H19 NOEs.[32]

MepdG (1) showed a preference of 62% for anti confor-
mation, whereas dGpMe (2) showed a preference of 69%
for syn conformation (Figure 4). The higher tendency for
anti conformation in MepdG (1) relative to that in dGpMe
(2) can be explained by the unfavorable steric interactions
between the 59-phosphodiester group and the nucleobase
which are both on the β side in MepdG (1). The binding of
divalent metal ions to MepdG (1) and dGpMe (2) caused a
shift of the syn q anti equilibrium towards anti, except in
the case of Mg21 interactions with dGpMe (2) which
caused a slight shift of 2 percentage points (within exper-
imental error) towards syn (Figure 4). The steric bulk of the
phosphate group on the β side of the furanosyl moiety in
MepdG (1) increases with the (electrostatic) interaction of
Mg21 ions with the phosphate oxygen atoms, which forces
the nucleobase to adopt an anti conformation where the
steric hindrance is reduced.

Figure 4. Changes in the conformational equilibria upon interac-It is interesting to note that the shift of the syn q anti
tion of Mg21, Zn21 and Hg21 ions with MepdG (1) (panel A) andequilibrium in both MepdG (1) and dGpMe (2) towards dGpMe (2) (panel B); the population of S-type conformers (% S)

anti upon binding of Zn21 ions is correlated with the in- is represented with cylinders, population of syn conformers (% syn)
with cones, and population of βt rotamers (% βt) in MepdG (1)creased population of N-type pseudorotamers. Similar cor-
and εt rotamers (% εt) in dGpMe (2) with square blocks; note thatrelations have already been reported. [16,33]
different levels of shading illustrate that data for Mg21 and Zn21

correspond to the addition of two molar equivalents (R 5 2.0) of
metal ions, whereas data for Hg21 ions correspond to R 5 0.2

Conformational Equilibrium Across the C492C59
Bond (γ) increase in metal ion concentration showed only small

changes of ca. 1 percentage point in βt population, which
The isochronicity of H59 and H599 in MepdG (1) pre- is well within the range of experimental error (Table 4), and

vented the measurement of individual 3J4959 and 3J49599 suggests that the conformation along the torsion angle β is
coupling constants. Analysis of the experimental 3J4959 and not affected by metal ion binding to MepdG (1).
3J49599 coupling constants (Table 2) in dGpMe (2) has shown
56% population of γ1, 28% of γt and 16% of γ2 rotamers. Table 4. The effect of metal ions on the conformational equilibria

across the C592O59 bond (β torsion) in MepdG (1) and across theNote, that the small changes in the experimental 3J4959 and
C392O39 bond (ε torsion)[a] in dGpMe (2)3J4950 coupling constants of 0.1 Hz (Table 2) upon interac-

tion of M21 ions with dGpMe (2) indicate negligible redis- MepdG (1) dGpMe (2)
tribution of the conformational equilibrium across γ. % βt εt ε2 % εt ∆Jmax r.m.s.

M21-free 76.7 209.5 270.8 63.5 0.44 0.39
Mg21 75.5 209.0 270.9 64.4 0.29 0.31Conformational Equilibrium Across the C592O59 (β) Zn21 78.0 209.4 270.7 64.0 0.81 0.52

and C392O39 (ε) Bonds Hg21 75.5 209.6 270.7 66.5 0.53 0.42

The conformational equilibrium across the torsion angle [a] Torsion angles εt and ε2 are in degrees, root-mean-square error
(r.m.s.) and maximum discrepancy between the experimental andβ[C492C592O592P] has been assessed on the basis of ex-
calculated 3JC49P, 3JC29P and 3JH39P coupling constants (∆Jmax) areperimental 3JC49P coupling constants[34] alone as the iso- in Hz.

chronicity of H59 and H599 protons in MepdG (1) prevented
the determination of the individual 3JH59P and 3JH5”P coup- The experimental 3JH39P, 3JC49P and 3JC29P coupling con-

stants (Table 2) have been used for the determination ofling constants. It turned out that βt conformers are pre-
ferred by 76.7% in M21-free solution of MepdG (1). The the conformational equilibrium across the C392O39 bond
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(torsion angle ε[C492C392O392P]) in dGpMe (2) in terms towards anti, which is larger for softer Zn21 than harder

Mg21 ions. The increase in the population of anti conform-of a two-state εt
q ε2 conformational equilibrium.[35238]

The εt rotamer is preferred by 63.5% in M21-free dGpMe ers in both MepdG (1) and dGpMe (2) upon binding of
Zn21 ions is correlated with the increased population of N-(2) (Table 4). Interaction of hard Mg21 and softer Zn21 or

Hg21 ions with dGpMe (2) resulted in the minor increase type pseudorotamers.
The small changes in the experimental 3J4959 and 3J495”(< 3 percentage points) in the preference for εt conformers

which is not correlated with the relatively higher affinity of coupling constants in dGpMe (2) upon interaction with
M21 ions indicate negligible redistribution of the confor-Mg21 ions for the interaction with phosphate oxygen atoms

(Table 4). Additionally, 4JH29P coupling constants have been mational equilibrium across C492C59 bond (γ torsion).
The interpretation of 3JC49P coupling constant has shownused for the qualitative assessment of the population of ε2

rotamers[39] and the results from both methods are in nice that βt conformers are preferred by ca. 77% in M21-free
aqueous solution of MepdG (1). Only small changes of ca.agreement (Table 4).
1 percentage point in the βt population have been found
upon metal ion binding to MepdG (1).

The two-state εt
q ε2 conformational equilibrium isConclusions

biased towards εt rotamers by 63.5% in dGpMe (2). The
interaction of hard Mg21 and softer Zn21 or Hg21 ionsMepdG (1) and dGpMe (2), which consist of all three

structural elements of single-stranded DNA, have been with dGpMe (2) resulted in the minor increase below 3 per-
centage points in the population of εt conformers.chosen as simple model compounds for the evaluation of

metal ion binding sites and related conformational changes
in the absence of intermolecular interactions. The metal ion

Experimental Sectionconcentrations have been gradually increased by titration of
aqueous solutions of MepdG (1) and dGpMe (2). Multi- Synthesis: The synthesis of MepdG (1) and dGpMe (2) has been
nuclear 1H-, 13C-, 15N- and 31P-NMR spectroscopy has carried out by procedures reported by Khorana[48,49] and Mar-

zilli. [20] 29-Deoxyguanosine-39-monophosphate and 29-deoxygu-been used to evaluate all rotational degrees of freedom
anosine-59-monophosphate have been suspended in dry methanol.across the sugar-phosphate backbone and glycosyl torsion
After addition of three molar equivalents of dicyclohexylcarbodii-angles.
mide (DCC), the suspension was stirred at room temperature forThe chemical shift changes showed that hard Mg21 ions
72 h. The solvent was evaporated under reduced pressure and waterinteract preferentially with the phosphate oxygen atoms in
was added to precipitate DCC and its byproducts. The filtrate was

MepdG (1), whereas in the case of dGpMe (2) the interac- extracted with petroleum ether and water removed by lyophili-
tion of Mg21 ions with the phosphate oxygen atoms com- zation.
petes with the interaction to the C65O carbonyl group.

NMR Measurements: 1H- and 31P-NMR spectra were recordedSofter Zn21 and Hg21 ions were found to show a strong
with a Varian Unity-plus 300 at 299.858 MHz and at 121.384 MHz,

binding affinity for N7 in both MepdG (1) and dGpMe (2). respectively. 13C- and 15N-NMR were acquired at 150.909 MHz
The interpretation of 3JHH coupling constants in MepdG and 60.817 MHz, respecitvely, with a Varian Unity Inova 600

(1) and dGpMe (2) has shown the bias of their N q S NMR spectrometer at the National NMR Center of Slovenia.
pseudorotational equilibria towards S-type conformers. At Spectra were acquired in D2O (99.9% deuterium) at neutral pH

(pH* 5 7.5) at a 10 mM concentration, which is a compromise298 K the population of C29-endo pseudorotamers in M21-
between the extent of self-association and the sensitivity of NMRfree aqueous solutions of MepdG (1) and dGpMe (2) were
measurements of rare nuclei like 15N. Trimethylsilylpropionic acid68% and 75%, respectively. Titration of MepdG (1) and
was used as internal standard for 1H- and 13C-NMR (δ 5 0) spec-dGpMe (2) with Mg21 ions caused no observable changes
tra, MeCN (δ 5 2135.8) as external reference for 15N-NMR spec-in the N q S pseudorotational equilibrium. On the other
tra, and 85% aq. H3PO4 (δ 5 0) as external reference for 31P-NMRhand, the interaction of Zn21 and Hg21 ions with N7
spectra. The sample temperature was 298K ± 0.5K. Metal ion con-

strengthens the anomeric effect which is apparent from the centration was gradually increased by simple titration of nucleo-
increase in the population of N-type pseudorotamers. The tides with 0.1, 0.2, 0.5, 1.0 and 2.0 molar equivalents of nitrate
shift of the N q S pseudorotational equilibrium towards salts of Mg21, Zn21 and Hg21 ions. 1D-1H measurements were
N-type conformers upon addition of two molar equivalents performed under identical spectral and processing conditions: 9

ppm sweep width, 32K time domain, zero filling to 128K, andof Zn21 was 5 percentage points for MepdG (1) and 3 per-
slight Gaussian apodization to give enhanced resolution. In ordercentage points for dGpMe (2). The changes in the N q

to obtain accurate J coupling data and chemical shifts 1H-NMRS pseudorotational equilibrium are small compared to the
spectra were simulated with a standard computer simulation algor-changes caused by protonation which can be explained by
ithm, which is integrated into the Varian software package (VNMRthe solvation of metal ions with water molecules, which me-
rev. 5.3B). [28] The error in 3JHH is 0.1 Hz as estimated from thediate the interaction and thus reduce the effect of labile
comparison of the experimental and simulated spectra. 1D-NOE

metal ion interaction on the redistribution of π-electron experiments were run with 5 s irradiation time and with saturation
density of the guanine residue in MepdG (1) and dGpMe of individual lines within the multiplet. NOE difference spectra
(2). were obtained by internal subtraction of on- and off-resonance

The binding of divalent metal ions to MepdG (1) and spectra. Proton-decoupled 13C-NMR spectra were recorded with
220 ppm sweep, 96K time domain, zero filling to 512K. Proton-dGpMe (2) causes a shift of the syn q anti equilibrium
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decoupled 31P-NMR spectra were acquired with 100 ppm sweep, γ 5 180° q gauche-minus, γ 5 270°). [50] The limiting coupling

constants and populations of the three rotamers are related with56K time domain, zero filling to 64K. 15N-NMR chemical shifts
were obtained from 2D-HMBC experiments using gradients for co- the following equations: 3J4959 5 1.64 xγ1 1 2.86 xγt 1 10.40 xγ2

and 3J495” 5 1.84 xγ1 1 10.78 xγt 1 2.71 xγ2. 2 The interpretationherence selection; 4096 (ω2) 3 128 (ω1) data points, 320 scans per
FID, 16 dummy scans, appropriate delays were calculated accord- of the experimental 3JC49P, 3JC29P and 3JH39P coupling constants has

been performed with the assumption of a two-state εt
q ε2 con-ing to 1JNH 5 90 Hz and nJNH 5 4 Hz, 6 kHz (ω2) 3 15 kHz (ω1)

spectral width, transformed after multiplication with a sine bell fil- formational equilibrium across the C392O39 bond in dGpMe (2).
The three-parameter Karplus equations[37,38] for 3JCP 5 9.1 ? cos2Φter shifted by π/2 in both ω2 and ω1 to give an 8K 3 1K matrix.

Digital resolutions were 0.05 Hz in 1H-NMR spectra, 0.1 Hz in 2 1.9 ? cosΦ 1 0.8 and 3JHP 5 15.3 ? cos2Φ 2 6.2 ? cosΦ 1 1.5
have been used in the calculation of 3JCP and 3JHP from εt and ε213C-NMR spectra, 0.3 Hz in 31P-NMR spectra and 30 Hz along

the 15N(f1) axis of 2D-HMBC spectra. 2 The chemical shift meas- torsion angles and their respective populations, which were iterated
to find the best fit with the experimental 3JC49P, 3JC29P and 3JH39Purements at seven concentrations in the range from 60 m (solu-

bility limit) to 1 m were employed to study self association with coupling constants. An additional semiquantitative estimation of
the population of ε2 rotamers was done with the equation xε

2 5the isodesmic model. [53] In this model, the assumption is made that
all the equilibrium constants for the Nn 1 N q Nn11 equilibria 4JH29P(expt)/2.3, [39] which showed that population of ε2 rotamers

is in the range from 30 to 35 percentage points. 2 The populationsare equal. The observed chemical shift (δobs) is defined by Equation
1 where c is the total concentration of a nucleotide, δ0 represents of syn and anti conformers could be estimated with the use of 1D-

NOE difference spectroscopy by saturating H8 and measuring thethe chemical shift at infinite dilution, δ` is the chemical shift at
infinitely long stack, and K is the association constant. NOE at H19 for syn, and the sum of NOEs at H29 and H39 for the

anti conformers. [32] As the signal for H39 is overlapping with the
signal of residual HOD for both MepdG (1) and dGpMe (2) and

(1) its suppresion could introduce considerable error in our evaluation
of syn q anti equilibrium we have only used H8 ↔ H19 NOEs.

Conformational Analysis: The conformational analysis of the sugar Nuclear Overhauser enhancements upon saturation of H8 were
moiety was performed by the computer program PSEUROT[31]

4.3% and 7.8% for free MepdG (1) and dGpMe (2), respectively,
with the use of λ electronegativities for the substituents along 2.9% and 8.1% for Mg21 (R 5 2.0) and 1.7% and 4.5% for Zn21

H2C2C2H fragments and the six-parameter set from 1994 for (R 5 2.0). The NOE enhancements were used to calculate the
the generalized Karplus-type equation. [29] The following λ elec- population of syn conformers with the following equation: %syn 5
tronegativity values were used: 0.0 for H, 0.58 for heterocycle, 1.26 100 · ηH19/11.3. [32]

for OH, 0.62 for C19, C39 and C49, 0.74 for C29, 1.27 for O49 and
0.68 for C59. The analysis of 3JHH coupling constants consists of
three standard translation steps. First step translates experimental
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