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ABSTRACT: The kinetics of Zn2+ binding by two point-mutated forms of the HIV-1 NCp7 C-terminal zinc
finger, each containing tridentate binding motif HCC [Ser49(35-50)NCp7] or CCC [Ala44(35-50)-
NCp7], has been studied by stopped-flow spectrofluorimetry. Both the formation and dissociation rate
constants of the complexes between Zn2+ and the two model peptides depend on pH. The results are
interpreted on the basis of a multistep reaction model involving three Zn2+ binding paths due to three
deprotonated states of the coordinating motif, acting as monodentate, bidentate, and tridentate ligands.
For Ser49(35-50)NCp7 around neutral pH, binding preferentially occurs via the deprotonated Cys36 in
the bidentate state also involving His44. The binding rate constants for the monodentate and bidentate
states are 1× 106 and 3.9× 107 M-1 s-1, respectively. For Ala44(35-50)NCp7, intermolecular Zn2+

binding predominantly occurs via the deprotonated Cys36 in the monodentate state with a rate constant
of 3.6 × 107 M-1 s-1. In both mutants, the final state of the Zn2+ complex is reached by subsequent
stepwise ligand deprotonation and intramolecular substitution of coordinated water molecules. The rate
constants for the intermolecular binding paths of the bidentate and tridentate states of Ala44(35-50)-
NCp7 and of the tridentate state of Ser49(35-50)NCp7 are much smaller than expected according to
electrostatic considerations. This is attributed to conformational constraints required to achieve proper
metal coordination during folding. The dissociation of Zn2+ from both peptides is again characterized by
a multistep process and takes place fastest via the protonated Zn2+-bound bidentate and monodentate
states, with rate constants of∼0.3 and∼103 s-1, respectively, for Ser49(35-50)NCp7 and∼4 × 10-3

and∼500 s-1, respectively, for Ala44(35-50)NCp7.

Among the naturally selected metal cations, Zn2+ displays
a large variety of structural and catalytic roles (1). One of
the most striking examples of its structural role is represented
by the zinc finger proteins, where folding is completely
linked to metal coordination. Here, Zn2+ binding provides a
favorable driving force directing the folding of the polypep-
tide chain from its unfolded to its functional, highly
constrained structure (2-6). The folded conformation of the
complex is required to promote selective nucleic acid
binding, representing one principal function of zinc finger
proteins. The tetrahedrally coordinated metal binding domain
of each zinc finger protein consists generally of Cys-His

arrays, such as CCHH, CCCC, and CCHC (7, 8). Among
the known CCHC motifs, the C-X2-C-X4-H-X4-C sequence
(X being a variable amino acid residue) is found to be the
shortest. It is also termed the retroviral type zinc finger
because it is found in all retroviral nucleocapsid proteins
(NCps), with the only exception being spumaretrovirus.
Additionally, this motif is present in the coat protein of the
cauliflower mosaic virus, a protein of theDrosophila
transposable elementcopia, and some human cellular nucleic
acid binding proteins. A common feature of all proteins
containing the retroviral CCHC motif is their involvement
in sequence-specific single-stranded nucleic acid interactions
(9, 10).

The nucleocapsid protein of HIV-1, NCp7, is crucially
involved in several key steps of the viral life cycle (RNA
packaging, reverse transcription, and integration) through
interactions with single-stranded nucleic acids and viral
proteins (11-16). The binding of Zn2+ to its two retroviral
CCHC motifs and the proper folding of these motifs are
found to be critical for the major functions of NCp7. Indeed,
amino acid mutations that prevent or affect Zn2+ binding
induce the formation of noninfectious particles (17-22). The
critical role of NCp7 zinc fingers in multiple phases of the
HIV-1 replication cycle together with the occurrence of
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highly conserved residues in their sequence makes these
domains attractive targets for antiviral drugs (23-26). In this
context, the knowledge of the molecular coordination mech-
anism involved in zinc finger folding will not only be of
fundamental scientific relevance but also help in the develop-
ment of new strategies for impairing Zn2+ binding. However,
except for some initial studies related to the CCHC zinc
finger motifs (27, 28), no detailed report about the kinetics
of metal binding by a zinc finger peptide has been published
so far.

In a previous study, we have characterized the equilibrium
Zn2+ binding properties of the C-terminal CCHC motif of
NCp7 as a simple but relevant model of the retroviral CCHC
motifs (29-31). Metal ion coordination is markedly pH-
dependent. Moreover, it has been suggested that the signifi-
cant differences in the degree of deprotonation of the four
coordinating residues lead to a nearly sequential, stepwise
binding process (30).

To understand the dynamics of binding and thus also the
mechanistic aspects, we report here a detailed kinetic Zn2+

binding study at different pH values for two point-mutated
forms of the C-terminal zinc finger motif of NCp7. The time
course of the reaction was followed by the stopped-flow
technique under anaerobic conditions using the intrinsic
fluorescence of the naturally occurring Trp37 residue of the
peptide. Mutated proteins are commonly used to investigate
the folding mechanism and determine the involvement of
intermediates or transition states (32, 33). Therefore, in the
study presented here, we have investigated the relationship
between metal binding and peptide folding for two charac-
teristic point-mutated peptides, Ser49(35-50)NCp7 and
Ala44(35-50)NCp7 (cf. Chart 1; mutated residues are
underlined) that have been shown previously to bind Zn2+

with high affinity (31). These peptides act as tridentate
ligands, where the originally occurring Cys49 in the former
and His44 in the latter peptide have been substituted with
noncoordinating serine and alanine, respectively.

Our data clearly indicate that Zn2+ binding and dissociation
have to be considered multistep processes, where intermedi-
ate states are involved in the reaction path under physiologi-
cal conditions. Moreover, the mechanistic analysis of the
mutated peptides investigated here provides relevant clues
for the interpretation of the more complex binding behavior
of the native peptide. Indeed, it is thought that the intermedi-
ates and the final state formed upon complex formation
between Zn2+ and the tridentate mutant peptides will also
be involved in Zn2+ coordination by the natural, tetradentate
(35-50)NCp7 peptide.

MATERIALS AND METHODS

Materials and Preparation of Solutions. The point-mutated
analogues of the (35-50)NCp7 peptide, Ser49(35-50)NCp7

and Ala44(35-50)NCp7, were synthesized in their apo form
as previously described (34). The buffers were chosen to
cover the following pH ranges:N,N′-diethyl-N,N′-bis-
(sulfopropyl)ethylenediamine (DESPEN, GFS Chemicals) for
pH 4.7-5.6, 2-(N-morpholino)ethanesulfonic acid (MES,
Microselect for luminescence, Fluka) for pH 5.6-6.8, and
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES,
Microselect, Fluka) for pH 6.8-8.5. To minimize interactions
between electrolyte anions and free or bound zinc ions,
perchlorate salts were used. The ionic strength was always
fixed by addition of NaClO4 (purissimum p.a., Fluka). The
pH of the solutions was adjusted with concentrated NaOH
and HClO4 (Suprapur, Merck). The Zn2+-containing titrant
solutions were prepared with Zn(ClO4)2 and degassed prior
to use. All the solutions were prepared in LDPE (low-density
polyethylene) flasks using Milli-Q (Millipore) filtered water
(>17 MΩ/cm). The experimental conditions were such that
hydrolysis of zinc ions was prevented. The peptides were
dissolved in degassed buffer and kept in quartz cells (Hellma)
under an argon atmosphere. The SH content of the free
peptides during the experiments was decreased by less than
15% as checked by titration with 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB, Fluka) (35, 36).

Absorption and Fluorescence Spectroscopy.Peptide con-
centrations were determined from the absorption spectra
recorded on a Cary 100 (Varian) or HP8450A (Hewlett-
Packard) double-beam spectrophotometer, using a molar
extinction coefficient of 5700 M-1 cm-1 at 280 nm.
Fluorescence spectra were recorded with a Fluorolog 212
(Spex) spectrofluorimeter, equipped with a thermostated
cuvette holder. Excitation was set to 280 nm. Excitation and
emission bandwidths were 4 nm. The temperature was fixed
at 20( 0.5 °C. An inert argon atmosphere was maintained
inside the sample cell all over the measurements.

Stopped-Flow Binding Kinetics. Kinetic measurements
were performed on a DX 17MV stopped-flow instrument
(Applied Photophysics) using absorption and fluorescence
detection (R1104 Hamamatsu photomultiplier). The excita-
tion source was a 200 W mercury-xenon lamp (Hamamat-
su). The excitation wavelength was set to 280 nm by a
grating monochromator (Kratos GM 252, Polytec). No
photobleaching was observed under the applied experimental
conditions. The emission signal was selected by a 3 mmthick
345 nm cutoff filter (Schott). An instrumental dead time of
1.6 ( 0.2 ms was determined by employing the reaction of
N-bromosuccinimide andN-acetyl-L-tryptophanamide as
previously described (37). We used Kloehn syringes sup-
plying equal volumes of ca. 50µL of both solutions for the
mixing process. To induce mixing, a pressure of 6 bar was
applied. The cell unit was thermostated at 20( 0.2 °C.
Unless specified differently, all reported concentrations of
reactants correspond to those after mixing. Pseudo-first-order
conditions were ensured by applying Zn2+ concentrations that
were at least 10-fold higher than the peptide concentration.
In this way, the formation of a 2:1 complex (two peptide
ligands per cation) that may occur under conditions where
the peptide concentration is much higher than that of metal
cation (38, 39) is excluded, and only the formation of a 1:1
complex for both peptides needs to be considered. The range
of applied total Zn(ClO4)2 concentrations was dependent on
pH and ranged between 15µM and 20 mM. At the
overlapping pH values of 5.6 and 6.8, the measurements were

Chart 1
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carried out in two different buffers to check for potential
buffer effects. No inconsistency in thekobs values greater
than 10% was observed. For every set of concentrations,
typically, four to seven individual time courses were recorded
under the same experimental conditions. Because of instru-
mental dead time limitations, onlykobs values up to∼400
s-1 were considered.

To perform the kinetic experiments under anaerobic
conditions, the stopped-flow apparatus was used in a home-
built setup consisting of a glovebox containing an atmosphere
of purified nitrogen (quality, 4.6).

Calculation of the Outer-Sphere Equilibrium Binding
Constant.The equilibrium binding constant of the outer
sphere complex,Kos, can be calculated according to the
equation derived in ref40 for electrostatic point charges in
dilute solution (41)

with

whereΦ is the Debye-Hückel interionic potential energy
(in erg), 1/κ is the Debye length (in centimeters),r is the
center-center distance between the reactants (reaction
distance) in the outer-sphere complex (in centimeters),NA

is Avogadro’s number,z+ andz- are the formal charges of
the cation and ligand, respectively,qe is the elementary
charge (in Fr),kBT is the Boltzmann energy factor (in erg),
and I is the ionic strength (in moles per liter).D is the
dielectric constant of the solvent, given by the equationD
) ε/ε0 ) εrel, whereε0 is the dielectric constant of vacuum.
Because this equation refers to ion-pair formation, a neutral
ligand constitutes a separate case, which has also been treated
in previous studies (41-43). Indeed, it is obvious that as
the ligand charge approaches zero, the exponential term
approaches unity and eq 1a is reduced to

as derived independently for a diffusion-controlled reaction
under no electrostatic interaction conditions (43, 44).

In this context, we can calculateKos values for a variety
of ligand charges. In our study, we chose anr of 0.41 nm
given by the sum of 0.074 nm, the ionic radius of Zn2+ (45),
and 0.34 nm, the diameter of a water molecule (46),
separating cation and ligand in the outer-sphere complex.

Stopped-Flow Dissociation Experiments. For an indepen-
dent determination of the dissociation rate constantkoff,
dilution stopped-flow experiments were carried out at pH
e6.4 by using the instrumentation described above. The
solution of the preformed Zn2+-peptide complex in a 1 mL
syringe was mixed with buffer solution in a 2.5 mL syringe.
The dilution factor under these conditions was 3.5. For a
one-step reaction with Zn2+ in excess and a 3.5-fold dilution,

the observed rate constantkobs is given by (37)

which enables the determination ofkoff from a single
experiment, provided the formation rate constantkon is known
from previous association measurements (where [Zn2+]Tot is
the total Zn2+ concentration).

Kinetic Data Analysis.The evaluation of the kinetic data
for the determination of apparent rate constantskobs and the
amplitudes was carried out by including a dead time
correction in the form of a corresponding shift of 1.6 ms in
the time axis. All time-resolved kinetic phases (association
and dissociation experiments) could be analyzed with a
monoexponential function. The resulting value forkobs, which
represents the reciprocal decay time, is given as the arithmetic
mean together with the standard deviation of the correspond-
ing data set. All fitting procedures were carried out with
Microcal Origin version 6.1 based on the nonlinear least-
squares method applying the Levenberg-Marquardt algo-
rithm.

All equilibrium constants are expressed here as association
constantsK (reciprocal of dissociation constantKDiss). With
regard to protonation-deprotonation equilibria, this implies
that the value of logK corresponds to that of pKDiss.

RESULTS

Ser49(35-50)NCp7

Kinetic Analysis at a Single pH Value.The dynamics of
binding of Zn2+ to Ser49(35-50)NCp7 (Chart 1) was
investigated at pH 6.0, 20°C, and a constant ionic strength
under pseudo-first-order conditions by employing the anaero-
bic fluorescence stopped-flow technique. A single time-
resolvable fluorescence intensity increase was observed upon
the rapid mixing of the peptide with Zn(ClO4)2 solutions of
different concentrations. In Figure 1 (inset), the measured
time course upon the rapid mixing of 1.5µM Ser49(35-
50)NCp7 with 0.2 mM Zn(ClO4)2 in 50 mM MES/NaOH
(pH 6.0) at a total ionic strength of 0.15 M (adjusted with
NaClO4) is shown as a representative example. The resolved
kinetic phase could be fitted with a monoexponential
function. The experimentally determined dead time was taken
into account for the determination of allkobs values and
amplitudes by extrapolating the kinetic phase to the true time
zero (see Materials and Methods). No initial fast amplitude
change, corresponding to a not time-resolved kinetic phase,
was observed. The kinetic experiments carried out at a given
pH but at different concentrations of Zn2+ provided linear
concentration dependences ofkobs (Figure 1). The amplitude
of the resolved phase under the chosen conditions was
essentially independent of Zn(ClO4)2 concentrations because
almost all free peptide was converted to its metal complex.
Since protonation-deprotonation reactions of the peptide and
its cation complexes in buffered solution are very fast (47),
we assume that these reactions are more than 1 order of
magnitude faster than the stopped-flow mixing time. There-
fore, the resolvable process is attributed to binding of Zn2+

by the peptide. On the basis of the simplest possible kinetic
one-step binding scheme, where all deprotonation reactions
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are neglected (Figure 2a), the overall complex formation and
dissociation rate constants,kon andkoff, respectively, can be
determined from the linear Zn(ClO4)2 concentration depen-
dence ofkobs under pseudo-first-order conditions

At pH 6.0, we obtained values of (4.9( 0.2) × 105 M-1

s-1 and 3( 1 s-1 for kon andkoff, respectively (Figure 1).
Although thekobs values determined for the highest applied
Zn(ClO4)2 concentrations could have been underestimated
because they are close to the reciprocal value of the setup
dead time, the deviations from the expected linear concentra-
tion dependence according to eq 3 are small. Furthermore,
consistency with the simple reaction scheme shown in Figure
2a is confirmed by the fact that the ratio ofkon to koff, 1.6×
105 M-1, is close to the overall stability constant of 3.5×
105 M-1, determined by equilibrium titration (31).

pH Dependence of Kinetic Parameters.Since deprotona-
tion reactions are assumed to be involved in the Zn2+ binding
reaction (29-31), kinetic experiments were carried out
between pH 4.7 and 8.5 at 20°C and at a constant ionic
strength. The complex formation rate constant,kon, obtained
according to eq 3 for different pH values, is plotted versus
pH in Figure 3a. Thekon values increase with an increase in
pH until saturation is reached above pH 8. To describe the
observed pH dependency, an expanded kinetic reaction model
consisting of a single binding process, coupled to a single

preceding deprotonation step as the simplest possibility, is
applied first (Figure 2b). An interaction between the fully
protonated state LH+ of the coordinating ligand and Zn2+ is
excluded for electrostatic reasons. This scheme is described
by eq 4:

A fit of the experimental data given in Figure 3a shows
good consistency only at pHg6.0 and leads to a value for
formation rate constantk of (5 ( 2) × 107 M-1 s-1 and a
value for logKH of 8.1 ( 0.2. This logKH value suggests a
major involvement of the Cys36 residue, which is character-
ized by a deprotonation constant of 8.0 according to1H NMR
pH titrations of (35-50)NCp7 (30).

A better and chemically more realistic description of the
experimental results, especially below pH 6.0, can be
achieved if two successive deprotonation steps prior to
coordination are considered. This partial model is introduced
on the basis of the general reaction scheme shown in Figure
2c. It involves ligand states LH3+, LH2, and LH- together
with two subsequent Zn2+ binding steps (steps 1 and 2 in

FIGURE 1: Typical example of the kinetics of binding of Zn2+ to
Ser49(35-50)NCp7 (1.5µM) at 20°C in 50 mM MES/NaOH (pH
6.0) at a total ionic strength of 0.15 M. Dependence of observed
rate constantkobs vs total zinc concentration. The solid line is the
best fit of the data according to eq 3 for whichkon ) (4.9 ( 0.2)
× 105 M-1 s-1 and koff ) 3 ( 1 s-1. The inset shows a repre-
sentative kinetic experiment of the rapid mixing between 1.5µM
Ser49(35-50)NCp7 and 0.2 mM Zn(ClO4)2. The solid line
represents the best fit by a monoexponential function withkobs )
85 s-1. A dead time of 1.6 ms was taken into account (see Materials
and Methods). The concentrations refer to conditions after
mixing.

kobs) kon[Zn2+] + koff (3)

FIGURE 2: Kinetic reaction schemes. (a) Single-step binding reaction
scheme where deprotonation reaction steps are omitted. (b) Scheme
for a single-step binding reaction, characterized by formation and
dissociation rate constantsk andk-, respectively, coupled to one
preceding deprotonation process, characterized by equilibrium
constantKH. (c) General reaction model of binding of Zn2+ to
Ser49(35-50)NCp7 (n ) 1) and Ala44(35-50)NCp7 (n ) 0),
where equilibrium constantsKHi, expressed as association constants,
characterize the deprotonation of the unbound andKMHi those of
the zinc-bound ligand;ki andk-i are the formation and dissociation
rate constants, respectively, of theith metal binding step. Binding
steps 2 and 3 and in particular both intramolecular coordination
steps involve folding elements.

kon ) k

1 +
KH

10pH

(4)
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Figure 2c). Under these conditions, eq 5 is applied for the
fit of the pH dependence ofkon (48):

The slope in the low-pH region of the experimental curve
in Figure 3a can be adequately described by the additional
deprotonation step. However, the available kinetic data below
pH 6.5 do not permit a quantitative determination of the
corresponding proton dissociation constantKH1. On the basis
of the results of1H NMR pH titrations of (35-50)NCp7
(30), we assign the value of 6.4 to logKH1, which mainly
accounts for the deprotonation of His44. This value will be
applied for all following calculations. Thus, on the basis of
eq 5, values of 7.8( 0.1 for log KH2, (1.0 ( 0.2) × 106

M-1 s-1 for k1, and (3.9( 0.8) × 107 M-1 s-1 for k2 were
obtained. This model does not imply that the His44 side chain
must be bound prior to that of Cys36. Under our experimental
conditions, it is more likely that bidentate ligand state LH-

binds faster because its rate constant is higher than that of
the monodentate state, even if the latter state predominates.
Since Cys36 is negatively charged in the bidentate ligand
state, it will coordinate before His44 and thus will bind first,
representing the corresponding rate-limiting process. Notice-
ably, an analysis based on a kinetic reaction model consisting
of two deprotonation steps of the free ligand, characterized
by KH1 andKH2, but followed only by the single Zn2+ binding
step 2 is clearly not consistent with the experimental data
(dashed and dotted line in Figure 3a). Therefore, this simple
model is excluded.

The scheme shown in Figure 2c, comprising all three
binding steps, represents the complete reaction scheme
expected for a tridentate ligand and is described by the
following equation:

Unfortunately, the available experimental data do not
permit a precise quantitative analysis on the basis of eq 6.
Indeed, data points required to accurately determine thek3

value could not be obtained because the binding reaction at
pH >8.5 is too fast to be resolved by our setup. To obtain
an estimate ofk3, simulations were carried out on the basis
of eq 6 by settingk1 equal to 1.0× 106 M-1 s-1 and by
fixing log KH1, log KH2, and logKH3 to 6.4, 8.0, and 8.9,
respectively, as determined by1H NMR pH titrations for
(35-50)NCp7. As an upper limit, we found thatk3 cannot
be larger than 2× 107 M-1 s-1. A similar value fork3 is
obtained when logKH2 is set to 7.8, which is the value
determined by our kinetic analysis (Table 1). This result for
k3 contradicts the expectation that for a flexible multidentate
ligand, k3 should be significantly larger thank2 as a
consequence of the increase in the negative charge of the
ligand.

We now consider the reaction paths for Zn2+ dissociation.
If the overall binding of Zn2+ to the model peptide is
analyzed as a one-step binding equilibrium under conditions
where deprotonation steps are omitted, we can easily
calculate the overall dissociation rate constantskoff for
different pH values, provided the related formation rate and
equilibrium binding constants are known. Values calculated
in this manner are illustrated in Figure 4a. Experimentalkoff

values, resulting either from the intercept of the Zn(ClO4)2

concentration dependencies ofkobs (providedkoff > 0.1 s-1)
or from time-resolved dissociation experiments, are in good
agreement with the calculated ones. The linear part of the
curve in Figure 4a is characterized by a slope of 2.0( 0.2,
indicating that at least two acidic groups control the
dissociation of Zn2+. This conclusion is consistent with the
reaction scheme in Figure 2c under the condition that the
dissociation process via step 3 is ignored due to an exces-
sively lowk-3 value, and dissociation occurs mainly viak-1.
The two dissociation rate constants,k-1 and k-2, together

FIGURE 3: pH dependence of the apparent formation rate constant
for the Zn2+ complex of Ser49(35-50)NCp7 (a) and Ala44(35-
50)NCp7 (b). Experiments were performed with a peptide concen-
tration of 1.5µM at 20°C and a total ionic strength of 0.15 M. (a)
The dotted line represents the fit to the experimental data using eq
4 which leads to the following: logKH ) 8.1 ( 0.2 andk ) (5 (
2) × 107 M-1 s-1. The dashed and dotted line represents the fit
according to eq 5, with logKH1 ) 6.4 as the fixed parameter and
k1 ) 0, which leads to logKH2 ) 6.8 ( 0.8 andk2 ) (2 ( 1) ×
107 M-1 s-1. The solid line corresponds to the fit employing eq 5
with only log KH1) 6.4 as the fixed parameter, providing logKH2
) 7.8( 0.1,k1 ) (1.0( 0.2)× 106 M-1 s-1, andk2 ) (3.9( 0.8)
× 107 M-1 s-1. (b) The solid line corresponds to the fit employing
eq 5 with logKH1 ) 8.0, logKH2 ) 8.8, andk2 ) 5.0 × 107 M-1

s-1 as fixed parameters, providingk1 ) (3.6 ( 0.4) × 107 M-1

s-1. Error bars of apparent rate constants below pH 6.2 are of the
size of the chosen symbols but smaller above pH 6.2.

kon )
k1 + k2

10pH

KH2

1 + 10pH

KH2
+

KH1

10pH
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k1 + k2

10pH
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with the two equilibrium constants,KMH2 andKMH3, can be
determined quantitatively according to eq 7:

A precise determination of all parameters by applying eq
7 is not possible. However, if we fix a value of 4.3 for

log KMH3 and assume a lower limit of 103 s-1 for k-1

according to equilibrium titrations (31) and simulations, a
k-2 value of∼0.3 s-1 results. Moreover, we found an upper
limit of 4 for log KMH2, the most acidic deprotonation step
of the Zn2+-bound peptide, in good agreement with equi-
librium binding data (31). TheKMHi values, which character-
ize a deprotonation step coupled to the subsequent coordi-
nation process, are several orders of magnitude larger than
the relatedKHi values (Table 1).

Finally, if the general model (Figure 2c), comprising all
three binding steps, is applied for the analysis of the complete
dissociation process, eq 8 is used and an upper limit fork-3

of 10-6 s-1 can be estimated. The parameters chosen for the
fitting curve in Figure 4a (solid line) are given in Table 1.

Ala 44(35-50)NCp7

Kinetic Analysis at a Single pH Value. A stopped-flow
study under the conditions described for Ser49(35-50)NCp7
was performed with Ala44(35-50)NCp7. At pH 6.0, Zn2+

binding is characterized by a single time-resolved kinetic
phase, providing again a linear Zn2+ concentration depen-
dence ofkobs. The analysis according to eq 3, related to the
model shown in Figure 2a, leads tokon and koff values of
(4.5 ( 0.3) × 105 M-1 s-1 and 0.4( 0.2 s-1, respectively.
Whereas thekon value is close to that obtained for Ser49-
(35-50)NCp7 at the same pH, that forkoff is lower. This
finding is considered to be an expression of the higher Zn2+

affinity of this mutant, which contains three Cys residues
instead of only two for Ser49(35-50)NCp7. The ratio of
kon to koff is very close to the value of the overall stability
constant at the same pH (31), indicating again consistency
between kinetic and equilibrium analysis.

pH Dependence of Kinetic Parameters. Also the kinetic
parameters obtained for Ala44(35-50)NCp7 exhibit a marked
pH dependence. In the simplest possible partial model related
to Figure 2b, the fit of the experimental data with eq 4
provides a value fork of (4 ( 1) × 107 M-1 s-1 together
with a logKH value of 7.9( 0.2, which is again consistent
with a major involvement of the Cys36 residue. If we extend
the reaction scheme and assume that two deprotonable acidic
groups of Ala44(35-50)NCp7 are involved in the binding
of Zn2+ (cf. Figure 2c where binding steps 1 and 2 are
considered), a value fork1 of (3.6( 0.4)× 107 M-1 s-1 and
an upper limit fork2 of 5 × 107 M-1 s-1 result from the fit

Table 1: Kinetic Parameters for the Binding of Zn2+ to Ser49(35-50)NCp7 and Ala44(35-50)NCp7, Related to the Extended Reaction
Scheme in Figure 2c

step (i) log KHi log KMi
c ki (M-1 s-1) k-i (s-1) log KMHi

d

Ser49(35-50)NCp7 1 -a (6.4b) e2.3 (1.0( 0.2)× 106 g1000 -
2 7.8( 0.1 (8.0b) 7.2( 0.2 (3.9( 0.8)× 107 0.3( 0.2 e4b

3 -a (8.9b) 12.0( 0.1 e2.0× 107 e10-6 4.3b

Ala44(35-50)NCp7 1 7.9( 0.2 (8.0b) e4.8 (3.6( 0.4)× 107 500( 100
2 -a (8.8b) 9.8( 0.1 e5.0× 107 (4 ( 8) × 10-3 e4b

3 -a (9.4b) 14.2( 0.1 -a e10-6 5.0b

a Not determined.b Values derived from equilibrium titrations (31). c log KMi values characterize the binding steps as reported in ref31. d log
KMHi values characterize deprotonation and subsequent metal coordination in the final states of the complex.

FIGURE 4: pH dependence of the apparent dissociation rate constant
of the Zn2+ complex with Ser49(35-50)NCp7 (a) and Ala44(35-
50)NCp7 (b). Experimental conditions are as described in the legend
of Figure 3. Filled symbols ([ and 9) correspond tokoff values
calculated from the relationkoff ) kon/K. Empty symbols (] and
0) or stars (g) correspond tokoff values determined experimentally
from the intercepts of the dependence ofkon on total zinc
concentration or by carrying out dilution jump experiments,
respectively. In panel a, the solid line represents the best simulation
using eq 8 withk-1 ) 8000 s-1 andk-2 ) 0.3 ( 0.2 s-1 together
with the fixed parametersk-3 ) 10-6 s-1, log KMH2 ) 3.7, and log
KMH3 ) 4.3 ( 0.3. In panel b, the solid line represents the best
simulation using eq 8 withk-1 ) 500 ( 100 s-1 andk-2 ) (4 (
8) × 10-3 s-1 together with the fixed parametersk-3 ) 10-6 s-1,
log KMH2 ) 4, and logKMH3 ) 5.

koff )
k-1 + k-2

10pH

KMH2

1 + 10pH

KMH2
+ 102pH

KMH2KMH3

(7)

koff )
k-1 + k-2

10pH

KMH2
+ k-3

102pH

KMH2KMH3

1 + 10pH

KMH2
+ 102pH

KMH2KMH3

(8)
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employing eq 5, with logKH1 and logKH2 set to 8.0 and 8.8,
respectively, according to the1H NMR pH titrations (30).
The fit based on the extended model is not significantly better
than the first one but clearly shows thatk2 is similar tok1.
As the negative charge of the ligand is increased from LH2

-

to LH2-, as a consequence of the deprotonation of the second
Cys residue, it is surprising that the value ofk2 is not
significantly larger than that ofk1. The third Cys side chain,
attributed to Cys49, is probably not markedly involved in
the initial formation of the Zn2+ complex because of its very
high log KH3 value of 9.4 (30, 31). Thus, binding step 3 in
Figure 2c, related to the fully deprotonated ligand, will not
significantly contribute to complex formation. It is much
more likely that the coordination of the third Cys residue
occurs by deprotonation of intermediate complex LHZn with
subsequent coordination.

If the overall binding of Zn2+ to Ala44(35-50)NCp7 is
analyzed in the form of a one-step equilibrium, we can also
calculate the dissociation rate constantkoff for each pH value
where the equilibrium constant and formation rate constant
kon are known from separate determinations (Figure 4b). Also
for this peptide, the experimentally determined dissociation
rate constants, resulting either from the intercepts of the Zn-
(ClO4)2 concentration dependences ofkobs (according to eq
3, providedkoff > 0.1 s-1) or from dilution jump experiments,
match the calculated ones, validating the model used for the
calculation. The data shown in Figure 4b clearly demonstrate
that the dissociation of the final Zn2+ complex strongly
depends on pH. The linear part of the plot in Figure 4b is
characterized by a slope of 2.2( 0.2, indicating that two
acidic groups participate in the dissociation of Zn2+ from
its complex as with Ser49(35-50)NCp7. All the determined
and estimated parameters are given in Table 1. Dissociation
rate constantsk-2 andk-1 are considerably lower than the
corresponding ones for Ser49(35-50)NCp7. This is at-
tributed to the greater stability of the complex formed with
three deprotonated Cys residues in Ala44(35-50)NCp7.

DISCUSSION

In this paper, the kinetics of binding of Zn2+ to two point
mutants of the HIV-1 NCp7 distal finger, Ser49(35-50)-
NCp7 and Ala44(35-50)NCp7, is studied at different pH
values in an attempt to understand the dynamic aspects and
the mechanism of metal coordination. Our data clearly
indicate that both the rates of binding (Figure 3) and
dissociation (Figure 4) are pH-dependent for both peptides.
This behavior is interpreted on the basis of the reaction model
in Figure 2c, where the heavy metal ion can be bound to
three different protonation-deprotonation states of the free
ligand. According to this model, two limiting cases for the
binding mechanism are considered. Cation binding occurs
either in a single step solely via the fully deprotonated and
negatively charged binding site (step 3 in Figure 2c) or via
a multistep process involving three binding paths due to all
three deprotonated ligand states (steps 1-3 in Figure 2c).

In general, ligand coordination by a solvated metal ion is
assumed to occur via the fast formation of an outer-sphere
complex between the still fully solvated cation and the ligand,
characterized by the pre-equilibrium constantKos (eq 1 of
Materials and Methods). This step is followed by the usually
rate-limiting substitution of the first solvate water molecule

by the coordinating atom of the ligand, which leads to inner-
sphere coordination (Eigen-Wilkins mechanism). The rate
constant of this substitution process,ksubst, is characteristic
of a particular metal ion and is around 3× 107 s-1 for Zn2+

(42, 49). Since the intermediate outer-sphere complex is not
markedly populated, the formation of a coordination complex
is usually detected in the form of a single reaction step, where
the overall formation rate constant corresponds to the product
Kosksubst. Differences between ligands, for example, due to
different charges, generally lead to different values ofKos

but not to significantly differentksubstvalues. For a flexible
multidentate ligand, it is generally assumed that the coor-
dination of the first ligand atom, in particular, if it is
negatively charged, leads to a weakening of the interaction
between the metal ion and the remaining coordinated water
molecules. Consequently, any subsequent intramolecular
coordination of further ligand atoms under these circum-
stances will be faster. This requires, however, substantial
ligand flexibility because the rearrangement of the ligand
conformation, necessary to bring the next coordinating atoms
into the required position, must be faster than the subsequent
substitution of the remaining solvate water molecules. Thus,
the final complex is formed by a stepwise substitution
process. In the case of nonflexible ligands, the conformational
rearrangement itself can act as the rate-limiting reaction step.
Because the charge of the zinc binding site of the peptides
investigated here depends sensitively on pH, different
protonation states of the coordinating groups differ with
regard to their charge and will lead to differentKos values
and thus to different binding rate constants. These rate
constants are expected to increase with an increase in the
negative charge of the ligand. For the interaction between
an uncharged ligand binding site and a divalent metal ion
such as Zn2+, a Kos value of 0.17 M-1 is calculated on the
basis of eq 1b under the conditions specified in Materials
and Methods. According to ref40, values of 1.9, 21.5, and
240 M-1 are obtained for the binding of Zn2+ to sites with
the charges of-1, -2, and-3, respectively. The resulting
values for the rate constants are 5× 106 for the neutral ligand
and 6× 107, 6 × 108, and 7× 109 M-1 s-1, respectively,
for the three different negative charges of the binding site.
Accordingly, these values would be expected for binding rate
constantsk1 to k3 (cf. Figure 2c). Although the theoretical
considerations of Fuoss (40) have been developed for
reaction partners with point charges, applications to ligands
with distributed charges still provide meaningful estimations
(48).

Kinetics of Binding of Zn2+ to Ser49(35-50)NCp7. If
binding steps 1 and 2 (Figure 2c) are used for the evaluation
of the kinetic data of Ser49(35-50)NCp7, the values ofk1

andk2 resulting from the fit are nearly identical with those
calculated on the basis of the Fuoss model for a ligand with
no and a single negative charge, respectively (Table 1). A
realistic assignment of the protonation-deprotonation equi-
librium coupled to Zn2+ binding step 2 can also be achieved
since the logKH2 value of 7.8, resulting from the kinetic
study, can be clearly attributed to the deprotonation of Cys36
on the basis of the experimentally determined ionization
constants of (35-50)NCp7 and Ala44(35-50)NCp7 (30, 31).
The more acidic deprotonation step associated with logKH1

is assigned to His44.
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Since rate constantsk1 and k2 (Table 1) display the
expected values according to their charge for a simple,
flexible, and multidentate ligand, there is no evidence for a
slow conformational ligand rearrangement involved in the
corresponding coordination processes. In contrast, the esti-
mated value ofk3 (upper limit of 2× 107 M-1 s-1) is even
smaller than that ofk2, indicating that at pH>8, the expected
contribution of a faster complex formation path related to
Zn2+ binding step 3 in Figure 2c, where both deprotonated
Cys residues are involved, is not observed. This suggests
that the uncomplexed, fully deprotonated Ser49(35-50)-
NCp7 peptide neither exhibits the coordination properties
of a very flexible multidentate ligand such as EDTA nor
exists in a preorganized conformation similar to that of the
peptide in the Zn2+ complex of the C-terminal NCp7 finger
motif, in line with NMR studies (3, 5, 9). Both prerequisites
would be expected to provide the conditions of a very fast
complexation process. Thus, the unexpectedly slowk3 value
may be attributed to conformational constraints in the
tridentate ligand that do, however, not lead to the population
of a stable reaction intermediate. Consequently, the fastest
reaction path to reach the final complex LZn of Ser49(35-
50)NCp7 in the investigated pH range occurs via intermediate
state LHZn+, and not via the intermolecular binding process,
k3.

Since the reaction mechanism involved here cannot be
attributed to a simple single-step process (step 3 in Figure
2c) or to a complete multistep binding process (steps 1-3),
the mechanism is due to a multistep reaction involving Zn2+

binding by the monodentate and bidentate ligand states of

the free peptide. The substitution of a solvate water molecule
is thought to be rate-limiting for the steps characterized by
k1 andk2, while the intramolecular transition from LHZn+

to final complex LZn appears to be very fast.
To identify the most efficient and therefore the major

binding path for Ser49(35-50)NCp7, we have to consider
not only the determined rate constants (Table 1) but also
the resulting reaction velocity, which among other param-
eters, also depends on the concentration and pH-dependent
population of the protonation states of the free ligand.
Because of unfavorable electrostatics, the binding reaction
initiated by the interaction between the positively charged
LH3

+ and Zn2+ has already been ruled out. Furthermore,
below pH 8 a substantial involvement of L2- in the Zn2+

association has been neglected, too. Thus, between pH 6 and
8, the reaction will primarily proceed via monodentate and
bidentate ligand states LH2 and LH-, respectively (steps 1
and 2 in Figure 2c). If both the Ser49(35-50)NCp7 and Zn2+

concentrations are lower than 10-4 M and the pH is above
6.5, the deprotonated His residue alone cannot markedly
coordinate Zn2+ and thus does not initiate the coordination
process because of its low affinity. Under these conditions,
the coordination process will preferentially start via the
binding between Zn2+ and the LH- state, which acts as a
bidentate ligand (step 2 in Figure 2c and the first binding
step in Figure 5a). The final complex is then formed by an
intramolecular substitution reaction (second binding step in
Figure 5a). However, below pH 6.5, if either the peptide or
Zn2+ concentration or both concentrations are high (>10-4

M) as well as above pH 6.5 under the condition of low Zn2+

FIGURE 5: Proposed mechanism of Zn2+ coordination by Ser49(35-50)NCp7 and Ala44(35-50)NCp7 in the neutral pH range. Only one
selected but major intermediate state, relevant for Zn2+ binding and dissociation, is shown for each peptide.
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but with a high peptide concentration, the binding process
can be initiated by the coordination of the His44 side chain
(step 1 in Figure 2c). The remaining coordination steps can
then take place subsequently in a stepwise manner. At very
high pH, the coordination of Zn2+ is assumed to occur via
L2- (step 3 in Figure 2c) and a true one-step binding
mechanism will then predominate.

Also, the release of Zn2+ from final complex LZn of
Ser49(35-50)NCp7 does not occur in a single dissociation
step involvingk-3 (Figure 2c) because its value of∼10-6

s-1 (Table 1) is much too low compared to the rate constants
of the multistep dissociation process proceeding via inter-
mediate states LHZn+ and LH2Zn2+. The corresponding Zn2+

dissociation rate constantsk-1 andk-2 are higher by orders
of magnitude (Table 1). Both rate constants represent rate-
limiting dissociation steps because the adjustment of equi-
libria involving protonation and/or deprotonation reactions
is assumed to be very fast in buffer solution.

Kinetics of Binding of Zn2+ to Ala44(35-50)NCp7.The
general Zn2+ binding mechanism of Ala44(35-50)NCp7 is
similar to that of Ser49(35-50)NCp7, except that, according
to our kinetic results and in line with the pKa values of the
three Cys residues (30, 31), binding below pH 8.5 is restricted
to the intermolecular and thus direct coordination of only
two of the three available Cys residues (steps 1 and 2 in
Figure 2c). Consequently, the third Cys residue is coordinat-
ing by an intramolecular substitution process via intermediate
complex LHZn. No direct intermolecular binding between
the fully deprotonated site and the heavy metal ion (step 3
in Figure 2c) is observed under our conditions. The value
of 3.6 × 107 M-1 s-1 for k1 is very close to the theoretical
value calculated for the binding between a negatively charged
monodentate ligand and Zn2+. For the bidentate ligand with
two negative charges, a value of∼6 × 108 M-1 s-1 is
expected, but a value fork2 of only 5 × 107 M-1 s-1, close
to that ofk1, is found experimentally. As for the interpretation
of the k3 value in the case of Ser49(35-50)NCp7, we
postulate that the relatively slow Zn2+ coordination by the
bidentate state of Ala44(35-50)NCp7 is due to a rate-
limiting conformational ligand rearrangement such as folding,
occurring after the coordination of the first Cys residue.
Again, no additional, stable intermediate state has been
observed for this peptide. Consequently, the binding mech-
anism of Ala44(35-50)NCp7 is attributed to a multistep
reaction involving one major Zn2+ binding path due to the
monodentate ligand state of the peptide.

At neutral pH, the binding reaction proceeds via the LH2-
Zn+ state (Figure 2c), which corresponds to the schematic
structure of the intermediate shown in Figure 5b. The final,
tetrahedral complex (Figure 5b) is then formed upon two
fast subsequent deprotonation and intramolecular substitution
processes. In a recent molecular simulation study, water
molecules were shown to remain in the first solvation sphere
of Zn2+ and further stabilize the complex with Ala44(35-
50)NCp7 by forming H-bonds to the polypeptide chain (50).
This water-peptide interaction may play a role in folding
by reducing the mobility and allowing the local rearrange-
ment that is necessary for formation of the native structure.

Finally, as for Ser49(35-50)NCp7, the value ofk-3 is
again much lower than those ofk-2 and k-1 (Table 1).
Therefore, a multistep dissociation of the heavy metal ion
via intermediate complexes LHZn and LH2Zn+ (Figure 2c)

is also the most likely dissociation pathway for Ala44(35-
50)NCp7. All determined dissociation rate constants are
lower than the corresponding ones for Ser49(35-50)NCp7,
in line with the stronger affinity of Ala44(35-50)NCp7 for
Zn2+ because of its three Cys residues. It follows that the
Zn2+ complex of Ala44(35-50)NCp7 has a longer lifetime
and consequently a slower decay than that of Ser49(35-
50)NCp7.

CONCLUSION

In a less detailed kinetic study, the interaction between a
tetradentate CCHH motif peptide and mainly Co2+ has been
studied at a single pH of 7.0. The results have been
interpreted on the basis of a single binding equilibrium (28).
The formation rate constantkon for Zn2+ binding, obtained
from a kinetic competition study, is considerably higher than
what we found for our two (35-50)NCp7 mutants at the
same pH (Figure 3). This result is surprising because one
would expect larger conformational constraints for coordina-
tion for the tetradentate than for the tridentate ligand
investigated here. However, it is difficult to draw final
mechanistic conclusions from this difference on the basis of
the available data and without knowing the equilibrium
constants for the deprotonation of the CCHH motif.

Our kinetic results clearly show that heavy metal ion
binding to zinc finger motifs can be treated as one-step
binding reaction only under very special, nonphysiological
conditions. Whether binding is initiated by the peptide in
the form of a monodentate or bidentate ligand state depends
on the ionization constants of the involved coordinating
groups and thus on pH, but also on the stability constant of
intermediate complex LH2Znn+1 (Figure 2c) as well as on
the chosen concentrations. Dissociation of Zn2+ occurs as a
multistep process via the intermediate complexes (LH2Znn+1

and LHZnn in Figure 2c) and not by a direct dissociation of
the heavy metal ion from fully deprotonated, tridentate ligand
state LZnn-1. This result may be of physiological interest
because the dissociation mechanism reported here enables a
relatively fast decay of the Zn2+-peptide complexes with a
half-life time of up to minutes, whereas it would be longer
than 200 h if k-3 were limiting for the rate of Zn2+

dissociation. This dynamic aspect, which is linked to the
sequence of the apopeptide, could be even more pronounced
for native zinc finger systems and may be of regulatory
importance, acting as an evolutionary advantage.

With the increasing degree of deprotonation of the
uncomplexed ligand, the binding rate constants do not
systematically increase as expected from simple electrostatic
considerations. This finding is attributed to conformational
constraints. Thus, depending on the chosen peptide, the
substitution of a coordinated water molecule appears to be
truly rate-limiting only for the initial binding paths (step 1
and/or step 2 in Figure 2c). It would be of fundamental
interest to know whether the dynamic and mechanistic
properties will change if the complete CCHC motif of the
intact (35-50)NCp7 peptide could be investigated in a
corresponding manner.
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