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ABSTRACT: Bacteriophage T4 gene 32 protein (g32P) is a DNA replication accessory protein that binds 
single-stranded (ss) nucleic acids nonspecifically, independent of nucleotide sequence. G32P contains 1 mol 
of Zn(II)/mol of protein monomer, which can be substituted with Co(II), with maintenance of the structure 
and activity of the molecule. The Co(I1) is coordinated via approximately tetrahedral ligand symmetry 
by three Cys sulfur atoms and therefore exhibits intense S-- Co(I1) ligand to metal charge-transfer (LMCT) 
transitions in the near ultraviolet [Giedroc, D. P., et al. (1986) Proc. Null. Acud. Sei. U S A .  83,8452-84561, 
A series of fluorescent 1 ,N6-ethenoadenosine (EA)-containing oligonucleotides conforming to the structure 
(5' - 3') ~[(T~),EA(~T)~-,,,-,] where 0 I m I 1 - 1 and length (0 six or eight nucleotides have been evaluated 
as dynamics probes and potential fluorescence energy transfer donors to Co(I1) in mapping the spatial 
proximity of the (fixed) intrinsic metal ion and a variably positioned EA-base in a series of protein-nucleic 
acid complexes. We provide spectroscopic evidence that the EA-oligonucleotides bind to g32P-(A+B) with 
afixedpolurity of the phosphodiester chain. A Trp side chain(s) makes close approach to a EA base positioned 
toward the 3' end of a bound 1 = 8 oligonucleotide. Six oligonucleotides of 1 = 8 and m = 0, 1, 3, 5 ,  6, 
or 7 were investigated as energy transfer donors to Co(I1) at  0.1 M NaCl, pH 8.1, 25 OC upon binding 
to Co(I1)-substituted or Zn(I1) g32P-(A+B), Le., in the presence and absence of an energy acceptor, 
respectively. Detectable quenching of the EA-fluorescence by the Co(I1)-LMCT acceptors was found to 
occur in all EA-oligonucleotide-protein complexes, yielding energy transfer efficiencies (E) of 0.43, 0.3 1, 
0.26, 0.26, 0.28, and 0.41 for 1 = 8 and m = 0, 1, 3, 5 ,  6, and 7 eA-oligonucleotides, respectively. The 
two-dimensional distances R (in A) were found to vary as follows: d[cA(pT),] (m = 0), 16.0 (15.5-16.9); 
d [ T p ~ A ( p T ) ~ l  (m = l ) ,  17.7 (16.9-19.1); d[(Tp) ,~A(pT)~l  (m = 3), 20.7 (19.5-22.1); d[(Tp)5tA(pT)2] 
(m = 5 ) ,  20.5 (19.5-21.9); d [ ( T ~ ) ~ e A p T l  (m = 6), 19.0 (18.0-20.4); and d[(Tp),cA] (m = 7), 18.6 
(17.8-19.8). In the context of the estimated dimensions of the g32P-A monomer (25 X 25 X 65 A), these 
distances place the metal ion proximate to the bound ssDNA ligand. They further suggest a relatively closer 
approach of the Co(I1) to the both the 5' and 3' nucleotide bases with the internal bases becoming farther 
removed from the Co(I1) toward the middle of the 1 = 8 single strand. These distances are compatible with 
only a slight helical twist in the phosphodiester backbone of about one-third to one-half turn over the course 
of the entire octanucleotide when complexed to the core fragment. The structural implications of these 
findings are discussed. 

G e n e  32 protein (g32P),' encoded by gene 32 of bacterio- 
phage T4, is a single-stranded (ss) nucleic acid binding protein 
that binds to regions of ssDNA formed transiently during 
replication, recombination, and repair processes (Kowalczy- 
kowski et al., 1981a; Chase & Williams, 1986; Karpel, 1990). 
G32P (301 amino acids, M, 33 487) is a multidomain protein 
of known primary (Williams et al., 1981) and undefined 
tertiary structure. Three functional domains become apparent 
from limited trypsinolysis studies (Moise & Hosoda, 1976; 
Williams & Konigsberg, 1978). The C-terminal "A" domain 
(residues 254-301) makes heterologous contacts with other 
proteins in an active replication complex, including the DNA 
polymerase and accessory proteins associated with both leading 
strand and lagging strand DNA synthesis (Burke et al., 1980; 
Formosa et al., 1983). Tryptic cleavage of this domain from 
g32P to form g32P-A also removes a kinetic block in the ability 
of g32P to destabilize natural double-stranded DNAs; equi- 
librium (thermodynamic) binding parameters remain relatively 
unchanged (Greve et al., 1978). The N-terminal basic or "B" 
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domain (residues 1-21) is required for g32P to bind with high 
cooperativity (Spicer et al., 1979). The A and B domains are 
thought to undergo coupled conformational transitions 
(Giedroc et al., 1990) to enable high affinity and highly co- 
operative binding to ssDNA; most if not all protein-nucleic 
acid contacts are localized in the central trypsin-resistant 
DNA-binding core domaip of the molecule (Karpel, 1990). 
When liberated from the two terminal domains via limited 
proteolysis, the central domain is termed the core fragment 
or g32P-(A+B) (residues 22-253).' g32P-(A+B) coordinates 
an intrinsic Zn(I1) ion, which spectroscopic studies indicate 
is coordinated by the side-chain S- atoms of three Cys (residues 
77, 87, and 90) and a fourth non-sulfur liganding donor atom, 
proposed to be His*' (Giedroc et al., 1986, 1989; Pan et al., 
1989a). The Zn(I1) ion provides structural stabilization to 
the core domain of the molecule, as shown by the reduced 

I Abbreviations: g32P, gene 32 protein, 301 amino acids; the N-ter- 
minal "B" domain, residues 1-21; the C-terminal "A" domain residues 
254-301; g32P-(A+B), gene 32 protein lacking both the 'A" and 'B" 
domains, also referred to as g32P DNA-binding core fragment and 
g32P.111; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis; HPLC, high-pressure liquid chromatography; Tris, t i s -  
(hydroxymethy1)aminomethane; Na,EDTA, trisodium ethylenedi- 
aminetetraacetic acid. 
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thermal stability (Keating et al., 1988) and greatly enhanced 
susceptibility of the core domain to proteolysis (Giedroc et al., 
1986, 1987). 

The complex formed between the g32P-(A+B) core frag- 
ment and oligonucleotides has proven to be an excellent model 
for investigating structural details of large cooperatively bound 
g32P-polynucleotide complex at high resolution, notably by 
'H NMR (Prigodich et al., 1984, 1986; Pan et al., 1989b). 
The focus of these studies has been the identification of specific 
side chains involved in =DNA binding. Selective deuteriation 
techniques have been utilized to reduce the 'H NMR spectral 
complexity and have permitted detailed investigations of co- 
operative binding by intact g32P (Pan et al., 1989b). These 
studies further confirm that the core fragment contains the 
major determinants that directly interact with the ssDNA, 
while the terminal domains modulate the binding free energy 
through other indirect means. 'H NMR, site-directed mu- 
tagenesis, and other physicochemical approaches have gen- 
erally implicated the involvement of several as yet unassigned 
aromatic side chains, including two tyrosines, two phenyl- 
alanines, and at least one tryptophan, as strongly interacting 
with one or more bases of the bound nucleic acid (Casas-Finet 
et al., 1988; Shamoo et al., 1989; Pan et al., 1989b). 

An important structural detail currently undefined relates 
to the physical proximity of the intrinsic metal ion within the 
core domain of g32P and bound nucleic acid ligand. Removal 
of the metal ion has a significant effect on the stability of the 
protein-nucleic acid complex, which appears more pronounced 
in the cooperative binding conformation rather than in the 
interaction with single-site-sized oligonucleotide ligands 
(Giedroc et al., 1987; Nadler et a]., 1990). Since it is clear 
that the metal coordination chelate does not increase its co- 
ordination number or undergo ligand exchange upon binding 
ssDNA (Giedroc et al., 1989), the metal ion domain must 
impart structural stability to the complex by maintaining the 
high-affinity binding conformation of the protein. How this 
is accomplished requires elucidation of quantitative details on 
the role of the Zn(I1) in nucleic acid recognition by g32P 
(Nadler et al., 1990), including definition of the spatial 
proximity of the intrinsic metal ion and the bound oligo- 
nucleotide. 

In this report, we determine a set of two-dimensional 
metal-nucleotide base distances using fluorescence resonance 
energy transfer (FRET) spectroscopy. Our experimental 
strategy is to incorporate into a single-stranded oligonucleotide 
a uniquely positioned nonperturbing fluorescent probe, whose 
fluorescence emission spectrum would overlap the absorption 
spectrum of the Co(I1) coordination complex in g32P, sub- 
stituted for the intrinsic Zn(I1). We first evaluate the utility 
of a single 1 ,M-ethenoadenine nucleotide base (Secrist 
et al., 1972) uniquely positioned in the primary structure of 
an otherwise unlabeled oligonucleotide to function as a site- 
specific reporter group in the oligonucleotideZn(I1) g32P- 
(A+B) complex (Le., in the absence of energy acceptor). The 
ribohomopolymer poly( 1 ,M-ethenoadenylic) acid has already 
proven useful in defining the thermodynamics and structural 
changes that accompany cooperative binding by g32P, as well 
as other single-stranded nucleic acid binding proteins (Koh- 
wi-Shigematsu et al., 1978; Toulme & Helene, 1980; Kow- 
alczykowski et al., 1981b, 1986). We present evidence that 
a 1 : 1 complex is formed and that the oligonucleotides bind in 
the ssDNA binding groove in g32P-(A+B) with a defined 

* tA, 1 ,Nb-ethenoadcnosine or 3-j3-~ribofuranosylimidazo[2,1-i]- 
purine; tA-HCI, 1 JVb-ethenoadcnosine hydrochloride; eA-oligonucleotide, 
oligodcoxyribonuclcotide containing a single 1 fl-ethenoadenosinc group. 

polarity of the phosphodiester backbone. Having shown this, 
we employ a complete series of oligonucleotide derivatives to 
map a set of two-dimensional distances between the metal ion 
[Co(II)] and a variably positioned nucleotide base in a series 
of protein-nucleic acid complexes. 

MATERIALS AND METHODS 
Materials 

All buffers were prepared from doubly distilled Milli-Q 
water by using reagent grade salts. Concentrated stock so- 
lutions of buffer salts were prepared and subjected to passage 
through Chelex- 100 (Bio-Rad) to reduce the residual divalent 
metal ion concentration. An aqueous solution of chloro- 
acetaldehyde was prepared by acidification of chloroacet- 
aldehyde dimethyl acetal (Aldrich) in 50% sulfuric acid, 
followed by distillation and neutralization according to Secrist 
et al. (1972). Synthetic oligodeoxyribonucleotides were syn- 
thesized on an Applied Biosystems 380B automated synthesizer 
with phosphoramidite chemistry and were obtained in their 
deprotected and crude form. Trypsin and chromatographically 
purified DNAse were obtained from Sigma. Crotalus durissis 
phosphodiesterase was obtained from Boehringer-Mannheim 
(Indianapolis, IN). 
Methods 

Purijkation of g32P-(A+B). Gene 32 protein was purified 
according Giedroc et al. (1989), which describes tightly reg- 
ulated temperature-inducible overexpression of the gene 32 
gene product from the phage X PL promoter. G32P was pu- 
rified through the phenyl-Sepharose chromatography step, 
which results in a preparation free of detectable ssDNA en- 
donuclease activities (Giedroc et al., 1990). This protein was 
then subjected to limited trypsinolysis to remove the terminal 
B and A domains and repurified to 199% homogeneity exactly 
as outlined (Giedroc et al., 1989). This material was then 
concentrated by ultrafiltration to -350 pM (Amicon) and 
dialyzed exhaustively (4 "C) into metal-free TNGa buffer (10 
mM Tris-HC1, 0.1 M NaCl, 5% (v/v) glycerol, pH 8.0) and 
stored in 200-pL aliquots at -20 OC. G32P-(A+B) prepara- 
tions contained stoichiometric Zn(I1) by flame atomic ab- 
sorption spectroscopy (Perkin-Elmer 2380). The Co(I1)- 
substituted g32P-(A+B), prepared exactly as described 
(Giedroc et al., 1986), contained 0.95 mol of Co(I1) by optical 
spectroscopy and flame atomic absorption spectroscopy and 
0.07 mol of residual Zn(I1) per mol of protein. For fluores- 
cence titrations, g32P-(A+B) was subjected to further dialysis 
(4 "C) against T/0.1 M NaCl buffer (10 mM Tris-HC1,O.l 
mM Na,EDTA, 0.1 M NaCl), aliquoted, and stored as de- 
scribed. The concentration of the g32P-(A+B) titrant was 
determined using eB2 = 41 300 M-km-' (Spicer et al., 1979). 

Preparation of 1 ,M-Ethenoadenylated Oligodeoxyribo- 
nucleotides. Crude synthetic oligonucleotides were resus- 
pended in TE (10 mM Tris-HCI, 0.1 mM Na3EDTA, pH 8.0), 
clarified by microcentrifugation, and desalted into water with 
a l-mL Sephadex G-15C (Sigma) spun column. This material 
was taken to dryness and resuspended in aqueous chloro- 
acetaldehyde at a concentration of 4 X M adenosine 
residues. The reaction (Secrist et al., 1972; Tolman et al., 
1974) was allowed to proceed for 24-36 h at 37 OC, until no 
further change in the optical spectrum was detectable. A 
50-100 nmol portion of this material (4-5 preparative injec- 
tions were typically required) was then directly loaded onto 
a reverse phase HPLC' column (Waters DeltaPak C18, 5-pm 
particle size, 300-A pore size) equilibrated in 0.1 M tri- 
ethylamine (Sigma) acetate, pH 6.5 (100% A) at 0.7 mL/min 
and ambient temperature. The column was developed with 
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an acetonitrile gradient [solvent B: 0.1 M triethylamine 
acetate, pH 6.5, 95% (v/v) acetonitrile] as described in the 
text. A Waters Powerline liquid chromatography system was 
employed with the flow rate and solvent composition main- 
tained with a Waters 600E system controller. A Waters 490 
multichannel detector was operated with simultaneous de- 
tection at 260 and 280 nm. The data were collected, digitized, 
integrated, and stored with the Waters Baseline software. The 
peak fractions identified as 1 ,N6-ethenoadenylated oligo- 
nucleotide by their absorption properties were pooled con- 
servatively, dried, and resuspended in TE buffer. They were 
then desalted into T/0.1 M NaCl buffer through a G-15C 
spun column and stored at 4 OC. Rechromatography of all 
oligonucleotides generally indicated less than detectable levels 
of contaminating parent oligonucleotide (10.5%). No de- 
tectable cleavage or degradation of the purified EA-oligo- 
nucleotides even after a period of months at 4 OC was noted. 

With these procedures, it was found that 1,P-etheno- 
adenylation of crude oligonucleotides containing a terminal 
or penultimate 3' adenosine residue resulted in formation of 
a major, apparently unmodified, oligonucleotide side product 
of shorter apparent chain length [cf. Tolman et al. (1974)l. 
However, when these crude oligonucleotides were first purified 
either via anion exchange (see below) or reverse-phase HPLC 
and subsequently reacted as above, there was no evidence of 
the presumptive hydrolysis reaction upon subsequent chro- 
matography on the C18 column. Therefore, when purification 
was required or desired, the crude oligonucleotide preparation 
was subjected to anion-exchange HPLC on a Nucleogen 
DEAE 60-7 (Rainin) column optimized to obtain resolution 
of short oligonucleotides less then 10 nucleotides. The column 
was equilibrated (0.7 mL/min) with 100% A [20% (v/v) 
acetonitrile, 20 mM potassium phosphate, pH 7.21 and de- 
veloped with a 0-75% B linear gradient (solvent B: solvent 
A plus 1 M KCl) run over 54 min, initiated 6 min post-in- 
jection. The column was then washed with 100% B and 
reequilibrated in 100% A prior to the next injection. Following 
chromatography, the peak fractions from multiple preparative 
runs (of c200 nmol each) were pooled conservatively, dialyzed 
exhaustively against 50 mM ammonium bicarbonate, and 
lyophilized to dryness. They were then treated with chloro- 
acetaldehyde as detailed above. 

Absorption Measurements. Absorption spectra of eA- 
oligonucleotides (2-5 pM oligonucleotide; 300 pL) were re- 
corded on Hewlett-Packard 8452A UV-vis spectrophotometer 
at ambient temperature in T/0.1 M NaCl/l mM magnesium 
acetate. Hydrolysis of oligonucleotides to mononucleotides 
C. diurissis phosphoesterase (10 pg/mL) was taken to be 
complete when the absorption spectrum ceased to change. The 
molar (oligonucleotide) extinction coefficients were estimated 
from the absorbance of the hydrolyzed mononucleotide con- 
stituents by using €260 = 9200 for thymidine monomers and 
€260 = 5000 for the EA monomer (Secrist et al., 1972). For 
the I = 8 oligonucleotides, the molar equivalent extinction 

(7 X 9200) + 5000 M-'.cm-' = 6.94 X lo4 M-km-l. Sim- 
ilarly, for the 1 = 6 oligonucleotides, E~~~~~~~~ = ( 5  X 9200) 
+ 5000 M-km-' = 5.1 X lo4 M-lmcm-'. From these values 
the extent of hypochromism and molar extinction coefficients 
for the intact oligonucleotides were calculated to be em = 6.25 
X lo4 M-'(oligonucleotide)cm-l for the I = 8 oligonucleotides, 
while an e260 = 4.59 X lo4 M-'(oligonucleotide).cm-' for the 
I = 6 oligonucleotides. 

Fluorescence Measurements. All fluorescence measure- 
ments were made on an SLM 8000C spectrofluorometer. Q,, 

coefficient of the hydrolyzed oligonucleotide, t260,hydrolyzd - - 

Giedroc et al. 

the quantum yield of an cA-oligonucleotide, was calculated 
with (Brissette et al., 1989) 

Fl and F2 were quantitated from the fluorescence intensities 
at the same instrumental voltage and gain settings of a known 
concentration of oligonucleotide before (Fz) and following (F,) 
complete hydrolysis with phosphodiesterase as described above 
[cf. Tolman et al. (1974)l. Since A l  was found to be equal 
to A2, where A is the absorbance at the excitation wavelength, 
eq 1 simplifies to Qo = Q1/ (Fl /F2) .  Q, = 0.56, the quantum 
efficiency for e-adenosine, was used for the m = 0 oligo- 
nucleotides while Q, = 0.59, the quantum efficiency for E-ATP, 
was used for the calculation of Qo for the internally labeled 
oligonucleotides (Secrist et al., 1972). 

For EA-oligonucleotide titrations with protein, samples were 
prepared at the indicated concentration in 2.0 mL (l-cm path 
length) and were gently stirred continuously throughout the 
course of a titration with small (2-20 pL) aliquots of a con- 
centrated stock solution of g32P-(A+B). Total dilution of the 
EA-oligonucleotide never exceeded 5%. The concentration of 
EA-oligonucleotide was determined directly on an aliquot of 
the fluorescence solution to be titrated. For these experiments, 
the EA fluorescence was monitored with an excitation wave- 
length (Aex) of 320 nm (2-nm band-pass) with the emission 
monochromater (Aem) set at 401 nm (4-nm band-pass) at a 
90° angle relative to the excitation light. The temperature 
was maintained in a thermostated sample compartment at 25 
f 0.1 OC. The measured fluorescence values at the j th  ad- 
dition of protein (Fj) were converted to corrected values (FmJ) 
by first subtracting the background fluorescence of a buffer 
solution mock-titrated with protein. This fluorescence was then 
further corrected after accounting for dilution and inner filter 
effects [according to Birdsall et al. (1983)l. In all cases, the 
total absorbance of the solution was kept below 0.07 to min- 
imize inner filter corrections. There was no evidence of 
photobleaching of the oligonucleotide under these conditions. 
The fluorescence or signal change is defined as SobJ = 
Fj,mrr/Fo,mn, the ratio of the corrected fluorescence obtained 
at the j th titration point to the free oligonucleotide fluores- 
cence. For fluorescence enhancement, S,, will be greater than 
1 .O; for fluorescence quenching, Sob will be less than 1 .O; this 
makes no difference in the analysis. S,,, refers to the max- 
imum extent of fluorescence enhancement (or quenching), 
which reflects 100% complex formation. Qd, the quantum 
efficiency of the bound eA-oligonucleotide is calculated from 
Qd = Q$,,,. S,,, values obtained by recording the relative 
fluorescence emission at a single emission wavelength for free 
and bound oligonucleotides (as in a typical titration) showed 
good agreement (within 5%) with that obtained by comparing 
the integrated areas of the fluorescence emission spectra of 
the free versus fully complexed EA-oligonucleotide, since the 
shape and maximum of the fluorescence emission spectra were 
not detectably different. 

For titrations of a fixed concentration of g32P-(A+B) with 
a concentrated stock solution of oligonucleotide, the intrinsic 
protein fluorescence was quantitated upon excitation at 296 
nm (l-nm bandwidth) with emission recorded at 347 nm (4-nm 
bandwidth), and the resulting data were analyzed as described 
(Giedroc et al., 1990). 

Anisotropy Measurements. The steady-state fluorescence 
anisotropy of the EA-oligonucleotides was estimated under the 
solution conditions used to make the binding measurements. 
eA-oligonucleotide concentrations ranged from 2 to 8 pM. 
Glan-Thompson polarizers supplied with the instrument were 
used in the L format with total fluorescence emission (Aex = 

Qo = Q I / [ ( F ~ / F ~ ) ( A z / A ~ ) I  (1) 
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Table I: Fluorescence Quantum Yields (Qo, Qd, and Qh) and Equilibrium Binding Parameters (S- and Kob.) of 1 = 6 and 1 = 8 
1 .@-Ethenoadenylatcd Oligonucleotides for Zn(II1 and Co(I1) a32P-(A+B)" 

m t A-oligonucleotide Q.b g32P-(A+B) SlllS: Qdd Qhd K,,b (M-' X 1OdF 
1 = 8  

0 d[WPT)71 0.043 h 0.001 Zn(I1) 
Co(I1) 

1 d[TptA(pT)61 0.033 f 0.001 Zn(I1) 
Co(I1) 

3 d [(TP),fA(PT),l 0.033 Zn(I1) 
c o m  

5 d [(TP)5fA(PT),I 0.034 1 0.001 zn(IIj 
Co(I1) 

6 d[(TP),fAPTl 0.038 h 0.002 Zn(I1) 
corn 

7 d[(TP)7tAI 0.053 1 0.002 zn@j 
Co(I1) 

1.36 (dz0.02) 
0.77 (10.01) 
1.86 (10.05) 
1.29 (hO.01) 
3.68 (f0.10) 
2.73 (10.1 1) 
3.46 (h0.20) 
2.56 (10.09) 
2.16 (hO.01) 
1.56 (10.02) 
2.39 (*0.02) 
1.42 (10.05) 

0.059 

0.06 1 

0.121 

0.118 

0.082 

0.127 

0.033 

0.043 

0.090 

0.087 

0.059 

0.075 

1.5 (h0.4) 
0.74 (hO.01) 
0.33 (h0.07) 
0.28 (h0.05) 
1.3 (10.4) 
0.83 (h0.03) 
3.5 (11.4) 
1.3 (h0.2) 
3.5 (h0.3) 
1.9 (10.3) 
3.1 (h0.7) 
1.8 (dz0.1) 

1 = 6  
0 d[cA(pT),I 0.046 Zn(I1) 1.22 (h0.03) 0.056 0.12 (10.01) 
5 d[(Tp)~tAl 0.047 Zn(I1) 3.85 (10.1 1) 0.181 0.11 (*0.01) 

OConditions: T/0.1 M NaCl, pH 8.1, 25 OC, A, = 320 nm (2-nm band-pass), X, = 401 nm (4-nm band-pass). tA-oligonucleotide concentrations 
ranged from -6 X lo" to 1 X 10" M. The data are derived from at least two titrations with each cA-oligonucleotide at two concentrations. From 
comparison of the integrated fluorescence intensities of eA-oligonucleotides before and after complete hydrolysis by phosphodiesterase (see Materials 
and Methods). The cA-oligonucleotide concentration ranged from 3 to 7 rM. 'Binding parameters obtained as indicated in the legends to Figures 
4 and 7 .  dQd (or Qh) = S,.Q,. 

320 nm, 2-nm band-pass) recorded following passage through 
a Schott KV-389 long-pass filter. The polarization (P) and 
the anisotropy ( r )  of the samples were calculated from (La- 
kowicz, 1983) 

p = (IVV - GIVH)/(IVV + GIVH) 
r = 2P/(3 - P) 

(2) 

(3) 
where Z, and ZvH are intensities of the emitted light polarized 
parallel and perpendicular, respectively, to the incident ver- 
tically polarized excitation beam. The factor G = ZHv/ZHH 
corrects the measured intensities for differences in the sen- 
sitivity of the detection of vertically and horizontally polarized 
emitted light. For the instrumental configuration used in these 
studies, G = 0.930 f 0.003, indicative of well-collimated ex- 
citation and emission beams. Typically, 6-8 measurements 
of 20-s integration time each were collected and averaged for 
Zvv, ZVH, ZHV, and ZHH with any one oligonucleotide sample. 
The corrected intensities were obtained after subtraction of 
background intensities obtained with a buffer solution. Total 
eA-oligonucleotide fluorescence intensity was always 15-fold 
or more the background intensity of the buffer solution. The 
anisotropy of the oligonucleotide recorded after addition of 
g32P-(A+B) to both the buffer and oligonucleotide solutions 
sufficient to give >84% complex in the oligonucleotide solution 
(robs) was converted to rmfla, the anisotropy of the completely 
bound eA-oligonucleotide, from rmflex = [((robs - rfC)/fmmpla) 

fraction of complexed oligonucleotide calculated from Kob (cf. 
Table I) .  

Theory of Nonradiatiue Energy Transfer. Calculation of 
R,, and Distance (R) between the Donor and Acceptor. In the 
Forster theory (Forster, 1959) of nonradiative dipole-dipole 
energy transfer, the efficiency of energy transfer (E)  from a 
donor to an acceptor is calculated from Qd and Qda, the 
quantum yields of the donor in the absence and presence of 
acceptor, respectively, from 

(4) 

E is related to separation of the donor and acceptor transition 
dipoles ( R )  according to the Forster relationship: 

- rdx + rfree rob*(Qd/Qo)Io(Qo/Qd), Wherefmp~ex is the mole 

E = 1 - ( Q d a / Q d )  

R = R,(E-' - 1)'l6 ( 5 )  
where Ro is the critical distance or that which gives 50% 

transfer efficiency. R, is related to the properties of the two 
chromophores by 

Ro = (9.79 x 103)(JKZr]-4Qd)l16 A (6) 
J is the spectral overlap integral of the fluorescence emission 
spectrum of the donor with the absorption spectrum of the 
energy acceptor, evaluated from 

J (M-'-cm3) = SFd(X)€a(X)X4AX/SFd(X)AX (7) 

where Fd(x) and €,(A) are the relative fluorescence intensity 
of the donor and the molar extinction coefficient (M-l-cm-') 
of the acceptor, respectively, and X is the wavelength in na- 
nometers. A summation was taken at l-nm intervals, i.e., AA 
= 1 [cf. Wu and Tyagi (1987)l. K~ is a dynamic orientation 
factor that relates to the relative orientation and rotational 
freedom of the fluorescence emission and absorption dipoles 
of the donor and acceptor, respectively, during the excited state 
lifetime (see below). r] is the refractive index of the medium 
surrounding donor and acceptor, taken to be 1.4, while Qd is 
defined and determined as above. 

Calculation of Maximum and Minimum Values of KZ from 
Fluorescence Anisotropy Measurements. For a donor and 
acceptor each characterized by a single transition dipole 
moment, a K~ value of 2/3, the dynamic average, can only be 
applied when both species undergo isotropic rotation on the 
time scale of the fluorescent lifetime of the donor. Since the 
breadth of theoretically possible values of K~ ranges from 0 to 
4, depending upon the polarization of each transition dipole, 
it is important to place limits on K ~ ,  which then allow one to 
place upper and lower limits on R,,, i.e., the uncertainty in the 
determination of R,, due only to the relative rotational freedom 
of both dipoles. Fortunately, in most cases with macromole- 
cules, this case included, the donor and acceptor often show 
mixed polarizations across the spectral range over which energy 
transfer is predicted to occur. Rather than a single transition 
dipole, two or more incoherent dipoles may be present in one 
or both species. In the present donor/acceptor pair, the Co(I1) 
LMCT region contains contributions from three S--Co(II) 
bonds, each of which has at least three electronic transitions 
(bonding and nonbonding) that polarize along three nearly 
perpendicular axes (Tennent & McMillin, 1979). As a result, 
there is essentially no uncertainty in K~ deriving from the 
acceptor Co(I1) even if it is rotationally immobile (Haas et 
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R'ocHto4 m=7: (Tp)7 H 

FIOURE 1 : General structure of 1 ,M-ethenoadenylated oligodeoxy- 
ribonucleotides used in this study. 1 = 6 or 8 while m = 0, 1, 3, 5, 
6, or I. 

al., 1978; Chatterji et al., 1986). For the eA donor, polari- 
zation spectra of cA-HCI suggest depolarizing effects of 
multiple absorption dipoles, even on the long-wavelength side 
of the excitation spectrum (Secrist et al., 1972). However, 
the possibility exists in the present system, that uaryingdegrees 
of polarized emission would occur in some eA-oligonucleotides 
relative to others. This might occur if a particular base is more 
rigidly held in the complex and hindered in its rotation on the 
time scale of excitation relative to another. Dale et al. (1979) 
have shown that measurement of the fluorescence anisotropies 
of both the donor and acceptor (only the donor in this case) 
can be used to place limits on the value of K ~ .  Anisotropies 
of the bound oligonucleotide were determined as described 
above. The average depolarization factor (dD) is related to 
the anisotropy (r) by 

Maximum and minimum values of ( K ~ )  are then given by 
(Dale et al., 1979; Gettins et al., 1990) 

(dD) = r/0.4 = (dDx)2 (8) 

(K2)max = 2/3(1 + (dDX) + (dAX) + 3(dDX)(dAx)) (9) 

(10) (K2)min = 2/3[1 - ((dDX) + (dAX))/2] 
where (dDx) and (dAX)  are the axial depolarization factors 
for the donor (D) and acceptor (A), respectively. Here, (dAX) 
was set equal to zero for reasons discussed above. From these 
maximum and minimum values of ( K ~ ) ,  maximum and min- 
imum values of R, can be calculated according to 

(1 1) 

(12) 

R,,,, = (1.5 ( K ~ ) , ~ , ) ~ / ~ R ,  (isotropic) 

Ro,min = (1.5 ( K ~ ) , ~ , , ) ~ / ~ R ,  (isotropic) 

Finally, the maximum and minimum values of R, are then 
used to calculate the minimum and maximum values of R with 
eq 5. 

RESULTS 
1 ,Nb-Ethenoadenylation of Adenine-Containing Oligo- 

deoxyribonucleotides. The general structure of 1 ,I@- 
ethenoadenylated oligonucleotides is shown in Figure 1. Crude 
oligodeoxyribonucleotides of defined sequence (5' - 3') d- 
[(Tp),,,A(pT),_,J where 0 I m I I - 1, containing a single 
adenosine were desalted into H20,  dried, and dissolved in 
aqueous chloroacetaldehyde at  pH 4.5 at  -5 X M 
adenosine residues. The reaction was allowed to proceed for 
24-36 h (37 "C), after which time the reaction products were 
loaded directly onto a C 18 reverse-phase high-pressure liquid 
chromatography column equilibrated with 0.1 M triethylamine 
acetate, pH 6.5, at ambient temperature. As shown in Figure 
2, an 11-1 2% linear acetonitrile gradient over 30 min effects 

o*lt* I_ , J U L L  1 
20 40 60 80 

0.0 
0 

Minuter 

mourn 2: Reverse-phase HPLC of a mixture of unmodified parent 
d[A(pT),] and 1 ,I@-ethenoadenylated [cA(pT),] octanucleotides. The 
absorbance was monitored at both 260 and 280 nm as indicated. The 
solvent composition was varied as shown by the %B mixed with the 
A solvent to obtain 100% total (A + B) solvent composition. See 
Materials and Methods for other details. 

baseline separation of the parent unmodified oligonucleotide 
(47 min) and the EA-oligonucleotide derivative (50 min). 
Although these reaction conditions generally give >90% eth- 
enoadenylation of the oligonucleotide, Figure 2 shows a rep- 
resentative chromatogram of a d[A(~T)~l/d[tA(pT)~] mixture 
(I = 8) to better illustrate the quality of the separation. In 
a representative I = 6 mixture, ~ [ A ( P T ) ~ ]  and d [ ~ A ( p T ) ~ l  
eluted at  38 and 45 min under the same chromatographic 
conditions. Note that these conditions effectively remove any 
EA-mononucleoside (or eA-mononucleotide) impurity in ad- 
dition to oligonucleotide contaminants of shorter length present 
in the original preparation. Following a final desalting into 
binding buffer, typical yields of 199% homogeneous tA- 
oligonucleotides ranged from 20 to 30% on the basis of starting 
crude OD units. 

Spectroscopic Characterization. The UV absorption 
spectrum of a representative I = 8 eA-oligonucleotide [eA- 
(pT),] shows a long-wavelength band in the near ultraviolet 
[e310 = 2.9 X lo3 M (oligonucleotide)-l~cm-l] and a shoulder 
at 276 nm, both of which arise from the eA base (Secrist et 
al., 1972) (data not shown). The absorption maximum is 
red-shifted to 267 nm [e267 = 7.0 X lo4 M (oligo- 
nucleotide)-'.cm-'], and the e280/e260 ratio is reduced relative 
to the unmodified oligonucleotide, the latter fact facilitating 
purification by HPLC (Figure 2, inset). Identical trends are 
observed for the eA-hexanucleotides (data not shown). En- 
zymatic hydrolysis of the both ~ [ A ( P T ) ~ ]  and d[eA(pT),] to 
the EA-mononucleoside and thymidine 5'-monophosphate 
monomers by the exonuclease snake venom phosphodiesterase 
reveals a =lo% hypochromism at 260 nm associated with both 
oligonucleotides, as expected from previous studies (Tolman 
et al., 1974). 

The corrected fluorescence excitation and emission spectra 
of all 1 ,I@-ethenoadenylated oligonucleotides are essentially 
superimposable and comparable as a group to published 
spectra of the monomer eA.HC12 (Secrist et al., 1972). 
Representative fluorescence emission and excitation spectra 
are shown in Figure 3 for d[tA(pT),]; these spectra demon- 
strate that the sole contributor to the tA-oligonucleotide 
fluorescence in the 400-nm region is the EA-base. In ac- 
cordance with the absorption measurements and previous 
studies with EA-dinucleoside monophosphates (Tolman et al., 
1974), the fluorescence quantum yields (Q,) of all tA-oligo- 
nucleotides are greatly reduced relative to €ATP (Q, = 0.59). 
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FIGURE 3: Fluorescence spectroscopic characteristics of a representative 
I = 8 €A-oligonucleotide. Excitation spectra of 4.28 X 10" M d- 
[cA(pT),], &, = 401 nm (4-nm band-pass). (Inset) Emission 
spectrum of d[cA(pT),], X, = 320 nm (2-nm band-pass). Conditions: 
T/O.I M NaCl, 25 OC. 

In fact, Q, for all EA-oligonucleotides from length 1 = 6 to 8 
nucleotides varies from 0.033 to 0.053 (Table I). Oligo- 
nucleotides containing either a 5' or 3'4erminal EA-base have 
a slightly larger Q, value relative to those that have an in- 
ternally positioned probe. As expected (Tolman et al., 1974), 
the severe quenching of the eA fluorescence which accompanies 
incorporation of the cA-base into an oligonucleotide is com- 
pletely relieved upon hydrolysis to constituent monomer units 
with snake venom phosphodiesterase (data not shown). 

The Binding of eA-Oligonucleotides to g32P-(A+B) Is 
Polar with Respect to Phosphodiester Chain Direction. In 
order for site-specifically labeled eA-oligonucleotides to be 
useful as reporter groups of the immediate binding site en- 
vironment in the protein-nucleic acid complex, it must be 
demonstrated that (1) a 1:l protein-nucleic acid complex is 
formed, and (2) the oligonucleotide binds with a fixed polarity 
of the phosphodiester backbone on the protein. In addition, 
it would be desirable that 1 ,M-ethenoadenylation of the oli- 
gonucleotide have little discernable effect on binding affinity 
of a nucleotide chain of sufficient length to establish all pro- 
tein-nucleic acid contacts. The gene 32 protein derivative used 
in these studies is the DNA-binding core fragment, termed 
g32P-(A+B),' since in contrast to the intact protein, this 
molecule is essentially monomeric over the concentration range 
used in the present study (Giedroc et al., 1990). 

To establish a polarity in the binding site, we carried out 
equilibrium binding studies with two pairs of oligonucleotides 
with inverted polarities. One pair are octanucleotides ( I  = 8) 
where m = 0 {d[tA(pT),]} and m = 7 (d[(Tp),cA]], while the 
other pair are hexanucleotides (I = 6) where m = 0 (d[eA- 
(pT),]} and m = 5 {d[(Tp)5cA]]. Although most previously 
published data provide evidence for a 1:l stoichiometry in the 
g32P-(A+B)-octanucleotide system [cf. Karpel (1990)], we 
first performed equilibrium binding measurements with d- 
[ ( T P ) ~ ~ A ]  and Zn(I1) g32P-(A+B) at two different total 
concentrations of oligonucleotide to verify this in our exper- 
imental system (data not shown). Quantitative analysis of 
these data [cf. Bujalowski and Lohman (1989)] reveals that 
the relationship between the average number of g32P-(A+B) 
molecules bound per oligonucleotide and signal change is linear 
and saturates at a stoichiometry of 1:l (data not shown). All 
subsequent titrations were analyzed with the assumption that 
the 1:l stoichiometry and a linear relationship between the 
degree of binding and signal change (Le., Cui = Pbund/Dt = 
Dh+/Dt So~/Smax) obtained for d[(Tp),eA] holds for all 
e A-oligonucleotides. 

%bs 

- 4  

t g 3 2 P - ( A + B ) I +  , M  
FIGURE 4: (A) Differential enhancement of the eA fluorescence of 
two I = 8 eA-oligonucleotides, d[cA(pT),] (0) and d[(Tp),cA] (O), 
upon binding by Zn(I1) g32P-(A+B) (X, = 320 nm; X, = 401 nm). 
S,, = 1 .O defines the normalized free eA-oligonucleotide fluorescence 
(see Materials and Methods). Oligonucleotide concentrations were 
2.53 X 10" M d[eA(pT),] and 2.97 X 10-6 M d[(Tp),eA]. The solid 
lines represent theoretical isotherms expected for a 1:l stoichiometry 
as dictated by the following equation: P, = (SOb/S,)( l/[Kob[ 1 - 
(S&/S-)]]. + Dt) where Pt is total protein titrant and Dt is the total 
oligonucleotide concentration. They are defined by the following 
parameters: d[(Tp),eA], KO$ =_2.40 X IO6 M-I, S,, = 2.40; d- 
[cA(pT),], Kob = 1.82 X 10 M I ,  S,,, = 1.38. (B) Differential 
enhancement of the eA fluorescence of two 1 = 6 oligonucleotides, 
d [eA(~T)~l  (0) and d[ (T~)~eAl  (0 )  upon binding by Zn(I1) 
g32P-(A+B). Oligonucleotide concentrations were 1.058 X loT5 M 
d[eA(pT),] and 5.05 X 10-6 M d[(Tp),eA]. The solid lines are defined 
by the following parameters: d[(Tp),eA], Kob = 1.1 X lo5 M-I, S, 
= 3.65; d[eA(pT),], Kob = 1.1 X lo5 M-I, S,, = 1.222. 

Figure 4A shows that when two symmetric eA-octanu- 
cleotides, d[eA(pT),] and d[(Tp),eA] are titrated with 
g32P-(A+B) at approximately 3 MM total eA-oligonucleotide, 
the S,,, values obtained for each oligonucleotide are signif- 
icantly different from one another, 1.38 for d[eA(pT),] relative 
to 2.40 with d[(Tp),cA]. However, the measured Kob esti- 
mated from the best-fit theoretical isotherms are similar, 1.82 
X lo6 M-' vs 2.40 X lo6 M-' for d[eA(pT),] and d [ (T~)~eAl ,  
respectively (Table I). Qdr the quantum efficiency of the 
complexed oligonucleotide, was found to be 0.059 and 0.1 27 
for d[cA(pT),] and d[(Tp),cA], respectively. 

Figure 4B shows the analogous experiment with the 1 = 6 
oligonucleotides with the eA moiety symmetrically positioned 
at either the 5' (d[eA(pT),]) or the 3' (d[(Tp),eA]] ends. The 
result is even more striking here. Once again, both titrations 
are described by the same Kob, 1.1 X los M-l, some -20-fold 
reduced relative to the corresponding octanucleotides, and a 
1:l stoichiometry. However, S ,  = 1.22 for d [eA(~T)~ l  while 
S,,, = 3.75 for d[(Tp),eA], corresponding to Qd values of 
0.056 and 0.181, respectively (Table I). These data establish 
that the binding of oligonucleotides of 1 = 6 or 8 by g32P- 
(A+B) is polar with respect to the binding site. They also 
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Table 11: Equilibrium Binding Parameters for 
1 ,N6-Ethenoadenylated and Corresponding Unmodified Parent 
Oligonucleotides for g32P-(A+B)O 

Kob x 
10" 

(M-9 Q, Q m u d Q e  
0.9 (h0.2) 0.361 (h0.005) 0.99 
1.2 (h0.4) 0.365 (10.001) 
0.5 (h0.2) 0.385 (h0.005) 1.08 
0.5 (h0.2) 0.358 (hO.001) 
1.5 (hO.l) 0.439 (h0.004) 1.14 
1.2 (hO.1) 0.385 (hO.001) 
1.9 (10.1) 0.439 (hO.001) 1.37 
1.3 (hO.1) 0.321 (hO.001) 
1.9 (h0.4) 0.44 (10.01) 1.43 
0.8 (hO.1) 0.31 (hO.01) 
1.8 (10.5) 0.468 (h0.003) 1.23 
1 .O (h0.4) 0.379 (10.004) 

#Derived from experiments like those shown in Figure 5. The 
g32P-(A+B) concentration ranged from 2.5 X lo-, to 1.05 X 10" M. 
At least two independent determinations were made for each oligo- 
nucleotide. 

demonstrate that loss of two nucleotides from an octanucleotide 
results in the loss of one or more intermoleclar  contact^.^ 

Positional Effects of the EA Moiety on the Intrinsic 
Fluorescence Emission of g32P-(A+B) in the Protein-ssDNA 
Complex. Another series of equilibrium binding measurements 
were made by monitoring the quenching of the intrinsic protein 
fluorescence upon binding oligonucleotides. The relative 
maximal extent of fluorescence quenching (Q,,) is dictated 
by both base and sugar composition and sequence of the nu- 
cleic acid molecule. Two parallel titrations performed with 
the unlabeled parent oligonucleotide vs the corresponding 
1 ,P-ethenoadenylated oligonucleotide will reveal any posi- 
tional influence, e.g., in KOh or Q,,,, of the eA moiety. 
Specifically, if a proximate Trp side chain(s) closely ap- 
proaches an €A-base(s), singlet-singlet energy transfer can 
potentially occur from the indole ring to the eA ring due to 
the spectral overlap between the emission spectrum of Trp and 
the absorption spectrum of EA (Gruber & Leonard, 1975; 
Ledneva et al., 1978; Toulme & Helene, 1980). The efficiency 
of energy transfer is a function of the twedimensional distance 
between the Trp donor and EA acceptor! In the event of such 
energy transfer in g32P, quenching of the total Trp fluores- 
cence will result upon binding the eA-oligonucleotide to an 
extent greater than that which would occur with the correp- 
sponding unlabeled oligonucleotide of otherwise identical 
primary structure (Ledneva et al., 1978; Toulme & Helene, 
1980). 

In Figure 5, each panel shows a representative titration of 
g32P-(A+B) with one of the six 1 = 8 EA-oligonucleotides (A, 
m = 0; and B, m = 7) compared with a titration carried out 
with the parent unlabeled oligonucleotide of the same sequence. 
Identical experiments were carried out with the all six I = 8 
eA-oligonucleotides to determine the effect of the eA moiety 
as it is moved systematically from the 5' to the 3' end of the 
bound oligonucleotide (Table 11). The relative efficiency of 
energy transfer from a Trp side chain(s) can be approximated 
by a comparison of the relative magnitudes of Qmax recorded 

Quantitative salt-induced dissociation experiments suggest the re- 
duction in binding free energy that characterizes hexanucleotide vs oc- 
tanucleotide binding to the core fragment is derived from a reduction in 
both electrostatic and nonelectrostatic free energy terms (D.G., unpub- 
lished). 

Calculation of an energy transfer efficiency between a unique do- 
nor-acceptor pair is not possible since one or more of the five tryptophans 
in g32P-(A+B) can potentially function as energy donor(s) to the bound 
nucleic acid. 
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FIGURE 5 :  Differential quenching of the intrinsic fluorescence of Zn(I1) 
g32P-(A+B) upon binding to a 1 ,I@-ethenoadenylated oligonucleotide 
(filled symbols) compared to the corresponding unlabeled parent 
oligonucleotide (open symbols) of the same sequence (X, = 296 nm; 
&,, = 347 nm). Qob = 0 defines the normalized free protein 
fluorescence (see Materials and Methods). In all titrations, the 
concentration of g32P-(A+B) was 1.05 X lod M. The solid lines 
drawn through the experimental points represent the best two-pa- 
rameter (Qmx and Kob) fit that describes a theoretical isotherm of 
the following equation: D, = (Q,+,,/Q,,)ll/[Ko~[l - (Q,+,,/Q-)Il + P,]. These best-fit Q,, and Kob (M-I) values, respectively, are 
indicated in parentheses following the oligonucleotide designation. 
(A) d[eA(pT),] (m = 0) (0.366; 1.16 X IO6) and d A(pT),] (0.364; 

(0.375; 1.4 X lo6). The mean values for Q,, and Kob. obtained from 
replicate titrations and analogous titrations carried out for all other 
I = 8 oligonucleotides are compiled in Table 11. 

in the presence (EA-oligonucleotide) and absence (unlabeled 
oligonucleotide) of the putative energy acceptor, Le., 
Qmax,rA/Qmax,A. It is clear that a Trp side chain(s) is (are) 
positioned closest to the eA base to or between nucleotide 
residues 6 and 7 (from the 5' end) in the octanucleotide, since 
energy transfer appears most efficient here (Table 11). The 
3'-terminal, fourth, second, and 5'-terminal CA-bases appear 
incrementally further removed from the Trp(s) to the point 
where the 5'-terminal EA-base, relative to A, affects the in- 
trinsic protein fluorescence of the complex to a negligible extent 
(Figure 5A).5 

1.6 X Id) ;  (B) d[(Tp),eA] (m = 7) (0.465; 2.3 X 1 d ) and d[(Tp),A] 

Direct demonstration of Trp - cA energy transfer (Lakowicz, 1983) 
in this system is technically complicated by the low fluorescence quantum 
yield of the aA-oligonucleotide relative to Trp fluorescence of g32P. Any 
set of solution conditions that gives acceptable levels of complex forma- 
tion places the fluorescence emission of the oligonucleotide as a shoulder 
on the low-energy side of the g32P emission spectrum. We have found, 
however, that when g32P-(A+B)-d[(Tp),cA] (m = 7) complex forma- 
tion is monitored at eA-oligonucleotide fluorescence emission (430 nm) 
with excitation of both Trp and d[(Tp),aA] (298 nm), the corrected 
enhancement of the tA-oligonucleotide fluorescence (SmX) is -22% 
larger than when the aA-oligonucleotide is selectively excited (325 nm) 
(D.G. and R.K., unpublished). Analogous experiments with d[cA(pT),] 
( m  = 0) fail to yield the same result. These observations are consistent 
with energy transfer from a Trp donor(s) to the cA acceptor in d- 
[(Tp),cA], but not in d[cA(pT),]. 
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FIGURE 6: Spectral overlap between the fluorescence emission spectrum 
of an eA-oligonucleotide, d[eA(pT),] (bX = 320 nm) (---), and the 
LMCT region of the absorption spectrum of Co(I1)-substituted 
g32P-(A+B) (-). The spectral overlap integral was calculated to 
be 1.483 X M-'.cm3 (see Materials and Methods). Conditions: 
T/0.1 M NaCI, pH 8.1, 25 OC. 

These data provide independent evidence that all tA- 
oligonucleotides bind with a singular polarity of the phos- 
phodiester chain and that the 5' and 3' ends of the oligo- 
nucleotide define structurally distinct microenvironments. It 
is also apparent (Table 11) that the etheno moiety has little 
influence on the magnitude of Kobs of g32P-(A+B) for any 
I = 8 oligonucleotide, further support that the uniquely pos- 
itioned 1,M-ethenoadenosine moiety can be considered a truely 
nonperturbing spectroscopic probe. 

The Fluorescence Emission Spectrum of an €A-Oligo- 
nucleotide Overlaps the Absorption Spectrum of Co(Il)- 
Substituted g32P-(A+B). Co(I1) is an excellent metal ion 
substitute for the intrinsic Zn(I1) in g32P as it induces little 
significant perturbation in the structure of the g32P monomer 
as evidenced by a variety of physicochemical criteria (Coleman 
& Giedroc, 1989). The Co(I1) is bound to the ssDNA-binding 
core fragment through three Cys S- atoms and a fourth 
non-sulfur donor (Giedroc et al., 1986, 1989). The optical 
absorption spectrum contains, in addition to ligand field "d-d" 
transitions of the high spin d7 Co(I1) ion in the visible region, 
two resolvable S- - Co(1I) ligand-to-metal charge transfer 
(LMCT) transitions in the near UV, indicative of coordination 
to Cys sulfur (Giedroc et al., 1986). As shown in Figure 6, 
the fluorescence emission spectrum of the eA-oligonucleotide 
d[tA(pT),] overlaps the LMCT region of the Co(I1) absorp- 
tion spectrum. This degree of spectral overlap ensures that 
the eA-base is potentially useful as a fluorescence energy donor 
with the Co(I1) LMCTs participating as energy acceptors in 
Forster-mediated nonradiative energy transfer (Forster, 1959). 
The fluorescence emission spectra of all eA-oligonucleotides 
are superimposable under the same solution conditions, re- 
gardless of the position of the base in the primary structure. 
Moreover, the shape of the Co(I1) absorption and the oligo- 
nucleotide fluorescence emission spectra do not change ap- 
preciably upon complex formation (Giedroc et a]., 1989; data 
not shown), permitting the same value of J, the spectral overlap 
integral, to be used to evaluate all EA-Co(I1) intermolecular 
distances. 

The Binding of ( I  = 8 )  eA-Oligonucleotides Exhibits Dis- 
tinguishable Fluorescence Properties Dependent on the Value 
of m. In the previous section, we examined the equilibrium 
binding to the core fragment of two terminally labeled I = 8 
oligonucleotides with inverted polarities, m = 0 d[eA(pT),] 
and m = 7 d [ ( T ~ ) ~ e A l ,  by titrating the oligonucleotides with 
Zn(I1) g32P-(A+B) while monitoring complex formation at 
the steady-state €A-oligonuleotide fluorescence. In these two 
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FIGURE 7: Enhancement of the fluorescence of two, 1,P-etheno- 
adenylated oligodeoxyribonucleotides upon binding by Zn(I1) 
g32P-(A+B) (0) and Co(I1) g32P-(A+B) (0) (Aex = 320 nm; A, 
= 401 nm). Sob = 1.0 is the free normalized eA-oligonucleotide 
fluorescence. The solid lines are theoretical isotherms that assume 
a 1: 1 stoichiometry. Following the oligonucleotide designation and 
the metallated form of the protein used are the oligonucleotide 
concentration (M), and best-fit S,, and Kobs (M-I) values, respectively, 
for that particular titration. (A) d[TpeA(pT)d (m = l), Zn(I1); 2.47 
X IO", 1.81, 2.84 X los); Co(I1): 2.47 X IO , 1.30, 3.37 X los; (BJ 
d[(Tp)StA(pT),] (m = 5), Zn(I1): 1.81 X lo", 3.66, 2.15 X IO, 
Co(I1): 1.81 X lo", 2.65, 1.54 X lo6. The analysis of these and 
analogous titrations carried out with all other I = 8 oligonucleotides 
are compiled in Table I. Conditions: T/0.1 M NaCI, pH 8.1, 25 
"C. 

cases, Qd, the quantum yield in the absence of nonradiative 
energy transfer to Co(II), was found to be 0.059 and 0.127, 
for d[eA(pT),] and d [ (T~)~ tAl ,  respectively (Table I). Exactly 
analogous titrations carried out with the Co(I1)-substituted 
g32P-(A+B) allow a determination of Qda, the quantum ef- 
ficiency in the presence of energy transfer, in addition to Kob 
for Co(I1) g32P-(A+B). 

In Figure 7 are shown representative titrations obtained with 
two of the six EA-octanucleotides ( m  = 1 and m = 5 ) ,  which 
place the EA moiety at the second (panel A) and sixth (panel 
B) positions relative to the 5' end of the I = 8 oligonucleotide. 
Each panel shows one titration with Zn(1I) g32P-(A+B) (in 
the absence of energy acceptor) and one with the Co(I1)- 
substituted protein (in the presence of energy transfer ac- 
ceptor), under the same solution conditions and similar con- 
centrations of €A-oligonucleotide. Table I summarizes the 
analysis of analogous equilibrium binding isotherms generated 
for all 1 = 8 eA-oligonucleotides. 

Inspection of Table I reveals that the maximal extent of 
fluorescence enhancement (S,,,,,) obtained with the native 
Zn(I1) protein varies with the position of the eA moiety in the 
primary structure, or m. For example, with the m = 3 and 
m = 5 (cf. Figure 7B) oligonucleotides, S,, values reach 3.68 
and 3.74, respectively, while for the m = 0 oligonucleotide (cf. 
Figure 4A), S,,, = 1.36. In addition, in every case, S,,, in 
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Table 111: Energy Transfer Efficiencies ( E ) ,  Critical F6rster 
Distances [R, (Isotropic)], and Distances [R (Isotropic)] from the 
Co(I1) to the 1,Nb-Ethenoadenylate Moiety in 
g32P-(A+B)-eA-Oligonucleotide Complexes' 

Giedroc et al. 

e A-oligonucleotide Eb R, (AIb R (A)c 
d [ M ~ T ) 7 1  0.43 (10.02) 15.3 16.0 (15.9-16.2) 
d[TPtA(pT),] 0.31 (10.02) 15.5 17.7 (17.5-18.0) 
d[(Tp)3~A(pT),] 0.26 (10.05) 17.3 (10.1) 20.7 (19.9-21.6) 
d[(Tp)5cA(pT)2] 0.26 (10.06) 17.2 (10.1) 20.5 (19.7-21.8) 
d[(Tp)6cApT] 0.28 (10.01) 16.2 19.0 (18.9-19.2) 
d[(TP)74 0.41 (10.01) 17.4 18.6 (18.3-18.9) 

'Calculated with the data in Table I assuming an isotropic orienta- 
tion factor, (2 )  = 0.667, and q = 1.4 (see Materials and Methods). 
bThe uncertainty in E incorporates the standard error in S,, obtained 
in the presence and absence of acceptor (Table I).  If no uncertainty is 
given for R,, it is less than 0.1 A. CThe range given reflects the un- 
certainty associated with E. 

the presence of energy acceptor [with the Co(I1) protein] is 
significantly lower than that obtained in the absence of energy 
acceptor [with the Zn(I1) protein]. Thus, Qd > QQ in all cases, 
evidence that the donor and acceptor are in range of the critical 
Forster distance in all Co(I1) g32P-(A+B)-eA-oligonucleotide 
complexes. The fluorescence of the bound oligonucleotide in 
the presence and absence of energy acceptor was completely 
reversible to uncomplexed levels upon dissociation of the 
complex with incremental addition of NaCl (data not shown). 

The KO& values determined for the native Zn(1I) and Co- 
(11)-substituted core fragment on all cA-oligonucleotides 
(Table I) reveal that the Co(I1) protein binds with a moder- 
ately lower binding affinity in some cases, ranging from -1.5- 
to 2-fold reduced from the Zn(I1) protein under identical 
solution conditions. This suggests that substitution of Zn(I1) 
for Co(I1) alters to some extent the properties of the complex. 
Interestingly, Kobs increases moderately as the Abase is moved 
from the 5' to the 3' end of the oligonucleotide, a trend ob- 
served for both the Zn(I1) and Co(I1) proteins (see also Table 
11). Thus, although not necessarily identical, the individual 
complexes formed in the presence and absence of the energy 
acceptor are structurally similar. 

Distance Relationships Calculated from the Energy 
Transfer Efficiencies. The energy transfer efficiences and 
corresponding values of R,(isotropic), the critical distance at 
which E = 0.5, and R (isotropic), the actual distance between 

donor and acceptor obtained for the each of the six I = 8 
EA-oligonucleotides are summarized in Table I11 with K~ set 
to 0.667 (see Materials and Methods). The values of R,, vary 
from 15.3 to 17.4 A, depending primarily on the value of Qd, 
the quantum yield of the completely complexed EA-oligo- 
nucleotide (Table I). The energy transfer efficiences ( E )  vary 
from a high of 0.43 for the m = 0 oligonucleotide and a low 
of 0.26 obtained for both internally labeled m = 3 and m = 
5 EA-oligonucleotides. The actual donor-acceptor distances 
vary from 16.0 to 20.7 A among all EA-oligonucleotides, with 
the intrinsic Co(I1) relatively closer to both the 5' and 3' 
EA-bases than it is to internally positioned cA moieties. 

Steady-State Fluorescence Anisotropy of the EA-Base in 
Protein-Oligonucleotide Complexes as a Function of m. 
Steady-state fluorescence anisotropy measurements of EA- 
oligonucleotides can yield insight into the relative rotational 
mobility of the EA-base during the excited-state lifetime 
(Lakowicz, 1983). Steady-state fluorescence anisotropies (rh) 
were determined for all eA-oligonucleotides under solution 
conditions of the binding experiment (Table IV). Among the 
I = 8 oligonucleotides, rh reaches a maximum value, or lowest 
rotational mobility, for the internally positioned bases in d- 
[(TP)~EA(~T)J and d[(Tp)ScA(pT)2]. Lower r t ,  values, and 
thus greater motility, occurs to equal extents as the EA-base 
is moved to the 5' and 3' ends of the oligonucleotide. These 
relatively low anisotropies are not unexpected from published 
polarization spectra of cA-HCl ( r  < 0.04 at 21 "C) (Secrist 
et al., 1972). 

This trend in rfm contrasts with anisotropies determined for 
the protein-nucleic acid complexes (rmflg) (Table IV), which 
are more similar than different for all oligonucleotides of m 
> 0 (see Discussion). The magnitudes of rcomplw, estimated 
under conditions of energy transfer, can be used to place limits 
on the uncertainty in the determination of R, for that oligo- 
nucleotide, and thus R, deriving exclusively from the uncer- 
tainty in K ~ ,  the orientation factor (Dale et al., 1979; Gettins 
et al., 1990) (see Materials and Methods) (Table IV). In- 
dividual mean values of rmpkx were thus used to estimate the 
axial depolarization of the donor fluorescence emission of each 
protein-oligonucleotide complex, which relates to the maxi- 
mum ( K ~ ~ ~ )  and minimum ( K ~ ~ , )  values of the orientation 
factor, calculated with eqs 9-10 (Table IV). These values in 

Table IV: Fluorescence Anisotropies (rfm and roomplcx) and Orientational Analysis of g32P-(A+B)-I ,Nb-Ethenoadenylated Oligonucleotide 
Complexes and Calculation of Ro and Ip 

e A-oligonucleotide rim ~ m m p l u  ( d D ) b  (dDx) ( K 2 )  %(A) R ( A )  
d[NPT)l l  0.019 0.054 minimum 0.135 0.367 0.544 14.8 15.5 
( m  = 0) (10.003)c (10.002)e isotropic 0.667 15.3 16.0 

maximum 0.135 0.367 0.91 1 16.1 16.9 
d[TpeA(pT)6] 0.033 0.096 minimum 0.240 0.490 0.503 14.8 16.9 
(m = 1) (10.003) (1O.OlO) isotropic 0.667 15.5 17.7 

maximum 0.240 0.490 0.993 16.6 19.1 
~ [ ( T P ) ~ ( P T ) ~ I  0.039 0.112 minimum 0.280 0.529 0.490 16.4 19.5 
( m  = 3) (10.003) (10.006) isotropic 0.667 17.3 20.7 

maximum 0.280 0.529 1.019 18.6 22.1 
d[(TP)5eA(PT)zI 0.041 0.109 minimum 0.273 0.522 0.492 16.4 19.5 
(m = 5) (10.004) (10.003) isotropic 0.667 17.2 20.5 

maximum 0.273 0.522 1.015 18.4 21.9 
d[(TP)6cAPTl 0.03 1 0.109 minimum 0.273 0.522 0.492 15.4 18.0 
( m  = 6) (10.004) (10.003) isotropic 0.667 16.2 19.0 

maximum 0.273 0.522 1.015 17.4 20.4 
d[(pT)7eAI 0.020 0.080 minimum 0.200 0.447 0.518 16.8 17.8 
( m  = 7) (10.003) (10.002) isotropic 0.667 17.5 18.6 

maximum 0.200 0.447 0.964 18.6 19.8 
" X ,  = 320 nm (2-nm band-pass), 25 OC. See Materials and Methods for other details. *Calculated by using the mean value of rmpla in each 

case. CThe value in Darentheses is the standard error based on 2-4 indewndent determinations. 
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turn relate to the maximum and minimum values of R, and 
thus R (eqs 11-12), also summarized in Table IV. 

DISCUSSION 
In this paper, we demonstrate that a single eA-.oligo- 

nucleotide of length 1 = 6-8 binds to the g32P-(A+B) core 
fragment with a singular polarity of the phosphodiester 
backbone. Individual nucleotide bases within an I = 8 eA- 
oligonucleotide would therefore be expected to experience 
structurally distinct regions of the ssDNA-binding site at or 
near nucleotide resolution. We show that fluorescence reso- 
nance energy transfer (FRET) spectroscopy can be used to 
estimate the two-dimensional distance between the intrinsic 
(fixed) metal ion [Co(II)] of g32P-(A+B) and a uniquely 
positioned fluorescent e-adenine, functioning as fluorescence 
energy acceptor and donor, respectively. The same donor- 
acceptor distance can then be measured in a series of uniquely 
fluorescently labeled protein-oligonucleotide complexes ob- 
tained by variably positioning the eA moiety in the primary 
structure of the bound oligonucleotide. A set of such distances 
superimposed on a single protein-oligonucleotide complex can 
then be used to place limitations on the conformation of the 
bound ssDNA, in addition to providing a rich source of in- 
formation on local structural features of the g32P core frag- 
ment-octanucleotide complex. 

The chemistry employed to make 1 ,M-ethenoadenylated 
oligonucleotides (Figure 1) is identical with published accounts 
that effect specific modificaton of the adenine, adenosine 
mononucleotides (Secrist et al., 1972), and adenosine-con- 
taining dinucleotides (Tolman et al., 1974; Leonard, 1984). 
This report provides the first account of modification and 
subsequent purification of oligonucleotides longer than trimers 
(Barrio et al., 1978). The purification scheme (Figure 2) is 
particularly noteworthy since even small amounts of contam- 
inating cA monomer will render meaningless determinations 
of both fluorescence properties due to its =12-18-fold greater 
quantum yield relative to the eA-oligonucleotides (Table I). 

It is known that the binding of g32P to polynucleotides and 
natural ssDNAs increases the local base-base separation; 
similar deformations in oligonucleotide structure have also been 
shown to occur [cf. Karpel (1990)]. This would result in an 
enhanced quantum efficiency of the eA-base, since intra- 
(Tolman et al., 1974) and intermolecular (Kubota et al., 1979) 
nucleotide base stacking strongly quenches eA fluorescence 
through both static (ground-state) and dynamic (excited-state) 
processes. We use this property of eA-oligonucleotides to 
establish that these ssDNA molecules bind to the g32P-(A+B) 
core fragment with a defined polarity of the phosphodiester 
backbone. This is evident in that two pairs of eA-oligo- 
nucleotides of inverted polarities bind to the core fragment with 
similar or identical affinities, but Qd, the quantum yields, and 
rcomplcx, the anisotropies, of the eA-oligonucleotide-protein 
complex are significantly different from one another (Figure 
4; Table IV). If both polarities of the phosphodiester backbone 
were equally acceptable to the core fragment, the fluorescence 
properties of two symmetric ssDNAs in the complex would 
be indistinguishable. This is therefore a direct indication that 
the immediate microenvironments of the EA-base are easily 
distinguishable at the 5’ and 3’ ends of the nucleic acid binding 
site on the core fragment. 

Previous studies have shown that the indole fluorescence 
emission can be quenched by the EA-base via a Trp - eA 
energy transfer process (Mutai et al., 1975). In particular, 
the complex formed between uniformly labeled poly(eA) and 
g32P suggested that at least one tryptophan in g32P is able 
to transfer energy to one or more eA-bases (Toulme & Helene, 

1980). We provide evidence that at least one Trp side chain 
specifically lies in the binding site near the 3’ end of bound 
oligonucleotide, since when complex formation with the I = 
8 eA-oligonucleotides is monitored at the protein fluorescence 
emission (Figure 5;  Table 11), the magnitude of the quenching 
of the total g32P tryptophan fluorescence is significantly 
greater with the probe positioned toward or at the 3‘ end of 
the oligonucleotide. The transfer efficiency and thus proximity, 
estimated from the Qmx,cA/Qmax,A ratio (Table 11), peaks at 
nucleotide residue 7. It has also been observed that in the 
model compound 1 ,ZP-etheno-9-[3-(indol-3-yl)propyl]adenine 
the indole ring will strongly quench the 1 ,ZP-ethenoadenosine 
fluorescence upon selective excitation of the eA moiety (Gruber 
& Leonard, 1975). We observe a clear reduction in the 
quantum efficiency (Qd) of the d[(Tp),eApT] (EA residue 7) 
complex relative to the d[(Tp),eA(pT)J and d[(Tp),eA] 
complexes (Table I). 

The proposal that at least one Trp is present at or near the 
3’ end of the oligonucleotide binding site is also consistent with 
the finding that 1 ,M-ethenoadenosine, relative to adenosine, 
gradually if only slightly (52-fold) enhances the binding af- 
finity of an oligonucleotide as the unique base is moved toward 
the 3’ terminus. In contrast, the EA and A nucleotides give 
identical Kobs when the unique base is positioned as in m = 
0 and m = 1 oligonucleotides or the 5’ terminus (Table 11). 
Since the eA moiety is characterized by increased van der 
Waals dispersion forces than the purine ring at neutral pH 
and stacks to a greater degree with the indole ring in model 
compounds (Gruber & Leonard, 1975; Leonard, 1984), the 
eA aromatic ring might be expected to enhance such inter- 
actions and thus increase the Kobs in a region of the complex 
where they are predicted to occur. 

Site-Specific Dynamics of g32P-(A+B)-Oligonucleotide 
Complexes. One model of the complex of g32P with single- 
stranded nucleic acids predicts the presence of series of con- 
secutive “base-binding pockets” that line the ssDNA-binding 
groove on g32P (Coleman et al., 1986), interactions supple- 
mented by a considerable electrostatic component to the 
binding free energy (Kowalczykowski et al., 1981; Alma et 
al., 1983). Each pocket is thought to contain hydrophobic 
and/or aromatic amino acid side chains positioned in such a 
manner that one or more might undergo complete or partial 
intercalation with the nucleic acid bases (Coleman et al., 1986). 
‘H NMR studies suggest that these aromatic side chains, 
however, are not rigidly held as a true intercalator would be 
(Prigodich et al., 1986; Pan et al., 1989b). A refinement of 
the base-binding pocket model has been proposed on the basis 
of two-dimensional NMR studies of the complex between the 
nonreplicative fd gene 5 protein and single-stranded oligo- and 
polynucleotides (King & Coleman, 1988). In this “dynamic 
clamp” model, one or at most two nucleotide bases toward the 
3’ or 5’ end of the monomer-binding site are engaged in ex- 
tensive interactions with hydrophobic amino acid side chains, 
relative to the other three bases, which together constitute the 
monomer binding site size (King & Coleman, 1988; Kao et 
al., 1985). 

The steady-state anisotropies of the individual eA-oligo- 
nucleotide-g32P core fragment complexes (rcomplcx) do not 
support a model in which one or a few bases become strongly 
immobilized at the physical point of a clamp, since a relatively 
strongly polarized CA fluorescence emission is not encountered 
in any complex. roomplw for the m = 3,5, and 6 complexes are 
identical within experimental error. The m = 1 complex 
formed with d[TpeA(pT),] is only slightly lower, perhaps 
related to the uniquely reduced binding affinity of this par- 
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ticular oligonucleotide sequence (Table 11). This similarity 
among rm” w a r s  in spite of the fact that rfm for individual 
oligonucleotides decreases monotonically from the internal 
eA-bases to those positioned incrementally closer to both ol- 
igonucleotide termini. The 5’-terminal cA moiety in d[cA- 
(pT),]-g32P-(A+B) complex exhibits the greatest rotational 
mobility (rwmplcx = 0.054). This is not, however, due simply 
to its terminal nature since the 3’-terminal eA-base in d- 
[(Tp),cA] has fluorescence properties more like those of an 
internal base (rmplcx = 0.080; Qd = 0.127). These anisotropy 
data are in qualitative agreement with preliminary EPR studies 
of site-specific nitroxide spin-labeled oligonucleotides com- 
plexed to the core fragment.6 We emphasize that rwmPlex > 
rfre for all bound cA-oligonucleotides, while preliminary an- 
isotropy measurements with the 1 = 6 and cooperative 1 = 16 
eA-oligonucleotide complexes reveal that rwmplcx varies with 
the approximate molecular size of the complex. This suggests 
that, in every case, the cA moiety is reorienting in a manner 
at least partly described by macromolecular tumbling of the 
complex. 

Use of FRET To Extract Structural Information on 
g32P-(A+B)-Oligonucleotide Complexes. We have deter- 
mined the efficiency of energy transfer between a transition 
metal cation and the eA-base by monitoring the quenching of 
the steady-state cA fluorescence by the metal cation. We and 
others have ascribed this quencing by a transition metal to a 
Forster (1959) energy transfer mechanism (Latt et al., 1970; 
Horrocks et al., 1975; Chatterji et al., 1986; Wu & Tyagi, 
1987). Of course, to document an excited-state energy transfer 
process, the efficiency determined from comparison of the 
quantum yields and fluorescence lifetimes measured in the 
presence and absence of energy acceptor must be identical, 

at least two instances with the eA-Co(I1) donor-acceptor pair, 
lifetime measurements have yielded transfer efficiency de- 
terminations comparable to that obtained with normalized 
fluorescence intensities (Villafranca et al., 1979; Vanderkoot 
et al., 1979). Since the extent of eA fluorescence quenching 
by Co(I1) in any context requires complex formation and does 
not vary in a trivial fashion with the Co(I1) concentration, we 
expect that our steady-state measurements are reporting on 
a process closely adhering to Forster (1959) theory. 

In addition, while the anisotropy values obtained for the 
complexed oligonucleotides (rmplcx)  are indicative of modest 
axial depolarization of the donor that increases the uncertainty 
in Ro, and thus R, determined for any one donoracceptor pair, 
they are not so large as to invalidate the determinations of R 
for the individual oligonucleotides (Table IV). In fact, with 
all EA-oligonucleotides, excepting the 5’ terminally labeled 
d[cA(pT),], r,mplcx are quite similar to one another, evidence 
that there is essentially no uncertainty that originates from 
imprecise knowledge of K~ in the relative determinations of R 
obtained for individual complexes. 

Conformation of the Bound Single-Stranded Oligo- 
nucleotide. The determination of six metal ion to nucleotide 
base distances when applied to a single g32P-(A+B)-octa- 
nucleotide complex places constraint on the conformation of 
the bound ssDNA ligand. The trend in the determined spatial 
separations between the fixed metal ion and a unique eA-base 
clearly reveals that the nucleotide base at both the 5’ and 3’ 
ends makes a relatively closer approach to the metal ion, with 
the 5’ base (1 6.0 A) closest to the metal ion. As the cA-base 
is gradually moved into the interior of the oligonucleotide from 

i.e., E = 1 - = 1 - (7da/7d) (Lakowicz, 1983). In 
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both termini, the EA moiety becomes more distant from the 
metal ion. For example, the penultimate 5’ (m = 1) and 3’ 
( m  = 6) bases are 17.7 and 19.0 A from the metal ion, while 
the cA moiety is farthest away in the m = 3 and m = 5 
oligonucleotides at ~ 2 0 . 6  A from the metal ion. 

Although six intermolecular distances to a single fixed point 
on the protein obviously cannot uniquely define the structure 
of the bound ssDNA, it is interesting to note that the relative 
disposition of successive nucleotide bases in the bound oligo- 
nucleotide required by the Co(I1)-cA distances is in qualitative 
agreement with a recently proposed family of structural models 
for the polynucleotide conformation in the cooperative g32P- 
polynucleotide complex (van Amerongen et al., 1990). The 
bound polynucleotide is modeled to be a right-handed sin- 
gle-stranded helix, markedly undenvound and extended relative 
to a single-strand of B-form dimensions, such that there are 
approximately 20-24 bases per helical turn corresponding to 
a small (16 f 5 O )  rotation angle per successive base. The 
predicted base-base distance is 4 . 5  A, giving rise to a sep- 
aration of =35 A between the 5‘- and 3’-terminal nucleotide 
bases in an 1 = 8 oligonucleotide. The ssDNA is proposed to 
be wrapped around the protein with the protein on the inside 
of the single-stranded helix. One g32P monomer (assuming 
n = 8) would cover approximately 40% or one-third to one-half 
of a single helical turn, corresponding to 120- 1 80° total base 
rotation between the 5’ and 3‘ terminal bases of a bound 1 = 
8 oligonucleotide. 

The individual metal ion to nucleotide distances determined 
in this study are consistent with a bound ssDNA strand that 
undergoes only moderate rotation per base, as the calculated 
models implicate. They also require that the fixed Co(I1) ion 
be positioned on the inside of the helix in this model, not quite 
midway between the 5’ and 3’ termini of an 1 = 8 oligo- 
nucleotide but on or near the line that connects these two 
points. This is consistent with the predicted position of the 
core fragment itself. Most importantly, in this structure 
family, nucleotide residue 5 would mark about one-quarter 
helical turn, so its attached base would be farthest removed 
from the inside of the helix, and thus the protein itself. Nu- 
cleotide bases on the 5’ and 3’ sides of the residue 5 would then 
make an incrementally closer approach to the inside of the 
helix (Le., the metal ion) from the N6 and N3 sides of the 
tricyclic ring, respectively. This is in agreement with the 
observed trend in Co(I1)-cA distances. On the other hand, 
a single-strand of typical B-form or A-form dimensions are 
both incompatible with the measured distances (data not 
shown). 

Intrinsic Metal Ion-Nucleotide Base Distances in the 
Context of the Dimensions of the g32P Monomer. These data 
are the first of any kind that show that the metal ion is 
physically close enough to the bound ssDNA such that changes 
in structure and stability which occur upon Zn(I1) depletion 
from g32P can directly alter complex formation. This becomes 
apparent when one considers the asymmetry of the g32P- 
(A+B) monomer, characterized by an estimated 5:l axial ratio 
(Giedroc et al., 1990). Low-resolution electron microscopy 
studies on thin crystal lattices of g32P-A’ (Grant et al., 1991) 
suggest a prolate ellipsoidal globular structure of the monomer 
of about 65 X 25 X 25 A. One of the short axes likely defines 
the approximate path of the ssDNA across the surface of a 
g32P-A monomer, since the long axis is simply too long to 
accommodate a ssDNA molecular of the indicated length [cf. 
van Amerongen et al. (1990)l. Clearly, the metal ion cannot 
be on another side of the molecule, far removed from the 
ssDNA. In fact, if one considers (1) a 4 - A  shell of structure D.G. and P. Hopkins, unpublished observations. 



Fluorescently Labeled Oligonucleotides and T4 Gene 32 Protein Biochemistry, Vol. 30, No. 33, 1991 8241 

that would bury the metal cation, even if a region of the Zn(I1) 
domain is exposed to solvent on the protein surface, and (2) 
a separation range of =6-8 A between the sugar phosphate 
backbone and the tip of the exocyclic cA ring, this collection 
of Co(I1)-eA distances might place the Zn(I1) domain within 
10 A or so from an edge(s) of the ssDNA-binding groove, 
depending primarily on how the individual bases (energy do- 
nors) are specifically oriented with respect to the protein 
surface (the energy acceptor). It becomes easy to appreciate 
how the Zn(I1) domain in g32P could directly influence and 
stabilize common conformational determinants of both pro- 
tein-protein and protein-nucleic acid interfaces in both the 
cooperative and noncooperative binding modes, thereby directly 
contributing to the magnitudes of the intrinsic monomer as- 
sociation constant and the cooperativity parameter (Giedroc 
et al., 1987; Nadler et al., 1990). 
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Stabilities of Consecutive AC,  CC,  GoG, UC, and UmU Mismatches in RNA 
Internal Loops: Evidence for Stable Hydrogen-Bonded U4J and CC+ Pairsf 
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ABSTRACT: The stability and structure of RNA duplexes with consecutive A C ,  C-A, C C ,  G-G, U C ,  C*U, 
and U-U mismatches were studied by UV melting, CD, and NMR. The results are compared to previous 
results for GA and & internal loops [SantaLucia, J., Kierzek, R., & Turner, D. H. (1990) Biochemistry 
29, 8813-8819; Peritz, A., Kierzek, R., & Turner, D. H. (1991) Biochemistry 30,6428-6436)]. The observed 
order for stability increments of internal loop formation at  pH 7 is AG = GA = UU > GG I CA I AA 
= CU = UC I CC I AC. The results suggest two classes for internal loops with consecutive mismatches: 
(1) loops that stabilize duplexes and have strong hydrogen bonding and (2) loops that destabilize duplexes 
and may not have strong hydrogen bonding. Surprisingly, rCGCUJGCG forms a very stable duplex at  
pH 7 in 1 M NaCl with a TM of 44.8 OC at 1 X lo4 M and a of -7.2 kcal/mol. NOE studies of 
the imino protons indicate hydrogen bonding within the U-U mismatches in a wobble-type structure. 
Resonances corresponding to the hydrogen-bonded uridines are located at  11.3 and 10.4 ppm. At neutral 
pH, r C G C E G C G  is one of the least stable duplexes with a TM of 33.2 OC and of -5.1 kcal/mol. 
Upon lowering the pH to 5 . 5 ,  however, the TM increases by 12 OC, and becomes more favorable 
by 2.5 kcal/mol. The pH dependence of r C G C Z G C G  may be due to protonation of the internal loop 
C's, since no changes in thermodynamic parameters are observed for rCGCUJGCG between pH 7 and 
5.5. Furthermore, two broad imino proton resonances are observed at 10.85 and 10.05 ppm for r C G C a G C G  
at pH 5.3, but not at pH 6.5. This is also consistent with C C +  base pairs forming at  pH 5.5. r C G C U G C G  
and r G G C S G C C  have a small pH dependence, with TM increases of 5 and 3 "C, respectively, upon lowering 
the pH from 7 to 5.5. rCGCCJGCG and r C G C E G C G  also show little pH dependence, with TM increases 
of 0.8 and 1.4 OC, respectively, upon lowering the pH to 5.5 .  CD spectra of sequences with CC, CU, UC, 
and have a positive 
band at  280 nm, similar to that observed for and internal loops (SantaLucia et al., 1990). CD 
spectra of all sequences studied, except r C G C E G C G ,  are independent of pH. For r C G C E G C G ,  a weak 
negative band at  300 nm is observed at  pH 7, but at  pH 5.5  a weak positive band is observed. Current 
algorithms for the prediction of RNA secondary structure assume that the stability of internal loops is not 
sequence-dependent or depends only on stacking. This study indicates these approximations are wrong. 
The measured internal loop free energy increments range from -0.6 to +2.3 kcal/mol, and do not correlate 
with known stacking parameters. 

internal loops are typical of A-form conformation. CD spectra of AC, CA, and 

Prediction of RNA structure from sequence has become an 
increasingly important goal due to the rapid accumulation of 
nucleic acid sequence information. Applications include 
identification of consensus structures (Konings & Hogeweg, 
1989; Le et al., 1988), understanding of structure-function 
relationships (de Smit & van Duin, 1990; Yager & von Hippel, 
1991; Le et al., 1989), and design of antisense agents 
(Wickstrom et al., 1988). The most successful methods for 
prediction of secondary structure have been based on energy 
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minimization using free energy increments for various RNA 
motifs (Tinoco et al., 1971; Papanicolaou et al., 1984; Turner 
et al., 1988; Zuker, 1989; Jaeger et al., 1989). The sequence 
dependence of free energy increments for Watson-Crick base 
pairs has been determined experimentally (Borer et al., 1974; 
Freier et al., 1986a). Little is known, however, about the 
sequence dependence of loop motifs (Gralla & Crothers, 
1973a,b; Groebe & Uhlenbeck, 1988; Tuerk et al., 1988; 
Turner et al., 1988; Varani et al., 1989; SantaLucia et al., 
l?90). 

A common loop motif is the internal loop in which a helix 
is interrupted by non-Watsonxrick-paired nucleotides on both 
strands. It has recently been shown that an internal loop 
containing two consecutive G-A mismatches is more than 2 
kcal/mol more stable than one containing two consecutive A-A 
mismatches (SantaLucia et al., 1990) and that this additional 
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