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ABSTRACT. The two highly conserved 2h finger motifs of the HIV-1 nucleocapsid protein, NCp7, strongly
bind Zr¢* through coordination of one His and three Cys residues. To further analyze the role of these
residues, we investigated the Znbinding and acid-base properties of four single-point mutants of a
short peptide corresponding to the distal finger motif of NCp7. In each mutant, otfecdardinating
residue is substituted with a noncoordinating one. Using the spectroscopic properties ofvEdirst
establish that the four mutants retain their ability to bind a metal cation through a four- or five-coordinate
geometry with the vacant ligand position(s) presumably occupied by water molecule(s). Moreover, the
pKa values of the three Cys residues of the mutant apopeptide where His44 is substituted with Ala are
found by'™H NMR to be similar to those of the native peptide, suggesting that the mutations do not affect
the acid-base properties of the Zncoordinating residues. The binding of Zrwas monitored by using

the fluorescence of Trp37 as an intrinsic probe. At pH 7.5, the apparéhtidfimding constants (between

1.6 x 10® and 1.3x 109 M) of the four mutants are strongly reduced compared to those of the native
peptide but are similar to those of various hostZhinding proteins. As a consequence, the loss of viral
infectivity following the mutation of one Zit-coordinating residue in vivo may not be related to the total
loss of Zr#+ binding. The pH dependence of Znbinding indicates that the coordinating residues bind
Zn?* stepwise and that the free energy provided by the binding of a given residue may be modulated by
the entropic contribution of the residues already bound £ Zfinally, the K, of Cys49 in the holopeptide

is found to be 5.0, a value that is at least 0.7 unit higher than those for the otfiec&ardinating
residues. This implies that Cys49 may act as a switch f@ dissociation in the distal finger motif of
NCp7, a feature that may contribute to the high susceptibility of Cys49 to electrophilic attack.

Processing products of the retroviral Gag polyprotein part of Gag precursor protein, is required for the selective
invariably include nucleocapsid proteins (NC) that, with the recognition and packaging of genomic RNA into new virus
exception of spumaretrovirug)( contain one or two copies  particles 6—15). Moreover, since several mutations of the
of a zinc finger motif characterized by the sequence £-X Zn?*-coordinating residues lead to a much greater defect in
C-X4-H-X4-C (X being a variable amino acid residue) and infectivity than in genomic packaging/,(11—14, 16, 17)
thus also called the CCHC moti2). In human immunode-  and since the antiviral activity of mimics of the Znfinger
ficiency virus type 1 (HIV-1), the nucleocapsid protein NCp7 motifs is thought to be linked to the impairment of reverse
is characterized by two CCHC motifs that strongly coordinate transcription {8), it is likely that the function of the CCHC
Zn** in mature viruses3, 4). When Zi* binds, the protein  motifs is not limited to the encapsidation step. In this respect,
changes from an unfolded to a stable and highly constrainedan increasing amount of evidence shows that the finger motifs
structure g, 5, 6). are also involved in the nucleic acid chaperone activity of

Moreover, Zi@" coordination seems to be necessary for NCp7, especially during the reverse transcription sfiep-(
most protein functions. For instance, numerous mutational 24). This may explain the greatly reduced level of viral DNA
studies have shown that the NC zinc finger domain, as a synthesized by HIV-1 mutants with altered CCHC motifs

(14, 17).
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H-GCWKCGKEGHQMKDCT-0H
H-GSWKCGKEGHQMKDCT-0OH
H-GCWKSGKEGHQMKDCT-0H
H-GCWKCGKEGAQMKDCT-0H Alad44(35-50)NCp7
H-GCWKCGKEGHQMKDST-OH Ser49(35-50)NCp7

Ficure 1: Amino acid sequence of (3550)NCp7 derivatives.

(35-50)NCp7
Ser36(35-50)NCp7
Ser39(35-50)NCp7

thiolates have been identifie@%—29). The two NCp7 zinc
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buffer concentration was 50 mM. The ionic strength of all
solutions was kept constant at 0.1 M by addition of Na£lO
The perchlorate anions were chosen to minimize interactions
with free or bound metal cations. The absence of peptide
oxidation was checked at the end of each experiment by
titration of the—SH content with 5,5dithiobis(2-nitroben-
zoic acid) (DTNB) @8). Peptide concentrations were deter-
mined using an extinction coefficient of 5700 Mcm™ at
280 nm.

Spectroscopic Measurement$he Ca+ complexes were

fingers, as well as each Cys residue, are not equally formed in anaerobic quartz cells with a peptide concentration
vulnerable to these agents. It has been established thags 60—100M. The absorption spectra were recorded on a
reactions occur preferentially at the C-terminal zinc finger cary 400 spectrophotometer and corrected for the contribu-

(30, 31) and Cys49 is the most susceptible residue to
electrophilic attack 31—33). Nevertheless, though some
agents appear to react selectively with NCp7 zinc fingers
(34), it remains unclear if NCp7 can be specifically targeted
in vivo.
To design new strategies aimed at impairingZninding,

it is necessary to further understand the mechanism &f Zn
coordination by NCp7. In this respect, we have recently
characterized the 2h binding properties of the C-terminal
CCHC motif of NCp7 85), taken as a relevant model of the
retroviral CCHC motifs 86). The metal coordination has

tion of the absorbance of the peptide.

The apparent Z4 binding constantsKapy) were deter-
mined at 20+ 0.5°C from fluorimetric titrations in anaerobic
quartz cells with a thermostated SLM48000 spectrofluorim-
eter. Increasing ZnSQor Zn(ClQy), concentrations were
added to 1M peptide in 50 mM buffer, at an ionic strength
of 0.1 M and at the desired pH. Chelator (1 mM) was used
to buffer small concentrations of free Zrnwhen high affinity
was expected. Ethylene glycdD,O’'-bis(2-aminoethyl)-
N,N,N',N'-tetraacetic acid (EGTA) was used as a chelator
for Ser49(35-50)NCp7 and Ala44(3550)NCp7. 1,6-Di-

been shown to be extremely pH dependent due to agminohexaned,N,N',N'-tetraacetic acid was used for Ser36-

competition between protons and?rfor the four coordi-
nating residues. Moreover, th&pvalues of these residues

(35—50)NCp7 and Ser39(350)NCp7. At pH<6, theKapp
values were low enough to avoid the addition of chelator.

in the apopeptide suggest an almost sequential deprotonatiofqr each addition of 4, the fluorescence intensity changes

and thus a stepwise binding of Znto these residues. In
addition, each protonation step of the coordination complex
has been shown to decrease thé'Zhinding constant by

at the maximum emission wavelength (350 nm) were
followed for 5-15 min, to ensure that equilibrium was
attained. Excitation was set at 280 nm. Excitation and

~4 orders of magnitude, a feature that may enable & gmijssion bandwidths were 2 and 8 nm, respectively. The

significant dissociation of Z from the holopeptide in acidic

apparent Z&™ binding constants were calculated from the

cell compartments. To further understand the role of each f,orimetric titrations according to the methods of réfs

coordinating residue in the binding of Znto the C-terminal
CCHC motif of NCp7, we investigated herein the 2Zn
binding parameters of four single-point mutants of a short
peptide, (35-50)NCp7, corresponding to the distal finger
motif of NCp7. In each mutant, one Zhcoordinating

and 36.

To investigate the pH dependence of the fluorescence of
the Zrt™-bound (35-50)NCp7 derivatives, each peptide was
dissolved at 1Q«M in a mixture of 30 mM DESPEN, 15
mM MES, 15 mM HEPES, and 15 mM CHES to cover the

residue is substituted with a noncoordinating one. Moreover, piy range of 4.4-9. The ionic strength was 0.1 M. The

each peptide includes the naturally occurring Trp37 that
allows monitoring of ZA&" binding by fluorescence spec-

progressive acidification of the solution was achieved with
aliquots of diluted HCI. At each pH, at least 95% of the

troscopy. Our results reveal that the mutants are able to bi”dpeptide was kept in its holo form by adding suitable amounts

Zn?" with a rather high affinity. Moreover, Zh dissociation

is found to be initiated at the Cys49 site, a feature that may

contribute to the high susceptibility of this residue to
electrophilic agents.

MATERIALS AND METHODS

Materials. (35—50)NCp7 derivatives (Figure 1) were
synthesized in their apo form by solid-phase chemis3).(

of excess Zfr.

IH NMR Measurement3he Ala44(35-50)NCp7 peptide
was dissolved in the presence of 100 mM NaCl gOHand
10% D,O to give a final concentration of2 mM. Two-
dimensional phase-sensitivel Clean-TOCSY with a spin
lock of 70 ms 89) and NOESY with a mixing time of 100
ms @Q0) using time-proportional phase incrementation (TPPI)
(41) were carried out at 293 K on an Avance Bruker

The purity of the peptides was assessed by mass spectrometrgpectrometer operating at 400.13 MHz without sample

to be higher than 98%. To preserve the highly oxidizable
Cys residues, the lyophilized peptides were dissolved in

freshly degassed buffer and immediately poured into anaero-
bic quartz cells, which maintain an inert argon atmosphere.

The buffers were chosen as a function of the required pH:
N,N'-diethyl-N,N'-bis(sulfopropyl)ethylenediamine (DESPEN)
for pH 4.5-5.6, 2-(N-morpholino)ethanesulfonic acid (MES)
for pH 5.6-6.8, 4-(2-hydroxyethyl)piperazine-1-ethane-
sulfonic acid (HEPES) for pH 6-88.5, and 2-(cyclohexyl-
amino)ethanesulfonic acid (CHES) for pH 850. The

spinning with 2K real points i, with a spectral width of
6000 Hz and 512, increments. The NOESY spectrum was
recorded at pH 3.3, and TOCSY spectra were recorded at
pH 3.3-10.9. The transmitter frequency was set to the water
signal, which was suppressed by irradiation during the
relaxation delay of 1.6 s between FIDs. The data were
processed using UXNMR software (Baer). A /6 phase-
shifted sine bell window function was applied prior to Fourier
transformation in both dimensiong @ndt;). The pH was
increased by addition of small amounts of 0.1 M NaOH.
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Table 1: Apparent Equilibrium Constantsap, (M~2), for the Binding of Z@A* to (35-50)NCp7 Derivatives at pH 735

Ser36(35-50)NCp7 Ser39(3550)NCp7

Alad4(35-50)NCp7

Ser49(3550)NCp7 (35-50)NCp?

(1.6+ 0.4) x 10P 1.6+ 0.3) x 10°

(1.340.1) x 101

(5.0+ 0.3) x 10° (3.24 0.2) x 1012

aThe experiments were performed as described in Materials and Method&,Jvalues are expressed as meanstandard deviations for at

least three independent titratiorts=rom ref35.
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Ficure 2: Corrected absorption spectra of the complexes of-(35
50)NCp7 derivatives with Cd. The complexes were prepared with

a 5-fold excess of CGo. The absorbance spectra were recorded with
(35—50)NCp7 (black), Ser36(350)NCp7 (light blue), Ser39(35
50)NCp7 (green), Ala44(3550)NCp7 (red) and Ser49(3%0)-
NCp7 (blue). The inset shows an enlargement of the visible region.

RESULTS

The absorption in the visible region representsdd
electronic transition and provides information about the
geometry and ligand composition of the first coordination
shell. The maximal extinction coefficients of Ala44(350)-
NCp7 and Ser49(3550)NCp7 are greater than 300#
cm ! and, thus, indicative of tetrahedral coordinatia3,(

44, 46). This suggests that tetrahedral binding has been
retained in these mutants with the vacant ligand position
presumably occupied by a molecule of water. However, both
the spectrum shape and the wavelength of the maximal
extinction coefficient of these mutants are suggestive of a
more or less distorted tetrahedral geometdr)( The
maximal extinction coefficients of Ser36(350)NCp7 and
Ser39(35-50)NCp7 are~200 M! cmt and are thus
between the upper limit of 150 M cm™* for five-coordinate
complexes and the lower limit of 300 M cm™ for four-
coordinate complexegl@). This implies that the extinction
coefficients of the complexes of these two mutants with"Co
may arise from either four- or five-coordinate complexes,
or an equilibrium between the two. Accordingly, either one
or two molecules of water may participate in the first
coordination shell in the complexes of these two mutants
with Co?™.

Zr¢™ Binding Properties of the Single-Point Mutants at
pH 7.5. The binding of ZA" to the four (35-50)NCp7

To further understand the role of each coordinating residue Single-point mutants was monitored at pH 7.5 by using the

in the binding of ZA* to the C-terminal zinc finger motif of
NCp7, we synthesized four single-point mutants of the«(35
50)NCp7 peptide where each Zrcoordinating residue was
individually substituted with a noncoordinating one (Figure

fluorescence intensity of the naturally occurring Trp37
residue. In each peptide, the uptake of?Znnduces a
fluorescence increase, although to a significantly lesser extent
than in the wild-type (3550)NCp7 peptide. Moreover, the

1). Serine was chosen as a replacement for cysteine sincénagnitude of the fluorescence increase upofizinding

these two residues differ only by the substitution of an
oxygen for a sulfur atom. To minimally perturb the protein

differs among the peptides. The largest increase (2.2-fold)
is measured for Ala44(3550)NCp7. In contrast, increases

conformation, histidine was changed to alanine, a residueof only 2-, 1.6-, and 1.3-fold are observed for Ser4935
that is found in buried as well as solvent-exposed positions 50)NCp7, Ser39(3550)NCp7, and Ser36(3%H0)NCp7,

of all secondary structure4?).
Determination of the Coordination Geometry in the Single-
Point Mutants.The effect of each mutation on metal binding

respectively.
As expected, the deletion of each Zrcoordinating
residue significantly reduces the stability of theZoomplex

was first examined by taking advantage of the spectroscopicas compared to the native (350)NCp7 peptide (Table 1).

properties of C& -substituted proteins. Since the ionic radius
and the polarizability of the optically active €oare similar

to those of the spectroscopically silent?ZnCc** is a
convenient probe for providing information about the nature
of the first coordination sphere of Zhproteins 43, 44).
The corrected absorption spectra of theCoomplexes of
(35—50)NCp7 and the four single-point mutants are given
in Figure 2. The intense absorption in the near-UV region
can be assigned to S~ Co?" ligand-to-metal charge transfer
(LMCT) absorption. The intensity of this absorption in the
Co*t complex of (35-50)NCp7 and Ala44(3550)NCp7

The highest degree of destabilization is induced by the
substitution of Cys36 or Cys39. These substitutions lead to
a decrease of 4 orders of magnitude in the apparent binding
constantKapp. In contrast, the substitution of Cys49 induces
a decrease of only 3 orders of magnitudeKki, Finally,

the substitution of His44 with Ala induces an only 2 order
of magnitude decrease Ky, suggesting that the coordina-
tion of His to Zrf™ provides a lower stabilization energy
than coordination of Cys residues. This conclusion is in
keeping with the lower energy of binding of Znto His as
compared to Cys4@).

complexes is consistent with the presence of three Cys Determination by'H NMR of the pK of the Z@*-

residues in the first shell of ligand€l%). Moreover, the
intensity of this absorption is decreased by approximately
one-third in the three remaining complexes in keeping with
the substitution of a single Cys residue.

Coordinating Residues of the Ala44(350)NCp7 Apopep-
tide. Like the wild-type (35-50)NCp7 peptide 35), each
mutated peptide displays a strong pH dependentggin
the pH range of 4.410. This behavior is not surprising since
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3.00 Table 2: K, Values of the Cysteine Residues of the
Ala44(35-50)NCp7 Apopeptide, As Determined By NMR
295 residue Ala44(3550)NCp? (35—50)NCp?
— Cys36 H31,HB2 8.1+0.2 8.0+ 0.2
£ Cys39 KBl - 8.8+0.2
£ 2.90- Hp2 7.9+03,87+£03 82+03,87+0.3
= Cys49 HB1,HB2 9.3+0.2 9.3+ 0.2
% 2 The K, values are expressed as the recovered valube error
= 2.85- given by the fitting program based on the Levenbevarquardt
Q algorithm.” Values from ref35.
E 2.80
&) . 1 1 6
14 -
2.75 T T T :
2 4 6 8 10 12 12
PH 10
Ficure 3: Variation of chemical shift with pH for cysteine/MH 'E |
protons of Ala44(3550)NCp7. The data for Cys4®) and Cys36 X gl
Hp protons @) were fitted (solid line) with eq 1 and the parameters 2

of Table 2. The data for the Cys39Hproton @) were fitted (solid 6.
line) with eq 2 and the parameters of Table 2.

each coordinating residue is thought to deprotonate before ]

binding the metal cation. To check whether th€, palues 2

of the Zr**-coordinating residues of the mutated peptides

are similar to those of the wild type, we determinedbly 03 4 5 8 7 6 9 10 11
NMR spectroscopy thel values of the Z#-coordinating

residues of the apopeptide form of Ala44{350)NCp7, pH

taken as a representative mutant (Figure 3). In a first step,Ficure 4: pH dependence of the apparenfZbinding constant
the proton resonances of the peptide were assigned at pHof the single-point mutants of (3%0)NCp7. The binding constants

i ; 71 were measured at different pHs with a peptide concentration of 10
3.3 using the procedures described by tiéich (49). In uM. Each experimental point of Ser36(350)NCp7 (), Ser39-

agreement with the observationg for the {3W)NCp7 (35-50)NCp7 @), Ala44(35-50)NCp7 (), and Ser49(3550)-
apopeptide3s), the absence of medium- or long-range NOEs NCp7 @) corresponds to the mean of two or three individual
suggests that this mutated apopeptide is essentially randomtitrations. Error bars are within the experimental points. The solid

The pH titration of the thiol group of each cysteine was lines correspond to the fits with eq 3 and the data of Table 3.
site-specifically investigated by monitoring the chemical shift o )
of the resonances of tifeprotons used as a sensitive reporter this proton indicates that at least two groups contribute to
of the deprotonation process (Figure 3). With the exception the variation of the chemical shift (Figure 3). An adequate
of Cys49, the distinction between the chemical shifts of the fit of the experimental points is obtained with a model
two HB protons of a given residue was not possible, in assuming a sequential titration of two noninteracting pro-
variance with the native (3550)NCp7. This apparent tonating groups:
difference is probably due to the use of a spectrometer
operating at 400 MHz instead of 600 MHz. Nevertheless, Op+ 0p x 1O°HPRar 4 5, x 1 QPPH PRarPRaz
the data show very strong similarities with the corresponding = 1 + 10PHPKa - Q2PH-PRarPKaz (2)
Cys residues of (3550)NCp7 B5). In the case of Cys36
and Cys49, the pH dependence of thgrddsonances is well
fitted with a single K, using the equation

where do, 01, andd, are the chemical shifts of the acidic,
intermediate, and basic forms, respectively. The tWQ p
S 4s 1OPH-PKa values are 7.9 0.3 and 8.7+ 0.3. The more acidick, is
§ = —max T Zmin x 1) close to that of Cys36, while the most bask¢,pby analogy
1+ 10°HPKa to the wild type, can be attributed to the deprotonation of
the thiol group of Cys39. This suggests that thjs ptoton
where¢ is the measured chemical shift at a given pH and in the Cys39 side chain acts as a reporter of the deprotonation
Omax aNddmi, are the chemical shifts of the acidic and basic of both the Cys36 and Cys39 thiol groups. In conclusion,
forms, respectively. The identity of thé&Kpvalues with those  our data strongly suggest that the protonation of a given
of the corresponding Cys residues in the wild-type sequencezZn?-coordinating residue in a single-point mutant is similar
(Table 2) strongly suggests that the substitution of His44 to that of the corresponding residue in the native{38)-
with Ala does not affect the protonation of the Cys residues, NCp7.
in line with the independence of the protonating gro@s. ( pH Dependence of the ZnBinding Properties of the
The similarities between Ala44(3%0)NCp7 and (3550)- Single-Point Mutantdn Figure 4, the apparent Zhbinding
NCp7 are further underlined by the reproducibility of the constant Kapy 0f each single-point mutant is plotted as a
anomalous pH dependence of the chemical shift of ofie H function of pH. In line with the analysis of the binding of
proton of Cys39. Indeed, the profile of the titration curve of Zn?>* to the wild-type peptide, the equilibrium reaction
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LH, + zZn2+

y H,0
KH]

LHy + H+ + Zn3+ ~~————— LH,— Zn2\+ + H+

y H,0 H,0
KMHZ
KHZ

K
LH2 + 2H+ 4+ Zn2+ —2 w» |H >Zni+ + 2H+

4 L H,0 H,0
K
K MH3
H3 K

M3
L 4 3H+ + Zn2r === L = Zn% +3H"

H,0 H,0
Ky
Ky

+ 4H* + Zn2+ —
OH"

FiIGURE 5: Scheme of Z&" binding to the single-point mutants of

(35—50)NCp7. Only the Z#A-bound water molecule acting as a

fourth coordinating residue in the holopeptide is indicated in the

scheme.

I(Ml [

I(MI-M

L = Zn2+ + 4H+
OH"

L3

Bombarda et al.

necessary for a good fit over the investigated pH range. This
suggests that in addition to the fully deprotonated L(Q¥h
species, both L(kD)Zn and LH(HO)Zn species may also
be populated, at least in the most acidic part of the
investigated pH range. In contrast, no significant amount of
LH2(H20)Zn seems to be present in the same pH range. The
Km2—Kwma Values are reported in Table 3. In keeping with
the data at pH 7.5, the stability constaiify4, of the fully
deprotonated peptide gives the following sequence: Ala44-
(35—50)NCp7> Ser49(35-50)NCp7> Ser39(35-50)NCp7

= Ser36(35-50)NCp7. In contrast, the comparison of the
values of eitherKy, or Kys provides a slightly different
order: Ala44(35-50)NCp7> Ser49(35-50)NCp7= Ser36-
(35—50)NCp7> Ser39(35-50)NCp7. Noticeably, while the
Kma/Kwus ratio strongly varies among the mutants, g/

Kwmz ratio varies only within a factor of 3 among the various
mutants.

Since the coordination geometry is uncertain for Ser36-
(35—50)NCp7 and Ser39(3%0)NCp7, additional attempts
were made to fit the experimental data of these two mutants
with a model including two molecules of water as the fourth
and fifth coordinating residues. Akp of 10 was assumed
for both molecules. Th&y; values were recalculated, and
eqg 3 was extended to include the stability constig, of

scheme expected to describe metal binding to the single-the L (OH"),Zn species. In both peptides, tkgs value was

point mutants from a macroscopic point of view is given in
Figure 5. From this scheme, we can derive the following
equation to account for the pH dependence&gj;

Kapp= {Kma + KyzKpaH +] + KyoKngKpsH +]2 +
Kt KniaKriaKpolH T L + K [H T+ KiyyKggH 1P +
KiaKpaKialH T° + KiiaKugKioKaH 1% (3)

where theKy; constants represent theZrbinding constants.
The macroscopic protonation constari{s;, of the various
apopeptides (Table 3) are calculated from tlig palues
(Table 2) using a model accounting for noninteracting
groups:

Kha = Kap 1 Ko + Ky T Ky (4)

Kis =

(Kiy2Kiz + Knakns 1 KuKig T Kiokig + KuoKig + Kugkia)/
Kha

Knz =

(ki1KrioKeaz 1 KaKioKiag 1 KuaKugkig 1 KaoKigkia)/
KhaKns

Kz = KuaKnoKaka/ KnaKsKin,

whereky = 10°%X), with X; (i = 1—3) corresponding to
the three intrinsic Z#-coordinating residues of a given
mutant. A g<, of 6.4 was used for His44 when preseBb)

A pK, of 10 was used for Xwhich corresponds to the zinc-

lower than theKy, value, while theKy,—Kya values were
very similar to those calculated on the basis of a four-
coordinate complex. This suggests that the putative fifth
coordinating residue would only marginally stabilize the
complexes of both mutants with €o

Finally, the protonation constant§yns andKyus, of the
holopeptide forms could be deduced from the following
equation:

KniKmi-1)

KMi (5)

Kmni =

The values are reported in Table 3. TRgu4 values of the
various mutants are much higher than kg4 value of the
native holopeptide35) and are in the range of the pro-
tonation constants of the Zibound OH groups in the holo
forms of various enzymes and model compounds with a
similar number of thiolate and His ligands1 52). It may
thus be reasonably concluded that in keeping with our
scheme in Figure 5, the step governeday, in the mutants

is dominated by the acigbase properties of the Zitbound
water molecule. In contrast, thé@uns value is~10° M~1in

all the mutants with the exception of Ser49(3D)NCp7
and is thus close to theuns value of the native holopeptide.
This suggests that the associated step may be dominated by
the acid-base properties of a Zhcoordinating residue
belonging to the peptide. According to the sni@llis value

of Ser49(35-50)NCp7 compared to those of the other
mutants, this Z#-coordinating residue may tentatively be
ascribed to Cys49. Moreover, it results from gy values

bound water molecule, acting as the fourth coordinating of the various mutants that the LH{8)Zn species may only

residue $0).

The pH dependence f,p, for the various mutants was
fitted with the logarithmic form of eq 3. Since it is expected
thatKus > Kmz > Kyz > Ky, the numerator was progres-
sively reduced to check if a good fit was still obtained. It
results from this study that the parametétg,—Kus are

be populated at pH<6. In addition, since no significant
amount of LH(H»0O)Zn may be present at pH4.4, an upper
limit of 1 x 10* M~ can be assumed fd€yp..

pH Dependence of the Fluorescence of thé"ZBound
Mutated Peptidesin a previous work, we have observed
that the quantum vyield of Trp37 strongly depends on the
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Table 3: Equilibrium Binding Parameters for the Binding of?Zo the Single-Point Mutants of (3%50)NCp7

Ser36(35-50)NCp7 Ser39(3550)NCp7 Alad4(35-50)NCp7 Ser49(3550)NCp7

K (M1 2.7+ 0.6)x 10° 2.7+ 0.6)x 10° ©+2) x 107 (2.7+0.6)x 10°
Kiiz (M~2)2 (5+ 1) x 1C° (114 0.4) x 1C° (6+2) x 1° (1.0+ 0.4) x 108
K (M~1)2 2.3+ 0.6) x 10° (1.8+ 0.6) x 10° 2.4+ 0.6) x 10° 8+ 3) x 10°
Kia (M~1)2 (1.3+0.1) x 10 (1.240.1) x 101 (1.3 0.1) x 10 1.1+ 0.1) x 10
Ky (M1 <2 x 107 <2 x 107 <6.0x 10° <2 x 107

Kz (M2 (1.0+0.7) x 107 (1.3 0.8) x 10° (6+2) x 10° (1.5+ 0.5) x 107
Kus (M~1)¢ (2.4+ 0.1) x 104 (2.7+ 0.5)x 10 (1.5+ 0.5) x 10 (9.8+ 0.4) x 104
Kwa (M2)¢ (1.24+0.2) x 102 (144 0.3) x 102 (7+2) x 104 (1.7+0.2) x 10
Kynz (M~1)d <1x 10¢ <1x 10 <1x 10¢ <1x 10¢

Kz (M) (9.6+ 0.5)x 10° (8.7+ 0.5)x 10* (1.0+ 0.2) x 1P (1.2+0.2)x 10"
Kwa (M~1)e (2.6+0.5) x 10° (2.3+£0.2)x 107 (3.0+0.5) x 1@ (6.3+0.5) x 107

a Proton binding constants are calculated with eq 4 from thevalues of Table 2 and assuming k& of 10 for the Zi#™-bound water molecule.
b Calculated from eq 5 assuming th&in, < 10* ML, ¢ Calculated from the fits of the experimental data of Figure 4 with ejUper limit
deduced from Figure #.Calculated from eq 5.

of saturating Z&" concentrations, the apopeptide concentra-
tion may be neglected. Moreover, since both LKHZn

and LH(H.O)Zn species are expected to be only partially
structured, their fluorescence is assumed to be similar to that
of the apopeptide. In contrast, since no fluorescence change
could be observed in the pH range 6, the fluorescences

of the L(OH)Zn and L(HO)Zn species are assumed to be
identical. Finally, according to the binding data, the :H
(H20)Zn concentration is assumed to be negligible in the
investigated pH range. It may thus be readily inferred that
the ratio between the fluorescentgeat a given pH and that

at basic pH/onzn, is given by

1.0

0.8

0.6 4

Fluorescence intensity

04 T T LR S T n T T L IL 2
4 5 6 7 8 9 10 1+ KMH4[H+] + | KMHAKMHB[H +]
H | _ L(OH)Zn (©)
p =
L orzn 1+ KynalH T+ KypaKialH T2

Ficure 6: pH dependence of the fluorescence intensity of tié-Zn
bound forms of the single-point mutants of (330)NCp7. The lines
correspond to the fits of the experimental points of{88)NCp7

(0), Ser39(35-50)NCp7 @), Ala44(35-50)NCp7 (), and Ser49- data of both Ser39(3550)NCp7 and Ala44(3550)NCp7

(35-50)NCp7 @) to eq 6. peptides is obtained with ks value of (1.0+£ 0.1) x 10°

folding of the holopeptide and decreases dramatically when M in excellent agreement with the values recovered from
the zinc-coordinating groups protonags), Moreover, ithas ~ the pH dependence &k, (Table 3). Moreover, &z value
been shown that the pH dependence of the fluorescence off (2% 1) x 10*M~*is obtained from the titration of Ser49-
the native (35-50)NCp7 holopeptide could be used to (35—50)NCp7, again in excellent agreement with the data
determine independently théuns value. Herein, we apply ~ ©f Table 3.

the same approach to the holo forms of Ala44{38)NCp7,
Ser39(35-50)NCp7, and Ser49(3%0)NCp7.

As for the native peptide, no fluorescence change is Zinc finger motifs are classified as structural metal binding
observed for the mutants in the pH range ef%(Figure 6). sites in which the Z# coordination sphere is constituted
Since theKyns values of the three peptides are between exclusively by endogenous residués) In agreement with
6 x 107 and 3x 10° M1, this indicates that no fluorescence this classification, the high affinity of the distal finger motif
change accompanies the protonation of the first*Zn  of NCp7 for Zr#* has been clearly related to the four?Zn
coordinating group in the holopeptide. This confirms that coordinating residues3b, 36). To further analyze the role
the first protonation step is dominated by the?Zbound of each coordinating residue in the binding process, we report
OH~ group. Indeed, since this group does not belong to the here the effects of independently mutating each of these
peptide, its protonation is not expected to change the folding residues to a noncoordinating residue. By using'Cae
of the peptide around 2Zh and hence Trp37 fluorescence. have first established that both Ala44(350)NCp7 and

At a more acidic pH, a dramatic fluorescence decrease of Ser49(35-50)NCp7 mutants bind the metal cation through
the three mutants is observed. However, while the pH a distorted tetrahedral geometry with the vacant ligand
dependence of the fluorescence intensities of both Ala44- position presumably occupied by a water molecule. A similar
(35—50)NCp7 and Ser39(3%0)NCp7 holopeptides is strik-  conclusion has been reached with a truncatgdi Zinc finger
ingly similar to that of the native peptide, a clear shift toward peptide 64) or a GH, peptide in which one His residue has
a lower pH is observed for Ser49(350)NCp7. To fit the been replaced with an alanirgs. In contrast, discrimination
data of Figure 6, we use a reasoning similar to that in our between four- and five-coordinate geometry could not be
previous paperdb). In short, since we are in the presence achieved for the complexes of Ser36(3)NCp7 and

Using theKuns value of Table 3, an excellent fit of the

DISCUSSION
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Ser39(35-50)NCp7 with C8". However, the _Z# binding . Table 4: Free Energies (kJ/mol) Associated with the Various Steps
data suggest that the molecule of water acting as a putativeof the Binding of ZA* to the Single-Point Mutants of

fifth coordinating residue would only marginally stabilize (35-50)NCp7

the complex and not affect our conclusions based on a model Ser36- Ser39- Aladd- Ser49-

with four-coordinate geometry. (35-50)-  (35-50)-  (35-50)-  (35-50)-
By 'H NMR, we have additionally shown that the&p NCp7 NCp7 NCp7 NCp7
values of the three Cys residues of Ala44t3®)NCp7 in AAG? -12.9 -11.2 —26.8 -12.9
its apo form are similar to those of the native {3®)NCp7 AAG,-—* —26.3 —23.1 —28.0 —27.3
; ; ; ot AAG g —24.6 —24.2 —24.7 —27.0
apopeptide, suggesting that mutation of one coordinating AAG.a 300 061 375 _126
residue does not affect theKp values of the remaining AAGHD 283 —336 —126 —24.9

residues. This conclusion can be extended to the other TANG ] — , , —

. . i—i+1 1S the free binding energy associated with the binding
mutants since an excellent fit of the pH dependencié.gf of the ith coordinating residue to 2h calculated with the equation
(Figure 4) is obtained in each case by using tHg yalues AAGi11 = —RT In(Kwi+/Kui), whereKyi and Kyi+1 are given in
determined for the wild-type peptide. This last test is rather Table 3.° AAG* is the free energy associated with the substitution of
sensitive since simulations show that a shift of oig py a ?iVT“ ZdﬁtFﬁOLdinating_gﬁdée WithRaT Torlfvsg[ginating OHE and is

H H ifi i T calculated with the equati = — n , where

only 0.5 unit significantly decreases the' quality of the fit is the Zr¥* binding pagmetermr the fully deér&%ne@df&ﬂ))NC“ﬁ?
(date_‘ not shown). By analogy to the native {3D)NCp7 apopeptide 5) and Kys is the Zr#* binding parameter for a given
peptide 85), the anomalous behavior of ongghiesonance  single-point mutant.
of Cys39 in Ala44(3550)NCp7 may be linked to the
formation of a hydrogen bond network that weakly structures deprotonation of the Zr-coordinating residues in the
the Cys36-Cys39 segment. This structured segment may mutated apopeptides is almost sequential. This implies that
constitute an important feature for folding of the peptide by Ky describes the constant for binding ofZrto the three
acting as a nucleation center. intrinsic Zrét-coordinating residues in each mutant. Thus,

The Zrt* binding constants of the four single-point the comparison of thKys value of a given mutant with the
mutants at pH 7.5 are in the same range as those of#ig C Ky, value of the native peptide provides a direct estimation
motifs of eukaryotic transcription factor§&). They are also  of the free energyAAG*) associated with the binding of
similar to the ZA" binding constants of various Zn Zn?* to the mutated coordinating residue (Table 4). The large
containing enzymess(7). This feature was not unexpected free energy associated with the substitution of Cys39 is
since the catalytic sites of most Zncontaining enzymes  probably related to the small entropy gain resulting from this
are also characterized by three protein ligands to zinc andsubstitution. Indeed, the increase in the level of conforma-
an “open” fourth ligand position typically occupied by water tional freedom of the peptide segment in which Cys39 has
or a hydroxide ion%8). As a consequence, the loss of viral been substituted is probably limited by the Cys36 and His44
infectivity that follows the substitution of one Zh residues which anchor this segment to*Zrin contrast, a
coordinating residue with a noncoordinating one in vi¥p ( more dramatic increase in the flexibility is expected for the
12) may not be related to a total loss of Znbinding. In peptide segments in which either Cys36 or Cys49 has been
contrast, preliminarH NMR data (data not shown) and substituted since in both the cases, the mutated segment is
the differences in the fluorescence properties of Trp37 anchored to Z# by only one coordinating residue.
between the mutants and the native holopeptide suggest that From the comparison dfysz with Ky, (Table 3), it appears
the mutations induce large structural changes. This conclu-that the stabilization-24.2 to—27 kJ/mol) afforded by the
sion is in line with theoretical studies predicting that these binding of the third coordinating residue is in keeping with
mutations are expected to drastically degrade the nativethe free energy of Zt binding to the thiolate group of free
protein structure by disrupting the interior scaffold of NH Cys (@8). Furthermore, from the hypothesis that gy,
bonds and coupled NHO interactions§9). Large structural  value is lower than 10M 1, we can also calculate an upper
changes have also been evidenced when either His23 idimit for Ky, (Table 3). This, in turn, enables us to calculate
replaced with Cys@0) or Cys28 is replaced with Hi6() the stabilization energies associated with the binding of the
in the proximal finger motif. Both mutations have been first and second coordinating residues tgZ(rable 4). In
shown to modify the folding around the metal atom and Ala44(35-50)NCp7, the energies (approximateh27 kJ/
induce a loss of proximity between the two finger motifs mol) associated with each step are consistent with the binding
and/or a change of the spatial orientation of the amino acid of Cys residues. A similar energy is associated with the
side chains critically involved in nucleic acid interaction. binding of the second coordinating residue to?Zin the
Moreover, the unusually high Zhbinding constants of the  remaining mutants, while a11 to —13 kJ/mol energy is
finger motifs of NCp7 have been recently linked to the need associated with the first one. This strongly suggests that in
for NCp7 to outcompete the host proteins for the full zinc the latter mutants, the first step (governed Ky) of the
pool in the host cell§2). Since the affinity of the single-  scheme in Figure 5 is dominated by the binding of His44 to
point mutants is at the same level as that of the host proteins,Zn?>*. Moreover, since the free energies inferred for the first
this may not be sufficient to allow their saturation by zinc Zn?* binding step (Table 4) are in good agreement with the
and contribute to the loss of viral infectivity. values expected from the sequential model, it is likely that

Additional information can be extracted from the pH Ky, is close to the upper limit reported in Table 3. Taken
dependence oKy, Since the K, values of the Z#'- together, our data further substantiate the hypothesis that in
coordinating residues differ substantially from each other and agreement with the “zipper” modelb®), the sequential
are at least 0.7 unit lower than th&pvalue of the Z#A*- deprotonation of the Zi-coordinating residues may induce
bound water, it results that, as in the native peptg#, the a stepwise binding to 2n (35). Using this hypothesis, it
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Ficure 7: Schematic representation of the aclhse equilibrium of Cys49 in the (3%0)NCp7 holopeptide. The intermediate species
with Cys49 in its thiolate form is thought to be highly susceptible to electrophilic agents. In addition, the protonation of Cys49 is thought
to induce a conformational lability that may favor the access of the electrophilic agents.

could be further deduced from the comparison of AreG derivatives. It results that thekg of Cys49 is~5.0 in the
values in Table 4 that the stabilization afforded by a given holo form and is thus 4.3 units lower than in the apo form.
residue may be modulated by the entropic contribution This may be mainly attributed to the repulsive electrostatic
associated with the residues that are already bound3a Zn interactions exerted by the positively charged cation toward

Both the highkyp, value and the absence of fluorescence protons 64) as well as to NH-S interactions that are thought
change associated with the first protonation step of the to decrease thelfy of Cys residuesH9). In addition, from
mutated holopeptides strongly suggest that this step mainlythe Kuns value of Ser49(3550)NCp7, we further conclude
describes the protonation of the hydroxide ion bound ®Zn  that the K, values of Cys36, Cys39, and His44 could not
Moreover, if we assume that the Zrcoordinating groups  exceed 4.3 in the holo form of the various 350)NCp7
protonate independently in the holopeptide, iyg;i values derivatives.

may be expressed as One important consequence of our data is that Cys49 may
. act as a switch for Z1 dissociation in the distal finger motif
Kya = Kuina T Kuiz T Kuis + Kwa of NCp7, especially if dissociation is induced by a pH
Kz = KynaKunz T KvnaKuns T+ KasaKune T decrease. Moreover, this critical function of Cys49 may

additionally contribute to the high susceptibility of this
Krzkra T KirzKra 1 KirsKira) Kuna (7) residue to electrophilic attack. At pH 7.5, the percentage of
1 1 0
Kz = Kz KunzKunz T KunaKuroKuna T Er?tonatgéj Cys4$|9 is very low, be;lng or)lyo.3A)|of tlhe )
Kok ki) KoK olopeptide population. However, for a given molecule, the
Kyt KutriaKira H2BMH3TMH4/T T AMHATIMH3 holopeptide species with a protonated Cys49 residue are

wherekyn = 10609, with X; (i = 1—3) corresponding probably transient anc_i cycle rapidly back to the fully
to the intrinsic Zﬁ*-cobrdinating residues and,Xcorre- deprotona_ted holopeptide form. As a consequence, every
sponding to the water molecule acting as the fourth coor- mol_ecule_ls expected o go throug_h this cycle W'th time.
dinating residue. Since in all the mutants g4 value is Dl_mng this cyclg, Cys49 may t_rans_|ently appear in its free
at least 1 order of magnitude higher than tig.s value thiolate form (Figure 7) which is highly sensitive to elec-
(Table 3), it may be concluded from eq 7 théfus ~ kune trophile agents and, thus, contributes to the high susceptibility
and henéeKMH4 is directly connected to theka of the Zr?*- of Cys49 to these agent81—33). In addition, the protona-
bou,nd Watér molecule in the holopeptide. TKigu, value tion of Cys49 may also induce an increased conformational
of Ser36(35-50)NCp7 is fully consistent with theky of ﬂeX|b|I|ty.of. the C_:—termm_al end of the pepnde. Th|_s
bound water in enzymes or model compounds that also hypothefss IS consistent with the conformational ﬂ?).('b'l'ty
coordinate ZA" through two Cys residues and one His of the distal fmger mqtlfobserved by NMRg). In addition .
residue 1, 52). In contrast, the significantly lower values to the large increase in the level of exposure of Cys49 which

measured with Ser39(350)NCp7 and Ser49(350)NCp7 is related to the 60675% lower electrostatic screening of

) o this residue as compared to the other NCp7 thiola®&, (
may be related to the influence of a close positively charged . L ) ) \
Lys side chain that may increase the electrophilicity of the the increased flexibility of the C-terminal end of the peptide

metal jon. The same explanation probably holds true for may further favor the steric access of Cys49 to electrophile

Ala44(35-50)NCp7 since its higher thiolate content was agents.

expected to lead to a much highefpvalue for the Z#@t- ACKNOWLEDGMENT
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