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ABSTRACT. The nature of cooperative allosteric interactions has been the source of controversy since the
ground-breaking studies of oxygen binding to hemoglobin. Until recently, quantitative examples of a
model based on the inherent symmetry and asymmetry of oligomeric proteins have been lacking. This
laboratory has used the phenolic ligand binding characteristics of the insulin hexamer to develop the first
guantitative model for a symmetnasymmetry-based cooperativity mechanism. The insulin hexamer
possesses positive and negative heterotropic and homotropic interactions involving two classes of sites.
In this study, we explore the effects of heterotropic interactions between these sites. We show that
application of the pairwise structural asymmetry theory of Seydoux, Malhotra, and Bernhard (SMB) gives
excellent agreement between the ligand binding behavior and X-ray crystal structure data. Furthermore,
by comparing experimental data with computer simulations, we show that the insulin hexamer can be
described by a three-state SMB model involving two positive homotropic cooperative transitions linked
by a negative homotropic interaction. The first transitiogil sT= T3°R3°, with allosteric constarnit,
[TsT3)[T3°Rs% and ligand dissociation constalik® consists of a positive cooperative change from high

to low symmetry that results in “half-site reactivity”. The second transitigPRF = R3R3', with allosteric
constant.® = [T3°R;%)/[R3R3'] and ligand dissociation constafi is a change from low to high symmetry,
which is also a positive cooperative process. Treatment of the two transitions as concerted and
interconnected processes allows derivation of an equation for the fraction of R-state. Using this equation,

the effects of changes in the four physical paramelgfs L2, Kr, andKg?, on the ligand binding properties
of the insulin hexamer are quantitatively described.

By introducing the concept that conformational change is (Monod et al., 1965) provides a plausible explanation for
intimately related to protein function, Monod, Wyman, and several allosteric phenomena including positive homotropic

Changeux (MWC)broke new ground in describing enzyme

regulatory phenomena. The classical, symmetry-conservedpositive and negative heterotropic effectors.

MWC model for ligand-linked conformational changes
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interactions and the modulation of these interactions by
However,
because the subunit symmetry restrictions of the model
require that bonding favor the transition to the higher affinity
conformation (the T to R transition), the MWC model cannot
explain negative homotropic interactions.

The treatment proposed by Koshland, Nemethy, and
Filmer (KNF; Koshland et al., 1966) is often presented as
an alternative to the MWC model. This treatment avoids

' T and R are used throughout to designate the global conformationsthe assumption about subunit symmetry and allows the

of different allosteric conformation states. The superscriatel® denote
local differences in global conformations, &heren = 0—3 designates
bound subunits in the Rconformation state; Qwheren = 0—6
designates bound subunits in the R or d®nformations states; P
designates phenolic ligandsi Wesignates the fraction of sites actually
bound;a = [P)/Kg; = [PJ/Kgr®. The global conformations of insulin
hexamer forms with extended (T) andhelical (R) conformations of
B-chain residues-18 are designated as;,TTsRs, and R (Kaarsholm

et al., 1989). IT3' and RR3' designate conformations with one 3-fold
axis and three pseudo-2-fold axes of symmetry, whifR¥ designates
the hexamer with only a single, 3-fold, axis of symmetry (Bloom et
al., 1995). Abbreviations: KNF, the sequential model for allostery
(Koshland et al., 1966); SMB, the half-site reactivity (suboptimal
symmetry) model for cooperativity (Seydoux et al., 1974); MWC, the
concerted (symmetry conserved) model for positive cooperativity
(Monod et al., 1965);L* and L., allosteric constants for the
interconversion of T3 with T°R3° and of T°R:° with RsR3,
respectivelyKg°, Kg, andKg', dissociation constants for ligand binding
to the phenolic pockets of thesR Rs, and R’ units of T;°Rs° and
R3R3', respectivelyKr, dissociation constant for the binding of phenolic
ligands to trimeric units in the T-state conformation; 2,6-DHN, 2,6-
dihydroxynaphthalene; PABAg-aminobenzoic acid.

existence of intermediate conformational forms. The KNF
model further predicts that conformational change is induced
in individual subunit(s) as a consequence of ligand binding
and that conformational changes take place in a sequential
manner. Hence, in the absence of ligands the protein exists
in one conformation. Unlike the MWC model which
requires only three adjustable parameters, the number of
adjustable parameters allowed by the KNF system is gener-
ally equal to the number of binding sites. As a result, the
KNF treatment has greater flexibility in mathematical fitting
of any binding process, including negative homotropic
interactions.

The term negative cooperativity is used empirically to
denote binding isotherms exhibiting shapes consistent with
either apparent affinities which become weaker as ligand
concentration is increased or binding isotherms which appear
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to saturate at a site occupancy less than the total number ofapparent values of allosteric constants and the shapes of the
sites (e.g., half-site reactivity). On the basis of the observa- titration isotherms. At each stage, we compare the experi-
tion that many oligomeric proteins and enzymes are com- mental results obtained herein and in our preceding publica-
posed of asymmetric dimers, i.e., pairs of polypeptides of tions (Bloom et al., 1995, 1997) with predictions derived
identical covalent structure which have different tertiary from analysis of the model.
conformation, Seydoux, Malhotra, and Bernhard (SMB; The Seydoux, Malhotra, and Bernhard Mod@&he SMB
Seydoux et al., 1974) proposed a plausible structural basismodel (Seydoux et al., 1974) can be described using four
for negative homotropic cooperativity. The SMB model basic assumptions about the structure of an oligomeric
postulates that the suboptimal symmetry can give rise to two protein.
classes of binding sites within each dimeric unit, and in the (1) Subunits or protomers comprised of identical primary
extreme, binding at one class of sites may preclude bindingsequences assemble into dimeric units about an imperfect
to the second class of sites, a condition designated as half{pseudo) 2-fold symmetry axis.
site reactivity (Matthews & Bernhard, 1973). (2) The aggregation af dimeric units occurs in a regular

In the case of negative homotropic cooperativity in a arrangement about a perfgq;.]fo|d symmetry axis.
dimeric system, it is often impossible to distinguish between  (3) At least two distinct global conformations of the

a symmetry/asymmetry (SMB) and a sequential, ligand- protomers exist for the native structure, denoted T and R in
induced (KNF) process. However, with the combination of anajogy to the nomenclature of MWC.

X-ray structural information (Smith et al., 1984; Baker et (4) The binding of ligands occurs at distinct, symmetry-
al., 1988; Derewenda et al., 1989; Smith & Dodson, 1992a,b; o |ated sites that are separated by large distances.

Ciszak & Smith, 1994) and physical biochemical data The properties of half-site reactivity, negative and positive

(Kaarsholm et al., 1989; Roy et al., 1989; Brader et al., 1991; h : : o )
Choi et al., 1993: Brzovic et al., 1994), the insulin hexamer homotropic interactions, and negative and positive hetero

X . tropic interactions occur as a consequence of these physical
has recently emerged as an important new paradigm for thepropperties q Phy

study of allostery (Bloom et al., 1995, 1997; Choi et al., The Insulin Hexamer.Attempts to quantify previous|
1996). The physical characteristics of the insulin hexamer . : Pis 10 g P USly
reported allosteric systems exhibiting both negative and

allow a clear distinction between the SMB, MWC, and KNF ositive cooperative behavior are complicated due to ligand
models, and the hexamer represents the first example of &_. " . P P X 9
o . - inding to both the T- and R-state conformations. The
system where positive and negative cooperativity as well 3Sinability of the T-state to bind effector ligands, together with
half-site reactivity can be quantitatively assigned an allosteric the strgn allosteric interactions within%he héxaﬁwer Simpli-
mechanism that is based on symmetry constraints. ' g all¢ . i ' P
L fies quantitative expressions for binding.
In the present paper we show that the applicability of the The structural asvmmetry SMB model shown in Scheme
SMB model to the insulin hexamer can be extended to 1 (see Appendix) is)::a ablgof explaining all of the observed
include heterotropic allosteric interactions. We derive bp P P 9

quantitative expressions (see Appendix) for the SMB model Egg;ﬁg aPn(jss;i(I)w pﬁgﬁ:ﬂ;?;ﬂg;C?izrechfnt\z,veot?rié?siuI;T
tailored specifically to the insulin hexamer, and through ' P 9

simulation of the binding isotherms presented in the preced-Eac}ﬁ%r?ﬁzgéf'ggtg'smgggi u::tsé, dg%lngr [,';‘i, toatnr:jreéglp bal
ing paper and in work presented herein, we demonstrate hOW(KaarshoIm ot al. 1980: gloom ot Al 3193911-3)The Xora
ligand binding in the insulin system is modulated both by b i ) y

the structure of the homotropic binding site and by the action structures of lT?Seand RRs' hexamers derived from rhom-_
of homotropic and heterotropic effectors. bohedral crystatseach possess a true 3-fold symmetry axis

oriented perpendicular to three pseudo 2-fold axes (Baker
MATERIALS AND METHODS et al., 1988; Smith & Dodson, 1992a). The rhombohedral
TR hexamer possesses a perfect 3-fold axis but no 2-fold

The insulin samples, ligands, and buffer were the same axes of symmetry (Ciszak & Smith, 1994)The HisB10

as described in the preceding paper [Bloom et al., 1997; seeZr?* sites of the T, T3, and T’ units are essentially identical

also Bloom et al. (1995)], as were titrations and data analysis.and usually exhibit octahedral coordinatinwhile the

Simulations of ligand binding isotherms were calculated as corresponding sites in4RRz°, and R’ exhibit tetrahedral

described in the Results and Discussion section.

2 Due to what is presumed to be crystal lattice forces, insulin hexamer
RESULTS AND DISCUSSION structures derived from monoclinic crystals exhibit only a pseudo-3-
W Its in f 1 d | h fold symmetry axis.
e present _our results in four part§. (1) we develop the s pe Rs unit of the crystalline IRs complex obtained in 0.75 M
general formalism of the SMB model in terms of conforma- CI- (Ciszak & Smith, 1994) appears to form a tetrahedral HisB10 site
tion states, allosteric transitions, and binding equilibria with the fourth position occupied either by Cor by a water; the I

. . - . unit is disordered, forming either an octahedral site with three
specifically designed to reflect the allosteric properties of coordinated waters or a tetrahedral site with one. Che T; unit of

the insulin hexamer.? (2) we i.nves.tigate. and quantify .the the T;R:—SCN- complex also gives a tetrahedral zinc site; however,
effects of heterotropic interactions involving the synergism the fourth ligand was proposed to be a water molecule, and the density

between ligand binding to the HisB10 metal ion sites and maps gave some indication of disorder at this site, consistent with some

. . : sites present in an octahedral complex. In contrast to the Zn(ll)-
the phenolic pockets; (3) using the hexamer SMB model, substituted crystalline hexamer, our solution spectroscopic studies of

we examine how the shapes of the titration isotherms for the Co(ll)-substituted hexamer support a structural assignment wherein

phenolic ligands depend on the values of the allosteric the SCN complex gives asRs species with SCN coordinated to a

constants which describe the allosteric transitions and on thetétrahedral Co(ll) site, presumed to be part of theuRit, and an

di iation constants which d fibe ligand binding: and octahedral Co(ll) geometry at the other HisB10 site, presumed to be
ISsociation constants ch aescribe ligal Qi and part of the F unit (Brader et al., 1991; Brzovic et al., 1994; Choi et

(4) we explore the effects of heterotropic interactions on the al., 1996; Bloom et al., 1997).
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coordination. In BR3', there are two nearly identical classes
of phenolic pockets, three located or-R subunit interfaces
and three located on'RR’ subunit interfaces, whereas, in B o '
TR, there is a single class of three identical phenolic Ly = [T5°Rs’1/R5Rs] (4)
- o oo . ;

Szlﬂfﬁ éi;%;'déir;?e?ennihﬁo?nlqtAgt%ﬁi%%;fvétzgcig?spié%t s Since the Ingg,’lbinding sites are n.early ident[cal, the b_inding
(Bloom et al., 1997). The fourth coordination position of Of. phenoll'c I|gand§ oceurs with essentllally Qquwalent
the HisB10 sites in the RRs°, and R' units forms the loci microscopic dissociation constantsy(= Kx’), Wh'le the

of the anion binding sites. In each of these trimeric units, d!ﬁefef_‘C?S between the?lind R or Rs_tatgs reqmrg a uomque
thea-helical segments of the B-chain N-termini are bundled dls'somann constant for the phenolic sites ¢fRE® (Kg? =
together to form a narrow12 A deep cavity which extends Ky = Kg). This transition is an example of a true SMB

he 3-fol ; model for ppsitive coopergtivity Whgre a 'st_ate'of Ic_JW
ILOemZJ;?f Ssituerf(eé:iizaallc:rg Strr?itﬁ %1953/ mmetry axis down to symmetry, with both low-affinity and high-affinity sites, is

converted to a state of high symmetry, with all sites in a
high-affinity state.

The combination of the two transitions defined by egs 2
and 4 into a single, three-state system of conformational
equilibria renders the insulin hexamer a unique allosteric
example (eq 5) (Bloom et al., 1995; Brzovic et al., 1994).
This system is comprised of mixed positive and negative
cooperativity and half-site reactivity for the transition from

L8
TR =—=R;R, (3)

Modification of residue GluB13 to GIn by site-directed
mutagenesis drastically alters the thermodynamics of the
T3°Rs° to R3R3' allosteric transition of the hexamer (Roy et
al., 1989; Bloom et al., 1995, 1997). Eisenstein et al. (1990)
have shown that the allosteric properties of aspartate tran-
scarbamylase can be strongly perturbed by mutation of
residues at the subunit interface of this enzyme. Kuo et al.
(1989) have shown that cooperativity can be introduced into , " . o
Escherichia colornithine transcarbamoylase by site-directed T3;I'3 Oto T30R3? and of agosmvely cooperative transition
mutagenesis, and Stebbins and Kantrowitz (1992) have 13 R’ 10 RaRs' (egs 5 and 6).
reported a similar finding for the aspartate transcarbamylase LA
from Bacillus subtilus T3l

The SMB Insulin Hexamer ModelTo describe the A B
allosteric mechanism of the insulin hexamer, we divide the Lo =[TsT3U[TS RS Ly =[TSRSVIRRST (6)
conformational equilibria into two separate processes. The ) ) ] ) )
first consists of an equilibrium between the high-symmetry ~ AS derived in the Appendix, the expression for the fraction
TsT4 state (a species with a true 3-fold axis and three pseudo®f R-state for this model is given by the equation:
2-fold axes of symmetry) and the low-symmetnfRz° state B 3 6
(with only a true 3-fold axis of symmetry) (egs 1 and 2). p= 08, A+p" +(A+a) @
The transition between these two states is defined by the LOB(l +8)°%+ @1+ o)+ |_0A|_0B
allosteric constant,* (Bloom et al., 1995):

Le
TRy’ ==R3Ry 5)

[P] = concentration of the phenolic ligand,= [P]/Kg, and

L+ op 0 B = [PVKg".
Tals==T5Ry @) Effects of Heterotropic Interactions between Anion and
A ) o Phenolic Ligand Binding Sites on the Insulin Hexanfgath
Ly = [ToT5 VTR (2) the wild-type and the E-B13Q mutant Co(ll)-substituted
insulin hexamers give titration isotherms that are strongly
This transition involves a relatively stables{ > 1), high- dependent upon the structure of the phenolic ligand, the

symmetry state (JT3") with negligible affinity for effectors nature and concentration of the anionic ligand, and the
(phenolic compounds and monovalent anions) and a low- mutation (Brader et al., 1991; Choi et al., 1993; Bloom et
symmetry state which has one class of symmetry-related,al., 1995, 1997). This interdependence is illustrated by the
high-affinity sites (R) and a second class of symmetry- data for the E-B13Q mutant system presented in Figure 1.
related very low affinity sites (9. As a result of side chain  Owing to the mutation of GluB13 to GIn and the consequent
packing into the cryptic phenolic site, binding of phenolic influence of this mutation on the apparent valuet gfand
ligands to the T-state is effectively rendered impossible (i.e., L, (Bloom et al., 1995), the initial phase of each isotherm
the ligand dissociation constalkt approaches infinity}.The appears nearly hyperbolic. In the presence of 25 mM CI
octahedral His(B10) Z site has very low affinity for the phenol isotherm originates apaalue (eq 7) of~0 and
anions. Provided the transition tosR' is essentially extrapolates t@ = 1.0 at high phenol concentration (Figure
inaccessible, the binding of ligands stabilizes the low- 1A, 0O). When the anion is 5 mM PABA, the phenol
symmetry conformation (PRs°), and saturation occurs at isotherm originates ai ~0.34 and extrapolates {@= 1.0
50% of the total possible sites. Consequently, under ap- (Figure 1A,H). When the phenolic ligand is 2,6-DHN (or
propriate conditions the insulin hexamer presents an example2,7-DHN, data not shown) and the anion is 25 mM ClI
of a system which exhibits half-site reactivity and both (Figure 1B, <), the isotherm exhibits an initial phase
negative and positive cooperativity. originating at ap value of~0, which tends to plateau at
The second conformational transition consists of the ~0.5, butthen is followed by a second phase which increases
interconversion of the low-symmetry:°Rz° state with the beyondp = 0.5 at higher 2,6-DHN concentration. When
high-symmetry BRs' state (a species with a true 3-fold axis carried out in the presence of 5 mM PABA (Figure 1),
and three pseudo-2-fold axes of symmetry). This transition the initial value ofp again is approximately 0.34. The shape
(egs 3 and 4) is defined by the allosteric constahtBloom of the titration curve appears biphasic with the first phase
et al., 1995): tending to saturate at abopt= 0.5, while the second phase
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Ficure 1: Influence of heterotropic effects on the binding isotherms
for phenol (A) and 2,6-DHN (B) to E-B13Q insulin. In each panel,
the solid line fitted to the open symbadll(or <) is the best fit to

eq 7 for the titration isotherm obtained when the ligand for the
HisB10 anion binding site is CI(25 mM), and the solid line fitted

to the solid symbolM or @) is the best fit to eq 7 for the isotherm
obtained with PABA (5 mM). The parametels®, L8, Kg, and
Kge° for each curve are given in Table 1.

0.0020

Table 1: Heterotropic Effects of HisB10 Ligands on the Titration
Isotherms for the Binding of Phenolic Ligands to the
Co(ll)-Substituted E-B13Q Mutant Insulin Hexarher

HisB10 phenolic Kgo¢ (M)  Kg® (M)
ligand ligand LAP LBP x 10 x 10
5 mM PABA  phenol 1.8 1.3 1.8 2.5
25 mM CI phenof 25 500 1.8 1.7
5mM PABA 2,6-DHN 2.5 1.3 2.8 8.8
25 mM CI 2,6-DHN' 20 500 1.0 2.6

aA summary of allosteric constants and dissociation constants
obtained from the fitting of the data is presented in Figure 1 to the
SMB model (eq 7)° Errors in the estimated values fog* and L2
are+50%. ¢ Errors in the estimated values fg° andKr are +40—
50%. 9 Values taken from Bloom et al. (1995).

increases t@ values approaching 1.0 as the concentration
of 2,6-DHN approaches the solubility limity8 mM (data
not shown).

Bloom et al.
1.00
aj b, c d e
f
0.75
g9
p 0.50 o
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0.25 P 05
0.0 T T
0.00 4 . y 0.000 . 0.002 . 0.004
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FIGUrRe 2: Theoretical binding isotherms for the Co(ll)-substituted
insulin hexamer fitted using the fraction of R-state equation (
(eq 7). Isotherms are derived for values of the allosteric parameters,
LA = 50 andL,® = 1 x 107, with the following values folKg%

Kr: (@) 1.0x 1073 M/1.0 x 10 M; (b) 3.0 x 10 M/1.0 x

104 M; (c) 2.0 x 1004 M/1.0 x 104 M; (d) 1.0 x 1074 M/1.0 x

104 M; (e) 1.0x 1074 M/1.5 x 10 M; (f) 1.0 x 1074 M/(1—

2.0) x 104 M:; (g) 1.0 x 1074 M/3.0 x 104 M.

Theoretical Modeling of Ligand Interactions. (A) Negati
Homotropic Interactions First consider how homotropic
cooperativity can be manifest in the binding isotherms.
Changes in the ligand structure will result in different
physical and chemical interactions with the residues forming
the binding sites and thus may be different for thg, Rs,
and R’ units. As a starting point for modeling, we set four
parametersiKg’= 1 x 1074 M, Kr = Kg' =1 x 10 M,

LA = 50, andL.2 = 1 x 107, values comparable to those
found from fitting the phenetwild-type insulin hexamer
isotherms (Bloom et al., 1995, 1997); the resulting theoretical
isotherm (Figure 2, trace d) is distinctly biphasic, demon-
strating negatively homotropic behavior. The SMB model
predicts that negative homotropic interactions arise from
ligand binding to a dimeric unit with an inherent asymmetry
that results in two classes of binding sites (il&? = Kr =
Kgr"). Inthe extreme, half-site reactivity results when binding
to the lower affinity sites is negligible (Whelg® < Kr =
Kr). Figure 2 (traces d through g) shows theoretical
isotherms calculated for the case where the value&#or
L., andL,? are fixed and the dissociation constant for the
R3R3' binding sites Kg) is progressively raised from %

The strong dependence of the shape of the isotherm andl0*to 3 x 10~* M (a condition analogous to the 2,6-DHN

the initial p value on the anion is evidence of strong
heterotropic interactions between the HisB10 anion binding
sites and the phenolic pockets. As previously reported
(Brader et al., 1991; Choi et al., 1993, 1996; Brzovic et al.,
1994; Bloom et al., 1995), anion binding to the HisB10 sites,
in the absence of phenolic ligandsan shift the distribution

of hexamer conformations in favor of R-state species.
Whittingham et al. (1995) have established that SCN
binding to the Zn(ll)-substituted hexamer gives gRJ
species with a single SCNoound to the HisB10 site of the
Rs unit? Thus, in the titration isotherms shown in Figure
1, the initial p values provide measures of the anion effect
on the preexisting equilibrium distribution of T- and R-state
species prior to addition of the phenolic ligand. As predicted

wild-type insulin hexamer). The biphasic isotherm (trace
d) converts to an apparent single phase curve (trace g),
saturating at half-site reactivity. Lowering the affinity for
the RR3' state causes thes?Rs° conformation to become
increasingly more stable until it is the only significant species
contributing to the isotherm (Figure 2, trace g).

(B) Positie Homotropic Interactions According to both
the MWC and SMB models, positive homotropic interactions
arise from the stabilization of high-symmetry, high-affinity
oligomeric structures. Increasing the dissociation constant,
Kr? > Kg' = KR, results in an apparent positive cooperative
isotherm. With the initial values dfg° = 1 x 1074 M, Kgr
=Kg' =1x 104M, LA =50, andL,® = 1 x 10" and the
progressive raising of the dissociation constant for tit&sF

by the SMB model presented in the preceding paper (Bloom binding sites K% to 1 x 1072 M, the isotherms (Figure 3,

et al.,, 1997) and more fully developed here and in the
Appendix, a shift in the initial distribution in favor of R-state

traces e to a) are transformed from a biphasic curve to a
full-site, monophasic, highly sigmoidal curve. The increase

species gives isotherms that are increasingly hyperbolic inin Kg° effectively destabilizes thesTR:°—ligand complexes

shape.

relative to the BR3'—ligand complexes; therefore ;°Rs°
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1.00 the unfavorable, (negatively cooperative) energy barrier
introduced by the unfavorable value loff (Figure 3, trace

e). Of course, it is theoretically possible to complete the
transition to the BR3' conformation provided the ligand
concentration can be made sufficiently high. However,
ligand solubility can impose a limitation that gives rise to
apparent half-site reactivity. The sigmoidal character of the
isotherms at low ligand concentrations is primarily deter-
0.25 1 mined by the allosteric constamht,®. Shifting the preexisting
equilibrium in favor of the FT4' state (i.e., raisingis*) raises
0.00 the energy barrier for anionic ligand binding, and therefore,
' ) ’ ’ increased concentrations of anionic ligands are required to
00000 00025 [Ligf,?fﬁm, 0.0075 00100 shift the conformational equilibrium to the®Rs° and RR3'

4 conformations.

0.75 9

p 0.50 4

Ficure 3: Theoretical binding isotherms for the Co(ll)-substitute

insulin hexamer fitted using the fraction of R-state equation ( Another limiting case of the SMB model that gives rise
(eq 7). Isotherms are derived fog* = 50, Kg° = 1 x 10°* M, to an approximate MWC model occurs whegt is very
andKg = 1 x 10~ M and the following values fok®: (a) 500; large andL.B is very small. Under these conditions, the

(b) 1.0 10% (¢) 1.0 10% (d) 1.0 x 107 (e) 1.0x 10", T+°Rs° conformation is highly destabilized and, thus, does

not accumulate during the allosteric transition of the hexamer.
Mathematically, this can be expressed as follows: Sinte

= [T3T3']/[T3OR3O] and LOB = [T30R30]/[R3R3'], the equilib'
rium between IT3' and RRy3' is defined by [BT3]/[R3Rs']

= L L2. In the case wher&” is very large (e.g., Ix
If_1020) and LB is very small (e.g., Ix 10719), the overall
equilibrium between 3T3' and RRs' becomes [IT3']/[R3R5]

=L L2 = 10. Since, in this case, the®Rs° conformation

is very unfavorable, this species can be treated mathemati-
cally as insignificant, and the degree of cooperativity
(sigmoidicity) becomes a function of thesTh' to RsR3'
equilibrium and ligand affinities.

species do not significantly contribute to the isotherm. In
the limiting cases (wher&t = o or where Ik >> Kg° >
Kg), the SMB model for a positively homotropic cooperative
hexamer becomes equivalent to the MWC model.

(C) The Preexisting EquilibriumFor the insulin hexamer
system, the degree of apparent negative, positive, or ha
site cooperativity observed is sensitive both to the preexisting
conformational equilibria and to the relative affinities of the
R°, R, and R states for ligands (viz., Figure 1). This
sensitivity is quantified by the magnitudes of the allosteric
constantsl,* andL.2, and the dissociation constank&?,

Kgr, andKg'. The values olL,* andL.? are controlled by

the relative free energies of each conformation and have bee (D) Heterotr(_)plc Interac_tlons.He_terotroplc ligands can :
shown to be drastically altered by mutatiofl(? > 1 x ehave as positive, negative, or mixed effectors, depending

10"; Bloom et al., 1995, 1997) or by anion binding to the on how the overall conformational equilibrium is altered.
His,(Blo) sites (Figure 1’)_ It can be shown that eq 9 can be The known heterotropic effectors of phenolic ligand binding,
extended to predict the initial value (o) measured in the ~ SMall monovalent anions such as C8CN, and PABA,

absence of phenolic ligands. Henpgyalues predicted by selectively bind to the HisB10 metal ion sites of thg Ry,

the allosteric model developed in Scheme 1 are given b and R%O trimeric units (Brader etal., 1991; Choi ?F al., 1993;
the equation: P g yBrzowc et al., 1994, Bloom et al., 1995). Positive hetero-

tropic effectors act by stabilizing either the®Rs° or the

0.5(1L A) + (L AL B) R3R3' states. Spectroscopic investigation and crystal structure
[R-state]/[T-state}= p, = i ° °0 o (8) analysis of hexamers comprised of, Rs', and RP units
0.5(1A_0A) +1 show the anion binding sites to be essentially identical

(Bloom et al., 1997). Thus, binding of anions acts to stabilize
To explore the dependence of curve shape on the positionboth the £°R3° and the BR3' conformations (viz., Figure
of the preexisting equilibrium among states by simulation, 1). Since the BR3' conformation has two binding sites, mass
we begin by setting the R-state affinities equal to each other action favors this state. Negative heterotropic effectors act
(Kr = Kr? = Kg' = 1 x 1074 M) for the fraction of R-state by stabilizing either the FRs° or the TzT3' conformations.
equation ) and by setting.,® = [T3T3'J/[[T 2°Rs°] = 20 By favoring a state with a reduced number of (phenolic)
and L2 = [T°Rs°)/[R3Rs'] = 500 (values comparable to ligand binding sites, an antagonistic condition will result.
those obtained for the E-B13Q mutant in the presence of 25 Although no anions exhibiting negative heterotropic behavior
mM CI7) (Figure 3a). Under these conditions, positive have been identified, negative heterotropic interactions have
cooperative, full-site reactivity behavior is observed as a been observed between 2,6-DHN and SCNrhe SMB
single, slightly sigmoidal isotherm that approaches conver- model allows a ligand to be both a positive and a negative
sion of 100% of the hexamer to thes®R' state. By heterotropic effector within the same system. For example,
maintaining the above values bf?, Kgr, Kg?, andKg' while 2,6-DHN is a positive effector of SCNbinding to the wild-
increasing the value df,® from 500 to 1x 107 (a value type T3°R3° conformation, where binding does not exceed
analogous to that of the pheredild-type insulin hexamer),  half of the sites experimentally. Phenol is a positive effector
we found that the isotherms become increasingly biphasic of SCN- binding to the BR3' hexamer. However, addition
in character and approach an apparent half-site reactivity limit of 2,6-DHN to the wild-type SCN adduct of the BR3'-
(Figure 3b-e). WhenL = 20 andL® = 1 x 10, the (phenol} hexamer results in conversion to the SCatduct
transition from the T3 state to the PR3° state is easily  of the T°R3°(2,6-DHN); state. SCN is therefore released
achieved by the mass action of ligand binding, whereas thefrom half of the sites in a negative heterotropic manner.
transition to the BRy' state is effectively prevented due to According to these criteria, and depending on which transi-
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1.00 Koshland, 1994). The two active sites exhibited differences
in the side chain residues for the ligand-bound state and the
0.75 4 water-occupied state. Whether the differences in sites and

5 050 |2 the half-site binding behavior are induced by ligand binding
I or are due to a preexisting structural asymmetry cannot be
025 { /o ascertained from this structure. Regardless of the nature of

A the half-site binding behavior, a dimeric binding protein
0.00 ‘ , provides a degenerate system which cannot be used to
0.000 0000 0002 0003 0.004 distinguish between a symmetry/asymmetry-driven process

[Ligand],..., M and a sequential, ligand-induced process; when applied to a
Ficure 4: Theoretical binding isotherms for the E-B13Q mutant dimer, both allosteric models involve the same number of
insulin hexamer depicting the influence of heterotropic interactions conformational states. Most of the examples of negative
\(I)Vgr‘;ulrj‘geesTg%eénggtéotlﬁwéz?vgg’ejSOJJhER?":O?g:rf 8%rg‘gz'eters cooperativity (and half-site reactivity) are described as
M, and L,A = 100 (a), 10 (b), 1.0 (c), and 0.1 (d). possessing two classes of sites with different affinities
(Seydoux et al., 1974; Koshland et al., 1966; Herl@89;
Shirakihara & Evans, 1988; Deville-Bonne & Garel, 1992;
tion is considered, 2,6-DHN is both a positive and a negative B&imann & Koshland, 1994). Solubility limits and solvent
heterotropic effector of SCNbinding. effects are common I|m|ta}tlons_to determmllng the affinities
of weak binding sites. It is difficult to obtain accurate and
complete isotherms in negative cooperative systems. Be-
cause complete binding to both phases of the ligand binding
isotherms can be attained, the insulin hexamer is the first
Nwell-characterized system that can differentiate between the
' KNF and SMB models. The evidence of a preexisting
equilibrium consisting of T- and R-state species in the
absence of anionic and phenolic ligands (Choi et al., 1996)
effectively rules out a KNF model. This work and the
preceding paper (Bloom et al., 1997) demonstrate that the
A SMB model provides an attractive quantitative model which
A_s the' value ofLs decreases' from 100 to 01 these takes into consideration the structural properties of the insulin
simulations show that the fractlion Of R-staje) _(nltlally hexamer. In the past 5 years, the insulin hexamer has been
pre;ent (a§ measured by the ordinate intercept in the absenc@xtensively studied by both crystallographic and biophysical
of ligand) increases from a value near 0 to a value near 0.5, ,0an5  These studies have revealed that the system pos-
a behavior sm:\nar to thaAt olBJserved.m Figure 1. Notice that gegqes a wealth of information regarding the mechanisms of
so long as 1" >> 1/Ls"Lo° , the distribution of formsin - ,onerativity. To our knowledge, it is the first example of
th(Ba absence of phenolic ligands is insensitive to the value of 5 ligand binding system that exhibits both negative and
Lo®. positive cooperative behavior and has been quantitatively and
Application of the SMB Model to Other Systerdthough qualitatively assigned an allosteric mechanism that is based
the various allosteric interactions in the insulin hexamer can on asymmetry/symmetry constraints.
be described by the SMB model, it is useful to consider
whether or not these properties can be applied to other
allosteric systems. As observed by Seydoux et al. (1974) APPENDIX
and Matthews and Bernhard (1973) more than 20 years ago,
there are a large number of oligomeric proteins that adopta The Mathematical Model: Deration of Analytical Ex-
“pairwise asymmetry” that is Coup|ed to an exact symmetry pressions for the SMB Model Tailored to the Insulin
axis, and a significant number of these are observed toHexamer. To achieve a quantitative description of the
possess negative or half-site reactivity. It would appear thereinteractions of phenolic compounds (P) with the insulin
are few examp|es of 0|igomeric proteins with ||gand b|nd|ng hexamer, we define the pOSSible |igati0n states as follows:
properties that cannot be explained by the SMB model. X-ray Prior to ligand binding, the hexamer is capable of existing
analysis of oligomeric proteins such as insulin, hemoglobin, in three states, 33", T°Rs°, and RRs', which herein are
GAPDH, and phosphofructokinase have shown that a pair- designated d; Zo, and R, respectively [as per the nomen-
wise asymmetry is present (Matthews & Bernhard, 1973; clature of Monod et al. (1965)]. Since no binding of ligand
Shirakihara & Evans, 1988). Recent publications (Beimann €an occur to the JT3" conformation, T is the only T-form
& Koshland, 1994; England & Hefvel 994, 1992; Herye necessary for this analy3|s. The notatian Z,, Z», gnd 45
1989) have put forward possible mechanisms by which @nd @, Qi, Q2 Qs, ..., Qs is used to denote hexameric species
negative cooperativity or the half-site reactivity phenomenon With 0, 1, 2, 3 ..., 6 molecules of ligand bound, where Z
fit process as the mechanism of choice, because ... “negativel designates bound subunits in the R 6rcBnformational
cooperativity is (thus) a diagnostic test of the KNF model” States. The equilibria can be written as shown in Scheme
(Fersht, 1985). One publication has claimed that a definitive 1.
test of the sequential versus concerted models has been Since each type of site within a given conformation state
accomplished for a dimeric binding protein which was has identical and independent microscopic affinities and there
crystallized with exactly one ligand per dimer (Beimann & are multiple sites in each state, statistical coefficients for

The influence of heterotropic effects on the shapes of the
binding isotherms and the distribution of T- and R-state forms
in the absence of phenolic ligands is modeled in Figure 4.
As a consequence of the heterotropic interactions betwee
the phenolic pockets and the HisB10 anion binding sites
the binding of different anions to the HisB10 sites aR¥
and R significantly alters the apparent values lof* and
L.B (eq 8 and Figure 1). Using eq 9 and valued. ¢f =
500 andKg® = Kg = 2 x 10* M, Figure 4 shows the
theoretical curves for values €f* = 0.1, 1.0, 10, and 100.
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Scheme 1
Zo=Q
Zyt+tP=2, Qt+P=Q
Z,+P=12, Q+tP=0Q,
Z,+P=272; Q,+P=0Q;
Q;+P=Q,
QtP=Qs
Qs+ P~ Qg

ligand binding and dissociation in the equilibria shown in

Biochemistry, Vol. 36, No. 42, 19972765

hexamer system and for fitting experimental data such as
those reported in Figure 1.
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