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The widespread ZIP family of transmembrane metal-transporting proteins is characterized by a large intracellular
loop that contains a histidine-rich sequence whose biological role is unknown. To provide a chemical basis for this
role, we prepared and studied a peptide corresponding to this sequence from the first iron-regulated transporter
(IRT1) of Arabidopsis thaliana, which transports Fe?* as well as Mn?*, Co?*, Zn?*, and Cd?*. Isothermal titration
calorimetry (ITC) measurements, which required novel experiments and data analysis, and supporting spectroscopic
methods were used to quantify IRT1's metal-binding affinity and associated thermodynamics. The peptide,
PHGHGHGHGP, binds metal ions with 1:1 stoichiometry and stabilities that are consistent with the Irving—Williams
series. Comparison of the metal-binding thermodynamics of the peptide with those of trien provides new insight
about enthalpic and entropic contributions to the stability of the metal—peptide complex. Although Fe?* and other
IRT1-transported metal ions do not hind very tightly, this His-rich sequence has a very high entropy-driven affinity
for Fe®*, which may have biological significance.

Introduction A significant advance in understanding the Strategy |
mechanism was the discovery of the first iron-regulated
transporter (IRT1) ofArabidopsis thalian& This high-
affinity iron-transport protein found in the outer membrane
of root cell§ was the founding member of the widespread
ZIP (ZRT- and IRT-like proteins) family of metal transport-
ers. Proteins in this family import a number of essential

mﬁg:]eart]r']zm ’fg]rr\;\’h'g: S'Sdtz[)?ghczrsf ;reeesxcr_ctartﬁeg;zct) g:g SOII’metals and are characterized by their localization to various
W y very piEXes wi cellular membranes, eight putative membrane-spanning

recognized by cell surface receptors and transported into thenelices and a long intracellular loop between helices 3 and
cell. Most plants, however, use a Strategy | mechanism, in 4 that éontains a histidine-rich sequesice

hich th [ i i 4ron. . . . .
which three membrane proteins are required to importiron Uptake studies of IRT1, either . thaliand or expressed

An ATPase pumps protons into the soil to lower the pH and . 9 " N L
solubilize ferric ions that are reduced by an NADH- in yeast:® have shown that Mit, Zr*, Cc*, and C8", in

" . .
dependent reductase and the resulting ferrous ions are ther"flddltlon to F€*, are transported and that #eransport is

" e o X
transported into the cell. Recent evidence, though, suggestscompet't've'y inhibited by C#.° whereas MA" uptake is

that the Strategy Il plant rice possesses aA"FRgtake inhibited by Fé*, CLF*, Zn**, and Cd* and Zr#* uptake is
mechanism as wedl.

Trace elements are often limiting nutrients for the growth
of plants, which make a substantial genetic and biochemical
investment to obtain iron and other essential metals from
soil. Two general mechanisms are known for iron uptake
into root cells by plant$-® Grasses employ a Strategy |l
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inhibited by Cd*, Co’*, and Fé".° Mutagenesis studies have piperazineN,N'-bis(2-ethanesulfonic acid) (PIPES), 2-amino-2-
identified several residues on the extracellular side of the (hyroxymethyl)-1,3-propanediol (Tris), and ethylenediaminetet-
protein and in the transmembrane helices that are crucial forraacetic acid (EDTA) were obtained from Sigma, whereasl-3-(

iron uptake and/or modulating the metal-transport specific- morpholino)propanesulfonic acid (MOPSN-(2-acetamido)-2-
ity. 10 aminoethanesulfonic acid (ACES), triethylenetetramine (trien), and

Histidine-rich sequences are not limited to metal transport- SCdium dithionite were obtained from Fisher.

ers in the ZIP family, as they are also present in the cation Isothermal titration calorimetry (ITC) experiments were carried
diffusion facilitator (CDF) family® and ABC metal trans- ~ °ut at 25.0 £0.2) °C on either a MicroCal MCS or VP micro-

portersi213 However, the role of these characteristic se- calorimeter, as described previoudlyNo systematic differences
quences, which for ,IRTl is PHGHGHGHGP . is still un- Petween results from the two calorimeters were observed. Anaerobic

known. In the case of ZRT1 (zinc-regulated transporter), the measurements were conducted under,20NAr atmosphere in

high-affinity zinc transporter in yeast, the mutation of each custom-built Plexiglass gloveboxes that enclosed the calorimeters.
2T ! . . IRT1pep samples were prepared in 25 mM ACES, HEPES, MOPS,
histidine in its sequence (HDHTHDE) to glutamine did not bep P prep

o ot . or PIPES buffer at pH 7.25 or 100 mM Tris buffer at pH 8.22,
significantly effectKy, for Zn*" uptake but dramatically it the ionic strength adjusted to 100 mM with NaCl2Fend
reducedvimay this may, however, have resulted from reduced yn2+ sojutions were prepared under anaerobic conditions and
protein localization to the plasma membrah8imilar metal-  horoughly deoxygenated before experiments were carried out. For
uptake studies of an IRT1 mutant with its four histidines experiments involving E&, 50 M sodium dithionite (NaS;04)
replaced by glutamines have demonstrated that the Hiswas added to both the peptide and thé Faolutions to eliminate
residues are not necessary fo?Fer Zr?™ uptake!® oxidation by any trace © Low stability of the F& —peptide

To provide a chemical basis for the role of the omnipresent complex necessitated the need for four successive syringe volumes
His-rich sequences in the ZIP family, we have used to titrate the IRTpep solutions. The raw data sets were concatenated
isothermal titration calorimetry (ITC) to quantify the metal- to account for dilution and provide a complete reaction profile.
binding affinity and associated thermodynamics of a peptide Stock metal solutions were standardized by ITC with a metal
corresponding to the IRT1 sequence. This required novel .EI.D.TA titration.l The con'centr.ation of §tock peptide solutions was
calorimetric experiments and data analysis and supporting'n't'a”y determmeql grawmet.rlcally, using 1596 g/mol as the molar
spectroscopic measurements. We find that metal ions generM2ss of the peptide and five TFA anions, followed by an ITC
ally bind with 1:1 stoichiometry and that the first-row t|trat|or_1 \_N'th a standardized Z_h solution. o _
transition-metal ions from Mt to Zre+ bind with relative A minimum of two, and typically three, tltratlons were carried
stabilities consistent with the IrvingWilliams series. Al-  ©ut for each metal, and the reported experimental values are the
though higher metal affinity does not correlate with ions that average of 'nd'v'dqal t.)es.t'f't Value‘?” detem."ned with either the
are transported, these results quantify the interaction of theseone'.Slte or sequential binding model in the O”g!n SOﬂwafe pac'fage’
intracellular His-rich sequences with metal ions, particularly version 7.0. ITC results are presented by showing baseline-adjusted

. experimental titration data (heat flow versus time) on the top and
tho;e imported by IRT1 and oth(-‘fr member.s O,f the ZIP peak-integrated background-subtracted concentration-normalized
family. Further, these results provide useful insight about

o ) o ““* molar heat flow per aliquot versus the titrant-to-sample molar ratio
the metal binding properties of other His-rich protein g the hottom. The change in free energy for the overall equilibrium
sequences associated with metallobiochenifstyd diseases o each ITC titrationAGovera, Was determined from the equilibrium
such as malari&.® constant obtained from the best fit of the experimental défa,

Experimental Section AG = AGc = —RTIN Ko 1)

overall —

The N-acetylated and C-amidated IRT1 peptide (IRT1pep),
PHGHGHGHGP, was obtained from BioSynthesis and further @s Will be discussed in more detail elsewhre.
purified to >97% by reverse-phase HPLC on a VYDAC C18 Electron paramagnetic resonance (EPR) measurements were
column with a 6-70% acetonitrile (Fisher, HPLC grade) gradient carried out on a Biker EMX-300 spectrometer. Samples were
containing 0.1% TFA (Acros). All reagents were the highest purity prepared and incubated rfdl h at room temperature before
available £99%) and used as received. All metal ions were immersion into liquid nitrogen. Mit samples were prepared under
obtained as chloride or sulfate salts from either Fisher or Sigma. an inert atmosphere. EPR spectra were collected at 77 K using a
N-(2-hydroxyethyl)piperazine-N2-ethanesulfonic acid) (HEPES), 100 kHz modulation frequency, a modulation amplitude of 1.0 G
for Mn?* and 10.0 G for C&f, and a 10 ms time constant. Data

(10) Rogers, E. E.; Eide, D. J.; Guerinot, M.Rroc. Natl. Acad. Sci. U.S.A.  were manipulated and analyzed with the WINEPR software
200Q 97, 12356-12360. rovided by Biiker
(11) Hall, J. L.; Williams, L. E.J. Exp. Bot.2003 54, 2601-2613. p y -

(12) Williams, L. E.; Pittman, J. K.; Hall, J. LBiochim. Biophys. Acta An AccuMet pH meter was used to monitor pH titrations, which
200Q 1465 104-126. i i iniaeti i

(13) Li, L; Kaplan, J.J. Biol. Chem1997, 272, 28485-28493, were carried out with 1.0L |nJect|ons.of 0..100 M NgQH mto.l.O

(14) Gitan, R. S.; Shababi, M.; Kramer, M.; Eide, D.3J.Biol. Chem. mL of 1.25uM IRT1pep. Data were fit using the Origin nonlinear
2003 278 39558-39564. curve-fitting feature according to the algorithm

(15) Connolly, E. L. 2006, personal communication.
(16) Colpas, G. J.; Brayman, T. G.; Ming, L. J.; Hausinger, R. P.

Biochemistyl999 38, 4078-4088. (19) Zhang, Y.; Akilesh, S.; Wilcox, D. Hnorg. Chem200Q 39, 3057~
(17) Pandey, A. V.; Bisht, H.; Babbarwal, V. K.; Srivastava, J.; Pandey, 3064.

K. C.; Chauhan, V. SBiochem. J2001, 355 333-338. (20) Spuches, A. M.; Grossoehme, N. E.; Elgren, T. E.; Wilcox, D. E. In
(18) Kilejian, A. Sciencel978 201, 922-924. preparation.
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whereVg = volume of titrant (base) added, = initial volume of
IRT1pep,C. = initial concentration of IRT1peKurra = 10°-3C
Cg = concentration of titrant (base), apdn. = IT_;Kghi.

Results

Isothermal titration calorimetry (ITC) was used to measure
the heat flow associated with metal-ion binding to a 10
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residue peptide corresponding to the histidine-rich sequence
of IRT1, designated IRT1pep. Except in a few cases, the
titrations indicated 1:1 stoichiometry, and the raw data were
integrated and fit with a one-site binding model to determine
the best-fit values for the experimental stability constant
(Kirc) and the change in enthalpy associated with the binding
reaction AHrc). Figure 1 shows representative ITC data
when 4.2 mM Z#&" is titrated into 0.065 mM IRT1pep at
25 °C, with both solutions identically buffered at pH 7.25

. . Figure 1. ITC ftitration of 4.2 mM ZnC} into 0.065 mM IRT1pep at 25
by 25 mM ACES?! Table 1 summarizes the best-fit values <y ration of 4.2 mM 2nCh nto n e

°C buffered by 25 mM ACES at pH 7.25; solid line is the best fit with a

for the metals investigated in this study. In addition, it
contains relevant stabilities and formation enthalpies of

metal-buffer complexes, some of which were determined as

part of this study.
Because these titrations involve coupled protonation

one-site model and the valuas= 1.07+ 0.02,K;rc = 8.6 + 0.4 x 103,
and AH;rc = —2.3 £+ 0.2 kcal/mol.

EDTA displacement of the buffer, because the formation
enthalpies of metalEDTA complexes are accurately knodn.
The metat-buffer complex was titrated into an identically

equilibria and buffers that have a measurable interaction with

metal ions, thermodynamic cycles were used to determinebUfferecj EDTA solution, using pH, ionic strength, and

concentrations of the metal and buffer that were identical to

of formation of the metatpeptide complexes from the
experimental values. Table 2 shows the cycle fat*Zwhich
includes the overall equilibrium expression, the individual
equilibria involved in ZA" — IRT1pep titrations in ACES

buffer, and the coefficients for these equilibria that account

for the pH and buffer concentration. The values\i® and
AG® for Zr?t binding to IRT1pep (Table 2, eq 8) were
determined from the experimentaH;rc and AGirc values

for the overall equilibrium (Table 1), values for the individual
equilibria, and coefficients appropriate for the experimental
conditions of pH 7.25 and 25 mM ACEX & 0.58,y =
0.27,r = 0.00,s = 0.00,t = 0.13,u = 0.52). However,
several of the individuahH® and AG® values necessary for

these cycles were not available in the literature and had to

be determined as part of this study, as described below.
The enthalpies of formation of certain metdluffer
complexes were determined with ITC titrations involving

(21) The early portions of the Zh — peptide titrations (Figure 1, top)

have small endothermic peaks, the magnitude of which correlate

inversely with the stability of the Zabuffer complex(es). Although
control (Zr** dilution) titrations in weakly coordinating buffers are
also endothermic and have a similar decaying titration profile, careful
analysis of the injection peak magnitude and particularly its shape,

which reflects the kinetics to establish equilibrium, suggests that these

are due to metal solution chemistry unrelated to dilution or binding

to the peptide. They were excluded from the integrated heat of reaction,

which may lead to a small underestimation/oifl;rc.
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provides the total heat of metal dissociation from the buffer
for these experimental conditions (Table?3).

Deprotonation and protonation equilibria contribute to the

overall equilibrium expressions (Table 2) and affect both the
experimental enthalpyAHrc) and binding constan(c).
To fully characterize the thermodynamics of metal binding,
we must know the number of protons displaced from the
peptide by metal ions. Two complimentary methods were
used to determine this value.

The first is a calorimetric methé#lbased on the experi-
mental enthalpy relationship

AHre = N(AHygy — AHy_irT1pep — MAHygs +
AHM—IRTlpe;) (3)
where AHugur, AHmgutt, AHH-IRT1pep @NA AHy—RT1pep @re

heats associated with proton and metal binding to the buffer
and IRT1pep, ana is the average number oftHhat are

(22) NIST Standard Reference Databasevsion 7.0; National Institute
of Standards and Technology: Gaithersburg, MD, 2003.

(23) The values for individual metabuffer species cannot be determined
when more than one is present; for cases involving 1:1 and 1:2-metal
buffer complexes, it was assumed that the formation enthalpy of the
latter is twice that of the former.

(24) Doyle, M. L.; Louie, G.; Dal Monte, P. R.; Sokoloski, T. D.Methods
in EnzymologyAcademic: New York, 1995; Vol. 259, pp 18394.
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Table 1. Best Fit Values oK rc and AHrc from ITC Data, and MetatBuffer Stability Constants and Formation Enthalpies (errors in best-fit values
are listed in parentheses)

metal buffer Kire AHyrc (kcal/mol) logK1, mBuft log B2, m(Bufr)2? AHO%g (kcal/mol)

Fet MOPS 311 (4) —4.47 (0.04) 1.14 —1.61(0.01)

Co?t PIPES 2930 (60) —7.3(0.1) 1.68 —0.0191 (0.0004)
Trisd 1750 (190) 1.78

Ni2* ACES 2580 (50) —9.1(0.2) 3.12 5.43 —7.914 (0.004)
Trisd 21900 (580) 2.63 4.6

Cwt ACES 14 400 (348) —6.4(0.1) 4.33 7.77 —11.5(0.2)

Zn?t ACES 8610 (255) —2.34 (0.09) 2.34 3.74 —4.7(0.1)
Trisd 17 300 (760) 2.29

CcPt ACES 2790 (29) —7.65 (0.04) 1.7% 2.96 —3.2040 (1x 1079
Trisd 1940 (67) 1.88

Fedte IRT1pep 3.13x 10° (1.72x 10P) —7.44 (0.04)

a See ref 22P Determined by ITC measurement of buffer displacement by trien or EDPAL 7.25.9 pH 8.22.¢ Determined by EDTA displacement of
peptide at pH 6.45 (see text).

Table 2. Thermodynamic Cycle for AT — IRT1pep Calorimetric Experiments

AHO AGO

eq reaction coeff (kcal/mol) (kcal/mol)

XZN(ACES)" + yZn(ACES) + (L — x — y)Zn?" + (L —r — s-t — U)IRT1pep+ —2.34 —5.37

rH4IRT1pegt + sH3lRT1pep 2 + tH2IRT1pep? + uHIRT1pep” + (4r + 3s+ 2t +

u— 2y — YACES™ = ZnIRT1pep? + (4r + 3s+ 2t + u)HACES
1 Zn(ACES) = Zn?* + ACES™ X 419 428
2 Zn(ACES) = Zn?* + 2ACES y 8.37 7.8
3 HsJRT1pep™ = HalRT1pep? + H* r 7104 469
4 HsIRT1pep3 = HIRT1pep?2+ H* r+s 7.10 7.2F
5 HaRT1pep2= HIRT1lpep + H* r+s+t 7.10:d 9.07
6 HIRT1ped = IRT1pep+ H* r+s+t+u 7104 10.13
7 H* + ACES = HACES 4 +3s+2t+u —9.34 —9.29
8 Zn2 + IRT1pep== ZnIRT1pep2 1 —5.87 —9.13

a Coefficients are pH-dependent values accounting for peptide protonation spediatigrad metat-buffer speciation, y), which also depends on
buffer concentration? From Table 1° See ref 229 Histidine enthalpy of deprotonatiofADetermined in this study.Determined from this cycle.
displaced from the peptide whenmetal ions bind. In this
case,m = 1. Carrying out metat— IRT1pep titrations at
constant pH and ionic strength but varying the buffer results
in values of AHrc that depend om and known values for
the metat-buffer interaction enthalpy and the buffer proto-
nation enthalpy, leading to a linear relationship, eq 4, from
which n can be determined.

14

24

-3

Heat of reaction - Heat of Zn/Buffer (kcal/mol)

4

AHprc + AHygys = N(AHgi) + (AHy _rTpep — 5
NAH,_|rTpep (4)

Figure 2 shows a plot of these data for’Zn— IRT1pep 7

titrations, which has a slope aof= 0.79+ 0.02, quantifying 74

the number of protons that are displaced at pH 7.25. In ]

addition, they-intercept of this plot, 0.23 0.08 kcal/mol, -8

is the enthalpy of Z# coordination minus the protonation T

enthalpy for the 0.8 protons displaced from IRT1pep at this

pH. Assuming that these 0.8 protons are displaced from the Heat of Buffer lonization (kcal/mol)

histidines, it can be estimated th&Hz,—rrpep= —6.0 kcal/ Figure 2. Calorimetric determination of Hdisplaced from IRT1pep upon

mol, a value in excellent agreement with th&.87 kcal/ _Zn2+ binding at pH 7.25 (_see tgxt); enﬁlalpies (kcal/mol) uied for values

mol determined by the thermodynamic cycle (Table 2). XHTEAC"E';’L”EQ@E;EE.E‘;‘g"ge)(gﬂgfe)méf_ASH_ ppcre — b
The second method, which assumes that protons are dis-—0.29,AHy_nepes= —5.12; MOPS (triangle)AHrc = —3.42,AHznmops

placed from the histidines by the metal ion, requires #igsp ZH—0-09’ _A'j_%fggpzﬁ —5.01; EI;E; éﬁfé‘?‘?ﬂ;ﬁ?féﬁ V:ah;fg'

of the His residues of IRT1pep. These were determined by 479" 002, a = 0.21+ 0,08 r = 0.999. 9

fitting a pH titration of the peptide (see the Supporting In-

formation) to an algorithm appropriate for this system, as The ferric ion presents a unique challenge for these

described in the Experimental Section. The experimendal p  experiments. Unlike the other metals, it was not possible to

valueg® are 3.44+ 0.03, 5.324+ 0.04, 6.65+ 0.04, and solubilize enough Fé to generate a measurable amount of

7.43+ 0.06, and provide a value of= 0.794 0.09 at pH heat when titrations were carried out at reasonable buffer

7.25, in excellent agreement with the value obtained calori- concentrationg® This problem was overcome by preparing

metrically. an Fé' solution buffered by IRT1pep at pH 6.45, where it

Inorganic Chemistry, Vol. 45, No. 21, 2006 8503
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Table 3. Thermodynamic Cycle for EDTA/IRT lpep- Fe**/IRT1pep Calorimetric Experiments

AHO AGP

eq reaction coeff (kcal/mol) (kcal/mol)

FelRT1pep3 + xHEDTA 2+ (1 — X)HEDTA 3+ {(1L + g)(r + s+ 1) — 1} IRT1pep —7.44 —8.80

= (1 - 2FeEDTA™ + zFe(OH)EDTA2 + r(1 + q)HIRT 1pep” +

S(1 + q)H2IRT1pep? + t(1 + g)H3IRT1peps
1 HEDTA2=HEDTA 3+ H* X 4.x 8.3¢
2 HEDTA 3=EDTA 4+ H" 1 5.4 12.98
3 FelRT1lpep® = Fe"3 + IRT1pep 1 -1.3 22.4%
4 Feét + EDTA 4= FeEDTA" 1 —2.TF —34.26
5 FEEDTA = Fe(OH)EDTA 2+ H* z 10 10.08
6 IRT1pep+ H* = HIRT1pep @+a)(r+s+t) —7.104 -10.13
7 HIRT1pep + H* = HaJRT1pep? (1+g)(s+t) ~7.10d -9.07
8 HART1pep? + H* = HsRT1pep™ 1+ gt —7.10d —7.27

a Coefficients are pH-dependent values accounting for protonation speciation (thep)(lerm accounts for HRT1pep buffering and is calculated by
setting H consumed™= H produced- P From Table 1¢ See ref 229 Histidine enthalpy of protonatiorf.Determined from this cyclé.Determined in this study.

was found that 5.0 mM IRT 1pep solubilizees uM Fe3*.2”
EDTA, in a 5.0 mM IRT1pep solution at pH 6.45, was
titrated into an identical IRT1pep solution with solubilized
Fe'*, generating the ITC data in Figure 3. A unique
thermodynamic cycle was constructed to analyze these data,
as outlined in Table 3, with coefficients appropriate for the
experimental conditionx(= 0.323,z=0.103, g= —0.115,
r = 0.564,s = 0.043,t = 0.0).
Figure 4 shows the ITC data for an Fe— IRT1pep
titration, which indicates a low affinity of the peptide for
the ferrous ion. Although the stability constant from a fit of
these data lies outside the normal range for titration calo-
rimetry, as quantified by the value?® several favorable
experimental criteri&? including accurately known concen-
trations of all species, a sufficient signal-to-noise ratio, and
an extended reaction profile, allowed for an accurate deter-
mination of Kirc and AHrc associated with this complex,
whose stability is lower than that of other metal ions (Table
1).
Evidence for MA" coordination to the peptide was not
detected by ITC, because of the low stability of the complex
and/or negligible net heat associated with binding, but was
observed by EPR spectroscopy. Figure 5 compares the 77
K EPR spectra of 1.0 mM Mngin 50% glycerol to that of Figure 3. ITC titration of 1.0 mM EDTA into 6.5uM Fe3* at 25°C
1.0 mM MnCh in the presence of 1.0 mM IRT1pep. buffered by 5.0 mM IRT1pep at pH 6.45; solid Iine_is the best fit with a
Significant broadening of the Mn signal in the presence gﬂgj‘,ﬂig‘i"3'7"’?2‘1'&"5‘?1‘;‘2;?,550?_'98i 0.003 e =315 0.3 107

of the peptide provides evidence of Kinbinding to B ) )
IRT1pep. The stability and thermodynamics of a putative

(25) The fitting algorithm for the titration data includes fiv&pvalues Mn—IRT1pep complex were estimated from comparisons

that correspond to the four histidine residues, as reported in the text, \with data for trien. which coordinates metals with two
and the C-terminal amide. These values are macroscdfis pnd ’

are therefore dependent on the electrolytic environment. Althokghp ~ Primary and two secondary amines and has metal binding
values are not available for a peptide containing four histidines, values properties that parallel those of IRT1pep. Thus, the following
have been determined for-HHis—Gly),—OMe (5.33 and 6.37) and |ati hi

H—(His—Gly),—OH (5.33 and 6.55): Casolaro, M.; Chelli, M.; relaionships

Ginanneschi, M.; Laschi, F.; Muniz-Miranda, M.; Papini, A. M.;

Sbrana, GSpectrochim. Acta, Part A999 55, 1675-1689. AGyriien 1

(26) For a constant ionic strength to be maintained 0.1 M), the buffer r - AGManTlpe AG— (5)
concentration cannot exceed a threshold value dictated by pH and MTrien MIRT1pe!
buffer contribution to the ionic strength. AH

(27) Using these values of pH, [IRT1pep], fFeubiized, and theKsp of MnTrien AH ;( 1 ) ©6)
Fe(OH}, we can estimated a value fBgeirT1pep it is found to be in AHyrrien MnIRT1pe AHMIRTlpe

reasonable agreement with the value determined by calorimetry.

(28) Defined ag = nK[macromolecule], where ¥ ¢ < 1000 is generally . . 5
required to obtain a unique value Kffrom fits of ITC data. Wiseman, can be used with known thermodynamic values for*Mn

Iéjlw:illg?ton, S.; Brandts, J. F.; Lin, LAnal. Biochem1989 179 and other metal ions (M) binding to trie#? and values
(29) Tumbull, W. B.; Daranas, A. H. Am. Chem. So2003 125 14859- determined for IRT1pep in this study to quantifynirripep
14866. and AGunirT1pep
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Table 4. Summary of pH- and Buffer-Independent Thermodynamic
Values for Metal-lon Binding to IRT1pep Determined from Data
Collected at 298 K and pH 7.25 (values in parentheses indicate
associated error)

AGP AHO AS
metal logK (kcal/moly (kcal/mol)  (cal mortK~-1p
Mn2+ 1.3 (48) —1.72 (36} -2 (28y -1.76 (31)
Fet 2.82(0.66) —3.85(1.10) —6.49(0.73) —8.9(4.2)

Co*"  4.46(0.41) —6.08(1.09) —10.39(0.66) —14.5(4.1)
4.44(0.129 —6.06 (0.32)

Ni2t  8.70(0.30) —11.86 (1.67) —15.89 (1.71) —13.5(7.8)
8.49 (0.14 —11.59 (0.69)

Cl* 12.25(0.28) —16.70(2.05) —16.76 (2.13)  —0.2(9.9)

Zn?*  6.69(0.25) —9.13(1.00) —5.89 (0.88) 10.9 (4.3)
6.21(0.09) —8.47 (0.33)

C* 4.99(0.33) —6.80(0.97) —9.71(0.80)  —9.8(4.0)
471(0.14) —6.43 (0.38)

Fe+ 16.54(0.13) —22.45(1.24)  1.29(1.00)  80.0(5.2)

aAGY = —RTIn K. P A = —(AG® — AHO/T. ¢ From estimated values
(see text)d From data collected at pH 8.22 with 100 mM Tris buffe6ee
ref 30.f From data collected at pH 6.45.

Figure 4. ITC titration of 12.5 mM Fé" into 0.85 mM IRT1pep at 25C
buffered by 25 mM MOPS at pH 7.25 under strict anaerobic conditions;
raw data of four sequential experiments were concatenated (see Experimental
Section) to generate the binding profile; solid line is the best fit with a
one-site model assuming 1:1 stoichiometmyfiged at 1.0) and the values

Kite = 311+ 7 andAan = —4.47 4+ 0.06 kcal/mol.
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@ 5] r20 X
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< =)
X 4__ L -20
& * 5
84 I -40
10 | . . . . . . . Figure 6. ITC titration of 1.0 mM IRT1pep into 0.10 mM Cu at 25°C
24 23 22 21 20 19 18 17 buffered by 25 mM PIPES at pH 7.25; solid line is the best fit with a
| sequential binding model and the valuégrc = 2.5+ 0.1 x 10, AHyc
g-value = —10.5+ 0.9 kcal/mol Karc = 1.294 0.09 x 10%, AHzrc = 9.5+ 0.3
Figure 5. Frozen solution (77 K) EPR spectra of 1.0 mM Ma@i 50% kcal/mol; designating Cd, which is in the cell, as the “ligand” assigks

glycerol (dashed line) and 1.0 mM MnClith 1.0 mM IRT1pep (solid and AH; to the first event ah = 0.5 (formation of the 2:1 complex).
line).
Only for CL** was there clear evidence for metaleptide

Table 4 shows the pH- and buffer-independent thermo- species other than the 1:1 complex and then only with weakly
dynamic values for metal ions binding to IRT1pep. This coordinating buffers. Figure 6 shows ITC data for an
includes logk (and AGP) values for Cé", Ni%*, Zn?*, and IRT1pep— CW?* titration in PIPES, which has a binding
Cd* from ITC data obtained in Tris buffer at pH 8.22, in  profile suggesting initial formation of a GIRT1pep com-
addition to data with various buffers at pH 7.25. The close plex, followed by the 1:1 complex. The unexpected endo-
match of values obtained under different conditions suggeststhermic heat of formation of the initial 2:1 complex may
that pH- and buffer-dependent contributions have been indicate a hydroxo-bridged di-Ctcomplex, which would
eliminated. The absence of a value for?Cat pH 8.22 in have a large endothermic contribution from deprotonation
100 mM Tris is due to the high stability of the Cu(T4$) of HO (AH® = 13.50 kcal/madl). Because of the low
complex (logfs = 14.1)?? solubility of C/#* in PIPES, the forward titration (Gt —
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Figure 7. Frozen solution (77 K) EPR spectra of (bottom) 1.0 mMCu 20 o oo e o === o
in 50% glycerol ¢, = 2.413,A; = 137 x 10~4cm 2, gg = 2.085), (middle) 104 - ¢
1.0 mM C@* in 1.0 mM IRT1pep ¢ = 2.250,A = 189 x 10~ cmL, gg x 0] 7
= 2.049,A; = 13.2 x 104 cm™), and (top) 1.0 mM C# in 0.5 mM g j '\ /
IRT1pep. = -104 §\§’
© 20

IRT1pep) could not be performed, limiting our ability to T rr eor N eg? o
confirm this interaction. However, forward titrations in _ ) I . -

. L Figure 8. Thermodynamic values for dipositive metal ions coordinating
HEPES buffer show evidence of an initial 1:2 complex, Cu- 15 |RT1pep (solid circles and lines) and triéiempty circles and dashed
(IRT1pep), early in the titration when there is an excess of lines); error bars associated with ffhare not shown because of their
IRT1pep, followed by the net endothermic formation of the Magnitude.
1:1 complex.

The presence of multiple Ct—IRT1pep species during
ITC titrations in the absence of strongly coordinating buffer
is supported by the EPR spectra in Figure 7. The spectrum
of the 1:1 complex shows nine clearly-resolved superhyper-
fine lines in the perpendicular region, indicative of four His
imidazoles {*N, | = 1) coordinating in the equatorial plane
of the Cu#*, and three clearly-resolved hyperfine lines of
the four expected fdi*%Cu (| = 3/2) in the parallel region.
By comparison, the EPR spectrum of a sample with a 2:

first-row transition-metal ions are consistent with the Irving
Williams series’! which predicts an increase in stability from
Mn?* to Cl?t, followed by a lower stability for Z&'". This
trend is explained by contributions from ionic and covalent
character in the metaligand bonding and is generally
found in cases such as IRT1lpep and trien with neutral
amines, which are intermediate ligands in the hasoft
acid—base (HSAB) classification.

1 Although the coordination enthalpies (Figure 8, middle)

ratio of Ci#" to IRT1pep has &g value similar to that of for IRTlpe_p and t_”ef? are very similar, reflecting their_
the 1:1 complex, poorly resolved superhyperfine lines, and common nitrogen I|gat|on, the trien complexes .are.quanu-
significantly broadened hyperfine features that do not match tat|vel_y more stable, as mdmatgd_ by th? cqordmaﬂo_n free
those of C@*(aq), indicating multiple Cttpeptide species, energies (Figure 8, top). The origin of this difference is the

as predicted by the ITC-measured stability constants, with coordination entropy (F|gur§ 8, bottor_n), which IS less
different C&+ coordination. favorable for IRT1pep. For trien, there is a small increase

in coordination entropy with increasing atomic number,

Discussion except for Cé", whereas the values for IRT1pep decrease
from Mn?" to Ni?* followed by an increase for Cti and
Zn?", However, considering the uncertainty (error bars)
associated with the IRT1pepS values, particularly those
estimated for M#", the trend for the peptide data is not
inconsistent with that of trien.

A dominant contribution to the entropy of formation of
metal complexes is the release of water that is coordinated
(inner sphere) and ordered (outer sphere) by the metadfion.

Although metal uptake by IRT1 and other members of
the ZIP family of metal transporters has been well-studied,
the role of the striking His-rich sequences in these proteins
is still poorly understood. The goal of this study was to
quantify the thermodynamics of metal binding to a peptide
corresponding to this sequence in IRT1, and thereby provide
fundamental chemical insight relevant to its potential role-
(s) in metal uptake by this transmembrane protein.

(_:hemIStry' The peptlde_blnds metal ions with the relative (30) The enthalpy value reported here may be a low estimate because of
affinity Fe* > Cw?t > Ni?t > Zn?" > C** ~ Co*™ > small endothermic features that could affect the magnitude of the
FE" ~ Mn®" and with the thermodynamics quanified in e pesk: T, 8 coronmrated by e toeree faten i
Table 4. Useful comparisons can be made between this g A9 = 4.8+ 1.4 cal mof® K-1.
tetraimidazole polydentate peptide and the well-characterized(31) Irving, H.; Williams, R. J. PNature 1948 162, 746-747.
tetramine ligand trien. The free energies and enthalpies$2) SOreisky: S. I.; Basumallick, L; Vura-weis, J; Sarangi, R.; Hodgson,

- . IS - . K. O.; Hedman, B.; Fujisawa, K.; Solomon, Elhorg. Chem2005
(Figure 8) of both IRT1pep and trien binding to dipositive 44, 4947-4960.
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Table 5. Metric Data for Transition Metal lons Mn"? Fe"? Co? Ni*? Cu” zn" Cd”? Fe® -
4-coordinate 6-coordinate H,0 in 2nd average M-N

metal ionic radius (A} ionic radius (A} hydration spherebond length (A3 54

Mn2+ 0.80 0.97 2.326 o

Fert 0.77 0.92 124 2.255 T

Co?t 0.72 0.88 12.9 1.966 R

Niz* 0.69 0.83 13.4 2.068 g

Cuwt 0.71 0.87 13.2 2.045 I 104

Zn?+ 0.74 0.88 12.9 2.158 L

aSee ref 392 See ref 40¢ See ref 429 See ref 41¢ See ref 43.
20-

The first shell coordination number is six for these metal
ions2* but five for C#".3538 Numbers of waters in the
second hydration sphere are also available (Table 5), andFigure 9. Enthalpic AH°, empty columns) and entropie-TAS, solid
these inversely correlate with the ionic radius. Although the €lumns) contributions to the free energy of metal binding to IRT1pep.
. . . Error bars associated with Manganese were excluded because of their
final complex with neutral N-donor ligands also has a magnitude.
dipositive charge, differences in metal charge density are
modulated by the ligand and may be similar for the metal difference in coordination entropy between the peptide and
ligand species. Thus, the entropy of complex formation is trien, AASayerage= —22.3 + 1.6 cal moi'K ™, appears to
expected to increase modestly from Mrto Ni?*, which, be largely due to the difference in loss of conformational
except for Cé", is what is observed. However, &ohas degrees of freedom. Compared to trien, IRT1pep is consider-
somewhat shorter than expected metatrogen bond lengths  ably more flexible andAAS® predominantly reflects a greater
(Table 5), resulting in more rigidly constrained complexes loss of conformational entropy upon complex formation.
that may correlate with the slightly lower than expected  Figure 9 provides a useful summary of the relative
coordination entropy. enthalpic and entropic contributions to the binding of metal

Although the ionic radius increases, and number of secondjns to ITRLpep. The IrvingWilliams series is graphically

hyiration sphere waters decreases, from"Ne CU" to displayed by the enthalpic component, which is the major
Zn*', the net coordination entropy increases. Fof Cthis contributor to the trend in stability of this series3Fbinding

may be due to JahrTeller distortions of the metailigand to IRT1pep is unique among the metal ions studied because
complex and a resulting higher conformational entropy. The j; js entirely due to a favorable net entropy of coordination.
final Zn** complex is also expected to have greater confor- A large entropy term is common for Fe coordination

mational flexibility (entropy) because of longer ZN bond chemistr§24445and can be rationalized by the Feeat of
lengths (Table 5). Thus, loss of ordered water from the metal hydration, AH%yqraton = —1045 kcal/moP® which is twice

ion and conformational entropy of the resulting melaand

-25

| | ith the ob q di that of the other metal ions studied and leads to a large
complex appears to correlate with the observed trend IN o q4hermic dehydration enthalpy. Althougt#Feoordina-

coordination _entropy for trien and IRT1pep. o tion numbers in the first and second hydration shells (6 and
Because trien and IRT1pep have parallel periodic trends 13.4, respectively)) are similar to those of the dipositive

in their coordination entropies, this suggests that the auan-metal ions, a stronger interaction with first and second shell

titat'ive difference is predominantly due to a specific contri- waters and solvent ordering beyond the second shell by the
bution. For the reaction tripositive metal ion would lead to both an enthalpic penalty

M(HZO);Z + N,Lig = MN,Lig*?+ 6 H,0 @) and an entropic gain .fro_m the release of coordinated and

ordered water upon binding IRT1pep or other ligands.

where NLig represents IRT1pep or trien, the major entropic  Biology. IRT1, the high affinity iron transporter of
contributions are expected to be (a) displacement of water Arabidopsis thalianand founding member of the ZIP family
from the metal, (b) metal coordination to the ligand, (c) of proteins, is upregulated in response to iron-deficient
displacement of solvation around each nitrogen of the ligand, conditions and imports Pe&. It is also able to transport the
and (d) conformational constraint of the coordinated ligand. essential metals Zn, Co?*, and Mr?*, but the biological
For both IRT1pep and trien, the entropic contributions should significance of this is not known. However, IRT1 transport
be identical or similar for the first three. Therefore, the of Cc?* is predicted to be one of the major uptake pathways
for this toxic metal ion.

(33) Although IRT1pep titrations involve metabuffer solutions, the
thermodynamic cycles used in data analysis account for mietgfer

interactions and therefore reference the aquo metal ion. (39) Holleman, A. F.; Wiberg, E. Iimorganic ChemistryAcademic: San

(34) Ohtaki, H.; Radnai, TChem. Re. 1993 93, 1157-1204. Diego, 1995.

(35) Frank, P.; Benfatto, M.; Szilagyi, R. K.; D'’Angelo, P.; Della Longa, (40) Remsungnen, T.; Rode, B. M. Phys. Chem. 2003 107, 2324~
S.; Hodgson, K. Olnorg. Chem.2005 44, 1922-1933. 2328.

(36) Marini, G. W.; Liedl, K. R.; Rode, B. MJ. Phys. Chem. A999 (41) D'Angelo, P.; Barone, V.; Chillemi, G.; Sanna, N.; Meyer-Klaucke,
103 1138711393. W.; Pavel, N. V.J. Am. Chem. So@002 124 1958-1967.

(37) Amira, S.; Spangberg, D.; HermanssonPRys. Chem. Chem. Phys.  (42) Schwenk, C. F.; Rode, B. M. Chem. Phys2003 119 9523-9531.
2005 7, 2874-2880. (43) Allen, F. H.Acta Crystallogr, Sect. B2002 58, 380—-388.

(38) Pasquarello, A.; Petri, I.; Salmon, P. S.; Parisel, O.; Car, R.; Toth, E.; (44) Fish, L. L.; Crumbliss, A. LInorg. Chem.1985 24, 2198-2204.
Powell, D. H.; Fischer, H. E.; Helm, L.; Merbach, A. Ecience2001 (45) Lebedeva, N. S.; Yakubov, S. P.; Vyugin, A. |.; Parfenyuk, E. V.
291, 856-8509. Thermochim. Act2003 404, 19—-24.
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It has been shown that metal transport is not impeded in suggests that any direct feedback control of uptake by metal
ZRT1% or IRT1*2 when histidines in the His-rich sequence coordination to this motif could occur only after higher-
are mutated to the noncoordinating amino acid glutamine, affinity Fe** sites in the cell had become saturated. However,
indicating that these residues are not essential for the uptakehe extremely high affinity of the His-rich sequence fofFe
mechanism. Immunofluorescence assays have revealed thatuggests another possible mechanism for modulatidg Fe
these mutations in ZRT1 lead to a more random cellular uptake. Accumulation of iron in the cell by IRT1 transport
localization of the proteid? suggesting that this motif may  could lead to trace amounts of intracellular®fewhich
play a role in targeting ZRT1 to the cellular membrane.  would bind to the His-rich sequence and could suppress

The expression of IRT1 is regulated by the recently further iron uptake. Ongoing biophysical studies of the entire
discovered Fe-deficiency-induced transcription factor-1 (FIT1), IRT1 intracellular loop that contains its His-rich sequence
which is responsible for increased levels of IRT1 protéin.  will test this and related hypotheses.

However, the mechanism for turning off iron uptake by IRT1

is not known. It may be similar to that found for ZRT1,  Acknowledgment. We thank the Howard Hughes Medi-
where Z#*+, Ce?*, or C#* induce ubiquitination of a key ~ cal Institute, Dartmouth College, and Dartmouth Medical
lysine residue in the large intracellular loop, which triggers School for funds to purchase the microcalorimeters, and
endocytosis and eventually protein degradation in the vacu-Dartmouth College (Dartmouth Fellowship to N.E.G.),
ole 144748\Whether the His-rich sequence, which is located HHMI (Hughes Biological Sciences Internship to S.A.) and
in the same intracellular loop, plays any role is not known, NSF (Grant IBN-0419695 to M.L.G.) for support of this
although mutation of the IRT1 histidines to glutamines does research. We also thank Wayne Casey for help with the EPR
not affect protein turnovef measurements and Robert Cantor, Anne Spuches, Harriet

Results from this study show that metal ions transported Kruszyna, and Callie Schieffer for insightful discussions.

by IRT1 have low affinities for the His-rich sequence. This _ _ . o
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