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The IH and I3C NMR spectra of the self-complementary dodecamer d(AIT2G,G~G5T6A,CsC9CIOAIIT12)2 were assigned. The 
dodecamer chemical shifts and NOE effects suggest a normal B-form duplex at 12 OC. However, weak NOE cross peaks from 
the AH2 signal to the HI' signal of the 3' nucleotide were observed. These weak cross peaks are consistent with some minor sliding 
in of the propeller-twisted base pairs, particularly at the center of the duplex. At lower concentrations or at higher temperature, 
a second form of the oligonucelotide was evident. This concentration dependence, the downfield chemical shifts of some 'H 
resonances, and the observation of an imino signal at 11 ppm strongly imply that this minor form is a hairpin. Addition of Zn2+ 
greatly disfavored this hairpin form. At lower oligonucleotide concentration, Zn2+ was twice as effective as Mg2+ in favoring the 
duplex form. The imino 'H spectra established that GC base pairing is not disrupted in the duplex form, even at high levels of 
added Zn2+. At higher oligonucleotide concentration, when the duplex was converted to the random coil form by temperature 
elevation, no hairpin form was detected in the presence of Zn2+, whereas such a form was clearly present, particularly at 42 OC, 
in the absence of Zn2+. At low temperature, when Zn2+ was added, the H8 signals at G4 and, to a lesser extent, G, shifted downfield 
with little effect on the G5H8 or any AH8 signals. This result suggests a preferential binding to N7 of G4. This conclusion was 
strongly supported by downfield shifts of the G,  and G ,  C8 signals and the absence of appreciable changes in the C8 signals of 
other purines. In addition, the C5 signals of G4 and G ,  shifted upfield and the C4 signals broadened. These characteristic changes 
strongly support coordination to N7 for these two G residues. However, no significant changes in NOE cross-peak intensities, 
the C3' I3C signals, or the ,lP NMR signals were observed. Therefore, it is clear that GN7-MCrN7 cross-linked or GMG sandwich 
species are not formed, since the strain in the sugar-phosphate backbone that would be produced by such species would have led 
to appreciable changes in chemical shift and NOE cross-peak intensity. The selectivity pattern (G,  > G 3  > G5, A) is consistent 
with the expected molecular electrostatic potential on the basis of literature calculations. Thus, although the study of spectro- 
scopically silent labile metal ions such as ZnZ+ is difficult, a multinuclear NMR investigation of the target biomolecule can be 
quite revealing. 

Introduction 
The importance of metal ion interactions with nucleic acids has 

been recognized for some time.Iv2 Metal ions influence DNA 
structure and Metal atoms are found in antitumor 
drugs that act  at the DNA level,3 in DNA binding proteins: in 
RNA and DNA processing enzymes? and in conformational and 
structural probes of DNA and RNA: Synthetic oligonucleotides 
have become extremely useful models for studying interactions 
of small molecules with DNA by NMR ~ p e c t r o s c o p y . ~ - ~ ~  Most 
of the NMR spectroscopic studies of binding of metal species to 
oligonucleotides have involved Pt(I1) compounds.* Other metal 
complexes, such as metalloporphyrin~~ and inert octahedral 
complexes used as DNA conformational probesi0 have been 
studied by NMR spectroscopy to a lesser extent. A useful 
backdrop for a complete understanding of the binding of these 
types of species to DNA would be a better understanding of how 
simple metal ions bind to DNA and influence DNA structure and 
stability. Most of the NMR studies of oligonucleotides reported 
to date have involved 1 D and 2D IH NMR and some 1 D and 
2D iH-3iP NMR s t u d i e ~ . ~ - ~ ~  Although IH NMR spectroscopy 
has played an important role in identifying metal binding sites 
to nucleosides and nucleotides, 13C NMR spectroscopy can be very 
informative, since distinct patterns of upfield and downfield shifts 
for heterocyclic base 13C signals are one of the most unambiguous 
methods of defining metal binding sites in solution." 

Recent studies have shown that I3C NMR spectroscopy of 
oligonucleotides is quite feasible,I2 and other studies have suggested 
that sugar pucker (S vs N) can be readily determined on the basis 
of I3C shifts-particularly of the C3' signal." We report here 
one of the first attempts to utilize I3C NMR spectroscopy of 
oligonucleotides to understand metal ion binding. We have also 
used 1 D and 2D 'H NMR and 1 D 31P spectroscopy to probe the 
binding of Zn2+ to an oligonucleotide. 

W e  selected Zn2+ for study for several reasons. It is the metal 
found most often in DNA binding proteins4 and in enzymes in- 
volved in D N A  and RNA biochemi~try.~ Also, Zn2+ has one of 
the most interesting groups of effects on D N A  unwinding and 
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rewinding of all of the simple divalent metal Of 
additional interest, Zn2+-DNA interactions are characteristic of 
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those of other simple ions in many ways,I6 and if we can un- 
derstand its binding, we will thereby gain considerable insight into 
the binding of other labile metal ions such as Cu2+. In contrast 
to Cu2+ and other 3d divalent transition-metal ions, Zn2+ is 
diamagnetic; the diamagnetism simplifies the interpretion of the 
N M R  studies. Finally, the labile, diamagnetic Zn2+ will bind a t  
the thermodynamically favorable site. Excluding steric effects, 
this site should be the position of most favorable electrostatic 
potential in the DNA major groove. Considerable effort has been 
expended on theoretical calculations that will give insight into these 
potentials." Such calculations provide estimates of GN7 nu- 
cleophilicity, which can also probed experimentally with alkylating 
agents.'" The binding of alkylating agents is thermodynamically 
irreversible. Alkylation site preference is kinetically controlled, 
and therefore additional methods for assessing DNA surface 
charge would be useful. Nevertheless, such alkylation studies have 
additional importance, e.g. alkylation has transformation-inducing 
properties by means of a mutation that affords an activated on- 
cogene.l" 
Our findings are best discussed in terms of previous suggestions 

about metal binding modes to DNA polymers. Considerable 
indirect evidence exists that Zn2+ and other metal ions such as 
Cu2+, MnZ+, Cd2+, Co2+, etc. bind to the G C  base pairs, since the 
effects of these metals increase with DNA G C  c ~ n t e n t . ~ ~ - ' ~ J ~  It 
is widely believed that the preferred binding site is N7  of G.Is 
However, there are  many suggestions that the metal ion may 
cross-link adjacent bases, such as two guanines, or that chelate 
complexes are formed involving N7  and a phosphate group.I5J9 
The UV spectral changes that have been observed have been 
attributed to the partial transfer of the imino proton on N1 of 
G to N3 of C (namely, an alteration in the Watson-Crick base 
pairing scheme resulting from the binding of an electrophilic metal 
ion to N7). C D  spectral changes have been attributed to global 
conformational changes brought about by metal ion binding.I5 

Metal ions also influence the thermal denaturation of DNA 
and can either increase or decrease the midpoint temperature (T,) 
of the duplex-to-coil t r a n s i t i ~ n . ' - ~ ? ~ ~ * ~ ~  It has been suggested that 
only AT base pairs are involved in the denaturation process.I9 
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Also, metal ions may possibly prevent the formation of structures 
such as hairpins, which normally impede renaturation of DNA.M 
We have suggested that the prevention of hairpin formation by 
Zn2+ could explain at least partly the ability of this ion to facilitate 
renaturation of DNA.16 At low concentrations, most metal ions 
increase T,, but a t  higher concentrations some metal ions, such 
as Zn2+, Cuz+, and Cd2+, decrease Tm.12714 Such a decrease could 
result from stabilization of the random coil form. 

We have found that N M R  studies of oligonucleotides, par- 
ticularly using I3C NMR,  can be very informative in improving 
our understanding of metal ion binding to DNA. Unambiguous 
support or clear refutation of some of these suggested interactions 
has resulted from our studies. 

Experimental Section 
Sample Preparatiolrp. The oligodeoxyribonucleotide (oligomer) (5' - 

3')d(ATGGGTACCCAT), was synthesized and purified as previously 
described?' Zn2+-oligomer samples were prepared by adding the correct 
amount of ZnC12 stock solution to the solution of the oligomer and 
adjusting the pH to 6.00. The Zn2+ stock solution was prepared by 
weighing an appropriate amount of ZnCI, into a 50-mL volumetric flask 
and adding 2 small drops of 5.5 M HCI and then deionized water. The 
solution concentration, 0.1 M, was determined by atomic absorption 
spectroscopy. Samples were lyophilized and then dissolved in 0.5 mL of 
99.96% D20, and the solutions were transferred (under nitrogen) to 
5-mm NMR tubes. 
Extinction Coefficient Determination. The "near-neighbor" methodU 

was employed to calculate tmv, the average value per base in the absence 
of base stacking. Then the absorbance at 260 nm of the oligomer solution 
was recorded at 92 and 25 "C. From the equation a 2 ~ 2 5 . c )  = (&.c/ 
A92&2601v, the value of t2@ at 25 OC was calculated to be 7490 M-I cm-l 
per base. 

IH and "C NMR Spectroscopy. IH NMR experiments were per- 
formed at 500.10 MHz except as noted on a GE GN-500 spectrometer 
with a variable-temperature controller. The following experiments were 
performed at  12 "C except where noted. 

Onedimensional proton spectra were recorded typically with 5Oocl-H~ 
sweep width, 30" pulse width, and 16K data points for D 2 0  samples and 
8OOO-Hz sweep width, 80" pulse width, 16K data points, and 1331 solvent 
suppression sequence with a presaturation pulse for 90% H20/10% D20 
samples. For NOE difference spectra, 128 scans collected with the 
saturating field directed off-resonance were subtracted from an equal 
number of scans with the saturating field on-resonance. No internal 
standard was added. The chemical shift calibration was based on the 
signal of residual HOD. 

2D homonuclear J-correlation spectroscopy (COSY)23 with presatu- 
ration and 31P decoupling (I-W power) at 202.443 MHz resulted from 
a 512 X 2048 data matrix size with 16 scans per t,. A sweep width of 
5000 Hz and a 1.3-s delay time between scans were used. 

Phase-sensitive 2D cross-relaxation correlation (NOESY) and chem- 
ical exchange correlation spectroscopy (EXSY) experiments both used 
the same pulse s e q ~ e n c e ~ ~ * ~ ~  with presaturation and ,IP decoupling. For 
these experiments a 512 X 2048 data matrix size was used with 16 scans 
per t I .  A 3-s delay between scans and a 5000-H~ sweep width were used. 
Mixing times used in two NOESY experiments were 100 and 300 ms. 
A 300-ms mixing time was used in the EXSY experiment at 42.5 "C. 

The COSY and NOESY spectra as well as other 2D spectra were 
processed with the FTNMR program (Hare Research, Inc., Woodinville, 
WA). The data were apodized with a Gaussian sine function in both 
dimensions. In the t l  dimension the data were zero-filled once before 
Fourier transformation. 

Heteronuclear multiple quantum correlation (HMQC) and phase- 
sensitive HMQC (PHMQC)26 spectra resulted from a 128 X 1024 data 
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matrix size with 512 scans and a 1.1-s delay between scans. A 5000-HZ 
sweep width was used for the IH dimension, and a 8065-Hz sweep width 
was used for the dimension (frequency = 125.76 MHz). Forty-one 
watts of 13C rf power and a 38 - r~  90° pulse width were used. Since the 
sweep width used in the carbon dimension was much narrower than the 
entire carbon chemical shift range, and the pulse was centered in the 
spectral window, allowance was made for foldover for the AC2, AC8, 
GC8, TC6, CC6, and T methyl signals. The FIDs were apodized with 
double-exponential multiplication, right-shifted one point and zero-filled 
prior to the last Fourier transformation. The offset in the carbon di- 
mension was calculated from the absolute frequency of residual HOD 
CpbIH) taken to be 4.90 ppm relative to TSP ((CH1),SiCD2CD2COONa) 
at 12  OC. The frequency (Hz) of HOD relative to TSP PPI,) should 
be 

~ ‘ I H  = (FISF + p%H) - (4.90 X 10d)FISF 

where FISF is the IH pulse frequency (500.1 MHz). The frequency of 
I3C relative to TSP can be calculated in a way similar to the method 
previously used2’ for IsN: 

p p l k  = ftnl‘fc + f t n l ) C / f t n l H P P ! H  - f tn lH)  

whereflnlH = 500.097 478 MHz and ftniiC = 125.749 263 MHz were 
measured by Prof. David Live. The I3C offset can therefore be obtained 
by subtractingpPiic from the ,IC frequency used in the experiment. 

Selective heteronuclear multiple bond correlation (SHMBC) spectra” 
were obtained by selectively irradiating only the base protons by using 
the decoupling coil instead of the transmitter coil. Data were collected 
at 500.1013 MHz for ‘H by using a 128 X 512 data matrix size with 
1024 scans per 1 , .  An 800-Hz sweep width was used for the ‘H dimen- 
sion, and an 8000-Hz sweep width was used for the ”C dimension 
(125.77 MHz). Forty-one watts of rf power and a 38-g~ 90° pulse 
width were used. Foldover, not present in the ‘H dimension, was a 
concern in the ‘)C dimension for the signals of CC4 and TC4 for the 
same reason as in HMQC experiment. Double-exponential apodization 
was used in both dimensions. The data were zero-filled once before 
Fourier transformation in  the 1, dimension. The offset calculation was 
the same as that used for the HMQC spectra. 
”P NMR Spectroscopy. One-dimensional I’P NMR spectra were 

recorded at 146.1 34 MHz with a Nicolet 360-NB spectrometer equipped 
with a variable-temperature unit. Parameters used include the following: 
1400 Hz sweep width, 60° pulse width, broad-band IH decoupling, 16K 
data points, 500-ms delay between scans, and from 1000 to IOOOO scans. 
The samples, contained in 5-mm NMR tubes, were placed in a IO-” 
NMR tube containing D20 with TMP ((CH,0)3P0 from Aldrich) as 
reference. 
Results 

Assignments by means of 2D N M R  methods of d- 
(ATGGGTACCCAT),! NMR signals as well as the corresponding 
signals of the Zn2+ complex were made for imino and most 
nonexchangeable protons and most of the carbons. Since the 
oligomer duplex is self-complementary, only one strand is of 
concern. Each nucleoside is referred to according to the following 
numbering scheme: 

5’-dA I T2G3G4GSTbA&&& 1 oA 1 1 T 12-3’ 

Concentrations are given in total oligonucleotide bases. Thus, 
a solution 40 mM in bases corresponds to 3.33 mM in strands 
or 1.67 mM in duplex. Since under some conditions hairpins or 
hairpin/duplex mixtures are formed, we have given the concen- 
tration throughout in total bases. 

Nonexchangeable Proton Assignments. A contour plot of the 
NOESY spectrum a t  300-ms mixing time of free d- 
(ATGGGTACCCAT)2 is presented in Figure 1. The boxes 
labeled a-g correspond to the following correlations respectively: 
(a) aromatic protons to H1’ and CH6 to CH5; (b) aromatic 
protons to H3’, H4’, H5’, and H5”; (c) aromatic protons to H2’, 
H2”, and TCH,; (d) HI’ to H2’, H2”, and TCH,; (e) H1’ to H3’, 
H4’, H5’, and H5”; (f) TCH3 protons to H2’ and H2”; (g) H2’ 
to H2” in the same sugar. The correlations of H2’ and H2” to 
H3’, H4’, H5’, and H5” between 1-3 ppm in one dimension and 
4-5 ppm in the other dimension overlap severely and were not 
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Figure 1. 500.10-MHz ‘H 2D phase-sensitive N O B Y  (300-ms mixing 
time) contour plot of d(ATGGGTACCCAT)2 duplex (40 mM in bases) 
in D20, pH 6.0 (uncorrected) at 12 OC. 
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Figure 2. Expanded NOESY spectrum of the H8/H6/H2 to HI’/H5 
region of d(ATGGGTACCCAT)2. The sequential H8/H6 to HI’ con- 
nativities from the 5’-end (A,) to the 3’-end (TI2) are connected by solid 
lines. Internucleotide cross peaks are labeled, as are the CH6 to CH5 
intranucleotide NOE cross peaks. 

very useful for assignment purposes. 
For a B-form duplex, sequential assignments are  possible be- 

cause of the short distances between HI’ and the base proton in 
its own nucleotide or in the nucleotide in the 3’-direction. Except 
a t  the ends, two NOE cross peaks should be seen from every HI’ 
to two aromatic protons and, from every aromatic proton, two 
NOE’s should be seen to two HI’ signals. The 5’-end aromatic 
proton signal should have a connectivity to one H1’ and the 3’-end 
H1’ should have a connectivity to one aromatic proton signal. 
Figure 2 contains the expanded spectrum of the aromatic proton 
to HI’ region (a). The sequential connectivity from the 5’-end 
(A,)  to the 3’-end (TI2) or vice versa is indicated by lines. By 
this procedure aromatic H8, H6, and sugar HI’ signals can be 
assigned. NOE correlations between H8/H6 and H5  can also 
be seen, assigning the H5 signals. The three strongest cross peaks 
in this region are between H5  and H6 of the three cytosine res- 
idues. These latter connectivities are also present in the COSY 
spectrum. Of some interest, some unusual NOE connectivities 
between AH2 and Hl’of the next residue in the 3’-direction are 
found, such as A7H2-C8Hl’ and A,,H2-TI2HI’. Furthermore, 



Zn2+ Binding to  a n  Oligodeoxyribonucleotide Inorganic Chemistry, Vol. 30, No. 2, 1991 231 

Tabk I. IH Chemical Shifts (ppm) of Signals of 
d(ATGGGTACCCAT)2 That Change Significantly on Addition of 
W+ 

Zn2+/duplex 
protons 0 3 8 

G3H8 7.83 7.85 7.88 
G4H8 7.67 7.83 7.87 
TbH6 7.24 7.31 7.32 
AllH2 7.88 7.84 7.83 
G3H I ’  5.67 5.90 5.91 

G3H2’ 2.64 2.60 2.63 

T2H6 7.33 7.35 7.39 

CIoHI’ 5.51 5.59 5.58 

GiH2’’ 2.72 2.19 2.8 1 
GAH2’ 2.62 2.65 2.68 
GiH2’’ 2.70 2.65 2.68 
CI’,H2’ 2.02 2.14 2.17 
ClOH2” 2.45 2.37 2.39 
G4H3’ 4.96 4.92 4.97 
G5H3‘ 4.85 4.80 4.81 
CloH4‘ 4.08 4.13 4.15 

T2CH3 1.40 1.38 1.33 
T6CH3 1.33 1.34 1.37 

one sees an unusual connectivity between A7H2 and A7Hl’ (Figure 
2). Assignments are summarized in Table SI (supplementary 
material). 

On the basis of the H1’ assignments, the adjacent H2’ and H2” 
can be identified (region d in Figure 1). To further confirm the 
identification of H2’ and H2” signals as belonging to a specific 
sugar, region c in Figure 1 can be used. Aromatic signals not only 
exhibit cross peaks to the H2’ and H2” signals of the same nu- 
cleotide, but also to H2’/”” signals of the next sugar in the 
5’-direction. The latter have lower intensity for a B-form duplex. 
In region g in Figure 1, cross peaks directly indicate which two 
signals (H2’ and H2”) are  for the same ribose. COSY spectra 
also help with this identification. In the specific assignment of 
H2’ and H2” signals, the short mixing time (100 ms) NOESY 
experiment, where spin diffusion is not as important, is necessary. 
Since H2” is always closer to HI’ than H2’, the H2”-H1’ NOE 
cross peak is stronger than that for H2’-Hl’. We found that all 
the clearly resolved H2” signals are downfield to the corresponding 
H2’ signal (Table SI (supplementary material)). 

Assignment of the H3’ signals from the NOE cross peaks to 
either aromatic or H1’ signals is quite straightforward (regions 
b or e in Figure 1). While, in principle, H4’, HS’, and H5” 
assignments can be made through H1’ connectivities, region e is 
too crowded and the assignments are difficult. The H4’ assign- 
ments in Table SI were confirmed by HMQC C4’ assignments 
discussed below. 

From regions c and f in Figure 1, the TCH, signals were 
assigned. These assignments were confirmed with the COSY 
spectrum. 

The A7H2 and A l l H 2  signals were assigned by the NOESY 
(300 ms) connectivities of A7H2-C6Hl’ and AllH2-T12H1’. The 
AH2 assignments were confirmed by 1D N O E  experiments 
discussed below. By difference, A I H 2  was assigned. 

The proton signal assignments of the Zn2+-oligomer complexes 
were made by the same methods (see Tables SI1 and SI11 of the 
supplementary material). The significant chemical shift changes 
induced by Zn2+ are listed in Table I. It is noteworthy that in 
the presence of 3 Zn2+/duplex, most of the shift changes have 
occurred; only small additional changes accompany the addition 
of more Zn”. The most significant changes of the aromatic signals 
involve G4, where G4H8 shifted downfield by 0.16 ppm. The G4 
H2’-”’’ signals are no longer resolved. G3Hl’ shifted downfield 
by 0.23 ppm and the G3 H2’-H2’’ resolution increased from 0.08 
to 0.19 ppm. 

Compared to the significant effect of Zn2+ on the chemical 
shifts, the relative intensities of NOE cross peaks do not change 
significantly in the 3 Znz+/duplex spectrum. However, since the 

r .  . . -  I 

8.4 8.0 7.6 7.2 

PPm 
Figure 3. Selective 2D HMBC contour plot of d(ATGGGTACCCAT)2 
(40 mM in bases) in DzO, pH 6.0 (uncorrected) at 12 OC. 

data collection and processing were exactly the same for all spectra, 
some small intensity changes can be detected by a careful exam- 
ination. For example, the A7H2-C6H1’ and G3H8-T2Hi cross 
peaks are stronger than in the spectrum recorded with no Zn2+ 
added, while the AllH2-TI2H1’ cross peak is weaker. New very 
weak cross peaks, AlH2-T2H1’ and C8H5-C9H6, appear in the 
presence of Zn2+. 

The Zn2+ was added to 8 Zn2+/duplex, the limit of solubility 
a t  this concentration. The 2D ’H N M R  spectra obtained were 
quite similar to those of the 3 Zn2+/duplex solution except the 
chemical shifts continued to change, although not by very much 
(Table SI11 (supplementary material)). N o  further significant 
NOE intensity changes were found. 
”C Assignments. The ”C assignments were made through the 

use of signals of protons that are connected directly by one bond 
(HMQC method) or indirectly by two or three bonds but still 
coupled (HMBC method). Tables I1 and 111 give the I3C as- 
signments without and with Zn2+. The assignment is based on 
the proton assignments. In the HMQC experiment, each IH signal 
is split into a doublet (by - 150 Hz) by I3C coupling. By this 
method, most of the protonated I3C signals, both for the bases 
(AC2, AC8, GC8, TC6, TCH,, CC5, and CC6) and sugars (Cl’, 
C3’, and C4’), can be assigned (Table 11). Since most of the 
assignments of H5’ and HS” were not made, the C5’ assignments 
were not possible, except for AI.  The C2’ region is too crowded 
(each H2’ and H2” signal is split, thus each C2’ has four cross 
peaks) to be assigned. 

In the study of the Zn2+ adducts, 1 and 8 Zn2+/duplex were 
added in separate HMQC experiments (Figure S1 (supplementary 
material)). Most of the I3C signals of the protonated carbons of 
the 1 Zn2+/duplex sample were assigned (Table 11). Since Zn2+ 
severely broadens some of the 13C signals, the sugar carbon signals 
in the 8 Zn2+/duplex sample are so broad and overlapped that 
many assignments were not possible. 

From the selective HMBC experiment of the free oligomer 
(Figure 3), the assignments of most nonprotonated carbons, such 
as CC2, CC4, TC2, TC4, GC4, GC5, AC4, ACS, and AC6 can 
be obtained (Table 111). However, since no nonexchangeable 
proton is within three bonds, the assignments of GC2  and GC6 
cannot be made. In the presence of 4.5 Zn2+/duplex, most of the 
nonprotonated carbons were assigned except that some GC4 and 
GCS signals were too broad to observe. 

The data in the absence of Zn2+ in Tables I1 and 111 can be 
used to contrast the assignments obtained from our studies with 
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Table 11. Assignment of Protonated 13C Signals (ppm) of 
d(ATGGGTACCCAT), Duplex without and with Zn2’ 

Znz+/duplex 
carbons od 1 8 

AIC8 
A7C8 

AlC2 
AllC8 

AllC2 
A7C2 

G3C8 
G4C8 
G5C8 
T2C6 
T6C6 
Tl2C6 
C&6 

CIOC6 
CaC5 
c9c5 
c10c5  
T2Cmc 
T6Cm 

C9C6 

T I 2 9  
AICI 
A7CI‘ 
AIICI’ 
G,CI’ 
G4C I’  
G,CI’ 
CaCI’ 
C9CI‘ 
C&I’ 
TIC 1 ’ 
T6C 1 ’ 
Tl2CI’ 
AlC3’ 
A7C3’ 
AllC3’ 
G3C3’ 
G4C3’ 
G5C3’ 
CgC3’ 
C9C3’ 
ClOC3’ 
T$3’ 
TbC3’ 
TI2C3‘ 
AlC4’ 
A7C4‘ 
AllC4‘ 
G3C4’ 
G4C4’ 
G5C4’ 
C*C4’ 
C9C4’ 
C&4’ 
TZC4’ 
T6C4’ 
TIzC4’ 
A ,C5’,5” 

142.4 
141.2 (142.0) 
141.7 
154.5 
154.8 (1 54.5) 
155.0 
138.1 
137.1 (137.6) 
136.9 
138.7 
138.0 (139.3) 
138.9 
141.7 
142.2 (142.6) 
142.9 
98.1 
98.3 (98.8) 
98.8 
14.0 
14.3 (14.8) 
14.2 
87.8 
84.7 (85.5) 
85.4 
84.2 
84.2 (84.3) 
85.0 
86.5 
86.7 (86.8) 
86.2 
85.6 
85.3 (86.1) 
85.4 
79.3 
79.0 (80.1) 
78.8 
78.8 
78.7 (78.9) 
77.3 
76.3 
76.8 (76.7) 
77.0 
78.0 
78.5 (78.9) 
71 .O 
89.6 
87.2 (88.1) 
86.3 
87.2 
86.6 (86.3) 
86.8 
85.3 
85.6 (86.0) 
86.3 
85.8 
85.6 (86.2) 
86.5 
64.0 

142.3 
141.2 
141.7 
154.5 
154.5 
155.0 
138.6 
138.1 
137.0 
138.9 
138.3 
139.0 
141.9 
142.7 
143.0 
98.1 
98.3 
98.7 
13.9 
14.1 
14.2 
87.8 
85.0 
85.5 

b 
84.8 
85.7 
86.5 
87.2 
86.6 
85.9 
85.6 
85.6 
79.3 
79.0 
79.0 
78.6 
78.6 
78.0 
76.5 
76.7 
76.8 
77.7 
77.6 
71.6 
89.7 
87.5 
86.5 
87.4 
86.8 
87.2 
85.5 
85.9 
86.6 
86.2 
86.0 
86.7 
64.5 

142.5 
141.7 
142.0 
154.5 
154.7 
154.7 
139.6 
139.6 
137.3 
139.0 
138.5 
139.0 
142.2 
143.1 
143.1 
98.0 
98.2 
98.7 
14.2 
14.1 
14.3 
88.0 

V 
e 
r 
Y 

b 
r 

a 
d 

0 

V 
e 
r 
Y 

b 
r 

a 
d 

0 

(1 Experimental conditions: 99.96% D20, pH 6.00 (uncorrected in 
DzO) and 12 OC. bData could not be obtained, since the cross peaks 
disappear. CT methyl carbon. dData in parentheses from ref 12. 

previous assignments.I2 In these tables, average values are given 
for a particular type of carbon in the center of the duplex. Most 
of the assignments were quite consistent. As expected for some 
carbons on both end-nucleotides, a few ppm chemical shift dif- 
ference from the average for carbons of the same type in interior 
nucleotides was found. For example, the AICl’  signal is 2.7 ppm 
downfield (+) from other ACl’ signals. Likewise the following 
differences were observed: AIC4’, +2.5 ppm; AIC5, +1.3 ppm; 
AlC8, +0.9 ppm; TI2C3’, -7 ppm (upfield). 

From a comparison of base carbon chemical shifts without Zn2+ 
and with Zn2+ from Tables I1 and 111, the most significant shifts 

Table 111. Assignment of Nonprotonated I3C Signals (ppm) of 
d(ATGGGTACCCAT)z Duplex without and with Zn2+’ 

ZnZt/duplex Zn2+/duplex 
carbons oc 4.5 carbons oe 4.5 
AlC4 150.5 150.4 Cloc4 167.9 167.4 
A7C4 150.7 (151.2) 150.7 T2C2 153.2 153.0 

AIC5 121.7 121.6 Tl2C2 153.5 153.4 
A7C5 120.2 (120.9) 120.0 T2C4 168.7 168.4 

AlC6 158.3 158.6 TlzC4 168.7 168.4 
A7C6 158.0 (158.3) 158.3 G3C4 153.1 b 

CaC2 158.7 158.4 G5C4 152.4 152.8 
C9C2 159.0 (159.0) 158.8 G3C5 117.5 116.8 

CaC4 167.2 166.8 G5C5 117.5 117.2 

a Experimental conditions: 99.96% D20, pH 6.00 (uncorrected in 
D20) and 12 “C. bData could not be obtained, since the signals are 
too broad to see the coupling. CData in parentheses from ref 12. 

AiIC4 150.7 150.8 T6C2 152.3 (153.7) 152.2 

AllC5 120.5 120.4 T&4 168.7 (168.8) 168.4 

AllC6 158.0 158.3 G4C4 152.6 (153.4) b 

CloC2 159.0 158.8 G4C5 117.5 (117.5) 116.8 

C9C4 167.9 (168.1) 167.4 

14 13 12 1 1  PPM 

Figure 4. Imino proton NMR spectrum of d(ATGGGTACCCAT), (30 
mM in bases) at  23 OC, in H 2 0  (pH 6.0), without Zn2+ (bottom) and 
with 1 Zn2+/duplex (top). The signals are labeled as follows: (a) T2All; 
(b) T6A7; (4 G&9; (4 G~GIo ;  (e) G&; (f) AIT12. 

are G4C8 (2.5 ppm), G3C8 (1.5 ppm), C9C6 (0.7 ppm), G3CS 
(-0.7 ppm), and G4C5 (-0.7 ppm). Of some interest, the T methyl 
I3C shift pattern was altered by adding different amounts of Zn2+. 
For instance, the order was from downfield to upfield T6, TI2, T2, 
T12, T6, Tz; and T I ~ , . T ~ ,  T6,at Rz,,lduplcx = 0, 1, and 8, respectively, 
although the chemical shifts changed little. 

Exchangeable Proton Signal Assignments and Temperature 
Dependence. Imino proton signals of the oligomer in 90% 
H20/10% D 2 0  were assigned by 1D NOE and thermal melting 
methods. Five peaks in the region of 10-15 ppm for the free 
self-complementary dodecamer (30 mM in bases) are visible in 
the 8 OC spectrum (not shown). The signal for the end base pair 
(A1TI2) was not observed because of end fraying. 

When the temperature was increased to 18 OC (Figure 4), the 
most downfield signal a shifted upfield. This signal, which shifted 
upfield further and disappeared a; the temperature was increased 
to 30 OC, is assigned to the imino proton of Tz in the penultimate 
base pair. The signal d at 12.83 ppm (at 18 “C) greatly lost its 
intensity by 40 OC and then essentially disappeared around 50 
OC. This signal, which did not shift significantly with temperature, 
is assigned to the G 3  imino proton. The signal b a t  13.44 ppm 
(at 18 “C) lost some intensity a t  about 40 OC. Above 55 OC the 
three remaining signals (b, c, and e) were broadened and disap- 
peared simultaneously, suggesting that they were for central base 
pairs. On the basis of characteristic shifts, the upfield signals a t  
12.91 ppm (c) and 12.76 ppm (e) (at 18 “C) are assigned to G, 
and G5, respectively, and the downfield signal (b) a t  13.44 ppm 
(at 18 “C), to T6. During the temperature increase to 55 OC, no 
signal was observed around 1 1-1 2 ppm, the region where hairpin 
imino signals are normally detected.29 

(29)  Hare, D. R.; Reid, B. R. Biochemisrry 1986, 25, 5341. 
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1D NOE experiments confirmed the assignments. At 10 OC, 
when the signal assigned above to T2AII was irradiated, the signal 
assigned to the G3Clo base pair gave an N O E  effect, as did the 
signal assigned to AI2H2. When the imino signal of G3Clo was 
irradiated, NOE's were observed for the imino signals of T 2 A l l  
and the signal a t  12.92 ppm, assigning it as G4C9. As expected, 
the G3Clo and the G,C8 signals responded to G4C9 irradiation, 
the T6A7 and the G4C9 signals responded to G5Cs irradiation, and 
the A7H2 and GSC8 imino signals responded to T6A7 irradiation. 

In the presence of Zn2+ (RZnldu lex = 1; the oligomer concen- 
tration is 30 mM in bases), the s h i h  of the imino proton signals 
(assigned by NOE spectroscopy) were quite similar to those ob- 
served with no Zn2+ present. However, a broad and most upfield 
imino signal appeared at - 12.66 ppm at 18 OC (Figure 4); this 
sixth signal is assigned to the terminal base pair (AIT12). At 8 
O C ,  this signal was underneath the three G imino proton signals. 
It shifted upfield when the temperature was increased and dis- 
appeared above 25 OC. On addition of Zn2+ at 18 OC, the imino 
signal of base pair G4C9 shifted from 12.91 to 13.00 ppm and that 
of G5C8 shifted from 12.76 to 12.78 ppm (Figure 4). The imino 
proton signal of T2Al l  became sharper and shifted upfield from 
13.65 to 13.56 ppm on addition of 1 Zn2+/duplex. When the 
temperature was increased, this signal shifted upfield further by 
-0.2 ppm and disappeared above 30 OC. Simultaneously, the 
G3Clo signal shifted upfield slightly and combined with the signal 
of G&. All signals broadened by 40 O C ,  especially for the T6A7 
base pair, but the relative intensities of the signals remained 
essentially constant until 50 OC. Above 50 OC, the signals were 
broadened significantly and simultaneously. In comparison, the 
signal of G3C10 had essentially disappeared for the no Zn2+ sample 
at 50 OC. 

Temperature Dependence of the Nonexchangeable IH Signals. 
Variable-temperature studies of the oligomer were performed by 
monitoring the 1 D NMR signals of the nonexchangeable protons, 
especially in the aromatic and T methyl proton regions, in D20.  

When two conformational transitions accompany a temperature 
increase, the first transition is typically from duplex to hairpin, 
and the second, from hairpin to random coil.30-31 In the absence 
of Zn2+, the base proton signals of the oligomer gradually became 
complex as the temperature was increased (Figure Sa). Between 
40 and 50 OC the number of signals appeared to have doubled 
and the intensities of the original signals to have decreased. We 
attribute these changes to a partial duplex-to-hairpin transition. 
From 50 to 60 OC, the signals remained broadened. However, 
above 65 OC, one set of sharp signals was apparent again. In the 
presence of 2.5 Zn2+/duplex, only one set of signals was present 
from 22 to 75 O C .  The signals became broad a t  -55  OC but 
sharpened above 65 OC (Figure 5b). 

The temperature dependences of the chemical shifts for selected 
base aromatic proton and the thymidine methyl resonances in the 
absence and presence of Zn2+ are shown in Figure 6-8. Although 
the assignments above 50 OC are difficult because of signal crossing 
and broadening, the Zn2+-absent case was assigned by the EXSY 
experiment (see below) and the Zn2+-present case was assigned 
by analogy. 

The T6H6 resonance in the absence of Zn2+ (Figure 6) exhibited 
an upfield shift with increasing temperature below the melting 
temperature. On the basis of previous studies,32 this behavior 
suggests that a conformational transition in the middle of the 
strand precedes melting. However, in the presence of Zn2+, this 
signal shifted upfield even more (Figure 8). The three CH6 
resonances show a large downfield shift between 50 and 65 OC 
for the sample without ZnZ+ (Figure 6 )  and between 55 and 70 
O C  for the sample with Zn2+ (Figure S2 (supplementary mate- 
rial)). Such C6H6 downfield shifts are characteristic of the melting 
of a double-helical structure and have been observed in d- 
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(30)  Wemmer, D. E.; Chou, S. H.; Hare, D. R.; Reid, B. R. Nucleic Acids 
Res. 1985, 13, 3755. 

(31)  Roy, S.; Weinstein. S.; Borah, B.; Nickol, J.; Appella, E.; Sussman, J.  
L.; Miller, M.; Shindo, H.; Cohen, J.  S. Biochemisfry 1986, 25, 7417. 

(32) Williamson, J .  R.; Boxer, S. G. Biochemistry 1989, 28, 2819. 

l ' ' i ' l ' ' ' ' l ' ' ' ' I '  
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Figure 5. 'H NMR spectra of ~(ATGCPGTACCCAT)~ (30 mM in 
bases) in D20 (pH 6.0, uncorrected) at different temperatures as indi- 
cated: (a) without Zn2+; (b) with 1 Zn2+/duplex. 

(CGCG),33 d(CGCGCG),33-35 and d(CGCGTTGTTCGCG).32 
For the three GH8 resonances, large downfield shifts occur for 

the no ZnZ+ sample around 60 OC (Figure S3), but for the ZnZ+ 
sample they occur above 70 OC (Figure S2). The chemical shift 
changes of the AH8 signals were quite similar in both samples 
with and without Zn2+. When the temperature was increased, 
the AH8 signals shifted upfield by 0.03-0.1 ppm and then shifted 
downfield by about the same amount (Figures 6 and 8). For both 
samples, the inflection points were a t  -50 OC for all of the AH8 
signals and the final chemical shifts at 75-80 OC were similar to 
the room-temperature values. 

In the TCH3 spectral region in the absence of Zn2+, weak signals 
from the hairpin form are observed a t  room temperature (Figure 
7) .  These hairpin signals are shifted downfield with respect to 
the corresponding duplex signals. The signals from the duplex 
form shifted downfield with increasing temperature for both end 

(33) Cheng, D. M.; Kan, L.; Frechet, D.; Ts'o. P. 0. P.; Uesugi, S.; Shida, 
T.; Ikehara, M. Biopolymers 1984, 23, 775. 

(34) Uesugi, S.; Shida, T.; Ikehara, M. Chem. fhorm. Bull. 1981, 29,3573. 
(35) Frechet, D.; Cheng, D. M.; Kan, L.; Ts'o, P. 0. P. Biochemistry 1983, 

22, 5194. 
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Figure 6. Chemical shift dependence on temperature of selected base 
protons of d(ATGGGTACCCAT)* (30 mM in bases in D20,  pH 6.0, 
uncorrected) as indicated. 

TCH3 (T2 and TI2). However, no shift for the T&H3 signal was 
found up to -50 OC. Above 50 OC the signals of the duplex and 
the hairpin forms merged. At this juncture, the shifts of the 
merged signals correlated with the hairpin form. With further 
increase in temperature, the signals shifted downfield further. The 
resulting biphasic curves suggest a transition from hairpin to coil 
forms in this second phase. This pattern is most obvious for 
T6CH3. In the presence of Zn2+, most interestingly, the T6CH3 
signal did not shift below 58 OC (Figure 8). Above 58 OC, a large 
downfield shift was observed to -75 OC. No hairpin signals were 
observed a t  any temperature. 

Hairpin Signal Identification. As we noted, in the absence of 
Zn" two forms were present, particularly in the temperature range 
40-45 O C .  An EXSY spectrum was obtained, therefore, at 42.5 
OC in order to identify the signals of the hairpin form by chemical 
exchange with the duplex form (Figure 9). By this method, many 
of the signals of the hairpin were assigned (Table IV). The most 
significant differences in the chemical shifts between duplex and 
hairpin forms were found for the CH6 and CH5 signals. In 
contrast to other duplex and hairpin signals, which were similar, 
these were shifted from 0.2 to 0.7 ppm. Another large difference 
between the two forms was found for the A7H2 signal, with the 
signal of the hairpin shifted downfield by 0.61 ppm relative to 
the duplex signal. These hairpin signal assignments were very 
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Figure 7. Chemical shift dependence on temperature of methyl protons 
of d(ATGGGTACCCAT)2 (30 m M  in bases in D20, pH 6.0, uncor- 
rected) as indicated. 

useful for assigning the signals of the coil form a t  high temper- 
ature. 

Zn+-Induced Hairpin to Duplex Transition. At low concen- 
trations of the oligomer, for example 4 mM in bases, the imino 
proton spectrum at 20 OC (Figure 10) was quite different from 
that a t  high concentration (30 mM; see Figure 4). At low con- 
centration, two downfield signais, 13.02 and 12.77 ppm, as well 
as one broad upfield signal a t  10.83 ppm, are observed. The 
downfield signals are very likely from G imino protons in GC base 
pairs. The shift of the upfield signal is consistent with the imino 
proton of an unpaired thymidine in a loop region of a hairpin 
structure.2g There are also two very small signals near 13.5 ppm 
and another two a t  - 12.9 ppm. 

When 1 Zn2+/duplex was added to the solution, the upfield 
signal became broader and smaller, the two downfield signals 
diminished, and at least five signals emerged in the downfield 
region. Two of these signals are probably due to an increase in 
size of the original two signals present at - 12.9 ppm before the 
addition of Zn2+. Further downfield, two new overlapping peaks 
emerged at - 13.5 ppm (Figure IO). These overlapping signals 
appear to arise from the merging and increase in size of the two 
small signals originally at - 13.5 ppm. Obviously, the spectrum 
must be that for two forms, which are almost certainly a hairpin 
and a duplex. When more Zn2+ was added (2 Zn2+/duplex in 
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Figure 8. Chemical shift dependence on temperature of selected base and 
methyl protons of d(ATGGGTACCCAT), (30 mM in bases in D20, pH 
6.0, uncorrected) as indicated at 2.5 Zn2+/duplex. 

Table IV. 'H Chemical Shifts (ppm) of d(ATGGGTACCCAT), in 
Its Duplex, Hairpin, and Coil Forms" 

protons duplexb hairpin' coild 
AlH8 8.1 1 8.12 8.19 
A7H8 8.21 8.18 8.25 
AllH8 8.27 8.33 8.33 
AlH2 7.97 8.02 8.08 
A7H2 7.45 8.06 8.14 
A l W  7.88 8.03 8.15 
G3H8 7.82 7.80 7.86 
GIH8 7.65 7.66 7.15 
G5H8 7.50 7.53 7.71 
T2H6 7.30 1.32 7.31 
T6H6 7.22 7.21 7.28 

CsH6 7.27 7.67 7.61 
C9H6 7.46 7.64 7.65 

CBHS 5.25 5.95 6.00 

C1oH5 5.62 5.84 5.86 
T2CH3 1.45 1.52 1.70 
T6CH3 1.35 1.44 1.66 

1.59 1.66 1.76 

Tl2H6 7.37 7.45 7.53 

ClOH6 7.42 7.53 7.73 

C9H5 5.46 5.90 5.98 

Experimental conditions: 99.96% D20,  pH 6.00 (uncorrected in 
D20), temperature as noted. bAt 12 OC. 'At 42.5 OC. dAt 75 OC. 

H6 

, I 

8.4 8.0 7.6 7.2 
PPm 

Figure 9. Expanded EXSY spectrum of the aromatic proton region of 
d(ATGGGTACCCAT)2 (40 mM in bases in D20, pH 6, uncorrected) 
at 42.5 OC. The chemical exchange cross peaks between the duplex and 
hairpin forms are labeled and linked by solid lines, if they are far from 
the diagonal. NOE cross peaks are not labeled. 

14 13 12 1 1  10 PPM 
Figure 10. Imino proton NMR spectra of d(ATGGGTACCCAT), (4 
mM in bases) at 20 OC in H 2 0  (pH 6.0) at the indicated ratios of Zn2+ 
to duplex. The signals are labeled as follows: (a) T6A7; (b) T2AIl; (c) 
G4C9; (d) G3ClO; (e) G G ;  (0 AITI2. 

total), the upfield signal was almost gone and the one set of signals 
that dominated was similar to that in the spectrum of the oligomer 
a t  high concentration. With further addition of Zn2+ a t  20 "C, 
the upfield signal disappeared completely. At  this stage, only 
duplex complexed with Zn2+ remained. 

The spectral dependence on further addition of Zn2+ is inter- 
esting: One of the overlapping signals at 13.5, ppm shifted slightly, 
if at all, and remained sharp. We assign it to T2All  on the basis 
of this behavior as well as temperature studies discussed below. 
A signal at 12.60 ppm appeared (assigned to AITI2) .  When the 
Zn2+ titration a t  20 O C  reached 10 Zn2+/duplex, the signals a t  
13.45 (T2Al l )  and 12.60 (AITI2)  ppm became broad again and 
the sharp peak at 12.92 ppm, which we assign to the GpClo imino 
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Figure 11. Imino proton NMR spectra of d(ATGGGTACCCAT)2 (4 
mM in bases) in H 2 0  (pH 6.0) at the temperatures indicated: (a) 
without Zn2+; (b) with 4 Zn2+/duplcx; (c) with 10 Zn"/duplex. 

proton, broadened slightly. An increase to 25 Zn2+/duplex 
produced no further spectral change (Figure 10). 

Temperature-dependence studies were performed a t  0,4, and 
10 Zn2+/duplex titration stages. For the sample without ZnZ+ 
(Figure 1 la), the upfield signal from the loop region became even 
broader above 20 O C ,  and the downfield sharp signals from the 

1 " " I " " l " " I " "  
1 4  1 3  1 2  1 1  10 PPM 

Figure 12. Imino proton NMR spectra of d(ATGGGTACCCAT), (4 
m M  in bases) at 23 O C  in H20 (pH 6.0) at the indicated ratios of Mg2+ 
to duplex. 

GC base pairs become broad above 25 OC. All peaks became very 
broad and were barely detectable over the noise above 45 O C .  For 
the 4 Zn2+/duplex sample (Figure 1 Ib), presumably the most 
stable duplex form, the AITI2  and T2All  base pair signals shifted 
upfield, indicating end fraying, with increase in temperature; these 
signals disappeared a t  -30 OC. The T6A7 and G3Clo signals 
became broad at 30 OC. Above 45 OC, the signals of all remaining 
base pairs were broadened. For the 10 Znz+/duplex sample 
(Figure 1 IC), the A I T l z  and TzAl l  base pairs had melted by 18 
OC. The TsA7 and G3CI0 signals started to become broad even 
at 23 OC. Above 45 OC, the signals were extensively broadened. 

An analogous experiment was conducted on a similar 4 mM 
solution with Mg2+ at 23 OC. The upfield imino signal of T6 in 
the loop broadened, but the extent of broadening was less than 
in the Znz+ titration; the signal does not essentially disappear until 
addition of 4 Mg2+/duplex (Figure 12). On the basis of the 
disappearance of the hairpin signals and the formation of signals 
characteristic of the duplex form, Zn2+ appears qualitatively to 
be twice as effective as Mg2+ in stabilizing the duplex form. One 
notable difference in the imino region is a less pronounced 
downfield shift of the G4 imino signal on duplex formation. The 
shift value of 13.0 ppm can be compared to a value of 12.9 ppm 
for the duplex in a concentrated solution and to 13.2 ppm for the 
ZnZ+ titration of the dilute sample. Another major difference is 
that the imino signal of the penultimate base pair, T2Allr  did not 
broaden and shift upfield as in the Zn2+ case; instead, the signal 
shifted slightly downfield, remaining broad up to 15 Mg2+/duplex. 
Finally, the broad signal for the terminal base pair moved 
downfield and beneath the G3 and G5 signals up to this ratio of 
added Mg2+. 

The temperature dependence of the imino proton spectrum of 
the Mg2+ R = 10 sample was indicative of melting from the ends 
followed by disruption a t  the center of the duplex. The spectral 
changes (not shown) were qualitatively similar to the R = 10 Zn2+ 
experiment except that, in the Mg2+ case, the melting temperature 
was about 10 OC higher. 

31P NMR Spectroscopy. The 31P N M R  spectrum of the oli- 
gomer consists of five sharp peaks and several overlapping signals 
between -3.94 and -4.50 ppm at 25 OC. The addition of Zn2+ 
( R ~ ~ , d ~ p l ~ ~  = 1-8) made the resonances slightly broader and shifted 
signals upfield by ca. 0.05-0.15 ppm (at R = 8, signals were 
between -4.03 and -4.63 ppm). No new peak was observed. 
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When the temperature of the R = 0 sample was increased, the 
signals were broadened with loss of resolution; for example, a t  
42.5 “C the signals were between -3.96 and -4.43 ppm. However, 
at 67.5 O C  almost all signals were overlapped between -3.87 and 
-4.15 ppm. In the presence of Zn2+, R = 2.5, the temperature 
influence was similar to that noted with R = 0 except that the 
degree of the signal overlap was even greater than that without 
Zn2+ (figures not shown). A more dilute sample, 4 mM in base, 
gave two large signals a t  -4.1 and -4.4 in the normal range and 
a small upfield signal at ca. -4.9 ppm. 

Discussion 

The insight we have gained from our N M R  studies will be 
discussed first with regard to the nature of the premelt species, 
then to the hairpin-teduplex equilibrium, and finally to the melting 
process. 

One of the clearest results from the IH N M R  study is that, 
even at relatively low ratios, Zn2+ binds to N 7  of G.  There are 
essentially no significant shifts of the AH8 signals. Furthermore, 
the G5H8 signal is not affected by Zn2+ addition. The major shifts 
are a t  G4H8 and G3H8. The I3C N M R  data strongly support 
this conclusion. There are no appreciable shifts of the GS or any 
A I3C signals, and the shift pattern of the G3 and G4 signals is 
that expected on the basis of studies of monomers.” This result 
indicates that there is a significant selectivity in the binding of 
a simple metal ion to DNA bases. Pullman and Pullman have 
shown that a run of three adjacent G’s has the most attractive 
molecular electrostatic potential (MEP) of all possible three-base 
sequences of DNA.” If the Zn2+ is a simple reporter of elec- 
trostatic attraction, this result suggests that the central G is the 
most electronegative of the three bases, followed by the 5‘G and 
finally the 3’G. Indeed, the order of MEP is GGG > TGG > 
GGT,I7J8 in agreement with our findings. 

It has been suggested that two adjacent G’s could form either 
a metal sandwich complex36 or a GN7-M-GN7j7 cross-linked 
species. These types of adducts could explain the shifts of the 
H8  signals of both G3 and G4. However, since the lone pair on 
N7 lies in the plane of the base, a good binding interaction requires 
that the plane of the bases form an acute dihedral angle. Such 
acute angles are found in crystal structures of many bis nucleotide 
and nucleoside c o m p l e ~ e s ~ ~ * ~ *  and even in limited X-ray structural 
reports of metal-bound olig~nucleotides.~~ This type of structure 
is quite disruptive of DNA conformation. We found no appre- 
ciable changes in relative NOE cross-peak intensities on addition 
of Zn2+. Thus, a N7-Zn-N7 chelate structure or the chemically 
unreasonable GMG sandwich structure is not observed by ‘H 
N M R  studies of nonexchangeable proton signals. 

Further evidence that such cross-linked or sandwich structures 
are unlikely comes from our studies of the exchangeable imino 
proton signals. The shifts of these signals are quite sensitive to 
H-bonding interactions, and the widths are sensitive to exchange, 
as found, for example, by Reedijk in an N7-Pt-N7 cross-linked 
adduct.“ In our study, there are no appreciable changes in shifts 
or line widths of the G imino signals at low R values, where the 
13C shifts are large. Thus, a disrupted conformation is unlikely. 

A characteristic feature of N7-M-N7 cross-linked species is 
a more open C5’0-P-oC3’ bond angle to accommodate the strain. 
We and others have shown that N7-Pt-N7 cross-linked adducts 
induced significant downfield shifts of the signal of the phosphate 
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group between the two G’s.4I N o  such shift was observed, thus 
providing further evidence against a cross-link. We predict that 
a sandwich structure would also open this C5’0-P-OC3’ angle 
and should lead to an appreciable downfield shift of the N M R  
signal. Although such a sandwich complex has not been observed 
to verify this prediction, intercalators such as metalloporphyrins 
induce large downfield  shift^.^ Our N M R  results are  not 
consistent with the sandwich or cross-linked species. 

A sandwich-type species would have a different electronic 
perturbation on the base than an N7-bound species. Thus, the 
13C N M R  chemical shift change pattern characteristic of an 
N7-bound electrophile is unlikely to m r  for a sandwich complex. 
Furthermore, the strain induced in either the sandwich or 
cross-linked structure would alter the conformation of one or both 
of the G3 or G4 sugar moieties. For example, the 5’ sugar in 
Pt(I1)-GpG cross-linked species has an N conformation, which 
would lead to readily detected I3C shifts.” No significant changes 
in shifts were observed for the sugar 13C signals, suggesting no 
appreciable change in sugar conformation. Therefore, the ”C 
spectral results also are inconsistent with either a cross-linked or 
sandwich species. 

Another type of adduct that has been proposed includes 
N 7 / P 0 4  che1ati0n.l~ The sterically most feasible such chelate 
would be formed by interaction of the metal with the 5’-phosphate 
of the nucleotide. Such a chelate cannot form unless the sugar 
pucker is in the N conformation.42 We have shown that the 13C 
N M R  signals of the deoxyribose shift considerably for an S-to-N 
conformational ~hange .4~  An approximately 8 ppm upfield shift 
is expected for C3’.I3 We found no appreciable C3’ shifts of the 
G residues and conclude that a chelate is unlikely. 

There is also no indication from 31P N M R  shifts of strong 
interaction with the phosphate groups. At present, the extent of 
shift induced by a directly coordinated Zn2+ cannot be predicted. 
Relatively large downfield shifts of - 10 ppm of 31P NMR signals 
have been found for N’I/aP04 chelates with 5’-nucleoside mon- 
ophosphates, but phosphodiesters did not form such chelates.42 
On the basis of this evidence, formation of a chelate complex 
appears very unlikely. 

The I3C signals of C8 and C5 of the G3 and G4 bases are shifted 
in the downfield and upfield directions, respectively, characteristic 
of N7  binding.” Such large shifts are  unlikely to be due to 
outer-sphere interactions and are comparable to shifts we have 
observed when Pt(I1) (a stronger electrophile than Zn2+) is bound 
to N7  of cross-linked bases.43 As Zn2+ concentration was in- 
creased, signals of both G3 and G4 continued to shift to about the 
same relative extent, considering the precision of the measure- 
ments. Thus, we believe that, at either of the two equivalent GGG 
regions of a duplex, the Zn2+ is binding either at G3N7 or at G4N7 
but not a t  both sites. Models also suggest that two adjacent 
N7-bound Zn2+ species are not possible. 

The relatively minor effects of high levels of Zn2+ on the imino 
signals argues against any significant transfer of the G N I  proton 
to CN3 in the complementary base. Stronger evidence that this 
proton transfer is not occurring can be found in the ”C N M R  
data. Protonation of N 3  of cytidine characteristically leads to 
large upfield shifts of C 4  and C2 (6-8 ppm), moderate downfield 
shifts of C6, and small shifts of C5 and Cl’.” For C9 and Cl0, 
C2 shifts upfield by 0.2 ppm and C 4  by 0.5 ppm, while C5 shifts 
upfield by 0.1 ppm and C6 and C 1’ shift downfield by an average 
of -0.5 ppm. This shift pattern, when compared to that for 
cytidine, is consistent with a somewhat stronger protonation of 
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N3, but any definitive conclusion must await further study. The 
only G signal that shifts substantially on deprotonation is C2," 
which can not be observed by our methods. However, clearly there 
is not substantial proton transfer to N3. 

In addition to the spectral features discussed above, there are 
shifts, mostly minor, suggestive of small conformational changes 
on addition of Zn2+. The largest change is for G3Hl'. These 
changes could be due to local effects produced by Zn2+ binding 
to G 3  or G4. The relatively few changes in the NOE cross-peak 
intensities on addition of ZnZ+ are also consistent with negligible 
"global" conformational changes. 

Small NOE changes involving AH2 could be due to sliding in 
of propellar-twisted base pairs." The decrease in these N O E  
cross peaks for the end A residues on addition of Zn2+ suggests 
a more normal B-form structure. However, the A7H2 to 
C6H I'NOE cross peak increases slightly. 

In the absence of Zn2+ and, especially, a t  -40 OC, there is a 
second form that we believe is the hairpin species, since it is favored 
by lowering the concentration. To further explore this species, 
we are currently studying a similar sequence but with a mismatch, 
which will favor the hairpin form. Preliminary reults confirm that 
the minor species we observe here is a hairpin. Furthermore, U V  
melting studies and electrophoresis studies support the formation 
of a hairpin. An imino signal is readily observed a t  - 11 ppm, 
consistent with the presence of T in a hairpin loop. This hairpin 
is unusual in that the 3'- and 5'-ends are AT rich. The propensity 
to form a hairpin may be related to the presence of the three 
adjacent G residues. It has been shown that the sequence 5'- 
PyTTPu-3' leads to a two base pair loop with PyPu base pairing, 
but the sequence 5'-PuTTPy-3' gives a four base pair loop.45 As 
predicted by these studies, our evidence is most consistent with 
a four base pair loop. However, we have an A in the loop that 
destabilizes two base pair 

At relatively low ratios of Zn2+/strand, the hairpin form is 
converted to the duplex form, as evidenced by the loss of the imino 
signal at 11 ppm and the emergence of imino signals characteristic 
of the duplex form dominant a t  higher concentrations. Ongoing 
U V  studies suggest that ZnZ+ also kinetically promotes formation 
of the duplex form. At higher concentrations and higher tem- 
peratures, some of the nonexchangeable proton signals of the 
hairpin form can be detected. An EXSY spectrum allowed us 
to assign many of the base signals using the duplex assignments 
(Table IV).  Some of the largest downfield shifts accompanying 
the duplex-to-hairpin transition involved A,H2, C6H6, C6H5, and 
C9H5; smaller shifts were observed for CloH5, C9H6, and CloH6. 
These downfield shifts suggest the greatest difference between 
the stem region and the duplex involves the 3'-end of the oligo- 
nucleotide. This pattern is found for clearly established duplex- 
to-hairpin transitions; for d(CIG2C3G4TSA6T7A6C9G10Cl 1G12), 
the A6H2 and A8H2 signals shift by -0.75 ppm and C9H5 by 
-0.3 ppm, with lesser shifts of C9H6.30 Shifts for other signals 
were smaller. 

The lack of downfield shifts for T6 suggests that this base is 
still stacked with G5. Consistent with this view, on conversion 
of the hairpin form to the coil form, the G5H8 signal undergoes 
a larger downfield shift on formation of the coil form than the 
other two G H8 signals. Also, the T6CH3 signal undergoes a large 
downfield shift when the hairpin is converted to the coil form 
(Table IV). Stacking of loop bases on the 5'-side to the stem base 
is a characteristic feature of hairpins.32 

In the presence of Zn2+, however, no evidence was found for 
the hairpin form in the more concentrated sample. The change 
in chemical shift with temperature, in this case, suggests that Zn2+ 
at low ratios stabilizes the duplex. This finding is in keeping with 
the suggestion that one of the roles of Zn2+ in facilitating the 
renaturation of DNA melted in the presence of Zn2+ is the pre- 
vention of the formation of structures such as hairpins.I6 

(44) Chou, S.-H.; Flynn, P.; Reid, B. Biochemistry 1989, 28, 2422. 
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Characteristically, metal ions such as Zn2+ lower T,,, for DNA 
at high ratios of added metal ion.'JJ4 The 12-mer we have studied 
is probably too short to provide insight into this phenomenon. On 
the basis of the exchangeable proton signals, at low levels of Zn2+ 
the AT ends are stabilized to exchange but as the Zn2+ ratio was 
increased, the AT ends became destabilized with end fraying 
evidenced by upfield shifts of the A I T I 2  and T2All  imino signals. 
The shifts of the imino signals of the central base pairs were not 
greatly affected by these high levels of ZnZ+. However, the line 
widths of the imino signals of these base pairs were affected, 
particularly G3Clo and T6A7. The former base pair is toward the 
end, and the broadening of its signal before the G4C9 and G5C6 
signals might be expected. However, clearly the central AT base 
pair is destabilized. Such central base pair destabilization was 
observed when the duplex (at 4 mM) was melted in the presence 
of Mg2+. In the Mg2+ experiment, a T, - 10 "C higher than 
in the Zn2+ experiment was found. We believe that the lower Tis 
at high metal ratios are probably best explained by Zn2+ stabilizing 
the coil form by binding to sites exposed by base unpairing. The 
Mg2+ cation appears to stabilize the AT ends of the duplex to a 
greater extent than the Zn2+ cation. However, our results 
presented here and kinetic studies (unpublished) demonstrate that 
Zn2+ is more effective than Mg2+ in converting the hairpin form 
to the duplex form. We do not understand the reasons for these 
differences. 

The similar T,  values of DNA, regardless of G C  content, a t  
high R for Cu2+ and the similarity of these T, values to that of 
poly[(dAdT)I2 led to the suggestion that only the AT regions were 
responsible for the melting of DNAs; i.e., the Cu2+ had melted 
out the G C  regions.& However, the temperature dependence of 
the imino proton spectrum (Figure 1 IC) demonstrates that the 
G C  regions are stabilized with respect to the AT regions a t  high 
levels of Zn2+. Although a longer oligonucleotide must be studied 
to reach a definite conclusion about preferential AT base pair 
melting, it is clear, as we recently suggested,I6 that G C  base pairs 
are not dissociated when Zn2+ binds. Base pair melting is favored 
by high Zn2+ for both AT and G C  base pairs. The paramagnetic 
Cu2+ ion cannot be studied by the methods used here. However, 
the similar effects of Cu2+ and Zn2+ on DNA properties suggest 
strongly that Cu2+ also does not melt out G C  base pairs. 

In summary, our N M R  studies demonstrate that it is feasible 
to obtain useful information about binding of labile metal ions 
to DNA using I3C N M R  spectroscopy of oligonucleotides. Our 
results provide strong evidence for G N 7  coordination and for 
selective interaction to some G residues over others. N o  evidence 
of coordination to A residues was found. This sequence selectivity 
may reflect primarily electrostatic attraction, but more work is 
needed to understand it. At low ratios of Zn2+ to duplex, the 
binding of Zn2+ to N7 appears to stabilize the duplex form without 
significantly altering H-bonding interactions or promoting the 
transfer of the GNI  H to CN3. At the oligonucleotide level, there 
is no major global change in DNA conformation. N o  evidence 
was found for any significant change in sugar pucker, ruling out 
an N7,phosphate chelate. Although the 31P N M R  results do not 
rule out direct Zn2+-phosphate interactions (only small shifts are 
found), they do rule out any large local conformational change 
such as would accompany the formation of N7-Zn-N7 cross-links. 
Of additional interest, Zn2+ seems to be particularly effective a t  
stabilizing the duplex and coil forms at the expense of the hairpin 
form in the oligonucleotide studied here. The oligonucleotide 
studied here forms a hairpin to an appreciable extent only at low 
concentrations, where detailed N M R  studies are not possible. 
General conclusions concerning Zn2+-hairpin interactions must 
await studies with oligonucleotides having other sequences. Since 
Zn2+ is representative of the effects of divalent metal ions on DNA 
structure and stability, we believe that our studies have implications 
for metal ions other than Zn2+ and suggest that cross-linked or 
sandwich species are not formed by Cu2+ either. 
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The free-base octabromotetraphenylporphyrin (H20BP) has been prepared by a novel bromination reaction of (meso-tetra- 
phenylporphyrinato)copper(II). The metal [VIVO, Co(II), Ni(II), Cu(II), Zn(II), Pd(II), Ag(II), Pt(II)] derivatives exhibit 
interesting electronic spectral features and electrochemical redox properties. The electron-withdrawing bromine substituents at 
the pyrrole carbons in HzOBP and M(0BP) derivatives produce remarkable red shifts in the Soret (50 nm) and visible bands 
(100 nm) of the porphyrin. The low magnitude of protonation constants (pK, = 2.6 and p 4  = 1.75) and the large red-shifted 
Soret and visible absorption bands make the octabromoporphyrin unique. The effect of electronegative bromine substituents at 
the peripheral positions of the porphyrin has been quantitatively analyzed by using the four-orbital approach of Gouterman. A 
comparison of MO parameters of MOBP derivatives with those of the meso-substituted tetraphenylporphyrin (M(TPP)) and 
unsubstituted porphine (M(P)) derivatives provides an explanation for the unusual spectral features. The configuration interaction 
matrix element of the M(0BP) derivatives is found to be the lowest among the known substituted porphyrins, indicating delo- 
calization of ring charge caused by the increase in conjugation of p orbitals of the bromine onto the ring orbitals. The elec- 
tron-transfer reactivities of the porphyrins have been dramatically altered by the peripheral bromine substituents, producing large 
anodic shifts in the ring and metal-centered redox potentials. The increase in anodic shift in the reduction potential of M(0BP)s 
relative to M(TPP)s is found to be large (550 mV) compared to the shift in the oxidation potential (300 mV). These shifts are 
interpreted in terms of the resonance and inductive interactions of the bromine substituents. 

Introduction 
In recent years there has been an increasing interest in the study 

of high-valent perhalogenated metalloporphyrins for catalytic 
epoxidation and hydroxylation reactions of organic substrates. The 
high-valent metalloporphyrin derivatives in the presence of oxygen 
donors such as PhIO, H202,  NaOCI, KHS05, or RCOOOH 
function as efficient catalysts in the epoxidation of organic sub- 
strates.' The  effectivenes of these catalysts has been traced to 
the stereochemical features of the porphyrins and their stability 
toward oxidative degradation in the presence of strong oxygen 
donors. It has been shown that the substitution of electron- 
withdrawing groups (cyano or bromo) a t  the pyrrole positions 
caw an anodic shift in the ring oxidation and reduction potentials 
of the porphyrinse2 The  interesting catalytic properties of the 
halogenated porphyrins offer a scope to study the electronic 
structure and other features of the metal derivatives of these 
porphyrins. 

The halogen-substituted porphyrins so far reported fall into two 
classes-halogens appended either a t  the pyrrole positions3 or a t  
the meso-aryl groups4 of the porphyrins. The porphyrin that has 
the halogen substitution both at  the pyrrole and meso-aryl groups 
is a tetrakis( 2,6-dichlorophenyl)octabromohemin deri~at ive.~ The 
latter compound has been found to be an efficient catalyst in the 
epoxidation reactions of olefins. Here, we report a novel method 
of synthesis of 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetra- 
phenyl-21,23(H)-porphyrin (H20BP)  (Figure 1)  through the 
bromination reaction of (5,10,15,20-tetraphenylporphyrinato)- 
copper(I1) (Cu(TPP)) and its subsequent demetalation by 
treatment with acid. The electronic spectral and magnetic res- 
onance features of the various VIVO, Co(II), Ni(II), Cu(II), 
Pd(lI), Pt(Il), Zn(II), and Ag(I1) derivatives of H 2 0 B P  have 
provided important structural information on these porphyrins. 
The electrochemical redox behavior of the free-base H 2 0 B P  and 
its metal derivatives exhibits several interesting features. The 
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Research, Indian Institute of Science Campus, Bangalore, India. 

0020-1669/91/ 1330-0239%02.50/0 

present study illustrates the influence of peripheral bromine 
substituents on the electronic structure and electrochemical 
properties of the octabromoporphyrin derivatives. 
Experimental Section 

Materials. 5,10,15,20-Tetraphenylporphyrin (H2TPP) was prepared 
according to the method of Rothemund et aL6 and purified according to 
the procedure of Barnett et al? Copper tetraphenylporphyrin (Cu(TP- 
P)) was synthesized and purified by using reported procedure.8 All 
solvents employed in the present study are of spectral grade and were 
distilled before use. Liquid bromine procured from Ranbaxy and basic 
alumina obtained from Acmes were used as received. The metal salts 
used in the preparation of octabromoporphyrin derivatives are given 
below. Copper(I1) acetate monohydrate, zinc(I1) acetate dihydrate, 
cobalt(I1) acetate tetrahydrate, nickel(I1) acetate tetrahydrate, and sil- 
ver(1) acetate were procured from BDH and used-without further pu- 
rification. Palladium(l1) chloride obtained from Ranbaxy was used as 
received. Dichloro(~yclooctadiene)platinum(II)~ and bis(2,4-pentane- 
dionato)oxovanadium(IV)'O were prepared according to the reported 
procedures. 

Synthesis of 2,3,7,8,12,13,17,18-Octabromo-5,10,15,2O-tetrapbenyl- 
porphyrin (H20BP). This was obtained by the bromination reaction of 
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