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Receied January 31, 1997  Phenolic ligands, halide and pseudohalide anfonSurrent
Revised Manuscript Recegd April 23, 1997 understanding of this conformational and ligand-binding be-
havior is based on a three-state allosteric system in which the
Zn(l)-T3R3 species has been proposed as an intermediate in
Zinc coordination plays a functional role in the assembly, the Te-to-Rs transition®? It has been generally assumed that
storage, and secretion of insulin. The physiological storage form octahedral coordination is representative af tlimers, and
of this hormone is believed to be the zinc hexareand it is pseudotetrahedral coordination is representative affiRiers
the zinc hexamer that is the primary component of all insulin jn solution8°
pharmaceutical preparations used for the treatment of diabetes The zinc insulin hexamer forms a colored compfewith
mellitus. The innovation of therapeutically improved insulin  the achiral, chelatometric zinc indicator 2-(1-(2-hydroxy-5-
preparations requires a detailed understanding of hexamersulfophenyl)-3-phenyl-5-formazano)benzoic acid (zincn),
assembly and structural selectivity in solution. Furthermore, possessing band maxima at 630, 540, and 479 nm (Figure 2A-
the zinc insulin hexamer is an important model system for (a)). Complexation of zincon to the hexamer is confirmed by
investigating fundamental mechanisms of intramolecular com- the induced circular dichroism that resolves the absorption
munication in multisubunit assemblies where cooperativity is spectrum into components with extrema at 422, 540, and 645
mediated through protein subungubunit contacts. Thisreport  nm (Figure 2B). This induced CD is attributed to excitonic
describes a novel chiroptical approach to probing the Zn(ll) sites, coupling of the zincon transition dipole moments dissymmetri-
revealing new intricacies of the Zn(ll) coordination in the Zn- cally oriented within the hexamer, thus indicating intimate
(I)-Te hexame? chromophoric contact between the zincon ligand and the insulin
The first X-ray crystal structure determinatidref the zinc subunits. A spectropolarimetric titration of the 660 nm CD
insulin hexamer established that the hexamer exists as an oblaténdicates a stoichiometry of 1 mol of zincon coordinated per
spheroidal assembly comprising three asymmetric dimers ar-mol of hexamer (Figure 2, inset). This result is surprising,
rayed about a 3-fold crystallographic axis of symmetry. This because the crystal structéief the Zn(Il)-Ts hexamer shows
arrangement generates two slightly different Zn(ll) trimers, in  that the two Zn(ll) ions reside in very similar distorted octahedral
which the Zn(ll) ions exist in distorted octahedral Zn(ll)-  zn(ll)(HisB1%93(H,0); environments. It is proposed that the
(His®193(H20)s coordination geometries. This structure (sub-  zincon ligand coordinates selectively to insulin-bound Zn(i1)
sequently designated Zn(ll)s)f has provided an elegant sites that have multiple open coordination positi#hsThus it
classical basis for understanding the oligozinc coordination is inferred that the Zn(ll)-Fzincon complex exists with two
fundamental to the physiological state and to many of the coordinatively dissimilar Zn(Il) centers consistent with an
solution physicochemical and biological properties of instifin.  asymmetric Zn(l1)-F species in which one Zn(ll) center is
More recently, many additional crystal structir@shave octahedral and the other pseudotetrahedral. The data of Figure
established that the conformation of each trimer within the 2 (inset) suggest that the coordination of one zincon ligand to
hexamer is highly dependent upon the crystallization conditions, the preformed hexamer induces conformational effects that
T Corresponding author: Dr. Mark L. Brader, Lilly Research Laboratories, 3|gn|f|cantly de.crease. the affinity of zincon for the second Zn-
Lilly Corporate Center, Indianapolis, IN 46285-6414. Phone: (317) 277 (Il) site. The zincon ligand could potentially exert such effects

Figure 1.  Zincon, monosodium salt.

15le)- gtaxi (31D7) FZJ;Y 5137-15#6% grzazti%%g\_l@lilly.com- by distorting thetris-HisB1® geometry or by displacing one of
einer, D. iabetes 26, . . 0 - 2 S
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() Crystal structures of zinchexamer complexes have identified two  the Zn(Il)-T¢ hexamer are not constrained to an arrangement

general monomer subunit conformations designated T and R. The T-state\yith three open coordination positioﬁs In view of the
conformation corresponds to that identified in the first hexamer crystal :

structure? In the R-state, residues B1-B8 exist in partial (B4-B8) or fully ~ crystallographic identiﬁcatiqn Of_ bOth_ octahedral and pseudo-
a-helical conformations. The Zn(ll)-Fhexamer possesses six hydrophobic  tetrahedral Zn(ll) geometries inzTtrimers of Zn(ll)-TsR3
phenolic-binding pockets. The Zn(Il)sZn(ll) ion is accommodated in a
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Figure 2. Absorbance spectrum (panel A spectrum (a)) and CD 0 ST F
spectrum (panel B) of the Zn(ll)sfzincon complex formed with 0.21 0 o oor oo ooz

mM zinc insulin hexamer in the presence of 0.016 mM zincon.

Spectrum (b) of panel A shows the absorbance spectrum of 0.008 mM

[phenol] / M

zincon in the presence of 0.42 mM Zn(ll). Spectra were recorded in Figure 4. Spectrophotometric (A) and spectropolarimetric (B) titrations
50 mM Tris-HCIQ,, pH = 7.50, at 22°C. Absorbance and CD spectra st A ’ ) ) v
utilized 1 and 5 cm pathlength cuvettes, respectively. CD is expressed 0-32 MM zinc insulin hexamer with 0.27 mM zincon in 10 mM Tris-
as molar elipticity, P]m, calculated with respect to zincon concentra-
tion. Inset: Plot of zincon binding to the Zn(ll)siexamer. The values A
of 7 were determined from a 660 nm spectropolarimetric titration. The MM CI™. The cell pathlengths were 0.5 and 1 cm, respectively, for the
experiment was performed in the presence of 0.20 mM hexamer in 50 @Psorption and CD measurements.

mM Tris-HCIO,, pH = 7.50 at 22°C. The solid curve has been
generated from the binding equatiors nK[zincon]/(1+ K[zincon]),
with the number of binding sites = 1.05 and association constdft
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Figure 3. Spectropolarimetric titration of the Zn(ll)-insulin hexamer

(0.31 mM) with phenol performed in the presence (a) and absence (b) bindin

of 0.8 mM zincon. The titrations were performed in 50 mM Tris-HE IO
pH = 7.50 at 22°C. CD is expressed as mean residue ellipticity
calculated using a mean residue weight of 113.9.

of the zinc insulin hexamer with phenol. The solution conditions were

HCIO4, pH 7.50 at 22°C. Open and solid symbols correspond,
respectively, to titrations performed in the presence and absence of 25

accentuates the biphasicity of the phenol-binding transition,
probably due to a stabilizing effect of the chelating zincon ligand
on the & and T3R;3 states relative to the fstate. Notably,
Figure 4B shows that titration of the first trimer causes a
significant increase in the magnitude of induced CD at 660 nm,
despite a major decrease in the absorbance of this chromophore
(Figure 4A). This result suggests that the induced circular
dichroism of the zincon ligand coordinated to the Zn(Ip-T
trimer has increased significantly as a result of phenol binding
to the opposing Zn(Il)-Rtrimer of the Zn(ll)-T;R3 species. This
intensification is consistent with the formation of a Zn(l)R
Zn(I)T3(zincon) species in which the extrachromophoric en-
vironment of the zincon ligand is considerably more confor-
mationally rigid than it is in the Zn(ll)-E(zincon) complex.
This effect demonstrates structural tensioning and thus provides
insight into the origins of the negative cooperativity between
trimers$® by suggesting that the conformational fluctuations of
the T; trimer necessary to initiate formation of the phenol-
g pocket¥ become constrained upon formation of the
T3R3 species. The data of Figure 4 also show that both the
Tet0-TsR3 and T3Rs-to-Rs transitions are modulated strongly
by chloride, in accord with the observation that Zn(IBRE

complexe$, it is deduced that in the absence of zincon, each hexamers crystallize from solutions containing high concentra-
Ts trimer of the Zn(Il)-Te hexamer may accommodate its Zn-
(1) ion in either an octahedral Zn(l1)(H#&%3(H,0); or pseudo-
tetrahedral Zn(I1)(Hi8%;(H,O) geometry in solution.

Binding isotherms corresponding to the titration of the zinc reporter of allosteric conformational effects within the insulin
hexamer with phenol are shown in Figures 3 and 4. These hexamer.
isotherms correspond to two phenol-binding processes attributed
to binding to the first trimer followed by a lower affinity binding
to the second trimer in thesfo-Rs transition®® The 251 nm
CD of the Zn(ll)-insulin hexamer has been monitored as a Wagner for helpful comments on the manuscript.
function of phenol concentration in the presence and absencejag7032aw
of zincon (Figure 3). The 251 nm CD arises primarily from

the disulfide chromophores and has been shown to provide a

useful signature of insulin subunit conformation in thgtd-
Re transition? Figure 3 shows that the coordination of zincon Mol. Biol. 1996 258 136-157.

tions of lyotropic aniong. Collectively, these results show that
the sensitivity of the protein-bound Zn(ll)-zincon chromophore
to the chiral environment of the protein makes it a useful spectral
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