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ABSTRACT. The HIV-1 nucleocapsid protein, NCp7, is characterized by two CCHC zinc finger motifs
which have been shown to stoichiometrically bind zinc in mature virions. Moreover, this binding of zinc
proves to be critical in various NCp7 functions, especially in the encapsidation process. To further
understand the central role of zinc binding to NCp7, we closely investigated the zinc binding properties
of NCp7 and various deleted or substituted derivatives. To this end, the fluorescence of either the naturally
occurring Trg” or the conservatively substituted Tfpvas used to monitor the binding of zinc to the N-

and C-terminal finger motifs, respectively. At pH 7.5, the NCp7 proximal motif was found to bind zinc
strongly with a 2.8x 10" M~ binding constant about five times higher than the NCp7 distal motif.
Moreover, the binding of zinc to one finger motif decreased the affinity of the second one, and this
negative cooperativity was shown to be related to the spatial proximity of the zinc-saturated finger motifs.
The binding seemed to be almost equally driven by entropy and enthalpy, and the binding information
was essentially encoded by the finger motifs themselves whereas the other parts of the protein only played
a marginal stabilization role. As expected, the Cys and His residues of the CCHC motifs were critical
and competition between protons and zinc ions to these residues induced a steep pH-dependence of the
zinc binding constants to both sites. Taken together, our data provide further evidence for the
nonequivalence of the two NCp7 finger motifs.

Like all retroviruses, the human immunodeficiency virus al., 1995, and references therein), is critically dependent on
type 1 (HIV-1} encodes gaggene product that is processed both the binding of zinc to the CCHC motifs and thena
by the retroviral protease to give several structural proteins fide conformation of NC since deletions or point mutations
including the matrix, capsid and nucleocapsid protein (NC). in either CCHC motif impair thén vitro binding to genomic
The final mature NC product, NCp7, is a small basic protein ¢ elements (Morellet et al., 1992; Berkowitz et al., 1993;
containing two copies of a conserved zinc finger-like domain Berkowitz & Goff, 1994: Dannull et al., 1994: Dene et
with the sequence Cys»Cys-Xi-His-X4-Cys, called the 5| 1994; Ottmann et al., 1995) and strongly decrease the
CCHC motif (Berg, 1986). Both finger domains of NCp7  packaging of genomic RNA, giving rise to poorly infectious
coordinate one zinc ion in mature virus preparations (Bess g particles (Aldovini & Young, 1990; Gorelick et al.,
et al., 1992; Summers et al., 1992) This blndlng of zinc 1990; Dorfman et al., 1993: Dane et al., 1994; Ottmann
folds the finger_ do_mai_ns into a stable and similar constrained al., 1995). Interestingly, C-nitroso compounds acting as
structure (Omichinski et al., 1991; Morellet et al., 1992; zinc-depleting agents strongly decrease the HIV-1 infectivity

Summers et al.,, 1992) and brings them spatially close . .
together (Morellet et al., 1992, 1994; Meet al., 1994). ?Igi(iea:eet ;r:uslggosg))osed as potential therapeutic compounds

In the virion, NC stabilizes RNA in a histone-like manner
(Karpel et al., 1987) whereas, in the host cell, the NC In contrast, othemn uitro reported NCp7 activities such
sequence of the Gag polyprotein precursor is critically as activation of retroviral RNA dimerization (Darlix et al.,
involved in the specific binding to the genomic RNA 1990), tRNAYs3 annealing to the initiation site of reverse
encapsidation sequenge(Berkowitz et al., 1993; Sakaguchi transcription (Barat et al., 1989, 1991) and strong stop cDNA
et al., 1993; Berkowitz & Goff, 1994; Dannull et al., 1994; annealing to the '3end of the genomic RNA (Lapadat-
Clever et al., 1995). This binding step, thought to be one Tapolsky et al., 1993) seem to be not strictly dependent on

of the primary events in the selective encapsidation of viral the presence of zinc-saturated finger motifs (De Rocquigny
genomic RNA from the pool of cellular RNAs (Darlix et et al., 1992; Lapadat-Tapolsky et al., 1995).

t This work was supported by grants from the Agence Nationale de ~ Despite their strong structural similarities, the two zinc-
la Recherche sur le SIDA, Centre National de la Recherche Scientifique, saturated finger domains of NCp7 seem to be not thermo-

and UniversiteLouis Pasteur. dynamically and functionally equivalent. Indeed, NMR and
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* Faculfede Pharmacie de Strasbourg . Co?*-binding studies suggest that the affinities of the two
8 U.F.R. des Sciences Pharmaceutiques et Biologiques. motifs for zinc are probably not identical (De Rocquigny et
® Abstract published ilAdvance ACS Abstract#pril 15, 1996. al., 1991; Fitzgerald & Coleman, 1991), and the zinc-
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Motif 1 Motif 2
1
MORGNFRNQRKNVK ~CFNCGKEGHTARNC RAP RKKG CWKCGKEGHQMKDC TERQANFLGKIWPSYKGRPGNFL  (1.72)NCp7
VK CFNCGKEGHTARNC RAP RKKG CWKCGKEGHQMKDC TERQANFLGKIWPSY (13-64)NCp7
VK CFNCGKEGETARNC RAP RKKG CWKCGKEGHQMKDC TERQANFLGKIWPSY Cys23(13-64)NCp7
VK CFNCGKEGHTARNS RAP RKKG CWKCGKEGHQMKDC TERQANFLGKIWPSY Ser”(13-64)NCp7
VK CFNCGKEGHTARNC RAP*RKKG CWKCGKEGHQMKDC TERQANFLGKIWPSY D-Pro’ (13-64)NCp7
VK CWNCGKEGHTARNC RAP RKKG CFKCGKEGHQMKDC TERQANFLGKIEPSY Trp'*Phe’’Phe® (13-64)NCp7
MORGNFRNQRKNVK ~CFNCGKEGHTARNC RAP RKKG CWKCGKEGHQMKDC TERQAN (1-55)NCp7
NVK CFNCGKEGHTARNC RAP RKKG CWKCGKEGHQMKDC TERQ (12-53)NCp7
NVK CYNCGKEGHTARNC RAP RKKG CWKCGKEGHQMKDC TERQ Tyr'%(12-53)NCp7
VK CWNCGKEGHTARNC RA Trp"*(13-30)NCp7
KG CWKCGKEGHQMKDC TE (34-51)NCp7

ERQANFLGKIWPSYKGRPGNFL (51-72)NCp7

Ficure 1: Amino acid sequences of NCp7 derivatives. Motifs 1 and 2 correspond to the N- and C-terminal zinc finger domains, respectively.

P* refers to theo-Pro isomer. Mutated amino acids are represented by bold underlined letters.

etal., 1994). Moreover, the zinc-saturated N-terminal finger Hepes, 0.1 M KCI at the desired pH in the presence of 1
motif has been reported to be more critical than the mM EDTA. For each addition of zinc, the fluorescence
C-terminal one for RNA encapsidation (Gorelick et al., 1990, intensity changes at the maximum emission wavelength (353
1993) and for specific binding tap-containing RNA nm) were followed for at least 30 min to ensure that
sequences (Dannull et al.,, 1994). However, this strong equilibrium was attained. Excitation was set at 295 nm.
preferential involvement of the N-terminal motif for specific To investigate the pH-dependence of the experimental zinc
binding is still controversial (Berkowitz et al., 1993 ; binding constants, the buffer and the complexant were,
Berkowitz & Goff, 1994). respectively, MES (4-morpholineethanesulfonic acid) and
In this context, to further understand the central role of EGTA for pH below 7, whereas Hepes and EDTA were used
the binding of zinc in NCp7 functions, we closely investi- above pH 7. Three cells were monitored in parallel. In
gated by fluorescence the zinc binding properties of NCp7 addition to 10uM peptide, the three cells contained 1 mM
and various deleted or substituted derivatives. The pH- andcomplexant, 2%M zinc, and a mixture of 0.5 mM zinc and
temperature-dependence of the zinc binding parameters wagd mM complexant, respectively. The same pH was adjusted
also assessed to further complete the thermodynamic picturén each cell with concentrated HCI or NaOH.
of the system. Similarly, the temperature-dependence over the@@°C
range of the experimental zinc binding constants was
MATERIALS AND METHODS investigated with three cells (with the same composition as
Materials. Solid phase synthesis of NCp7 and related above) maintained in the thermostated compartment of the
peptides (Figure 1) was carried out as described (De Spectrofluorimeter. At each temperature, pH was adjusted
Rocquigny et al., 1991). To preserve the highly oxidizable to 7.5 with concentrated HCI or NaOH.
Cys residues, the lyophilized peptides were dissolved in  Quantum yields were determined by takird@rp in water
freshly degassed buffer and immediately poured into anaero-(¢ = 0.14) as a reference (Eisinger & Navon, 1969).
bic quartz cells, which maintained an inert argon atmosphere. Data Analysis: Determination of Experimental Zinc
The -SH content of the various peptides was checked at theBinding Constants.In the case of peptides containing a
beginning and the end of each experiment by titration with single zinc finger motif, the average humberof moles of
5,5-dithiobis(2-nitrobenzoic acid) (Cornille et al., 1990). To zinc bound per mole of protein was determined from the
preserve the most oxidizable C§(43—64)NCp7 derivative, fluorimetric titrations by: v = (I — lg)/(lt — lo), wherel is
1 mM 2-mercaptoethanol was also added. the fluorescence measured for any added zinc concentration
Spectroscopic Measurementébsorption spectra were  while Iy andl; correspond to the fluorescence intensities of
recorded on a Cary 4 spectrophotometer. Extinction coef- the apopeptide and the fully zinc-saturated peptide, respec-
ficients of 5700, 7000, and 12 700 Mcm™* at 280 nm were tively. The concentration of free zinc, [Zn], was calculated
used for NCp7 derivatives either with one Trp, one Trp, and using [Zn]= [Zn{]/[Ke([E7] — [Zn+])] where [Ef] and [Zny]
one Tyr or with two Trp and one Tyr, respectively. designate, respectively, the total concentrations of complexant
To determine the experimental Znbinding constants at  and zinc, whileKg is the affinity at a given temperature of
20 (0.5) °C, fluorimetric titrations were performed with a the complexant for zinc calculated from Martell and Smith
thermostated SLM 48000 spectrofluorimeter by adding (1974) as described by Blinks et al. (1982). By using this
increasing zinc concentrations to a given peptide in 50 mM equation, we made the reasonable assumption that the
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Table 1: Quantum Yields and Zinc Binding Constants of NCp7 Derivatives at pH 7.5

AAG®
Trp® 2% o2 Al; ¢ ke (M™Y) ko (M~2) ks (M~1) (kd/mol)
(1-72)NCp7 37,61 0.09240.003) 0.1534£0.006) 1.25 2.8£0.5)x 104 5.0 (£0.5)x 10 1.2 (£0.1) x 103 35
(13—-64)NCp7 37,61 0.09240.004) 0.15840.004] 1.15 8 {4) x 1013 2.8 (¢0.3)x 1013 1.6 (£0.2) x 1013 1.4
Cys3(13—-64)NCp7 37,61 0.07640.003) 0.1304£0.003) 1.0 1.0{0.5)x 103 2.6 (:0.4)x 1013 3.5 (+0.8)x 1013  —0.7
SeP(13—64)NCp7 37,61 0.09940.004) 0.1704£0.005) 1.0 2.840.2) x 10%3
b-Pro¥(13-64)NCp7 37,61 0.0930.003) 0.16840.003) 1.0 743)x 1013 2.9 (E0.2)x 108 2.8 *0.5)x 108  <0.1
TrplPhé™Phé(13-64)NCp7 16 0.056£0.002) 0.12540.004) 1.72 1.240.1)x 104 5 (£2) x 103 1.7 (£0.5) x 10%3 2.6
(1-55)NCp7 37 0.0604£0.002) 0.1834£0.003) 1.20 3.54£0.9)x 104 1.7 (£0.2)x 10'3 1.3 (£0.1) x 10'3 0.7
(12-53)NCp7 37 0.06440.003) 0.1854£0.003} 1.18 5 {2) x 1013 1.8 @0.1) x 108 1.2 0.1) x 10%3 1.0
Tyri6(12—-53)NCp7 37 0.0624£0.002) 0.18240.004F 1.21 4 @&2) x 1013 1.8 @0.2) x 10 1.0 0.1) x 103 1.4
Trplé(13-30)NCp7 16 0.0624£0.001) 0.17540.004) 5.7 (£0.3) x 10%3
(34—51)NCp7 37 0.05840.002) 0.20740.004} 1.7 0.1) x 10%3

aQuantum yieldsgéé95 in the absence of zinc a ?15 in the presence of an excess of zinc) and association binding constants were reported as

means £ standard error of the mean) for at least six and three experiments, respeétigdyposition in amino acid sequenceTlhe fractional
fluorescence changdl;, and the free energy of interactioNAG, between the binding sites were calculated as described in the'texalues

from Mély et al. (1993b, 1994) and Morellet et al. (1994), respectivelihe value of Cy&(13—64)NCp7 was slightly different from that previously

reported (Morellet et al., 1994) because in the latter case, a slight oxidization occurred during zinc titration in the absence of 1 mM 2-mercaptoethanol.

concentrations of free zinc and zinc bound to the peptide replaced by a Trp and the naturally occurring 3figmd Tri§*
were negligible in comparison to zinc bound to the com- were replaced by Phe residues) was synthesized. Hhe
plexant (EDTA or EGTA). The experimental zinc binding NMR spectrum of this derivative (data not shown) and
constantk, was then computed by fitting the experimental especially the presence of various long-range NOEs between
values ofv and [Zn] to the equatiom = k[Zn]/(1 + K[Zn]). protons of the proximal CCHC motif with those of the distal
In the case of peptides containing two zinc finger motifs, motif strongly suggested that the folding and the spatial
the concentration of free zinc was calculated as above proximity of the two zinc-saturated CCHC motifs were as
whereas the three independent binding constadats) ks, in NCp7 (Morellet et al, 1994).
were determined from eq 3 defined in the results section, Furthermore, as substitution of any cysteine by a serine
using a non linear least-squares regression procedure of ther mutation of Hig® by Cys has been shown to impair the
SAS software. binding of NCp7 to genomic RNA and result in the
Computational Simulation Procedure§.o compare the  production of non-infectious viruses (Gorelick et al., 1990;
hydration of the finger motifs in their apo- and holoforms, Dorfman et al., 1993; Dannull et al., 1994 Dene et al.,
the Discover/NMRchitect software package from Biosym 1994), the zinc binding parameters of 8gr3—64)NCp7
Technologies was used. The two peptides corresponding toand Cy$3(13—64)NCp7 were investigated. Similarly to
the first and the second finger of NCp7 were first modeled check the incidence of the spatial proximity of the CCHC
in a extended conformation without zinc, using standard motifs on the zinc binding properties, Ptavas substituted
parameters for amino acids supplied with the Insight software by b-Pré® in (13—64)NCp7 since this substitution has been
package. These two peptides and the NMR-derived solutionshown to impair the spatial proximity and to result in the
structure of the (1253)NCp7 (Morellet et al., 1992) inits  formation of non-infectious viral particles (Morellet et al.,
holoform were then surrounded by a layer of water of 5 A. 1994; Méy et al., 1994).
The resulting structures were then energy-minimized using  Finally, two 18-residue derivatives, T§13—30)NCp7
a Lennard-Jones nonbond term and the Discover/amber and (34-51)NCp7, corresponding to the amino acid se-
force field. Non-bonded pair interactions were reduced to quences of the N- and C-terminal zinc finger domains (Figure
zero beyond a cutoff distance of 12 A. Each structure was 1), respectively, were synthesized to investigate the zinc
subjected to 40 000 steps of energy minimization, using a binding properties of the isolated CCHC finger motifs.
complnatlon of steepest descent and conjugate gradient .. Binding Parameters of the Isolated Zinc Finger
algorithms. Motifs. To monitor the binding of zinc to the (3%61)NCp7
RESULTS derivative, the fluorescence of the naturally occurring®Trp
was used. As the corresponding aromatic amino acid in the

Strategy Of NCp7 Dep'atiue SynthesiS'To examine at N'terminal m0t|f iS the Weakly ﬂuorescent Fiﬁ,eit was
the molecular level the determinants of NCp7 zinc binding replaced by Trp. This substitution was not expected to
properties, several derivatives were synthesized. First of all, modify the physicochemical properties of the peptide because
because two different major cleavage points of the precursorthe residue immediately following the first Cys in CCHC
NCp15 by the HIV-1 protease have been reported dependingmotifs iS indiﬁerently Phe or Trp in VariOUS related NCS and
on the HIV-1 isolate (BH10 or MN) considered (Sheng & its nature does not affect the tertiary structure of the CCHC
Erikson-Viitanen, 1994), we synthesized two derivatives, (1 motif (Summers, 1991).
72)NCp7 and (£55)NCp7, corresponding to these two The fluorescence quantum yields of both ®¢h3—30)-
cleavage products. Moreover, (284)NCp7 and (1253)- NCp7 and (3451)NCp7 were sharply increased (by about
NCp7 derivatives were prepared to analyze the role of the 2.9- and 3.5-fold, respectively) in the presence of zinc. Using
N- and C-terminal chains surrounding the central zinc finger these large zinc-induced fluorescence changes, we measured
domain. To specifically monitor the saturation of the in the presence of 1 mM EDTA (to buffer very low
proximal CCHC finger motif, a triply substituted T§Phe’- concentrations of free zinc) extremely high zinc binding
Phé(13—64)NCp7 (where the naturally occurring Pheas affinities for both peptides (Table 1), in the same range as
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those of the related NC of Rauscher (Green & Berg, 1990) PZn'
or Moloney (Mdy et al., 1991) murine leukemia virus.

However, the binding constant of Tf13—30)NCp7 was

reproducibly 3-fold higher than the (3%1)NCp7 binding

constant. Ky I \12
Steady-State Fluorescence Characterization of NCp7 / '

Derivatives. In keeping with previous spectral data (Me

et al., 1993b, 1994) and the NMR-deduced structure of NCp7 P I, I PZn,
(Omichinski et al., 1991; Morellet et al., 1992; Summers et

al., 1992), the emission spectra of all derivatives exhibited Sk ks
a maximum emission wavelength at 351() and 353 £1) \: L /

nm for apo- and holoforms, respectively, suggesting a fully

solvent exposition for TS, Trp*’, or Trfl. Moreover, in

keeping with the high homology in the amino acid sequences

of the two CCHC motifs and their random coil-type

conformation in the absence of zinc (Summers, 1991), the PZn’

quantum yieldsgo, of Trp'®and Tr@” in various single Trp- FIGURE 2: Zinc binding scheme of NCp7. Sites 1 and 2 correspond
containing apoderivatives were rather low and indistinguish- to the N- and C-terminal zinc binding motifs, respectively. Zinc-

able. Similarly, as expected, the quantum yield of apoderiv- frlee %“d_ Zilnc'saturatet‘_d filngleér motifs are represer_‘ttteg bytﬁp?” and
; P 1 o closed circles, respectively. Free zinc ions are omitted in the figure
atives containing both T#pand T.rﬁ rES|du.eS CorreSp.ondEd but are included in the expressions for the binding constants.
to the average of the quantum yields of ¥rim the apofinger
motif and Tr@t in the fingerless Tr‘ﬁmcontaining (5%72)- [P] [PZn'] [PZrf] [PZn)]
NCp7 @ = 0.121+ 0.003) derivative. =gz + 13 I I3
e orevi I X I I
s previously reported (Mg et al., 1994), the quantum
y|eld_, ¢>'1,1, of holoder|vat|yes strongly depends on the spatial  pq lo and I3, corresponding to the fluorescence of the
proximity of the two zinc-saturated finger motifs. For apopeptide and the holopeptide, respectively, were easily

derivatives with non interacting fingers [e.gPro*(13— measurable, we readily deduced from eq 1 the following
64)NCp7 and S&¥(13-64)NCp7], the quantum yield of the  q|ation

holoderivatives simply corresponds to the arithmetic mean

+

(1)

of the quantum yields of the (3%61)NCp7 holofinger motif [Pan] [Pan] [PZn)]
and the fingerless Tfjcontaining (5372) derivative. We Al = Al + Al + (2)
thus inferred that the fluorescence of Trpas unaffected [Py] [P [P-]

by the saturation of the proximal finger motif by zinc whereas
Trpé! was unaffected by the binding of zinc to either finger

motif in keeping with the almost structureless conformation Sinqeh thgrintrins_li_c fI;Jprefs;cent r?pozter (1;05lzinlc binl_?ing
of the C-terminal chain in the holoprotein (Morellet et al., @S €ither Trf® or Trp*” in the proximal and distal CCHC
1994). motifs, respectively, and since the similar low quantum yield

of Trp in an apofinger motif of a related NC protein has
been shown to be related to an efficient dynamic quenching
process by quenchers (such as peptide carbonyl groups,
protonated His, Cys sulfhydryl groups, ...) located in the
finger motif sequence itself (Mg et al., 1993a), we
reasonably assume that the saturation of the Trp-lacking
finger by zinc does not modify the fluorescence of Trp in
the neighboring random-coil apofinger motif. Therefore, we

with Alj = (|| - |o)/(|3 - |0)

In contrast, holoderivatives with interacting fingers [e.g.,
(12-53)NCp7, (+55)NCp7, (13-64)NCp7, TrPhe’-
Phé(13—-64)NCp7, (:-72)NCp7, ...] were characterized by
a significantly lower quantum vyieldg, ;, than the corre-
sponding derivatives (in term of Trp content and position)
with non-interacting fingers. This decreased quantum yield
has been correlated to additional collisions or radiationless
relaxation processes due to the spatial proximity of the two A - 0 7 6.
zinc-saturated finger motifs (Mget al., 1994). L%?gg)i/nli?]fge régﬁf/zgcgil?géﬁéémae?yh" in Trp™ and Trg

Finally, the most striking derivative was Cy&l3—64)- Moreover, using a S&(12—53)NCp7 derivative where
NCp7 since bothpo and ¢, were significantly lower than  the affinity of the Trp-lacking proximal finger has been
those of (13-64)NCp7. The photophysical basis of this sjgnificantly decreased, we have shown that the fluorescence
phenomenon is currently under investigation. of Trp in the holofinger motif is similar to that of the (34

Determination of NCp7 Binding Parameters from Fluo- 51)NCp7 single finger-containing derivative and thus is not
rescence Intensity Changes: Theorljo relate the binding  affected by the neighboring Trp-lacking apofinger motif
parameters of NCp7 derivatives containing two zinc finger (Mély et al., 1994). In the present study, a similar conclusion
motifs to the fluorescence intensity changes, we used theholds true for Sef(13—64)NCp7 containing the additional
binding scheme in Figure 2. P, PZnPZr?, and PZn TrpStresidue. Hence, we deduce tiddi andAl, were given
corresponded to the peptide with no bound zinc, zinc bound by Al; = (¢10 — ¢0)/(¢1.1 —Po), Whereep, o designates the
to the N-terminal site, zinc bound to the C-terminal site, or quantum yield of the corresponding isolated holofinger motif
zinc bound to both, respectively, to I3 were the fluores- or the arithmetic mean between the quantum yield of this
cence intensities associated to the various species, While motif and the (5%72)peptide for Trp-lacking or TrF*-
to ks corresponded to the experimental microscopic associa-containing derivatives, respectively. As demonstrated above,
tion constants. At any zinc concentration, the measured ¢1o = ¢11 and thusAl; = 1 for derivatives with non-
fluorescence intensity, is given by interacting fingers, whereas, due to the interaction offrp
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Ficure 3: Zinc binding isotherms of NCp7 derivatives.(12)
NCp7 @), Trp'®Pheé’Phé%(13—-64)NCp7 ), Trp*6(13—30)NCp7

(©), and (34-51)NCp7 @®) were 10uM in 50 mM Hepes, 0.1 M
KCI, 1 mM EDTA, pH 7.5. Closed and open symbols correspond
to Trp*’- and Trgb-containing derivatives, respectively. The solid
lines were drawn by using eq 3 and the experimental binding
constants of Table 1. Error bars are within experimental point
symbols.

or Trp*” with the neighboring holofinger motitp1 0 > ¢11
and thusAl; > 1 (Table 1) for derivatives with interacting
fingers.

Using these measured or deducAd values, we may
finally deduce from eq 2 and from the basic equations
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substitution. Concerning the distal CCHC motif, a twofold
increase ofk;, as compared to the isolated (381)NCp7
distal finger motif, was observed for the various {131)-
NCp7 derivatives whereas a 3-fold increase was found for
(1-72)NCp7. In contrast, (3253)NCp7, Tyté(12—53)-
NCp7, and (+55)NCp7 gave unchangdd values. The
binding isotherm of Sé¥13—64)NCp7 was very close to
the isolated C-terminal finger isotherm and was adequately
fitted with a single binding parameter. Using three param-
eters to adjust the data did not improve the fit and gave
meaningless values. Moreover, by setting diffeigmalues
and comparing the goodness of the fit, we found>a 10*?

M~ upper bound limit fork;.

From the comparison df, and ks for Trp*’-containing
derivatives ork; andk, for Trp'é-containing derivatives, a
negative cooperativity was observed in all derivatives except
D-Pro*(13—64)NCp7 and Cy8(13—64)NCp7. To further
characterize the various derivatives, the free energy of
interaction between the two siteAAG, was calculated
according tcAAAG = —RTIn(ks/ky) = —RTIn(ka/ks). At 20
°C, the strongest effect of zinc binding to one motif on the
free energy of zinc binding to the other one was observed
for the complete (£72)NCp7 protein. In contrashAG
was at least 2-fold lower in most other derivatives, nil in
D-Pro®y(13—64)NCp7, and of opposite sign in CyEl3—
64)NCp7.

Stoichiometric Titrations.As a final check of the con-
sistency of the binding constants reported in Table 1, zinc

relating the concentrations of the various species to thetitrations of NCp7 derivatives, at a concentration o2,

association binding constants the following equation:

_ Alk[zZn] + kikyZn]?
1+ (k + k)[Zn] + keky[Zn]?

®3)

with i = 1 for Trp'®- containing derivatives and= 2 for
Trp®’-containing derivatives.

Zinc Binding Parameters of NCp7 Deatives. Using
EDTA to buffer very low concentrations of free zinc, we
determined the three independent binding constants,ks
(Table 1), from the binding isotherms (Figure 3). The fourth
binding constantk,, which is easily derived from the other
ones byk, = kiks/k;, was not reported. As the binding of
zinc to the proximal motif only marginally affected the
fluorescence of T in the distal motif, the binding constant,
ki, of the proximal motif was correlated t@ andks values

were performed in the absence of EDTA. In these condi-
tions, due to the very high binding constants, the binding
was clearly stoichiometric. These titrations constituted a
powerful check, since the filling of both finger motifs
depended only on the ratio of the binding constants and
possible artifacts arising from competition with EDTA
disappeared. To generate the theoretical stoichiometric
binding curves, we first calculated, using eq 3 and the
parameters of Table 1, thidl values for a range of free zinc
concentration [Zn]. We then calculated for the same [Zn]
range the ratior, of total zinc to total protein concentrations
using

r=[Znl[L + (P;I(k, + k, + 2kkZn])/(L +
(ky + ky)[Zn] + k1k3[Zn]2))] 4)

and was less confidently determined than the uncorrelated The binding curves obtained from the setofAl) values

k, and k constants from a single titration of a Pfp
containing derivative. To minimize the error kg, the zinc
titrations of each derivative were performed with various

were then compared to the experimental points of the
stoichiometric titrations of Trh§- or Trp*’- containing
derivatives. A very strong fit was observed (Figure 4) for

peptide concentrations and the binding constants were givenTrp!Phé’Phé}(13—64)NCp7, (12-53)NCp7, and Cy%-

as means= standard error of the mean) for at least three
experiments. The same reasoning held truekfovalues
recovered from the titration of the Tfpcontaining deriva-
tives.

The zinc binding isotherm of TEPheé’Phé(13—64)-
NCp7 was significantly shifted toward low free zinc con-

(13—64)NCp7, confirming the validity of our binding model
and the ratios ok; values.

pH-Dependence of the Zinc Binding Parameterfo
further investigate the zinc binding properties, the pH-
dependence of the binding constants of the two isolated 18-
residue finger motifs was studied. An extremely sharp pH-

centrations as compared to the isolated N-terminal finger dependence in the range—9 was observed for both

motif (Figure 3) due to a 2-fold increase k. The k;

derivatives (Figure 5). Since both Cys and His residues

increase was even higher, amounting to about 5-fold for could be protonated in this pH range, they were likely

derivatives with a complete N-terminal chain:(Z2)NCp7
and (E-55)NCp7. In contrast, a 10-fold decreasekpfas
compared to the wild-type was induced by the #isCys

candidates for this pH-dependence. Assuming that (i) only
species with fully deprotonated Cys and His could bind zinc
with a high binding constankye, (ii) His protonated with
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0.2 + 29 4
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[Zn T]/[PT] 1T
FIGURE 4: Stoichiometric titrations of NCp7 derivatives. Ftp Ficure 6: van't Hoff plots for the association of zinc to CCHC
Phé’Phé%(13—64)NCp7 (), (12-53)NCp7 ¢), and Cy8¥(13— motifs. Peptides and symbols were as in Figure 5. The linear fits

64) (v) were 10uM in the same buffer as in Figure 3 but without ~were obtained with théH® andAS’ values of Table 2.
EDTA. Closed and open symbols have the same meanings as in
Figure 3. The solid lines were drawn as described in the text, using Table 2: pH- and Temperature-Dependence of the Zinc Binding
the k values of Table 1. Error bars are within experimental point parameters of the Isolated Zinc Finger Mctifs

symbols. AR° AS
Kute pK1 pK2 (kJ/mol) (J/K/mol)
16 Trplé(13-30) 8 (£3) x 1015 8.17 (£0.08) 6.9 (-0.5) 34 (t3) 148 (£8)
NCp7
14 4 (34-51)NCp7 2 1) x 10'5 8.04 -0.07) 7.3(0.3) 35¢1) 130 ¢8)
12 2 Binding constants and thermodynamic parameters were defined in
the text and were expressed as meahstandard error of the mean)
X 10 1 for at least three experiments.
S g-
6 Table 3: Zinc Binding Constants of NCp7 Derivatives at pH27.0
AAG
4 ki (M~Y) kz (M~3) ks(M~1) (kJ/mol)
5 J TrpPhé’Phél 7.9 (£0.4) x 1012 3 (£2) x 102 1.0 (£0.3) x 102 2.7
) I I I I I I (13-64)NCp7
(12-53)NCp7 7 3) x 102 8(42) x 101 4.8 (-0.4) x 10"t 1.2
4 5 6 7 8 9 10 aBinding parameters were determined and expressed as in Table 1.
pH

Ficure 5: pH-dependence of the zinc binding parameters. The the zinc binding properties of THPhé’Phé(13—64)NCp7
binding constants of TAY(13—30)NCp7 ©) and (34-51)NCp7 and (12-53)NCp7 were investigated at pH 7.0. In good

éﬁﬁ VVMeé?hgﬁdesaS_l{lezng}i giﬁﬁé‘gn\}vg:‘é’ S;V%ﬁsg“bues‘?nunger5'\/'a5:f§riﬁ|: keeping with the isolated zinc finger motifs, a strong decrease
parameters o'f Table 2. Error bars are Withi?’ll expgrin?ental point in both k _and ko (Table _3) as compared to pH 7.5 was
symbols. observed in both derivatives. Moreover, as at pH 7.5, the
binding of zinc to one motif decreased the affinity of zinc
a pK; constant, and (i) each Cys protonated with an identical for the second motif and the free energy of interaction
pKz constant, the experimental binding constantould be between the two sites was indistinguishable from that at pH

expressed as 7.5.
« Temperature-Dependence of the Zinc Binding Parameters.
log(K) = log(kye) — 3 log (1+ 1072 x [H]) — log(1+ To get further insight in the zinc binding mechanism, the

10P « H]) (5) temperature-dependence of Fh3—30)NCp7 and (3451)-
NCp7 zinc binding constants was studied at pH 7.5 over the

The kMe. pKll and p<2 values are reported in Table 2. The 10—-60°C ra_nge._ To ensure- that the peptides were still fU”y
pK of Cys residues was identical in both peptides and close saturated with zinc at the highest temperature, a further 10-
to that usually found in proteins, whereas theqf His was fold molar excess of zinc was added at this temperature. No
not accurate enough to conclude. Noticeably, the inclusion change in fluorescence intensity was observed in either
of additional zinc binding species (e.g., monoprotonated Peptide, suggesting that both peptides were still in their
ones) in eq 5 did not improve the fit, validating the holoforms. Furthermore, at the end of the experiment, when
hypothesis that, as for the MoMuLV NC (Meet al., 1991)  the peptides were cooled down to 20, the fluorescence
or the yeast transcription factor zinc finger domains (Parraga intensity returned to its initial value before heating. This
et al., 1990), only species with fully deprotonated His and suggests that no irreversible denaturation of the peptides
Cys bind zinc strongly. occurred during the heating process.

To determine the influence of pH on the zinc binding Plotting the logarithm of the experimental binding constant
constants of NCp7 derivatives containing two finger motifs, versus the reciprocal of the temperature in a van't Hoff plot
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(Figure 6) gave a straight line, suggesting that the change in64)NCp7 and Cy8(13—64)NCp7 where the finger motifs

heat capacityAC,°, with temperature is nil or is very low.

have been shown to be no more in close contact{®é

From linear least-squares fits, we deduced the enthalpyet al., 1994; Morellet et al., 1994).

changesAH®, and entropy changeAS’, given in Table 2.
WhereasAH® was similar in both fingersAS® was about
15% higher in the N-terminal finger motif.

DISCUSSION

As in many other retroviruses, the HIV-1 nucleocapsid
protein NCp7 is characterized by two CCHC zinc finger
motifs. Using the fluorescence of either the naturally

As expected, the Cys and His ligands of the CCHC motifs
played a critical role in the zinc binding properties. Sub-
stitution of Cy$® even by a Ser residue markedly decreased
the affinity of the proximal finger motif by at least 2 orders
of magnitude. This decrease might prevent the saturation
of the proximal finger by zinc in intracellular conditions and
hence induce the previously observed impairment in viral
RNA content and virus replication (Dorfman et al., 1993).

occurring Trg’, located in the C-terminal finger motif or

Alternatively, as the quantum yield of S&i3—64)NCp7
the conservatively substituted Tfpn the N-terminal finger

( : lys . . in the presence of an excess of zinc was identical to that of
motif, the zinc binding properties of both fingers could be derivatives with non-interacting fingers, the substitution of
selectively investigated. Cy<® by Ser might prevent the spatial proximity of the two
The zinc binding constants of two 18-residue synthetic CCHC motifs and thus hinder the correct recognition of the
peptides with the amino acid sequence of the isolated N- or homologous RNA.
C-terminal finger motifs were close to those in the whole
NCp7 protein, suggesting that, as for the related NC of
MoMuLV (Mély et al., 1993a), the finger motifs possess
most of the information necessary and sufficient to strongly | ) - o
bind zinc. In keeping with the previously suggested differ- mduc_ed a 10_—fold _d(_ecrease in the zinc binding constant of
ences in the zinc binding properties of the two motifs (De this site. This affinity decrease probably arose from the
Rocquigny et al.,1991; Fitzgerald & Coleman, 1991), a 3-fold important structural alterations induced by this mutation
higher affinity, related to an increased entropic contribution, (Déménéet al., 1994) but was probably too weak to induce
was observed for the N-terminal versus the C-terminal the observed loss of virion infectivity. In fact, this loss of
binding motif at pH 7.5. Surprisingly, in both zinc finger infectivity seems to be related to the structural alteration in
motifs, the entropy changes contributed more than half of the zinc-saturated mutated finger motif and/or the impairment
the zinc binding free energy, despite the transition from a of the spatial proximity between the finger motifs’({Dene
random-coil to a highly constrained structure induced by the et al., 1994; My et al., 1994).
binding of zinc (Summers, 1991). Hence, this unfavorable
structural entropy must be overcome by a very strong
favorable entropic contribution due to loss of hydration water
from both the zinc ion (Atkins, 1990) and the rearrangement
of the highly hydrophilic peptide motifs during complexation.
This latter point was confirmed by the comparison, from
computational simulation in a water bath, of the extended
peptides corresponding to the apoforms of the finger motifs
on one hand and the NMR-derived solution structure of the  Moreover, we showed that the binding of zinc to the
zinc-saturated (1253)NCp7 on the other hand. This isolated or associated finger motifs was exquisitely pH-
comparison revealed that the CCHC motifs in the highly dependent due to competition between zinc and protons for
constrained (1253)NCp7 holopeptide bound 30%40% the Cys and His ligands. Careful analysis of this pH-
less HO molecules (through hydrogen bond) than the dependence revealed that the proximal CCHC motif es-
apopeptides. sentially differed from the distal one by a 4-fold higher
The comparison of the zinc binding constants of various intrinsic association binding constak., associated to the
NCp7 derivatives suggested that both the N- and C-terminal species with fully deprotonated ligands. Both this steep pH-
chains surrounding the zinc finger motifs domain increased dependence and the somewhat lower entropy of the binding
the zinc binding free energy of the proximal and distal CCHC of zinc to the C-terminal finger motif might be responsible
motifs, respectively, by about-34 kJ/mol. The highest  of the temperature-dependent lability of this motif observed

binding constants were observed for the entire{2)NCp7,  py 1H NMR at lower pH (South et al., 1991; Morellet et al.,
suggesting a slightly improved stability of the major cleavage 1992).

product of the BH10 isolate versus<{55)NCp7, the major . . oo ,
cleavage product of the MN isolate. Moreover, from the In conclusion, our data on the zinc plndlng properties of
data of (12-53)NCp7, the shortest NCp7 derivative contain- NCP7 clearly confirmed the nonequivalence of the two
ing the two finger motifs, we inferred that a CCHC finger CCHC finger motifs, in keeping with the previously reported
motif in its apoform was without effect on the zinc binding differences in structure and thermal stability (South et al.,
affinity of the neighboring one. In contrast, when one motif 1991; Omichinski etal., 1991; Morellet et al., 1992; Summers
was saturated with zinc, the binding constant of the remaining €t al., 1992; My et al., 1993b). Moreover, the characteriza-
one decreased up to 4-fold. This negative cooperativity andtion of the zinc binding scheme of NCp7 allows one to
the corresponding free energy of interaction between the rationally quantify now the effects of zinc competitors which
binding sites were clearly related to the spatial proximity of have been reported to represent a putative new approach to
the finger motifs since they vanished in baiHPro®(13— the chemotherapy of AIDS (Rice et al., 1993).

More unexpectedly, as Cys has been reported to be a
stronger zinc ligand than His (Vallee & Auld, 1990), the
His?>—~Cys substitution in the N-terminal finger motif

In contrast to Cys and His residues, the nature of the highly
conserved aromatic amino acid immediately following the
first Cys residue in the CCHC finger motif did not appeared
to be critical for zinc binding. Hence, the slight reduction
in viral infectivity and packaging, observed when Mrand
Trp®” were inverted (data not shown), was probably related
to the minimal structural changes induced by this inversion.
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