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ABSTRACT: The chromophoric divalent metal ion chelators 4-(2-pyridylazo)resorcinol (PAR) and
2,2’,2"-terpyridine (terpy) are used as kinetic and spectroscopic probes to investigate in solution the
SCN--induced conformational transformations of the insulin, proinsulin, and miniproinsulin hexamers
(miniproinsulin is a proinsulin analogue wherein the C-chain is replaced by a dipeptide cross-link between
Gly-Al and Ala-B30). Herein we designate the 2Zn and 4Zn crystal forms of the hexamer as the T4 and
T,R, conformations, respectively. For all three proteins, addition of SCN™ reduces the rate of sequestering
and removal of zinc ion by chelator. The effect of SCN™ on the rate of this process saturates at the same
concentration (30 mM) known to induce the T4 to T;R; transformation in the insulin crystal. Under both
T¢ and T;R; conditions, the critical stoichiometry for high-affinity interaction between Zn?* and each of
the three proteins is shown to be 2 mol of Zn?*/mol of protein hexamer. Consequently, we confirm the
finding that off-axial coordination of Zn?* via His-B10 and His-B5 residues is of minor importance for the
SCN™-induced conformation change in solution [Renscheidt, H., Strassburger, W., Glatter, U., Wollmer,
A., Dodson, G. G., & Mercola, D. A. (1984) Eur. J. Biochem. 142, 7-14]. Under T, conditions, the kinetics
of the reactions between insulin, proinsulin, and miniproinsulin and a variable excess of terpy are similar
and biphasic. The fast phase of each reaction is first order in terpy and first order in protein-bound Zn?*
(k = 0.5-1.4 X 10* M~ s71) and involves the formation of a terpy-Zn?*—protein complex at each zinc site.
The slow phase of each reaction is first order in terpy at low concentrations and tends toward a limiting,
saturated value at high [terpy]. In each system, this step involves the rate-limiting dissociation of terpy-bound
Zn?* from the protein, followed by the rapid coordination of a second terpy molecule and formation of
(terpy),Zn®*. Under T;R; conditions, the corresponding reactions for the three proteins are also very similar
and biphasic. When compared to T4 conditions, the second-order rate constant of the fast phase is slightly
reduced (k = 0.5-0.6 X 10* M~! s7!). The rate of the slow phase is remarkably reduced (k = 0.005 s7!)
and becomes zeroth order in terpy. The striking similarity between the kinetic parameters shows that the
same process is rate-limiting for the reaction of terpy with the SCN™-induced form of each protein. The
kinetic results indicate a mechanism where one of two zinc environments per hexamer is transformed by
SCN-. We conclude that the slow rate observed under TR ; conditions likely is limited by the rate of the
SCN-induced conformational change. Studies of the rate of removal of Zn?* from the insulin hexamer
under conditions similar to those which give an R crystal form provide further evidence consistent with
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these conclusions.

In mammals, insulin is synthesized in the §-cells of the
pancreas. Synthesis involves a complex and incompletely
understood sequence of posttranslational events that include
the conversion of preproinsulin to proinsulin, the packaging
of proinsulin in secretory granules, the assembly of proinsulin
hexamers, the conversion of proinsulin hexamers to insulin
hexamers, and the formation of crystalline arrays of hexamers
in mature granules (Howell et al., 1969; Steiner, 1976; Per-
mutt, 1981). The high concentrations of Zn** and Ca?* found
in these granules (Howell, 1974; Havu et al., 1977) indicate
a functional role of both ions during the later stages of bio-
synthesis.

The X-ray diffraction studies of hexameric insulin provide
refined, high-resolution structures of two rhombohedral crystal
forms and a monoclinic form known as the 2Zn,! 4Zn, and
phenol-induced insulin species, respectively (Schlichtkrull,
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1958; Blundell et al., 1972; Peking Insulin Structure Research
Group, 1974; Bentley et al., 1976; Dodson et al., 1979; Sakabe
et al., 1981; Smith et al., 1984; Baker et al., 1988; U. Der-
ewenda, Z. Derewenda, E. Dodson, G. Dodson, C. Reynolds,
and D. Smith, private communication). All three forms are
torus-shaped molecules. The subunits are arranged as three
equivalent dimers associated about the 3-fold axis to form a
hexamer. Asymmetry in the dimer produces two different
subunit conformations in the hexamer. In the 2Zn and phe-
nol-induced structures, the conformational differences that give
rise to asymmetry are small. In the 4Zn structure, the con-
formational differences are large; one subunit retains a con-
formation almost identical with that found in 2Zn insulin,
while the other subunit has a large change in the conformation

! Abbreviations: In, insulin monomer; (In)¢(Zn?*),, 2Zn insulin, or
Tg, the crystalline two-zinc hexamer; 4Zn insulin or T;R;, the crystalline
hexamer species formed in the presence of SCN~ or other members of
the lyotropic anion series (CI-, Br~, or I"); Rg, the crystalline hexamer
species formed in the presence of phenol; miniproinsulin, the proinsulin
homologue in which the length of the connecting C-peptide is reduced
to a dipeptide; P, protein; che, chelator; terpy, 2,2°,2”-terpyridine; PAR,
4-(2-pyridylazo)resorcinol; Tris, 2-amino-2-(hydroxymethyl)-1,3-
propanediol.
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Chart I: Principal Differences between the Crystalline 2Zn (T,) and
4Zn (T;R;) Forms of the Insulin Hexamer®
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¢In T insulin, the B-chain of each subunit has a-helix between res-
idues B9 and B19 (panel A). In three of the six subunits in T;R; in-
sulin, the B-chain a-helix extends through residues B1-B19 (panel B).
The two axial Zn?* in T insulin and one axial Zn®** in T;R; insulin
reside in octahedral ligand fields (panel C). In the transformed B-
chain (panel B), two orientations of His-B10 form two types of (par-
tially occupied) tetrahedral zine sites buried in the T;R; hexamer. One
orientation results in an axial His-B10 site (panel D), while the other
creates three off-axial His-B10, His-B5 sites (panel E). However, the
total Zn?* occupancy reported for T;R; is 2.67 (Smith et al., 1984). L
represents H,O or a lyotropic anion.

of the B-chain. In 2Zn hexamers, the conformation of all six
B-chains consists of two sections of extended polypeptide chain
connected by a central segment of a-helix, B9-B19. The 2Zn
to 4Zn transition results in the conversion of residues B1-B8
from an extended conformation to a-helix in three of the six
subunits (structures A and B of Chart I). This causes Bl to
move 20-25 A. In the phenol-induced structure, all six of the
insulin subunits have the B1 to B19 helical structure. The 2Zn
to 4Zn crystal transformation can be elicited by soaking the
crystalline 2Zn hexamer in high concentrations of anions
without disturbing the crystal lattice. Alternatively, the 4Zn
form can be crystallized directly. The effectiveness of anions
that stabilize the 4Zn form follows the Hoffmeister lyotropic
series (De Graaff et al., 1981). The monoclinic, phenol-in-
duced form is crystallized in the presence of phenol (De Graaf
et al., 1981; Harding et al., 1966).

The two His(B10) metal binding sites of the 2Zn structure
are separated by 15.9 A and located on the 3-fold symmetry
axis in the central solvent-filled cavity that runs through the
hexamer. Each zinc ion is coordinated in a distorted octahedral
ligand field consisting of three His-B10 imidazolyl groups and
three water molecules (structure C, Chart I). The coordination
geometry in the 4Zn structure is more complex. At one face
of the hexamer, a single octahedral Zn?* site is formed on the
3-fold axis from the three symmetry-related His-B10 residues
and three water molecules as in the 2Zn form (viz., structure
C). At the other face of the hexamer, the helical conformation
of the B1-B8 segments of the other three B-chains brings the
His-B5 and His-B10 rings from adjacent subunits close to-
gether, creating two types of additional (putative) zinc sites
(structures D and E). At these faces, the His-B10 side chain
exists in two distinct orientations. One orientation (structure
D) results in the formation of a zinc site with tetrahedral
geometry on the 3-fold axis. The three symmetry-related
His-B10 side chains and a chloride ion (or water molecule)
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are the ligands at this site. Rotation of each HisB10 side chain
about the a-8 C—C bond to the new orientation brings each
imidazole ring into close proximity with the imidazole ring of
His-B5 from the neighboring subunit. This orientation creates
a total of three identical zinc sites located off the 3-fold axis.
These sites involve four ligands in a tetrahedral ligand field
[two chloride ions (or water molecules) and two histidyls,
His-B5 and His-B10, structure E]. However, the most recent
crystal structure results show that the tetrahedral sites are not
fully occupied (Smith et al., 1984).

The phenol-induced hexamer contains 2 mol of Zn?*/hex-
amer and six phenol molecules bound to six essentially identical
sites. Each zinc site lies on the symmetry axis and is formed
by three His-B10 imidazolyl ligands and a water molecule
arranged in a distorted tetrahedral ligand field. The phenol
molecules are located in essentially identical hydrophobic
pockets. Each pocket is bound on one side by the B-chain helix
and on the other three sides by the A-chain. This arrangement
places phenol in the off-axial metal sites identified in the 4Zn
structure and apparently prevents zinc from binding to these
loci.

Since the species designated the 2Zn hexamer is capable
of binding more than two zinc ions (Emdin et al., 1980), while
in the crystal the species designated the 4Zn insulin hexamer
does not bind four zinc¢ ions {an occupancy of 2.67 is reported;
Smith et al., 1984), we introduce a new nomenclature to de-
scribe the different crystallographically characterized con-
formations of the insulin subunit. Herein, the 2Zn form will
be referred to as Tg, the 4Zn form as T3R;, and the phenol-
induced form as Rg.?

Several groups have reported evidence indicating that the
interconversion of the extended (T) and helical (R) confor-
mations of the B-chain takes place in solution (Bentley et al.,
1975; Williamson & Williams, 1979; Renscheidt et al., 1984;
Ramesh & Bradbury, 1986; Palmieri et al., 1987; Wollmer
et al., 1987).> These studies show that the insulin hexamer
exhibits distinctly different spectroscopic properties under T,
T;R,4, and R¢ conditions. While there are no solution structures
available, we believe it is reasonable to expect that under T,
and R, conditions the hexamer structures are essentially the
same as the crystalline T¢ and R forms, respectively. The
existence of a T;R; form in solution seems to be on a less firm
basis. The crystallographers have proposed that the hexamer
is constrained to the T,;R; state by crystal lattice forces (Smith
et al., 1984). Ramesh and Bradbury (1986) interpret their
NMR data in the presence of SCN- as evidence for the T3R;
form in solution, while Palmieri et al. (1988) found no com-
pelling evidence for a T3R; structure (but did not eliminate
this possibility) and therefore proposed SCN~ gives an Rg
structure in solution.

In previous work from this laboratory (Dunn et al., 1980;
Storm & Dunn 1985; Kaarsholm & Dunn, 1987), the planar
tridentate chelators 2,2’,2”-terpyridine (terpy) and 4-(2-
pyridylazo)resorcinol (PAR) have been used in combination
with UV-visible spectroscopy and rapid kinetic methods to
characterize the microenvironment of zinc ion and the kinetics

2 This nomenclature can be expanded to describe the small differences
in conformation of insulin monomers within the dimeric unit of the 2Zn
or phenol-induced forms by designating these forms T and T’ and R and
R’, respectively. Accordingly, the crystalline 2Zn hexamer then would
be a T,T’; species and the phenol-induced species would be an R3R’y
species.

¥ Our unpublished 'H FT NMR studies (M. Roy, R. W.-K. Lee, N.
C. Kaarsholm, and M. F. Dunn, in preparation) show that in solution
SCN- does not convert all insulin subunits to the R form, whereas the
transformation is complete in the presence of phenol.
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of dissociation of the insulin hexamer, (In)¢(Zn?*),, under T
conditions. In the present work, we exploit the chromophoric
chelator approach to probe the SCN~-induced transition in
solution, and we compare the chelator-induced dissociation
kinetics of insulin, proinsulin, and miniproinsulin. Min-
iproinsulin is a single-chain insulin derivative with partially
reduced flexibility due to a dipeptide cross-linkage between
Gly-A1l and Ala-B30. Like proinsulin, this species is essentially
biologically inactive (Markussen et al., 1987). The results
show the three proteins exhibit closely similar kinetics of
chelator-induced dissociation under T4 conditions. All three
species are found to undergo a T to R transition in solution,
and the kinetics of dissociation under T,R; conditions are
shown to be quantitatively the same for the three proteins. In
contrast, the sequestering and removal of Zn®* under Ry
conditions is an extremely slow process.

MATERIALS AND METHODS

Materials. Porcine insulin, porcine proinsulin (Steiner et
al., 1968; Snel & Damgaard, 1988), and B(1-30)-Ala-Lys-
A(1-21) porcine insulin, i.e., a miniproinsulin (Markussen et
al,, 1987), were prepared at the Novo Research Institute. In
some of the experiments, porcine insulin from the Elanco
Division of Eli Lilly was used. KSCN and phenol (analytical
grade) were obtained from Mallinckrodt and Aldrich, re-
spectively. The sources of all other materials have been given
elsewhere (Dunn et al., 1980; Storm & Dunn, 1985; Kaar-
sholm & Dunn, 1987).

Methods. Metal-free protein stock solutions with a
[Zn?*]/[P] ratio of less than 0.003 were prepared by treatment
of samples with Chelex 100 resin as previously described for
insulin (Dunn et al., 1980). The same extinction coefficient,
676 = 6.1 X 10° M~ cm™!, was used for the determination of
the concentration of each monomer species (Frank & Veros,
1968). Values of extinction coefficients for PAR, terpy, and
their metal complexes as well as procedures for preparation
of metal—protein solutions and spectrophotometric quantitation
of metal ion content have been described (Dunn et al., 1980;
Storm & Dunn, 1985; Kaarsholm & Dunn, 1987). Single-
wavelength, rapid kinetic measurements and the kinetic
analyses were carried out with a Durrum stopped-flow appa-
ratus and computerized data acquisition system as described
by Dunn et al. (1979). The absorbance vs time data were fitted
to a sum of exponentials, >~;,AOD; exp(¢/r;), where AOD; and
7; are the amplitudes and corresponding relaxation times,
respectively, employing the minimum number of phases nec-
essary to reconstruct the experimental time course without
systematic deviation. All kinetic experiments were carried out
in 0.05 M Tris-HCI buffer, pH 8.0. Typical observation
wavelengths were 333 nm for terpy reactions and 530 nm for
PAR reactions.

For the solution work presented in this paper, we define T
conditions as Tris-HCI buffer, pH 8.0. With the same buffer
system, T;R; and Rq conditions are defined respectively as
[SCN-] > 30 mM and [phenol] > 10 mM. These SCN™ and
phenol concentrations are sufficient for the formation of the
T;R; and Ry crystal forms (albeit at different pH), and these
concentrations are sufficient to saturate those changes in the
insulin 'H NMR spectrum that characterize the effects of
these ligands® (M. Roy, R. W.-K. Lee, N. C. Kaarsholm, and
M. F. Dunn, unpublished results).

RESULTS

Kinetics of Chelator-Induced Dissociation under Tg Con-
ditions. The reference system for the present work is the
reaction between zinc—insulin and a variable excess of a

Biochemistry, Vol. 28, No. 10, 1989 4429

A C
H T T T T
1 - '
5 2 , 0.3 /r—'—i—"—'-
S 5
I S o2} 4
7] £
@ =
< - - -
b = 04 2
o—o—0—0—O0——0
L L L Il L
i 2 3 4 5
p———— Time 60 sec ———— [PAR] x 104, M
B
aF T Y T T T D
- 1 - T T T T T ]
)
Z2r J ~ o0sf L
% < o4l [ .
g 2 T osl © i
| 4 a
- / S o2} = i
< o01f 4
L L I 1 L L i 1 L
1 2 3 4 5 1 2 3 4 5
[PAR] x 104, M [PAR] x 104, M

FIGURE 1: Effect of 50 mM SCN- on the biphasic kinetics of the
sequestering and removal of Zn?* from the insulin hexamer by a large
excess of PAR at pH 8.0. Reaction was initiated by rapidly mixing
insulin preincubated with Zn?* ([Zn?*]/[In] = 0.2) with a variable
excess of PAR in the absence (®) or presence (O) of 50 mM SCN-,
Conditions after mixing: [In], 50 uM; [Zn**], 10 uM; [PAR], variable;
25 £ 0.2 °C. Absorbance changes were followed at 530 nm. Panel
A shows representative stopped-flow traces with 560 uM PAR in the
absence (trace 1) or presence (trace 2) of 50 mM SCN~. Panels B,
C and D show the concentration dependencies of, respectively, the
observed rates of the two relaxations and the relative amplitudes of
the two phases. The best-fit straight lines in (B) yield slopes and
intercepts of 2.3 X 10> M~' s and 1.4 57! in the absence of SCN-
and 1.8 X 10° M7! 57! and 0.26 5! in the presence of 50 mM SCN-,
The saturated value of the slow relaxation rate constant (C) is 0.32
s7! in the absence of SCN~ and 0.05 s™! in the presence of 50 mM
SCN-.

chromophoric tridentate chelator, i.e., PAR or terpy. This
reaction leads to the sequestering and ultimate removal of all
the insulin-bound Zn?* (Dunn et al., 1980; Kaarsholm &
Dunn, 1987).

As shown in Figure 1A (trace 1), the time course for the
appearance of the zinc—chelator complexes is characterized
by two poorly separated relaxations of roughly equal ampli-
tude. The rate of the faster process increases linearly with
increasing concentration of chelator, while the rate of the
slower process first increases and then saturates as the con-
centration of chelator is raised (compare curve 1 of Figure 1B
with curve 1 of Figure 1C).

A minimum mechanism that encompasses this behavior has
previously been proposed (Dunn et al., 1980). The scheme
postulates the fast coordination of chelator {che) to the pro-
tein-bound zinc ion (eq 1) followed by the slow, rate-limiting
dissociation of chelator-bound zinc ion from the protein (P)
(eq 2) and the rapid coordination of a second chelator molecule
to give the bis complex (che),Zn?* (eq 3):

che + (H,0):Zn2*P —= (che)Zn*P + 3H,0 (1)

(che)Zn?*P 222 (che)Zn?* + P @)
che + (che)Zn* — (che),Zn?* 3)

Kinetics of Chelator-Induced Dissociation under T3R,
Conditions. The effect of 50 mM SCN- on the dissociation
kinetics is shown in Figure 1. The reaction still leads to the
ultimate removal of all the insulin-bound Zn?* in a biphasic
process (trace 2 of Figure 1A), but the rates of both phases
are reduced (compare parts B and C of Figure 1). The rate
of the faster phase still increases linearly with [PAR]. The
major difference is a pronounced reduction in the rate of the
slow phase (Figure 1C). The value of the Y-axis intercept in
the plot of 1/7 (fast) vs [PAR] is reduced, but the slope of
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FIGURE 2: Concentration dependence of the observed rate constant
of the relaxation for the monophasic reaction between Cd?*—insulin
and a variable excess of terpy at pH 8.0. Conditions after mixing:
[In], 37.5 uM; [Cd?*], 7.5 uM; [terpy], variable; in the absence (@)
or presence (O) of 50 mM SCN~. The best-fit straight lines yield
slopes and intercepts of 4.0 X 10* M™! s™! and 1.47 s™! in the absence
of SCN~and 5.0 X 10* M~ s and 2.46 s™! in the presence of 50 mM
SCN-~.

the plot is almost unchanged (Figure 1B). The rate of the slow
process is reduced almost 10-fold and appears to be zeroth
order in PAR over the full concentration range (Figure 1C).
Finally, Figure 1D shows that SCN~ has little if any effect
on the relative amplitudes of the two phases. Under both sets
of conditions at low [PAR], the fraction of the total OD
change occurring in the fast phase increases with increasing
[PAR] and then approaches a saturating value of about 0.55
at high concentrations. The change in rate behavior is not
simply an ionic strength effect due to S0 mM SCN~. The
behavior under T¢ conditions (Figure 1) is unaffected by ClI~
ion concentrations ranging from 2.5 to 100 mM. [The Cl™-ion
induced conversion of T¢ to T;R; in the crystalline state re-
quires much higher concentrations >0.3 M (De Graaf et al.,
1981).] However, 200 mM I~ gives kinetics similar to those
observed in 50 mM SCN~ (Kaarsholm and Dunn, unpublished
results).

Substitution of divalent cations for Zn?*, i.e., Cd?*, Cu?*,
and Ni?*, prevents the SCN™-induced T, to T;R, structural
transformation in insulin crystals (De Graff et al., 1981).
Therefore, to establish that the effect of SCN~ observed in
Figure 1 is a true reflection of the SCN"-induced conformation
state, Zn®* was substituted with Cd?* in the kinetic experi-
ments. Figure 2 shows the effect of 50 mM SCN~ on the
kinetics of the reaction between cadmium-insulin and a var-
iable but large excess of terpy. In contrast to the zinc—insulin
system, this reaction is monophasic, and the apparent rate
constant for this relaxation increases linearly with [terpy].
Apparently, the ternary complex with Cd?* predicted by eq
1-3 is not sufficiently stable to accumulate during the reac-
tion.* However, as clearly shown in Figure 2, 50 mM SCN-

4 The observation of monophasic kinetics for the reaction between
terpy and the cadmium~insulin system is at variance with the previously
published findings of Storm and Dunn (1985). The experiment shown
in Figure 2B of that paper employed [Cd**] = 4.8 uM and [In] = 75 uM,
i.e., [Cd?*]/[In] = 0.064. Biphasic kinetics were observed with a sec-
ond-order rate constant, 4 X 10* M~! 57! for the fast phase, identical with
that found in Figure 2 of this work. The relative amplitude of the slow
phase was found to constitute about 20% of the total OD change. A Zn?*
contamination of the insulin solution corresponding to [Zn?*] =~ 1-2 uM
and [Zn?*]/[In] = 0.01-0.03 most likely produced the slow phase they
observed. In the present work employing [Cd?*] = 7.5 uM and [In] =
20-150 uM, we have found no evidence for biphasic kinetics in the
reaction with excess terpy (data not shown).
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FIGURE 3: Concentration dependence of the effect of SCN™ on the
kinetics of the reactions between PAR and zinc—insulin at pH 8.0.
For panels A-C conditions after mixing are 50 uM insulin, 10 uM
Zn**, and 290 uM PAR; i.c., [PAR] > [Zn?**]. For panels D-F
conditions after mixing at 250 gM insulin, 50 pM Zn?*, and 5 uM
PAR; i.e., [Zn?"] » [PAR]. In all cases, biphasic kinetics are
observed. Panels A and D show the effect of increasing [SCN~] on
the fast relaxation rate constant, panels B and E show the effect on
the slow relaxation rate constant, and panels C and F show the effect
on the amplitude ratio.

has no significant effect on the kinetics of the reaction.

The concentration dependence of the SCN~ effect was
studied under two sets of conditions. In the first set of con-
ditions, the effect of increasing [SCN™] on the kinetics of the
biphasic reaction between zinc-insulin and a fixed excess of
PAR was investigated (Figure 3A-C). Both rates decrease
significantly with increasing [SCN], while the amplitude ratio
remains essentially constant. These results are in accord with
those presented in Figure 1 and show that the effect on both
rates saturates at about 30 mM SCN~. The fact that the same
concentration of SCN™ is required for the 2Zn to 4Zn insulin
transformation in the crystal (De Graaff et al., 1981) further
underscores the equivalence between these kinetic phenomena
and the observations made in the crystalline state (Smith et
al., 1984; Bentley et al., 1976).

In the second set of conditions, the effect of increasing
[SCN-] on the kinetics of the biphasic reaction between PAR
and a fixed excess of zinc—insulin was studied (Figure 3D-F).
The fast rate is independent of [SCN-], the slow rate decreases
slightly (but not to the level observed in Figure 3B), and the
amplitude ratio is nearly independent of [SCN-]. These data
show that in the presence of SCN™ there is still a protein-bound
zinc species that reacts according to eq 1—3. In the absence
of SCN, it has previously been shown that the concentration
dependencies of the relaxation rates and relative amplitudes
for the reaction between PAR and zinc~insulin are similar
regardless of whether [PAR], > [Zn?*], or [PAR], <
[Zn?**], (Kaarsholm & Dunn, 1987). Therefore, although the
fraction is substantial, it is not possible from the data of Figure
3D-F to estimate the fraction of the total Zn?* that reacts
according to eq 1-3 in the presence of a high concentration
of SCN™.

Comparison of Zinc Binding Domains for the Insulin,
Proinsulin, and Miniproinsulin Hexamers via Reaction with
terpy. The properties of the high-affinity Zn2* binding sites,
of insulin, proinsulin, and miniproinsulin hexamers were
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FIGURE 4: Comparison of concentration dependencies of the relaxation rate constants and relative amplitudes for the biphasic reactions of
terpy with zinc complexes of insulin (A-C), miniproinsulin (D-F), and proinsulin (G-I) in the absence (@) or presence (O) of 50 mM SCN~
at pH 8.0. Conditions after mixing: [P], 37.5 uM; [Zn?*], 7.5 uM; [terpy], variable. The straight lines and hyperbolas are drawn by using

the parameters listed in Table I.

Table I: Summary of Relaxation Kinetic Data for the Reactions of the Insulin, Proinsulin, and Miniproinsulin Hexamers with terpy both in the

Absence and in the Presence of SCN™ at pH 8.0

T conditions?

T;R, conditions?

kl x 107 k-l kzmax k-l/kl Ko.s Almax/ AO.S kl x 107 k—l k2 k—l/kl Al/

protein M'sh) ) D M) M) At A) M) (MTs) (5T 5T M) (A + 4y
insulin 1.09 1.46 0.8 134 71 0.68 39 0.56 0.50 0.05 89 0.56
proinsulin 0.56 1.90 0.7 339 95 0.61 34 0.48 0.40 0.05 83 0.55
miniproinsulin 1.35 1.06 1.4 79 264 0.46 25 0.64 0.55 0.05 86 0.58

?Best-fit parameters assuming a linear dependence of 1/7(fast) and a hyperbolic dependence of 1/7(slow) and of the amplitude ratio, 4,/(A4, +
Ay), ie., 1/7(fast) = k_y + ky[terpy], 1/7(slow) = k,max [terpy]/(Kys + [terpyl), and 4/(A4; + A;) = [(A;max/ (4, + A))][terpy]/(Ays + [terpy]);
cf. eq 1-3. ?In the presence of 50 mM SCN-, 1/r(fast) = k_, + k,[terpy], while both 1/7(slow) = k, and A4,/(A4; + A,) are zeroth order in terpy

over the range of concentrations studied; cf. eq 4.

compared by reaction with terpy under conditions where
[Zn**]/[P] =< 0.3 and [terpyl, » [Zn?*],. For all three
protein species, the terpy absorbance changes characterizing
this reaction are biphasic. Figure 4 shows the dependencies
of the amplitudes and apparent rate constants of the two
relaxations for each protein system as a function of increasing
concentration of terpy. The quantitative rate data summarized
in Table I indicate a striking similarity between the kinetic
parameters for the three proteins. For each species the rate
of the fast relaxation is proportional to [terpy], while the rate
of the slow relaxation is proportional to [terpy] at low con-
centrations but tends toward a limiting (saturated) value at
high [terpy]. In each case, the fraction of the total absorbance
change that takes place in the fast relaxation increases and
then saturates at a value of about 0.4-0.7 (Table I). Thus,
the kinetic behavior is consistent with mechanisms that involve
a fast bimolecular step that is coupled to a slower, first-order
process (e.g., eq 1-3). The data presented in Figure 4 and
Table I indicate this mechanism is a common feature of the
insulin, proinsulin, and miniproinsulin hexamers.

The dependence of the rates and relative amplitudes of the
terpy reaction on the [Zn?*][P] ratio was investigated in ex-
periments where a fixed excess of terpy is reacted with Zn?*
premixed with variable amounts of either insulin, proinsulin,
or miniproinsulin (Table I). As exemplified for insulin in

Figure 5, for the three proteins, the results obtained are closely
similar.

When the [Zn?*]/[P] is <0.3, the observed time courses
are biphasic and the ratio of the amplitudes 4,/(4, + 4,) =~
0.5. The relaxation rate constants for the two phases are
invariant. For [Zn?*]/[P] ratios >0.3, the observed time
courses are triphasic. The relaxation rate constant of the first
phase of the triphasic time course is at least 10-fold greater
than that of the second phase (data not shown). The relaxation
rates and relative amplitudes associated with the second and
third phases correspond to those of the biphasic time courses
obtained when [Zn?**]/[P] < 0.3 (Figure SA—C; Table I). As
the [Zn?**]/[P] ratio is raised above 0.3, there is a marked
increase in the fraction of the fastest reacting Zn?* species.
These results show that the stoichiometry of high-affinity zinc
binding is the same for the three proteins and that under these
conditions the reactivity of the zinc—protein species is largely
insensitive to variations of the [Zn?*]/[P] ratio below 0.3.

Comparison of Structural Flexibility for Insulin, Proin-
sulin, and Miniproinsulin. Under conditions where [Zn?**]/[P]
< 0.03 and [terpylo > [Zn?*],, the effect of 50 mM SCN-
on the kinetics of chelator-induced dissociation was compared
for the three protein species. As shown in Figure 4, the effects
on proinsulin and miniproinsulin are very similar to those
observed for insulin. Each reaction is biphasic and the rates
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FIGURE 5: Dependence on the [Zn?*]/[In] ratio of relaxation rate
constants (A and B) and relative amplitudes (C) for the biphasic time
courses characterizing the reaction of terpy with the zinc-insulin system
in the absence (@) or presence (O) of 50 mM SCN~ at pH 8.0. When
the [Zn?*]/[In] ratio is >0.3, the time courses become triphasic and
the relative amplitude, Ay/(4y + A; + A3), of this new, fastest phase
increases with increasing [Zn?*]/[In] (panel D). Conditions after
mixing: [terpy], 360 uM; [Zn?*], 10 uM; [In], variable (@). Con-
ditions in the presence (O) of SCN™: [terpy], 400 uM; [Zn**], 7.5
uM; [In], variable.

of the fast relaxations increase linearly with [terpy]. The effect
of SCN~ on the plot of 1/7 (fast) vs [terpy] is a slight reduction
in slope and a decrease in the y-axis intercept (Figure 4A,D,G;
Table I). The rates of the slow relaxations are greatly reduced
in the presence of SCN- and in each case appear to be zeroth
order in terpy over the full concentration range investigated
(Figure 4B,E,H; Table I). As is the case also for insulin, SCN~
has essentially no effect on the amplitude ratio, 4,/(4, + 4,),
for either proinsulin or miniproinsulin (Figure 4C,F, and I).
The quantitative rate data are summarized in Table I. These
results show that insulin, proinsulin, and miniproinsulin all
undergo conformational transitions in solution when conditions
are changed from T, to T;R;, and the transformation results
in nearly identical changes of zinc ion environment for each
of the three hexamers.

The effect of 50 mM SCN-™ is compared for the three
proteins under conditions where a fixed excess of terpy is
reacted with Zn?* premixed with variable amounts of protein.
Again, the dependence of rates and relative amplitudes on the
[Zn?*]/[P] ratio is closely similar for each of the three proteins
(the results for insulin are presented in Figure 5 for illustra-
tion).

Just as is observed in the absence of SCN™, at values of the
[Zn?*]/[P] ratio >0.3, the observed time courses are biphasic
and the ratio of amplitudes and the relaxation rate constants
for the two phases are invariant. For values of the [Zn?*]/[P]
ration >0.3, a new, faster phase is detected and the time
courses become triphasic. The fraction of Zn?* reacting in
the first phase of the triphasic time courses increases (Figure
5D}, while the relaxation rate constants and the amplitudes
of the second and third phases (viz., Figure 5C) remain es-
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sentially constant. Consequently, it appears that under both
Ts and T3R; conditions, the critical stoichiometry for the
interaction between Zn** and each of the three protein species
is two per hexamer. Also under T,R; conditions, the reactivity
of the zinc—protein species is essentially insensitive to variations
of the [Zn>*]/[P] ratio in the range below 0.3.

Reaction of terpy with the Zinc—Insulin Hexamer under
R¢ Conditions. The reaction of terpy with solutions of zinc—
insulin containing phenol under conditions similar to those
required to form the crystalline R¢ hexamer was studied as
a function of the concentrations of phenol and terpy. The rate
of the sequestering and removal of insulin-bound zinc ion is
monophasic and extremely slow in comparison to rates mea-
sured under T4 and T3R, conditions (data not shown). For
example, when 250 uM terpy is reacted with a mixture of 50
uM insulin and 10 M Zn?* in the presence of 0.053 M phenol
at pH 8.0, a rate of 8 X 10 s™! was measured.’

DISCUSSION

The X-ray structure of the T4 conformation shows that the
hexamer has two identical faces at each end of the cylindrical
structure (Baker et al., 1988). Each face is a broad shallow
depression that contains Zn?* coordinated by three His-B10
imidazole groups and three water molecules in a distorted
octahedral ligand field. The water molecules point out into
the depression and are exposed to the environment. This
geometry is consistent with a mechanism for sequestering and
removal of Zn?* in which the water molecules are exchanged
for chelators such as terpy or PAR which then remove the
Zn?* and initiate dissociation. The T;R; structure has two
different faces. One face is identical with that found in the
T structure because three of the six B-chains retain the ex-
tended B1-B8 conformation. As a result of the helical (B1-
B19) conformation of the amino termini of the other three
B-chains, the second face is filled in by three a-helices related
by the 3-fold axis (Smith et al., 1984). At the zinc site located
on the 3-fold axis at this end of the hexamer, the three water
molecules are replaced by a single, buried ligand (either a
water molecule or the lyotropic ion). This structural motif
predicts that the buried ligand is protected from replacement
by chelators such as terpy since the only obvious access to the
ligand is by traversing a narrow tunnel 8 A long with di-
mensions too small to accommodate PAR or terpy (Smith et
al., 1984). In the R, structure, all six insulin subunits have
the helical B1-B19 structure and both faces are filled in by
these helices. Hence, both of the axial Zn?* sites are buried.

In the discussion that follows, our working assumption is
that in solution T4 and R4 conditions give hexamer confor-
mations analogous to the T and R¢ crystal structures. This
assumption is fully consistent with all the published studies
of which we are aware that have relevance to the solution
structures of the insulin hexamer under T4 and R, conditions
(Williamson & Williams, 1979; Renscheidt et al., 1984;
Wollmer et al., 1987).

As a first result of the present investigation, the kinetic data
obtained under T¢ conditions show that neither the substantial
increase in hydrophilicity due to the 33 residue C-peptide in
proinsulin nor the restricted flexibility imposed by the dipeptide
cross-linkage in miniproinsulin affects the microenvironment
of Zn?* bound to the high-affinity sites in these hexamers.
Hence, the decisive factors limiting the rates of the chela-

% After the completion of the present work, we have been informed by
A. Wollmer (private communication) that his laboratory has made an
independent observation that reaction of another tridentate chelator with
the zinc-insulin hexamer is similarly slowed by the presence of m-cresol.
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tor-mediated removal of the Zn?* and hexamer dissociation
are fundamental properties of the A- and B-chain portions of
the insulin molecule. This conclusion accords well with pre-
viously published data. Equilibrium dialysis zinc binding
studies and sedimentation equilibrium measurements have
shown that both insulin and proinsulin aggregate to form
soluble hexamers in the presence of limited amounts of Zn?*
(Grant et al., 1972; Frank et al., 1972). Similarly, comparative
X-ray diffraction studies of insulin and the cross-linked de-
rivative A1-B29-diaminosuberoylinsulin, have shown that the
A- and B-chains of insulin and of the cross-linked derivative
have essentially the same structure (Cutfield et al., 1981).

The observation that the kinetic parameters (Figures 1-5,
Table I) respond similarly to variations in the [Zn?*]/[P] ratio
under both T and T3R; conditions is of considerable impor-
tance to the present work. The invariance of rates and am-
plitudes for [Zn?*]/[P] < 0.3 and the appearance of an ad-
ditional fast kinetic phase when [Zn2*]/[P] > 0.3 (viz., Figure
5) strongly suggest that under both sets of conditions the
predominant species is a hexamer containing two tightly bound
zinc jons. Since any Zn?* residing in the off-axial sites of the
4Zn structure would be expected to exhibit reduced reactivity
toward chelators and since the additional fast phase appears
in a similar manner under both T and T3R; conditions, we
conclude that off-axial coordination in the T4R; structure is
of minor importance in solution.® In accordance with this
result, Renscheidt et al. (1984) found that SCN- induces
similar changes in the circular dichroism spectra of insulin and
an insulin mutant in which His-B5 has been replaced by Ala;
hence, Zn?* binding to the off-axial coordination sites is not
essential to the conformational transition.

A number of previous studies have dealt with the question
of symmetry in the T and T;R, structures. The small dif-
ferences between monomers in T insulin are probably the
result of interhexamer contacts within the crystal lattice
(Chothia et al., 1983). In T;R; insulin crystals, hexamers move
0.36 nm further apart in the direction of the crystal ¢ axis.
As a consequence, the much greater differences between
monomers in this structure are difficult to separate from
concomitant changes in hexamer/hexamer interactions
(Bentley et al., 1978). It is possible that the differences found
between monomers of the crystalline T;R; insulin hexamer
disappear in solution. Williamson and Williams (1979) in their
TH NMR analysis argued that since SCN~ causes half of the
tyrosines to undergo a chemical-shift change, the SCN™-in-
duced structure is symmetrical in solution. Ramesh and
Bradbury (1986), on the other hand, resolved the histidine C-2
proton region of the NMR spectra into four separate reso-
nances and concluded that the T3R; (as well as the T)
structures are asymmetric in solution. However, a more recent
study (Palmieri et al., 1988) indicates the conditions used by

6 The T3R; X-ray structure (Smith et al., 1984) is for the hexamer
crystallized in the presence of high NaCl concentrations. At each
(partially occupied) off-axial site zinc coordinates two solvent or lyotropic
ligands; the axial tetrahedral site coordinates one. Although the T, to
T;R; conversion could, in principle, bring about a change in the number
of Zn?* sites from 2 to 4, the T3R; crystal structure shows a total occu-
pancy of only 2.67 Zn**/hexamer (Smith et al., 1984). It is possible that
the discrepancy (if one exists) between the stoichiometry of 2Zn?*/hex-
amer found in these kinetic studies and the total Zn?** occupancy value
of 2.67 reported for the X-ray structure is due to the use of SCN™ in place
of CI” to induce the conformation change. If for steric and/or electronic
reasons SCN- stabilizes the axial tetrahedral site, then the T;R, con-
formation would have only two high-affinity zinc sites. Therefore, al-
though other explanations are possible (see text), the amplitude depen-
dencies shown in Figure 5 are in reasonable agreement with the postu-
lation of a T;R, structure in solution.
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Ramesh and Bradbury (1986) result in incomplete assembly
of hexamers and that the His C-2 proton resonances they
observed do not originate from a homogeneous preparation
of insulin species. Palmieri et al. (1988) found that in the
presence of SCN~ the His-BS and His-B10 C-2 protons of
hexameric insulin exhibit single broad resonances, thus pro-
viding no evidence for asymmetry. Therefore, it is unclear
whether or not the T;R; structure is a significant species in
solution under T4R; conditions.> Nevertheless, the solution
behavior of the hexamer under T;R; conditions is distinctly
different from that found for either T4 or R4 conditions.

To limit discussion of mechanism, we assume that in solution
both SCN™ and phenol mediate conformational transitions in
which some or all insulin subunits undergo the B1-B9 extended
chain to helix conformation change (i.e., the T or R transition).
There are at least four plausible types of T to R mechanisms
consistent with the rate, amplitude, and stoichiometry mea-
surements reported in Table I and Figures 1-5 for the
SCN™-mediated transition. These four are a subset from the
general mechanism for ligand-induced conformation changes
proposed by Eigen (1967).

Mechanisms Involving either Concerted or Stepwise T to
R Transitions. (a) When applied to the insulin hexamer, the
concerted model (Monod et al., 1965) proposes that only the
T and R¢ conformations exist in solution (eq 4, where n is

Ts = Re
SCN—\”\ 1LSCN-
Te(SCNT); == Rg(SCN™) (4)

SCN‘“\ 1.Lscu—

sen- || {L SCN-

Te(SCN™), = Rg(SCN7),

the stoichiometry of SCN~ binding sites). Provided SCN-
binds both to T4 and to Ry, it is possible that in the presence
of saturating SCN~ solutions of all three hexamers (i.e., insulin,
proinsulin, and miniproinsulin) contain roughly equal amounts
of the T and Rg conformations. The fast relaxation obtained
in the presence of saturating SCN- is roughly the average of
the two, poorly resolved relaxation rate constants observed
under T, conditions. The biphasicity in the reaction time
courses then would reflect a situation where the fast phase is
due to reaction of the T species via the poorly resolved steps
of eq 1-3, and the slow phase is due to reaction of R via a
rate-limiting interconversion of Rg to T¢ followed by eq 1-3.

(b) The sequential model of Koshland et al. (1966) is usually
presented as an alternative to the concerted model. One
variation of this model that depicts the distribution of R and
T states in the presence of saturating SCN™ is

LI K Ks
(SCN-)¢Tg — (SCN");TsR(SCN7); — oo —
Ks
(SCN7); T RS(SCN7)s == R4(SCN")s (5)

Due to the large number of states described by eq 5, it is
difficult to discuss all of the possible distributions of species
that might explain the biphasicity, amplitudes, and stoi-
chiometry of the terpy reaction in the presence of saturating
SCN-~. Furthermore, it is not entirely obvious how species such
as (SCN)sTsR(SCN"), or (SCN),T4,R,(SCN"), would bind
Zn**. Clearly, a distribution dominated by roughly equal
amounts of (SCN)¢T¢ and R (SCN™), (viz., the preceding
discussion) could explain the data, as could a distribution
dominated by (SCN7),T3R3(SCN™); (see the following dis-
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cussion). The disadvantages of both the concerted and the
sequential proposals stem from the coincidences that must be
envoked (i.e., the thermodynamics of SCN~ binding either
must make the stabilities of the T4 and R, states roughly equal
for insulin, proinsulin, and miniproinsulin or binding must
stabilize a T4R; species relative to all others).

Mechanisms That Involve a TyR; Species. (a) One
mechanism in this class assumes that the two axial Zn?* ions
of the SCN™-induced structure behave identically. This type
of reactivity has been shown to be consistent for the zinc
hexamer obtained under T, conditions (see Figure 4; eq 1-3;
Dunn et al.,, 1980; Kaarsholm & Dunn, 1987). If this
mechanism also is operative under T;R; conditions, then
formation of a ternary complex at each protein-bound Zn?*
site occurs in much the same way as is observed in the absence
of SCN~. The effect of SCN~ is then expressed as a stabi-
lization of the ternary complex leading to a greatly reduced
rate of dissociation of the (che)Zn?* species. This mechanism
is qualitatively consistent with most of the kinetic data, but
not with the T;R; crystal structure. The results presented in
Figure 3D-F would need be explained by incomplete trans-
formation of all zinc ion environments in the presence of 30
mM SCN- (a concentration that saturates the kinetic effect).

(b) An attractive mechanistic alternative involves the ex-
istence of T,R; species with two types of axial Zn?* in the
presence of SCN™. Such a structure exists in crystalline T;R,
(Smith et al., 1984). A number of observations in solution
are consistent with this view. In this mechanism, the fast
process in the terpy reaction would represent the sequestering
and complete removal of Zn?* from essentially unchanged
microenvironments in two poorly resolved steps (eq 1~3). This
interpretation immediately explains the results of Figure 3D-F.
The slow process under T3R; conditions then would represent
the reaction of a new class of zinc ion microenvironments®
induced by SCN~. Accordingly, the rate of this slow process
would be zeroth order in che over the full concentration range
(cf. parts B, E, and H of Figure 4). The observation that
approximately half of the total OD change occurs in each
phase in both the absence or the presence of SCN~ (Figures
1C, 3C, and 4C,F,I) then has two different origins. Under
Tg conditions, half of the OD change is due to the formation
of a ternary complex at each protein-bound Zn** (eq 1-3;
Dunn et al., 1980). Under T;R; conditions, the OD change
observed in the fast phase represents the complete removal of
approximately half of all protein-bound Zn?* in a process that
is the net reaction of eq 1-3. In this case, the amplitude ratio
indicates that about half of the bound zinc ion resides in an
environment little affected by SCN™, while the other half is
transformed to a state that is inaccessible to che.

It follows that the slow relaxation observed under T3R,
conditions would include contributions from the reversal of
the protein conformation to the T state. This protein con-
formational change would make the remaining Zn2?* jon ac-
cessible to reaction with the chelator as shown in

20.05 5!

T;R; Tg + che — eq 1-3 (6)

The highly similar kinetics observed for hexamers of insulin,
proinsulin, and miniproinsulin show that these proteins all
assume highly similar conformations in the presence of SCN-
and 1hat the rate-limiting step for the dissociation of these
forms is the same in each case. This result extends the ob-
servation made by Renscheidt et al. (1984) that SCN~ induces
similar changes in the CD spectra of insulin and another
miniproinsulin, i.e., the A1-B29-diaminosuberoyl derivative
of insulin. The in vivo role of the T to R transition is unknown,
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but for modified insulins, the ability to undergo the transition
has been considered essential for the efficient expression of
biological activity (Dodson et al., 1983).

The finding that under conditions similar to those required
for the formation of crystalline hexamer in the R, state there
is no observable fast kinetic phase in the terpy reaction and
that sequestering and removal of zinc ion from this protein
is an extremely slow process provides additional support for
the above-stated conclusions about mechanism, If in solution
the addition of 0.05-0.1 M phenol converts all of the hexamers
to the R¢ form (as found in the crystalline state), then the
protein-bound zinc ions are confined to sites within the hex-
amer that are inaccessible to terpy. Consequently, the likely
pathway for the removal of zinc ion by terpy is via the
transformation of R¢ to T (perhaps via T3R;) followed by the
events depicted in eq 1-3. The rate-determining steps (and
the overall activation energy) then almost certainly would be
dependent upon the dissociation of phenol and the necessary
conformational transformations. The observation of a slow,
monophasic reaction is consistent with this interpretation.
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Selection of a Nucleation-Promoting Element following Chemical Modification of

Tubulin®
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ABSTRACT: Following a 16-h incubation with a large excess of 2,5-hexanedione (2,5-HD) while in the
assembled state, bovine brain tubulin contained a powerful nucleating component, the presence of which
lowered the dissociation rate from 83 s™! for untreated tubulin to 13 s! for 2,5-HD-treated tubulin. This
nucleating component could be selectively concentrated by sequential stringent (conditions of low temperature
and low tubulin concentration) cycles of assembly and disassembly. In 2-(/N-morpholino)ethanesulfonic
acid buffer without glycerol, the critical concentration of assembly of untreated tubulin (2.4 mg/mL) was
19 times higher than that of 2,5-HD-treated tubulin subjected to three sequential stringent cycles of assembly
and disassembly (0.13 mg/mL). This highly nucleating 2,5-HD-treated tubulin preparation could both
copolymerize with untreated tubulin and seed subcritical concentration assembly of untreated tubulin.
Experiments to define the assembly-altering component have identified structural alterations to the a-tubulin
monomer. While the a-tubulin subunit of native untreated tubulin dimer contained no chymotryptic cleavage
sites, the native 2,5-HD-treated a-tubulin subunit was cleaved by chymotrypsin to yield a 37-kDa C-terminal
fragment.

Cells are dependent on their cytoskeletons for a variety of
their functions. Assembly and disassembly of microtubules
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into their component tubulin subunits are a necessity for many
of these functions. Microtubule assembly and disassembly are
required for the development of cell polarity in mouse blas-
tomeres because the microtubules redistribute from the basal
to the apical part of the cell (Houliston et al., 1988). During
mitosis, the microtubules disassemble from their interphase
configurations to assemble into the spindle (Vandre et al.,
1984). Chromosome movement toward the spindle poles in
metaphase depends upon disassembly of microtubules at their
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