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ABSTRACT The steady-state and time-resolved fluorescence properties of two zinc-saturated 18-residue synthetic peptides
with the amino acid sequence of the NH2-terminal (NCp7 13-30 Fl 6W, where the naturally occurring Phe was replaced by a

Trp residue) and the COOH-terminal (NCp7 34-51) zinc finger domains of human immunodeficiency virus type I nucleocapsid
protein were investigated. Fluorescence intensity decay of both Trp 16 and Trp 37 residues suggested the existence of two fully
solvent-exposed ground-state classes governed by a C = 2.2 equilibrium constant. The lifetimes of Trp 16 classes differed from
those of Trp 37 essentially because of differences in nonradiative rate constants. Arrhenius plots of the temperature-dependent
nonradiative rate constants suggested that the fluorescence quenchers involved in both classes and in both peptides were
different and the collisional rate of these quenchers with the indole ring was very low, probably because of the highly constrained
peptide chain conformation. The nature of the ground-state classes was discussed in relation to 1 H nuclear magnetic resonance
data. Using Trp fluorescence to monitor the interaction of both peptides with tRNAPhe we found that a stacking between the indole
ring of both Trp residues and the bases of tRNAPhe occurred. This stacking constituted the main driving force of the interaction
and modified the tRNAPhe conformation. Moreover, the binding of both fingers to tRNAPhe was noncooperative with similar site
size (3 nucleotide residues/peptide), but the affinity of the NH2-terminal finger domain (K = 1.3 (± 0.2) 105 M-1) in low ionic
strength buffer was one order of magnitude larger than the COOH-terminal one due to additional electrostatic interactions
involving Lys 14 and/or Arg 29 residues.

INTRODUCTION

All retroviruses encode a gag gene product that is processed,
subsequent to viral budding, by the retroviral protease to give
several structural proteins, including the nucleocapsid pro-
tein. In human immunodeficiency virus type I (HIV-1), the
nucleocapsid protein NCp15 is derived from the Pr55 gag
polyprotein precursor and is ultimately processed into NCp7
and p6 in mature HIV virus (Di Marzo Veronese et al., 1987).
Like most retroviral nucleocapsid proteins, HIV-1 NCp7 is
highly basic and contains two motifs of the form C-X2-C-
X4-H-X4-C (X = variable amino acid residue), which have
been implicated in zinc binding (South et al., 1990; Fitz-
gerald and Coleman, 1991).
The three-dimensional structure of the two isolated zinc-

saturated motifs has been determined from 'H nuclear mag-
netic resonance (NMR) data (Summers et al., 1990; South et
al., 1991). Both fingers have very similar folding patterns
that include type I and type II NH-S tight turns and extensive
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internal hydrogen bonding. Both fingers also contain a single
aromatic amino acid (Phe 16 in the NH2-terminal and Trp 37
in the COOH-terminal finger motif), the side chain of which
is directed away from the body of the peptide and toward the
solvent. Recently the structure of the zinc-saturated NCp7
13-51 (Omichinski et al., 1991; Morellet et al., 1992) and
NCp7 1-55 (Summers et al., 1992) was also determined, and
it was revealed that the main structural features of the isolated
finger motifs are conserved in these peptides.

In the capsid, the nucleocapsid protein is tightly associated
to the dimeric RNAgenome (Darlix et al., 1990) and is a key
component of the viral life cycle. In vitro, the nucleocapsid
protein has been shown to be involved in retroviral RNA
dimerization, a process probably linked to specific genomic
RNA packaging (Darlix et al., 1990) and annealing of the
replication primer tRNALYS,3 to the initiation site of the re-
verse transcription (Barat et al., 1989, 1991). Point mutations
that alter the first zinc finger of HIV-1 nucleocapsid protein
result in a strong impairment of genomic RNA packaging
(Aldovini and Young, 1990), indicating that the zinc finger
motifs probably control the encapsidation of the viral ge-
nomic RNA. Nevertheless, replacement of both zinc fingers
by a Gly-Gly linker did not inhibit the RNA binding and
annealing activities of the nucleocapsid protein, whereas de-
letion of the short basic sequences 13VK and 29RAPRKKG35
flanking the first finger led to a complete loss of the NCp7
functions in vitro (De Rocquigny et al., 1992). Therefore it
is suggested that the role of the zinc fingers might be to direct
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the spatial recognition by these short basic sequences of spe-
cific sites on the viral RNA and the replication primer tRNA.
Within the zinc finger motif sequences, the aromatic residues
(Phe 16 and Trp 37) are probably of critical importance since
the replacement in related nucleocapsid proteins of one aro-
matic ring even with a hydrophobic moiety led to a large
decrease in genomic RNA packaging (Meric and Goff, 1989;
Dupraz et al., 1990). Thus the aromatic rings, through RNA
intercalation, might cooperate with the basic domain to se-
lectively recognize the packaging signal of the viral RNA in
vivo (Morellet et al., 1992).

In this context, to gain further information about the struc-
tural and dynamic properties of the aromatic residues of the
two finger motifs, we investigated their steady-state and
time-resolved fluorescence properties in two zinc-saturated
18 residue synthetic peptides corresponding to the NH2- and
COOH-terminal zinc finger domain, respectively. In the
NH2-terminal finger motif, Phe 16 is only weakly fluorescent
and was replaced by a Trp residue. Moreover, using the aro-
matic amino acid fluorescence properties, we investigated
their involvement in the interaction of both fingers with the
heterologous tRNAPhe, which was taken as a model for the
homologous tRNALYS 3.

MATERIALS AND METHODS
Solid-phase synthesis of NCp7 13-30 F16W and NCp7 34-51 (Fig. 1) was
carried out using the stepwise solid phase method and 9-fluorenylmethoxy-
carbonyl (FMOC) amino acids on an automatic reprogrammed Applied Bio-
systems 431 A synthesizer as previously described (De Rocquigny et al.,
1991). To preserve the highly oxidizable cysteine residues (purity > 99%),
the lyophilized peptides were stored under vacuum. Prior to use, they were
dissolved in freshly degassed buffer and poured immediately into anaerobic
quartz cells, which maintain an inert argon atmosphere. The buffer was
N-(2-hydroxyethyl)-piperazine-N'-2-ethane sulfonic acid) (HEPES) (5 mM,
pH 7.5) for tRNAPhe-binding experiments or HEPES (50 mM, KCl 100 mM,
pH 7.5) for the other experiments. Each time, zinc was added to the peptide
in a 1.5 molar ratio.

Absorption spectra were recorded on a Cary 4 spectrophotometer. Ex-
tinction coefficients of 5700 M1 -cm-' at 280 nm and 6.25 X 105 M-1 cm-1,
at 260 nm were used to determine the peptide and tRNAPhe concentrations,
respectively. Difference spectra were recorded with tandem cells containing
800 j,l of tRNAPhe and peptide into the separate compartments. After the
baseline was recorded, the solutions of the sample cell were mixed thor-
oughly and the difference spectrum was recorded. The baseline was checked
once again after the solutions were mixed in the reference cell.

Fluorescence spectra were performed at 20 ± 0.5°C with a SLM 48000
spectrofluorometer. Quantum yields were determined taking L-Trp in water
(1 = 0.14) as a reference (Eisinger and Navon, 1969).

Fluorescence lifetime measurements were performed using the time-
correlated single photon counting technique. A complete description of the
device has been reported elsewhere (Lami and Piemont, 1992). The output
of a Spectra-Physics mode-locked argon laser was used to synchronously
pump a rhodamine 6G dye laser that was cavity dumped at 0.8 MHz and
then frequency doubled. Fluorescence excitation was at 295 nm, with emis-
sion collected from 310 to 410 nm through a 4-nm bandpass monochromator
(Jobin-Yvon H10) combined with a cutoff filter to reduce the residual dif-
fusion of the excitation light. The data were recorded on a multichannel
analyzer (Ortec 7100) calibrated at 106 ps/channel. The instrumental re-
sponse function was approximated by the observed decay of a strongly
quenched fluorophore of negligible lifetime (<20 ps) (p-terphenyl in cy-
clohexane + CC14 mixture, 2:1 v/v) (Kolber and Barkley, 1986). The decay
data were analyzed as a sum of exponentials:

I(t) = Io aaie (1)
where I(t) and IO are the intensities at time t and t = 0 respectively, ai's are
the normalized preexponential terms such as I ai = 1, and Ti's are the
lifetime components. Time-resolved fluorescence data were analyzed via
this multiexponential form by an iterative reconvolution procedure based on
the estimated covariance matrix (Lami and Pi6mont, 1992). Since up to 20
decays were accumulated for each sample, confidence intervals of the mean
recovered decay parameters were estimated using Hotelling's T2 statistics.
The number of exponentials was progressively increased until the fit did not
improve. The adequacy of the fit was judged by reduced x2, weighted re-
siduals, and the autocorrelation of the weighted residuals.

The fractional intensities fi of each species were calculated using
fi = aiTi/E aiTi, and the mean fluorescence lifetime (T) was calculated using
(T) = I aiTi. Decay-associated spectra (DAS) were calculated from the
steady-state fluorescence intensity FSS (A) and the time-resolved parameters
using

Fi(A) = FS(Ao)ai(A)Ti(A) / ai(A)Ti(A) (2)

Temperature-dependent lifetime measurements were performed in ther-
mostated quartz cells.

Fluorescence quenching by acrylamide was carried out by adding ali-
quots from an acrylamide stock solution to the peptides. As acrylamide did
not alter the overall shape of the fluorescence spectrum, changes in the
fluorescence intensity at 351 nm were recorded. Data were corrected for the
dilution and for the screening effects due to the absorption of acrylamide
at 295 nm (H61lne et al., 1971).

The binding of tRNAPhe to the zinc finger peptides was monitored by
adding small aliquots of tRNAPhe to a peptide solution and following the
fluorescence decrease of the Trp residues with a SLM 48000 (at 20°C)
spectrofluorometer. The excitation wavelength was 280 or 295 nm, and the
emission wavelength was 350 nm. Fluorescence intensities were corrected
for dilution, buffer fluorescence, and screening effects by added tRNAPhe
(Helene et al., 1971). Control experiments in the absence of protein showed
that the Y base fluorescence is negligible in these conditions and needs no
further correction. Binding isotherms were analyzed using the equation of
McGhee and von Hippel (1974) for noncooperative binding:

vIL = K(1- nv)[(l - nv)I(l - (n - 1)V)]- 1, (3)
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FIGURE 1 Amino acid sequences of NCp7 13-30 F16W and NCp7 34-
51. In the first finger the naturally occurring Phe 16 was replaced by a Trp
residue.

where v is the binding density of the ligand (peptide) on the lattice (nucleic
acid), L is the free ligand concentration, n is the binding site size, and K is
the intrinsic binding constant. The binding density v is given by v =
[(IO - I)/(IO - Imin)](Pt/Nt), where Pt is the peptide concentration, Nt is the
total lattice residue concentration, and IO, I, and 'mm are the peptide fluo-
rescence in the absence and in the presence of a given and a saturating
nucleotide concentration, respectively. The nonlinear least-squares fit of Eq.
3 to experimental data was performed using the algorithm of Kowalc-
zykowski et al. (1986). Binding isotherms showed no evidence for any
cooperativity, and the use of the McGhee and von Hippel (1974) equation
for cooperative binding yielded poorer fits than the noncooperative one.

Salt reversal of the binding of the peptide to tRNAPhe was monitored by
following the peptide fluorescence increase brought about by the addition
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of a 3 M NaCl solution. Calculation of the affinity K was performed using
Eq. 3 with the assumption that n was constant throughout the range of [NaCl]
used.

RESULTS

Fluorescence properties of Trp residues in NCp7
13-30 F16W and NCp7 34-51

Absorption spectra of NCp7 13-30 F16W and NCp7 34-51
were very similar to the spectra of N-acetyl-L-tryptophan-
amide in water, exhibiting a maximum at 280 nm and two
pronounced shoulders at 273 and 288 nm, respectively (data
not shown). The emission spectra of the two peptides also
were similar, with a maximum emission wavelength at 353
(± 1) nm, but their quantum yields were different: 0.175 (±0.
004) and 0.207(±0.004) for NCp7 13-30 F16W and NCp7
34-5 1, respectively.
To investigate further the spectral differences between the

two peptides, their fluorescence decays were analyzed ac-
cording to the emission wavelength by time-correlated single
photon counting. In both cases at wavelengths equal or
greater than 340 nm, the fluorescence decay was adequately
fitted (X2 = 1.1) by a biexponential decay with a major long-
lived fluorescence lifetime contributing to 90% of the total
intensity and a minor shorter one (Table 1). The addition of
a third component did not improve the accuracy of the fit. In
contrast, on the blue end of the spectrum, a short, subnano-
second component (<200 ps) representing less than 2% of
the fluorescence intensity significantly improved the fit. As
already reported for other proteins (Green et al., 1990; Chab-
bert et al., 1992), this component was probably due to Ray-
leigh and Raman scattering and did not significantly affect
the observed time-resolved spectra. Consequently, at these
wavelengths only the two main components were taken into
account, with their preexponential terms normalized to have
a sum equal to 1. Fig. 2 summarizes the parameters describ-
ing the fluorescence decay throughout the spectrum. The two
lifetimes T, and r2 ofboth peptides were roughly independent
of the wavelength (Fig. 2 a). Clearly, both T and 2 values
of NCp7 13-30 F16W were shorter than the corresponding
values of NCp7 34-51, whereas the normalized preexpo-
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FIGURE 2 Wavelength dependence of the fluorescence decay parameters
of HIV-1 NCp7 zinc fingers. The long-lived (0, A) and short-lived (0, A)
lifetimes (a) of NCp7 13-30 F16W (A, A) and NCp7 34-51 (0, 0) and the
long-lived component relative amplitude (b) of NCp7 13-30 F16W (U) and
NCp7 34-51 (*) are plotted versus the fluorescence emission wavelength.
The excitation wavelength is 295 nm. At wavelengths ' 330 nm, the data
plotted corresponded to the two main components of the decay fitted with
three exponentials (see text). The confidence intervals at the 5% level of
significance were determined as described in Materials and Methods. In (b)
confidence intervals were within experimental points.

nential terms were similar and vary identically with the
wavelength (Fig. 2 b). On the assumption that the biexpo-
nential decay kin}etics arise from ground-state heterogeneity
(see Discussion), the steady-state spectrum could be resolved

TABLE 1 Fluorescence decay parameters of NCp7 13-30 F16W and NCp7 34-61

kfX 10-7 kix 10-8
T, (ns) aj (%) fi (%) (s1') (s-i) (T) (ns)

NCp7 13-30 F16W* 1.1 (±0.1) 31.5 (±0.7) 8 (±1) 4.3 (±0.2) 8.7 (±0.5) 4.1 (±0.1)
5.52 (±0.02) 68.5 (±0.8) 92 (±1) 4.3 (±0.2) 1.38 (±0.03)

NCp7 34-51t 1.9 (±0.1) 32 (±1) 12 (±1) 4.2 (±0.2) 4.8 (±0.3) 4.9 (±0.1)
6.32 (±0.04) 68 (±1) 88 (±1) 4.2 (±0.2) 1.16 (±0.03)

The peptide concentrations were about 20 ,uM. Excitation and emission wavelengths were 295 and 350 nm, respectively. Lifetime components Ti, normalized
preexponential terms ai, fractional intensities fi, and mean lifetime (T) were expressed as means (± confidence intervals at the 5% level of significance).
The radiative rate constant kf and the nonradiative rate constant kn were calculated using kf = I/(T) and k1,n = 1/Ti - kf, respectively.
* Identical decay parameters were obtained in the presence of 12, 30, and 60 ,uM tRNAPhe (nucleotide concentration), which decreased the steady-state
fluorescence by 20, 38, and 59%, respectively.
* Identical decay parameters were obtained in the presence of 45, 120, 195, and 345 ,uM tRNAPhe, which decreased the steady-state fluorescence by 36,
45, 54, and 66%, respectively.
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FIGURE 3 Resolution of NCp7 13-30 F16W (a) and NCp7 34-51 (b)
fluorescence emission spectrum into two spectra associated with the long-
lifetime component (U) and the short-lifetime component (0). The solid line
represents the steady-state fluorescence spectrum under the same experi-
mental conditions.

into two components (DAS) associated with each particular
lifetime (Fig. 3 a and b). The fluorescence emission of both
peptides was dominated by the long-lived component spec-
trum, the maximum emission (355 nm) of which was similar
to that of the steady-state spectrum. The spectrum of the
short-lived component was 5 to 10 nm blue-shifted as com-
pared to that of the long-lived component and only contrib-
uted about 10% of the total fluorescence intensity.
To get further insight in the fluorescence desexcitation

pathway, the fluorescence decays of both peptides were stud-
ied at 350 nm emission wavelength over the 10-60°C range.
The fluorescence decays could be described at all tempera-
tures as a sum of two exponentials (X2 < 1.2). The long-lived
component decreased sharply from 6.63 ns at 9.2°C to 3.30
ns at 59°C for NCp7 13-30 F16W and from 7.3 ns at 9.8°C
to 2.6 ns at 58.8°C for NCp7 34-51. In contrast, the short-
lived component was less sensitive to temperature, especially
in the case of NCp7 13-30 F16W. In both peptides, the nor-
malized preexponential term of the long-lived component
was almost constant in the 10-50'C range and decreased
only at higher temperatures. According to previous work
on indole derivatives, the nonradiative pathway of trypto-
phan may be divided into temperature-dependent and -inde-
pendent mechanisms (Robbins et al., 1980; Chang et al.,
1983; Petrich et al., 1983). The temperature-dependent non-

radiative decay rate k,,i of the ith lifetime component is
given by k,rti = (1/Ti) - kf - kisc where the temperature-
independent parameters kf and kirc are the radiative rate con-
stant and the intersystem crossing rate, respectively. In keep-
ing with the red-shifted DAS, the radiative decay rates, kf of
the two emitting species were assumed to be similar and thus
equal to the D/(i-) ratio (Chen et al., 1991). The calculated
kf values (Table 1) were identical for the two peptides and
close to those obtained for N-acetyl-L-tryptophanamide and
different indole derivatives in water (Ricci et al., 1970;
Werner and Forster, 1979), suggesting that the quenching
mechanisms are essentially dynamic in nature. The inter-
system crossing rate kiSc was assumed to be 3.3 X 107 S-1
(Petrich et al., 1983). The Arrhenius plots (Fig. 4) were ob-
tained, following the method of Robbins et al. (1980), by
plotting ln(kn111) versus 1T (K). In both fingers, Arrhenius
plots of the long-lived component gave a straight line with
an activation energy of 19.9 (±0.1) and 25.1 (±0.8) kJ mol'
for NCp7 13-30 F16W and NCp7 34-51, respectively. The
corresponding frequency factors were 3.8 (±0.1) X 10k' and
2.6 (±0.5) X 1012 s-1, respectively. For the short-lived com-
ponent, the results are less straightforward. A straight line
was obtained for NCp7 34-51 with an activation energy of
16 (±2) kJUmol-' and a frequency factor of 4(±2) X 1011
s-1, but not for NCp7 13-30 F16W, for which a plateau was
reached above 35°C.

Finally, to obtain further information about the two com-
ponents of both Trp residues, fluorescence quenching by ac-
rylamide was carried out. The quenching curves of both pep-
tides clearly showed an upward curvature (Fig. 5) and were
treated by using F/Fo = Jfi/(l + Ki[Q])eVi[Q] (4), where Fo
and F are the fluorescence intensities at 350 nm in the ab-
sence and in the presence of quencher Q, fi is the fraction of
the fluorescence due to component i, and Ki and Vi are the
respective collisional and static quenching constants (Eftink
and Ghiron, 1976). The collisional constant Ki is given by
kqi, Ti, where kqi is the quenching rate constant and Ti is the
fluorescence lifetime of component i in the absence of
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FIGURE 4 Arrhenius plots obtained from the short-lifetime (0, A) and
the long-lifetime (0, A) components of NCp7 13-30 F16W (A, A) and
NCp7 34-51 (0, 0). The calculation of the temperature-dependent nonra-

diative rate constant krj is given in the text.

-- -U-- .... . 0 . U

A A A A A A
A

I~~~~~~~~

Biophysical Journal1516

.......0------0.........*..........
---.e



HIV-1 Nucleocapsid Protein Zinc Fingers

15

10

C

5

O , II
0.0 0.1 0.2 0.3 0.4

ACRYLAMIDE (M)

FIGURE 5 Stern-Volmer plots of NCp7 13-30 F16W (A) and NCp7
34-51 (0) quenching by acrylamide. Solid lines represent the theoretical
quenching calculated using Eq. 4.

quencher. By making the reasonable assumption that the
static quenching constant Vi was identical for the two classes,
the data could be adequately fitted using identical kqi values
for the different species (Fig. 5). Allowing the kqi to vary did
not significantly improve the fit and gave very similar results
(data not shown). The bimolecular quenching constants (kqi
= 3.4 (±0.1) X 109 M-1.s-1) and static quenching constants
(Vi = 1.3 (+0.1) M-1) of both peptides were high and iden-
tical, suggesting that the two components of both Trp resi-
dues corresponded to fully solvent-exposed species.

Interaction of NCp7 13-30 F16W and NCp7 34-51
with tRNAPhe

The addition of tRNAPhe to both peptides induced a very

large fluorescence decrease in their Trp residues. Irrespective
of the initial peptide concentration, the residual fluorescence
of NCp7 13-30 F16W and NCp7 34-51 at the highest con-

centrations of tRNAPhe added was less than 5 and 10%, re-

spectively, suggesting that both Trp 16 and Trp 37 are almost
completely quenched in the peptide-tRNAPhe complex. Such
a behavior has already been described for several model pep-

tides (Brun et al., 1975; Montenay-Garestier et al., 1983;
Rajeswari et al., 1987) and has been assigned to a stacking
of the indole moiety of the Trp residue with nucleic acid
bases. To confirm this hypothesis, the fluorescence decay of
both peptides was monitored in the presence of various
tRNAPhe concentrations. Clearly, neither the fluorescence
lifetime nor the preexponential terms were markedly modi-
fied by the presence of tRNAPhe (Table 1). Only the highest
concentration of tRNAPhe added to NCp7 13-30 F16W,
which decreased the steady-state fluorescence to about 90%,
induced the appearence of a third short component (data not
shown). This is probably without significance since in this
condition, the fluorescence of the buffer and the nucleotides
is no more negligible. Thus, Trp 16 and Trp 37 are completely
quenched (within experimental limitations of our lifetime
measurements) in tRNAPhe-peptide complexes, in keeping
with stacking with the bases of tRNAPhe. Since tRNAPhe

contained the unusual Y base, the absorption spectrum of
which overlaps the Trp emission spectrum, it was necessary
to check whether energy transfer did not contribute to the Trp
fluorescence decrease. For this purpose the emission spectra
that were performed, in the presence of various tRNAPhe
concentrations, at 295 nm (where both Trp and Y base ab-
sorb) excitation wavelength were compared in the 480-600
nm range (where only the Y base fluoresces) with those per-
formed at 310 nm (where only the base absorbs) excitation
wavelength. This comparison is very convenient since in the
absence of protein, the emission spectra of tRNAPhe at these
two excitation wavelengths were superimposable. In the
presence of protein no significant difference could be ob-
served whatever the tRNAPhe concentration used, suggesting
that energy transfer between Trp and Y base was negligible
(data not shown). To further characterize the tRNAPhe_
peptide complex, the difference absorption spectra obtained
after mixing the peptides with tRNAPhe were recorded (Fig.
6). The difference spectra of both peptides were rather simi-
lar, with a strong negative peak around 245 nm, a small
negative peak at 288 nm, and a positive peak at 295-300 nm.
This positive peak is characteristic of the stacking ofTrp with
bases (Toulme and Helene, 1980) and thus confirmed our
previous hypothesis.

Using the tRNAPhe-induced fluorescence decrease, we de-
termined the binding parameters of the peptide-tRNAPhe in-
teraction (Fig. 7). For both peptides the affinities were low,
and this indicated to us the necessity of working in low ionic
strength buffer. The binding site size was found to be iden-
tical in the two peptides (n = 3), but the affinity of NCp7
13-30 F16W was about 15 times greater than that of NCp7
34-51 (Table 2). The binding site size of NCp7 13-30 F16W
could be determined independently using the intersection of
the tangential to the low [tRNAPhe]/[peptide] ratios (where
the binding is assumed to be stoichiometric) with the x-axis
in a fluorescence intensity versus [tRNAPhe]/[peptide] plot.
This intersection is about 3 (Table 2), in good agreement with
the calculated value. The affinity ofNCp7 34-51 was too low
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FIGURE 6 Difference absorption spectra of tRNAPhe in the presence of
NCp7 13-30 F16W ( ) and NCp7 34-51 (---- -). The concentrations of
tRNAPhe (nucleotides) and NCp7 13-30 F16W were 102 ,uM and 12 ,uM,
respectively, while those of the NCp7 34-51 complex were 117 ,M and 17

,uM, respectively.
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FIGURE 7 tRNAPhe-binding isotherms of NCp7 13-30 F16W (a) and
NCp7 34-51 (b). The experiments were performed in 5 mM HEPES either
in the absence (0, A) or in the presence (0, A) of 1 mM Mg2". The con-

centrations of NCp7 13-30 F16W (A, A) and NCp7 34-51 (0, 0) were 4.6
,uM and 7.8 ,uM, respectively, in the absence of Mg2" and 9.7 ,uM and 12
j,M, respectively, in the presence of 1 mM Mg2+. Solid lines represent the
best fit for values of K and n given in Table 2.

to allow this independent estimation of n. In the presence of
1 mM Mg2+, the binding affinities were decreased by a factor
of 14 and 3 for NCp7 13-30 F16W and NCp7 14-51, re-

spectively. The fits in the presence of Mg2+ were fair and
were not improved by using cooperative models (McGhee
and von Hippel, 1974). The addition of concentrated NaCl
to NCp7 13-30 F16W-tRNAPhe complexes brought about a

partial reversal of the peptide fluorescence decrease, sug-

gesting that the complex formation depends on ionic inter-
actions (Fig. 8 a). In contrast, the reversal for NCp7 34-51
was almost nil, indicating that ionic interactions were neg-

ligible. The plots of log K versus log [NaCl] were linear for
both peptides but differed by their slopes (Fig. 8 b). The
slopes were analyzed according to the method of Record et
al. (1976): (-8 log K)/(8 log[NaCl]) = k + m'+i, where k is
the number of anions displaced by the interaction, m' is the
number of ion pairs formed between protein and nucleic acid,
and is the fraction of counterion bound per lattice charge.
was estimated to be close to the 0.71 value of a single-

stranded DNA. Moreover, as k is also undetermined, only an

upper limit for the number of ion pairs m' can be calculated
(Table 2). In both peptides m' was lower than 1.0, suggesting
that ionic interactions were rather weak. These ionic inter-
actions were even further decreased in the presence of 1 mM
Mg2 . In contrast to the slopes, the extrapolated values of log

K at 1 M NaCl, which are related to the nonelectrostatic
interactions, were similar for the two peptides in the presence
and in the absence of Mg2" (Table 2).

DISCUSSION

NCp7 13-30 F16W and NCp7 34-51
conformational and dynamic properties

Fluorescence spectroscopy of zinc-saturated NCp7 13-30
F16W and NCp7 34-51 has provided a detailed description
of the structural and dynamic properties of the individual
aromatic residues of NCp7 zinc fingers. The two peptides
have largely similar amino acid compositions (Fig. 1) and
three-dimensional structures (Summers et al., 1990; South et
al., 1991), suggesting that Trp residues are in similar envi-
ronments and thus have similar desexcitation pathways. The
fluorescence intensity decays of both Trp 16 and Trp 37 are
biexponential, suggesting either ground-state or excited-state
heterogeneity. The invariance of the lifetime values with
wavelength and the time-resolved spectra of both peptides
suggest that excited-state solvation on the nanosecond time
scale does not occur and that the emission of Trp is clearly
from a fully solvent-relaxed excited state. Other excited-state
reactions can also be ruled out since no negative preexpo-
nential factor could be detected at any emission wavelength
and since the Trp residues of the two peptides have similar
preexponential terms but different lifetimes. The latter as-
sertion indeed could not be reconciled with excited-state
models, since in these models both preexponential terms and
lifetimes are complex linked functions (Lakowicz, 1983; Al-
cala et al., 1987), and thus a change in fluorescence lifetime
would necessarily modify the preexponential terms. The bi-
exponential decay kinetics from both Trp's are entirely con-
sistent with the existence of a ground-state equilibrium as
previously proposed for Trp (Szabo and Rayner, 1980) and
several single solvent-exposed Trp residues in peptides
(Cockle and Szabo, 1981; Ross et al., 1981, 1992; Mely et
al., 1993). In fact, it is probably more correct to relate the
decay times and DAS to classes of conformations rather than
to unique precise conformations since subnanosecond pro-
tein motions have been largely reported (Brooks et al., 1988;
Frauenfelder et al., 1988, and references therein), and thus
the interconversion rates between the conformations acces-
sible within a class could be much faster than the fluores-
cence decay time.

Since the two highly solvent-exposed ground-state classes
in both peptides probably have similar radiative rate con-
stants and extinction coefficients, the equilibrium constant C
between the two classes can be readily obtained from the
integrated fluorescence intensities: C = c2Jc1 = S2* 1/51T 2
(where ci and Si are the concentration and the area under the
DAS of component i, respectively). C is about 2.2 at 20°C
for both peptides and is probably thermodynamically im-
posed by the highly constrained peptide chain conformation.
Moreover, as C is almost invariant in the 10-50°C range,
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TABLE 2 tRNAPhe-binding parameters of NCp7 13-30 F16W and NCp7 34-51
[Mg2+] 5 log K/8 log log K
(mM) K (M-1) n [NaCI] mt (1 M)

NCp7 13-30 F16W 0 1.3 (±0.2)x105* 3.0 (±0.5) -0.60 (±0.05) 0.85 (±0.07) 3.53 (±0.03)
3.2 (±0.3)t

1 9 (±2) X103 2.8 (±0.6) -0.34 (+0.06) 0.48 (±0.08) 3.2 (±0.2)

NCp7 34-51 0 8.4 (+0.7)X103 2.9 (±0.7) -0.16 (+0.03) 0.23 (±0.04) 3.5 (±0.1)
1 2.6 (0.5)x103 2.7 (±0.6) -0.12 (+0.06) 0.17 (±0.08) 3.4 (±0.1)

* Each parameter was expressed as the mean ± SEM of at least five independent experiments.
t Determined independently with the tangential to the low [tRNAPhe]/[peptide] concentrations, as indicated in the text.
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FIGURE 8 Reversal of tRNAPhe-NCp7 13-30 F16W a
interaction by NaCl. Symbols are as in Fig. 7. The tRNAPhe
F16W concentrations were, respectively, 150 ,uLM and 4.5
of Mg2" and 147 ,tM and 9.7 ,uM in the presence of Mg
and NCp7 34-51 concentrations were, respectively, 173
in the absence of Mg2' and 300 ,uM and 12 ,uM in the p

(a) Fractional peptide saturation versus [NaCl] plot;
log([NaCl]) plot according to Record et al. (1976).

the entropy and enthalpy changes associated
librium are low (I AH' < 3 kJ mol-' and
J.K-1mol'1).

In both peptides, the two classes differ essei

nonradiative rate constants. As 'H NMR data c

that the closest quenchers to Phe 16 and Trp 37 i
are essentially peptide carbonyl groups (M
1992), we may reasonably conclude that the
diative pathway is a charge transfer between
the donor) and the carbonyl groups (the accep

ing to the model for charge transfer develope

(1974, 1977), the activation energy calculated from the Ar-
rhenius plots of the temperature-dependent nonradiative rate
constants depends on the ionization potential of the donor
and the electron affinity of the acceptor, while the frequency
factor depends on the distance and orientation of the donor
with respect to the acceptor. The ground-state classes of

---z

NCp7 34-51 essentially differed in their activation energies,
suggesting that at least a part of the involved quenchers is
different. We speculate that the more efficient quenchers of

0.4 o 5 the short-lifetime class may correspond to carbonyl groups
with increased electron affinity because of an interaction of
these groups with one or more of the numerous positively
charged residues present in the zinc finger motif. A similar
conclusion is obtained when the long-lifetime classes of both
peptides are compared, the most efficient quenchers being
those of NCp7 13-30 F16W. The low frequency factors ob-
tained for each class are in keeping with the highly con-
strained peptide chain conformation, which probably limits
the collision rate of the indole moiety with the neighboring
quenchers. As the Arrhenius plot of the short-lifetime class
of NCp7 13-30 F16W was not linear, it is suggested that

-0.4 -0.2 either a somewhat more complicated deactivation pathway
may occur in this case or that structural constraints may limit
the increase in the nonradiative rate constant to a value that

Lnd -NCp7 34-51 cannot be overcome without disrupting the folded backbone
and NCp7 13-30 conformation.
FM in the absence As the exact nature of the conformers could not be deduced
)2+ TetNPbe
;M and 7.9

t

M from fluorescence data alone, the latter are discussed in re-

resence of Mg2+ lation to 1H NMR data and molecular modeling of NCp7
(b) log K versus 13-51 (Morellet et al., 1992). The peptide chain backbones

of the two fingers were shown to be largely superimposable,
excluding them as a possible source of ground-state hetero-
geneity. As rotation of the indole ring about the Ca-CJ3 and/or

with the equi- C3-Cy bonds of Trp residues in proteins is thought to be a
I ASO < 5 restricted process (Szabo and Rayner, 1980), it is tempting

to attribute the exponentials to ground-state Xl or x2 rotamers
ntially in their about the Ca-CJ3 and C3-C- bonds, respectively. The exist-
learly indicate ence of such rotamers has been clearly demonstrated in
in both fingers [Trp2] oxytoxin (Ross et al., 1992) and variant-3 scorpion
lorellet et al., neurotoxin (Haydock et al., 1990) and suggested in many
main nonra- other proteins (Cockle and Szabo, 1981; Ross et al., 1981;

Trp (which is Mely et al., 1993). The standard free energy AG' = -RllnC
tors). Accord- of the equilibrium between the two fluorescent classes is
d by Hopfield about -2 kJ.mol-1 and is comparable to that obtained for Trp

0

A--A

r- A
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47 rotamers in variant-3 scorpion neurotoxin (Haydock et al.,
1990). Moreover, the inferred very low enthalpy and entropy
changes are also in keeping with the very localized confor-
mational changes implied in the rotamer model. Further-
more, since no excited-state reaction could be observed by
time-resolved fluorescence and since the indole moiety pro-
tons gave sharp resonances by 1H NMR (Morellet et al.,
1992), we may further conclude that the interconversion rates
between the two classes are between 103 and 5 X 107 s-1,
in keeping with those in [Trp2] oxytoxin (Ross et al., 1992)
and variant-3 scorpion neurotoxin (Haydock et al., 1990).
Finally and most interestingly, using the ten best conformers
deduced by molecular modeling from 1HNMR data, two sets
of X1 angles were obtained either for Phe16 in the first finger
or for Trp 37 in the second finger. In contrast, the x2 angles
about the C3-CY bond were more variable, suggesting that as
in [Trp2] oxytoxin the ground-state heterogeneity is probably
correlated to X1 rotamers.

tRNAPhO-binding properties of NCp7 13-30 F16W
and NCp7 34-51

Using the fluorescence properties of Trp 16 and Trp 37 resi-
dues, we have monitored the binding of tRNAPhe to the two
zinc-saturated finger motifs of NCp7 and characterized the
peptide-tRNAPhe complexes. In both peptides, the binding of
tRNAPhe induced an almost complete quenching of Trp fluo-
rescence. Fluorescence decay data and absorption difference
spectra clearly suggest that this quenching corresponded to
the stacking of the indole moiety of Trp with the bases of
tRNAPhe. This conclusion was corroborated by the -20 kJ/
mol nonelectrostatic component of the binding energy meas-
ured in both peptides. This component is consistent with the
theoretical estimates for the stacking energy of Trp with
nucleotide bases (Kumar and Govil, 1984) and that of Phe
16 in NCp7 13-30-polyeA interaction (Delahunty et al.,
1992). From comparison of the sequences of the two fingers
(Fig. 1) we infer that the aromatic amino acids are probably
the major if not the sole residues involved in the nonelec-
trostatic interaction. Indeed, the other residues in both pep-
tides are either not hydrophobic or not conserved. Thus, in
contrast to polyeA data (Delahunty et al., 1992), there is no
direct evidence for the involvement of the amino acid im-
mediately following the His zinc-binding residue since the
hydrophobic Ile 24 residue of their peptide is replaced by
nonhydrophobic Thr 24 and Asn 45 residues in our peptides.
Moreover, as the same nonelectrostatic contribution was
found for the interaction of the whole NCp7 with poly A
(Khan and Giedroc, 1992), we speculate that the nonelec-
trostatic interaction of NCp7 with nucleotides is due pri-
marily to the stacking of one or both aromatic residues
with the bases. The intercalation of Trp within the bases
also modifies the tRNAPhe conformation, as can be ob-
served from the strong negative band at 245 nm in the dif-
ference absorption spectra (Fig. 6). The amplitude of this
band suggests that single-stranded regions of tRNAPhe are
essentially involved in the stacking interactions (Rajeswari
et al., 1987).

At physiological concentrations of monovalent salt (about
0.1 M), the affinity of NCp7 13-30 F16W for tRNAPhe (1 X
104 M-') was about threefold higher than the NCp7 34-51
affinity (Fig. 8 b). The nonelectrostatic interaction is clearly
the main driving force for both peptides, and the higher af-
finity of the NH2-terminal finger arises from additional elec-
trostatic interactions (Table 2). Since about one ion pair is
formed in the NCp7 13-30 F16W-tRNAPhe interaction, we
infer from sequence comparison (Fig. 1) that the residues
involved in this mechanism are probably Lys 14 and/or Arg
29, since these two residues are replaced by noncharged Gly
and Thr residues in NCp7 34-51. Interestingly, Lys 14 and
Arg 29 were also inferred to interact with polyeA (Delahunty
et al., 1992) and were found to be crucial to cognate
tRNALYS,3 annealing to the initiation site of reverse transcrip-
tion (De Rocquigny et al., 1992). The affinity of the NH2-
terminal finger for polyEA at 0.1 M NaCl (Delahunty et al.,
1992) is about one order of magnitude higher than that for
tRNAPhe. Moreover, the occluded binding site (n = 1.75) and
the number of ion pairs formed (m' = 2) for polyEAwere also
somewhat different. These discrepancies were tentatively in-
terpreted to be arising from structural differences in nucleo-
tides since tRNAPhe was highly structured even in the ab-
sence of Mg2+ (Beardsley et al., 1970). In keeping with this
hypothesis, the addition of 1 mM Mg2+, which further in-
creased the stability of tRNAPhe, further reduced its affinity
for the NH2-terminal finger by decreasing the electrostatic
interactions. Finally, in contrast to polyEA, the structure of
tRNAPhe contains various single- and double-stranded re-
gions. This implies that the binding sites are heterogeneous
and may thus explain the noninteger number of ion pairs
formed in certain circumstances (Table 2). Moreover, this
heterogeneity may also explain the rather poor fits obtained
in the presence of Mg2+, since the equations of McGhee and
von Hippel (1974) do not take into account the existence of
sites with different affinities.

In conclusion, our experiments suggest that the aromatic
amino acids in positions 16 and 37 are intrinsic tools well
suited to monitoring the binding of nucleic acids and to char-
acterizing the nucleotide-peptide complexes. Experiments
are now in progress to determine whether the aromatic amino
acids behave similarly in the NCp7 protein interaction with
the heterologous tRNAPhe and the homologous tRNALYS,3.
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measurements and to M. Wernert for her expert editorial assistance.
This work was supported by grants from the Agence Nationale de la Re-
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