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ABSTRACT: Conjointly, the solvent-exposed residues of the central o-helix of the B chain form a well-
defined ridge, which is flanked and partly overlapped by the two described insulin receptor binding surfaces
on either side of the insulin molecule. To evaluate the importance of this interface in insulin receptor
binding, we developed a new powerful method that allows us to introduce all the naturally occurring
amino acids into a given position and subsequently determine the receptor binding affinities of the resulting
insulin analogues. The total amino acid scanning mutagenesis was performed at positions B9, B10, B12,
B13, B16, and B17, and the vast majority of the insulin analogue precursors were expressed and secreted
in amounts close to that of the wild-type (human insulin) precursor. The analogue binding data revealed
that positions B12 and B16 were the two positions most affected by the amino acid substitutions.
Interestingly, the receptor binding affinities of the B13 analogues were also markedly affected by the
amino acid substitutions, suggesting that GluB13 indeed is a part of insulin’s binding surface. The B10
library screen generated analogues covering a wide range of (20-340%) of relative binding affinities, and
the results indicated that a structural stabilization of the central o-helix and thereby a more rigid presentation
of the binding epitope at the insulin receptor is important for receptor recognition. In conclusion, systematic
amino acid scanning mutagenesis allowed us to confirm the importance of the B chain a-helix as a central
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Importance of the Solvent-Exposed Residues of the Insulin B Chain o-Helix for

recognition element serving as a linker of a continual binding surface.

Insulin is a small globular protein consisting of an A chain
of 21 amino acids and a B chain of 30 amino acids. The
two chains are covalently linked by disulfide bridges directing
the A chain to be positioned with its two a-helices resting
on the central a-helix of the B chain (/). Insulin elicits its
biological response through the insulin receptor (IR),' a
covalent dimer consisting of two extracellular a-subunits and
two transmembrane f-subunits and found in two isoforms,
which differ in the absence [A-isoform (IR-A)] or presence
[B-isoform (IR-B)] of a 12-amino acid sequence at the
C-terminal end of the insulin-binding o-subunit. The two
isoforms are generated as a result of alternative splicing of
the insulin receptor gene; however, the exact physiological
significance of this phenomenon, which is tissue-specific,
remains incompletely understood (2). Even though the
molecular structures of insulin and its receptor have been
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subjected to elaborate investigations for many years (3-9)
and the crystal structure of the IR ectodomain recently has
been determined (/0), a detailed structure of the insulin—
receptor complex has not yet been obtained. Consequently,
the exact mechanism of insulin binding and mapping of the
entire insulin binding surface involved herein remain to be
fully elucidated.

Nevertheless, analysis of receptor binding properties and
structures of insulin analogues and comparisons of sequences
and binding properties of insulin from different animal
species (4, 6, 11-13) have resulted in the consensus being
that the so-called “classical binding surface” is made up of
residues Al, A5, A19, A21, B12, B16, and B23—B26, which
partly overlap with the dimer-forming surface, together with
nonsurface residues A2 and A3 (/4, 15) believed to be
exposed upon receptor binding (/6-22) (see Figure 1b). On
the basis of studies of insulin analogues with aberrant binding
properties similar to those of hagfish (23, 24) and hystrico-
morph insulin (25, 26), a second binding surface comprising
residues Al13 and B17 located in the hexamer-forming
surface on the opposite side of the molecule was later
proposed (27, 28). The existence of a second binding surface
allowing insulin to contact both monomers in the IR dimer
provides a plausible explanation for the negative cooperat-
ivity and curvilinear Scathard plots observed in IR binding
studies (29) and is supported in a model based on the newly
determined structure of the IR ectodomain (30, 31).

The two currently described binding surfaces on either side
of the molecule are separated by the central o-helix of the
B chain. The solvent-exposed residues of the a-helix
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FIGURE 1: Structure of the insulin molecule. (a) Ribbon representa-
tion of insulin in which the side chains of the solvent-exposed
residues (B9, green; B10, blue; B12, purple; B13, red; B16, brown;
B17, yellow) on the central a-helix of the B chain are highlighted.
(b) Surface representation of insulin, in which residues of the two
currently described binding surfaces are highlighted. Residues of
the classical binding surface are colored orange (A1—A3, A5, A19,
A21, B12, B16, and B23—B26), while residues of the second
putative binding surface are colored pink (A13 and B17). (c) Surface
representation of insulin with the continual binding surface
(A1—A3, A5, A19, A21, B12, B13, B16, and B23—B26) colored
light blue. Orientations of the molecules are identical in all three
panels. Coordinates for the structure of insulin in the T conformation
(Protein Data Bank entry 1MSO) (64) were obtained from the
Protein Data Bank and visualized using PyMOL (65).

comprising SerB9, HisB10, ValB12, GluB13, TyrB16, and
LeuB17 form a well-defined surface on the insulin molecule,
which borders and partially overlaps the two binding surfaces
(see Figure 1) and was therefore hypothesized to play a
principal role in receptor binding. To evaluate this hypothesis,
we have developed a new powerful method that facilitates
total amino acid scanning mutagenesis on the different
positions of the insulin molecule.

A number of analogues with mutations in the solvent-
exposed residues on the central a-helix of the B chain have
previously been reported (13, 32—35). However, in this study,
a more comprehensive structure—function analysis was
undertaken by systematically introducing the 20 naturally
occurring amino acids at each of the solvent-exposed
positions of insulin’s central a-helix. All the insulin ana-
logues were individually evaluated in terms of IR affinity,
and the results underline the importance of residues ValB12,
GluB13, and TyrB16 in insulin—receptor interactions.

EXPERIMENTAL PROCEDURES

Miscellaneous. Human insulin, ['>I]TyrA14-labeled in-
sulin, and immobilized Achromobacter lyticus protease
(ALP) were from Novo Nordisk A/S. Binding assays were
performed using IR-specific monoclonal mouse antibody
83-7 (36) licensed from K. Siddle (University of Cambridge,
Cambridge, U.K.) and solubilized human IR (holoreceptor)
semipurified by WGA purification (according to the method
from ref 37) from baby hamster kidney (BHK) cells, which
were stably transfected with the pZem vector containing
either the human IR-A or IR-B insert (38). Chemicals used
were of analytical grade or higher from Sigma-Aldrich.

Total Amino Acid Scanning Mutagenesis. (i) Vector
Construction and Precursor Expression in Yeast. Materials,
strains, general molecular biology techniques, and the yeast
expression system were as previously published unless
otherwise mentioned (13, 39, 40). Mutations were inserted
into the sequence encoding the insulin precursor by overlap
extension PCR (47) using appropriate primers with mixed
oligonucleotides in the desired codons. The insulin precursors
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were expressed as proinsulin-like fusion proteins, with an
Ala-Ala-Lys mini C-peptide (42) in Saccharomyces cerevi-
siae strain MT663, and transformed and selected as previ-
ously described (/3). Insulin precursor fermentation yields
were quantified by reverse-phase high-performance liquid
chromatography (RP-HPLC) using human insulin as an
external standard.

(ii) Enzymatic Conversion of Insulin Precursors. The
single-chain precursors were enzymatically converted into
two-chain desB30? analogues using the lysine-specific A.
Iyticus endoprotease, which causes an approximate 35%
decrease in analogue concentration that can be attributed to
dilution as well as removal of the extension and the mini
C-peptide. Clarified supernatants containing the insulin
precursors were treated with ALP immobilized on Sepharose
at pH 8 (/3). The matrix-bound protease was removed by
centrifugation. Concentrations of the desB30 insulin ana-
logues were determined by RP-HPLC using human insulin
as an external standard. The efficiency of the conversion of
the insulin precursors into the corresponding desB30 insulin
analogues was readily evaluated given that the removal of
the extension and mini C-peptide has a significant impact
on the retention time of the molecule in analytical RP-HPLC.
All amino acid substitutions and full conversion of the
precursors were confirmed by matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry
(MS).

(iii) Insulin Receptor Binding Assay. Competition binding
assays were conducted on an Eppendorf epMotion 5075 robot
in 96-well plates (polystyrene Optiplate-96, PerkinElmer).
Assays were initiated by making dilution series (eight
dilutions, 5-fold each, first dilution 43-fold) of the yeast
supernatant containing the insulin analogue (n = 4 on each
plate) and human insulin (n = 4 on each plate) in binding
buffer followed by addition of a premixed mixture of
scintillation proximity assay (SPA) beads (SPA PVT Antibody-
Binding Beads, Anti-Mouse Reagent, GE Healthcare) resus-
pended in binding buffer, anti-IR mouse antibody (83-7),
solubilized human IR (IR-A or IR-B), and ['*I]TyrA14-labeled
insulin. The final concentration of ['>I]TyrA14-labeled insulin
was 7.5 pM, and the buffer consisted of 100 mM HEPES (pH
7.8), 100 mM NaCl, 10 mM MgSOs, 0.025% (v/v) Tween 20,
and 0.5% (w/v) BSA (A-7888). Plates were incubated with
gentle shaking for 24 h at room temperature, centrifuged,
and counted in a TopCounter (PerkinElmer) for 3 min/well.
The percentage of tracer bound in the absence of competing
ligand was less than 15% in all assays, to prevent ligand-
depletion artifacts. A wild-type insulin precursor converted
to two-chain desB30 human insulin in yeast supernatant was
included as an internal control for each library analysis that
was performed. None of the analogues containing Lys or
Cys substitutions were included in the SPA due to probable
ALP cleavage in the conversion step or potential disulfide
mispairing, respectively. Data from the SPA were analyzed
according to the four-parameter logistic model (43) assuming
constant slope, basal, and maximal response. The affinities
(picomolar affinity range) of the analogues are expressed
relative to that of human insulin [ICsy(insulin)/ICsp(analogue)
x 100%] measured within the same plate.

2 Insulin lacking the amino acid at position B30.
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(iv) Purification of Selected Analogues. To validate the
use of insulin analogues directly in the yeast supernatant in
the SPA, a selection of analogue strains was fermented to
yield between 0.9 and 3.4 L of fermentation culture. The
secreted analogue precursors (B10R, BION, B10Q, BIOE,
B10H, B10I, B10F, B10W, and B10V) were enzymatically
cleaved into two-chain insulin analogues and purified ac-
cording to the standard procedure (42). Briefly, the insulin
precursor was captured from cell-free acidified culture
supernatant on a cation exchange column. The eluted
precursor was processed by immobilized ALP and further
purified by preparative RP-HPLC, from which the main
protein peak was collected and lyophilized. Full conversion
to the two-chain desB30 analogue was verified by MALDI-
TOF MS, and the purity was measured by RP-HPLC at both
acidic and neutral pH.

RESULTS

Analogue Construction and Expression in Yeast. Con-
jointly, the solvent-exposed residues of the central a-helix
of the B chain form a protruding ridge, which partly
converges with the two flanking binding surfaces of insulin.
Given its location, we decided to address the importance of
this interface in IR binding. We developed a new powerful
method, which enabled us to introduce all the naturally
occurring amino acids at positions B9, B10, B12, B13, B16,
and B17 and subsequently evaluate the receptor binding
affinities of the 120 resulting insulin analogues (including
the six desB30 human insulin internal controls).

The insulin precursors were individually expressed in S.
cerevisiae and fermented in 5 mL cultures, and the yield of
the secreted precursor was determined by RP-HPLC. The
vast majority of the insulin analogue precursors were
expressed in amounts close to that of the wild-type precursor,
and in fact, 30% of the analogues were expressed and
secreted in amounts exceeding that of the wild-type precur-
sor, indicating correct processing and folding of the precur-
sors in the yeast cell (44). The highest expression levels were
obtained in the B9 library, while amino acid substitutions in
the B12 position had the most deleterious effects on
expression yields, suggesting that the substitutions at B12
induce structural changes affecting efficient precursor folding.
As expected, most of the precursors containing Cys and Pro
substitutions were poorly expressed or expressed in undetect-
able amounts, and except for these two substitutions, only
four precursors in which the invariant ValB12 residue was
replaced with either Asn, Gly, His, or Ser were expressed
in amounts that were less than 5% of that of the wild-type
precursor. In the remaining libraries, the lowest expression
yields were between 20 and 42% compared to that of the
wild-type precursor.

Insulin Receptor Binding. Following enzymatic conver-
sion, the receptor affinities of the two-chain desB30 insulin
analogues were determined by SPA in 96-well formats using
human IRs purified from BHK cells (see Table 1 and Figures
2 and 3). For each analogue, assays were performed on both
the A- and B-isoforms of the IR, the two serving as duplicate
assays since the correlations between the relative affinities
determined on the two receptor isoforms were very high for
all six analogue libraries. To verify the reproducibility of
the assay, 10 of the analogues in yeast supernatant were
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further tested in at least three independent experiments on
both isoforms of the IR and the average relative binding
potencies with standard deviations are listed in Table 1. For
these 10 analogues, the differences between the average
relative binding potencies determined on either receptor
isoform were not found to be statistically significant, while
the small differences between the IR-A and IR-B binding
potencies for the analogues tested once most likely were
attributable to assay variation.

The binding experiments were conducted on an Eppendorf
robot allowing consistent and expeditious determination of
receptor binding affinities for a large number of analogues.
For each plate, a purified insulin standard and one insulin
analogue were applied and displacement of !*I-labeled
insulin was assessed. The resulting average relative binding
affinities of the internal desB30 insulin controls were 98 and
4% when tested on either isoform of the IR (n = 10 and n
= O for the A- and B-isoforms, respectively), thus validating
the use of insulin analogues directly in supernatant for the
competitive binding experiments. Examples of competition
binding curves are given in Figure 2.

To further affirm the validity of using insulin analogues
directly in yeast supernatant in the IR binding experiments,
a selection of 10 S. cerevisiae strains was fermented and
the secreted insulin analogue precursors were enzymatically
cleaved and purified (97.2-99.9% pure). The relative binding
affinities of these purified analogues were subsequently
measured in the SPA in at least three independent experi-
ments on both isoforms of the IR, and a strong correlation
(R* = 0.97) between the relative affinities measured on
purified analogues and analogues in yeast supernatant was
observed (see Figure 4).

The systematic amino acid scanning mutagenesis identified
position B13 to be markedly affected by the introduced
amino acid substitutions. Only the conservative substitution
of B13Glu with Asp or replacement of Glu with Trp resulted
in analogues with almost fully retained receptor affinities,
while 2-fold? reductions in receptor affinities were observed
for B13I and B13M. The residual B13 analogues exhibited
more pronounced decreases in the level of receptor binding.
In fact, amino acid substitution of GluB13 had a greater
impact on receptor binding affinities than the mutations at
LeuB17. LeuB17 is featured in the second putative binding
site of the insulin molecule; however, this position was
surprisingly mildly affected by the introduced amino acid
substitutions. Analogues B17M, B17F, and B17W exhibited
almost fully preserved binding affinities, while all the
remaining analogues except B17R (6-fold reduction) merely
displayed 2-3-fold reductions in binding affinities.

Interestingly, the amino acid substitutions at position B10
generated analogues covering a wide range (20-340%) of
relative binding affinities. As expected from earlier studies
(32, 45), both of the negatively charged substitutions to either
Asp or Glu led to an approximate 3-fold increase in IR
affinity, while analogues B10Q, B10I, BIOM, and B10F
exhibited a more moderate increase in binding affinities.
Surprisingly, B10 was the only position in which the
introduced amino acid substitutions resulted in analogues
with significantly increased receptor affinities.

3 The relative binding affinities mentioned in the text are averages
of the relative binding affinites measured on IR-A and IR-B.
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Table 1: Insulin Analogue Receptor Binding Data (% of human insulin)®

A-isoform B-isoform A-isoform B-isoform

insulin analogue of the IR of the IR insulin analogue of the IR of the IR
B9 A 51 61 B13 A 18 14
B9 R 24 28 B13 R 8 9
B9 N 21 23 B13 N 29 28
B9 D 8 12 B13 D 88 91
B9 Q 17 18 B13 Q 18 17
B9 E 13 16 B13 E 101 95
B9 G 53 52 B13 G 16 15
B9 H 41 52 B13 H 26 27
B9 I 9 10 B13 1 47 56
B9 L 9 9 B13 L 19 26
B9 M 21 23 B13 M 43 49
B9 F 99 106 B13 F 20 20
B9 P 39 35 B13 P NE” NE*
B9 S 98 94 B13 S 15 19
B9 T 31 27 B13 T 24 23
B9 w 105 112 B13 w 94 94
B9 Y 83 74 B13 Y 35 31
B9 \Y% 15 14 B13 v 38 43
B10 A 39+4 44 +4 B16 A 30 32
B10 R 18+4 21+1 B16 R 7 8
B10 N 76 64 B16 N 15 14
B10 D 270 + 37 275+ 6 B16 D 4 4
B10 Q 121 +4 120+ 5 B16 Q 9 10
B10 E 340 + 26 339+ 8 B16 E 4 4
B10 G 37 36 B16 G 4 5
B10 H 101 £5 9 +6 B16 H 20 25
B10 1 140 + 40 140 + 36 Bl16 1 22 23
B10 L 96 90 Bl16 L 24 30
B10 M 158 145 B16 M 15 13
B10 F 134+6 133+ 4 B16 F 84 95
B10 P 76 76 B16 P NE” NE”
B10 S 44 40 B16 S 9 10
B10 T 42 41 B16 T 2 2
B10 w 89 £ 13 91+3 B16 w 92 100
B10 Y 69 51 B16 Y 97 96
B10 \% 81 +£8 95+ 11 B16 \% 24 25
B12 A 1 2 B17 A 33 36
B12 R <0.1 <0.1 B17 R 15 16
B12 N <0.1 <0.1 B17 N 24 24
B12 D <0.1 <0.1 B17 D 29 33
B12 Q <0.1 <0.1 B17 Q 25 28
B12 E <0.1 <0.1 B17 E 30 30
B12 G <0.1 0.3 B17 G 25 25
B12 H 0.2 0.2 B17 H 33 30
B12 1 16 17 B17 1 47 52
B12 L 4 5 B17 L 92 96
B12 M 3 4 B17 M 86 98
B12 F 0.2 0.3 B17 F 74 73
B12 P 4 5 B17 P NE” NE*
B12 S 0.5 0.6 B17 S 34 36
B12 T 6 8 B17 T 39 32
B12 w <0.1 <0.1 B17 w 86 94
B12 Y <0.1 <0.1 B17 Y 45 37
B12 \Y% 97 100 B17 \% 42 38

“ For analogues tested in at least three independent experiments, averages of the relative binding potencies =+ the standard deviation are presented.

 Not expressed in S. cerevisiae.

The importance of positions B12 and B16 in IR binding
was confirmed by the amino acid scanning mutagenesis. Both
positions are part of the classical binding surface and were
also the two positions which were most affected by amino
acid substitutions with regard to receptor binding. Replace-
ment of the invariant valine residue in position B12 was the
most disruptive of binding. In this insulin analogue library,
B12I was the analogue with the highest expression yield
(74% of that of the wild type) and at the same time the
analogue displaying the highest relative binding affinity
(17%). The rest of the amino acid substitutions at B12 were
even more disruptive with respect to binding, and only the
four analogues B12L (4%), B12M (4%), B12P (4%), and

B12T (7%) exhibited relative binding affinities of >1%
compared to human insulin.

In human insulin, position B16 is occupied by a tyrosine
residue and only conservative amino acid substitutions to
either Phe or Trp were well tolerated and resulted in binding
potencies close to that of insulin. Substitution with some of
the smaller hydrophobic amino acids such as Ala, Ile, Leu,
and Val but also His caused a moderate 3—4-fold reduction
in binding affinity, whereas the remaining amino acid
substitutions at this position had a much greater impact on
receptor binding. The most affected analogue in the B16
library was analogue B16T, which retained only 2% of the
binding affinity of human insulin. Less detrimental reductions
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FIGURE 2: Competition curves for displacement of '?’I-labeled
insulin by insulin and insulin analogues from the IR. The graphs
are representatives of competition curves obtained from the SPA
with soluble IR-A as described in Experimental Procedures. The
amount of bound *I-labeled insulin as a percentage of bound '?°1-
labeled insulin in the absence of an unlabeled insulin analogue is
plotted against the concentration of unlabeled insulin analogue. Each
assay point on the graphs is the mean =+ the standard deviation of
four measurements within one assay (n = 1). The *I-labeled insulin
was displaced with purified human insulin (¥) or insulin analogues
(unpurified) B9I (a), BI1OE (v), B12 (#), BI3M (W), and B17G
(@) expressed in yeast supernatant and converted by ALP treatment.

in binding affinities were observed when TyrB16 was
replaced with Asn or Gln, which resulted in 7- and 11-fold
reductions, respectively. However, exchanging the amide
groups of B16N and B16Q with carboxylate groups prompted
25-fold reductions in binding affinities for both the B16D
and B16E analogues.

The B9 position at the N-terminus of the central a-helix
was less significantly affected by the amino acid substitu-
tions. Analogues with both small hydrophilic and large
hydrophobic side chains were able to make adequate contacts
with the IR. Especially mutations to the aromatic amino acids
were very tolerated well with respect to binding, while
analogues B9A, B9G, B9H, B9P, and BIT exhibited only
2-3-fold reductions in binding affinity compared to human
insulin. The rest of the substitutions were more disruptive
of binding (up to 11-fold reductions).

DISCUSSION

This study has focused on the importance of the solvent-
exposed residues of the central o-helix of the B chain in IR
binding. Jointly, these six residues form a well-defined ridge
partly overlapping the two currently described binding
surfaces on either side of the helix. The screening of a large
number of insulin analogues was rendered possible by
employing an approach in which the IR affinity of the
analogues was reliably assessed directly in yeast supernatant
without purification. The total amino acid scanning mu-
tagenesis was made practicable using yeast secretory expres-
sion, semiautomation, and SPA technology and enabled
identification of structural requirements of different amino
acid side chains for IR binding. In total, 120 insulin analogue
precursors were expressed in yeast and converted to desB30
insulin analogues by ALP treatment. The receptor binding
potencies of the analogues for the A- and B-isoforms of the
receptor were determined by use of purified IRs immobilized
on SPA beads.
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The acquired binding data confirm the importance of the
B chain o-helix of insulin in receptor binding. By using
human IM9 lymphocytes to evaluate the binding properties
of a BI3A analogue, GluB 13 which is featured in the dimer-
forming surface of insulin has recently been proposed to be
part of the second putative binding surface (46). The results
obtained in this study employing total amino acid scanning
mutagenesis also suggested that B13 does take part in
insulin—receptor interactions. In fact, amino acid substitu-
tions at this position affected the relative binding affinity of
the corresponding analogues more severely than substitutions
at position B17. The involvement of GluB13 in receptor
binding is also plausible given that GluB13 is situated
between ValB12 and TyrB16, shown to be very important
for receptor binding. Not surprisingly, the IR binding affinity
was almost unaffected by the conservative Asp mutation.
Interestingly though, the B13W analogue was able to bind
to the IR with nearly the same affinity as human insulin.
Within proteins and in protein—protein interactions, the side
chains of aromatic amino acids such as Phe, Tyr, and Trp
are able to make favorable cation—u interactions with the
positively charged side chains of both Arg and Lys. Among
the aromatics, Trp is evidently the most likely to be involved
in a cation—ur interaction and preferably with an Arg residue
(47). Since cation— interactions have been shown to play
an important role in intermolecular recognition at protein—
protein interfaces (47, 48) and since both the negatively
charged Asp and the aromatic Trp residues inserted at B13
were tolerated well with regard to binding, it is therefore
tempting to speculate that GluB13 makes favorable interac-
tions with a positively charged residue(s) on the IR. Such
interactions would be in good agreement with the insulin
binding model of Lou et al. (30) in which GluB13 is able
form favorable interactions with Argl18, GIn34, and Arg65
on the IR L1-binding surface.

In the S-cell, HisB10 plays an important role in hexamer
formation by the coordination of zinc (49) and functions in
processing and transport of the insulin molecule through the
secretory pathway (50). However, as one can see from Figure
3, a histidine residue is not required for IR binding; in fact,
a diverse array of amino acid side chains are allowed in this
position. A number of B10 analogues have previously been
reported (32, 45, 51, 52), including B10K, which retained
17% binding affinity. In this study, the B10K analogue was
not included in the receptor assays due to probable cleavage
at this position by the use of lysine-specific ALP in the
precursor conversion step. Here, substitution with another
positively charged amino acid, Arg, resulted in a similar
5-fold reduction in the level of receptor binding, which in
fact was the most pronounced decrease in binding affinity
observed in the B10 library. Inversely, analogues B10D and
B10E carrying negatively charged amino acid side chain
substitutions exhibited very high relative binding affinities
of 273 and 340%, respectively, which are in good agreement
with previous findings (32, 45). Analyses of o-helices from
protein structures have previously shown that Asp and Glu
located at the N-terminus are able to stabilize the a-helical
structure by N-terminal capping (53-55), and introduction
of either of the two amino acids at position B10 of insulin
has in fact been shown to cause a substantial enhancement
of both the folding stability and the biological activity of
the molecule (32). Conversely, the positively charged side
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FIGURE 3: Overview of insulin analogue receptor binding data. All the data represent IR affinities relative to that of human insulin determined
by competition experiments using SPA technology (see Table 1). The relative binding affinities are plotted as a function of the amino acid
substitutions in the given positions. For each position, the dark-colored bars represent binding data obtained on IR-A, whereas the light-
colored bars represent binding data obtained on IR-B. For each library, the amino acid representing the internal desB30 human insulin
control is printed in red and the gray dotted line represents 100% binding affinity compared to that of human insulin. Relative binding
affinities are calculated as the ratio of analogue to human insulin required to displace 50% of the specifically bound !>’I-labeled insulin.
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FIGURE 4: Correlation between the relative binding affinities
measured on the insulin analogues (B10R, B1ON, B10Q, B10E,
B10H, B10I, B10F, B10W, and B10V) in yeast supernatant and
the corresponding insulin analogues in purified form.

chains of the Arg and Lys residues at B10 might form
unfavorable and destabilizing interactions with the helix
dipole of the central a-helix, which perhaps could explain
the decreases in binding affinity observed for the B10R and
the B10K (57) analogues. Interestingly, analogues B10F,
B10M, and B10I all display binding affinities higher
(>130%) than that of human insulin. This observation may

be explained by the possible structural stabilization of the
central a-helix through hydrophobic interactions between the
amino acid side chain in B10 and B6, which enhances
receptor binding. In summation, though a histidine residue
at B10 is inessential for receptor binding, an increase in helix
stability appears to be an important factor contributing to
an increased level of receptor recognition.

LeuB17 is believed to be part of the second putative
binding surface (27, 28), which overlaps with the hexamer-
forming surface on the insulin molecule. Taking this
information into account, we found the amino acid substitu-
tions at B17 had a less dramatic impact on receptor binding
affinity than expected. In this study, several of the analogues
with hydrophobic substitutions (B17L, B17M, B17F, and
B17W) displayed binding affinities comparable to that of
human insulin, while the majority of the remaining substitu-
tions caused moderate 2—-3-fold reductions in receptor binding
affinity. However, the identification of a second domain on
insulin important for binding was based on observations of
analogues displaying anomalous receptor binding kinetics.
The amino acid side chain at position B17 protrudes from
the surface of the molecule, and receptor interactions are
therefore plausible; however, measuring equilibrium binding
alone may underestimate the impact of the mutations on the
association and dissociation rates of the analogues.
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Among the six positions examined in this study, the most
deleterious effects of the amino acid substitutions were
observed in the B12 library, with respect to both expression
yields and receptor binding. The invariant valine residue at
B12, which is part of the nonpolar surface involved in dimer
formation, is partly exposed on the surface and partly packed
against the C-terminal f-strand of the B chain within the
monomer, where the B12 side chain makes favorable van
der Waals interactions with the side chains of B24 and B26,
which stabilize the conformation of the molecule. The
binding data obtained in this study are in good agreement
with previous work in which the substitution of ValB12 with
either natural or unnatural amino acids has been shown to
cause severe decreases in binding affinity (35, 56-59). As
in the previous investigations of the B12 position, the most
tolerated natural amino acid substitution was found to be
the nonpolar Ile substitution; albeit, the resulting B12I
analogue retained merely 17% of the binding affinity of
human insulin. The majority of the remaining B12 analogues
displayed binding potencies <1% of that of human insulin.

Huang and co-workers (56) have recently demonstrated
that a number of B12-DKP-insulin analogues, including
B12A and BI12T, were structurally similar to that of the
parent monomer (60). The significant impairments in binding
affinities of these substitutions despite the absence of
transmitted structural changes therefore suggested that the
low activities of the analogues reflected a local perturbation
of an essential contact between the analogue and its receptor.
The side chain of ValB12 is located in a pocket consisting
of residues B§—B11, B14—B17, B24, B26, and A13. Most
of the pocket is filled up by the valine side chain, which
may explain why smaller amino acids are preferred in this
position when it comes to stabilizing the conformation of
the molecule. Substitutions with amino acids that are too
large may result in repulsive interactions either intramolecu-
larly and thereby destabilize the conformation or intermo-
lecularly and thereby destroy receptor—ligand interactions,
whereas some of the favorable interactions will disappear if
the amino acid becomes too small. The low expression yields
obtained for the B12 library are suggestive of conformational
changes that lower the folding stability of several of the
analogue precursors, which is in agreement with earlier
studies emphasizing the importance of the ValB12 residue
in the overall structure of the hormone (6, 57, 61). Therefore,
the severe reduction in binding affinity for some of the B12
analogues probably reflects long-range structural changes
instead of a direct contribution of the altered amino acid side
chain. However, the data obtained in this study together with
results from other structural and mutational studies strongly
support the belief that ValB12 is part of a receptor binding
surface.

The tyrosine residue at B16 is situated in the proximity
of ValB12 in the dimer-forming surface of insulin and is
likewise suggested to be part of the classical binding surface.
Cross-linking studies have shown that B16 maps to the L1
domain of the IR (56), and the results obtained in this study
were strongly supportive of a direct interaction between
TyrB16 and the IR. The amino acid scanning mutagenesis
further revealed that the conservative aromatic amino acid
substitutions to either Phe or Trp had no impact on IR
binding, while the remainder of amino acid substitutions
caused substantial reductions of up to 40-fold in binding
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affinities. The fact that analogues B16F and B16W both
exhibit full binding affinity suggests that putative receptor
interactions are of hydrophobic and possibly aromatic
character rather than hydrogen bond dependent. Except for
the B16A binding data, the results obtained from the amino
acid scanning mutagenesis generally agreed with those
obtained in previous studies (62, 63). The receptor binding
activity of the B16A analogue was previously determined
to be 69% compared to human insulin (/3) and therefore
not suggested to be part of the functional binding epitope.
However, later investigations (56, 59), including this study,
have found that the B16A analogue retains 27-34% of the
receptor binding. Even though position B16 has less stringent
spatial and stereochemical requirements for adequate receptor
binding than B12, it appears that TyrB16 is indeed part of
the insulin binding surface.

A small hydrophilic serine residue is normally residing in
position B9 of the dimer-forming surface of insulin; however,
large nonpolar aromatic amino acid substitutions were
unexpectedly well accommodated at this position. The
expression yields of analogue precursors BOF, BOW, and
BIY all exceeded that of the wild-type precursor, indicating
proper folding and the relative binding affinities of the
corresponding analogues were all similar to that of human
insulin. The fact that both small hydrophilic and large
hydrophobic amino acid substitutions at position B9 result
in analogues showing almost fully retained binding affinities
compared to that of human insulin suggested that SerB9 is
not a part of insulin’s binding surface.

Together, our results confirm the importance of residues
ValB12 and TyrB16 in IR binding and also suggest that
GluB13 is indeed part of a continual binding surface of
insulin (see Figure 1c). Structural stabilization of the central
helix and thereby a more rigid presentation of either side of
the binding epitope at the IR surface seems to be important
for receptor recognition, and it would therefore be of interest
to perform circular dichroism (CD) experiments on a
selection of analogues to support this proposition.

Without solution structures of the analogues in the
monomeric state under physiologically relevant conditions,
it is not possible to conclusively establish that the observed
changes in receptor affinities are due to direct contributions
of the altered side chains and not an induced conformational
change in the binding epitope. However, with the exception
of the B12 library, expression yields comparable to that of
the wild-type precursor were obtained for the majority of
the analogue precursors, indicating proper folding of the
molecules. S. cerevisiae might also be unable to produce all
the analogues in a given position, but regardless of these
limitations, this method is a very powerful tool for identifying
the structural requirements of the various positions of the
insulin molecule essential for both insulin expression and
IR binding.

In conclusion, we have developed a method for systematic
amino acid scanning mutagenesis allowing us to confirm the
importance of the B chain a-helix as a central recognition
component in a continual binding surface. In combination
with structural information as well as kinetic studies on a
selection of the analogues, these data will provide valuable
information about the mechanism of insulin binding.
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