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ABSTRACT. The role of metal ions in the T- to R-allosteric transition is ascertained from the investigation
of the T- to R-allosteric transition of transition metal ions substitui@dulin hexamers, as well as from

the kinetics of their dissociation. These studies establish that ligand field stabilization energy (LFSE),
coordination geometry preference, and the Lewis acidity of the metal ion in the zinc sites modulate the
T- to R-state transitiofH NMR, 113%Cd NMR, and UV~-vis measurements demonstrate that, under suitable
conditions, F&"3*, Ni?*, and Cd" bind insulin to form stable hexamers, which are allosteric speties.

NMR R-state signatures are elicited by addition of phenol alone in the case of Ni(ll)- and Cd(ll)-substituted
insulin hexamers. The Fe(ll)-substituted insulin hexamer is converted to the ferric analogue upon addition
of phenol. For the Fe(lll)-substituted insulin hexamer, appearantt¢ NMR R-state signatures requires,
additionally to phenol, ligands containing a nitrogen that can donate a lone pair of electrons. This is
consistent with stabilization of the R-state by heterotropic interactions between the phenol-binding pocket
and ligand binding to Fe(lll) in the zinc site. UWis measurements indicate that &€ NMR detected
changes in the conformation of the Fe(fihsulin hexamer are accompanied by a change in the electronic
structure of the iron site. Kinetic measurements of the dissociation of the hexamers provide evidence for
the modulation of the stability of the hexamer by ligand field stabilization effects. These kinetic studies
also demonstrate that the T- to R-state transition in the insulin hexamer is governed by coordination
geometry preference of the metal ion in the zinc site and the compatibility between Lewis acidity of the
metal ion in the zinc site and the Lewis basicity of the exogenous ligands. Evidence for the alteration of
the calcium site has been obtained fréFCd NMR measurements. This finding adds to the number of
known conformational changes that occur during the T- to R-transition and is an important consideration
in the formulation of allosteric mechanisms of the insulin hexamer.

The action of insulin in vivo, in the control of glucose terization of parameters and events that affect the dissociation
metabolism, is initiated by the binding of monomeric insulin of the hexamer and conformational changes of insulin is very
to the receptor. However, insulin is stored in the pancreasimportant, because both the dissociation and conformational
within granules where six molecules of insulin are complexed equilibrium are involved in the regulation of the function of
by zinc(ll) ions. The zine-insulin complex crystallized in  insulin and the nature of insulin preparations.
vitro is known as the 2-zineinsulin hexamerX). Charac- The 2-zinc-insulin hexamer is an assembly of three
This work was supported by Research Corporation Cotrell Science equivalent dlmers related by a 3-f-0|d aXIS- of symmet (
Award Coav6s. PP Y P The hexamer is of torus shape with a height of 35 A and a
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Ficure 1: The cylindrical insulin hexamer (left) showing two types of metal-binding sites (I and II); the zinc-binding site is comprised of
three histidines B10 residues (a) and the putative calcium-binding site, showing one-third occupation by Cd(ll), is comprised of glutamate
B13 residues (b). Redrawn with permission from 1&f

crystalline state, the two monomers in the dimer are related conformation. The folding shown in inset A is the T-
by a pseudo 2-fold axis of symmetry and are referred to as conformation, in which the B chain from residue B1 to B8
monomer 1 and monomer 2 to indicate that they are not assumes an extended conformation. The hexamer with the
equivalent {). The two equivalent zinc binding sites (site |  six monomeric units in the T-fold is referred to as thg dr
in the hexamer in Figure 1) are located along the 3-fold axis more precisely as JT4” to signify pseudosymmetry within
of symmetry and coordinated by three nitrogens from the the dimer as observed in crystalline stafd. (In the T
imidazolyl side chains of three equivalent histidine B10 hexamer, the two zinc sites assume an octahedral coordina-
residues (Figure 1a). Water molecules or other exogenoustion geometry (Figure 2A, panel b). When the insulin
ligands occupy the remaining coordination positions on zinc. hexamer is crystallized in the presence of phenol and other
The hexamer contains also a putative calcium-binding site phenol-like molecules, X-ray crystallographic studies show
located in the middle of the hexamer (site Il in Figure 1), that the extended chain formed by residues Bl to B8 is
formed by the carboxylate groups of glutamate B13 residues. transformed into a helix, thus rendering the B chaihelical
1%Cd NMR! studies have demonstrated that the latter site from residue B1 to B193). The phenol-induced conforma-
can be occupied by Cd(IIR]. Although this site consists of  tjon, known as the R-state/conformation, is depicted in Figure
six carboxylates capable of binding three Ca(ll) (filled dots 2B, panel a, for one monomeric subunit. When the six insulin
in Figure 1b), only one Cd(ll) (triangle in Figure 1b) occupies monomers undergo the T- to R-transition to form the R
this site as illustrated by the one-third occupan2y ( hexamer, the six helices form six amphiphilic pockets, which
The 2-zine-insulin hexamer has been characterized as an pind phenol molecules3]. A phenol molecule is drawn in
allosteric protein exhibiting two extreme global protein Figure 2B, panel a, to indicate the location of the phenol-
conformations and metal ion binding geometri¢s3d). In binding pocket which is situated between the two short
the hexamer, insulin subunits can fold into two distinct global hejices of the A chain. In thedhexamer, the conformation
conformations, known as T- and R-state conformations of insulin imposes a tetrahedral coordination to the zinc site,
according to allosteric nomenclature. Figure 2 illustrates the a5 shown in Figure 2B, panel b. The ligands are the same
two types of conformations and the coordination geometry three nitrogens from HisB10 residues, and the fourth ligand
of the zinc-binding site that is accommodated by each js phenoxide or another exogenous ligand. In terms of zinc
binding, the hexamer is better viewed as a dimer of trimers
1ﬁbbrgviat;10ns: NM:?’ tnucle«’:;f magnet#: resozn%gce; _é\_lOESY. located on opposite sides of the cylindrical hexamer. Each
DSS, 2.2.dmethyl-2-siapentane.5-sufonate. 2.2 5.3, Trs, trsfny- UIMEY is formed by three equivalent monomers related by
the 3-fold axis of symmetry. Panel C of Figure 2 provides a

droxymethyllamino methane; LFSE, ligand field stabilization energy; - ]
LFAE, ligand field activation energy. top view, along the 3-fold axis of symmetry, of the upper
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Ficure 2: Diagrams showing differences between monomeric
subunits of the § hexamer (A,a) and Rhexamer (B,a) and the
coordination geometry of the zinc site, which is octahedral in the
Te (A,b) and tetrahedral in the ghexamer (B,b). The phenol-

binding pocket is located between the two short helices of the A
chain as indicated in (B,a). Panel C shows a top view of the upper

trimers down the 3-fold axis of symmetry of the (&) and the R

(b) insulin hexamers. Redrawn with permission from 3&f
trimers of the T (a) and the R(b) hexamer. This view shows
one zinc-binding site and the side chains of residues HisB1
and GluB13. A phenol molecule (P) is also shown bound in
the R trimer (Figure 2C, panel b). ThesTo Rs transition
occurs via an intermediate asymmetrigRY (4, 5) or TgRg

(6, 7) hexamer, composed of ong ffimer and one Rtrimer.

In the T:R}, the B chain isa-helical from residue B3 to

B19 and tetrahedral coordination has been observed in its

Ts trimer (7). For simplicity of notation, hereafter, we use
TsRs to represent the asymmetric hexamer, althoughRa T
hexamer with the B chain-helical from residue B1 to B19
has never been observed in crystalline stdteNMR studies
indicate that asymmetry within the dimers of thgliexamer

is removed in solution4). The T- to R-transition has been
extensively studied both in crystalline stag 6—10) and

in solution @, 5, 11-34). It is now well established that the
insulin hexamer is an allosteric protein that is stabilized by

both homotropic interactions between the phenol-binding
pockets and heterotropic interactions between the phenol-

binding pocket and the zinc-binding sité, 26, 29, 30).
The zinc sites of the 2-zireinsulin hexamer are known

to accommodate a number of divalent metal ions such as

Cc?t, Cot, CU, Ni%t, Fet, and Mr#t (35). In solution,
the T- to R-transition has been well documented for the
native zinc(ll-insulin hexamer4, 20, 29, the cobalt(ll)-

(5, 21, 24, and the copper(ll)- and the copper(B7( 29-
substituted insulin hexamers. A zinc-freg Rexamer has
been reported to exist in solutioB), and evidence for an

Biochemistry, Vol. 38, No. 41, 19993445

R-state tetramer has been presentdq. (A zinc-free 'I'ngf3
hexamer has been observed in crystalline state with the B13
GIn mutant 8). The literature reports that when nickel(ll) is
placed in the zinc site, the T- to R-conformation transition
is impeded {7). The latter report implies a role of the metal
ion in the T- to R-transition, whereby the nature of the metal
ion in the HisB10 site modulates the energetic barrier(s)
during the T- to R-state transition. Herein we report evidence
indicating that, under suitable conditions, Cd(ll)-, Ni(ll)-,
and Fe(I)/(111)-substituted insulin hexamers all are capable
of forming R-state species. Effects of the metal ions on the
rate of dissociation of the hexamer provide evidence for the
role of ligand field stabilization effects, Lewis acidity effects,
and coordination geometry preference in the allosteric T- to
R-state transition. We also repdtCd NMR evidence for
the alteration of the calcium binding site upon the T- to
R-transition. This finding is an added consideration in the
formulation of the allosteric transition mechanism.

MATERIALS AND METHODS

Materials Metal-free human insulin and the HisB16
Asp mutant were gifts from Novo-Nordisk (Bagsvaerd,
Denmark). Nickel sulfate (NiSg), iron(ll) ammonium sulfate
[Fe(NH)2(SQw)4], 2,2,2"-terpyridine (Terpy), imidazole, tris-
[hydroxymethyl]amino methane (Tris) and phermnlglwere
purchased from Sigma. Cadmium sulfate (Cds@as
purchased from J. T. Baker Chemical Co. Copper sulfate
(CusQ) was purchased from Allied Chemical. Potassium
thiocyanate (KSCN) was purchased from Mallinckrodt.
Sodium chloride (NaCl) was purchased from Fisher Scientific
Co. Deuterated water @0), Sodium deuterioxide (NaOD),
imidazoled,, and 2,2-dimethyl-2-silapentane-5-sulfonate-
2,2,3,3,-d (DSS) were purchased from Aldrich Chemical Co.

Sample Preparationinsulin concentrations were deter-

omined from the absorbance at 280 nm by using the extinction

coefficientesgonm= 5.7 x 1 M~1cm1 (38). Concentrations

of metal ions were determined via spectrophotometric
titration of their complexes with Terpy. The bis complex
extinction coefficients are as follows (M cm™): Zn-
(Terpyk, €3zznm= 4.10 x 10% Cd(Terpy}, €zzonm= 3.25 x

10% Ni(Terpy), €3zanm= 3.2 x 10% and Fe(Terpy) essonm
=1.13 x 10* (39).

NMR MeasurementdH NMR spectra were recorded at
500 MHz on a G. N. NMR spectrometer at a probe
temperature of 26t 1 °C. Chemical shifts are reported
relative to the resonance due to DSS.

Kinetic MeasurementsSingle-wavelength rapid-kinetic
measurements were performed with a Durrum stopped-flow
apparatus and computerized data acquisition system as
described by Dunn et al4Q). The absorbance versus time
data were fitted to a sum of exponential functions, employing
the minimum number of phases necessary to reconstruct the
experimental time course without systematic deviation. All
kinetic experiments were carried out in 0.05 M Tris-HGIO
buffer, pH 8.0.

RESULTS

(1) 'H NMR Signatures of the R-State for Cd(ll), Ni(ll),
and Fe(ll)/Fe(lll) Substituted Insulin Hexamerghe H
NMR signatures of R-state insulin hexamers containing the
metal ions zZn(ll), Co(ll), Cu(l), and Cu(ll) have been
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FiGURE 3: (A) Aromatic region of thedH NMR spectra of T-state metal ion-substituted insulin hexamers for (a) Zn(ll), (b) Cd(ll), (c)
Ni(ll), and (d) Fe(ll), in DO at pH 8.0 (meter reading). The concentration of insulin is 2 mM (monomeric subunit) and the concentrations
of metal ions is 1 mM. (B) Aromatic region of thtH NMR spectra of metal-ion-substituted insulin hexamers under the following
conditions: (a) 0.10 M phenol and 0.10 M NacCl for Zn(ll), (b) 0.10 M phenol for Cd(ll), (c) 0.01 M phenol for Ni(ll), and (d) 0.10 M
phenol+ 0.10 M imidazole for Fe(lll). Prominent R-state signatures include the resonances which arise between 6.5 and 5.5 ppm. The
concentration of insulin is 2 mM (monomeric subunit), and the concentration of metal ions 1 mM. Arrows in spectra b and ¢ point to the
resonance assigned to C4 HisB5 proton in the Cd(ll)- and Ni@RsTinsulin hexamers.

reported previously4, 12, 16, 21, 24, 27 They consist of assigned previously by Brzovid)to 3,5 protons of TyrB16,
specific resonances which arise in the aromatic region of C4 proton of His B5, and & proton of HisB5, respectively,

the spectrum upon the T- to R-transition. In the absence of in the Zn(ll)-Rs hexamer. The shifts undergone by the latter
phenol and lyotropic anions, the T-state is predominant. The resonances can all be justified by interactions observed in
aromatic regions of théH NMR spectra of the Zn(ll), Cd-  the crystalline state4{ section 1 of the Discussion). In the
(I, Nicl, and Fe(ll) insulin hexamers under T-state case of Cd(ll)- and Ni(ll)-substituted insulin hexamers
conditions are shown in Figure 3A. A broad, featureless (spectra b and c in Figure 3B), a broad resonance is observed
envelope of overlapping resonances characterizes the spectrat ~6.0 ppm (an arrow points to this resonance), instead of
region from 7.4 to 6.5 ppm. Resonances in the latter region the sharp resonance due to C4 proton of His B5 observed at
are due to aromatic ring protons of four tyrosine residues 5.8 ppm for the Zn(ll)-R hexamer (Figure 3B, panel &J)(
(TyrAl4, TyrA19, TyrB16, and TyrB26), three phenylanine We attribute the broad resonance~a6.0 ppm to the C4
residues (PheB1, PheB24, and PheB25), and the C4 protongroton of HisB5 in ERs; hexamers (see section 1 of the
of HisB5 and HisB10 (27). The C2 protons of HisB10 and Discussion for justification).

His B5 resonate between 7.4 and 8.0 ppi8,(18. The An additional signature of the R-state results from the
absence of resonances between 6.5 and 5.5 ppm is charadnteraction of HisB5 and TyrB16 side chains from adjacent
teristic of all spectra of insulin hexamers under T-state subunits across the monomanonomer interface, where
conditions @, 13, 18, 21, 2) Figure 3B shows the spectra they make van der Waals contacts in thgh@xamer 9). In

of the Zn(ll)—insulin hexamer in the presence of 0.10 M the!H NMR spectrum, this interaction is manifested in the
phenol and 50 mM chloride (a), the Cd(ll)-substituted insulin form of a nuclear Overhauser effect between the C2 proton
hexamer in the presence of 0.10 M phenol (b), the Ni(ll)- of HisB5 and the 2,6 ring protons of TyrB187%). Figure 4
substituted insulin hexamer in the presence of 0.10M phenol,shows the aromatic portion of the NOESY spectrum of the
(c) and the Fe(lll)-substituted insulin hexamer in the presence Cd(ll)-substituted HisB16~ AspB10 insulin hexamer in the

of 0.10 M phenol and 0.10 M imidazole (d). Under these presence of phenol. In the mutant complex, only one
conditions, resonances arise between 6.5 and 5.5 ppm foresonance occurs between 8.0 and 7.4 ppm. This resonance
all the metal ions and resonances between 7.4 and 6.5 ppnis due to the C2 proton of HisB5, the only histidine residue
become sharper. Resonances due to C2 protons of HisBGn the mutant. The NOESY spectrum shows that the
and HisB10 have also been shifted from the spectral regionresonance due to the C2 proton of HisB5 is correlated to a
between 7.4 and 8.0 ppm. For the Znilhsulin hexamer, resonance at 7.32 ppm. The latter resonance has been
resonances are observed at chemical shifts of 6.30, 5.80, anéssigned previously to the 2,6 ring protons of TyrB38)(

5.65 ppm (spectrum a in Figure 3B) which have been The rings of residues HisB5 and TyrB16 make van der Waals
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FIGURE 6: Typical time course trace for the reaction of terpyridine

with the metal ion-substituted insulin hexamer. Data shown are from

6.4 the reaction of the zineinsulin hexamer under T-state conditions.
The calculated curve superimposed on the experimental data is a

FiGure 4: Aromatic region of a 2D NOESY spectrum of the Cd- sum of two exponential functions. Residuals from the fit are

(11-B10Asp insulin hexamer in BD. Notice the cross-peak between displayed in the bottom box.

a singlet at 7.55 ppm (resonance due to the C2 proton of HisB5)

and a doublet at 7.35 ppm (due to the 2,6 ring protons of TyrB16).

The concentration of the insulin mutant is 2 mM and the nm ( ~ 10* M~! cm™1). Due to the wide variation in

concentration of Cd(ll) is 1 mM. Phenol (100 mM) is used to induce observed rates, it was necessary to use both stopped-flow

the R-state as per previous experiments (Figure 3B). The pHis 9.4 5,4 standard manual addition techniques. Kinetic experi-

(meter reading). - . .

ments were conducted under three experimental conditions:

(a) conditions that favor the formation of the Zn(ll}-T

8.0' 7.6

B5\ \f“B16 hexamer (in the absence of exogenous ligargl), ((b)
N conditions that favor formation of the Zn(l1)sR; hexamer
s YoV (0.20 M KSCN) @), and (c) conditions that favor the
\ A é formation of the Zn(l1)-R hexamer (0.10 M phenol plus 0.10
1 \\‘\ \h,/ M NacCl) (4). Reactions were conducted in the presence of
5 74 an excess of terpyridine (4QaV) relative to the hexamer
l‘\ (3.75 uM). All kinetic traces could be fitted with two
exponential functions representing two apparent pseudo-first-
B5 Bl6 order events. Figure 6 shows a typical fitted kinetic trace

and the residuals. The relative standard errors on the

e 516 A Netae B e ety e e s cSimaled parameters were ypically 19 orless Tatle 1 st
(bottom) at the monomer-monomer interface of the insulin hexamer. the pseudo-first-order rate_ constants for_ .the first and the
In the R and the FRs hexamers, the two rings are located within  S€cond phase of the reaction underconditions (T, T2),

the van der Waals distances. under &R conditions (TR, TRy) and under Rconditions
(R1, Ry).
contacts in the Rand T;R; conformation states (Figure 5, Under conditions which favor the T-state, for metal ions

top) but never in the Fhexamer (Figure 5, bottom). We  With partially filled d subshells, the rate constant of the first
therefore conclude that cross-peak a between the resonancand second phase follow the order Co(H)Cu(ll) > Ni-
due to the C2 proton of HisB5 and the resonance due to the(ll). For the two metal ions with completely filled d subshells,
2,6 ring protons of TyrB16 is a signature of the R-state the rate of the first phase is much higher for the reaction of
conformation. It is worthwhile to mention here that the terpyridine with the Cd(Ily-insulin hexamer than that with
HisB10 — Asp mutant does not form the hexamer in the the Zn(ll)~insulin hexamer. The rate constant for the second
presence of Zn(Il) 41). However, according to our*3Cd phase is somewhat higher for Zn(ll) (0.710)sthan for Cd-
NMR experiments, it combines with Cd(ll) in the ratio of (Il) (0.620 s). Under conditions which favor the formation
six monomers to three Cd(ll) to form the hexamer (data not Of the Zn(ll)-Rs hexamer, the rate of the first phase detected
shown). In thé"'3Cd NMR spectrum of the (Cd)s(HisB10  follows the order Co(ll)> Ni(ll) > Cu(ll). The rates for
— Asp)s, no signal due to free Cd(ll) is observed at 0 ppm. the second phase increase in the order Nifil)Cu(ll) <
The inclusion of three Cd(ll) in the hexamer suggests that Co(ll). Under Zn(l1)-R; conditions, the rates of the first and
the aspartate side chains form two Cd(ll)-binding sites and second phases are faster for the Cefifjsulin hexamer than
that the third Cd(ll) is bound in the known GluB13 binding for the Zn(ll)—insulin hexamer. Under conditions favoring
site illustrated in Figure 12). formation of the Zn(Il)-&R; hexamer, the rate of the first
(2) Kinetics Measurement&inetic measurements were and second phase increase in the order NifllCu(ll) <
performed to compare the rate of displacement of metal ions Co(ll). Under these conditions, the Cd¢Hnsulin hexamer
from the R-state and the T-state insulin using the chelator reacts a lot slower than the Zn(#)nsulin hexamer.
terpyridine. Terpyridine forms complexes with all transition (3) UV—Vis Signatures of the R-Stat@nly the iron(ll)/
metal ions that exhibit high molar absorptivity around 320 (Ill)-substituted insulin hexamer system produced useful



13448 Biochemistry, Vol. 38, No. 41, 1999 Kadima

Table 1. Rate Constants$ for the First and Second Phase during Dissociation of Metal lon-Insulin Hexamers under T-State Condition, in
the Absence of Ligandk[T,), k(T,)]; under R-state Conditions, in the Presence of 0.10 M Phenol and 0.10 M K&G),[k(R2)] and under
Conditions that Favor Formation of the Zn(II}R; Hexamer, in the Presence of 0.20 M KSCTR,), k(TR2)]2

metal ion K(T1) K(T>) k(Ry) K(R2) K(TRy) K(TRy)
co(ll) 2.30x 10" 7.80x 10! 2.20 2.30x 10 1.72x 10 1.10x 10"
cu(lly 2.10 3.20x 101 2.10x 10°2 1.50% 1072 3.80 2.90x 101
Ni(ll) 5.70 x 101 4.00x 102 1.30x 10 1.60x 1073 2.20 6.00x 1072
Zn(ll) 3.40 7.10x 101 2.90x 10°2 9.60x 104 5.20% 107 4.90% 10°2
cd(l 1.90x 10" 6.20x 101 3.30x 10! 1.00x 1072 5.50x 1072 slow

a Experimental conditions: final concentrations of metal ions, insulin monomer, terpyridine, chloride, phenol and thiocyanatewir87.%
uM, 400 uM, 100 mM, 100 mM, and 200 mM, respectively. The solvent was 0.05M Triss®l@fer at pH 8.0.
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(I —insulin hexamer (0.33 mM hexamer) from T-state conditions osL C ' " {p‘ w |
(A), after addition of phenol (B), and after addition of phenol and 'I )
imidazole (C). The most significant change in the spectrum occurs 101 - -
upon addition of imidazole; the molar absorptivities strongly sk  h
increase between 440 and 600 nm. ’ Y 7
200 " 4
. . . . 1
electronic spectra. Figure 7 shows the progression in the '
spectrum from T-state conditions (in the absence of phenol A A S S I A A A
or other exogenous ligands) (A), after addition of phenol 008 6 4 2 0 2 4 6§ 8 10
(B), and after addition of phenol and imidazole (C). Under VELOCITY (mm/s)

T-state conditions, radiation between 400 and 600 nm is only

FiGure 8: Mdssbauer spectra of the Fe(HH)nsulin hexamer in

weakly absorbed. When phenol is added, the absorbanceghe presence of 0.100 M phenol (A), in the presence of 0.100 M

between 400 and 600 nm remains low. When imidazole is
added in the presence of phenol, a strong absorbance ban

centered at 480 nm arises in the electronic spectrum (Figure

7C). The extinction coefficient calculated & 500 Mt

cm1) suggests that this band is a charge-transfer (CT) band.

Electron paramagnetic resonance (EPR) antsdWauer
spectra of the phenoxide complex are consistent with 100%
occupation of the zinc sites by high-spin Fe(lll). Figure 8
shows M@sbauer spectra of the Fe(HHinsulin hexamer in
the presence of phenol (A) and in the presence of phenol
and imidazole (B and C). The isomer shift in the three spectra
is 0.5 mm/s, which is typical of ferric high-spin centers. An
isomer shift of 1.42 mm/s was measured for the reference
57Fe(ll) sample. The Mssbaeur spectrum is sharpest and
cleanest when the ratio of Peto insulin monomers is 3:6
(spectrum C in Figure 8).

(4) *'*Cd NMR Ridence of the Alteration of the Calcium
Site.Figure 9, panels A and B, presedtdCd NMR spectra
of the (Cd")s(insulin}y hexamer in the absence and the
presence of phenol, respectively. In the absence of phenol,

phenol and 0.100 M imidazole (B and C). The ratio of Fe(lll) to
alsulin is 3:6 in panels A and C and 2:6 in panel B. The
oncentration of Fe(lll) is 1.5 mM and the pH 8.

two resonances are detected-e84.5 and 150 ppm, which
have been previously assigned to Cd(ll) in the calcium site
and Cd(ll) in the two zinc sites, respectivel?)( These
chemical shifts are consistent with known effects of oxygen
and nitrogen ligands on th€3Cd chemical shift 42, and
references therein). Upon addition of phenol to the hexamer,
the resonance due to cadmium bound by the GIluB13
carboxylates is lost (Figure 9B).

DISCUSSION

Using characteristieH NMR signatures due to protons
of amino acid residues in insulin, we have demonstrated in
this paper that Cd(Il)-, Ni(ll)-, and Fe(Il)/(lll)-substituted
insulin hexamers all undergo the T- to R-conformational
change. However, direct and unambiguous evidence of the
change of the metal ion HisB10 sites from octahedral
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FIGURE 9: Spectra of the (Cd)s(insulin}s hexamer in the absence (A) and the presence (B) of phenol, respectively. In the absence of
phenol, two resonances are detected-a#.5 and 150 ppm which have been previously assigned to Cd(ll) in the calcium site and Cd(ll)

in the two zinc sites, respectively (Sudmeir et al., 1981). The calcium site is located at the center of the hexamer and is formed by the six
carboxylates from the six GluB13 residues as shown in Figure 1. Upon addition of phenol to the hexamer, the resonance due to cadmium
bound in by the GluB13 carboxylates is lost.

geometry in the T-state to tetrahedral geometry in the R-statethe presence of 50 mM NaC4), The resonance due to the
has not yet been obtained. Because the major conformationalC4 proton of His B5 is a very sensitive probe of the binding
change (B1B8 extended chain to helix) on the six subunits of phenol in the phenol pocket. Formation of the-H383
significantly alters the topology of the hexamer, including helix brings the HisB5 residue in van der Waals contact with
the environments of the HisB10 zinc sites, a change in the phenol ring in the R-state and a hydrogen bond is
coordination is more likely than not. These metal-ion- produced between the carbonyl oxygen of His B5 and the
substituted insulin hexamers provide new probes for the hydroxyl of TyrB16 @). It has been demonstrated that ring
investigation of the role of the metal ion in the T- to currents in the phenol ring shifts the resonance frequency
R-allosteric transition in the insulin hexamer. These hexamersof the C4 proton of His B5 proton upfield t85.8 ppm &)
may also serve as models for the metal ion sites in otherin the Zn(ll)-Rs hexamer. However, during the titration, at
metalloproteins. 1.5 mM concentration of phenol, a broad resonance is
(1) Cd(Il) and Ni(ll) Form Predominantly 3R; Hexamers observed at 6.0 ppm, exactly the same chemical shift of the
in the Presence of Phendlhe changes observed from panel broad resonance observed in the spectra of the Cd(ll)- and
A to panel B in Figure 3 provide strong evidence that a T- Ni(ll)-substituted hexamers in the presence of 0.10 M phenol
to R-state transformation has taken place for all the metal- (Figure 3B, spectra b and c). In the case of the Za{hpulin
ion-substituted insulin hexamers. The differences in the hexamer, as the concentration of phenol increased to 20 mM,
chemical shifts of R-state signatures between 6.5 and 5.5all spectral changes are saturated and the broad resonance
ppm of the Zn(ll)-R-Cl hexamer and the other metal ion- at 6.0 ppm is shifted upfield to 5.8 ppm and becomes sharper
substituted hexamers is an indication that the equilibrium is (labeled C4His B5 in Figure 3B, panel a). Careful interpreta-
not totally shifted toward the formation okRexamers under  tion of spectral changes during the titration assigns the
the conditions used. The R-state is stabilized by homotropic appearance of the spectrum obtained at 1.5 mM phenol to
interactions among the phenol-binding pockets and hetero-the T;R; hexamer4). Due to expected paramagnetic effects
tropic interactions between the phenol-binding pockets and of the unpaired electrons of the Fe(lll) center on the width
the zinc-binding site4, 29. Suitable ligands for coordination  and shifts of resonances in its proximity, similar analysis of
to the zinc-binding site are required for shifting the equi- the Fe(lll-insulin spectrum may lead to erroneous conclu-
librium in favor of the R hexamer. Chloride fulfills this role  sions.
for the Zn(Il)—insulin hexamer but does not for the Cd(ll)- (2) Heterotropic Interactions Stabilize the R-State Con-
and the Ni(ll)-substituted insulin hexamers. A search for formation in the Fe(lll)-Substituted Insulin Hexaméxxida-
effective heterotropic effectors for the Ni(ll)- and the Cd- tion of Fe(ll) to Fe(lll) does not prevent the T- to R-allosteric
(I1)-substituted hexamers is in progress. Careful examination transition.*H NMR R-state signatures are elicited by addition
of the spectra of the Cd(Hinsulin and Ni(lly-insulin of an appropriate ligand, imidazole (compare panel d of
hexamers in the presence of phenol suggests that theFigure 3A and panel d of Figure 3B). This behavior parallels
predominant species under our experimental conditions isthat of the Cu(ll)-substituted insulin hexamer in which
the T3Rs. In fact, the two spectra (b and c in Figure 3B) heterotropic interactions between the phenol-binding pocket
bear a striking resemblance to a spectrum attributed®a T  and ligand binding to Cu(ll) are necessary to stabilize the
during titration of the Zn(ll}-insulin hexamer by phenol in  R-state 26—28). It seems, therefore, that heterotropic
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Ficure 10: Kinetic scheme for the terpyridine-induced dissociation of the métallin complex. (a) conformational transition between

the R and the T units and change of coordination geometry from tetrahedral to octahedral. (b) Coordination of one terpyridine molecule
to the T; trimer-bound metal ion. (c) Dissociation of the M(terpyridinejonocomplex. (d) Coordination of a second terpyridine molecule

to the M(terpyridine) monocomplex. Anionic ligands for the HisB10 site are designated withalid the metal site is designate@)(
Reproduced with permission from ra#.

interactions also are operative in the Fe(lll)-substituted exchange between them takes place at a rate that precludes
insulin hexamer. Effects of several ligands on the electronic observation of the signal(s}2). Therefore, we propose that
spectrum were investigated. According to YMsible ef- Cd(ll) still binds, albeit weakly in the altered putative
fects, only ligands containing nitrogen atoms available for calcium-binding site.
coordination are effective allosteric effectors of the Fe(lll)-  (4) Effects of Metal lons on the Rate of Dissociation of
substituted hexamer. It is possible that the absorbance bandhe Insulin Hexamer. (a) Mechanism of the Terpyridine-
(a charge-transfer band) elicited by addition of imidazole Induced Dissociation of Insulin Hexamers (Figure 10).
expresses the phenol-induced change in coordination geomDetailed studies of the concentration effects and allosteric
etry from octahedral to tetrahedral as it occurs when the metalligands effects on the rates of displacement of Zn(ll) by
ion is Zn(ll) (3), Co(ll) (24), and Cu(ll) @7, 28. The Fe- terpyridine from the insulin hexamer have been conducted
(IM)-substituted insulin hexamer can be viewed as a non- (20, 34. The mechanism proposed for the dissociation of
heme iron protein. The possibility of tetrahedral coordination the Rs;, TsRs, and Ts hexamer is depicted in Figure 10 to
to four nitrogens upon formation of the R-state raises facilitate the reading of interpretations and arguments which
interesting questions about the coordination chemistry of Fe-rely on it. Under F conditions, two § trimers are the
(111 in proteins. The known iron proteins with tetrahedrally reacting species. The mechanism proposed to account for
coordinated iron are mainly sulftiron cluster proteins such  the two relaxations consists of a fast coordination of the
as Rubredoxin and Ferrodoxi#3). Tetrahedral coordination  chelator to the protein-bound zinc ion (step b in Figure 10),
of Fe(lll) with ligation to four nitrogens has never been followed by the rate-limiting dissociation of the chelator-
reported for a non-heme iron-binding protein. If tetrahedral bound zinc ion from the protein (step c in Figure 10) and
geometry is indeed attained in the R-state Feflimsulin the rapid coordination of a second chelator molecule to give
hexamer, then it represents a unique case of iron coordinatiorthe bis complex (step d in Figure 10). WheptRmers are
chemistry in a protein. Note, however, that, in the case of the reacting species, the rate-limiting step becomes the
the insulin hexamer, the possibility of a trigonal bipyramidal conversion of the Rto a T trimer (step a in Figure 1020,
geometry is not to be excluded. 34). This conversion is required because access to the fourth
(3) Cd(Il) Experiences Weak Binding in an R-State Altered ligand on the tetrahedral zinc site is via a narrow tunnel 12
Calcium-Binding SiteThe disappearance of the resonance A long (6, 7) that is too small to accommodate the bulky
due to Cd(ll) in the putative calcium site suggests that the terpyridine. The decrease in the rate of displacement of Zn-
calcium site is at minimum altered if not obliterated. (l) from the insulin hexamer fromg™> T3Rs; > Rs has been
Crystalline state studies show that in thehiExamer the six  interpreted as due to the relative inaccessibility of the metal
GluB13 side chains form an ordered hydrogen-bonded site in the R-state2Q, 34.
network (). The latter network is disrupted in the IR; @) (b) Ligand Field Stabilization Energy (LFSE) Effects
and in the R (8) hexamers, and the conformation of the Determine the Relate Actwation Energy for the Dissocia-
GluB13 side chains is very much dependent on the hexamertion of the T6 Hexamersn the T; octahedral field, Ni* is
type (7). The present study suggests that upon the T- to expected to have the largest LFSE, which leads to high ligand
R-state transition in solution, GluB13 undergoes conforma- field activation energy (LFAE) and the consequent slower
tional changes similar to those observed in crystalline statedisplacement of the Ni(ll)45). In octahedral complexes,
and that this change has a significant effect on the binding the principal factor determining the activation energy for the
in the calcium site. Because the disappearance of the Cd(Il)replacement of a ligand is the breaking of the bond between
signal at—34.5 ppm is not accompanied by the appearance the metal and the leaving groug§). In the case of the gI
of a resonance due to free Cd(ll) at 0 ppm, the displaced hexamer, the first phase of the reaction involves three water
Cd(ll) must be involved in exchange between sites. This molecules leaving groups (step b in Figure 10) and the second
assumes that at least two species exist in equilibrium, andphase of the reaction involves three imidazolyl side chains
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of HisB10 residues’ leaving groups (step c in Figure 10).
The first phase of the reaction of terpyridine is slowest for
the Ni(ll)-substituted hexamer, which reflects considerable
stabilization of the Ni(Il)-H,O bonds compared to Co(H)
H,O and Cu(ll}-H,0. Similarly, the slow second phase of
the reaction of the Ni(Ih-insulin complex reflects stabiliza-
tion of the Ni(ll)-imidazolyl bond by the high LFSE of Rii.
Although C#" has lower LFSE than Co in both weak and
strong octahedral ligand field46), the Co(ll)~insulin

hexamer reacts approximately two times faster than the Cu-.
(I —insulin hexamer. This behavior can be accounted for

by Jahn-Teller effects operative in Ct. With its d®

electronic configuration, Cti possesses a degenerate ground-

Biochemistry, Vol. 38, No. 41, 19993451

ligand is highly unfavorable and even the fifth ligand is only
weakly bound due to the Jahiieller effect @4). Our results
indicate that the formation of the intermediate, which must
be tetragonally distorted octahedral Cu(ll), requires a higher
activation energy then the formation of the intermediate
distorted octahedral Co(ll) and Ni(ll) complexes. Presum-
ably, the intermediate Cu(ll)lis of high energy due to the
two weak trans bonds.

The rates for the second phase, attributed to steps b and c
in Figure 10 84), increase in the order Ni(llx Cu(ll) <
Co(ll), consistent with LFSE effects and stabilization of the
Cu?* complex by JahnTeller distortions. The latter order

state electronic configuration. Coordination geometrieof d IS therefore consistent with the reaction of terpyridine with
metal ion complexes such as Eare known to be irregular  the Ts trimers (step b in Figure 10). The relative activation
due to distortions, which occur to remove degeneracy.Jahn €nergies for the second step of the reaction of these transition
Teller distortions enhance the strength of the four bonds in metal ion-insulin hexamers thus excludes the possibility that

the plane, while the remaining axial positions are more
weakened44).

The Cd(II)-H,O bonds are expected to be weaker than
the Zn(11)—H,0 bonds as a result of the larger radius of Cd-
(1. Thus, the faster first phase for reaction of the Cdfll)
insulin hexamer is consistent with a lower activation energy
due the weaker Cd(lhH,O bond. The rate of the second
step is somewhat higher for Zn(llk & 0.710 s?) than for
Cd(ll) (k= 0.620 s%). This result indicates that the activation
energy for the reaction of intermediate terpyridir@d—
insulin complex is slightly higher than that of the Zn(ll)
analogue, meaning that the intermediate ternary insulin
Cd(ll)—terpyridine complex lies lower in energy than the
insulin—Zn(ll) —terpyridine complex. We propose that the
higher stability of the ternary insuinCd(Il)—terpyridine as
compared to the insulinzZn(ll) —terpyrine complex reflects
the ability of the larger size Cd(Il) to accommodate the bulky
terpyridine better than zZn(ll).

(c) Preference for Coordination Geometry Determines the
Activation Energy of the Rto Tz Transition.Under condi-
tions favoring the formation of the Zn(ll)ghexamer, the
relative rates of the first phase detected [Co@lINi(ll) >
Cu(ll)] cannot be justified by LFSE effect. However, they

terpyridine reacts directly on thesRrimer.

The first phase involving the o T; transition is 11.4
times faster for the Cd(lty than for Zn(Il}~insulin hexamer,
suggesting that Cd(ll) is more accommodating of octahedral
ligand field than Zn(lIl). This effect is consistent with the
larger size of Cd(ll), which accommodates six ligands better.
The second phase involving the breaking of metal ions
insulin bonds is also faster for Cd(ll) than for Zn(ll)
consistent with weaker CeN bonds. We conclude, therefore,
that the rapid rate of dissociation of the Cd(ll)-substituted
insulin hexamer and the slower rate of dissociation of the
Zn(ll)-substituted insulin hexamer reflect the relative ther-
modynamic stability of the metal ierinsulin bonds. This
is in agreement with recent kinetic studiei);

(d) Evidence for the Influence of the Lewis Basicity of the
Exogenous Ligand on the Agtition Energy of the Dissocia-
tion of the Hexameln the presence of KSCN, the first phase
is attributed to the reaction of the; Trimer and the second
phase to the reaction of the Rimer (34). When the reaction
of the T trimers under thiocyanate conditions is compared
to the reaction of the gitrimers in the § hexamers, the most
dramatic effect is observed for the Cd¢Hinsulin hexamer.

can be rationalized in terms of the requirement for a change The first phase due to the reaction of thetfimer is 345
in coordination geometry from tetrahedral to octahedral upon imes slower than the first phase of the reaction of the Cd-

the Ry to T3 conversion (step a in Figure 1®B4). According
to our results, the activation energy for this conversion

(IN-Te hexamer k(T1) = 19.0 s1] and 11.3 times slower
than the second phask(T,) = 0.62 s]. We attribute the

depends on the nature of metal ion and increases in the ordeg,\ver reaction of the Cd(ll) to the higher stability of the

Co(ll) < Ni(ll) < Cu(ll). We propose that this order suggests

a correlation between the activation energies and the relative
preference of the metal ions for tetrahedral versus octahedraﬁ

geometry. Due itgl” electronic configuration, ligand field

stabilization energies disfavor the tetrahedral configuration

in Co(ll) relative to the octahedral one to a smaller extent
than any othed" (1 < n < 9) configuration. Accordingly,
the activation energy for the conversion of Co(ll}-#& Co-

Cd—S bond. This result is an unambiguous and elegant
vidence for the contribution of the metal ieaxogenous
gand interaction to the activation energy, proposed by
Rahuel-Clermont et al3@). The general principle postulates
that hard acids prefer to coordinate to hard bases, while soft
acids prefer to coordinate to soft bases. Our results show
that the soft Lewis base (sulfur in KSCN) forms a strong

(I)-Tsis the lowest as indicated by the highest rate constantPond with the soft Lewis acid Cd(ll), thus lowering the

compared to the other transition metal ions. When a Co(ll)

energy of the ground state and increasing thereby the

site in a protein is accessible to ligands from solution, such activation energy for the dissociation of the Cdfiijisulin—

as in Co(ll)-carbonic anhydrase, Co(ll)-carboxypeptidase,

thiocyanate complex. It has been proposed that thtermer

and Co(ll) alkaline phosphatase, Co(ll) displays a propensity in the TsRs hexamer is less stable due to asymmetry in the

for the formation of five-coordinate adduc®7j. In contrast,
Cu(ll) displays a preference for tetrahedral coordination
geometry in the insulin hexamer ligand field8j. During
the formation of Cu(ll) complexes, addition of the sixth

T3R3; hexamer 4, 34). Evidently, in the case of the Cd(ll)-
substituted hexamer, the increased affinity of sulfur to Cd-
(I1) dominates the activation energy and more than compen-
sates for the effects of asymmetry.
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