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Purpose. The purpose of the current study was to investigate the effects
of two important excipients, zinc and m-cresol, on the self-association
properties of a series of monomeric insulin analogs. In this way, the
effects on formulation behavior of individual amino acid substitutions
in the C-terminal region of the insulin B-chain could be compared.
Methods. The self-association of ten insulin analogs was monitored
by equilibrium and velocity analytical ultracentrifugation under three
different conditions: (i) in neutral buffer alone; (ii) in neutral buffer
containing zinc ion; and (iii) in neutral buffer containing both zinc ion
and phenolic preservative (a typical condition for insulin formulations).
The self-association properties of these analogs were compared to those
of human insulin and the rapid-acting insulin analog LysP**Prof?’-
human insulin.

Results. The analogs in the current study exhibited a wide range of
association properties when examined in neutral buffer alone or in
neutral buffer containing zinc ion. However, all of these analogs had
association properties simitar to human insulin in the presence of both
zinc and m-cresol. Under these formulation conditions each analog
had an apparent sedimentation coefticient of s* = 2.9-3.1 S, which
corresponds to the insulin hexamer.

Conclusions. Analogs with changes in the B27-B29 region of human
insulin form soluble hexamers in the presence of both zinc and m-cresol,
and m-cresol binding overrides the otherwise destabilizing effects of
these mutations on self assembly.

KEY WORDS: monomeric insulin analogs; analytical ultracentrifu-
gation; peptide formutation; insulin association.

INTRODUCTION

Insulin association is a complex phenomenon. In the
absence of zinc, insulin forms dimers and higher order aggre-
gates (1,2). X-ray crystallography has shown the dimer interface
to include an anti-parallel beta strand between the C-terminal
ends of the two B-chains (3). In the presence of zinc, three
insulin dimers form a hexamer by coordinating two zinc ions
through the histidine side chains of the B10 residues. The
association of insulin in pharmaceutical preparations is further
influenced by the addition of phenolic preservatives included
to protect against microbial contamination. These phenolic com-
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pounds bind to a hydrophobic pocket formed between dimers
within the insulin hexamer and facilitate a conformational
change in the N-terminal region of the B-chain (4,5). This
conformational transition further stabilizes the insulin hexamer
and improves pharmaceutical solubility and stability (6-8).

Although hexamer formation is important for stabilizing
insulin formulations, there are some pharmacological draw-
backs associated with the dissolution of hexamers into active
monomers following injection. There is an approximately 30-60
minute lag phase following injection of regular human insulin
and onset of activity, necessitating careful timing of dose admin-
istration and food consumption. In addition, there is a slow
clearance in which extended periods of elevated insulin can lead
to hypoglycemia. As a result of these limitations, “monomeric
insulin analogs™ have been designed and characterized (9,10)
and the relationship between reduced self-association and rapid
onset of action established (11-14). One monomeric insulin
analog. Lys®**ProP*’-human insulin (Humalog®), has been fully
developed and is commercially available. Lys®**ProB**-insulin
was created by inverting the two amino acids in the B28 and
B29 position of the C-terminal region of the B-chain. This
sequence disrupts dimer formation and yields an insulin mole-
cule that cannot form a specific population of hexamers, even
in the presence of zinc ion (10).

The lack of dimerization and higher order association poses
a general formulation problem for monomeric insulin analogs.
The insulin hexamer possesses less solvent exposed surface
area than in the monomer or dimer and is therefore more stable
to physical and chemical degradation (6,7,15,16). Monomeric
or dimeric insulin solutions have a greater tendency toward
deamidation, degradation and fibril formation (7,16). Surpris-
ingly, in the presence of both zinc and phenolic preservative,
Lys®*Pro®*-insulin does form stable hexamers and exhibits
the increased stability of human insulin hexamers while main-
taining its rapid-action (17-20). Upon injection, LysB*ProP2°-
insulin hexamers are proposed to dissociate more rapidly than
human insulin as preservative and zinc ions diffuse away and
the hexamer falls apart (18,19). Therefore, this “monomeric,”
rapid-acting insulin analog retains its desirable pharmaceutical
properties despite being formulated as a hexamer.

LysB*Pro®*-insulin is just one of several analogs with
changes in the C-terminal region of the B-chain that were
synthesized to create a rapid-acting insulin analog (9,10). How-
ever, the association properties of only Lys®*Pro®*-insulin
have been characterized under formulation conditions in any
depth (19,20). The purpose of the current study was to determine
the self-association properties of additional insulin analogs with
modifications in the C-terminal region of the B-chain in an effort
to understand better the properties governing insulin association
and to expand our ability to design and formulate insulin analogs
with specific functions.

MATERIALS AND METHODS

Preparation of Insulin Analogs

The insulin analogs (except Asp®'® and desPro®**) were

constructed by trypsin-catalyzed reverse proteolysis essentially
as described by Kubiak and Cowburn (21). Briefly, desoctapep-
tide insulin (desB**-**) was prepared by tryptic digestion of
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porcine insulin (22). An octapeptide containing the new analog
sequence (B%**) was synthesized by conventional solid phase
synthesis using tert-Butoxycarbonyl (Boc) amino acids
(Applied Biosystems). The peptide was condensed to desocta-
peptide insulin by a trypsin-catalyzed semisynthesis reaction
to form the full-length insulin analog (A'->' B"*), The analogs
were purified by a series of gel permeation and reversed phase
chromatography steps to at least 98% purity as measured by
analytical HPLC. The calculated physical properties for the
analogs are given in Table I. The Asp®'® and desProB® analogs
were constructed by chain combination of recombinant A chain
and the respective synthetic B chain (23).

The purified and lyophilized analogs were dissolved at
10-20 mg/mi in 0.01 M HCI and then diluted into the respective
sedimentation buffer. For the samples run in buffer alone, the
analogs were diluted into a buffer such that the final concentra-
tions were 0.5-3.5 mg/ml analog, 7 mM sodium phosphate
(pH = 7.2), 16 mg/ml glycerol, 50 mM NaCl and 1 mM EDTA.
The final pH was adjusted to pH = 7.2-7.4 with 0.1 N NaOH.
For the samples run in the presence of zinc ion, the protein
was diluted into a buffer such that the final concentrations were
3.5 mg/ml analog (~100 U/ml), 7 mM sodium phosphate
(pH = 7.2), 16 mg/ml glycerol, 50 mM NaCl, and 0.0175 mg/
ml zinc ion (= (.5% wt zinc ion per wt analog or approximately
2.7 molar equivalents of zinc per hexamer). The final pH was
adjusted to pH = 7.2-7.4 with 0.1 N NaOH. Sodium chloride
was included to minimize non-ideality artifacts that occurred
during equilibrium sedimentation performed at high analog con-
centration and low ionic strength (data not shown). For the
samples run in formulation buffer containing zinc ion and pre-
servative, 3.15 wl of m-cresol (final concentration ~ 3.15 mg/
ml m-cresol) were added to 1 ml of a solution containing 3.5
mg/ml analog, 7 mM sodium phosphate (pH = 7.2), 16 mg/
ml glycerol, 50 mM NaCl and 0.0175 mg/mtl zinc ion.

Equilibrium Sedimentation

The association properties of the insulin analogs in the
presence of buffer alone or in the presence of buffer containing
zinc ion but no preservative were characterized by equilibrium
sedimentation using a Beckman XL-A or XL-I analytical ultra-
centrifuge. The samples were loaded into 1.2 ¢cm or 0.3 cm
double sector cells (depending on protein concentration) for an
initial UV absorbance at 276 nm of 0.5-1.0. The experiments
were run at 16,000 rpm (for associating analogs) or 22,000 rpm
(for predominantly monomeric analogs) and 22°C. Equilibrium
was reached in 16-20 hours and was ascertained by a satisfac-
tory overlap of two scans taken 4 h apart. Absorbance was
monitored at 276 nm. The data were collected with Optima
software provided by Beckman. The data were then used to
calculate the relative molecular weight per monomer molecular
weight (MW/MI1) versus analog concentration {mg/ml)
according to the following formula (2): MW = RT /(1 —Vp)o?
* 1/r * 1/C * dC/dr, where MW s the analog weight average
molecular weight, R is the gas constant, T is the absolute
temperature, V is the partial specific volume, p is the solvent
density, ris the radial position and C is the analog concentration.
The calculated extinction coefficients for the analogs are given
in Table I, the partial specific volume was assumed to be the
same as for insulin, 0.73 ml/g (10}, and the solvent density was
measured to be 1.006 g/ml.
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Table I. Calculated Physical Properties of Insulin Analogs

Analog MW (Da) Ext. Coefficient” pl
Human Insulin 5808 1.051 5.51
LysB28ProP? 5808 1.051 5.51
AlaB%® 5782 1.055 5.51
AspBPProb? 5795 1.053 4.54
desLysP* 5679 1.074 493
desPro®** 5711 1.068 5.51
TieB*Proh 5793 1.053 4.93
Pro®% 5777 1.056 493
Pro®2"Thrt?8 5808 1.051 5.51
AspPio 5786 1.055 4.55
DPI (desP?') 5217 0.900 493

¢ Extinction Coefficient at 276 nm for a 1 mg/ml solution in a 1 cm
pathlength cell.

Velocity Sedimentation

The association properties of the insulin analog in buffer
containing zinc or in buffer containing both zinc and preserva-
tive were characterized by velocity sedimentation and moni-
tored by absorbance (for buffer containing zinc) or interference
(for buffer containing zinc and m-cresol) optics in an XL-I
analytical ultracentrifuge. The samples were loaded into 1.2
cm double sector cells with the respective formulation buffer
in the reference sector. Quartz windows were employed for the
absorbance experiments and sapphire windows were used with
the interference optics. The experiments were performed at
50,000 rpm and at 22°C. The data were analyzed by the whole
boundary time derivative method developed by Stafford (24)
and provided with the Beckman Optima software package ver-
sion 3.01 h. The apparent differential sedimentation coefticient
distribution functions, g(s*) versus s*, were calculated from
the time derivative as described by Stafford (25). The reported
apparent sedimentation coefficient, s*, for each analog (Table
IT) represents the peak of this profile as determined using a
computer data reader tool. Similar sedimentation coefficients
were obtained for the samples in the presence of zinc and
m-cresol by manual calculation from photographic plates using
a Beckman Model E uitracentrifuge equipped with Schlieren
optics system (data not shown).

Table I1. Apparent Sedimentation Coefficients, s*, Obtained from the
Peak of the g(s*) Function

Analog plus 0.5% zinc plus zinc and m-cresol
Human insulin 3.0 3.0
LysP2ProB2° ~3.9 heterogeneous 3.0
Alah?® 32 3.1
AspB2PproB? ~2.5 heterogeneous 2.9
desLysP?® 2.9 3.0
desPro®2® 29 3.0
[1eP2#ProB ~2.7 heterogeneous 29
Prob? 2.8 3.0
ProB"ThrB2* 3.0 3.0
AspBl? ~1.2 heterogeneous 1.2; 43
DPI (desP20-3 5.0 34-54
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RESULTS

Several insulin anajogs were studied to evaluate the contri-
bution of the C-terminal region of the insulin B-chain to self-
association and formulation behavior. These alterations focused
around the B27, B28 and B29 positions, because these positions
have been frequently targeted in efforts to design pharmaceuti-
cally useful insulin analogs (9,10). Changes in these residues
can have a dramatic effect on insulin association and pharmaco-
dynamics, while having little effect on receptor binding (26).
The criteria used to select the analogs for this study were:
(1) the analogs were amenable to construction by semisynthetic
techniques; and (ii) the amino acid changes focused on elucidat-
ing the individual contributions of the lysine and proline in
positions B28 and B29. Two other analogs, Asp?'® and despen-
tapeptide insulin (desB2*° or DPI), illustrate different
approaches to reducing insulin association and were included
in this study for comparison. Figure 1 illustrates the analog
B-chain amino acid sequences. Human insulin and LysB*
Pro®¥-insulin served as the controls representing the two com-
mercial standards.

Neutral Buffer Alone

Equilibrium sedimentation was performed in the absence
of zinc and preservative for at least three different analog con-
centrations and the composite of weight average molecular
weight per monomer molecular weight (MW/MI) versus con-
centration is plotted in Figure 2. The analogs exhibited varying
degrees of association in neutral buffer alone. Most of the
analogs are considered “monomeric” in the sense that they
have a significantly reduced tendency to self-associate at low
concentrations (9,10). There are some notable exceptions. The
desLys®** analog, which retains the Pro at position B28, shows
probable dimer formation at low concentrations in a manner
similar to human insulin, but desLys®?? shows less aggregation
at increasing concentrations. Asp®'®, which retains the native
sequence in the dimerization domain, forms soluble dimers
under these conditions but does not form higher order species.
By characterization in neutral buffer alone, these analogs fall

1 234567 89 1011 1213
Humaninsulin F VNQHLCGS H L V E
Lys®®Pro®” FVNQHLCGSHLVE
Al"* FVNQHLCGSHLVE
Asp®®Pro®” FVNQHLCGSHLVE
desLys®? FVNQHLCGSHL VE
desPro®® FVNQHLCGSHL VE
1e®?Pro®*® FVNQHLCGSHL VE
Pro®® FVNQHLCGSHLVE
Pro®”'Thi®* FVNQHLCGSHLVE
Asp™'® FVNQHLCGS@LVE
DPl(des®™ FVNQHLCGSHL VE
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into three categories: (i) those that are soluble and relatively
non-associated at concentrations up to 3—4 mg/ml (LysB?ProB2%,
AspB®ProB?°, ProB?°, 11eB*ProB? and Asp®'®); (ii) those that
are soluble but aggregate (human insulin, desLysP??, desPro®?¥,
Ala®? and Pro®¥Thr®2%); and (iii) those that are insoluble
and precipitate, preventing sedimentation analysis (DPI, data
not shown).

Velocity sedimentation was not performed on these analogs
in the absence of zinc and preservative because the molecular
weight of monomeric insulin (5808 Da) is too low and the
solutions are too heterogeneous for obtaining sedimentation
coefficients under these conditions.

Neutral Buffer Containing Zinc Ion

The association properties of the insulin analogs in the
neutral buffered solution containing 0.5% zinc ion (per wt
analog) were first evaluated by equilibrium sedimentation (Fig-
ure 3). Calculation of the weight average molecular weight
versus concentration (with an initial loading concentration of
3.5 mg/ml) shows a concentration distribution from approxi-
mately 1-5 mg/ml. Only desLysP?? shows evidence of hexamer
formation at lower concentrations in a manner similar to human
insulin. However, unlike LysP**Pro®? which aggregates into
high molecular weight species greater than hexamer in the
presence of zinc, some of the other monomeric insulin analogs
appear to form hexameric complexes at higher concentrations
as the plot of MW/MI1 versus concentration approaches six.

In order to determine whether these analogs were forming
discrete hexamers or a heterogeneous mixture of aggregates,
velocity sedimentation was also performed on the analogs in
the presence of neutral buffered solution containing zinc. Whole
boundary analysis by the time derivative method (24.25) yields
a differential sedimentation coefficient distribution function,
g(s*) versus s*, which gives insight into the association state
and the degree of heterogeneity of these analogs (Figure 4 and
Table II). At 3.5 mg/ml (~100 U/ml) and in the presence of
0.5% zinc ion, several of the analogs (desLys®?, desProB#,
Pro®?’ThrB2%, ProP?°, and Ala®®®) have sedimentation coeffi-

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
LYLVCGERGFFYTPXKT
LYLVCGERGEFFYT|KEP|T
LYLVCGERGEFEFYT[A]KT
LYLVCGERGEFEFYT[DPT
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LYLVCGERGFFYT[KT |
LYLVCGERGEFEFYT[IPT
LYLVCGERGEFEFYTP[P|T
LYLVCGERGEFTFY[PT|KT
LYLVCGERGFFYTPKT
LYLVCGERGEFF ]

Fig. 1. Amino acid sequence of the insulin analog B-chains. The A-chain amino acid sequence is unchanged
from human insulin (not shown). The altered residues are boxed.
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Fig. 2. Equilibrium sedimentation of insulin analogs in neutral buffer. The apparent weight average molecular weight per monomer molecular
weight (MW/M1) is plotted against analog concentration (mg/ml). A composite of at least three different loading concentrations is shown

for each analog.

cients similar to human insulin (2.9-3.1 S) which forms soluble
hexamers (19,20). The visible shoulder on the left side of some
of these curves (Pro®2°, desProP?®, AlaB?%} indicates some heter-
ogeneity and suggests the presence of species smaller than
hexamers, and the right shoulder on Ala®®® suggests the pres-
ence of higher molecutar weight species larger than hexamers.
LysP*®ProP*? is highly heterogeneous and exhibits aggregates
larger than hexamers under these conditions, while AspB2*Pro?*
and TeB*ProB*, also heterogeneous under these conditions,
tend toward lower molecular weight species smaller than hex-
amers. The Asp®'® analog appears predominantly dimeric (Fig-
ure 3) and does not form higher associated species under these
conditions, since it is unable to coordinate zinc through the
histidine residue normally found at position B10. DPI was
highly aggregated with one discernible sedimentation coeffi-
cient around 5.0 and a significant shoulder of low molecular
weight species. DPI precipitated at higher concentrations
(> 4 mg/ml).

Neutral Buffer Containing Zinc Ion and m-Cresol

The association properties of the analogs in the presence
of both zinc ion and the phenolic preservative m-cresol were
measured by velocity sedimentation using interference optics.
The equilibrium properties of the analogs under these conditions
were not assessed since the presence of m-cresol prevented the
use of the absorbance optics and thus prevented calculation

of MW/MI versus concentration. The apparent sedimentation
coefficients, s*, are listed in Table II and are reported as the
peak of the sedimentation coefficient distribution function, g(s*)
vs. s* (Figure 5). All of the analogs characterized with alter-
ations in the B27-B29 were soluble and had sedimentation
coefficients similar to human insulin (2.9-3.1 §). The analogs
typically showed less heterogeneity in the presence of zinc and
m-cresol than in the presence of zinc but no m-cresol.

The Asp®!® analog forms stable dimers, but is unable to
form zinc-coordinated hexamers because it lacks the histidine
side chain required for zinc binding which is normally found
in position B10 (Figure 4). Nevertheless, the association proper-
ties of Asp®!” change dramatically in the presence of zinc and
m-cresol (Figure 5). At least two sedimentation peaks can be
observed in the g(s*) vs. s* functions with s¥ = 1.2 and
s¥ = 4.3. We also characterized the effect of zinc and preserva-
tive on the association of the truncated despentapeptide insulin
(DPI). DPI has a very broad, heterogeneous peak. However, it
is interesting to note that the overall solubility of DPI is
improved in the presence of m-cresol (data not shown).

DISCUSSION

Over the past decade a number of insulin analogs with
reduced self-association properties have been constructed in an
effort to create an insulin therapy with a faster onset of action
and more rapid clearance than regular human insulin. The com-
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Fig. 3. Equilibrium sedimentation of insulin analogs in neutral buffer containing 0.5% per weight zinc ion. The axes are as in Figure
2. A single loading concentration of 3.5 mg/ml analog is presented.

mercial availability of one such analog (Lys®**ProB*-insulin)
and the clinical testing of other analogs (i.e. Asp®** and AspB!®
insulin) (11,12) are testimony to the success of this approach.
A look back at development of LysB**ProB*-insulin, which was
formulated as a stable hexamer yet maintained the rapid-action
of a monomeric insulin preparation, underscores the importance
of coordinating protein design and formulation development in
the production of protein pharmaceuticals. However, few other
monomeric insulin analogs have undergone the rigorous bio-
physical and structural characterization of LysP**ProB*-insulin
(18-20), and rarely has a whole series of analogs been systemati-
cally characterized under the same formulation conditions.
The self-association and formulation behavior of both
human insulin and Lys®?Pro®*-insulin have been extensively
characterized by a wide range of biophysical techniques in
addition to analytical ultracentrifugation. These techniques
include light scattering (19,27), spectroscopy (20), circular
dichroism (10,19), and X-ray crystallography (3,18). Human
insulin and LysB**Pro®-insulin are therefore two well-charac-
terized systems which provide a context for interpreting the
analytical ultracentrifuge data presented in the current study.
For example, a sedimentation coefficient of approximately 3.0
S corresponds to the insulin hexameric species as previously
determined by light scattering in conjunction with analytical
ultracentrifugation (19). For the following discussion, we con-
sider it reasonable to assume that other insulin analogs with
sedimentation coefficients in this range also exist as hexamers.

In the presence of neutral buffered phosphate containing
glycerol and sodium chloride, and in the absence of zinc or
phenolic preservative, the insulin analogs showed a wide range
of solubility and self-association behavior. Of the analogs stud-
ied, only Asp®'® and desLys®*? appeared to retain a propensity
to form dimers at concentrations similar to human insulin (lower
limit of our presented experiments using absorbance optics was
approximately 0.3 mg/ml). Asp®'® has been previously shown
to form stable dimers but loses the ability to coordinate zinc
through the His?'® residue and thus cannot form zinc-coordi-
nated hexamers (9). Asp®'? serves as a control to test our ability
to distinguish between monomer and dimer in this assay. The
ability of desLys®%°, in which the B29 lysine is removed and
the B30 threonine is effectively moved to position B29, to self-
associate is consistent with an earlier study where desB2-%
insulin was shown to retain its self-association properties (10).
Together these findings indicate that residues B29 and B30 can
be removed without affecting insulin self-association. On the
other hand, desPro®®, in which the B28 proline is removed
resulting in a shift to LysP*Thr???, shows reduced self-associa-
tion in the absence of zinc and preservative. The properties of
desPro®® are consistent with those of des®>*° (10), which also
exhibits disrupted self-association, and underscore the impor-
tance of the proline at position B28 in normal insulin
dimerization.

Further evidence of the importance of the B28 proline
comes from studying the XaaP**ProB® insulin analogs. The



Monomeric Insulin Analog Association 1439
Human Insulin B28 B10
desLys®® desPro 2 Asp
0.8 1.5
woe m 0 5 06 % 1
cn B 0.4
0.5
0.2
0 b 0+ e
2345678 12345678 012345678 012345678
s* (Svedberg) s* (Svedberg) s* (Svedberg) s* (Svedberg)
Lys®®Pro®® Asp®®pro®? 11e%%®pro®2® 06 7 DP}
0.4 08 08 05
0.6 A0.4
~02 - 203
s ® 04 =3
@01 o 0.2
0.2 0.1
0+t ————+ 0 0
01234567839 12345678 012345678 012345678
8* (Svedberg) s* (Svedberg) L 8* (Svedberg) s* (Svedberg)
Ala®?® 1 Pro®'The82 o828
08 os{
: 0.6
0.6 ~06 % on
(J
©0.4 2
6 o 04 o
0.2 0.2
0 b
012345678 012345678 2345678
s* (Svedberg) s* (Svedberg) s* (Svedberg)

Fig. 4. Velocity sedimentation of insulin analogs in neutral buffer containing 0.5% per weight zinc ion. The sedimentation coefficient
distribution function. g(s*) versus s*. is shown. The loading concentration was 3.5 mg/m! analog.

XaaP?*Pro®?’ series of analogs, in which a proline is introduced
at position B29 and the residue in position B28 is varied,
are particularly disrupted in their ability to dimerize and self-
associate in the absence of zinc and preservative. Here we
compared the effects of positive charge (Lys®**Pro®), negative
charge (Asp®?*Pro®#), and a hydrophobic residue (1le®**Pro®%).
Regardless of the nature of the amino acid at position B28, no
significant self-association was detected in the absence of zinc
and preservative when the proline residue was introduced at
B29. Furthermore, these three analogs showed little tendency
toward specific, zinc-coordinated hexamer formation in the
absence of preservative. Interestingly, the single amino acid
substitution ProB?® and the inversion Pro®?’Thr®2%, while still
disrupted in dimer formation in the absence of zinc, showed
greater tendency toward hexamer formation in the presence of
zinc, although in the case of Pro2® a significant shoulder of
low molecular weight species was also present. Removing the
proline from position B28 in addition to introducing a proline
at position B29 has the greatest effect on disrupting insulin
self-association. Introducing the proline at position B27 appears
less disruptive.

Although the Lys®>*ProB?” rapid-acting insulin analog does
not form a homogeneous population of soluble hexamers in the
presence of zinc without preservative (19,20), several of the
analogs in the current study (desLys®*, desPro®2%, ProB2’ThrB28,
Pro®%, and Ala®*®) appear to form zinc-coordinated hexameric
complexes, as deduced from their apparent sedimentation coef-

ficients of s* = 2.9-3.1 § and homogeneity of the g(s*) distribu-
tion function in the absence of preservative.

All of the analogs with changes in the B27-B29 region,
including the highly disrupted Xaa®**ProB*® analogs, formed
soluble complexes with sedimentation coefficients similar to
human insulin in the presence of zinc and m-cresol. Plots of
the g(s*) versus s* function indicate that the addition of m-cresol
reduces the overall heterogeneity observed in the presence of
zinc but without preservative (compare Figure 4 and Figure 5).
Therefore, m-cresol appears to stabilize all hexameric insulin
analog complexes.

For the purpose of this study, we explored the effects of
only one phenolic preservative, m-cresol, on hexamer forma-
tion. Both phenol and m-cresol have been shown to induce
hexamer formation in Lys®*®ProB>-insulin (19), and LysP?*
Pro®?? has been shown to exhibit the same order of phenolic
ligand binding affinities as human insulin, resorcinol >>> phe-
nol >m-cresol (20). 1t is reasonable to suggest that other preser-
vatives would also stabilize hexamer formation for the above
monomeric insulin analogs, although relative binding affinities
remain to be measured.

The Asp®? analog exhibited some unusual association
behavior under the tested formulation conditions. AspP'® was
primarily dimeric in neutral buffer alone or in neutral buffer
containing zinc ion. However, with the addition of m-cresol as
well as zinc, two sedimentation coefficients could be resolved.
The lower value, s* = 1.2, likely represents the dimer, whereas
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Fig. 5. Velocity sedimentation of insulin analogs in neutral buffer containing 0.5% per weight zinc ion and 3.15 mg/ml m-cresol. The
sedimentation coefficient distribution function, g(s*) versus s*, is shown. The loading concentration was 3.5 mg/ml analog.

the higher sedimentation coefficient, s* = 4.3 may represent
the AspB'® dodecamer observed in the crystal structure (28).
Although the final crystal structure has not been published, the
AspB!? dodecamer is proposed to be held together by zinc ions
coordinated through the His®? residue (28). The addition of m-
cresol in the absence of zinc did not induce formation of the
higher molecular weight species (data not shown).

Pharmaceutical Implications

An obvious question to raise when evaluating the formula-
tion characteristics of protein analogs is: how do formulation
characteristics correlate with in vivo activity? Unfortunately,
for practical reasons, only a handful of insulin analogs have
been tested in complex animal models or human trials. Never-
theless, a few observations can be made. Decreased self-associa-
tion has been accompanied by a more rapid time action profile,
and a correlation between the degree of self-association and
time-action has been demonstrated (11). Data are not available
to determine whether there is a sufticient difference in the self-
association properties of the B27-B29 insulin analogs charac-
terized in this study to result in a measurable difference in in
vivo time-action within this series of analogs. With the exception
of desLys®?, we would predict all of the included analogs to
be faster acting than human insulin.

In addition to the development of improved rapid-acting
insulin therapies, an important application of characterizing the
formulation characteristics of a wide range of insulin analogs
is toward the development of improved insulin delivery systems.

Significant effort is underway to improve and develop alterna-
tive delivery devices in order to meet the needs of an increasing
population of diabetic patients (29). Current efforts include
the development of transdermal delivery systems (which are
accompanied by molecular size and charge limitations), oral
formulations, nasal or bronchial administration, as well as
improved constant delivery devices. Each new technology will
require specially formulated insulin preparations that optimize
delivery and availability, minimize interactions with device
surfaces, and meet the usual requirements of long-term chemical
and physical stability. Understanding the self-association prop-
erties of a variety of insulin analogs in the presence of important
excipients is the first step toward developing new insulin ana-
logs for improved therapies.
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