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ABSTRACT. Fluorescence, phosphorescence, and optical detection of triplet state magnetic resonance
(ODMR) are employed to investigate the interaction of p10, the nucleocapsid protein of the Moloney
murine leukemia virus, with nucleic acids. p10 is a 55-amino acid protein containing a single zinc finger
motif, C26C2°H34C?9, that includes Y at position 28 and W at position 35. In addition, the interactions of

a zinc finger peptide, p10-ZF, comprising residues-24 of p10, and a doubly mutated 241 peptide,

p10-ZF in which the positions of Y and W are interchanged, also are reported. The measurements focus
on the direct involvement of the sole W residue in the nucleic acid interaction. Fluorescence quenching
and salt-back titrations indicate complex formation of p10 with several octanucles{(d€s, (dl)s,

(dU).dT, and (5-BrdUydT—and with the polynucleotides poly(dT) and poly(dl). Poly(dl) binds with the
highest affinity. Apparent binding constants and salt-back midpoints are reported. Neither p10-ZF nor
pl0-ZF exhibits significant fluorescence quenching by these DNA substrates. Binding of p10-ZF to
fluorescent poly(ethenoadenylic acid) was detected with greatly reduced affinity relative to p10, but binding
of p10-ZF was undetectable. These results are in general agreement with phosphorescence and ODMR
measurements monitoring W. Addition of poly(l) to p10 leads to a phosphorescence red shift, reduction
in the zero-field splitting (ZFS) parametddsandE, and a significantly reduced phosphorescence lifetime,
each consistent with aromatic stacking interactions between W and the nucleobases. These effects are
smaller with p10-ZF and undetectable with p10-ZRPoly(U) produces no significant changes in the
triplet state parameters of W; no stacking interactions are observed even for p10. (5eBrdidids

large phosphorescence red shifts in p10 and p10-ZF, and reducti@nsat no significant heavy atom
effects. These effects probably are due to enhanced local polarizability caused by Br, but any stacking
interactions in these complexes would exclude van der Waals contacts between W and the Br atoms.

Retroviral nucleocapsid (NEproteins are synthesized as bind to single-stranded nucleic acids (Long et al., 1980). NC
a domain in the Gag polyprotein precursor and are releasedproteins of all known retroviruses (except members of the
by the action of the viral protease during the maturation Spumavirus class) have one or two copies of a highly
process. In general, mature NC proteins are smah-{&D conserved amino acid sequence consisting of 10 variable
residues), highly basic (pof greater than 9) proteins that residues (X) and 4 invariant residues, Cys-Kys-(X)-
His-(X),-Cys. The invariant residues function to coordinate
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1 Abbreviations: EDTA, ethylenediaminetetraacetate; EG, ethylene CCHC zinc finger regions of the protein. Model viruses for

glycol; HIV-1, human immunodeficiency virus type &; decay rate these studies include the Moloney murine leukemia virus
constant of the il{i = X, y, or Z) sublevel of the triplet state; MoMuLV, (MoMuLV) which has one CCHC zinc finger per NC protein

Moloney murine leukemia virus; NC, nucleocapsid; ODMR, optically .
detected magnetic resonance; p7, nucleocapsid protein of HIV-1; p10, (Henderson et al., 1981, 1984) and HIV-1 which has two

MoMuLV nucleocapsid protein; p10-ZF, 18-residue MoMuLV p10 zinc  CCHC zinc fingers per NC protein (Henderson et al., 1992).
finger peptide (residues 2411); p10-ZF, p10-ZF Y28W/W35Y (an Point mutations replacing the Cys thiolate sulfur with oxygen

18-residue MoMuLV p10 zinc finger peptide spanning residues 24 o pyqrogen (i.e., C to S or A mutations) prevent zinc binding
41 and carrying transposed Tyr and Trp aromatic side chains); poly- d destabilize the zinc fi tid f tion in th
(eA), poly(1-N é-ethenoadenylic acid); SLR, spitiattice relaxation; and destabllize the zinc finger peptiae contormation in the

ZFS, zero-field splittings. Gag precursor and in the NC protein (Gorelick et al., 1988,
S0006-2960(96)02951-0 CCC: $14.00 © 1997 American Chemical Society
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1991; Mgic et al., 1989). In general, these mutants are T4 (Khamis & Maki, 1986; Casas-Finet et al., 1988a),
defective in RNA packaging (i.e., less than 10% of wild- Escherichia colsingle-stranded DNA binding protein (SSB)
type levels of viral RNA) and are at least 6 orders of (Casas-Finet et al., 1987), various SSB point mutations
magnitude less infectious than the wild-type virus. These replacing its Trp residues (Khamis et al., 1987; Zang et al.,
C to S or A mutants constitute dramatic proof of the RNA 1987; Tsao et al., 1989), and an IncY plasmid-encoded SSB
recognition and packaging role of the NC domain in the Gag from E. coli (Casas-Finet et al., 1988b). Stacking interactions
precursor. However, the fact that these mutants are evenalso are indicated by thermodynamic studies of nucleic acid
more defective in infectivity than they are in RNA packaging binding by oligolysines that incorporate Trp residues (Mas-
suggests additional biological roles for NC zinc fingers cotti & Lohman, 1993) and by ODMR studies of Lys-Trp-
(Gorelick et al., 1988; Darlix et al., 1995). After maturation Lys interactions with RNA (Co & Maki, 1978).
(proteolytic cleavage), the mature NC protein remains bound Previous ODMR measurements have shown (Tsao et al.,
to the RNA and forms the RNAprotein complex in the  1989; Maki, 1995, and references cited therein) that the zero-
core of the infectious virus. During the infectious process, field splitting (ZFS) parameters of Trp are sensitive to
the NC protein remains bound to the RNA in the preinte- changes in the local environment. In addition, aromatic
gration complex (Gallay et al., 1995). Recently, the impor- stacking interactions exhibited by the quinoxaline chro-
tance of the NC protein in the infectious process was mophores of the bis-intercalating antibiotic echinomycin and
underscored by the phenotype of viruses with point mutations the quinoline chromophores of its analog 2QN when bound
that replace Cys with His (i.e., CCHC to CCHH) (Gorelick to DNA are characterized (Alfredson et al., 1991; Maki et
et al., 1996) or exchange the positions of the zinc fingers in al., 1992) by a reduction in the ZFS paramet®r, that
p7, the HIV-1 NC protein (Gorelick et al., 1993). These correlates linearly with the free energy of binding to differing
mutants retain the ability to bind zinc, undergo normal DNA base sequences. This correlation suggests that the
assembly and budding, package wild-type levels of genomic London dispersion interactions that accompany the stacking
RNA, and form mature particles but are nevertheles6 4  of aromatic residues in these complexes contribute signifi-
orders of magnitude less infectious than the wild-type virus. cantly to the binding energy, influence the selectivity of
The CCHH and CCCC mutants clearly demonstrate that binding, and contribute to a reduction in the ZFS parameter,
wild-type zinc fingers in the mature NC protein are required D. Furthermore, the triplet state decay constant increases
for the infectious process. Thesevivo results are supported  with intercalation, and the phosphorescence spectrum un-
by in uitro studies showing that purified NC protein can dergoes a red shift.
facilitate reactions catalyzed by the viral reverse transcriptase In previous phosphorescence and ODMR measurements
(Ji et al., 1996; Pellska et al., 1994; Tsuchihashi & Brown, on p7, the NC protein from HIV-1 which contains two zinc
1994), including primer binding, strong stop synthesis, strand finger regions, one of which carries the sole Trp residue,
transfer (DeStefano, 1995; Rodriguez-Rodriguez et al., 1995;we have found (Lam et al., 1993, 1994) similar effects upon
You & McHenry, 1994), and processivity (DeStefano et al., RNA binding. The phosphorescence 0,0-band of Trp is
1992). In addition, many studies indicate that retroviral NC shifted to the red by 5.9 nm when poly(l) is bound, by 4.4
proteins can function as nucleic acid chaperones by facilitat- nm when poly(G) or (dG)is bound, by 1.8 nm when poly-
ing annealing (Khan & Giedroc, 1992; Lapadat-Tobolsky et (U) is bound, and by 1.4 nm when poly(C) is bound. These
al., 1995) and conformational rearrangements (Herschlag etred shifts correlate with the binding affinities to the homoo-
al., 1994, Dib-Haij et al., 1993) in a non-sequence-dependentligomers, (dI} > (dG) > (dU)s > (dC). In addition, slow-
fashion. This sequence-independent activity does not showpassage ODMR measurements on p7 revealed energy
an absolute requirement for zinc fingers and seems mediatedreductions in th® parameter of ca. 100 MHz upon binding
primarily through ionic interactions involving basic amino to poly(l), ca. 40 MHz with (dG) and ca. 30 MHz with
acids (Prats et al., 1991; Schmalzbauer et al., 1996). Thuspoly(U). These shifts could not be measured accurately
a growing body of evidence is showing that the NC protein because of a severe degradation of ODMR signal intensity
(or domain in the Gag precursor) functions in the manage- that accompanies nucleic acid binding to p7. Work (J. Q.
ment of nucleic acids during almost every stage of the viral Wu, unpublished results) using newly developed experimen-
replication cycle. tal and analysis methods (described below) to measure these
Single-stranded nucleic acid interactive proteins often shifts in p7 with greater accuracy is in progress. The
involve aromatic side chains in hydrophobic (stacking) apparent triplet state sublevel decay constants of Trp also
interactions with exposed nucleic acid bases. Among the increase when these nucleic acids bind to p7. These effects
aromatic amino acids, tryptophan has been shown to resultprovide evidence for the presence of Trp stacking with bases
in the largest stabilization energy as a result of intercalation when p7 is bound to these nucleic acid substrates and suggest
(Kumar & Govil, 1984). The luminescence properties of that aromatic stacking of Trp takes place in the binding of
the indole ring have been used in the characterization of athe zinc finger to RNA.
large number of single-stranded nucleic acid binding proteins. In this paper, we report on phosphorescence and ODMR
In particular, optically detected magnetic resonance (ODMR) measurements of p10, p10-ZF, and p10-ZfRd the effects
is a technique [for reviews, see Maki (1984) and Hoff (1989)] of binding these peptides to various nucleic acids on the
especially well-suited to assessing the occurrence of aromatidriplet state properties of the Trp residue. We have employed
intercalation of Trp side chains with nucleobases. Aromatic a newly developed (Wu et al., 1996b) delayed slow-passage
stacking interactions have been demonstrated by the applicaODMR experiment and the associated analysis of the signal
tion of ODMR techniques in a number of nucleic acid that compensates for fast passage effects on the band shape.
interactive systems that exhibit preferential binding to single- Thus, the analysis yields the correct ODMR band center
stranded lattices. Among these are the NC protein p7 from frequency and band width. The delayed slow-passage
HIV-1 (Lam et al., 1994), gene 32 protein from bacteriophage experiment generally results in enhanced signal intensity
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relative to the conventional slow-passage ODMR measure- Binding affinities of pl0 protein and peptides for the
ments carried out in the photostationary state. This turns various DNA oligo- and polynucleotides used in this study
out to apply in particular to p10, in which perturbations of were obtained by following the Trp fluorescence emission
the triplet state kinetic parameters upon nucleic acid binding intensity in the presence of various concentrations of the
reduce the spin alignment (sublevel population differences) macromolecule. Fluorescence measurements were carried
in the photostationary state that is an absolute requirementout on either a Shimadzu RF 5000U or a SPEX Fluoromax
for the observation of ODMR signals. The ODMR measure- spectrofluorimeter, with excitation at 288 nm (1 nm band
ments of triplet state properties are compared with binding width) and emission at 353 nm (5 nm band width).
affinity measurements using fluorescence quenching and salt-Equilibrium binding isotherms were acquired at 26,

back titrations. following stepwise additions of a concentrated nucleic acid

The work reported here leads to the major conclusion that Solution to a 0.4 mL p10 sample (0.%81) in 10 mM sodium
aromatic stacking interactions of Trp accompany poly(l) Phosphate buffer (pH 7.0) placed in a Teflon-capped, dual
binding to p10 and that the stacking interactions are weaker (0.2 x 1.0 cm) path length Suprasil quartz cell (Uvonic).
when p10-ZF binds to this polynucleotide. On the other R€adings were taken eyeb s for 2 min, averaged, and
hand, evidence of aromatic stacking of Trp is not found in Corrected for dilution and inner filter effects. Salt-back
complexes of p10-ZFwith any nucleic acids investigated, fitrations were carried out upon addition of a concentrated
in agreement with its very poor nucleic acid binding affinity NaCl solution to a preformed phucleic acid complex.
as measured from fluorimetric equilibrium binding isotherms. Double-logarithmic plots of logkap, vs log[Na'] were used
Effects observed in the binding of poly(U) are less pro- to denve_ blr_1d|ng constants at various ionic strgngth condi-
nounced and are attributed to either marginal stacking or tions. Binding to RNA was monitored by the increase of
nonspecific environmental perturbations.  Interaction of each the fluorescence of the homopolymeric pelj lattice upon
peptide with (5-BrdU)T leads to a red shift in the addlt!ons of conce_ntrated p10 protein or zinc finger 'pept|de
phosphorescence, but only minor external heavy atom effectsSolutions.  Excitation was at 315 nm (1 nm band width) to
or other perturbations of the triplet state occur, suggesting avoid interference from tryptophan absorptpn, and emission
that aromatic stacking, if present, does not involve van der Was detected at 400 nm (5 nm band width). Salt-back
Waals contact between the Br atom of 5-BrU and Trp. It titrations were also carried out with these samples. _
suggests that a nonspecific increase of local polarizability ~For phosphorescence and ODMR measurements, peptide
due to the Br atom is responsible in each case for the redSamples were dissolved in ethylene glycol (EG) mM
shift of the Trp phosphorescence and minor reduction of the Sodium phosphate buffer at pH 7.0 (30% v/v). Final peptide

ZFS. concentrations ranged between 0.1 and 0.5 mM. Complexes
with nucleic acids were formed at ambient temperature by
MATERIALS AND METHODS progressive addition of aliquots of concentrated peptide

solution while mixing. The nucleic acid phosphate concen-

p10 was isolated from purified MoMuLV viral suspensions tration of poly(U) and poly(l) was approximately 20 times
by reversed phase HPLC as previously described (Hendersorthat of the peptide. In the case of (5-Brgd}, the ratio
etal.,, 1984). HPLC fractions containing peptide (identified was about 11 to minimize the 5-BrU phosphorescence
by PAGE mobility, Western blotting, and N-terminal se- background. Solutions were allowed to stand at ambient
quencing) were collected, pooled, and lyophilized. The temperature for at least 10 min prior to cooling and acquiring
peptide was resuspended in the presence of excess Zn(ll)phosphorescence and ODMR spectra. Phosphorescence
and its concentration was calculated on the basis of opticalmeasurements were made at 77 K. The sample temperature
absorbance and amino acid analysis measurements. Metalvas reduced to 1.2 K by immersion in pumped liquid He
uptake was verified by EDTA competition monitoring the for ODMR measurements. Samples were caulOcon-
evolution of Trp fluorescence. This solution was aliquoted tained in a 1 mm inside dimeter Suprasil quartz tube inserted
into sterile polypropylene vials and relyophilized. The p10 into a Cu slow-wave helix that terminated a @0microwave
sequence has been determined (Shinnick et al., 1981) to bdransmission line. Details of the ODMR spectrometer have
ATVVSGQKQDYRQGGERRRS@LDRDQCAYCK30- been described recently (Wu et al., 1996a), but it has been
EKGHWAKDCP*KKPRGPRGPRPQTSLL. The sequences modified somewhat. Photon counting is employed for both
of the zinc finger peptides studied in the present work are phosphorescence and ODMR measurements. The cooled
D**QCAYCKEKGHWAKDCPK*! (p10-ZF) and B*QC- photomultiplier (EMI, Inc., model 6256) output pulses are
AWCKEKGHYAKDCPK#* (p10-ZF). These peptides were amplified by a fast preamplifier, followed by an amplifier-
obtained from Macromolecular Resources, Inc. (Fort Collins, discriminator (Ortec, Inc., models 9301 and 9302, respec-
CO). Poly(U) and poly(l) were purchased from Pharmacia, tively). The NIM standard negative current pulses from the
Inc., while polygA) was obtained from P. L. Biochemicals. discriminator are fed to a multichannel scaler board (EG&G
The oligodeoxynucleotides were synthesized by the Recom-Ortec, Inc., MCS-plus) located in a 486 personal computer,
binant DNA Laboratory, SAIC Frederick (Frederick, MD) where signal averaging is carried out.
using Glen Research phosphoramidite precursors, size- In this paper, we present the results of two types of slow-
purified by gel electrophoresis, and electroeluted. Concen- passage ODMR measurements in which the phosphorescence
trations of nucleic acids were obtained spectrophotometri- intensity is monitored while slowly sweeping the microwave
cally, usingezqo= 12 700 M2 cm 2, e260= 7400 M~ cm™, frequency through a zero-field magnetic resonance transition.
€264 = 8520 Mt cm, ande,7g = 6900 Mt cm for poly- The first of these is the traditional experiment carried out
(), poly(U), poly(dT) (Sigma Molecular Biology 1996/1997  during continuous optical pumping. We have shown recently
Catalog), and (5-BrdW)iT (Michelson et al., 1962), respec- (Wu et al., 1996a) how to analyze the responses using a
tively. theory that compensates for unavoidable rapid-passage
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Table 1: Binding Parameters of MoMuLV NC Protein (p10) to
DNA Octanucleotides and Polynucleotides

salt-back midpoint
ligand (mM Na*) Kapd

(dT)s 17 8.7x 10°
poly(dT) 52 4.3x 10°
(d)s 51 1.9x 100
poly(dl) 91 6.7x 107
(dU)dT 9.8 1.9x 10*
(5Br-dU)dT 11.3 3.0x 10°

a Measurements carried out in a 13 mM NacCl solution.

distortions of the band shape. The observed responses are

fitted to the theoretical model using a Marquartevenberg

procedure that minimizes thg? of the data set. The

parameters fitted by this procedure are the true band center

frequencyyy,, the half-width of the band (assumed Gaussian)

at half-maximum intensityy,,, the apparent sublevel decay

constants for the /> T; transition,k; andk; (i andj = x, y,

or 2), and the relative radiative rate constaRt,= k®/k®. — T
The second type of slow-passage experiment (delayed slow 400 450 500 550

passage) is carried out during decay of the phosphorescence. Emission Wavelength (nm)

The response that is analyzed (Wu et al., 1996b) by anprgyre 1: Phosphorescence spectra of (a) p10 (0.18 mM) and (b)

analogous Marquareflevenberg procedure is the decay p10 (0.11 mM) complexed with poly(l) (2.2 mM RDn 30% v/v

curve containing the slow-passage response from which has=EG buffer at 77 K. Samples are excited at 295 nm with a 16 nm

been subtracted the decay curve in the absence of theP@nd-pass.

microwave-induced response. The parameters that are fitted,ith 5 pase preference ranking of 8 T < | < G.

are the same as those listed above for the slow-passagepstitution of 5-BrdU for dU resulted in a moderate (15-
response during optical pumping. Both types of responsestq|d) increase of the binding affinity toward p10 (Table 1).
are analyzed assuming that spiattice relaxation (SLR) (as  The polynucleotides used in this study, poly(dT) and poly-
well as the kinetic effects of optical pumping in the former (dI), bound p10 with &pp0f ca. 4x 10°and 7x 107 M1
experiment) can be neglected. Consequently, the kinetic raterespectively (Table 1). A similar ionic dependence of the
constantsk;, k, andR;, are referred to as “apparent” rate  pinging affinity on monovalent ion concentration was derived
constants that may be influenced to some extent by residualg,qm, analysis of salt-back titrations (not shown) for all
SLR. ) oligonucleotides except (5-Brdid)T (see Discussion). Thus,
The delayed slow-passage method has some major adignoints of complex disruption with added NaCl reflected
vantages relative to measurements made during opticalciosely the ranking of affinities obtained from fluorimetric
pumping. (&) Fluorescence is absent, so a rotating sectokjyrations in which nucleic acid lattice was added to the
with its induced fluctuations can be eliminated. (b) The protein (or peptide). Binding to long polynucleotide chains

phosphorescence background is reduced relative to thepccyrred with a binding affinity about 40 times higher than
photostationary state experiment. (c) Population differencesat for binding to the respective octanucleotides (Table 1).

between triplet sublevels during decay often are greater thanjder the conditions of the ODMR experiments, p10 protein
in the photostationary state, leading to improved signal/noise.youid be expected to be quantitatively bound to the ligand
(d) The kinetic parameters are not affected by the optical |;ggq.
pumping rate. In each experiment, measurements are made peither p10-ZF nor p10-ZFexhibited significant quench-
at several sweep rates (and delay times for the delayed :slow-Ing of Trp emission in the presence of the DNA lattices
passage experiment), and the data sets are analyzed ind&nentioned above. The fluorescent polynucleotide, pal(
pendently. The standard deviation of a measurement isyyag therefore used to assess the binding affinity for these
estimated readily from the variation of the individual best- peptides relative to full length p10. Paly) usually exhibits
fit parameters between the independent data sets. enhanced affinity toward single-stranded nucleic acid binding
RESULTS proteins due to its extended nucleic acid moiety comprising
a fused three-ring system. p10-ZF experienced a significant
Fluorescence Titrations The binding affinity of Mo- decrease in affinity (2.& 10* M%) relative to p10 (2.3«
MuLV NC protein p10 was determined for various DNA 10" M~%), whereas binding of the Tyr/Trp-transposed p10-
lattices of different lengths and compositions. Binding ZF peptide was undetectable. These results are in agreement
stoichiometries (oligo/NC) for short oligonucleotides used with the magnitude of spectroscopic effects observed in the
in this study were 1/1 for each octanucleotide and 2/1 for ODMR experiments (see below).
each tetranucleotide. These values are in agreement with Phosphorescence Spectr&ihe phosphorescence spectrum
the occluded site size (& 1 bases per NC protein) of p10is compared with that of its poly(l) complex in Figure
determined for long polynucleotides from reverse titrations 1. The phosphorescence red shift and loss of resolution upon
under near-stoichiometric conditions (data not shown). p10 complex formation are readily apparent. The poorer signal
affinity for homodeoxyoctanucleotides ranged from cax 2 quality of the complex suggests a reduction in quantum yield,
10* M1 for U (Table 1) to 5x 10° M~ for G (not shown), but quantitative measurements were not attempted. In

Phosphorescence Intensity (a.u.)
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FiGUrRe 2: Conventional phosphorescence-detected slow-passageFiGURE 3: Conventional slow-passage ODMR spectra of Trp in
ODMR spectra of Trp in (a) p10-ZF (0.44 mM), (b) p10-ZF (0.27 p10-ZF. Experimental conditions are the same as those presented
mM) complexed with poly(U) (3.6 mM Pg), (c) p10 (0.18 mM), in the Figure 2 caption, except as noted below: (a) p10(dB4

(d) p10 (0.14 mM) complexed with poly(U) (3.6 mM BQand mM), (b) p10-ZF (0.26 mM) complexed with poly(U) (5.8 mM
(e) p10 (0.11 mM) complexed with poly(l) (2.2 mM RO The PQy), (c) p10-ZF (0.18 mM) complexed with poly(l) (3.6 mM PQ
solvent is 10 mM aqueous sodium phosphate (pH 7) containing and (d) p10-ZF(0.09 mM) complexed with (5-Brd)iT (1 mM
30% v/v EG, andl = 1.2 K. The phosphorescence is monitored at POs). The microwave frequency was swept at 100 MHz/s in each
the 0,0-band peak wavelength given in Table 3 gsirB nmband case, and signal averaging (400 accumulations) was carried out.
width, and excitation is at 295 nm using a 16 nm band-pass. The Solid curves are best fits calculated using the theory of Wu et al.
microwave sweep rate is 100 MHz/s for parts a and e and 45 MHz/s (1996a). Most of the noise in the spectra is coherent, from
for parts b-d. Signal averaging (5090 accumulations) was carried  unaveraged rotating sector modulation.

out to improve signal/noise. Solid curves in partsdaare best fits

calculated using the theory given in Wu et al. (1996a). have been analyzed (Wu et al., 1996b) in this paper.
omplexing of p10-ZF with poly(l) also leads to a significant

previous phosphorescence and ODMR measurements on p1{L .. %" conventional slow-passage ODMR signal intensity

from MuLV (Casas-Finet et al., 1988c), the spectral resolu-
tion was much poorer than that which we observe with the (spectrum not shown). _ i
present sample. Although the MuLV previously studied was 1 he effect of adding polynucleotides to p10:Zif which

the Rauscher strain, whose sequence differs somewhat fronfh® Positions of Y and W are interchanged) is shown in the
the Moloney strain studied here (Henderson et al., 1981),c0nvent|onal slow-passage spectra presented in Figure 3.

we believe that the poorer quality of the earlier spectra may /ncomplete averaging of rotating sector fluctuations is
have been due in part to sample oxidation and/or denatur-Particularly evident in these spectra. In contrast with p10,
ation. and pl10-ZF, little if any effect of polynucleotide on either
Corventional Slow-Passage ODMR Spectrdome rep- the signal level or thg resonance f'requencies is evident. Any
resentative examples of conventional slow-passage ODMR&ffécts of polynucleotides on the triplet state parameters were
spectra are given in Figure 2. Superimposed on the spectrapbta'ne_d from analysis of the delayed slow passage spectra,
are calculated responses (Wu et al., 1996a) that compensaté® be discussed below.
for fast-passage effects, as discussed in the previous section. Delayed Slow-Passage ODMR ResulBren though the
Since the spectra are obtained during continuous optical slow-passage ODMR signals of p10 complexed with poly-
pumping, a rotating sector was employed to eliminate (I) were too weak to be observed in the photostationary state
fluorescence; much of the “noise” present in the data points (Figure 2e), they could be observed and analyzed in a delayed
is due to the incompletely signal-averaged intensity fluctua- slow-passage experiment. ThBe— E and Z signals of p10
tions produced by the sector. The effect of complexing of complexed with poly(l) are shown in Figure 4. The— E
pl10-ZF with poly(U) on the ODMR spectrum is readily signal was measured using three different microwave sweep
apparent from visual comparison of spectrum b with a. Both rates, while two different sweep rates were used for the
theD — E (low-frequency) and B (high-frequency) transi-  measurement of theB2transition. These slow-passage
tions are shifted to lower frequencies. Complexing of p10 signals and those of the other samples investigated in this
with poly(U) (spectrum dss c) leads to a significant loss of  work were analyzed (Wu et al., 1996b); the best-fit param-
signal/noise. Complexing with poly(l) leads to photosta- eters were averaged for each transition, and these averaged
tionary state ODMR signal levels that are undetectable parameters are reported in Tables 2 and 3, along with their
(spectrum €). This loss of signal intensity on polynucleotide standard deviationsof. In Table 3, we also report the
binding is partially recovered in the delayed slow-passage phosphorescence 0,0-band peak wavelengths and deconvo-
spectra, to be discussed below, and it is these spectra thalution of the decay at 77 K. The vertical dashed lines in



6120 Biochemistry, Vol. 36, No. 20, 1997 Wu et al.

the polyphosphate chain that is expected for oligos (due to
end effects) relative to polynucleotides. A detailed account
of the thermodynamic properties of wild-type and point-
mutated p10 protein will be published elsewhere.

Involvement of charged residues located outside the zinc
finger domain is inferred from the drop in affinity toward
poly(eA) of 3 orders of magnitude resulting from truncation
of the p10 sequence. Swapping of the aromatic residues
within the zinc finger results in a drastic loss of binding
affinity for nucleic acids. This double-point mutation does
not induce ejection of the chelated metal ion (P. Nower and
J. R. Casas-Finet, unpublished results). It is conceivable,
however, that exchange of the phenol and indole groups
T could affect nucleic acid binding through a local distortion
of the peptide backbone structure. An alignment of primary
sequence data from structural data bases shows that in all
instances NC proteins that carry a single zinc finger have a
Phe or Tyr residue in the shorter first loop of the finger while
Trp is absolutely conserved in the third loop. These
retrovirus families cover a relatively broad genus range
among vertebrates, inducing leukemia or sarcoma in fish,
rodents, cats, and primates.

Note that our reported affinity values are higher than earlier
published results for poly(U) (Karpel et al., 1987). This is
likely to be the result of a questionable state of metalation
FiGURe 4: Delayed slow-passage ODMR spectra of Trp in p10 and/or oxidation of the zinc finger region in the earlier study
complexed with poly(l). Sample and excitation/emission conditions in which neither reconstitution with added zinc salt nor

are given in the Figure 2 caption and Table 3. The E transition . - . S

is shown above with microwave sweep rates of (a) 200, (b) 160, SPECial precautions to avoid Cys oxidation were undertaken.
and (c) 100 MHz/s; the B transition is shown below with ~ While the Cys-rich region identified in retroviral nucleo-
microwave sweep rates of (d) 200 and (e) 100 MHz/s. The capsid proteins (Henderson et al., 1981) was proposed to be
microwave frequency output is limited/ta 2 GHz low-pass filter responsible for Zn(Il) chelation (Berg, 1986), controversial

for parts a-c and by a 3 GHz low-pass filter for parts d and e. _ .. ;
Signal averaging (4286 accumulations) was carried out. The solid findings were reported subsequently that either favored the

curves are the calculated nonlinear least-squares best fits to theédinding of divalent ions in these regions (Schiff et al., 1988)
responses from the theory given in Wu et al. (1996b), using the or ruled against it (Jentoft et al., 1988; Katz & Jentoft, 1989).
parameters listed in Tables 2 and 3. The vertical dashed lines areSolid proof of the occurrence of retroviral zinc finger
mg Eg\zlet:gggit\i/c?rlwu(ebsel(?vj)or it\t]:nDin_TEgIrgnzsmon (above) and for  stryctures did not arise until solution NMR structures of
9 ' isolated zinc finger peptides from HIV-1 p7 (South et al.,
1989, 1990a,b, 1991), a double zinc finger p7 sequence
(Omichinski et al., 1991), and full length HIV-1 p7 (Summers
et al., 1992) became available. Ultimately, EXAFS studies
DISCUSSION showed that stoichiometric quantities of zinc were present
in intact retroviruses (Summers et al., 1992; Chance et al.,
The measurements reported in this paper have been carried992). It is worth noting that p7 NC proteins of HIV-1
out with the aim of utilizing fluorescence measurements and carrying altered Cys residues (alkylated, disulfide-bonded,
detailed triplet state properties of the single Trp residue of or point-mutated to Ala), rendering them unable to bind metal
p10, p10-ZF, and p10-ZRo obtain information about the  ions, exhibit a decrease in binding affinity of-2 orders of
involvement of the zinc finger in nucleic acid binding. magnitude for a given oligonucleotide sequence (M. A.
Fluorescence Titrations Among short DNA homopoly-  Urbaneja, J. R. Casas-Finet, et al., unpublished data). A
meric octanucleotides, uracil and thymine lattices bound with similar effect may be operating for the murine NC homolog
similar affinities. 5-BrdU showed a measurable increase in studied previously (Karpel et al., 1987).
its binding constant relative to the previous sequences. Its ODMR Measurementspl0-ZF with Poly(U) and Poly-
salt dependence, however, also became steeper as reflected). We can conclude at the outset that no effects of nucleic
by a salt-back midpoint intermediate between that of U and acid binding on the triplet state properties of Trp in the Y
T. We suggest that these effects may stem from an increase> W switched peptide, p10-ZFare evident. Not a single
in average 5-BrdU/5-BrdU base distance as a result of stericcriterion that provides evidence for aromatic stacking
hindrance of the bulky halogen substituent. The ensuing interactions is present. The phosphorescence lifetime (77
destacking of nucleic acid bases would reduce the energeticK) of Trp is unaffected as are the apparent individual sublevel
penalty term involved in the intercalation of an aromatic decay constants obtained from analysis of the delayed slow-
amino acid side chain. The higher apparent affinity of long passage spectra at 1.2 K (Table 3). With the exception of
polynucleotide lattices relative to single-site ligands could (5-BrdU),dT, to be discussed below, the ZFS parameters of
result either from a cooperative effect in the binding process p10-ZF as well as thely o are unaffected by RNA binding
or from a dissimilar salt dependence of their interaction with within experimental error (Table 1). The apparent decay
p10 resulting from the different counterion density around constants are unchanged by nucleic acid binding in each case.

Relative Intensity

Relative Intensity

1 2 3 4 5 6 7 8
Microwave Frequency (GHz)

Figure 4 are the average best-fit valuesgffor these
transitions taken from Table 2.
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Table 2: ODMR Frequencies and Zero-Field Splitting Parameters of p10, the Zinc Finger Peptides p10-ZF and ai@-Zkeir Complexes
with Nucleic Acids

ID| — [E 2E? DI+ |E®
sample 1o (GHZ) v112 (MHZ) vo (GHz) v112 (MHZ) v (GHz) v112 (MHZ) ID| (GHz) |E| (GHz)
p10 1.716(1) 53(2) 2.495(6) 106(7) - - 2.964 1.248
p10-+ poly(U) 1.704(2) 61(3) 2.506(16) 149(20) - - 2.957 1.253
p10+ poly(l) 1.632(3) 64(2) 2.434(18) 190(22) - - 2.849 1.217
p10-+ (5-BrdU)dT 1.658(20) 104(9) 2.527(21) 130(39) 4.120(5) 184(53) 2.889 1.247
p10-ZF 1.715(1) 54(1) 2.519(3) 113(2) 4.225(3) 85(2) 2.970 1.257
p10-ZF+ poly(U) 1.692(1) 63(3) 2.486(8) 109(12) - - 2.935 1.243
p10-ZF+ poly(l) 1.655(3) 59(7) 2.552(19) 127(2) - - 2931 1.276
pl0-ZF+ (5-BrdU)dT  1.658(7) 96(5) 2.508(37) 121(6) - - 2.912 1.254
p10-ZF 1.725(3) 60(1) 2.513(7) 125(9) 4.236(3) 83(7) 2.981 1.256
p10-ZF + poly(V) 1.718(3) 62(3) 2.515(8) 120(9) 4.254(26) 91(2) 2.986 1.263
p10-ZF + poly(l) 1.737(3) 58(3) 2.474(2) 117(13) 4.216(15) 56(9) 2.977 1.238
p10-ZF + (5-BrdU)dT 1.698(1) 68.5(3) 2.533(3) 133(4) 4.177(2) 145(54) 2.938 1.253

a2 The standard deviatiorv) in the last digit is given in parentheses. Values are from Levertdayquardt least-squares fitting of delayed
slow-passage ODMR responses at 1.2 K (Wu et al., 1996b).

Table 3: Kinetic Parameters of Trp in p10, Its Zinc Finger Peptides, p10-ZF and gl@#FTheir Complexes with Nucleic Acids

sample Aoo(nm) 7 (sP ke (S72)° k, (5790 k. (s71)P R Ry Ry

p10 409.2 6.7 (95), 0.68 (5) 034(3) 0083(2) 00515  0.11(8)  0.15(4)—

p10+ poly(U) 4100  63(50),082(50) 0.40(3)  0.1(1) 0.08(7) 017(9)  0.19(9) —

p10-+ poly(l) 4132  27(59),050(41)  053(1)  0.3(1) 0.086(7)  0.13(1)  0.09(3) —

p10+ (5-BrdU)dT 4176 59(65)042(34) 050(5) 032(7)  0.04(1) 008(2)  0.2(1) 0.8(2)
p10-ZF 4094  6.5(93),0.83(7) 037(3) 0.193)  0051(10) 0.10(1)  0.26(9) 0.40(4)
p10-ZF+ poly(U) 410.4 6.1(85),0.77 (15)  0.34(5) 0.10(2)  0.04(1) 0.14(1) 0.29(9) —

p10-ZF+ poly(l) 4132  4.8(50),050(50)  0.45(5)  0.20(11)  0.09(3) 0.15(6)  05(2) —

pl0-ZF+ (5-BrdU)dT 418.0 5.4(57),0.42 (43)  0.41(3) 0.18(5)  0.06(2) 0.14(2) 0.11(9) —

p10-ZF 400.1  65(87),090(13) 0354) 0.17(2)  0.059(9)  0.114(5)  0.29(4) 0.51(2)
p10-ZF + poly(U) 400.3  6.3(87)0.56(13) 0.36(4) 0.22(7)  0.045(13) 0.12(1)  0.35(20)  0.26(8)
p10-ZF + poly(l) 4085  6.4(89),066(11)  037(6) 0.19(3)  0.077(26)  0.14(4)  0.33(7) 0.7(1)

p10-ZF + (5-BrdU)dT 411.2 6.3(89),1.02(11)  0.33(3)  0.19(2) 0.077(20)  0.153(4)  0.33(11)  0.56(8)

aPhosphorescence was measured at 77 K. Pre-exponential terms (in percent) are given in pafoitipesest values obtained from Levenberg
Marquardt least-squares analyses of delayed slow-passage ODMR responses at 1.2 K (Wu et al., 1996b). Standard @)ewidtieriagt digit
are given in parentheses.

The lack of major nucleic acid binding effects on the triplet closely with the major lifetime component in the analysis
state properties of p10-Zks qualitatively evident from a  of the phosphorescence decay at 77 K (2.7 s) that is attributed
comparison of the conventional slow-passage ODMR spectrato Trp. The shorter lifetime component, also observed in
in Figure 3. These findings are in complete agreement with the poly(l)-p10-ZF and poly(}-p10-ZF systems, could
the drastic decrease in binding affinity observed by fluores- originate from Tyr and/or from the polynucleotide. Thus, it
cence measurements on this peptide. can be concluded that the effect of poly(l) binding on the
pl0 and pl10-ZF with Poly(l) and Poly(U)In contrast triplet state kinetics appears largely in the ackial rather
with p10-ZF, the triplet state properties of Trp in both p10 than the SLR rate constants. It should be noted that the large
and pl10-ZF show evidence of stacking interactions. selective increase in thg parameter upon poly(l) binding
Binding of Poly(l). A 4 nm red shift ofigis induced in (bringing it close td) is consistent with poor signal intensity
both peptides upon binding poly(l). The appareist(Table of the delayed slow-passag& DMR signal relative to
3) increase significantly upon binding p10 to poly(l). The that of theD — E signal (Figure 4). The sublevel populations
largest relative increase (about 4-fold) occurgjnwhile kg of Ty and T, can diverge from each other during decay (and
increases by about 50%. These increases may occur in thggroduce ODMR signals), only if their decay constants differ.
actual decay constants, or they may be the result of increased Binding of p10 to poly(l) also leads to major effects on
SLR, which is not considered in the analysis. Although the the ZFS parameters that are consistent with aromatic stacking
apparent’s perhaps are influenced somewhat by SLR, it interactions. Thé parameter is reduced by ca. 115 MHz,
can be shown that the increases are largely due to the actualvhile a smaller reduction (ca. 31 MHz) occursEn Such
k’s. The average triplet decay constant is not influenced effects, particularly on th® parameter, are expected to be
by SLR but is related to the actual sublevel decay constantscaused by stacking interactions as a result of charge transfer
by character introduced into the triplet state (Haenel & Sch-
weitzer, 1988).
Ko = (K + K, + k)I3=1/z,, Clearly, binding of p10-ZF to poly(l) results in smaller
perturbations of the triplet state than is the case with p10.
Assuming that the apparekts from Table 3 approximate  Although the red shift of the phosphorescence is the same,
the actual sublevel decay constants for the p10 complex withthe apparent decay constants are affected to a smaller extent
poly(l), Tav = 3.3+ 0.4 s. This lifetime corresponds rather (Table 3), as are the ZFS parameters (Table®)s reduced
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by barely 40 MHz, whileE apparently increases by ca. 19 Waals contact with Br. This lack of a heavy atom effect is
MHz. in direct contrast with p7 binding to (5-Brdi)T (Lam et
Binding of Poly(U). In comparison with poly(l), binding al., 1994), Where a heavy atom effect_conssteht Wlth a closer
to poly(U) produces only marginal effects on the triplet state approach to Br is observed. The dlfference in mte_ractlon
properties of p10 and p10-ZF. The phosphorescence red Shiﬁ}Nlth. the Br atom could stem from the relatlve location of
induced in each peptide is only ca. 1 nm (Table 3), but this 1"P in the two zinc fingers. In p7, Trp 37 is located between
is somewhat above the experimental erroetdf.3 nm. A Cys 35 and Cys 38, the position analogous to that occupied
minor effect on the decay kinetics of the triplet state is PY TYr 28 in pl0, rather that adjacent to His 34, which is
apparent only for p10. The apparent decay constants at 1.2h€ location of Trp in p10. This places the Trp residues in
K and the phosphorescence kinetics of p10-ZF at 77 K P7 and pl0 on opposite sides of the zinc finger. The
remain unchanged within experimental error. The zFS Phosphorescence red shift induced in p10 by (5-BfdD)
parameters of p10 are virtually unchanged upon binding poly- NOwWever, is only 1 nm less than in p7 (8:49.4 nm). The
(U), while those of p10-ZF are only slightly affected. The observation that the phosphorescence red ehn‘t and redocUon
effects observed upon binding of poly(U) are so marginal ©f the ZFS are smaller in pl0-ZRhan in pl0-ZF is
that we believe they probably are due largely to nonspecific consistent with a larger distance between the Trp site and
effects of binding rather than to aromatic stacking interac- th€ nucleobases in this ¥~ W switched peptide than is
tions. These results agree with the moderate affinity found in p10 and p10-ZF complexes.
measured for p10 to poly(dT) relative to poly(dl), 43L0° A detailed account describing the effect of demetalation
v$6.7 x 10/ M~1 (Table 1), and the decrease in affinity of and various salt concentrations on wild-type and point-
3 orders of magnitude observed for p10-ZF, relative to the mutated MoMuLV p10 is being prepared for publication
full length protein. elsewhere. For d(UG)the sequence with the highest affinity
Peptide Interactions with (5-BrdeiT. Large phospho- for p10 used in thatjtudy, the binding constant at 150 mM
rescence red shifts {8 nm) are induced in both p10 and NaClis 7.9x 10° M™* (log Kapp = 5.9). Most oligonucle-
p10-ZF upon interaction with this octanucleotide, whereas °tides used in the present study would exhibit dissociation
only a minor red shift (2 nm) is induced in p10-ZFAs far constants in the micromolar to millimolar range at physi-

as an external heavy atom effect is concerned, which would ©l0gical osmolarity. Note, however, that positive binding
be expected from the close approach of Trp to the Br atom, cooperativity is expected in the association of the polyprotein

none is detectable, except for a minor effect in the case of Ga9 precursor (Pr-Gag65) with RNA due to the occurrence
p10 (Table 3). The enhancement of the appakenis very of protein—protein interactions. Marginal cooperativity is
small in p10; the size of this enhancement is inconsistent °PServed in the binding of processed p10 to long polynucle-
with van der Waals contact between Trp and the Br atom. Ctides.

In previous measurements (Lam et al., 1994), we found that
binding of p7 to (5-BrdU)T reduces the average phospho-
rescence lifetime of Trp 37 to well below 1 s, in contrast
with a 7,, of abou 4 s for p10, based on thg's listed in

CONCLUSIONS

Fluorescence titrations, phosphorescence, and ODMR

N X measurements on p10, p10-ZF, and pl0iBdteracting with
Table 3. Furthermore, kinetic measurements of the indole several nucleic acids have been carried out. Among the

phosphorescence in crystallipadibromobenzene (Smith & 1 ,jeic acids investigated by fluorescence, poly(dI) is found

Maki, 1993) in which Br atoms are in van der Waals contact v hing with highest affinity to p10, while p10-ZF binds with
with indole yield values for,, of 0.012 and 0.033 s for two  |ogger affinity, and no binding of p10-ZFo this lattice is

oistingoishable i”dF"e orientetions in the lattice. .Stacking detectable. It appears that high-affinity binding requires that
interactions of the indole residue of p10 or the zinc finger 1y, ang Trp be in their native positions in the zinc finger.
peptides with 5-BrdU, if they occur, must be minimal in order  Thgjr interchange leads to a severe loss of binding affinity.

to avoid van der Waals contacts with the Br atoms. Furthermore, polynucleotides appear to bind with higher
The effects of (5-BrdUpT binding to p10 and p10-ZF affinity than octanucleotides, i.e., poly(dh (dl)s. Also, a
on the phosphorescence origin and ZFS, on the other handfull length NC protein binds with greater affinity than the
are considerable (Tables 2 and 3). The valueDoffor 24—41 peptide studied. The inosine lattice provides tighter
instance, is reduced by 75 and 58 MHz in p10 and p10-ZF, binding than the uracil (or thymine) lattice, (gll¥ (dT)s
respectively, although the value & is unchanged. The and (dU)}dT (Table 1), although binding of p10 to each of
phosphorescence and ZFS shifts in p10;4f the other  these lattices is observed. From the ODMR and phospho-
hand, are considerably smaller. These effects are probablyrescence measurements, binding of p10 to poly(U) produces
the result of increased polarizability of the Trp environment hardly any effects that can be associated with aromatic
resulting from the introduction of highly polarizable Br stacking interactions, in sharp contrast to the effects of poly-
atoms. The decrease in the ZFS is expected from increasedl) binding. This comparison suggests that the difference
polarizability of the environment because of the expansion in binding affinity (about a factor of 1520 in Kagp for | us
of the electron cloud that results in reduced magnetic dipole T lattices, Table 1) may be due to the contribution of
dipole interactions. In contrast with the heavy atom effect, aromatic stacking interactions to the free energy of associa-
which drops off precipitously beyond van der Waals contact, tion. The absence of an external heavy atom effect in the
these effects of polarizability have a much longer range. The interaction of p10 with (5-BrdUliT demonstrates that there
effects of the Br atom polarizability in the absence of a large is no van der Waals contact between Trp and the Br atoms.
heavy atom perturbation could indicate that complex forma- Any aromatic interactions are sufficiently minor that contact
tion of pl0 and p10-ZF with (5-BrdWIT involves an is avoided. This is consistent with the absence of aromatic
interaction with nucleobases that excludes direct van derstacking effects in p10 complexes of poly(U), mentioned
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above. Shifts in the phosphorescence wavelength and in thekhamis, M. 1., Casas-Finet, J. R., Maki, A. H., Murphy, J. B., &
i i il Chase, J. W. (1987). Biol. Chem. 26210938-10945.

ZFS of Trp are attributed to general polarizability effects khan. R.. & Giedroc, D. P. (1992). Biol. Chem. 2676689

caused by the Br atom; these are even present, but to a lesser gggs.

extent, in pl0-ZFwhich is not observed to interact with  Kumar, N. V., & Govil, G. (1984)Biopolymers 232009-2024.
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