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The binding of Ni(ll) and Cu(ll) to histidine, to the tripeptides GlyGlyHis and HisGlyHis, and to the protein
bovine serum albumin has been studied by isothermal titration calorimetry (ITC) to determine the experimental
conditions and data analysis necessary to reproduce literature values for the binding constants and thermodynamic
parameters. From analysis of the ITC data, we find that there are two major considerations for the use of this
method to accurately quantify metal ion interaction with biological macromolecules. First, to determine true pH-
independent binding constants, ITC data must be corrected for metal ion competition with protons by accounting
for the experimental pH and<q values of the metal-binding residues. Second, metal interaction with the buffer
(stability and enthalpy of formation of metabuffer complex(es)) must be included in the analysis of the ITC
data to determine the binding constants and the change in enthalpy. While it may be possible to use a buffer that
forms only weak, and therefore negligible, complexes with the metal, a buffer that has a strong and
well-characterized interaction has the benefit of suppressing metal ion hydrolysis and precipitation, and of allowing
the quantification of high-affinity metal-binding sites on biological macromolecules. This study has also quantified
the contribution of the N-terminal imidazole of HisGlyHis to the stability of the Cu(ll) and Ni(ll) complexes of

this protein sequence and has provided new insight about Cu(ll) binding to albumin.

Introduction our attempts to reproduce binding constants and enthalpy
fchanges in the literature have identified a number of factors

a Cgl?rlgtrgre;ﬁgsrga\r/g dﬂg;/t\)ll b(:f:agjsﬁlofheedhtgg ﬂag\f/ giggg:teo dthat must be considered. Here we report the results of a critical
y P y g evaluation of ITC measurements of Ni(ll) and Cu(ll) binding

with the interaction of biological macromolecules in dilute . . ; . . .

e . . o . to the amino acid His, to the tripeptides GlyGlyHis and
aqueous solutioh? In particular, isothermal titration calorimetry HiSGIVHi d h in bovi Ibumin (BSA
(ITC) is being used with increasing frequency because of its ISGlyHis, and to the protein bovine serum albumin ( ).

From this study we have developed guidelines for ITC

potential to provide detailed thermodynamic, and even kinefic, experimental parameters and data analysis to accurately quantify

information about these binding events. . L . .
. o . . the thermodynamics of metal binding to biological macro-
Since quantitative measurements of the interaction of metal molecules

ions with biological macromolecules are important for under-
standing their physiological roles and pathological effects, ITC
has considerable potential for elucidating the biochemistry of
metal ions. In fact, two of the earliest studies using a new  All reagents were obtained from Sigma Chemical Co. and were
sensitive ITC instrument characterized Fe(lll) binding to =99% pure. Nickel, copper, and histidine stock solutions (100 mM)
ovotransferrid and human transferrthHowever, this method ~ were made by dissolving NiS&5(Hz0), CuSQ-5(Hz0), and histidine
has not yet been used extensively to quantify metal interaction in Nanopure 18 M Q resistance) water. Phosphate, HEPESZ-
with proteins, DNA, or RNA. hydroxyethyl)piperazin®¥'-(2-ethanesulfonic acid)), TESN{tris(hy-

As part of our studies of the coordination chemistry of dreymethy)methyl-2-aminoethanesulonic acid), and Tris (tris-

. - o - (hydroxymethyl)aminomethane) buffer solutions were made by dissolving
peptides a_lnd proteins that a_lre rich in His and/or _Cys, we have equimolar amounts of acid and base forms of the buffer salt in Nanopure
begun using ITC to quantify the thermodynamics of metal \yater, and adjusting to the desired pH with HCI or NaOH. Experimental
binding. However, it soon became apparent that there are severago|utions were made by diluting stock solutions into the buffer solutions
potential complications for studies involving transition-metal and resulted in negligible dilution of the buffer. The tripeptide
ions. While some of these have been mentioned previdiisly, GlyGlyHis (GGH) and bovine serum albumin (BSA) were purchased
from Sigma and used without further purification. The tripeptide

* To whom correspondence should be addressed. Phone: (603) 646-HisGlyHis (HGH) was synthesized from Fmoc-protected amino acids
2874. Fax: (603) 646-3946. E-mail: dean.e.wilcox@dartmouth.edu and standard solid-phase peptide synthesis procedures at thebench,
(1) Wiseman, T.; Williston, S.; Brandts, J. F.; Lin, L.-Nnal. Biochem. and purified by reversed-phase HPLC. The peptide was characterized

? ll:?gi?eléa l\llliilgrlsglo. L. Straume, Mnal. Chem199Q 62, 950A— by its 'H NMR spectrum, and its purity was determined by analytical

Materials and Methods

959A HPLC to be 95%.
(3) Lin, L.-N.; Mason, A. B.; Woodworth, R. C.; Brandts, J. F. ITC measurements were carried out at 250.2) °C on a MicroCal
Biochemistry1991, 30, 11660-11668. OMEGA ultrasensitive titration calorimeter. The titrant and sample

(4) Lin, L-N.; Mason, A. B.; Woodworth, R. C.; Brandts, J. F.  golutions were made from the same stock buffer solution, and both
Biochemistryl1993 32, 9398-9406.

(5) McLendon, G.; Hull, H.; Larkin, K.; Chang, W. Biol. Inorg. Chem.
1999 4, 171-174. (6) Private communication with Fernando Albericio.
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experimental solutions were thoroughly degassed before each titration. Time (min)

The solution in the cell was stirred at 800 rpm by the syringe to ensure 30 60 90 120 150
rapid mixing. Typically, 8-10 uL of titrant was delivered over 25 s T " T T T " T " T T T
with an adequate interval {820 min) between injections to allow 0 ““r TV vy 7
complete equilibration. Titrations continued untit-8 equiv had been

added to ensure that no additional complexes were formed in excess
titrant. A background titration, consisting of the identical titrant solution
but only the buffer solution in the sample cell, was subtracted from
each experimental titration to account for heat of dilution. Figure3 1 : [His] = 3.0 mM, [Ni*"] =0.10 mM
show the raw ITC data on top, while the bottom of each figure shows 100 mM HEPES, pH 7.60

a plot of heat flow per mole of titrant versus the molar ratio of titrant 2 B
to the species in the sample cell for each injection, after subtraction of T T T T T T
the background titration.

The data were collected automatically and subsequently analyzed
with either a one-site or two-site binding model by the Windows-based
Origin software package supplied by MicroCal. The Origin software
uses a nonlinear least-squares algorithm (minimizatiogfoénd the
concentrations of the titrant and the sample to fit the heat flow per
injection to an equilibrium binding equation, providing best fit values
of the stoichiometryrf), change in enthalpy\H°®), and binding constant . i X . . ‘
(K). 0 1 2 3 4 5 6

. Molar Ratio
Results and Analysis Figure 1. ITC titration of 0.10 mM Ni(ll) with 3.0 mM His in 100

Histidine. ITC measurements of Ni(ll) and Cu(ll) binding MM HEPES buffer at pH 7.60. Parameters for fit 1, fit 2, and simulation
to the amino acid His were made to assess the ability of this & found in Table 1.
method to reproduce the reported binding constants and enthalpyh h . o il latively |
changes. Histidine is a tridentate ligand for these metal ons, . ave the same sign @H". In particular, a relative y large error
binding through its carboxylate K = 1.7), imidazole (Ka = IS a§500|ated \.Nlth the value &f,rc and, 'depend'lng. on the
6.0), and amine (. = 9.1). Both Ni(ll) and Cu(ll) bind to ~ '¢/ative magnitudes oK, and K, reaction stoichiometry
His in 1:1 and 1:2 complexes, characterized by the following bec_:omes a soft fit parameter. Thus, deV|at|c_)n of the_ $t0|ch|om-
equilibria in the pH range 6J5é 5: etries from 1.0 appears to be largely an artifact of fitting these

U data to the two-site model. However, since the stoichiometry
of both binding equilibria (eqs 1 and 2) are known, it is
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—— Fit 1 (all floating)
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----------- simulation

kcal/mole of i

2+ e — iyt +
M“" + His==M(His)" + H 1) chemically reasonable to fix; = n,, which we have done for
M(His)+ + His = M(His), + H* @) alilsrgeported fits of ITC data for Ni(ll) and Cu(ll) binding to

The reported stability constants for Ni(Hispnd Ni(His)
have been obtained by potentiometric titrations and are pH-
independent valué$.Thus, our experimental values at pH 7.60
(K1, i1c, Ka,irc) need to be corrected for deprotonation of the
amine upon Ni(ll) binding by the following relationships:

Comparison of titrations of the metal ion into a solution of His
(M2" — His) and titrations of His into a solution of the metal
ion (His — M?2") showed that both equilibria could be
determined more accurately by fitting data from the latter
experiment.

Figure 1 shows the ITC data for a His Ni(ll) titration in
100 mM HEPES buffer at pH 7.6. Evidence is observed for K. =

[NiHis"] _ [NiHis"] [H'] x 10°% _

each binding equilibrium (inflection at-1 and ~2 molar ' [Ni2+][His_] [Ni2+] [His]

equivalents of His), both of which are net exothermic, and an K s« 10%09-PH ©)

excellent fit of these data is achieved for a model with two e

independent binding sites and all six fit parameters floating T i + .09

freely (Table 1, fit 1). However, this best fit indicates that the K, = [NiHis,] = [NiHis,] [H7] X 10 =

stoichiometry of each equilibrium deviates significantly from [NiHis*][Hisf] [NiHis*] [His]

the expected value of 1.0. This could be due to error(s) in « 10>09-PH
K2,ITC 1 (4)

solution concentrations but, since these are sequential binding
equilibria, an inaccurate concentration of titrant or sample would
result in deviation of botim; andn; in the same direction from
1.0. To further evaluate this point, these data were fit with the
constraint thatn; = n, (Table 1, fit 2). While this gives the
more reasonable stoichiometry of 1.09, both quantitatively (
and qualitatively (fit 2 of Figure 1) this resulted in a somewhat
poorer fit, as would be expected with fewer independently b
adjustable parameters.

As noted elsewhefeand found in the analysis of these and
other ITC data in this study, certain parameters of the two-site
fit are not well defined whei; = K, and both binding events

In addition, a minor correction is also required to account for
the small percentage of His with protonated imidazole at this
pH. As seen for 100 mM HEPES buffer (Table 2), IKg is
5.2% lower than its literature value, while the difference between
log K2 and its literature value is only 1.7%.

Two pieces of evidence suggest that there is an interaction
etween Ni(ll) and the HEPES buffer that leads to the low value
of Kj, although this interaction is weak and has not been
guantified. First, there is a discrepancy between the experimental

(9) Certain data sets, in fact, could not be fit with all six parameters freely
floating and required the constraint that= n,.

(7) Kiss, T. InBiocoordination Chemistry: Coordination Equilibria in (10) Martell, A. E., Smith, R. M., Simeon, V. |., Ed€ritical Stability
Biologically Actve SystemsBurger, K., Ed.; Ellis Horwood: New ConstantsPlenum: New York, 1989.
York, 1990; pp 9195 and references therein. (11) Quantitative comparison of binding constants are generally made

(8) ITC Data Analysis in Origin, MicroCal Inc., Northampton, MA, 1993. between loK values.
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Table 1. Best Fit and Simulation Parameters of the ITC Data in Figure 1 to a Two-Site Model

fit 1 (all floating) fit2 (N =ny) simulatior?
n 0.83 @ 0.03) N, 1.09
Ky 3.7 x 10° (£1.2 x 10F) 4.9x 10° (£1.6 x 10°) 1.8x 10
AH®y rc? —2.25 @0.04) —2.39 £0.02) —2.84
N, 1.35 0.03) 1.09 £0.003) 1.09
Kaire 2.06 x 10° (+0.08 x 10°) 1.67 x 10 (+0.09x 10°) 2.85x 10°
AH% irc? —2.97 @0.04) —3.00 £0.06) -3.14
P 207 995

akcal/mol.? See the text for the source of simulation parameters.

Table 2. Best Fit Parameters of the His Ni(ll) and His — Cu(ll) ITC Data to a Two-Site Model (Indicated by the ITC Subscfipt)

AH® i AH®; i1
buffer (pH) nre logKime  (AH%Lcacd®®  logKi  npre logKaire (AHC2 caicd®C logKz  log(KiKy)
A, Ni(ll)
100 mM HEPES (7.60) N2, irc 6.692 —2.39(-2.84) 8.211 1.09 5.223 —-3.0(-3.14) 6.742 14.953
100 mM Tris (8.10) N 6.675 —6.16(-891) 8467 1.08 4821 -580(9.21)  7.189  15.656
25 mM phosphate (6.80=0.1M) n,rc 5886  1.50(2.09) 8662 113 458  1.02(L79) 6.946  15.608
20 MM HEPES (7.50,=0.1M)  mme 6193 -2.16(2.79) 7.808 1.04 5053 —3.00(3.09)  6.668 14.476
25 mM Tris (8.23] = 0.1 M) N2, irc 6.378 —6.99 (—8.86) 7.744 0.917 5.270 —6.66 (—9.16) 7.023 14.767
reported values 8.66 6.86 15.52
B. Cu(ll)
20 mM Tris (8.10) 1.05 5793 —3.95(11.81) 9.368 nyic 4.278 0.865¢10.22) 8.914 18.268
7.868 10.414 (18.282)
100 mM Tris (8.10) 1.06 5.033 —4.10(11.81) 9.975 ¢ 2.258 0.940¢10.23) 8.292 18.267
7.761 10.491 (18.252)
reported values 10.16 7.91 18.07

aK,; andK; are the pH-independent binding constants calculated Kot andKz irc, which also account for Ni(ll) and Cu(ll) interaction with
the buffer in the case of Tris and phosphatkcal/mol.¢ Change in enthalpy calculated from enthalpy changes for His deprotonation, metal-His
binding, and buffer protonatiod.Reference 102 Assumes two Tris ligands are replaced by one His for each séegsumes one Tris ligand is
replaced by the first His and three Tris ligands are replaced by the second His.

AH°yrc value and a calculated valueAKI°; caed, Which stability constants for Ni(Tris§* (log . = 4.6) and Ni(Tris*
assumes contributions to the net enthalpy change fooiy (log 51 = 2.63) were used to account for NTris interactions
deprotonation of the amine (and the small percentage of in eqs 5-7, which were then used in calculationskafandKo.
protonated imidazole), Ni(ll) binding to His and protonation The resulting logK values (Table 2) are 2.2% lower and 4.8%
of the buffer (Table 2). A more exothermic reaction is predicted, higher than the reported values, respectively, suggesting that
thereby implicating an endothermic dissociation of Ni(ll) from these assumptions are reasonable but do not completely account
HEPES. Second, in the early part of the titration, when His for the displacement of Tris by His. The major contribution to
would be displacing weakly bound HEPES, there is a difference these discrepancies probably originates from the mixed ligand
between the experimental ITC data and a simulated set of ITC and buffer complexes of unknown stability in eqgsa Another
data (Figure 1), which was generated from stoichiometries of factor may be the reported slow kinetics of Niris binding}3
the ny = n, fit, the AH®; caicg @nd AH®; caicq Values, and the although a sufficient delay was made between injections to allow
literatureK; andKj values, corrected for deprotonation of the the heat flow to return to the baseline. The log producKof
amine and the imidazole at this pH (Table 1). andK; differs from the reported product by 0.9%, indicating
Identical His— Ni(ll) ITC measurements in Tris buffer at  that this analysis of the 100 mM Tris ITC data does a reasonably
pH 8.10 were analyzed for proton displacement upon Ni(ll) good job of accounting for the overall equilibrium involving
binding, as indicated above, but the resulting valuekoand formation of the Ni(His) species?
K> (log K; = 7.665; logK; = 5.811) were significantly lower We have also obtained His Ni(ll) ITC measurements with
than their literature values, indicating a-Njuffer interaction lower buffer concentrations and added salt to maintain constant
that competes with Ni(Il) binding to H%. This is also indicated ionic strength, and have analyzed these data as described above
by AH®1 caicd@nd AH®, caica Values that are significantly more  (Table 2). The experimental data and best fit for a measurement
negative than thé\H°; ;rc and AH®; itc values, respectively.  in 25 mM phosphate buffer at pH 6.8 and 50 mM Kp&re
Nickel-Tris complexes have been characterie@nd this shown in Figure 2. Surprisingly both equilibria now are net
interaction was subsequently included in the analysis of the His endothermic because of the much smaller protonation enthalpy
— Ni(ll) ITC data in Tris buffer. of HPO?~ (AHr0t= —1.1 kcal/mol), relative to that of HEPES
In 100 mM Tris at pH 8.10, Ni(ll) in the sample cell is found  (AH°pot= —5.1 kcal/mol) and other Good buffe¥sAccounting
predominantly as Ni(Tris§t (82%) and Ni(Trisj* (17%).
Assuming that the predominant equilibria involved in the His
titration under these conditions are

(12) This interaction is not subtracted by the control titration that accounts
for heat of dilution.

(13) Bologni, L.; Sabatini, A.; Vacca, Anorg. Chim. Actal983 69, 71—
75

(14) A similar analysis was undertaken of ITC measurements in 100 mM
TES buffer at pH 7.60; however, NiTES complexes are not well
characterized, thus preventing a complete analysis of these ITC data.

(15) Christensen, J. J., Hansen, L. D., Izatt, R. M., E@sdbook of Proton
lonization Heats and Related Thermodynamic Quantitiéitey: New
York, 1976.

Ni(Tris),”" + His == Ni(Tris)(His)" + HTris"  (5)
Ni(Tris)®>" + His -+ Tris = Ni(Tris)(His)" + HTris" (6)
Ni(Tris)(His)" + His = Ni(His), + HTris"  (7)
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Figure 2. ITC titration of 0.10 mM Ni(ll) with 3.0 mM His in 25
mM phosphate buffer at pH 6.80 with 50 mM KNO

for Ni(ll) interaction with the phosphate buffer iofsin addition
to proton competition at this pH, results in values of kg
log K>, and logK;K> that differ from their literature values by
<0.1%, 1.3%, and 0.6%, respectively.

For ITC measurements in 20 mM HEPES and 25 mM Tris,
analysis of the ITC data results in values that are lower than
those found at 100 mM buffer concentration (Table 2). In the
case of the weakly coordinating HEPES, it is possible that
hydroxo ligand contributions at this lower buffer concentration
affect binding of the first His, resulting in the low& value.
This also may explain the lowég; value in 25 mM Tris at pH
8.23. However, another factor in the case of Tris, where we
account for Ni-buffer interaction, is a different distribution of
the initial Ni(ll) species (40% Ni(Trig)" and 54% Ni(Tris)*")
under these conditions and the lack of stability data for mixed
Ni(ll) complexes of Tris and His, as indicated above. These
factors have significantly less effect on tKe values, which
are close to the literature value. In fact, the Idg value in
HEPES at two different conditions of buffer concentration, pH,
and ionic strength differs by only 1.1%. A somewhat larger
difference (2.4%) is found in Tris, where different buffer
concentrations result in different percentages of mixee Ni
ligand—buffer complexes that are not accurately included in the
data analysis.

The above analysis of His> Ni(ll) ITC data indicates that

Zhang et al.

The latter model give&; andK; values that are closer to the
literature values, while the former givé&s andK; values that
are very similar for both 20 and 100 mM Tris, which is expected
because Cu(Trig)" is the predominant species at both buffer
concentrations. Since the literature values were determined by
unbuffered potentiometric titrations and the analysis of our ITC
data necessarily includes mixed €Tris—His species, we do
not expect our individuagK; andK; values to match the literature
values, but we do expect this of oliK, product. Further
support for the model where the first His displaces only one
Tris ligand is found in a comparison &fH°; jrc and AH®, ¢,
which should be similar if each His displaces two Tris ligands
but, in fact, are not; the slightly endothermic valueAdi®; ir¢

is consistent with the greater endothermic contribution from loss
of three Tris in the second step. However, choice of a model
for the mechanism of His displacement of Tris does not have a
significant effect on the overall equilibriunK(K) for the
formation of Cu(His), which is very similar for both models

at both Tris concentrations. We find that our best value for the
log stability constant of Cu(Hig)differs by 1.0% from the
literature value, indicating that the overall equilibrium is
determined relatively well with this analysis of ITC data
obtained under these conditions.

Table 3 contains the experimental ITC thermodynamic data
obtained for Ni(ll) and Cu(ll) binding to His in 100 mM Tris
buffer at pH 8.10 and a detailed thermodynamic comparison
involving literature values for relevant equilibria. This analysis
of both the experimental and literature data quantitatively
includes contributions from the different His protonation species
at this pH and the relevant metalris complexes at this buffer
concentration. ThAG® values obtained from the ITC data are
in excellent agreement (1.1% and 8.8% difference for Ni(ll)
and Cu(ll), respectively) with values determined from relevant
literature equilibrium values, indicating that we are accurately
accounting for all significant thermodynamic contributions in
the ITC experiment. This analysis was also used to determine
AH° and AS for the species Ni(Tris§*, Ni(Tris)>" and
Cu(Tris)?", which were important for analysis of subsequent
ITC data obtained in Tris buffer.

Tripeptides. The above results guided the analysis of our
ITC data for Cu(ll) and Ni(Il) binding to GGH, for comparison
to literature values, and to the related peptide HGH. AtpH
6.0 for Cu(ll) and pH> 7.5 for Ni(ll), each metal ion binds to
GGH in a 1:1 complex with square planar coordination through
the N-terminal amine (8, = 8.06), the two deprotonated
amides, and the imidazole of the HisHowever, because a
1:2 complex can form under conditions of excess GGH, the
binding data were obtained as tripeptieleM2 ITC titrations.

accurate binding constants can be obtained when the contributiorRelative to the His—~ M2 ITC measurements, these titrations
of metal-buffer species to the overall equilibrium can be took longer to reach equilibrium, particularly at aliquots
quantitatively subtracted, which is most easily achieved when approaching 1:1 stoichiometry. Table 4 shows the best fit
a single well-characterized metal-buffer complex is present. This parameters for these titrations in 100 mM Tris at pH 9.1. The

insight then guided His> Cu(ll) ITC measurements in 20 and
100 mM Tris buffer at pH 8.10 (Table 2J. Under both
conditions, the predominant species in the sample cell initially
is Cu(Trisy?* (log 84 = 14.1)}9 and the titrant His is expected
to displace the buffer in a stepwise fashion. Although this results

in several equilibria, we considered two simple cases where

either one or two buffer ligands are displaced by the first His.

(16) For Ni(HPQ), log K = 2.1, and for Ni(HPQy) ", log K = 0.5; under
these experimental conditions 60% ané% of the Ni(ll) is initially
in these two complexes, respectively.

(17) We did not use HEPES because of its reported redox reaction with
Cu(ll) (Hegetschweiler, K.; Saltman, forg. Chem1986 25, 107—
109).

valueKxgH,expt indicates the eq 8 pH-dependent metal binding
constant of the peptidX(= G, H), after accounting for metal
buffer interaction.
M?* + XGH ' = M(XGH) ™ + 2H" (8)
The log binding constant for Cu(ll) that we determine from
ITC measurements differs from the most recent literature Value

(18) Sovago, I. InBiocoordination Chemistry: Coordination Equilibria
in Biologically Actve SystemsBurger, K., Ed.; Ellis Horwood: New
York, 1990; pp 162164 and references therein.

(19) Hay, R. W.; Hassan, M. M.; Chen, Y.-Q. Inorg. Biochem1993
52, 17—-25.
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Table 3. Thermodynamic Parameters for Ni(ll) and Cu(ll) Binding to His at pH 8.10 Obtained from ITC Measurements in 100 mM Tris
Buffer at 25°C?

reactions loK AG°P AH°®P AS ¢
A. Ni(ll) (x = 0.82,y = 0.90,z = 0.0075)

overall ITC experiment equilibrium
xNi(Tris)?" + (1 — X)Ni(Tris)?" + 2yHis + 2zHis™ + 2(1 — y — 2)His™ 9.63 —13.15 —11.96 3.99
= Ni(His)z + 2(y + 22)TrisH" + (1 + x — 2y — 42)Tris
literature equilibria

2y(His == His~ + H* —9.09 12.41 10.50 —6.41)

2z(His* == His™ + 2H* —15.11 20.63 17.50 —10.51)

X(Ni(Tris)?" = Ni?* + 2Tris —4.60 6.28 6.77 1.64

(1 — )(Ni(Tris)2 = Ni2* + Tris —-2.63 3.59 3.42 —0.57)

1(Ni2* + 2His~ = Ni(His), 15.54 —21.22 ~16.50 15.83)

2(y + 22) (H* + Tris = TrisH* 8.10 ~11.06 -11.36 -1.01)
9.53 —13.01

B. Cu(ll) (x=0.98,y = 0.90,z= 0.0075)
overall ITC experiment equilibrium
XCu(Tris)?t + (1 — x)Cu(Trisk?" + 2yHis + 2zHis" +2(1 — y — 2)His~ 2.46! —3.36 —3.16 0.67
=Cu(His) + 2(y + 22)TrisH" + (4 — 2y — 42)Tris
literature equilibri&

2y(His = His~ 4+ H* —9.09 12.41 10.50 —6.41)

2z(His* = His™ + 2H* —15.11 20.63 17.50 —10.51)

X(Cu(Tris)?t = Cu2+ + 4Tris —~14.10 19.25 18.87 —1.30)

(1—x)(Cu(Trisk?" = Cw?" + 3Tris —11.10 15.16 g g

1(CW* + 2His™ = Cu(His) 18.07 —24.67 —20.40 14.34)

2(y + 22) (H* + Tris = TrisH* 8.10 —11.06 —-11.36 —-1.01)
2.26 —3.09

a parameters in bold are derived from a thermodynamic cycle consisting of measured ¥atadnol. © cal/(motK). 9K = Ky ircKa e f(X,Y,2),
wheref(x,y,2) is a function that accounts for the relative contributions of different His protonation species and Tmstaomplexes to the overall
equilibrium. ¢ Reference 10.Derived fromAG°® = AH° — TAS’. 9 Negligible contribution.

Table 4. Best Fit Parameters for ITC Measurements of Cu(ll) and  ITC measurements of pH titratioRsAlthough the reported eq

Ni(ll) Binding to Peptides GlyGlyHis and HisGlyHis in 100 mM 8 binding constant determined by this method fogr —0.48)
Tris at pH 9.1 and 23C is an order of magnitude larger than the more recent potentio-
nre  logKie  AH°mc?  log Kxgh, expti 109 Kxarymt metric titration value (logk = —1.550}° and our ITC value

A. GlyGlyHis® (log K = —1.616), there is reasonably good agreement between
Cu(ll) 095 6.615 —5.45 -1.16 —1.550 the previous calorimetry measurement of the enthalpy change
Ni() 0.85 7188  —7.53 —8.417 —6.932 for the eq 8 equilibrium4H° = —1.25 kcal/mol) and our value

B. HisGlyHis (AH° = —1.852 kcal/maol).
Cu(ll) 113 6954 —4.93 —-l277 Since our ITC measurements of Cu(ll) and Ni(ll) binding to

Ni 101 7417 —7.94 —8.188 GGH and HGH were obtained under identical conditions, a
akcal/mol.?1.10 mM GlyGlyHis; 0.080 mM M". ¢ Reference 19. direct comparison of the best fit parameters allows us to
40.40 mM HisGlyHis; 0.050 mM M. determine the thermodynamic contribution of the imidazole side
chain on the N-terminal residue. The data in Table 4 indicate
by 4.3%. In the case of Ni(ll), however, okrvalue at pH 9.1 that both Cu(ll) and Ni(ll) bind more tightly to HGH than to
is 2 orders of magnitude smaller than the literature value. GGH, and this higher stability quantitatively corresponds to an
Because Ni(ll) forms complexes with Tris that are not as stable additional change in free energy of 0.46 and 0.31 kcal/mol for
as those of Cu(ll), it is likely that there are Nnydroxide Cu(ll) and Ni(ll), respectively.
species at this pH that affect this valuekafcn determined by Bovine Serum Albumin. Since our ultimate objective is to
ITC. This is supported by GGH-~ Ni(ll) ITC titration data at  yse ITC to quantify the interaction of metal ions with biological
pH 8.0 that give, after appropriate analysis of protonation speciesmacromolecules, we extended this study to include Cu(ll)
and Ni—Tris complexes, lo&ceH,expt= —7.226, which differs  pinding to BSA. These experiments used metaprotein ITC
by only 4.2% from the literature valu. titrations and incorporated insight gained from the above studies
Table 5 contains the experimental ITC thermodynamic data to factor out metatbuffer interaction. Since this protein has
obtained for Cu(ll) and Ni(ll) binding to GGH in 100 mM Tris  an N-terminal sequence of AspThrHis- (DTH-) and both Cu(ll)
buffer at pH 9.1 and literature thermodynamic values for relevant and Ni(ll) bind at this sequence in a structure similar to that
equilibria, including AH® and AS® values for the species found with GGH?? we expected similar data.
Cu(Trisy?*, Ni(Tris)?*, and Ni(Tris}* determined above. In Figure 3 shows the Cu(IB> BSA ITC data and three fits of
contrast to Table 3, here the experimental ITC values are usedthese data. These data clearly indicate a more complicated
to determine the thermodynamic parameters associated with thenteraction of Cu(ll) with this protein than expected, with an
eq 8 equilibrium for metal binding to GGH. The thermodynam- initial rapid net endothermic binding followed by a slower net
ics of Cu(ll) binding to GGH have been studied previously by exothermic binding up to a 1:1 molar ratio. Thereafter only the

(20) GGH— Cu(ll) titration at pH 8.0 gives lodKcH,expt = —0.583; we (21) Arena, G.; Rizzarelli, E.; Sarkar, Biorg. Chim. Actal979 37, L555—
suspect that the difference between this and the pH 9.1 value indicates L557.
that there are minor thermodynamic contributions from mixed-Cu  (22) Harford, C.; Sarkar, BAcc. Chem. Resl997 30, 123-130 and
GGH-—Tris species, which we are unable to consider in our analysis. references therein.
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Table 5. Thermodynamic Parameters for Cu(ll) and Ni(ll) Binding to GlyGlyHis at pH 9.07 Obtained from ITC Measurements in 100 mM

Tris Buffer at 25°C?

reactions logk AG°® AH° P AS©
A. Cu(ll) (y=0.92)

overall ITC experiment equilibrium

Cu(Trisy?" + yGGH™ + (1 — y)GGH= CuGGH + 0.49 —0.67 —6.62 —19.94
(3 — y)TrisH" + (1 + y)Tris

literature equilibria
(1-y)(GGH=GGH + H* —8.02 12.41 f f)
1(Cu(Trisy?™= CWw" + 4Tris —14.10 19.25 18.87 -1.30
1(C#* + GGH = CuGGH  + 2H* —1.62 221 —1.85 —16.55)
(B—=y)(H" + Tris= TrisH" 8.10 —11.06 —11.36 —1.01)

B. Ni(ll) (x=0.89,y = 0.92)

overall ITC experiment equilibrium

xNi(Tris)2" + (1 — X)Ni(Tris)?" + yGGH™ + (1 — y)GGH= 3.47F —4.73 —7.53 —9.40
NiGGH™ + (3 — y)TrisH* + (x + y — 2)Tris

literature equilibria
1-y)(GGH=GGH + H* —8.02 12.41 f f)
X(Ni(Tris)2?* == Ni?* + 2Tris —4.60 6.28 6.77 1.64
(1 — X)(Ni(Tris)>" ==Ni?* + Tris —2.63 3.59 3.42 —0.57)
1(Ni*t + GGH == NiGGH™ + 2H* —8.42 11.50 9.70 —6.03)
B=y)(H" + Tris==TrisH* 8.10 —11.06 —11.36 —1.01)

a Parameters in bold are derived from a thermodynamic cycle consisting of measured values and values derived from Table 3 (bold and italic).

b kcal/mol. € cal/motK. 9K = Ky rcKa, e f(X,Y,2), wheref(x,y,2) is a function that accounts for the relative contributions of different GGH protonation

species and metallris complexes to the overall equilibriurhiReference 10.Negligible and/or unknown contributiod.Derived fromAG®

AH® — TAS.
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Figure 3. ITC titration of 0.090 mM bovine serum albumin with 2.0
mM Cu(ll) in 200 mM Tris buffer at pH 9.10. Parameters for all three
fits of the data are found in Table 5.

rapid net endothermic binding remains for anoth€r.5 equiv

of metal ion. Since the thermodynamic product is Cu(ll) bound
to the N-terminal site and Cu(ll) binds to GGH under similar
conditions with a net exothermic enthalpy change, we attribute
the slower exothermic process to Cu(ll) binding to the N-
terminal residues of BSA. This protein contains a single free
thiol, Cys34, that constitutes the site where Zn(ll), Fe(ll), Cd(ll),
and other metal ions birk¥,and we suggest that the rapid net
endothermic event involves Cu(ll) binding initially to this site
(kinetic intermediate), prior to migration to the N-terminal site.
After a 1:1 stoichiometry of Cu(ll) is achieved at the N-terminal
site, the ITC data suggest that additional Cu(ll) binds more
weakly to the Cys34 sit&. In support of this interpretation,

(23) Peter, T., JrAll About Albumin. Biochemistry, Genetics, and Medical
Applications Academic Press: San Diego, 1996; see also references
therein.

preliminary ITC measurements of Cu(ll) binding to BSA that
has its Cys34 blocked by reaction withethylmaleimide lack
the rapid endothermic binding and give Cu(ll) binding param-
eters that are similar to those found with GGH.

Table 6 contains the results from fitting these data, which
was not possible with a two-site model and all parameters freely
floating. We began with a fit to a one-site model (fit 1) to
provide fixed parameters for the first site of a two-site model
(fit 2). This fit indicated that the stoichiometry of the weaker
site was~0.5 and allowed the final fit 3 with the fixed
relationshipn; = 2n,.

Copper(ll) binding to BSA has been quantified by ultra-
filtration?® and equilibrium dialysi® methods, and the stability
constant for the 1:1 complex has been reported to bex1.6
102 (pH 7.5) and 1.1x 102 (pH 7.4), respectively. Accounting
for the experimental pH and protonation of the N-terminal amine
(pKa = 7.73), the eq 8 binding constants for these two studies
are 4.62x 1072 and 6.01x 1073, respectively, which are similar
to our ITC result of 2.78< 107227

Since Cu(ll) has a similar coordination when bound to GGH
and to the N-terminal DTH- sequence of BSA, and our ITC
measurements were obtained under identical conditions, direct
comparison indicates that Cu(ll) binds somewhat more tightly
to BSA (K = 1.06 x 107) than to GGH K = 4.12 x 10P).
However, this difference is considerably less when tKg qf

(24) It has been reported (Kratochwil, N. A.; lvanov, A. |.; Patriarca, M.;
Parkinson, J. A.; Gouldsworthy, A. M.; Murdoch, P. D. S.; Sadler, P.
J.J. Am. Chem. S0d.999 121, 8193-8203) that Cys34 may not be
fully reduced in commercially available samples of albumin and the
~0.5 stoichiometry for the second Cu(ll) may reflect partial oxidation
of this thiol in our BSA sample.

(25) Giroux, E.; Schoun, . Inorg. Biochem1981, 14, 359-362.

(26) Ryall, R. G., Ph.D. Thesis, Australian National University, 1974, as
cited in ref 25.

(27) An equilibrium dialysis study of Cu(ll) binding to BSA (Masuoka,
J.; Jegenauer, J.; Van Dyke, B. R.; SaltmanJ.mBiol. Chem.1993
268 21533-21537) reports an intrinsic (pH-independent) binding
constant for the 1:1 complex of 1.8 10'%; however, it is not clear
whether deprotonation of the two amides of the N-terminal DTH-
sequence upon Cu(ll) binding was included in the analysis, and the
report of a Scatchard plot for Cu(ll) binding at pH 5.0 that is identical
to those at pH 7.0 and 8.5 is at odds with potentiometric and
spectroscopic data for Cu(ll) binding to a number of XXH- sequences.
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Table 6. Best Fit Parameters of the ITC Data in Figure 3

fit 1 (one-site model) fit2 fit 3°
. 1.00 & 0.01) 1.00 2
Ki,re 6.4 x 10° (£2.2 x 10F) 6.4x 10° 1.06 x 107 (0.27 x 10")
AH®L —3.76 (0.07) ~3.76 —3.84 (& 0.03)
N, 0.52 £:0.20) 0.51 £:0.002)
Kairc 1.51x 10*(+£0.67 x 10% 6.3 x 10* (£2.3 x 109
AH% irc° 0.96 0.28) 0.96 £0.10)
212 24002 10067 963

2 Two-site model with the first set of parameters fixed at values obtained from fiTwo-site model withn; = 2n,. ¢ kcal/mol.

the N-terminal amine is considered; the corresponding eq 8 where K9 = K3iK; and Kip = Ki/K; relate the equilibrium
binding constants are 2.381072and 2.42x 1072, respectively. constants for these equations to those for eqs 1 and 2. As
These results also indicate that the enthalpy change for Cu(ll) expected, we find that the best fit parameters determined for
binding to the N-terminal site of BSAAH®tc = —3.84 kcal/ the His— Ni(ll) ITC titration data in Figure 1 give an excellent
mol) is less exothermic than it is for Cu(ll) binding to GGH fit to reverse Ni(ll)— His ITC titration data, using the above

(AH®c = —5.45 kcal/mol). relationships between the equilibrium constants. The eqs 9 and
) ) 10 equilibria have stoichiometries of 0.5 and 1.0, respectively,
Discussion but, depending on the relative magnitudekafandK, the eq

Since heat flow accompanies all binding events, isothermal 10 equilibrium may not be evident in the ITC data, thus
titration calorimetry has the potential to quantify the interaction Preventing quantification of the egs 1 and 2 equilibria. Our His
of biological molecules with any metal ion. In previous studies, — Ni(ll) ITC data have clear evidence for both equilibria and
ITC has been used to characterize Fe(lll) binding to ovotrans- give best fit values that correspond to literature values for the
ferrin® and human transferrthMg(ll) binding to ribonuclease ~ 1:1 and 1:2 complexes. In this case only His Ni(ll) ITC
H,28 Mg(ll) and Mn(ll) binding to the Klenow fragment of DNA ~ measurements lead to accurate results. For practical reasons (e.g.,
polumerase ¥ transition-metal binding to concanavalin3a,  solubility and availability), the biological macromolecule typi-
Zn(I) binding to a zinc finger peptide of the HIV nucleocapsid ~ cally will be in the sample cell, and fitting M — macromol-
protein® and Ca(ll) or Mg(ll) binding to a number of proteins ecule ITC data can give thermodynamic information about
and oligonucleotides. However, to the best of our knowledge, individual metal-binding sites on the macromolecule.
there has been no study that has assessed the accuracy and Noninteger stoichiometries were an initial concern. Some
problems associated with ITC measurements of metal ion variablity in these values can originate from inaccuracy of the
binding to biologically relevant ligands. Such a critical evalu- concentration(s) of the sample solutions, but in this study it was
ation is important because only a portion of the total heat flow primarily an artifact of fitting the data to more than one binding
measured by ITC may be associated with the medighnd site with different metal affinities. This will be of concern when
interaction of interest. Specifically, binding of displaced pro- more than one metal ion binds to a biological macromolecule,
ton(s) by the buffer will give an exothermic contribution, but and independent measurement of the metal-to-macromolecule
release of metal ions from complexes with the buffer will give stoichiometry may be helpful when ITC data are fitted for cases
an endothermic contribution. While contributions such as these that involve multiple metal-binding sites.
may not be relevant for the interaction of two biological Metal ion displacement of protons is a major consideration
macromolecules, thermodynamic parameters obtained from ain ITC measurements. Comparison of the binding constants
fit of ITC data need to be critically analyzed whenever metal obtained from our His—~ M?" ITC data to binding constants
ions are involved. determined from potentiometric titrations of metélis solutions

We have undertaken an evaluation of ITC measurements ofrequired knowledge of the amine and imidazol€, walues.
Ni(Il) and Cu(ll) binding to an amino acid, small peptides, and However, relevant literature for metal binding to GGH reports
a protein to uncover potential complications to achieving the pH-dependent eq 8 stability constant, and it was not
accurate thermodynamic values. Our primary goal was to necessary to include theKp values associated with the two
determine the experimental conditions and the data analysis thamide protons that are displaced by Cu(ll) or Ni(ll) for this
were necessary to reproduce binding constants and thermody-comparison. Clearly, for cases where metal ions compete with
namic parameters that had been obtained with other methodsprotons, the number of protons and the associategvplues
and thereby outline a protocol for ITC measurements of must be known for accurate determination of intrinsic pH-
unknown systems. However, new insight has also been obtainedndependent binding constants. We have found that analysis of
for metal binding to XXH- peptide sequences and for Cu(ll) ITC data is more straightforward if an experimental pH can be
binding to BSA. Below we identify and discuss several key chosen that results in a single dominant protonation species, as
points about ITC measurements of metal binding to proteins is the case for His in the pH range 6:8.1.
and peptides. It is essential to know the number of protons that are displaced

While ITC measurements can, in theory, be done in opposite by the metal ion to be able to extract the enthalpy of metal
directions (exchanging the species in the sample cell and in thebinding from ITC data because buffer protonation enthalpy can
syringe), both practical and interpretive reasons need to bebe a significant contribution to the total heat flow. This can be
considered. For example, Ni(lhy> His ITC titrations involve clearly seen by comparing Figures 1 and 2, where the difference
the sequential equilibria, in protonation enthalpy of the two buffers reverses the sign of

the total change in enthalpy. ITC measurements with different

Ni%" 4 2His= Ni(His), + 2H" (9)
(28) Huang, H.-W.; Cowan, J. Aur. J. Biochem1994 219, 253-260.

i N S (29) Black, C. B.; Cowan, J. Al. Biol. Inorg. Chem1998 3, 292—299.
Ni#* 4 Ni(His), = 2Ni(His) (10) (30) Schwarz, F. PJ. Inorg. Biochem1993 52, 1-16.
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buffers and/or at different pH values can be used to determinea stronger axial bonding interaction between Ni(ll) and the
the number of protons involoved in binding. In one case, the imidazole in Ni-HGH .33

difference in the total enthalpy change between two ITC  Einally, our ITC results on Cu(ll) binding to BSA are
measurements with different buffers at the same pH was jntriguing, as they suggest a kinetic intermediate, which is
associated with the difference in protonation enthalpy of the associated with a second weaker Cu(ll)-binding site. The affinity
two buffers and was used to estimate the number of displacedyf s for a second Cu(ll) has been reportéd= 5.2 x 10),34
protons® A more general approach compares ITC data with ¢ correlation with our ITC value, which is 2 orders of
different buffers at the same pH and ITC data with the same 5qnitude smaller, will require additional characterization of
buffer at dn‘ferent_ pH valued.*2 H_owgver, the use of different g Cu(ll)-binding site. Preliminary ITC measurements of Ni(ll)
buffers to dewr_m'”e proton contributions to the enth_alpy change binding to BSA lack the rapid net endothermic binding event
can pose additional problems when metals are involved, asy, s yq jngicate that more than one metal ion binds to the protein.
indicated below. The binding site occupied by the first equivalent of Ni(ll),

_ A particularly important factor in ITC measurements involv-  however, has an enthalpy change that is similar in sign and
ing metal ions is the contribution of metebuffer interaction - magpnitude to that found for Ni(ll) binding to GGH, suggesting
to the binding thermodynamics. Because of the need to maintainihat the most stable Ni(ll)-binding site is the N-terminus of BSA.

constant pH, buffer concentrations are typically high enough aqgitional calorimetric and spectroscopic studies of Cu(ll) and
that their cpmplexes ywth mgtgl ions can be the. |oredor.n_|na_1nt Ni(ll) interaction with this protein are currently in progress.
metal species in solution. This introduces competing equilibria,

with associated enthalpy changes that contribute to the total hea%

flow measured by the calorimeter. This additional enthalpy is

not subtracted from the control titration, which only accounts  An ITC study of Cu(ll) and Ni(ll) binding to His, GGH, and

for the heat of dilution of the concentrated species in the syringe. BSA was undertaken to evaluate the experimental conditions
Buffer complexes of metal ions can provide certain experi- and data analysis necessary to reproduce literature values for

mental advantages for ITC. This complexation can enhancethe binding constants and thermodynamics of the interaction

metal ion solubility, particularly at higher pH where metal  of these metal ions and biological ligands. This has led to

hydroxo species begin to form. In addition, depending on the guidelines for ITC measurements of metal binding to biological
stability of the metat-buffer complex, the buffer can serve as  macromolecules based on the following points.

a competing ligand, thereby allowing the measurement of (1) \when possible, the analysis of metal competition with
binding constants that are too large ¢ 10°) to be measured  5t0ns should be simplified by choosing a pH that gives a single

directly by ITC. The competing ligand nitrilotriacetic acid  y,minant protonation species of the biological ligands that bind
(NTA) was used for this purpose in studies of Fe(lll) binding the metal ion.

to ovotransferridand human transferrthHowever, the advan- 2 Ch buff h int i ith th tal i
tage of using a buffer with sufficiently high metal ion affinity ( .) hi 00s€ a ub.fr w o(sje n ﬁr?c |onf er1 € glﬁfa lon
for this purpose is that its concentration remains essentially (stoichiometry, stability, and enthalpy of the metalffer

constant throughout the titration, whereas the concentration ofcomplex) is known and gond|t|ons 'that re;ult in a smgle
a chelating ligand in the sample cell is constantly changing dominant metatbuffer species in solution. While a buffer with

during the course of a M(chelaté)— macromolecule ITC negli_gible affinity for the metal may be preferred, thermody-
titration. As with the choice of an experimental pH to ensure a Namics of the metatbuffer interaction can be subtracted, and

single dominant protonation species, it is advantageous to choosé Strong metatbuffer interaction may allow the characterization

experimental conditions that favor a single well-characterized ©f high-affinity metal-binding sites.

metal-buffer species in solution. However, both the stability (3) In cases of multiple metal-binding sites, stoichiometries
and the enthalpy of this complex need to be known to account obtained from fitting ITC data may show significant deviations
for its contribution to the overall thermodynamics of metal ion from the reaction stoichiometry, depending on the relative
interaction with the biological macromolecule. magnitude of the binding constants and enthalpy changes.

In addition to critically evaluating ITC measurements involv- (4) Complete thermodynamic analysis requires knowledge of

ummary

ing metal ions, this study also quantitatively compared the
thermodynamics of Cu(ll) and Ni(ll) binding to GGH and HGH
to determine the metal binding contribution of an imidazole
ligand at the N-terminus of an XXH tripeptide. Since ITC data
for metal binding to both tripeptides were obtained under
identical conditions, the best fit;rc andAH®rc values can be
compared directly to determine the contribution(s) of the

the number of protons involved and the relevakt, palues
and protonation enthalpies. Determination of pH-independent
binding constants requires the&kpvalues of metal-binding
ligands on the biological macromolecule, while quantification
of the thermodynamics of metal binding also requires ligand
and buffer protonation enthalpies and the formation enthalpies
of metal-buffer species.

N-terminal His. In each case the additional imidazole results in
a more stable metatripeptide complexAAG°c, = —0.46 kcal/
mol; AAG®y; = —0.31 kcal/mol). However, for CdHGH this

is due to entropic factors\AH°c, = +0.51 kcal/mol,AAS’ cy

= +3.3 cal/moiK), while enthalpic factors dominate in the case
of Ni—HGH (AAH®y; = —0.41 kcal/mol,AAS’y; = —0.3 cal/
mol-K). This would be consistent with imidazole displacement
of an axial aqua ligand in the case of €dGH, but suggests
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