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ABSTRACT. The kinetics of ZA™ binding by two point-mutated forms of the HIV-1 NCp7 C-terminal zinc
finger, each containing tridentate binding motif HCC [Ser49{838)NCp7] or CCC [Ala44(3550)-

NCp7], has been studied by stopped-flow spectrofluorimetry. Both the formation and dissociation rate
constants of the complexes betweer?Zand the two model peptides depend on pH. The results are
interpreted on the basis of a multistep reaction model involving thré& Bimding paths due to three
deprotonated states of the coordinating motif, acting as monodentate, bidentate, and tridentate ligands.
For Ser49(3550)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 Ix 10f and 3.9x 10’ M~1 s71, respectively. For Ala44(3550)NCp7, intermolecular 2

binding predominantly occurs via the deprotonated Cys36 in the monodentate state with a rate constant
of 3.6 x 10’ M~1 s7%. In both mutants, the final state of the Zncomplex 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 AteBR)(35

NCp7 and of the tridentate state of Ser4%3®)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 ofZfrom both peptides is again characterized by

a multistep process and takes place fastest via the protonaféebdnnd bidentate and monodentate
states, with rate constants 6.3 and~1C s, respectively, for Ser49(3%0)NCp7 and~4 x 1073
and~500 s, respectively, for Ala44(3550)NCp7.

Among the naturally selected metal cations?Zdisplays arrays, such as CCHH, CCCC, and CCHC §). Among
a large variety of structural and catalytic rol€g.(One of the known CCHC motifs, the C-XC-X4-H-X4-C sequence
the most striking examples of its structural role is represented (X being a variable amino acid residue) is found to be the
by the zinc finger proteins, where folding is completely shortest. It is also termed the retroviral type zinc finger
linked to metal coordination. Here, Znbinding providesa  because it is found in all retroviral nucleocapsid proteins
favorable driving force directing the folding of the polypep- (NCps), with the only exception being spumaretrovirus.
tide chain from its unfolded to its functional, highly Additionally, this motif is present in the coat protein of the
constrained structur@{-6). The folded conformation of the  cauliflower mosaic virus, a protein of th®rosophila
complex is required to promote selective nucleic acid transposable elemeobpia and some human cellular nucleic
binding, representing one principal function of zinc finger acid binding proteins. A common feature of all proteins
proteins. The tetrahedrally coordinated metal binding domain containing the retroviral CCHC motif is their involvement
of each zinc finger protein consists generally of Cys-His in sequence-specific single-stranded nucleic acid interactions

(9, 10).
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highly conserved residues in their sequence makes theseand Ala44(35-50)NCp7, were synthesized in their apo form
domains attractive targets for antiviral drug8{26). In this as previously described4). The buffers were chosen to
context, the knowledge of the molecular coordination mech- cover the following pH ranges:N,N'-diethylN,N'-bis-
anism involved in zinc finger folding will not only be of  (sulfopropyl)ethylenediamine (DESPEN, GFS Chemicals) for
fundamental scientific relevance but also help in the develop- pH 4.7-5.6, 2-(N-morpholino)ethanesulfonic acid (MES,
ment of new strategies for impairing Znbinding. However, Microselect for luminescence, Fluka) for pH 5.6.8, and
except for some initial studies related to the CCHC zinc 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES,
finger motifs @7, 28), no detailed report about the kinetics Microselect, Fluka) for pH 6:88.5. To minimize interactions
of metal binding by a zinc finger peptide has been published between electrolyte anions and free or bound zinc ions,
so far. perchlorate salts were used. The ionic strength was always
In a previous study, we have characterized the equilibrium fixed by addition of NaCIQ@ (purissimum p.a., Fluka). The
Zn?* binding properties of the C-terminal CCHC motif of pH of the solutions was adjusted with concentrated NaOH
NCp7 as a simple but relevant model of the retroviral CCHC and HCIQ, (Suprapur, Merck). The 2h-containing titrant
motifs (29—31). Metal ion coordination is markedly pH-  solutions were prepared with Zn(CJffp and degassed prior
dependent. Moreover, it has been suggested that the signifito use. All the solutions were prepared in LDPE (low-density
cant differences in the degree of deprotonation of the four polyethylene) flasks using Milli-Q (Millipore) filtered water
coordinating residues lead to a nearly sequential, stepwise(>17 MQ/cm). The experimental conditions were such that
binding process30). hydrolysis of zinc ions was prevented. The peptides were
To understand the dynamics of binding and thus also the dissolved in degassed buffer and kept in quartz cells (Hellma)
mechanistic aspects, we report here a detailed kineti¢ Zn under an argon atmosphere. The SH content of the free
binding study at different pH values for two point-mutated peptides during the experiments was decreased by less than
forms of the C-terminal zinc finger motif of NCp7. The time  15% as checked by titration with 5;8ithiobis(2-nitrobenzoic
course of the reaction was followed by the stopped-flow acid) (DTNB, Fluka) 85, 36).
technique under anaerobic conditions using the intrinsic  Absorption and Fluorescence Spectroscdpgptide con-
fluorescence of the naturally occurring Trp37 residue of the centrations were determined from the absorption spectra
peptide. Mutated proteins are commonly used to investigaterecorded on a Cary 100 (Varian) or HP8450A (Hewlett-
the folding mechanism and determine the involvement of Packard) double-beam spectrophotometer, using a molar
intermediates or transition state32( 33). Therefore, in the  extinction coefficient of 5700 M' cm™® at 280 nm.
study presented here, we have investigated the relationshigFluorescence spectra were recorded with a Fluorolog 212
between metal binding and peptide folding for two charac- (Spex) spectrofluorimeter, equipped with a thermostated
teristic point-mutated peptides, Serd%3)NCp7 and cuvette holder. Excitation was set to 280 nm. Excitation and
Alad4(35-50)NCp7 (cf. Chart 1; mutated residues are emission bandwidths were 4 nm. The temperature was fixed
underlined) that have been shown previously to bind"Zn at 204 0.5°C. An inert argon atmosphere was maintained
with high affinity (31). These peptides act as tridentate inside the sample cell all over the measurements.
ligands, where the originally occurring Cys49 in the former  Stopped-Flow Binding KineticsKinetic measurements
and His44 in the latter peptide have been substituted with were performed on a DX 17MV stopped-flow instrument
noncoordinating serine and alanine, respectively. (Applied Photophysics) using absorption and fluorescence
detection (R1104 Hamamatsu photomultiplier). The excita-
Chart 1 tion source was a 200 W mercuryxenon lamp (Hamamat-
Alad44(35-50)NCp7 su). The excitation wavelength was set to 280 nm by a
grating monochromator (Kratos GM 252, Polytec). No

H-GCWKCGKEGAQMKDCT-0H photobleaching was observed under the applied experimental
conditions. The emission signal was selectga 3 mmthick

Ser49(35-50)NCp7 345 nm cutoff filter (Schott). An instrumental dead time of
1.6 + 0.2 ms was determined by employing the reaction of

H-GCWKCGKEGHQMKDST-OH N-bromosuccinimide andN-acetyl+-tryptophanamide as

oo . ) e previously described3{). We used Kloehn syringes sup-
Our data clearly indicate that Znbinding and dissociation plying equal volumes of ca. 50L of both solutions for the
have to be considered multistep processes, where intermedi—mixing process. To induce mixing, a pressure of 6 bar was
ate states are involved in the reaction path under physiologi—app"ed_ The cell unit was thermostated at 200.2 °C.
cal conditions. Moreover, the mechanistic analysis of the ynless specified differently, all reported concentrations of
mutated peptides investigated here provides relevant cluesgactants correspond to those after mixing. Pseudo-first-order
for the interpretation of the more complex binding behavior ynditions were ensured by applyingZZwoncentrations that
of the native peptide. Indeed, it is thought that the intermedi- \yere at least 10-fold higher than the peptide concentration.
ates and the final statg formed upon complex formation In this way, the formation of a 2:1 complex (two peptide
between Zf" and the tridentate mutant peptides will also |igands per cation) that may occur under conditions where
be involved in ZA* goordmatlon by the natural, tetradentate e peptide concentration is much higher than that of metal
(35-50)NCp7 peptide. cation @8, 39) is excluded, and only the formation of a 1:1
MATERIALS AND METHODS complex for both peptides needs to be considered. The range
of applied total Zn(Cl@), concentrations was dependent on
Materials and Preparation of Solution§he point-mutated  pH and ranged between 1BM and 20 mM. At the
analogues of the (3550)NCp7 peptide, Ser49(3%0)NCp7 overlapping pH values of 5.6 and 6.8, the measurements were
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carried out in two different buffers to check for potential the observed rate constakysis given by @7)
buffer effects. No inconsistency in thHeys values greater
than 10% was observed. For every set of concentrations, [ZnZJ’]Tot
typically, four to seven individual time courses were recorded Kobs = konT + Kot (2)
under the same experimental conditions. Because of instru- ’
mental dead time limitations, onli,s values up to~400 which enables the determination &fs from a single
s ! were considered. experiment, provided the formation rate constgpis known
To perform the kinetic experiments under anaerobic from previous association measurements (wheré'gg is
conditions, the stopped-flow apparatus was used in a home-the total Zi#" concentration).
built setup consisting of a glovebox containing an atmosphere  Kinetic Data AnalysisThe evaluation of the kinetic data
of purified nitrogen (quality, 4.6). for the determination of apparent rate constdgisand the
Calculation of the Outer-Sphere Equilibrium Binding amplitudes was carried out by including a dead time
Constant. The equilibrium binding constant of the outer correction in the form of a corresponding shift of 1.6 ms in
sphere complexKos, can be calculated according to the the time axis. All time-resolved kinetic phases (association
equation derived in red0 for electrostatic point charges in  and dissociation experiments) could be analyzed with a

dilute solution 41) monoexponential function. The resulting value kgy; which
4 represents the reciprocal decay time, is given as the arithmetic
_ AT 35y o PlkeT i iati -
Koo = 2000 Nye ke (1a) 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-

with squares method applying the Levenbekgarquardt algo-
2 2 rithm.
— 2i29e  242.0:K All equilibrium constants are expressed here as association
Dr D(1 + «r) constantK (reciprocal of dissociation constaiibiss). With

regard to protonationdeprotonation equilibria, this implies

B 87N Aqe2 I that the value of lodk corresponds to that ofipss.
“~ A/ 100DkgT

RESULTS

where ® is the Debye-Hiickel interionic potential energy
(in erg), 1k is the Debye length (in centimeters)js the Ser49(35-50)NCp7
center-center distance between the reactants (reaction
distance) in the outer-sphere complex (in centimeteé\s),

is Avogadro’s numberz; andz- are the formal charges of
the cation and ligand, respectively, is the elementary
charge (in Fr)ksT is the Boltzmann energy factor (in erg),
and | is the ionic strength (in moles per liter is the
dielectric constant of the solvent, given by the equafibn

= eleg = €rel, Whereeg is the dielectric constant of vacuum.
Because this equation refers to ion-pair formation, a neutral Q'ff
ligand constitutes a separate case, which has also been treat
in previous studies4(l—43). Indeed, it is obvious that as
the ligand charge approaches zero, the exponential term
approaches unity and eq la is reduced to

Kinetic Analysis at a Single pH Valughe dynamics of
binding of Zr*" to Ser49(35-50)NCp7 (Chart 1) was
investigated at pH 6.0, 2TC, 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(CI® solutions of
erent concentrations. In Figure 1 (inset), the measured
e course upon the rapid mixing of 1M Ser49(35-

0)NCp7 with 0.2 mM Zn(CI@); in 50 mM MES/NaOH
(pH 6.0) at a total ionic strength of 0.15 M (adjusted with
NaClQy) is shown as a representative example. The resolved
kinetic phase could be fitted with a monoexponential
4 4 function. The experimentally determined dead time was taken
os~ 3000 Na (1b) into account for the determination of aihys values and
amplitudes by extrapolating the kinetic phase to the true time
as derived independently for a diffusion-controlled reaction zero (see Materials and Methods). No initial fast amplitude

K

under no electrostatic interaction conditiods,(44). change, corresponding to a not time-resolved kinetic phase,
In this context, we can calculat&,s values for a variety ~ was observed. The kinetic experiments carried out at a given

of ligand charges. In our study, we choseraof 0.41 nm pH but at different concentrations of Znprovided linear

given by the sum of 0.074 nm, the ionic radius ofZ(45), concentration dependenceskgfs (Figure 1). The amplitude

and 0.34 nm, the diameter of a water molecus)( of the resolved phase under the chosen conditions was
separating cation and ligand in the outer-sphere complex.essentially independent of Zn(CJlp concentrations because
Stopped-Flow Dissociation Experimenior an indepen-  almost all free peptide was converted to its metal complex.
dent determination of the dissociation rate constapt Since protonationdeprotonation reactions of the peptide and
dilution stopped-flow experiments were carried out at pH its cation complexes in buffered solution are very fds (
<6.4 by using the instrumentation described above. The we assume that these reactions are more than 1 order of
solution of the preformed 2n—peptide complexria 1 mL magnitude faster than the stopped-flow mixing time. There-
syringe was mixed with buffer solution in a 2.5 mL syringe. fore, the resolvable process is attributed to binding o¥Zn
The dilution factor under these conditions was 3.5. For a by the peptide. On the basis of the simplest possible kinetic
one-step reaction with Znin excess and a 3.5-fold dilution,  one-step binding scheme, where all deprotonation reactions
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Ficure 1: Typical example of the kinetics of binding of Znto
Ser49(35-50)NCp7 (1.5«M) at 20°C in 50 mM MES/NaOH (pH
6.0) at a total ionic strength of 0.15 M. Dependence of observed
rate constankyps VS total zinc concentration. The solid line is the
best fit of the data according to eq 3 for whikf, = (4.9 + 0.2)

x 1P M1 st andkys = 3+ 1 sL. The inset shows a repre-
sentative kinetic experiment of the rapid mixing between Vb
Ser49(35-50)NCp7 and 0.2 mM Zn(Clg),. The solid line
represents the best fit by a monoexponential function Wigh=

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.
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FiIGURe 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 constanksandk_, respectively, coupled to one
preceding deprotonation process, characterized by equilibrium
constantKy. (c) General reaction model of binding of Znto
Ser49(35-50)NCp7 6 = 1) and Ala44(3550)NCp7 6 = 0),
where equilibrium constant§;, expressed as association constants,
characterize the deprotonation of the unbound pd; those of

the zinc-bound ligand; andk_; are the formation and dissociation
rate constants, respectively, of ttle metal binding step. Binding

are neglected (Figure 2a), the overall complex formation and steps 2 and 3 and in particular both intramolecular coordination

dissociation rate constants,, andk.s, respectively, can be
determined from the linear Zn(CKB concentration depen-
dence ofko,s under pseudo-first-order conditions

Kobs = kon[zn2+] + Kot 3

At pH 6.0, we obtained values of (40 0.2) x 10° M~*
stand 3+ 1 s for ke, and ke, respectively (Figure 1).
Although thek,,s values determined for the highest applied

Zn(ClOy), 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,

steps involve folding elements.

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

H
1+ —
10°H

4

consistency with the simple reaction scheme shown in Figure A fit of the experimental data given in Figure 3a shows

2a is confirmed by the fact that the ratiolgf, to ko, 1.6 x
10° M4, is close to the overall stability constant of 35
10° M1, determined by equilibrium titratior8().

pH Dependence of Kinetic Parameteg&nce deprotona-
tion reactions are assumed to be involved in th& Zinding
reaction R9—31), kinetic experiments were carried out
between pH 4.7 and 8.5 at 2€ and at a constant ionic
strength. The complex formation rate constést, obtained

good consistency only at pH6.0 and leads to a value for
formation rate constarkt of (5 + 2) x 10’ M~*s ! and a
value for logKy of 8.1 4+ 0.2. This logKy value suggests a
major involvement of the Cys36 residue, which is character-
ized by a deprotonation constant of 8.0 accordingttdNMR
pH titrations of (35-50)NCp7 G0).

A better and chemically more realistic description of the
experimental results, especially below pH 6.0, can be

according to eq 3 for different pH values, is plotted versus achieved if two successive deprotonation steps prior to
pH in Figure 3a. Thé,, values increase with an increase in  coordination are considered. This partial model is introduced
pH until saturation is reached above pH 8. To describe the on the basis of the general reaction scheme shown in Figure
observed pH dependency, an expanded kinetic reaction modeRc. It involves ligand states L#, LH,, and LH together
consisting of a single binding process, coupled to a single with two subsequent 2 binding steps (steps 1 and 2 in



Zn?* Binding to Point Mutants of the NCp7 Distal Finger

a

on

log k

on

log k

pH
Ficure 3: pH dependence of the apparent formation rate constant
for the Zr** complex of Ser49(3550)NCp7 (a) and Ala44(35
50)NCp7 (b). Experiments were performed with a peptide concen-
tration of 1.5uM 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: lo&n = 8.1+ 0.2 andk = (5 +
2) x 10’ M1 s71, The dashed and dotted line represents the fit
according to eq 5, with log{y; = 6.4 as the fixed parameter and
ki = 0, which leads to loky, = 6.8 & 0.8 andk, = (2 + 1) x
10 M~1 s7L The solid line corresponds to the fit employing eq 5
with only log K= 6.4 as the fixed parameter, providing 1&g,
=7.84+0.1,k; =(1.0£ 0.2) x 106 M~1s %, andk, = (3.9+ 0.8)
x 10" M~1s71 (b) The solid line corresponds to the fit employing
eq 5 with logKy; = 8.0, logKy, = 8.8, andk, = 5.0 x 10/ M~1
s1 as fixed parameters, providing = (3.6 + 0.4) x 10/ M1
s, Error bars of apparent rate constants below pH 6.2 are of the
size of the chosen symbols but smaller above pH 6.2.

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

10
K, + k——
_ ! 2KH2

-
1+£+—”,14
Kiz  10°

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 constigpt. On the basis
of the results offH NMR pH titrations of (35-50)NCp7
(30), we assign the value of 6.4 to Id¢;, 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 7.8t 0.1 for log Ky, (1.0 £ 0.2) x 10°

Kon ®)
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M-t s for ki, and (3.94 0.8) x 10" M~ s for k, 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 K1 andKyp, but followed only by the single 2 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:

H pH
10° K, 107
Kz KhsKhz
Kha
10

k, + k;

o pH H
1+ 10° +10° +
KisKnz Ky

Kon (6)

Unfortunately, the available experimental data do not
permit a precise quantitative analysis on the basis of eq 6.
Indeed, data points required to accurately determinekghe
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 oks, simulations were carried out on the basis
of eq 6 by settingg equal to 1.0x 10° Mt s and by
fixing log Ku1, log Kz, and logKys to 6.4, 8.0, and 8.9,
respectively, as determined B NMR pH titrations for
(35—50)NCp7. As an upper limit, we found thkt cannot
be larger than 2x 10" M~* s™1. A similar value forks is
obtained when lodgKy, is set to 7.8, which is the value
determined by our kinetic analysis (Table 1). This result for
ks contradicts the expectation that for a flexible multidentate
ligand, ks should be significantly larger thak, as a
consequence of the increase in the negative charge of the
ligand.

We now consider the reaction paths forZulissociation.

If the overall binding of ZA" 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 constakig 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. Experimekial
values, resulting either from the intercept of the Zn(g4O
concentration dependencieskgfs (providedky; > 0.1 )

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 of2.0.2,
indicating that at least two acidic groups control the
dissociation of Z&". 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 ¥ia.

The two dissociation rate constanks,; andk_,, together
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Table 1: Kinetic Parameters for the Binding ofZrto Ser49(35-50)NCp7 and Ala44(3550)NCp7, Related to the Extended Reaction
Scheme in Figure 2c

step () log K log Kwi® ki (M~1s™h ki (s™) log Kpid
Ser49(35-50)NCp7 1 —2(6.4) <23 (1.0+ 0.2) x 108 >1000 -
2 7.8+ 0.1 (8.0) 7.2+0.2 (3.9+ 0.8) x 107 0.3+0.2 <4p
3 —a (8.9’) 12.0+ 0.1 <2.0x 107 <10 4.3
Ala44(35-50)NCp7 1 7.9£ 0.2 (8.0) <4.8 (3.6 0.4) x 107 500+ 100
2 —a (8.8’) 9.8+ 0.1 <5.0x 107 (4+8)x 103 <4b
3 —a(9.4) 14.2+0.1 —a <10°¢ 5.00

aNot determined® Values derived from equilibrium titration81). ¢ log Ky values characterize the binding steps as reported iBIeflog
Kwmni values characterize deprotonation and subsequent metal coordination in the final states of the complex.

log Kmuz and assume a lower limit of $0s™! for kg

41 according to equilibrium titrations3() and simulations, a
24 D a k_, value of~0.3 s* results. Moreover, we found an upper
limit of 4 for log Kun2, the most acidic deprotonation step
& 04 of the Zr**-bound peptide, in good agreement with equi-
2 ] librium binding data 81). The Kyui values, which character-
- ize a deprotonation step coupled to the subsequent coordi-
4] < nation process, are several orders of magnitude larger than
the relatedKy; values (Table 1).
-6- Finally, if the general model (Figure 2c), comprising all
R A R S A three binding steps, is applied for the analysis of the complete
4 5 6 7 8 9 10 . - - .
H dissociation process, eq 8 is used and an upper limifor
P of 1078 s can be estimated. The parameters chosen for the
4 fitting curve in Figure 4a (solid line) are given in Table 1.
i H pH
2 b k20 10
04 ko — KMH2 KMHZKMH3 (8)
&8 : " AT
8 2 ; Kunz  KunzKuna
-4 Ala 44(35-50)NCp7
-6- Kinetic Analysis at a Single pH Valué stopped-flow
: ; : . : . study under the conditions described for Ser4488)NCp7
4 5 6 7 8 9 was performed with Ala44(3550)NCp7. At pH 6.0, ZA*
pH binding is characterized by a single time-resolved kinetic

Ficure 4: pH dependence of the apparent dissociation rate constantphase, providing again a linear Znconcentration depen-
of the Zr#* complex with Ser49(3550)NCp7 (a) and Ala44(35 dence ofkoys The analysis according to eq 3, related to the
50)NCp7 (b). Experimental conditions are as described in the legendj,del shown in Figure 2a, leads kg, and ket values of

of Figure 3. Filled symbols€¢ and M) correspond td; values 1 .
calculated from the relatiokys = koK. Empty symbols ¢ and (45+£03) x 1M S and 0.4+ 0.2 S‘l,.respectlvely.
0O) or stars ) correspond td values determined experimentally ~\Whereas thek,, value is close to that obtained for Ser49-

from the intercepts of the dependence kf on total zinc (35—50)NCp7 at the same pH, that fég is lower. This
concentration or by carrying out dilution jump experiments, finding is considered to be an expression of the highét Zn
respectively. In panel a, the solid line represents the best S'mUIat'Onaffinity of this mutant, which contains three Cys residues

using eq 8 withk_; = 8000 s andk_, = 0.3+ 0.2 s'! together . -
with the fixed pal’émeteﬂ&g =106 5_21’ log Kz = 3.7, and log instead of only two for Ser49(3%0)NCp7. The ratio of

Kwns = 4.3 + 0.3. In panel b, the solid line represents the best Kon t0 Korf is very close to the value of the overall stability
simulation using eq 8 wittk-; = 500+ 100 s* andk-, = (4 + constant at the same pi1), indicating again consistency

8) x 1072 s~ together with the fixed parameteks; = 1076 571, between kinetic and equilibrium analysis.

log Kz = 4, and logKs = 5. pH Dependence of Kinetic Parametersso the kinetic
parameters obtained for Ala44(350)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

with the two equilibrium constant&uy, andKyus, can be
determined quantitatively according to eq 7:

10PH provides a value fok of (4 &+ 1) x 10" M~ s™* together
kot kfzK_ with a log Ky value of 7.9+ 0.2, which is again consistent
Ky = MH2 7) with a major involvement of the Cys36 residue. If we extend
10" 10°°H the reaction scheme and assume that two deprotonable acidic

1+ —+
KMH2 KMHZKMH3

groups of Ala44(3550)NCp7 are involved in the binding

of Zn?* (cf. Figure 2c where binding steps 1 and 2 are
A precise determination of all parameters by applying eq considered), a value fdg of (3.6+ 0.4) x 10' M~ s tand

7 is not possible. However, if we fix a value of 4.3 for an upper limit fork, of 5 x 10" M~* s7* result from the fit
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employing eq 5, with lody; and logKy, set to 8.0 and 8.8,
respectively, according to thd NMR pH titrations B0).
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by the coordinating atom of the ligand, which leads to inner-
sphere coordination (EigetWilkins mechanism). The rate

The fit based on the extended model is not significantly better constant of this substitution process,ns; is characteristic

than the first one but clearly shows thatis similar tok;.
As the negative charge of the ligand is increased froa LH

of a particular metal ion and is around310” s™* for Zn?*
(42, 49). Since the intermediate outer-sphere complex is not

to LH?", as a consequence of the deprotonation of the secondmarkedly populated, the formation of a coordination complex

Cys residue, it is surprising that the value lkf is not
significantly larger than that d§,. The third Cys side chain,
attributed to Cys49, is probably not markedly involved in
the initial formation of the ZA" complex because of its very
high log Kis value of 9.4 80, 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 ZA" to Ala44(35-50)NCp7 is

is usually detected in the form of a single reaction step, where
the overall formation rate constant corresponds to the product
Koksubst Differences between ligands, for example, due to
different charges, generally lead to different valueKgf

but not to significantly differenksypstvalues. 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-

analyzed in the form of a one-step equilibrium, we can also stances will be faster. This requires, however, substantial
calculate the dissociation rate constltfor each pH value  ligand flexibility because the rearrangement of the ligand
where the equilibrium constant and formation rate constant conformation, necessary to bring the next coordinating atoms
kon are known from separate determinations (Figure 4b). Also into the required position, must be faster than the subsequent
for this peptide, the experimentally determined dissociation substitution of the remaining solvate water molecules. Thus,
rate constants, resulting either from the intercepts of the Zn-the final complex is formed by a stepwise substitution
(ClOq)2 concentration dependenceskais (according to eq  process. In the case of nonflexible ligands, the conformational
3, providedkor > 0.1 s%) or from dilution jump experiments,  rearrangement itself can act as the rate-limiting reaction step.
match the calculated ones, validating the model used for theBecause the charge of the zinc binding site of the peptides
calculation. The data shown in Figure 4b clearly demonstrate investigated here depends sensitively on pH, different

that the dissociation of the final Znh complex strongly
depends on pHThe linear part of the plot in Figure 4b is
characterized by a slope of 222 0.2, indicating that two
acidic groups participate in the dissociation of°Zrirom
its complex as with Ser49(3%0)NCp7. All the determined

protonation states of the coordinating groups differ with
regard to their charge and will lead to differefis 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

rate constant&_, andk_; are considerably lower than the
corresponding ones for Ser49(350)NCp7. This is at-
tributed to the greater stability of the complex formed with
three deprotonated Cys residues in Ala44{38)NCp7.

DISCUSSION

In this paper, the kinetics of binding of Znto two point
mutants of the HIV-1 NCp7 distal finger, Ser49(350)-
NCp7 and Ala44(3550)NCp7, is studied at different pH

such as Z#", aKqs value of 0.17 M1 is calculated on the
basis of eq 1b under the conditions specified in Materials
and Methods. According to refO, values of 1.9, 21.5, and
240 M are obtained for the binding of 2hto sites with

the charges of-1, —2, and—3, respectively. The resulting
values for the rate constants are 8.0 for the neutral ligand
and 6x 107, 6 x 10°%, and 7x 10° M1 s, respectively,
for the three different negative charges of the binding site.
Accordingly, these values would be expected for binding rate

values in an attempt to understand the dynamic aspects angonstantsa to ks (cf. Figure 2c). Although the theoretical
the mechanism of metal coordination. Our data clearly considerations of FuossAQ) have been developed for
indicate that both the rates of binding (Figure 3) and reaction partners with point charges, applications to ligands
dissociation (Figure 4) are pH-dependent for both peptides.W'th distributed charges still provide meaningful estimations
This behavior is interpreted on the basis of the reaction model (48).

in Figure 2c, where the heavy metal ion can be bound to

three different protonationdeprotonation states of the free
ligand. According to this model, two limiting cases for the

Kinetics of Binding of Z#I to Ser49(35-50)NCp7.If
binding steps 1 and 2 (Figure 2c) are used for the evaluation
of the kinetic data of Ser49(3%0)NCp7, the values df;

binding mechanism are considered. Cation binding occurs andk, resulting from the fit are nearly identical with those
either in a single step solely via the fully deprotonated and calculated on the basis of the Fuoss model for a ligand with
negatively charged binding site (step 3 in Figure 2c) or via no and a single negative charge, respectively (Table 1). A
a multistep process involving three binding paths due to all realistic assignment of the protonatiedeprotonation equi-

three deprotonated ligand states (steps in Figure 2c).

librium coupled to ZA" binding step 2 can also be achieved

In general, ligand coordination by a solvated metal ion is since the logKy, value of 7.8, resulting from the kinetic
assumed to occur via the fast formation of an outer-spherestudy, can be clearly attributed to the deprotonation of Cys36

complex between the still fully solvated cation and the ligand,

characterized by the pre-equilibrium const#at (eq 1 of

on the basis of the experimentally determined ionization
constants of (3550)NCp7 and Ala44(3550)NCp7 @0, 31).

Materials and Methods). This step is followed by the usually The more acidic deprotonation step associated wittKlieg

rate-limiting substitution of the first solvate water molecule

is assigned to His44.



7322 Biochemistry, Vol. 44, No. 19, 2005 Bombarda et al.

(a)
36 S°
39 - SH
44N
(b)

36—"5'

39 -4 SH

SH Alad4 (35-50) NCp7

49

Ficure 5: Proposed mechanism of Zncoordination by Ser49(3550)NCp7 and Ala44(3550)NCp7 in the neutral pH range. Only one
selected but major intermediate state, relevant for"zinding and dissociation, is shown for each peptide.

Since rate constantk; and k; (Table 1) display the the free peptide. The substitution of a solvate water molecule
expected values according to their charge for a simple, is thought to be rate-limiting for the steps characterized by
flexible, and multidentate ligand, there is no evidence for a k; andk,, while the intramolecular transition from LHZn
slow conformational ligand rearrangement involved in the to final complex LZn appears to be very fast.

corresponding coordination processes. In contrast, the esti- To identify the most efficient and therefore the major
mated value oks (upper limit of 2x 10° M~ s™!) is even  pinding path for Ser49(3550)NCp7, we have to consider
smaller than that df;, indicating that at pH-8, the expected ot only the determined rate constants (Table 1) but also
contribution of a faster CompleX formation path related to the resumng reaction Ve|0city, which among other param-
Zn?* binding step 3 in Figure 2c, where both deprotonated eters, also depends on the concentration and pH-dependent
Cys residues are involved, is not observed. This suggestspopulation of the protonation states of the free ligand.
that the uncomplexed, fully deprotonated Ser49(36)- Because of unfavorable electrostatics, the binding reaction
NCp7 peptide neither exhibits the coordination properties jnitiated by the interaction between the positively charged
of a very flexible multidentate ||gand such as EDTA nor |_H3+ and Zrtt has a|ready been ruled out. Furthermore,
exists in a preorganized conformation similar to that of the pelow pH 8 a substantial involvement of?L in the Zr¢*
peptide in the Z#" complex of the C-terminal NCp7 finger  association has been neglected, too. Thus, between pH 6 and
motif, in line with NMR studies §, 5, 9). Both prerequisites g, the reaction will primarily proceed via monodentate and
would be expected to provide the conditions of a very fast pjdentate ligand states LHind LH-, respectively (steps 1
complexation process. Thus, the unexpectedly stovalue and 2 in Figure 2c). If both the Ser49(350)NCp7 and Z#&
may be attributed to conformational constraints in the concentrations are lower than OM and the pH is above
tridentate Ilgand that dO, however, not lead to the population 6.5, the deprotonated His residue alone cannot markec“y
of a stable reaction intermediate. Consequently, the fastestcoordinate ZA* and thus does not initiate the coordination
reaction path to reach the final complex LZn of Ser4%(35  process because of its low affinity. Under these conditions,
50)NCp?7 in the investigated pH range occurs via intermediate the coordination process will preferentially start via the
state LHZrt, and not via the intermolecular binding process, binding between Z# and the LH state, which acts as a
k. bidentate ligand (step 2 in Figure 2c and the first binding
Since the reaction mechanism involved here cannot bestep in Figure 5a). The final complex is then formed by an
attributed to a simple single-step process (step 3 in Figureintramolecular substitution reaction (second binding step in
2c) or to a complete multistep binding process (step8)1 Figure 5a). However, below pH 6.5, if either the peptide or
the mechanism is due to a multistep reaction involving'Zn  Zn?* concentration or both concentrations are higll@Q *
binding by the monodentate and bidentate ligand states ofM) as well as above pH 6.5 under the condition of low#Zn
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but with a high peptide concentration, the binding process is also the most likely dissociation pathway for Ala44{35

can be initiated by the coordination of the His44 side chain 50)NCp7. All determined dissociation rate constants are

(step 1 in Figure 2c). The remaining coordination steps can lower than the corresponding ones for Ser4d9%(36)NCp7,

then take place subsequently in a stepwise manner. At veryin line with the stronger affinity of Ala44(3550)NCp7 for

high pH, the coordination of 2 is assumed to occur via  Zn?" because of its three Cys residues. It follows that the

L2~ (step 3 in Figure 2c) and a true one-step binding Zn?* complex of Ala44(35-50)NCp7 has a longer lifetime

mechanism will then predominate. and consequently a slower decay than that of Ser49(35
Also, the release of Zn from final complex LZn of 50)NCp7.

Ser49(35-50)NCp7 does not occur in a single dissociation

step involvingk_s (Figure 2c) because its value of10°® CONCLUSION

s 1 (Table 1) is much too low compared to the rate constants

of the multistep dissociation process proceeding via inter-

mediate states LHZnand LHZn?*. The corresponding 2h

In a less detailed kinetic study, the interaction between a
tetradentate CCHH motif peptide and mainly?Cbas been

. N . i ingl H of 7.0. The results hav n
dissociation rate constarks; andk_, are higher by orders studied at a single pH of 7.0 e resulis have bee

. interpreted on the basis of a single binding equilibrig)
of magnitude (Table 1). Both rate constants represent rate-r ?ormation rate constat, fo? 72+ bingdin%, obtain)e(d

I!ml_tln_g dlss_ouatlon steps because the ad]usfcment of €AY fom a kinetic competition study, is considerably higher than
libria involving protonation and/or deprotonation reactions what we found for our two (3550)NCp7 mutants at the
is assumed to be very fast in buffer solution. : : . C
oo oo same pH (Figure 3). This result is surprising because one

Klnetllt:zsﬁfbeISQ|ng of ﬁﬁ to AI?“:}%’;%%%S'\IOC,\?Z:'T?}@ would expect larger conformational constraints for coordina-
genera inding mechanism of Alad4( INCp IS tion for the tetradentate than for the tridentate ligand
similar tp th?t of Ser49(35_50)_NCp7_, except that, according investigated here. However, it is difficult to draw final
to our k|net|c_ results and In I|.ne with thervaIges of .the mechanistic conclusions from this difference on the basis of
three Cys residuesQ, 31), binding below pH 8.5 is restricted the available data and without knowing the equilibrium
to the intermolecular and thus direct coordination of only constants for the deprotonation of the CCHH motif
two of the three available Cys _residues (_steps_ ! and_2 in Our kinetic results clearly show that heavy metal ion
Figure ZC)‘ Consequently, the_thl_rd Cys re3|du_e IS coordlr_1at- binding to zinc finger motifs can be treated as one-step
ing by an mtramolecul_ar supstltunon process via intermediate binding reaction only under very special, nonphysiological
complex LHZn. No direct intermolecular binding between conditions. Whether binding is initiated by the peptide in

_the fully deprqtonated site and the heavy .".‘e‘a' fon (step 3 the form of a monodentate or bidentate ligand state depends
in Figure 2c) is observed under our conditions. The value L . S
on the ionization constants of the involved coordinating

of 3.6 x 10" M™% s for ky is very close o the theoretical roups and thus on pH, but also on the stability constant of
value calculated for the binding between a negatively charged.g P PT, Y

i n+1 i
monodentate ligand and Znh For the bidentate ligand with intermediate complex .LHn . (Flgyrg 2c) ?s well as on
two negative charges, a value of6 x 1C° M- s1 is the chosen concentrations. Dissociation ofZoccurs as a

; ) . X |
expected, but a value fd® of only 5 x 107 M~1 s-%, close multistep process via the intermediate complexes,Art4"

. . . . and LHZr'" in Figure 2c) and not by a direct dissociation of
to that ofk;, is found experimentally. As for the interpretation the heavy metal ion from fully deprotonated. tridentate liaand
of the ks value in the case of Ser49(350)NCp7, we vy y aep ' 9

. Ll state LZri~1. This result may be of physiological interest
E%s;ﬁgi tggtéhgfri?ézlj(lég?g)\,[v\j gn ?Oizrdézit'?g gyrtarlg_ because the dissociation mechanism reported here enables a
S X . P . relatively fast decay of the Zh—peptide complexes with a
limiting conformational ligand rearrangement such as folding, half-life time of up to minutes, whereas it would be longer
occurring after the coordination of the first Cys residue. . S
. o . . than 200 h ifk_3 were limiting for the rate of Z#f
Again, no additional, stable intermediate state has been

; . S dissociation. This dynamic aspect, which is linked to the
observed for this peptide. Consequently, the binding mech- sequence of the apopentide. could be even more bronounced
anism of Ala44(35-50)NCp7 is attributed to a multistep q popeptice, P

reaction involving one major 2n binding path due to the for native zinc _flnger systems f"md may be of regulatory
X . importance, acting as an evolutionary advantage.
monodentate ligand state of the peptide.

At neutral pH, the binding reaction proceeds via thexLH With the increasing degree of deprotonation of the

Zn" state (Figure 2c), which corresponds to the schematic uncomplgxed _Ilgand, the binding rate constants do not
structure of the intermediate shown in Figure 5b. The final, systematically increase as expected from simple electrostatic

tetrahedral complex (Figure 5b) is then formed upon two considerations. This finding is attributed to conformational

fast subsequent deprotonation and intramolecular substitutionCOnstraints. Thus, depending on the chosen peptide, the

processes. In a recent molecular simulation study, water‘Q’Ubstitmio.n Qf a coordinated \'/vr?\t'er ”?0"?0“'9 appears to be
molecules were shown to remain in the first solvation sphere truly rate-I|m|t|n_g Only for the initial binding paths (step 1
of Zn?* and further stabilize the complex with Ala44(35 and/or step 2 in Figure 2c). It would be of fundamental

: . interest to know whether the dynamic and mechanistic
50)NCp7 by forming H-bonds to the polypeptide chabf)( n . ) : )
This water-peptide interaction may play a role in folding properties will change if the complete CCHC maotif of the

by reducing the mobility and allowing the local rearrange- intact (35-50)NCp7 peptide could be investigated in a

ment that is necessary for formation of the native structure. corresponding manner.
Finally, as for Ser49(3550)NCp7, the value ok_3 is ACKNOWLEDGMENT
again much lower than those &f, and k-, (Table 1).
Therefore, a multistep dissociation of the heavy metal ion  We thank P. Buet and E. Lewitzki for support and helpful
via intermediate complexes LHZn and kZh* (Figure 2c) discussions and P. Petitjean for peptide systhesis.
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