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Purpose. Investigations into the kinetic assembly and dissociation of
hexameric Lys®?®ProB?°-human insulin (LysPro), a rapid-acting insulin
analog produced by the sequence inversion of amino acids at positions
B28 and B29, were designed to explain the impact that the sequence
inversion has on the formulation and pharmacokinetics of the insu-
lin analog.

Methods. The kinetics of phenolic ligand binding to human insulin
and LysPro were studied by stopped-flow spectroscopy. The kinetics of
R¢ hexamer disruption were studied by extraction of Co(II) with EDTA.
Results. Phenolic ligand binding to human insulin yielded rate con-
stants for a fast and slow phase that increased with increasing ligand
concentration and are attributed to the Tq = T3R; and T3R; = Ry
transitions, respectively. However, the kinetics of phenolic ligand bind-
ing with LysPro was dominated by rates of hexamer assembly. The
kinetic differences between the insulin species are attributed to alter-
ations at the monomer-monomer interface in the dimer subunit of the
LysPro analog. The extraction of Co(Il) from both hexameric com-
plexes by EDTA chelation is slow at pH 8.0 and highly dependent on
ligand concentration. Cobalt extraction from LysPro was pH dependent.
Of the various phenolic ligands tested, the relative affinities for binding
to the human and LysPro hexamer are resorcinol > phenol > m-cresol.
Conclusions. The extraction data support the formation of an Re-type
LysPro hexamer under formulation conditions, i.e., in the presence of
divalent metal and phenolic ligand, that is similar in nature to that
observed in insulin. However, the formation kinetics of LysPro identify
aradically different monomeric assembly process that may help explain
the more rapid pharmacokinetics observed with the hexameric formula-
tion of LysPro insulin relative to human insulin.

KEY WORDS: LysB?*Pro®?-human insulin; insulin; cobait insulin
hexamers; hexameric association; hexameric dissociation.

INTRODUCTION

Commercial insulin preparations contain phenolic excipi-
ents (e.g., phenol, m-cresol, and methylparaben) as antimicro-
bial agents. These phenolic species also bind to specific sites
on the insulin hexamers, IngM, (M = Zn(ID), Co(ID)), causing
a conformational change that increases the chemical stability
of insulin (1). X-ray crystallographic studies identified the loca-
tion of six binding sites on the insulin hexamer and the nature
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of the conformational change that the binding of these phenolic
ligands induces (2). In addition, spectroscopic (3) and crystallo-
graphic (2,4,5) data on Zn(II)-insulin and Co(II)-insulin hexam-
ers in the presence and absence of phenolic excipients have
identified three distinct hexameric species: Tg, T3R3,* and R,
where T;R; is an intermediate structure with the liganded insulin
molecules of one trimer in an R-state conformation and the
unliganded insulin molecules in the other trimer in a T-state
conformation. Thus, it has been proposed that the insulin hex-
amer behaves as a dimer of trimers, and the binding process
is represented by the following equilibria: T¢ <> T3R3 < R¢ (7).

Solution studies on Zn(ID)- and/or Co(II)-insulin have qual-
itatively identified the presence of positive and negative homo-
tropic cooperativity during the binding of these ligands (7-9).
In Co(Il)-insulin hexamers, the intra-trimer ligand binding is
thought to be modulated by positive cooperativity and the inter-
trimer ligand binding modulated by negative cooperativity (9).

Previous reports have included kinetic measurements for
both R4 hexamer formation and disruption (10-13). Kinetic
measurements of the T — R structural transition in Co(ID)-insulin
induced by phenol or m-cresol revealed a biphasic reaction (12).
The observed rate for the fast phase (T¢ — T3R3) was first order
with respect to the ligand, whereas the observed rate for the
slow phase (T3R; — R¢) was reported to remain independent
of ligand concentration. The authors did not attempt to model
the ligand concentration-dependent rates, thus n order rate
constants were not reported. Regarding Zn(II)-insulin, detailed
kinetic measurements for the disruption of the Tg and T;3R;
hexamers were obtained by using tridentate metal ion chelators
under varying concentrations and Zn(II)/insulin ratios (10,11);
however, only preliminary, extraction studies on the R state
have been reported (10).

Lys®?8ProP?°-human insulin (LysPro®) is a modified human
insulin in which the amino acids Lys®?® and ProB?® have been
inverted. LysPro was designed to be monomeric and conse-
quently faster-acting providing the user more convenience and
improved glucose control after meals. Relative to human insu-
lin, the association of LysPro monomers into hexamers is hin-
dered due to a reduced dimerization constant (approximately
300-fold) (14). This dramatic reduction in the self-association
characteristics of the analog relative to human insulin is illus-
trated in Scheme 1. Despite this tremendous decrease in the
dimer self-association, in the presence of metal ions and pheno-
lic ligands (15), X-ray crystallography has revealed the presence
of both T3RS (6) and Re-type LysPro hexamers (16). The struc-
ture of the T3R4 hexamer is similar to that of human insulin,
with the same stoichiometry and binding sites for the metal
ions and phenolic ligands. The identification of a TsR4 LysPro
structure from X-ray crystallography, and the biphasic nature
of ITC and CD binding profiles (15) suggest that negative inter-
trimer cooperativity still plays a role in the binding of phenolic

4 Recently, a detailed review of all X-ray crystallographic results con-
cerning the human-insulin hexamer intermediate structure has resulted
in the reclassification of the hexamer as T;RY, where only residues
B4-B19 are a-helical (6). However, far UV-CD data still supports
the presence of a T3R; hexamer in solution.

3 LysPro, Humalog™, is an approved pharmaceutical for the treatment
of diabetes.
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Scheme 1. Human- and Lys®%*Pro®®-insulin association. The self-
association properties of (top) insulin and (bottom) LysPro-insulin.
Insulin readily associates into dimers and higher-order aggregates that,
in the presence of M(II) (e.g., Zn(II) or Co(II)), associate into discrete
Te hexameric complexes. These T hexamers can be converted to Rg
hexamers by the binding of phenolic ligands, e.g., phenol or m-cresol,
that are routinely used as antimicrobial agents in insulin formulations.
In contrast, LysPro-insulin can only form discrete hexameric complexes
in the presence of M(II) (e.g., Zn(II) or Co(Il)) and phenolic ligands.
This is presumably due to the weakened dimerization constant (~300-
fold) of LysPro-insulin.

ligands. Interestingly, the ability of LysPro to self-associate in
discrete hexamers increases the chemical stability of the mole-
cule (15) and thus provides a means for a viable pharmaceutical
formulation. However, minimal kinetic information on hexam-
eric formation and disruption has been generated to help explain
the retention of fast-action despite hexameric complexation
am.

Based on the association/dissociation properties of insulin,
a pharmacokinetic model for soluble insulin formulations pro-
posed by Brange et al. (18) describes a series of events occurring
upon subcutaneous injection of soluble insulin formulations
(Scheme 1). The initial step in their model involves the dissocia-
tion of phenolic preservative from the hexameric complex con-
verting the formulated Rg hexamer to the T¢ hexamer. The T
hexamer then dissociates into monomers after a 10° reduction
in insulin concentration (107> M — 107% M) via diffusion
from the subcutaneous site. This diffusion process delays the
pharmacokinetics of current soluble formulations of human
insulin. Clinical studies on LysPro insulin have demonstrated
more rapid absorption into the circulatory system from a subcu-
taneous injection (17). A pharmacokinetic model proposed by
Ciszak et al. (6) for pharmaceutically formulated LysPro insulin
involves the direct dissociation of the Zn(II) Lys®?Pro®%-insu-
lin hexameric complex to monomeric insulin (Scheme 1) after
the diffusion of phenolic preservative occurs at the subcutaneous
site, due in part, to the loss of a critical hydrophobic interaction
at the monomer-monomer interface of the dimer subunit. Conse-
quently, LysPro can dissociate without a concomitant dilution
of the protein.

Thus, to further understand the association and dissociation
properties of the LysPro hexameric complex, and the relation-
ship to physiological activity and pharmacokinetics, we have
explored the kinetics of its assembly and disruption under vari-
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ous solution conditions. It was necessary to use Co(II) rather
than Zn(II) so the reaction could be monitored spectroscopically.
The absorption maximum of the Rg Co(I)-insulin complex is
red-shifted from the T¢ complex by 85 nm with an increase in
€max Of more than one order of magnitude (8). Zn(II) is optically
transparent (UV-VIS) in both octahedral and tetrahedral coordi-
nation geometries.

MATERIALS AND METHODS

Sample Preparation

Human and LysPro insulins were produced by recombinant
DNA techniques at Eli Lilly and Company and supplied as
Zn(Il) crystals. The proteins were dissolved in water, treated
with Chelex 100 resin (Bio-Rad) to remove any metal, filtered,
and dialyzed (Spectra/Por*7 regenerated cellulose dialysis
membrane; nominal MWCQO 2000) against four liters of ultra-
pure water (Milli-Q Plus water purification system, Millipore
Co.) for approximately six hours at room temperature. Insulin
and LysPro concentrations were determined from their absorp-
tion at 276 nm, €764 = 6100 M™! cm™' (14,19). Final solutions
contained 50 mM Tris/Cl™ at pH 7.1 or 8.0 and insulin concen-
trations of 10 and 6 mg/mL for the extraction and formation
kinetic experiments, respectively. A volume of Co(II) (as the
chloride) solution was added to achieve a 1:3 stoichiometric
ratio with insulin monomer, i.e., 1 mole of cobalt per 3 moles
of insulin monomer. The phenolic ligand concentration was
varied in the range 0 to 80 mM. Protein solutions (before the
addition of phenolic ligand) were passed through sterile 0.2-
pm filters prior to use. Liquefied distilled phenol (89%) and
distilled m-cresol were obtained from Eli Lilly and Company
and were of the highest pharmaceutical grade. Resorcinol was
obtained from Aldrich Chemical Company and purified by
sublimation.

Kinetics

Extraction studies used sample volumes of 1 mL in a 1-
cm pathlength cell. A 10-p.L aliquot of a 0.5 M EDTA solution
was quickly added and manually mixed with a Teflon paddle
just prior to data collection (dead time approximately 10 sec-
onds). The absorbance decay profiles at 580 nm representing
the kinetic time course for metal ion extraction were measured
on an AVIV 14DS UV-visible spectrophotometer.

Formation kinetics were measured on a Bio-Logic SFM3
stopped-flow module equipped with three injection syringes
that contained stock solutions of insulin, ligand and buffer. The
volume of insulin stock injected into the cell was held constant
while the ligand, and buffer volumes were varied such that the
total volume injected into a 1-cm pathlength cell was 400 pL.
Absorbance changes were monitored at 580 nm. The theoretical
dead time for mixing was 35 milliseconds.

For both formation and extraction experiments, the ligand
concentration was kept in large excess of hexamer concentration
assuring pseudo-first-order conditions. Each time course was
measured three to five times and averaged. Data generated
over a ligand concentration range was also repeated three to
five times.
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Ultracentrifugation

Sedimentation velocity data was measured using a Beck-
man Model E analytical ultracentrifuge with Schlieren optics
and a double sector 12-mm pathlength cell running at 60,000
rpm at 22°C for 135 minutes. A total of 15 photographs were
taken at 8-minute intervals. Five photographs taken in the mid-
dle of the experiments were used for analysis. Sedimentation
coefficients were calculated for LysPro solutions (1.0 mM in
LysPro, 0.33 mM Co(II), 50 mM Tris/C1~ at pH 7.1 and 8.0)
using the method described by van Holde (20). Phenol concen-
trations were varied between 0 and 50 mM.

Sedimentation equilibrium experiments were done under
the same conditions in the absence of phenol using a Beckman
Optima XLA analytical ultracentrifuge. The sedimentation data
was collected at a rotor speed of 8000 rpm, an absorbance
wavelength of 251 nm (O.D. minimum), and a cell pathlength
of 3 mm. System equilibration occurred after approximately
24 hours.

Treatment of the Kinetic Data

Both formation and extraction time courses were fit with
mono- and bi-exponential functions using standard linear least-
squares techniques. The following equation represents the five-
parameter bi-exponential function used to fit the data.

Absorbance = Ampgy X exp(—kp X ) + Ampgow (1)
X e-xp(_kslow X+ Yasy

Ampy,e and Ampg o, are the amplitudes corresponding to the
fast and slow phase with observed rates kfm," and k.. The
absorbance asymptote is given by y,,,, and ¢ is the time. Elimi-
nating one exponential term results in the three-parameter func-
tion used to fit the mono-exponential time courses.

Mechanism for Phenolic Ligand Binding

The mechanism used to interpret the data generated by
phenolic ligand binding to Co(II) insulin hexamers is influenced
by the literature, where it is widely believed that the crystallo-
graphically identified Ts, T3R3, and Rg hexamers are the domi-
nant species present in solution (7-10,12,21,22). Furthermore,
these species exist in a dynamic equilibrium that heavily favors
the T hexamer in the absence of phenolic ligands and high
concentrations of anions, but shifts to the Rs hexamer as pheno-
lic ligands are introduced into solution. The hexamer can be
represented as a dimer of trimers with the binding of phenolic
ligands modulated by intra- and inter-trimer cooperativity.
Assuming the following equilibrium,

ki
Ts + 3 2 TiR, (2)
k

k2
TiR; + 3d 2 Rg 3)
k

-2

where the phenolic ligand concentration, [)], is in large excess

6 It should be noted that Ky, Kes and ke, refer to kinetic rates and
that k,, k,, k_, k_», and k refer to rate constants throughout the text.
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of the insulin hexamer concentration, k; and k, are the rate
constants for association, in M s™!, for ligand binding to the
first and second trimer, k..; and k_, are the rate constants for
dissociation, in s™', for ligand dissociation to the first and
second trimer. Under the concentration employed in this study,
the rates for k; and k, are fast relative to k_; and k_,. Thus, the
rate law for each phase is pseudo-first-order, and has the form:

fl@(—l‘i’"—e’] = k hexamer][b] @)

The ligand concentration is essentially constant; therefore, the
n"-order rate constants (n = y + 1) for each phase of the
reaction are given by k, (x = 1 or 2). The concentration of
TiR; or Ry species is given by [hexamer]. This leads to a
ligand-concentration dependence on the observed rates for the
fast phase,

kfast = kl[d)]yl (5)
and for the slow phase,
kslow = kZ[d)]yz (6)

Using these equations to fit plots of the observed rate (kg or
ko) versus ligand concentration allows for the determination
of the n"-order rate constants k, and k,.

Intra-trimer cooperativity, and the possibility of competing
rates of binding pocket formation, will decrease the effect that
ligand concentration has on the observed rate. Therefore, the
expected cubic-power dependence of the ligand concentration
is replaced by an adjustable parameter (y) when fitting the data.
The value of this parameter will be referred to as the apparent
number of ligand binding sites per trimer. We could also choose
a function that represented the observed rate as a sum of
two different kinetic processes, both including a ligand-
concentration dependence with different but integer-power
dependencies (e.g., kg = k() + ks[db]?). Although such an
equation would provide an equally good fit with the same
number of adjustable parameters as equation 6, it is inconsistent
with the trimer-wise binding mechanism proposed here and in
the literature as correct for insulin/phenolic ligand solutions.
Therefore, we model our data with the simpler but more consis-
tent equations (5 and 6).

Mechanism for Co(II) Extraction

In the Rg human-insulin hexamer, the metal ions are buried
deep within the molecule such that accessibility to the solvent
is highly restricted (2). Therefore, we assume that metal ion
extraction will only occur via more accessible T/R intermedi-
ates, e.g., T3R3. Thus, the R hexamer is the only state from
which metal cannot be extracted. A simple mechanistic path
can be written as follows,

k-2
Rg & T\Rs—, + yb + CI” )
ko : )
and
k
T,R¢_, + EDTA — Products ®)

where k includes all mechanistic steps following the formation
of the EDTA-hexamer complex, and is assumed to be fast
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relative to k_,, which is rate-limiting. Chloride anion is included
in this equation since it occupies the fourth ligand position in
the tetrahedrally-coordinated metal; however, the formation of
the intermediate T,R¢—, presumably leads to a non-tetrahedrally
coordinated metal that is coordinated to water. The octahedrally
coordinated metal in the T; state is liganded to 3 water molecules
and three histidine residues. Thus, the rate law is given by

rate = k[EDTA][T,R¢-,] ®)
which becomes

kk_,[EDTA][R¢)
k[EDTA] + k[dPICIT)

(10)

rate =

if the concentration of T,R¢_, is assumed to reach a steady
state; i.e., the rate is equal to Ky, - [Rg]. Thus, the inverse of
the observed reaction rate can be written as

kLICl][$F
Kk_,[EDTA]

1 _1
knb.v k—'l

an

which allows for the easy extraction of k_, from the intercept
of 1/k,,s versus [¢). Once again, y is an adjustable parameter
used to account for cooperativity. It should be emphasized that
Rg is the species being monitored and that the steady state
production of T,R¢-, is rapidly depleted by EDTA extraction
of the Co(II) that destabilizes the hexamer. Consequently, expo-
nential loss in Rg is observed over the time course of the
experiment.

RESULTS

Kinetic Profiles

Examples of time courses generated by phenolic ligand
binding to, and Co(II) extraction from, the insulin hexamer are
shown in Figure 1. The absorbance increase associated with R3
formation around each metal site at the sub-saturating amount of
ligand added is greatest for resorcinol followed by phenol and
m-cresol (Figure 1A). The absorbance decrease upon Co(II)
extraction with EDTA is much slower for resorcinol relative
to phenol and m-cresol (Figure 1B). The three profiles repre-
senting Rs formation are biphasic, whereas the three represent-
ing Co(Il) extraction are monophasic.

Formation of T;R; and R; Hexamers of Co(II)-Insulin

The dependence of the observed rates (fast and slow)
for T;R; and Rg Co(II)-insulin hexamer formation on phenol
concentration and their corresponding amplitudes are displayed
in Figure 2. Both fast and slow rates have a strong, nonlinear
dependence on phenol concentration; however, the power
dependence (y) is greater for the slow phase (Table I). Similar
behavior is observed with m-cresol and resorcinol. The nonlin-
ear dependency of the observed rates on ligand concentration,
and the convergence of relative amplitudes for the fast and
slow phases to 0.5, were observed in Co(Il)-insulin hexamers
regardless of the ligand, pH, temperature, and insulin concentra-
tion studied. The magnitudes of the observed rates (kj, and
ksi0w) are similar with each ligand and is minimally influenced
by pH (tested 7.3 to 8.5) and insulin concentration. Lowering
the temperature to 10°C decreases the rates by about one order
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Fig. 1. Kinetic time courses for formation of, and metal ion extraction
from, Co(Il)-R¢-insulin hexamers. (A) Biphasic kinetic profile for
ligand binding to Co(II)-insulin. These biphasic plots are fit to equation
1 to obtain kg, and ky,,. Values obtained for kg, and k,,,, as a function
of the ligand concentration are used to model ligand binding to the
insulin hexamer., Conditions were 0.17 mM IngCo,, 50 mM Tris/Cl~,
pH = 8.0, and 25°C. (B) Monophasic kinetic profiles for metal ion
extraction from Co(II)-insulin. Values of k., as a function of ligand
concentration are used to model the extraction of Co(Il) from insulin
and LysPro insulin R hexamers. For clarity, each kinetic profile gener-
ated by the extraction of Co(Il) from the insulin hexamer has been
normalized to its maximum intensity. Final conditions were 0.30 mM
IngCo,, 5 mM EDTA, 50 mM Tris/C1~, pH = 8.0, and 25°C. Solutions
were mixed manually with a dead time of ~10 seconds. Phenolic
ligand concentration: (O) 25 mM resorcinol, (@) 25 mM phenol, (—)
25 mM m-cresol.

of magnitude, but the nonlinear dependence on ligand concen-
tration is maintained. Also shown in Figure 2 (A and B) is the
fit to the simple kinetic model described earlier (eqns. 5 and
6). Values for the n™-order rate constants for the formation of
T3R; and R¢ insulin hexamers extracted from this model are
given in Table I.

Formation of Hexameric Co(II)-LysPro

The binding of phenolic ligands to the Co(II)-LysPro hex-
amer yields kinetic profiles that are, at a minimum, biphasic
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Fig. 2. Phenol concentration dependence on the observed rates and
amplitudes of Co(II)-Re-insulin hexamer formation. Ligand concentra-
tion dependence for phenol on (A) the rates of binding to Co(Il)-insulin
associated with the fast phase (@), (B) the rates of binding to Co(II)-
insulin associated with the slow phase (*), and (C) the relative ampli-
tudes of the two phases. Each point in the curve represents a rate
constant extracted from fitting equation 1 to a time course (e.g., Figure
1) measured at the given ligand concentration. The subscripts f and s
refer to the fast and slow phases, respectively. The subscript x in the
y-axis label of (C) refers to either the fast or slow phase depending
on which relative amplitude is calculated. The solid lines in (A) and
(B) represent the best fit to the experimental data with equations 4 and
5 using standard linear least-squares techniques. Conditions were 0.17
mM IngCo,, 50 mM Tris/Cl~, pH = 8.0, and 25°C.

(data not shown). At pH 8.0, the rates observed for both phases
with phenol binding to the Co(II)-LysPro hexamer are indepen-
dent of phenol concentration (Table II). Comparable binding
rates (K.ps) are obtained for resorcinol with its value (averaged
over the ligand concentration range used) given in Table IL

29

The relative amplitudes of each phase are somewhat variable,
but remain between 0.4 and 0.6.

For LysPro solutions at pH 8.0 and pre-treated with sub-
saturating concentrations of phenolic ligand (5 and 3 mM for
phenol and resorcinol, respectively), the reaction remains bipha-
sic. However, the ligand-concentration dependence on the fast
rate becomes large and nonlinear. The slow rate remains at
approximately the same constant value as with the data obtained
from untreated samples (Figure 3, Table II). From equilibrium
binding studies (data not shown), the addition of this small
amount of phenolic ligand induces the formation of tetrahedral
Co(Il) centers producing a nearly identical optical absorption
spectrum to that of Rg Co(Il)-insulin. The initial absorbencies
of the pre-treated LysPro solutions are approximately 40% and
60% (phenol and resorcinol, respectively) of the absorbance
measured when the hexamer is saturated with ligand. The fast
phase dominates the amplitude, even more so with increasing
affinity of the ligand (80% and 100% for phenol and resorcinol,
respectively). The data are summarized in Table I using equation
5 to model the fast phase of the reaction.” Phenol and resorcinol
bind to the LysPro hexamer with similar rates. Due to the
decreased binding affinity and solubility of m-cresol, it was not
possible to generate reliable data covering a sufficient ligand-
concentration range. Therefore, the case of m-cresol binding
of LysPro insulin will not be considered here.

With LysPro solutions containing Co(II), the kinetics of
phenolic ligand binding are pH dependent. If the initial LysPro
solution is not pre-treated with phenolic ligand, and the pH is
lowered to 7.1, a fast rate is observed that is nonlinearly depen-
dent on ligand concentration and of similar magnitude to the
fast rate observed for ligand binding to the human insulin
hexamer (Figures 2A and 4A). Modeling the phenol concentra-
tion dependence on the fast rate with equation 3, yields an n'-
order rate constant of 3.6 X 10* s”'M ™3, about a factor of two
less than that at pH 8.0 with the LysPro solution pre-treated to
5 mM in phenol (Table I). At both pH 8.0 and 7.1, the ligand-
concentration-power dependence for the fast rate is at or near
3.0, and the ligand-concentration-independent slow rate remains
constant (Figure 4). In general, the n-order rate constants differ
significantly between human and LysPro insulin (Table I).

Sedimentation Velocity and Equilibrium

The sedimentation coefficients measured for LysPro in the
presence of Co(II) at pH 7.1 and 8.0 with various levels of
phenol are given in Table III. At saturating levels of phenol
(20 and 50 mM, respectively), the sedimentation coefficients
are comparable to those of human insulin in the presence of
Zn(Il) and phenolic ligands, which is known to exist as a
hexamer in solution (15). At pH 7.1 and 8.0, the Schlieren
profiles for LysPro are symmetrical in the presence of saturating
amounts of phenol. Similar sedimentation coefficients were
measured for Co(II)-LysPro solutions in the presence of 5 mM
phenol; however, the Schlieren profiles also indicate the pres-
ence of species smaller than hexamers, more so at pH 8.0 than

7By using eqn. 4, we are not making any assumptions about the
existence of the equilibria given in eqn. (2) for the Co(Il)-LysPro
complex. Rather we are using a simple empirical relationship to fit
what is clearly a nonlinear data set.
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Table I. Modeling the Binding of Phenolic Ligands to, and Co(Il) Extraction from, the Human- and LysPro-insulin Hexamers at 25°C

Formation Extraction
Y1 Y2 y o
Ligand k, (# of sites ks (# of sites k_, ([Ligand] K kinetic) K{TO
Protein pH (s"'M7Y  intrimer 1)  (s7' M™% in trimer 2) ™Y power dep.) (M™h M™H
human m-cresol 12000 (27) 224 14000 (31) 2.8 (4) n.d. nd. n.d. n.d.
insulin pH 8.0 .
human phenol 5700 (19) 22 (3) 1900 (29) 2.7 (4) 0.028 1.8 (4) 6.8 X 10* 7.5 X 10*
insulin pH 8.0 )
human resorcinol 2800 (16) 1.6 3) 2700 (28) 234 0.005 1.9 (6) 54 X 10° 56 X 108
insulin pH 8.0 (18)
LysPro phenol n.d. n.d. 8.8 X 10* 2.8 (4) 0.093 3.1(1) 49 X 107 n.d.
pH 8.0 29 (35)
LysPro phenol n.d. nd. 3.6 X 10* 3.0(2) 0.093 1.1 4) n.d. n.d.
pH 7.1 (19) (23)
LysPro resorcinol n.d. nd. 8.8 X 10* 25(2) 0.016 3.2 2.2 %X 10° n.d.
pH 8.0 19) (60)

Note: Values obtained from the fits to stopped-flow kinetic binding data using equations 1-5 in the text. With respect to LysPro insulin, only
binding data that demonstrated a ligand-concentration dependence was modeled (fast phase at pH 7.1 and fast phase at pH 8.0 when pre-
treated). The ligand concentration power dependence is given as the parameter y. It should be noted that only one ligand-concentration dependent
phase was observed with LysPro and has arbitrarily been placed in k, and y, (see, explanation in text under section pH 8.0 (pre-treated)).
Extraction data was modeled using equations 6-11. The equilibrium constant, K*i"®©) is the ratio of ligand on and off rate constants, i.e.,
ko/k_,, for the TsR; < R4 equilibrium; however, it should be noted that for LysPro insulin that K%"1) js a K., i.e., ko/(k - k_y), since k;
cannot be accurately determined. K,y is the slope of the line derived from equation 11. The equilibrium constant, K™, refers to the T;R; ¢
R¢ equilibrium, with values obtained by modeling profiles generated by isothermal titration calorimetry (28,29). The term n.d. refers to not

determined. The standard errors are reported in parentheses as percent of value.

pH 7.1 (data not shown). In the absence of phenol, the Schlieren
profiles and coefficients indicate a polydisperse system with
species ranging from monomer to high molecular weight aggre-
gates at pH 7.1, and from monomer to relatively low-molecular-
weight aggregates at pH 8.0.

Sedimentation equilibrium data measured for phenol-free
Co(II)-LysPro solutions at 1.0 mM LysPro (concentration at
which stopped-flow kinetic experiments were measured) gave
weight-average molecular weights 7 and 23 times the monomer
molecular weight at pH 8.0 and pH 7.1, respectively. The con-
siderably higher molecular weights obtained at pH 7.1 relative

Table IL. Experimental Rate Constants for Ligand Binding to LysPro

to pH 8.0 are consistent with the sedimentation velocity
experiments.

Extraction of Co(II) from R4 Insulin and LysPro
Hexamers

The monophasic extraction rates of Co(Il) from R insulin
and Rg LysPro hexamers and their dependence on phenol con-
centration at pH 8.0 are illustrated in Figure 5. The reaction is
quite slow (minutes to hours) and the dependence of the
observed rate on phenol concentration is nonlinear for both
insulin and LysPro hexamers but to a greater degree for the
latter. Comparable behavior is observed when resorcinol is the
binding ligand (data not shown); however, the rates are slower
(approximately a factor of 25). The data were fit to equation

Insulin 11 and results are reported in Table I. Due to problems associ-

pH 8.0 pH 8.0 pH 7.1 ated with insulin precipitation upon extraction when m-cresol

(untreated) (pre-treated)  (pre-treated) was the phenolic ligand, a detailed concentration dependence

. — — = —— with this ligand could not be measured. If initial conditions are

Ligand  kue 679 Kuow 679 kaow 579 kaow 57 such that agsub-saturating amount of ligand is present in solu-

m-cresol nd. n.d. 0.05 (20) nd. tion, then the reaction will follow biphasic kinetics. With phe-

%S E. nol, >95% of the binding sites are saturated at approximately

phenol 0.21 (30) 0.04 (25) 0.06 (50 0.13 (23) 40 mM in insulin and approximately 20 mM in LysPro hexam-

%S.E. ers. When an extraction was carried out with a ligand concentra-

res(;’rsdgm 0.15(13) 0.017 (18) nd. nd. tion less than saturation, the slow rate extracted from the fit to
0D . I

Note: Observed rates are independent of ligand concentration and the
reported values have been averaged over the ligand concentration range
studied. Untreated refers to a solution that was initially free of phenolic
ligand. The term n.d. refers to not determined. The standard errors are
reported in parentheses as percent of value.

the time course was used in the analysis.

It was determined that the concentration of EDTA had no
effect on the observed extraction rate from Rg insulin and LysPro
hexamers and that all Co(II) was sequestered if EDTA was
added in at least a 1:1 stoichiometric amount. Chloride concen-
tration (50 mM, the minimum level required to ensure that the
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Fig. 3. Phenol concentration dependence on the observed rates and
amplitudes of Co(II)-R4-LysPro insulin hexamer formation at pH 8.0.
Ligand concentration dependence for phenol on (A) the rates of binding
to Co(Il)-LysPro associated with the fast phase (@), (B) the rates of
binding to Co(II)-insulin associated with the slow phase (*), and (C)
the relative amplitudes of the two phases. Each point in the curve
represents a rate constant extracted from fitting equation 1 to a time
course (e.g., Figure 1) measured at the given ligand concentration. The
subscripts f and s refer to the fast and slow phases, respectively. The
subscript x in the y-axis label of (C) refers to either the fast or slow
phase depending on which relative amplitude is calculated. The solid
line in (A) represents the best fit to the experimental data with equation
4 using standard linear least-squares techniques. Final conditions were
0.17 mM IngCo,, 50 mM Tris/Cl™, pH = 8.0, and 25°C. The initial
LysPro insulin solution was pre-treated to 5 mM phenol.

4% binding site to Co(II) was C1~ rather than the anion of a
phenolic molecule) has an inverse linear relationship with the
Co(Il) extraction rate. Higher concentrations of chloride were
avoided in order to maintain reasonable insulin solubility after
the metal was extracted. The pH dependence was negligible
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Fig. 4. Phenol concentration dependence on the observed rates of
Co(1i)-Rg-LysPro insulin hexamer formation at pH 7.1. Ligand concen-
tration dependence for phenol on (A) the rates of binding associated
with the fast phase (@) and (B) the rates of binding associated with
the sfow phase (*) in untreated Co(II)-LysPro solutions at pH = 7.1.
The subscripts f and s refer to the fast and slow phases, respectively.
Final conditions were 0.17 mM IngCo,, 50 mM Tris/Ci~, pH = 7.1,
and 25°C.

Table 111. Sedimentation Coefficients for LysPro Insulin in the Pres-
ence of Co(Il)-at 23°C

Sedimentation Coefficient, S

[phenol] mM pH = 7.1 pH = 8.0
0 6.6° 3.8¢
5 3.5° 326
20 3.4« 3.2¢
50 3.4¢ 3.14

Note: Qualitative descriptions are based on the relative homogeneity

of the observed sedimentation profiles as well as results from sedimen-

tation equilibrium experiments. Solutions were 0.17 mM In¢Co,, 50

mM Tris/C1™. Errors are approximately *10%.

¢ Symmetrical profile, primarily hexamer.

b Skewed symmetrical profile, predominantly hexamer with small pop-
ulation of lower MW species.

¢ Polydisperse, high MW aggregates (>>100 kDa).

4 Polydisperse, low MW aggregates (<45 kDa).
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Fig. 5. Phenol concentration dependence on the observed rate of metal
ion extraction from Co(II)-R4 hexamers of insulin and LysPro insulin.
Ligand-concentration dependence on the rate of extracting Co(1l) from
R hexamers of (A) insulin and (B) LysPro insulin. Initial conditions
were 0.30 mM In¢Co,, 50 mM Tris/C1~, pH = 8.0, and 25°C.
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between 7.3 and 8.5 for the extraction of Co(Il) from Rg insulin
hexamers in the presence of a saturating amount of phenol.
With LysPro hexamers, the extraction at pH 7.1 resulted in
the same value for k_, as at pH 8.0; however, the phenol
concentration dependence on the observed rate was relatively
minor (Table I).

Equilibrium Binding of Phenol to Co(II)-LysPro Insulin
at pH 7.1 and 8.0

Visible absorption spectra measured for Co(II)-LysPro
insulin solutions in the presence of saturating levels of phenol
at pH 7.1 and 8.0 are nearly identical to spectra measured
for the Co(II)-human insulin hexamer (data not shown). The
titration of phenol into a Co(II)-LysPro solution yields simple
monophasic binding profiles as monitored by the increasing
absorbance of tetrahedral Co(II) centers. Greater than 95% of
the binding sites are saturated at 20-25 mM phenol for 1.0 mM
LysPro solutions containing 0.33 mM Co(II) in 50 mM Tris/
Cl™ buffer. This is about half the amount of phenol required
to saturate the human insulin hexamer under the same condi-
tions. In the absence of phenol, the spectra are characteristic
for octahedral Co(Il) complexes, with an increased baseline at
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pH 7.1. The higher baseline is presumably due to increased
scattering by high molecular weight aggregates. Nevertheless,
with a phenol concentration of 5 mM, an appreciable absorbance
from tetrahedral Co(II) is observed at both pH 7.1 and 8.0.

DISCUSSION

Ligand Binding to Co(II)-Human Insulin

The phenolic ligand binding and extraction profiles pre-
sented in Figure 1 clearly establish the order of ligand binding
affinities to the insulin hexamer as resorcinol >>> phenol >
m-cresol. It is also apparent that the different affinities are more
easily observed in the extraction experiments when compared
to formation experiments. In general, the formation rates are
not significantly different between either phenolic ligands or
the two trimers. The overall similarity between these formation
rates is not surprising considering the ligands do not differ
significantly in their size and structure. The increase in the
binding rates for m-cresol is attributed to it being more
hydrophobic relative to phenol and resorcinol; therefore, it binds
more quickly to the hydrophobic binding pockets in the hex-
amer. Once m-cresol binds, the energetics for it to remain
liganded must be less favorable as evidenced by the increasing
absorbance of tetrahedral Co(Il) centers between m-cresol, phe-
nol, and resorcinol binding; i.e., the equilibrium constant for
the Tg <> T3R5 transition (ky/k_, in eqn. 2) is smallest for m-
cresol binding despite the larger value of k;.

The biphasic nature of the kinetic profiles and amplitude
convergence to 0.5 indicates that the Co(II)-insulin system dem-
onstrates substantial negative inter-trimer cooperativity with the
T;R; hexamer as an intermediate. This is in agreement with
previous observations cited in the literature (7-9). The strong
nonlinear dependence of the observed rates on phenolic ligand
concentration for both phases and all ligands (Figure 2, Table
I) was expected from the model (eqns. 5 and 6). Two results
of the negative cooperative binding and subsequent biphasic
kinetics are: (1) the greater ligand concentration dependency
in the second trimer relative to the first trimer and (2) a differ-
ence in the off rates, k_; and k_,, where the former must be
of lower magnitude due to the equivalence of k; and k.

As mentioned previously, the biphasic nature of the kinet-
ics is due to the substantial negative inter-trimer cooperativity.
Charge repulsion created by the close proximity of the six
carboxylate groups of the Glu®'3 residues in the Rg hexamer
is believed to cause the negative inter-trimer cooperative effect
(23-25). If formation of the second Rj trimer is inhibited by
charge repulsion created by the Glu®'3 residues, then a slower -
rate of formation is expected because of the difficulty in con-
verting the trimer monomers to the R-state to allow subsequent
binding of phenolic ligands (Figure 1A). This will also decrease
the intra-trimer cooperative binding in the second trimer relative
to the first.

With both trimers, the less than cubic dependence on the
observed rate with ligand concentration may indicate either the
presence of inter- and intra-trimer cooperativity or a competing
mechanistic step of similar rate (e.g., the formation of the
ligand-binding pocket or another intermediate that may slow
this phase of the reaction). The increased power dependence
on the ligand concentration for intra-trimer binding in the slow
phase can be attributed, in part, to the negative inter-trimer
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cooperativity making the binding to the second trimer more
difficult. A decrease in the intra-trimer cooperative binding
may also serve to increase the ligand concentration power
dependence. This is consistent with equilibrium binding studies,
which display prolonged concentration dependence for the bind-
ing in the second phase of the profiles (15).

The kinetics of m-cresol binding to Co(II)-insulin hexam-
ers was studied previously (12). The authors stated that m-cresol
binding to insulin hexamers was biphasic with a concentration-
dependent fast phase and a concentration-independent slow
phase. Upon careful inspection of our data, we can only con-
clude that observed rates in both phases are highly ligand-
concentration dependent for all phenolic ligands studied. The
concentration dependence of the ligand binding rates was
expected because the probability of the molecular event required
to produce a reaction (i.e., m-cresol binding to T;R; insulin
hexamer) increases with the concentration of the reactants.

Extraction of Co(Il) from R; Human Insulin Hexamers

Once the Rg hexamer is formed with six phenolic ligands
bound, extraction of the metal ion is more readily influenced
by the affinity of the bound ligand. Because access to the metal
ion is highly restricted by the compact structure of the insulin
hexamer, and the kinetics of the reaction is slow, we assume
that extraction occurs via a T-state hexamer (Tg, T3R3, or suitable
intermediate) and that k_, in equations 3 and 7 is rate limiting.
Therefore, differences in ligand binding affinities are more
easily observed with metal ion extraction experiments.

The ligand with the greatest affinity for the insulin hex-
amer, resorcinol, binds more tightly because of additional
hydrogen bonds formed through its second hydroxyl group. X-
ray crystallography has shown that resorcinol binds to the Zn(II)
insulin hexamer in a similar manner as phenol, but in addition
there is a strong hydrogen bond between the second hydroxyl
group and the carbonyl group of the Cys*!! on the same insulin

monomer via a bridging water molecule as well as a possible,

albeit weak, hydrogen bond interaction to an imidazole nitrogen
of a His®® on an adjacent insulin monomer (G. D. Smith, per-
sonal communication). Because additional energy will be
required to break the extra hydrogen bond(s), the rate constant
for the R — T3R; transition (k_,, equation 6) is significantly
less with resorcinol. The increase in the extraction rate when
m-cresol is the binding ligand may be attributed to steric hin-
drance from the methyl group, which causes less favorable
contacts relative to phenol and resorcinol (Figure 1B).

With k_, being rate limiting, the apparent zero-order
dependence of the rate on EDTA concentration is due to either
saturating levels of chelator relative to the concentration of T-
state hexamers from which extraction occurs or that the extrac-
tion step is fast compared to previous steps. This is true even
if just enough EDTA is added to match the Co(II) 1:1 stoichio-
metrically. If the insulin solution is not saturated with phenolic
ligand and therefore a significant population of T;R; hexamers
is present, a linear dependence of the extraction rate on EDTA
concentration is observed. Coupled with the inverse linear
dependence on chloride concentration (data not shown), these
results are consistent with the proposed mechanism.
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The T3R; «@ R¢ Equilibfium Constant in the Co(Il)/
Human Insulin System

The equilibrium constant for the T;R; < Rg transition
(Table I) is calculated using the rate constants, k, and k_,
(eqn. 3) determined from formation and €xtraction experiments,
respectively. For comparison, the equilibrium constants
obtained for the T;R; « R transition from modeling binding
profiles measured by isothermal titration calorimetry (26,27)
are also given. Considering the differences in the methods used
for obtaining this equilibrium constant, the complexity of the
phenolic ligand/Co(Il)-insulin system, and the magnitude of
the number, the agreement is quite reasonable. Although the
agreement in these numbers does not necessarily support the
argument that extraction occurs via a T3R; intermediate, it does
reinforce our hypothesis that extraction does not occur directly
from the Rg hexamer. A slow transition to another intermediate
species must occur before extraction takes place. The zero-
order dependence on [EDTA] (data not shown) also supports
this conclusion.

Phenolic Ligand Binding to Co(II)-LysPro Insulin

The same order of ligand binding affinities exists with the
LysPro hexamer as with human insulin (i.e., resorcinol >>
phenol > m-cresol). However, relative to human insulin, the
binding of phenolic ligands to LysPro insulin solutions that
contain Co(II) is more complex. In considering all of the avail-
able data, we offer the following plausible interpretation of
the pH dependent kinetic results. The model presumes that
a hexameric complex must be established prior to phenolic
ligand binding.

pH 8.0

At pH 8.0, two ligand concentration-independent kinetic
phases are observed. As a result of the poorly defined associa-
tion state of LysPro insulin, our interpretation of the binding
kinetics is severely limited. Thus, the following mechanism
is proposed:

A

5
A X6

(12)

I
&

5
Xi<ey + Co(l) « H + & — R 13)
—

where, at pH 8.0, “A” refers to low molecular weight Co(II)-
LysPro aggregates with sedimentation coefficients centered at
S = 3.8 as observed by ultracentrifugation (Table III), &, is the
dissociation rate of these aggregates, and i represents the number
of LysPro monomers. The rate of association of Co(II) and
LysPro monomers (or species with § < 3.80) to the hexamer
species (H) that binds phenolic ligand () is given by k,. The
rate of phenolic ligand binding is k.

It is presumed that the slow phase (kyow, Table IT) observed
in the binding kinetics is the dissociation of the aggregates
represented in equation 12. The faster, ligand-concentration-
independent phase (kg,g, Table II), is the association of X,
into hexameric complexes that can bind phenolic ligands
(eqn. 13). The two phases are observed because both aggregate
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and X, are present prior to the addition of phenolic ligands.
The existence of aggregate and X;.¢ species is consistent with
the polydisperse pattern observed in the sedimentation velocity
experiments. Thus, the observed ligand-concentration-indepen-
dent kinetics at pH 8.0 support our minimal mechanism if the
relative order of rate constants is then ky > k, > ky. It should
be stressed that hidden processes not detectable by our experi-
mental method are possible, and even seem likely from such
a disordered system. Thus, the two phases resolved in our
experimental analysis likely represent a composite of multipha-
sic processes.

pH 8.0 (pre-treated)

In order to begin from a more well-defined state, the
kinetics of phenolic ligand binding to LysPro hexamers in the
presence of Co(Il) was measured with the protein solution pre-
treated to sub-saturating concentrations of ligand. The addition
of arelatively small amount of phenolic ligand drives a majority
of the LysPro into a hexameric state (Table III). The relative
amount of liganded sites is 40% to 60% of the saturating value
for phenol and resorcinol, respectively. The decrease in the
sedimentation coefficient and the polydispersity (Table III)
clearly shows that the aggregate present in the untreated solution
has been eliminated, and that a significant population of LysPro
hexamer now exists in equilibrium with a smaller population
of lower molecular weight species, i.e., monomers, dimer, etc.
The ligand-binding kinetics displayed in Figure 3 would then
suggest that the ligand-concentration-dependent fast phase (k,
Table I) is a result of ligand binding to a pre-established hexam-
eric intermediate, which is then driven to the Rs complex
(eqn. 14)

14

Hp<ey t ¢ 2 Rs (14
where Hy<) is a partially liganded Co(II)-LysPro hexamer.
The slow-ligand-concentration independent phase (kg Table
II) is described by equation 13. Thus, for this minimal mecha-
nism to conform to the observed kinetics, the limiting rates for
the fast and slow phases are k; and k, respectively.
The observed rates of ligand binding for the concentration-
dependent phase are comparable to but faster than that of human
insulin. This may be attributed to more accessible binding sites
on an expanded LysPro hexamer relative to human insulin.
The significantly decreased amplitude in the slow ligand-con-
centration-independent phase is due to the domination of the
H<6) species in the pre-treated solution.

The intermediate(s) has/have not been defined, but is/are
assumed to be a combination of several different hexamer spe-
cies with varying degrees of saturation, including T;R;. Inter-
trimer cooperativity is less of a factor in LysPro insulin (>95%
of the binding sites are saturated at ~20 mM relative to 40
mM for human insulin). Therefore, liganded hexameric species
other than T5R; are expected to contribute to the binding kinetics
in the pre-treated solution.

In the pre-treated solution, the observed rate for the ligand-
concentration-independent slow phase (kow, Table II) remains
unchanged from the untreated data (Table II) and is consistent
with assignment as k, in equation 13. However, the amplitude
of the slow phase has decreased significantly (approximately
30%). The presence of this concentration-independent-phase
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and the non-symmetrical profiles observed in the sedimentation
velocity experiments indicate that species with molecular
weights less than that of a hexamer still exist. Thus, in order
to explain the observed ligand-concentration-independent and
-dependent rates, the relative order of rates is then kg >
ky > k,. The two kinetic phases are the result of Hy<g and
Xi<e) species that are initially present in the pre-treated solution.

pH 7.1

AtpH 7.1 the binding of phenolic ligands to Co(II)-LysPro
is also biphasic, with ligand-concentration-dependent fast, and -
independent slow phases. The same mechanism described in
equations 12 and 13 can be used here with the substitution of
high molecular weight aggregates for A, and with k, as the
rate-determining constant for the slow phase. The considerably
higher molecular weights observed for the Co(II)-LysPro com-
plex at pH 7.1 are believed to be due to the decreased negative
charge on the monomers, which subsequently decreases the
intermolecular repulsive forces and allows for greater associa-
tion. In order to explain the observed ligand concentration
dependence, k4, must be rate determining in equation 13 rather
than the pH dependent k,. Therefore, the relative rates of binding
are k, > kg > kg

The comparable observed fast rate for Co(II)-LysPro rela-
tive to the fast rate observed in Co(II)-human insulin (magnitude
of y-axes in Figures 2A and 4A) is interesting but probably
coincidental. It seems unlikely that the fast phase in LysPro at
pH 7.1 is due to the T¢ — T;R; transition considering the
polydisperse nature of the protein prior to the addition of ligand.
Also, a large discrepancy exists between n'"-order rate constants
and ligand-concentration-power dependence in the fast phase
for human and LysPro insulin (Table I). The spectroscopic
fingerprint of the ligand-bound complex is that of a tetrahedral
Co(II)-insulin complex; therefore, the fast phase is due to bind-
ing phenol to Co(II)-LysPro hexamers. Coupled with the
reduced ligand concentration required for saturation (about half
relative to human insulin), the Co(II)-LysPro species monitored
with the fast phase at pH 7.1 is probably a mixture of liganded
hexamer intermediates all contributing to the measured
absorbance of tetrahedral Co(II) centers.

The increased rate of binding and the power dependence
associated with the ligand-concentration-dependent phase are
consistent with less intra- and inter-trimer cooperativity in the
Co(II)-LysPro hexameric system.

Cooperativity

In the Co(II)-insulin hexamer, phenolic ligand binding is
modulated by positive intra-trimer and substantial negative
inter-trimer cooperativity (9). In Co(Il)-LysPro hexamers, it
appears that both intra- and inter-trimer cooperativity are
reduced as evidenced by the lower ligand concentration required
for saturation of the hexamer, the inability to see more than
one ligand concentration dependent binding phase, and the
increased power dependence (relative to insulin) in the model-
ing of the kinetic binding data. All of these results suggest
a hexamer that demonstrates decreased cooperative binding
relative to human insulin that may be due, in part, to structural
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changes associated with the sequence inversion observed in the
hexameric complex (6).

Extraction of Co(II)-from Rg LysPro Insulin Hexamers

The slow extraction rate observed with LysPro hexamers
suggests this analog adopts a Re-type structure in solution and
restricts the access to the metal ion. This structure is not unex-
pected since X-ray crystallographic data has revealed the pres-
ence of a LysPro TsRj (6) and an apparent Re-type hexamer
(16). These crystal structures show a highly restricted metal
site in the RS trimer located at the bottom of an approximately
20 A channel. In these extraction experiments, the LysPro hex-
amer is initially saturated with ligand; therefore, the starting
point is that of discrete Rg-type hexamers. Extraction from the
Re-type LysPro hexamer is very similar to that of human insulin
with respect to the monophasic profiles, the rate of the reaction,
and chloride and EDTA concentration dependencies. Modeling
the extraction kinetics in the same way as that of insulin yields
similar values for the rate limiting k_,. More importantly, the
value of k_; is independent of pH with LysPro, suggesting that
the rate-limiting process that controls metal ion extraction is
an intramolecular property of the LysPro hexamer. Therefore,
the initial phase of the reaction appears to be very similar to
the process that occurs in human insulin. However, once past
the rate-limiting phase of the reaction, the extraction kinetics
are affected by intermolecular properties such as association
of LysPro insulin. Therefore, the factor k in equation 8 may
differ significantly between insulin analogs, as demonstrated
by calculating the apparent equilibrium constants from model-
ing the extraction kinetics. The values for Ky, in Table I
are obtained from fitting the ligand-concentration-dependent
extraction data with equation 11. The difference in Ky;nee
between insulin and LysPro at pH 8.0 (four orders of magnitude)
is largely attributed to differences in k.

Conclusions and Physiological Implications

With LysPro insulin, the kinetics of phenolic ligand bind-
ing and metal ion extraction, along with equilibrium visible
absorption and ultracentrifugation data, strongly suggest the
presence of Re-type hexamers in solution at saturating levels
of phenolic ligand. However, the path taken to form these Ry
hexamers is quite different from that of human insulin, initiating
with the protein in a polydisperse, highly aggregated state and
proceeding to a discrete Rg complex. The existence of discrete
hexamer intermediates such as T¢ and TsR3 cannot be deter-
mined from this data. However, an X-ray crystal structure of
a T;R§ hexamer suggests that intermediates similar to that of
human insulin can exist in solution. Further evidence that sup-
ports intermediates such as T,R_ is the ligand-concentration-
dependent rates observed in the binding kinetic data generated
for ligand-treated LysPro solutions at pH 8.0 and the ligand
concentration-dependent phase for LysPro solutions at pH 7.1.

The disruption kinetics at or near neutral pH provides
evidence of a Rg complex that has a significantly different
dissociation process for the LysPro hexameric complex (ki ypro
>> Kijnuin)- The drastically different kinetics measured for
LysPro hexamers relative to insulin hexamers demonstrates that
equilibrium binding data would be insufficient in the determina-
tion of mechanisms of association and dissociation. Therefore,
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the kinetic analysis is necessary because it effectively highlights
the differences between the two insulin species.

The inability of LysPro to form discrete Tg-hexamer com-
plexes and the radically different dissociation process both sup-
port a pathway that can potentially lead directly to a monomeric
species. Our results comparing human and LysPro insulin pro-
vide further insight into the mechanisms of assembly and disso-
ciation governing the differences in physiological properties.
These results are consistent with a pharmacokinetic model
reported by Ciszak et al. (6) that requires diffusion of the
phenolic ligand; however, our results suggest that diffusion of
the metal ion from the site of subcutaneous injection is also
necessary to avoid any higher-order, non-native association
from occurring, which could hinder absorption.
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