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ABSTRACT. The positive and negative cooperativity and apparent half-site reactivity of the Co(ll)-substituted
insulin hexamer are well-described by a three-state allosteric model involving ligand-mediated intercon-
versions between the three statesTsT= T3°R3° = R3R3' [Bloom, C. R., Heymann, R., Kaarsholm, N.

C., and Dunn, M. F. (1997iochemistry 3612746-12758]. Because of the low affinity of the T state

for ligands, this model is defined by four parameteks® andL.?, the allosteric constants for theTk'

to Ts°Rs° and the §°Rs° to RsR3' transitions, respectively, and the two dissociation constants for ligand
binding to T:°Rs° and to RR3'. The d-d electronic transitions of the Co(ll)-substituted hexamer give
optical signatures of the T to R transition which can be quantified, but the “spectroscopically silent”

character of Zn(Il) has made previous attempts to

describe the Zn(Il) species difficult. This work shows

that the T to R state conformational transitions of the Zn(Il) hexamer can be easily quantified using the

chromophore 4-hydroxy-3-nitrobenzoate (4H3N).

When the chromophore is bound to the HisB10 sites

of the R state, the absorption spectrum of 4H3N is red-shifted, exhibiting strong absorbance and CD
signals, whereas 4H3N does not bind to the T state. Hence, 4H3N can be employed as a sensitive indicator
of conformation under conditions that do not significantly disturb the T to R state equilibrium. Using
4H3N as an indicator, these studies show that hgttandL,? are made less favorable by the substitution

of Co(ll) for Zn(ll); L,* is increased by 10-fold while.® by 35-fold, whereas the ligand affinities of the

phenolic pockets are unchanged.

The insulin hexamer has become one of the most
sophisticated allosteric systems for which quantitative mod-

eling has been carried ol2<5). The presence of positive

The insulin hexamer exists in three distinct global con-
formations designated sT3',' T3°Rz°, and RRs (1-7).
These conformations have been identified and extensively

and negative homotropic and heterotropic interactions within characterized, both in the crystalline stai®{16) and in

a single oligomeric ligand binding protein provides the
opportunity to test hypotheses concerning the origins of

solution (, 2, 6—8, 17—19).
Insulin hexamers are assembled as interdigitated asym-

negative homotropic interactions. Insulin allostery has been metric trimers arranged about an exact 3-fold symmetry axis

shown to be important to the physicochemical stability of
insulin formulations used in the treatment of diabet@®s (

(Figure 1) (0—14, 20, 21). In the T to R state allosteric
transition, residues BiB9 become helical, hydrophobic

and likely is important for the storage of insulin in secretory pockets capable of binding phenol and phenolic derivatives
vesicles in vivo. Most of the previous studies of the allosteric are formed at the subunit interfaces (the phenolic pockets),
mechanism for the insulin hexamer utilized the optical and the HisB10 divalent metal ion sites are converted from

properties of Co(ll)-substituted hexamers to make possible an octahedral ¥ (NsOs) ligand field residing in shallow

quantitative data collectior2{-4, 7, 8). The use of Co(ll)
has allowed investigation of the effects of polypeptide

mutations, changes in ligand structure, and homotropic and

heterotropic ligand interactions. The effects of mutation and
ligand structure have been quantified for the Co(ll)-

depressions at either end of the hexamer to tetrahedral or

1 The global conformations of insulin hexamers with extended (T)
ando-helical (R) conformations of B chain residues8are designated
Te, T3Rs, and R (1). TsTs and RR3 designate conformations with
one 3-fold axis and three pseudo-2-fold axes of symmetry, whflgsT

substituted hexamer using the suboptimal symmetry modeldesignates the hexamer with only a single, 3-fold axis of symmetry

of Seydoux, Malhotra, and Bernhard (the SMB mod2t) (
4,9).
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(2). LA and Lo are the allosteric constants for the interconversion of
T3Ts with T3°Rs® and T;°Rs° with R3R3', respectively Kgr°, Kg, and
Kgr' are the dissociation constants for ligand binding to the phenolic
pockets of the R, Rs, and R’ units of T;°Rs° and RRs', respectively.
Kt is the dissociation constant for the binding of phenolic ligands to
trimeric units in the T state conformatiop.is the fraction of R state
species. PABA ig-aminobenzoic acid. 4H3N is 4-hydroxy-3-nitro-
benzoate. 2,6- and 2,7-DHN are 2,6- and 2,7-dihydroxynaphthalene,
respectively.

2This symmetry is strictly adhered to in rhombehedral crystals,
whereas there are slight deviations from true 3-fold symmetry in
monoclinic crystals of the insulin hexamer.
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Ficure 1. Space filling stereodiagram of thes Risulin hexamer (BR3') viewed along one of the three pseudo-2-fold axes oriented
perpendicular to the hexamer 3-fold axis. Individual subunits are shown in red, light blue, gray, and yellow. In this view, one dimeric unit
is cut away, exposing four of the six essentially identical phenolic pockets and the HisB10 sites. The phenolic pockets are shown occupied
by molecules of phenol (shown as black ball-and-stick structures). As is evident in this diagram, each phenolic pocket is located on a
dimer—dimer interface. The HisB10 zinc ions (purple balls) are located about 16 A apart on the 3-fold symmetry axis, and each zinc ion
is shown coordinated to a chloride ion (dark blue balls). The HisB10 side chains are shown in green and the GIluB13 side chains in black.
Each chloride ion is positioned at the bottom of @12 A tunnel extending along the 3-fold axis from the surface to the metal ion.

Coordinates were provided courtesy of G. David Smith.

five-coordinate M™(N3X) or M?*(N3XY) ligand fields

stabilities of the three insulin hexamer conformatiéns.

located at the bottom of narrow, 12 A deep pockets oriented Furthermore, since Zn(ll) is the in vivo metal ion for the

along the 3-fold symmetry axis (where N is His nitrogen, O

insulin hexamer, it is important to quantify the allosteric

is HO, and X and Y are exogenous ligands). The R state properties of the Zn(ll)-substituted species. Although Co(ll)
phenolic pockets comprise one class of allosteric ligand and zn(ll) exhibit very similar ionic radii (0.72 and 0.74 A,
binding sites. The second class of allosteric sites involves respectively), the relative affinities for ligands are different,
the binding of anions to the R state HisB10 sites. These and therefore, observable differences are seen in the strengths
two classes of sites show strong heterotropic interactions.with which ligands bind to the fourth coordination position

Bloom et al. —4) and Brzovicet al. (7) have shown that

the allosteric properties of the insulin hexamer consisting of

half-site reactivity and mixed positive and negative coop-
erativity can be described well by the SMB model (Figure
2). The treatment of Bloom et aR<{-4) proposes preexisting
equilibria among the three allosteric states of the insulin
hexamer, i.e., T3’ = T3°R3° = R3R3'. Under the assump-
tion that allosteric ligands bind only to the ligation sites of
Rs°, Rs, and R' units, then the homotropic allosteric effects
of phenolic ligands could be modeled by invoking four
parameters: two allosteric constarits) = [Ts°Rs°)/[T sT3]
andL.® = [R3R3')/[ T3°Rs°], and two dissociation constants,
Kgr®, the dissociation constant for ligand binding tefRs°,
andKg, the dissociation constant for ligand binding teRg.

One of the most interesting properties of the insulin
hexamer is the ability of the HisB10 sites to undergo a

of the R state sitesg].

Huang et al. ) have introduced the chromophoric ligand,
4-hydroxy-3-nitrobenzoate (4H3N), as a new probe of ligand
binding to the HisB10 sites of R state insulin hexamers. To
quantify differences between the Co(ll) and Zn(Il) hexamers,
we have extended the use of 4H3N as a chromophoric signal
of the T to R state conformational change at the R state
HisB10 sites. Herein, the spectroscopic properties of 4H3N
are exploited to measure the concentration of the R state
present in solution, yielding data which then can be ana-
lyzed both to characterize ligand binding interactions for the
Zn(I1) hexamer and to quantify the differences between the
Co(ll) and Zn(ll) insulin hexamers. It will be shown that
the substitution of Co(ll) for Zn(ll) makes the allo-
steric transitions to the R state less favorable and, therefore,
that the HisB10 metal ion also is an effector of insulin

conformation-mediated switch between octahedral and tetra-g||ostery.

hedral coordination geometries. Ligation both to the phenolic
sites and to the HisB10 sites modulates the equilibrium
Co(ll)

between octahedral and tetrahedral complexes.
substitution provides a chromophoric probe of the insulin

3 Co(ll) and Zn(ll) differ in their electronic configurations. Co(ll)
with an [Ar]3d’ configuration has two unfilled 3d orbitals, while Zn(Il)
with a [Ar]3d'° configuration has a completely filled 3d shell. Thus,

conformational state that is based on the unique spectroscopigigation of Co(ll) to electron-donating species is complicated by the

signatures of the octahedral and tetrahedral (or five-

coordinate) ligand fields2—4, 7, 18—25). Thus, most

symmetry of the ligand field, spinorbit coupling, and JahnTeller
effects, while ligation to Zn(ll) involves the vacant 4s orbital and,
therefore, is unperturbed by d orbital considerations and ligand field

studies of the allosteric properties of the insulin hexamer effects. Due to the directional nature of d orbitals, ligation to Co(ll) is
have relied on the spectroscopic signatures of the Co(ll) predicted to favor orientations that align the unfilled orbitals with

hexamer to generate signals of conformatian4, 18, 19,
23, 24). However, Rauhel-Clermont et ab)(have shown
that substitution of Co(ll) for Zn(ll) alters the relative

incoming ligands. The spherical nature of the Zn(ll) 4s orbital renders
ligation independent of orientation, as long as th2 charge on the
metal center is dissipated and unfavorable ligand interactions are
minimized.
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Materials

Metal-free GIUA17GIn mutant insulin and wild-type hu-
man insulin were supplied by the Novo Research Institute
(Bagsvaerd, Denmark). Co(Cl2 (Alfa, Danvers, MA),
ZnSQ, (Mallinckrodt, St. Louis, MO), KSCN (Aldrich,
Milwaukee, WI), PABA (Aldrich), resorcinol (Sigma),
Trizma (Sigma), HCIQ (Mallinckrodt), 2,7-dihydroxynaph-
thalene (Sigma), 2,6-dihydroxynaphthalene (Aldrich), and
phenol (Aldrich) were used without additional purification.

Methods

UV—Vis Absorption Studies of the Insulin 3-Nitro-4-
hydroxybenzate (4H3N) SysterAbsorbance spectra for a
0.1 mM solution of 4H3N alone and in the presence of 1.0
mM Zn(I1) wild-type insulin hexamers with 100 mM phenol
using 50 mM Tris-perchlorate buffer (pH 8.0) were measured
on a HP8452A diode array spectrophotometer equipped with
a computerized data processing system. Difference spectra
are calculated by subtracting the absorbance of free 4H3N

from the absorbance of bound 4H3Rk{e — Avound= AAaps). 7nlt = ® %@ 0§

Comparison of the Co(ll) Data for the UWis Absorption ’ 0t
and CD Signatures for the T to R Allosteric Transitions to Kp© # Ky =Kg 0@
the Data for the 4H3N Signaturelsotherms for the binding P = Phenol

P;R;R;P
of phenol to Co(ll) wild-type insulin hexamers in the 33
presence of 5 mMp-aminobenzoate (PABA) were deter- FiGure2: Cartoon depicting the symmetry properties of the insulin
mined as previously describe@, (3, 18) except for the hexamer allosteric states, the binding sites for phenolic ligands (P),

. g and the complex equilibria for interconversion of, 3R3;, and
presence of 0.15 mM 4H3N. Absorption titration progress Rs, coupled to ligand binding steps for each R state conformation.

generally was monitored both &7, [for the Co(ll) d—d The interconversions of thesTs, T°Rs°, and RRs states are
transitions] and afuss (for the 4H3N chromophoric shift).  shown as concerted processes. Ligand binding to each class of sites
Circular dicroism spectra were measured over the range ofconsists of independent and identical processes (see the text).

340-550 nm for the Zn(ll) hexamer and over the range of

340-700 nm for the Co(ll) hexamer using a JASCO J-715 06
spectropolarimeter calibrated with-)-10-camphorsulfonic 04
acid. The CD is expressed Ag in units of M~1cm™; i.e., g
Ae = 60/(32980.c), where# is the ellipticity, L is the cell § 02
path length, and is the molar concentration of chromophore, s
in this case, 4H3N. E 00
UV-Vis Absorption and CD Binding IsothermdJV— '
vis absorbance isotherms for the phenol-, resorcinol-, and o2la ) . )
2,7-DHN-driven T to R state transitions of Co(ll)-substituted “ 350 400 450 500 550
wild-type insulin and GluA17GIn mutant insulin generally Wavelength (nm)

were determined as described by Choi et]_ﬁ) end B_Ioom Ficure 3: UV—visible absorbance spectra of 4H3N (a) free and
etal. @, 3). Isotherms for the Zn(ll)-substituted wild-type  (b) in the presence of the wild-type Co(ll) insulin hexamer with
and GluA17GIn mutant insulins were determined by moni- 100 mM phenol and 50 mM Tris-ClO buffer at pH 8.0. The
toring the 4H3N signal at 444 nm due to 4H3N at increasing calculated difference spectra (e — Apound €xhibits a maximum
concentrations of the phenolic ligand. Concentrations of AA at 444 nm.

wild—type insulin and GIuA17GIn mutant insulin were 419 ym €410 = 4.3 x 100 M~! cm?) (Figure 3a). Upon
determined by absorbance measuremants £ 5800 M g, cess Co(ll) wild-type insulin hexamer being mixed with
cm) (26). , 50 mM phenol, conditions which give Co(#)Rs (7, 17, 23—

The CD isotherms were determined at wavelengths 25), the absorbance peak shifts from 410 to 426 e
selected to give signatures of either 4H3N or Co(lydd 55 108 M1 cmrY) (Figure 3b). The calculated difference
transitions. All of the |sother_ms were measured in 50 mM spectrum (c) has &maxof 444 nm. Previous characterization
Tris-CIO, buffer at pH 8.0 using 0.33 mM Co(ll) hexamer ¢ the 4H3N-Co(ll) R state insulin complex shows a Co(ll)
concentrations in the presence of 2 mM PABA d—d spectral envelopé.ga= 536 NM,esss= 273 ML cm 2,
RESULTS Amax = 572 nm, andes7; = 243 Mt cm™) (8), a finding
consistent with the assignment of a pentahedral ligand field

Spectral Characterization of 4-Hydroxy-3-nitrobenzoate. to the complex, with 4H3N coordination via a bidentate
The UV—vis absorbance spectrum for 4H3N in 50 mM Tris- carboxylate. The Zn(ll)-substituted insulin hexamer also was
CIO4 (pH 8.0) possesses a characteristic band centered afound to give a complex with 4H3N exhibiting UWis
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Ficure 4: CD spectra of 4H3N bound to the HisB10 sites of (A) Wavelength (nm)

the Zn(l1)—Rs and (B) the Co(II>-Rs hexamers employing 2 mM ]
insulin and 0.65 mM Z&" (A) or C?™ (B), 2 mM PABA, 0.15 Ficure 5: CD spectra measured as a function of [phenol] for the
mM 4H3N, and 10.6 (A) or 24.9 mM (B) phenol, in 50 mM Tris-  Zn(ll) insulin hexamer (A) and for the Co(ll) insulin hexamer (B).
ClO,~ at pH 8.0. Samples contain 2 mM insulin, 0.65 mM Zn(A) or Co** (B), 2

mM PABA, and 0.15 mM 4H3N in 50 r_nM Tris-Cl© at pH 8.0.
absorption spectral properties essentially identical to those The dotted curves show the spectra prior to the addition of phenol.
shown in Figure 3 for the Co(ll) system (data not shown). In panel A, the family of curves represents additions of phenol in

The spectral shift of 4H3N is dependent on the phenolic the 0.1-10.6 mM range, while in panel B, additions between 0.2

. ; . > ) . and 24.9 mM are employed.
ligand-induced allosteric transitions of the insulin from the

T state to the R state. Control experiments (data not shown) 1.00 g
established that, under the experimental conditions of these 88 g8 ©
studies, there is no evidence of interactions directly between 075 4 5 8
phenol, resorcinol, or the DHNs and 4H3N that give rise to
a red-shifted 4H3N absorption spectrum or a CD spectrum. s

Figure 4A shows the CD spectrum of 4H3N complexed p 0.50 4 ﬁ
to the Zn(ll)-substituted insulin hexamer in the presence of g
2 mM PABA and 10.6 mM phenol. The spectrum is 025 45
characterized by a peak with/gax of 420 nm due to the '
induced structural asymmetry of the 4H3N chromphore glg
bound to the HisB10 sites of the R state hexamer. The 0.00 r ' ' "
shoulder to this peak located at370 nm likely indicates 0000 0605 0010 0015 0020  0.025
splitting of thez—zr* transition for the bound chromophore. [Phenol] (M)

Figure 4B shows the CD spectrum of the corresponding Ficure 6: Phenol titration of Co(ll) wild-type insulin with 5 mMm
Co(ll)-substituted complex of 4H3N. This spectrum is PABA monitored by signals derived from the-d Co(ll)-PABA

similarly characterized by prominent features located 20 transitions and from the spectral change of 4H3N. The titration is
(shoulder) and 420 rm (posilive peal), together with pealcs PO 28 e acton o % sttel(s Tphencl fo 2 saltn
at 500 (negative) and 590 nm (positive). By comparison to g 15 mm 4H3N in 50 mM Tris-CIQ- at pH 8.0. The fraction of
the Zn(ll) system, the 420 nm peak and the 370 nm shouldertotal R state §) is defined as the relative absorbance change at
are assigned to an induced asymmetry of the 4H3N complex444 nm () due to the chromophoric shift of the 4H3N spectra or
at the HisB10 site, while the features at 500 and 590 nm areté‘g(lrl)dagxeB ngorgaggﬁs?t?c?ﬁgs g(t:tfgz F"g?‘ ffﬁé“ gg?”')? isnt;tjlem
due to the Co(ll) e-d tra_nsmons. When the .CD spectra titrations, the fraction of R state igdeterhined as described by Choi
are measured as a function of the concentration of phenol,; 5. ag).

the Zn(ll) system (Figure 5A) shows that the peak due to

4H3N at 420 nm increases and then becomes essentiallyspectrum of the product Co(thRs—4H3N complex. Again,
independent of phenol as the concentration of phenol isthe amplitudes of the changes in the spectrum approach
increased. The Co(ll) system gives a more complex set of saturation at high concentrations of phenol.

spectral changes (Figure 5B), showing apparent isosbestic Comparison of the 4H3N and Co(ll) Spectral Signatures
points located at-465 and~565 nm reflecting the inter-  The correlation of the R state conformation with the
conversion of the CD spectrum of Co(HYs with the tetrahedral or pentacoordinate Co(ll) YVis absorption
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FIGURE 7:
(normalized) as a function of [phenol] for the Zn(ll) (A) and Co(ll)
(B) hexamers. Concentrations of insulin, metal ion, PABA, and
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Ficure 8: Ligand titrations for Co(ll) wild-type insulin with 2 mM
PABA (A) and Zn(Il) wild-type insulin with 2 mM PABA (B) using
0.15 mM 4H3N as an indicator. Titrations are plotted as the fraction

Isotherms comparing absorbance and CD changes of R state ) vs [ligand}.ee for solutions containing 0.33 mM insulin

hexamer in 50 mM Tris-CIgy at pH 8.0. For the Zn(ll) insulin
titrations, the fraction of total R state)(is defined as the relative

4H3N are as shown in Figure 5. Panel A compares the absorbanceabsorbance change at 444 nm, due to the chromophoric shift of

change at 440 nm() with the CD change at 420 nm-j for the

the 4H3N spectra. For the Co(ll) insulin titrations, the fraction of

4H3N chromophore. For the Co(ll) system, panel B compares 4H3N R state is determined as described by Choi etl&). (A) Binding

changes in absorbance at 440 ) and CD at 420 nm~) with
the CD changes at 500 nif)Y derived from the C& chromophore.

spectrum signature is well establishet-@, 17—19, 25).
Figure 6 establishes that the appearances of the R state,
determined from the €d envelope of the Co(ltyPABA
absorbance spectrund) (Amax = 572 nm) or from the
absorbance change at 444 @) @ue to the 4H3N complex,
give identical isotherms (within experimental error). Simi-
larly, when the absorption and CD signals for the Zn(ll)

system are compared (Figure 7A), it is evident that the

isotherms for the@®) resorcinol-, ®) 2,6-DHN-, and #) phenol-
mediated allosteric transitions of Co(ll) wild-type insulin (the inset
shows the expanded first binding phase). Binding curves (solid lines)
were calculated for eq 1 assuming identical allosteric parameters
LA =1 x 10 andL,® = 4 x 10°) using the software Peakfit
andel Corp.). (B) Binding isotherms for th@)(resorcinol-, )
2,6-DHN-, () 2,7-DHN-, and #) phenol-mediated allosteric
transitions of Zn(ll) wild-type insulin. Binding curves (solid lines)
were calculated using identical allosteric parameters characteristic
of the Zn(ll) wild-type insulin in 2 mM PABA (assumind-,* =
9 x 1 andL® = 1 x 10¥) and show an excellent correlation
with the observed dataq > 0.97).

normalized absorption changes and the normalized CD of (1 + 0.5) x 107 and forLo® of (4 + 2) x 107, while the

changes give essentially identical isotherms. Furthermore, corresponding Zn(ll) GIUAL7GIn mutant hexamers give
for the Co(ll) system, the relative absorption and relative yajyes forl A of (9 + 4.5) and forLc? of (1 + 0.5) x 10f
CD changes for the 4H3N signatures give identical isotherms, (Taple 1).

which coincide with the ed transition CD changes (Figure
7B).

Ligand Binding to Co(ll)- and Zn(ll)-Substituted Wild-
Type Insulin and GIuA17GIn Mutant Insulin Hexamers.

Absorbance isotherms for the binding of resorcinol, phenol,

or 2,6-DHN to Co(ll)- and Zn(ll)-substituted wild-type
insulins (Figure 8) and GIuUA17GIn mutant insulin (Figure
9) are shown. Curve fitting to the equation for the fraction
of the R stateq), eq 1 @, 4) (see Figure 2)

0821+ 8%+ @1+ )P
o=

LA+ BPH+ A+ @)+ LA @)

wherea = [phenolic ligand]Kr and$ = [phenolic ligand]/

DISCUSSION

4H3N Is a Chromophoric Indicator of the T to R State
Allosteric Transition of the Insulin Hexameil o qualify as
a useful chromophoric indicator of the multiple equilibria
involved in the T to R state allosteric transition of the insulin
hexamer, 4H3N must meet the following criteria. (a)
Binding of 4H3N must distinguish between the T and R
states with high specificity. The studies of Huang et &). (
establish that this criterion is met. 4H3N binds to the HisB10
sites of R state hexamers but not to the T state hexamers.
(b) Binding must cause a significant perturbation of a
diagnostic spectroscopic signal such as the 4H3N-uUig
absorption or CD spectrum. Both the relatively intense

Kr®, is shown for each isotherm (solid lines), and the results 7—s* transition of 4H3N and the red shift of this band when

are summarized in Table 1. All isotherms for wild-type
Co(ll) hexamers give values fdr,* of (40 &= 20) and for
L2 of (3 & 1.5) x 10/, while the corresponding Zn(ll)
hexamers give values fag” of (5 + 2) and forl? of (8 &+

4) x 10° (Table 1). The isotherms for the Co(ll)-substituted
GIuA17GIn mutant insulin hexamer all give values fof*

complexed to the HisB10 site and the induced CD of the
complex (Figures 4, 5, and 7) fulfill this criterion. (c) To
qualify as a useful spectroscopic probe, the amplitude of the
spectroscopic signal resulting from binding must provide a
sufficiently sensitive signal to allow 4H3N to be used as an
indicator of the distribution of hexamer conformations while
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1.00 = — v under the experimental conditions used in Figure 6 perturba-
075 . . tions due to the binding of 4H3N are negligible. Therefore,
' . it is clear that the 4H3N signal meets the criteria necessary
P 050 to qualify as an indicator which may be used to quantify the
T to R state allosteric transitions of the Co(ll)- and Zn(ll)-
025 substituted insulin hexamers.
0.00 4 . ' . 4H3N Is a Sensitie Circular Dichroism Probe of the T
0.00 0.01 0.02 0.03 to R State Allosteric Transition To be an effective CD
100 [Ligand] (M) probe, the induced CD must give a transition of sufficient

intensity to allow detection when only a small fraction of
the sites are occupied by 4H3N.

The CD spectra presented in Figures 4 and 5 demonstrate
that 4H3N binding to the HisB10 sites provides sensitive
signatures of the R state conformation. The CD spectral

features assigned to the-sz* transition of the bound 4H3N
O'O% N N N dianion have their origins in the structural asymmetry induced
000 [,_?g";’,id] (M) 0010 by the chirality of the HisB10 site. The isotherms presented

Ficure 9: Ligand titrations for Co(ll) GIuA17GIn mutant insulin in Figures 6 and 7 establish a direct one-to-one correlation
with 2 mM PABA (A) and Zn(ll) GIuA17GIn mutant insulin with between the UV vis absorption changes in the spectrum of

2 mM PABA (B) using 0.15 mM 4H3N as an indicator. Titrations ~4H3N and the CD changes for both the Co(ll)- and Zn(ll)-
are plotted as the fraction of R stafg ¢s [ligand}ree for solutions substituted systems and between the CD and absorbance
containing 0.33 mM insulin hexamer in 50 mM Tris-GlOat pH spectra of the 4H3N chromphore and the CD spectra of the
8.0. (A) Binding isotherms for the®) resorcinol- and®) phenol- (1) d—d transitions (Figure 7). These correlations provide
mediated allosteric transitions of Co(ll) GIluA17GIn mutant insulin dditi | evid indicating that th t g

(the inset shows the first binding phase on an expanded scale).a | |onq eviaence indicating tha _e Spectroscopic signa-
Binding curves (solid lines) were calculated for eq 1 assuming tures which accompany the conversion of the metal center
identical allosteric parametert ¢ = 40 x 107, andLo® = 3 x at the HisB10 site from an octahedral geometry to tetrahedral
10" using the software Peakfit (Jandel Corp.). (B) Binding or pentacoordinate provide valid spectroscopic signatures

isotherms for the®) resorcinol- and¢) phenol-mediated allosteric ; ;
transitions of Zn(ll) GIuA17GIn mutant insulin. Binding curves which can be used to quantify the extent of the T to R state

(solid lines) were calculated using identical allosteric parameters CONformational transition.

characteristic of the Zn(ll) wild-type insulin in 2 mM PABA Comparisons of Wild-Type and the GIUA17GIn Mutant
(assumind.o* =5 x 10°andL,® = 8 x 10°) and show an excellent  |nsulins In Ts crystal structures determined between pH
correlation with the observed datet (- 0.99). 6.0 and 7.0 by X-ray difraction, GIuA17 makes a salt bridge
interaction with thex-NHs* of PheB1 together with the side
chain of ArgB22 (0). (The Ts structure of pig insulin shows

0.75
p 050

0.25

introducing only a negligible perturbation of that distribution.
As discussed below, this criterion is met both for the change -+ e side chain of ArgB22 takes up two conformations,

in UV—vis absorption and for the change in CD _one involving charge charge interactions with the side chain
The absorbance spectrum for the 4H3N dianion free in o¢ 5),A17 and one where the ArgB22 side chain is rotated

solution at pH 8.0 is gt:arai:;[enzeq by a maximum at 410 55y ) The 26-30 A displacement of PheB1 resulting from

M (ea1o= 4.3 x 10°M™* cm™) that is well separated both e ¢l 1o helix transition accompanying the T to R state

from the hexamer spectrum and from the Co(IF-dl jnterconversion destroys these salt bridging interactions.
transitions (Figure 3a). Upon mixing with R state Co(ll)  gjnce the replacement of Glu by Gin at position A17
insulin hexamers, thémax of 4H3N shifts to 426 nm (Figure gjiminates the A17B1-B22 salt bridges, this mutation

3b), and absorbance bands characteristic of a pentahedrghignt he expected to destabilize the T state. The side chain

Co(ll) complex fmax = 532 and 572 nm) are observe®).( 4 A17 lies on the surface of the hexamer at a location that
In contrast, no evidence of binding to the T state was found. ig gistant from both the phenolic pockets and the HisB10

Therefore, thefree — Asoung difference spectrum resulting  gjies: hence, mutations at this position are not predicted to
from the binding of 4H3N possesses a maximum at 444 NM yter the structures of either the phenolic pocket or the

(Figure 3c) and is diagnostic of the R state hexamer. It isg10 site. Consequently, th& and Kg° values for the

previously has been established that 4H3N bindsstwith binding of phenolic ligands should be unaffected by the A17
a stoichiometry of two molecules of 4H3N per hexamer (one |, tation.

per HisB10 site) §).

Comparison of the titrations of the Co(ll)-substituted wild- - al struct fthe Zn(HT=Re—phenolat o)

; ; ; i e crystal structure of the Zn(HjTs°Rs°—phenolate comple

_type insulin hexamer carried OL.Jt under conditions Wh‘?re the gives evidence that phenol can, under some conditions, bind both to
isotherm could be followed either by the changes in the the phenolic pockets and to the His(B10) sites. By performing all our
Co(ll) d—d transitions at 572 nm (the maximum of the PABA experiments in the presence of relatively high concentrations of PABA,
complex) or by the changes in the spectrum of 4H3N We select for conditions where phenolate binding to the HisB10 R state

- - - sites is minimized. Furthermore, R state phenolate complexes are known
(dlffergnce spectrum ma.X|mum at 444 nm) (F'g!”? 6) to give distinctive U\*-vis and CD spectral signatures in the Co(ll)
establishes that thAAs., signal from 4H3N gives, within  system. No hint of phenolate coordination was detected under the
experimental error, an isotherm identical to that obtained conditions of the experiments conducted herein. Although we have no
from the Co(ll) signaf. Furthermore, inspection of the Co(ll) ~ Such signatures for the HisB10 R state sites of the Zn(ll) system, we

. ’ - ! o know a considerable amount about relative ligand affinities for these

d—d transitions measured in the absence and presence Ojtes from the work of Huang et aB) and our conditions were selected

4H3N shows the isotherms to be identical, indicating that to make phenolate binding at HisB10 negligible.
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Table 1: Allosteric Parameters for the Zn(lIl)- and Co(ll)-Substutited Wild-Type and E-A17Q Mutant Insulin Hekamers
insulin species and

phenolic and anionic ligands LoAbe LoBbe Kgr2P€ (x1074 M) KgP€ (x1074 M) r2be
WT Co(ll) insulin and 2 mM PABA
resorcinol 40+ 20 3+ 1) x 107 2+1 6+3 0.99
phenol 40+ 20 (3+1) x 107 4+2 2+1 0.99
2,6-DHN 40+ 20 (3+1) x 107 1+05 2+1 0.98
WT Zn(ll) insulin and 2 mM PABA
resorcinol 5+ 2 (8+4)x 10° 3+15 8+ 4 0.99
phenol 3+ 1.5 (8+ 4) x 10P 7+35 2+1 0.97
2,6-DHN 5+ 2 (8+4) x 10 442 2+1 0.99
2,7-DHN 5+ 2 (8+4) x 1 4+2 2+1 0.99
A17Q Co(ll) insulin and 2 mM PABA
resorcinol (14 0.5) x 1% (4+2) x 107 442 1+05 0.99
phenol (1+ 0.5) x 1 (4+2) x 107 442 2+1 0.99
A17Q Zn(ll) insulin and 2 mM PABA
resorcinol o4 (1+0.5)x 108 4+2 2+1 0.99
phenol 9+ 4 (1+0.5)x 108 3+15 8t 4 0.99

aThe values for Zn(ll)-substituted hexamers were determined from the 4H3N absorption changes as described in Figure 8. The values for the
Co(ll)-substituted hexamers were determined from the changes in the Coflladsorption band2(-4). All experiments were performed at 25
°C in 50 mM Tris-CIQ~ buffer at pH 8.0 Parameters obtained from fits of the data to eq 1 (see the teikte isotherms (see Figures 8 and 9)
can be fit by more than one discrete set of values. Therefore, a set of high-correlation fits was determined by limiting each of the four variables
such that only those values for the allosteric constants capable of fitting all of the data sets from different phenolic ligands for a given insulin
species and a given anion concentration were allowed. Similarly, dissociation constants were limited to a range of values which could gatisfactoril
fit all of the data for a given phenolic compound. A nonlinear least-squares procedure (Peakfit) was used to determine values given for the four
variables,L,*, Lo, Kr°, andKg (Figure 2). The goodness of fit is given by the reduced square of the residuals,

The qualitative results presented in Figure 9 indicate that to make negligible any sitesite structural perturbations due
the elimination of these salt bridges by mutation has to the substitution of Co(ll) for Zn(ll). Consequently,
negligible effects both on the magnitudes of the allosteric comparisons of the phenol, resorcinol, 2,6-DHN, and 2,7-
constantsL,* and L2, and on the values dfr and Kg°. DHN titrations for Co(ll) and Zn(ll) wild-type insulin
The absence of an effect of the mutation on the allosteric hexamers by curve fitting to the fraction of R state (Figure
constants (Figure 2, eq 1, Table 1) indicates that the change2, eq 1, Figure 8) were performed assuming that the affinities
in charge of Al7 has little or no net effect on the of the phenolic ligands obtained for the Co(ll) insulin
conformational transition at pH 8.0. TheKpvalues of hexamer are unaffected by substitution of Zn(ll) for Cofll).
peptideo-NH3" groups that are not stabilized by salt bridging When subjected to these constraints, isotherm fitting to eq 1
are generally in the range of7.5 to 8.0, while salt bridging  shows changes in,* and in L2 of 10- and 35-fold,
shifts the K, of the NHs* group to higher values; e.g., the respectively, resulting from the substitution of Co(ll) by
apparent [, for the salt bridge between theNH;" of lle16 Zn(ll) (Table 1). These changes establish that the conver-
and Aspl94 ina-chymotrypsin is~8.8 (27, 28), and the sions from BT to T3°Rg° and T:°Rs° to RsRs are
values for the intra- and intersubunit salt bridges in hemo- significantly more favorable for the Zn(ll) insulin hexamer
globin are elevated?9). Consequently, at pH 8.0, the AX7  than for the Co(ll)-substituted species. The more favorable
B1 salt bridge in wild-type §should remain intact and the  value ofL* reduces the apparent sigmoidicity of the initial
interaction with ArgB22 should be pH-independent below phase of the isotherm for the Zn(ll) hexamer (compare the
pH 10. If this is the case, then the apparent weakness ofinsets in panels A and B of Figure 8). Since the ratio of
this salt bridge interaction may be explained by the fact that, | 8/ A (~1 x 10P) remains essentially unchanged by the

at physiologically relevant ionic strengths, solvent-exposed substitution of Co(ll) for Zn(ll), the tendency of the isotherms
ion pairs on protein surfaces usually are not much more stabletg plateau ap = 0.5 is not much affected.

than the separate ions. Indeed, ion pair formation in aqueous
solution often does not contribute a net favorable standard
free energy change to the stability of a folded polypeptide
(30, 31). Therefore, the free energy of stabilization of the
T state by the A17B1—B22 salt bridging at pH 8.0 may

The importance of the T to R state allosteric transition of
the insulin hexamer to the physical and chemical stability
of the hexamer in the production of formulations for use in
the treatment of diabetics has been made apparent by recent
. studies. The relationship of the allosteric properties of the
simply be smalf insulin hexamer to biological function is not known. We
Comparison of Co(ll) and Zn(ll) Wild-Type and GIuA17GIn 9 . : :
speculate that the enormous increase in the physical and

Insulin Hexamers in the Presence of 2 mM PABFRhe . . .
distance between the phenolic pockets and the HisB10 Siteschemlcal stability brought about by conversion to the R state

. L - In vitro reflects an in vivo function involving the stabilization
together with the similarities of Zn(ll) and Co(ll) is likely of insulin within the secretory vesicles of?ﬁecell. If true

then it becomes of considerable interest to determine the

5To predict the net effect of these salt bridges on the allosteric ; P : ; T
constants for the T to R state transition, the difference in the strengths!demItles of the biologically relevant allosteric ligands

of the interactions of B1, B22, and Al7 with their respective iNvolved in stabilizing R state species. Work is now
microenvironments in the T and R states must be considered both forunderway to isolate and identify these ligands.

the mutant and for the wild-type species. Since the X-ray crystal . .
structure of the mutant is not yet available, it is not possible to be sure [N conclusion, our work shows that the chromophoric

if a less favorable interaction was introduced to the R state. ligand, 4H3N, provides a sensitive probe both of ligand
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binding to the HisB10 metal ion siteS)(and of the T to R
state allosteric transition of the zinc insulin hexamer. The
titrations of Zn(ll)- and Co(ll)-substituted wild-type insulin
hexamers by phenol, resorcinol, 2,6-DHN, and 2,7-DHN
establish that the substitution of Co(ll) for Zn(Il) significantly
alters the constants for the allosteric transition (Figure 8).
Substitution of Co(ll) for Zn(ll) is predicted to affect the
distribution of conformations through at least two different
mechanisms. First, comparisons of the relative affinities of
various ligands reveal that both monodentate anions (chloride
ion and thiocyanate ion) and bidentate anions (various
organic carboxylates) bind more weakly to the R state Co(ll)
hexamer than to the R state Zn(ll) hexam®&y. (Second,
coordination to Co(ll) occurs via an unfilled d shell, while
coordination to Zn(ll) occurs via an unfilled s shellSince
there is no crystal field stabilization for Zn(ll) complexes,
coordination is nondirectional, while bonding to Co(ll) is
subject to crystal field effects. Therefore, the greater
preference of the Co(ll)-substituted hexamer compared to
that of the Zn(ll) species for an octahedral ligand field (and
hence the T state) and the higher affinity of the Zn{R
state species for anionic ligands play important roles in
determining the relative stabilities of the T and R states for
the Co(ll) and Zn(ll) systems6]. While these effects
combine to render the T to R state transition significantly
more favorable for the Zn(ll) system, the isotherms shown
in Figures 4-9 establish that the Zn(ll)-substituted hexamer
is an allosteric protein that exhibits the same allosteric
behavior, i.e., positive and negative cooperativity and ap-
parent half-site reactivity, that has been documented for the
Co(ll)-substituted specie2{4).
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