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ABSTRACT: The intracellular conversion of proinsulin to insulin occurs via cleavage at the two dibasic
sites: Arg-Arg??, B chain—C-peptide (BC) junction; and L§$Arg®s, A chain—C-peptide (CA) junction,
catalyzed by the subtilisin-like prohormone convertases SPC3 (PC1/PC3) and SPC2 (PC2), respectively.
In this report we propose a possible conformational variant of proinsulin that would facilitate the formation
of enzyme-substrate complexes at the BC and AC junctions of proinsulin with the substrate binding
groove of the two closely related convertases. Productive convertase interaction requires extended peptide
conformations in both the CA junction (residues@&7, LQKRGI) and the BC junction (residues-29

34, KTRREA) and leads to significant perturbations in the normaihyelical N-terminal region of the A

chain and the extended C-terminal region of the B chain of the insulin moiety of proinsulin. In this model
of the reactive conformation of human proinsulin, both processing sites assume positions that are relatively
far apart. The C-peptide was then modeled in an unobtrusive conformation relative to the convertases and
the remainder of the substrate, forming an extended loop of lepg€hA with a shorta-helical segment

rather than a random coil. A model of the stereochemical transformations that occur during the processing
of proinsulin by SPC2 is presented.

In neuroendocrine cells, many peptide hormones and 5 0 SPC3
neuropeptides are synthesized as parts of larger, less active ,E-L-A-L-P-Q-L—S—G-A-G—P—G—G-G-L—E»V—Q—G-V—Q—L-D-E-A-E-‘{‘ \
or inactive precursors. An essential step in the formation of ¢ ., C-peptide R
bioactive peptides is the selective endoproteolytic cleavage S v 70 7 & 07
of their precursors, as was demonstrated in the processing " -Q-K-R-G-I-V-E-Q-C-C-T-8-I-C-S-L-Y-Q-L-E-N-Y-C-N-COOH
of proinsulin to insulin {—3). Relative to insulin, proinsulin A chain «

includes the additional connecting peptide segment (C- . ToP

peptide) which links the C-terminus of the insulin B chain NHZ'F'V'N'Q'H""C'G'S':"O'L'V'E'A'L'Y'L'V'C'G‘E'R' Y

to the N-terminus of the insulin A chain (Figure 1). The B chain

connecting segment ranges in size from 30 (cow) to 35 Ficure 1: Primary structure of human proinsulin. Preferred sites

(human, rat) amino acid residues, while the A and B chains of cleavage by SPC3 and SPC2 are indicated by arrows. Following

are constant in length4]. All the known mammalian endoproteolytic cleavage at these sites, the C-terminal basic residues
roinsulins have pairs of basic residues at either end of the2 < removed by carboxypeptidase E to generate native insulin and

P . 1 p P . e : C-peptide 4). Processing at only the B chaiC-peptide junction

C-peptide: Arg'-Arg* at the B chain-C-peptide junction  generates des-31,32-proinsulin intermediate while processing at only

(site 1) and Ly%-Arg®® at the C-peptide A chain junction the C-peptide-A chain junction generates des-64,65-proinsulin

(site 2). Both sites are processed in the conversion of intermediate.
proinsulin to insulin 4).

Despite its considerably larger molecular size, proinsulin strongly suggest that the conformation of the insulin moiety
is remarkably similar to insulin in many properties, including in proinsulin is nearly identical to that of insulin. Recently,
solubility, isoelectric point, and self-associative properties Weiss et al. 10) also showed by comparativel NMR and
(4). In solution and in the crystalline state, proinsulin forms photochemical dynamic nuclear polarization (photo-CIDNP)
dimers and zinc-stabilized hexamers similar to those of studies of human proinsulin and insulin that the A and B
insulin (5—7). Moreover, proinsulin has been cocrystallized chains of proinsulin are similar in structure to those in insulin.
in a 1:1 complex with insulin§ 9). These observations  The A chain contains 21 amino acid residues and forms 2

; o-helices at its N- and C-terminals: AJA8 and A14-A20.
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Despite much effort devoted to crystallization of proin- Arg (26, 27). A basic residue at position4 relative to the
sulin, it has not yet been possible to determine the three-scissible bond (P4) may also contribute to substrate selectiv-
dimensional structure of this protein by X-ray diffraction. ity of the prohormone convertases under some conditions,
Usually, the C-peptide is considered as a structurelessalthough dibasic cleavage sites are the rule in most prohor-
segment in proinsuling 13, 14). However, the C-peptide  mone substrates.
most likely does not exist as a statistical coiled coil. Weiss  In the proposed model of the active sites of SPC2 and
et al. L0) observed significant changes in the chemical shifts SPC3 £3), the S1, S2, and S4 sites each contain residues of
of protons of aromatic groups in the insulin moiety of aspartic or glutamic acid which can interact with the
proinsulin (A19 Tyr, B24 Phe) as compared with insulin. guanidinium or amino groups of arginine or lysine side chains
These results suggested the possibility that a stable localand thereby contribute to substrate selectivity. Moreover, the
structure is formed at the CA junction of proinsulin, S1 subsite readily accommodates the relatively long Arg side
associated with alterations in insulin-specific core interactions chain which extends downward such that the interaction of
(10). This structural deviation was designated as the “CA its guanidinium group and the aspartic acid residue (#320
knuckle,” but its precise nature has not been established. in SPC3% located at the bottom of the cavity is favorable.

Taking into account that the C-peptide does not obscure Both SPC2 and SPC3 have closely similar S4 pockets, which
those surfaces of insulin which interact to form dimers and correspond well to the size and shape of the side chain of
hexamers, SteineB) and Snell and Smythlg) proposed Arg and provide significant electrostatic stabilization of
hypothetical arrangements of the connecting peptide. In bothbinding for this residue (when present) through interactions
models, the C-peptide is considered as a long extended loopith the side chains of residues Gltiand Asg’in SPC3
overlying the A chain core residues of insulin and with and with GI§*°in SPC2. It is possible that the presence of
connections to the insulin monomer at both the CA and BC Asn in position 273 of SPC2 instead of Asp (as in SPC3)
junctions, which are near each other. In this report we explains the reduced sensitivity of SPC2 to the nature of the
consider the structure of proinsulin in relation to its role as residue in the P4 positiorig). Residues of substrates after
a substrate in the processing of proinsulin to insulin. the scissible peptide bond (PBnd P2) are also of

The intracellular conversion of proinsulin to insulin is importance for binding to the prohormone convertases.
realized through proteolytic processing by specialized neu- Na}kayama et al.29) have found _that hydrophobm amino
roendocrine endopeptidases. Davidson et B) flemon-  acid residues predominate at positiori,éhile hydrophobic
strated the presence in insulinoma secretory granules of two@liphatic residues are not suitable at position Bipkind et
calcium-dependent activities (designated types | and 1), @l (23) also have shown that despite the high structural
which were directed specifically against the BC and CA homology of the subtilisins and the SPCs, the structure of
junctions, respectively. Later it was found that the type I the loop which lies |mmeQ|ater'beIow the active sites @ffers
activity corresponded to the subtilisin-like prohormone due to the presence ofcis-peptide bond (Tyf-Pro®) in

convertase SPC2 (PC2), while the type | activity cor- thisloop in the subtilisins and its absence in the SFAGk (
responded to SPC3 (PC1/PCAY{19). In our reconstruction of the spatial structure of human

; - insulin, we have assumed that residues-PZ of both
Due to the recent discovery that these enzymes parumpatemo'nsu L : )
in the processing of proinsulin and many other neuroendo- the CA junction (62-67, LQKRGI) and the BC junction

crine precursors, we can consider the optimal conformations§29;_3fj'_ KTR%E'I:‘) ado_pt extend?d c%nformatlons, suitable
of the BC and CA junctions, and of the connecting segment, [0F Pinding with the active sites of prohormone convertases.

that would facilitate the binding and cleavage of proinsulin This approach "%"OW‘?U‘ us to c_:onS|der the ar.range.ment of
by the prohormone convertases. the CA and BC junctions relative to the insulin moiety of

Although X-ray investigations of the SPCs have not yet proinsulin, taking into account possible interactions of the
been successful, members of this family of proteases all connecting peptide with the surfgces_of the_ active sitg regi_ons
possess similar catalytic domains that are based on the motifsmc the enzymes as well as the insulin moiety of proinsulin.
of the bacterial subtilisins2Q). Taking advantage of this METHODS
feature, Siezen et aR{, 22) have proposed a spatial structure . _ . .
of the catalytic domain of furin (SPC1). We have taken a _Molecular quelmg was carried out using the InS|_ght and
similar approach in modeling the active sites of PC2 and DiScover graphical environments (Biosym Technologies, Inc.,
PC3 @3) and have identified the corresponding substrate San Diego). The molecular mechanics energetic calculations
binding pockets of these convertases, as exemplified by pc3utilized the force field cvff. Molecular models of the active
As in the subtilisins 24), the active site grooves of the SiteS of SPC3 and SPC2, proposed by Lipkind et 28),(

convertases can bind at least six amino acids residues (P4 and .the X-ray structure of msulmll) as an initial ap-
P2)! of substrates in extended conformation. proximation for the insulin moiety of proinsulin have been

. . used. In determination and description of the angles of
Surveys of the cleavage sites of a large variety of

precursors that are processed within the secretory pathwaertatIon around the €N(g) and &—C'(y) bonds in the

have led to the conclusion that most of them possesspeptIOIe chain, we follow the standard nomenclat@@.(
multibasic cleavage sites of the general type Arg-X-Lys/Arg- RESULTS AND DISCUSSION

The structure of the CA junction was considered using a

1 According to the nomenclature of Schechter and Bergsy, the ioti i ; ; i i
scissible peptide bond is located between the P1 ancsistrate model consisting of insulin enlarged by inclusion of residues

residues. Amino acid residues of the substrate are numbered P2, P3;
etc. toward the N-terminus. The complementary subsites of the binding 2 The numbering of amino and residues used here corresponds to
region of the enzyme then are numbered, $1, S2, S3, .... that of SPC328).
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Insulin CA junction

| A2

Ficure 3: Superposition of the CA junction and the partly unfolded
insulin moiety of SPC-bound proinsulin (dark ribbon) with the
native insulin structure (light ribbon).

Ficure 2: Complex of a portion of a representative SPC (SPC2)
(yellow labels) with the CA junction (residues 685) and the

insulin moiety (residues 6669) of mouse or rat proinsulin #g), that residues A+A4 of the A domain of proinsulin (pro-
shown by space-filling images, and marked by pink labels. The A insulin residues 6669) must also adopt an extended
and B chains are shown as pink and yellow ribbons. conformation as part of this-strand and as illustrated in

the superposition of insulin and the CA junction of proinsulin

62—65 of proinsulin (LQKR) at the N-terminus of the A in Figure 3. It is important to note that the strong hydrophobic
chain, while residues at the C-terminus of the B chain (B27  contact between T§#A19 and Il€7/A2 that normally occurs
B30) were excluded because normally they are highly within the hydrophobic core of insulin is disrupted in this
flexible (31). We noticed that when the P41 residues (62 model of proinsulin.
65, LQKR) of proinsulin were arranged in the active sites  Docking of the CA junction of proinsulin in the active
of the modeled SPC, in a manner similar to that predicted sjte of the convertases also influences the structure of the
for the complex with the tetrapeptide model substrate BC junction. If we consider the C-terminal residues of the
ArgAlaArgArg (23), a prohibited overlapping of the surfaces B chain (B26-B30) as they are oriented in the X-ray
of the convertase active site with the volume of the insulin structure of insulin11), then these residues form prohibited
moiety occurred. It was thus apparent that productive binding contacts with some of the surface residues of the SPCs. To
of the CA junction of proinsulin by the convertases would avoid such repulsions, we have introduced a Aailiirn at a
require significant perturbations of several residues in the |ikely position—in the middle residues Thr-Pro (B2B28).
N-terminal A chaino-helix. Accordingly, after fixation of  This turn allows the C-terminal residues of the B chain to
residues 6265 of proinsulin, we calculated a suitable be arranged on the protein surface in an extended conforma-
arrangement of residues GHinsulin A1 and Ilé7/insulin tion that does not perturb the CA interaction (Figure 4). Thus,
A2 (the P1and P2residues, respectively) in the active sites interaction of the CA junction of proinsulin with a convertase
of SPC2, appropriate for attack by the side chain of8er requires that the BC junction also adopt an extended
on the peptide bond between AtdP1) and GI§® and for conformation.
the formation of the tetrahedral and acylenzyme intermedi-  In considering the BC junction/convertase interactions, we
ates. In addition, the side chain of levas located in the  have used a similar modeling approach. Calculations were
surface hydrophobic cavity of the convertase, as formed by made for the P4P2 residues of the BC junction (2984,
Tyr343 of SPC2 (loci S2. KTRREA), using residues Thr B27 and Pro B28 as a hinge

However, to avoid nonbonded repulsions with residues of between the BC junction and the insulin moiety. The angles
the surface groove near the active site of the enzyme, it wasof rotation ¢(C*—N) and y(C*—C') for P4—P2 are close
necessary also to change the conformations of at least twoto those found for the CA junction residues. For Thr B27
additional residuesVal®¥A3 and GI¥YA4—by rotation and Pro B28, the angles andy are as follows:—129, 68;
around their main chain N and C—C' bonds. This —91, 161, respectively.
maneuver introduced an approximately perpendicular ori- Finally, we have combined these predicted conformations
entation of the insulin moiety relative to the enzyme surface of the CA and BC junctions in a model des-{351)-
and resulted in a partial uncoiling of the A chain N-terminal fragment of proinsulin by superimposing the conserved
helix. The modeled binding of the CA junction in a complex regions of the insulin moiety in the two model structures
with the convertase thus has the extended structure, as showdiscussed above (Figure 5). This figure shows that for
in Figure 2 with angles of rotatiop(C*—N) andy(C*—C") optimal convertase attack the two junctions are widely
for residues P4P4 (62—69, LQKRGIVE) as follows:—77, separated; the distance between theafbms of the P1
114;-143, 125;—-41, 128;—77, 52;—114, 81;,—63, 118; residues at the two junctions is30 A. If the CA junction
—91, —128; -85, 132; respectively. From this it is evident is directed upward relative to the A and B chains of the
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chains contain the same important residues for binding-(P4
P2) at both junctions as does wild-type proinsulin. One
reasonable explanation for the lack of processing of this
mutant form is that the CA and BC junctions are too close
in space, due to the shortened connecting peptide, and
therefore lack the flexibility to assume the more extended
conformations required for productive convertase binding.
In some instances, even small deletions in the C-peptide can
be crucial for processing, as in the case of deletion of just
four residues (residues 336) after the dibasic site at the
BC junction of rat proinsulin; this form was not cleaved by
SPC3 in AtT20 cells%3). In this case, however, cleavage
failure may be partially due to unfavorable changes in the
P1 residue (Gla~Pro) resulting from the deletion. The
successful cleavage in yeast of a miniproinsulin containing
the short connecting sequence RRLQKR may reflect sig-
nificant differences in the requirements for productive
binding to kexin, theS. cereisiae SPC family convertase
(29).

Another interesting example is the insulin-like growth
factor |. Its spatial structure in solution has been resolved
by NMR methods 34). Despite the presence of two
neighboring Arg residues (A#Arg®") near the middle of
the C domain of IGF I, convertases do not normally cleave
this site. This is easily understood from a conformational
point of view, since the rather fixed structure of the-fiRR
residues in this molecule does not at all coincide with the
required substrate conformation for convertase binding.
Moreover, the peptide bond between P1 and hésidues
(Arg®’-Ala®) is screened by P#dand Pré® such that attack
by Sef® of the convertase is impossible.

It is important to note that the proposed structure of the
des-(35-61)-fragment of proinsulin (Figure 5) allows the
formation of dimers similar to those found in crystalline
insulin (11) and likely does not prevent the formation of
hexameric proinsulin. This is an important point in consider-
ing whether the substrate is processed normally as a dimer
or hexamer &5).

A We will now proceed to consider the possible structure
of the central portion of the connecting peptide segment, as
influenced by interactions of the CA and BC junctions of
proinsulin with the active sites of the convertases, as modeled
in the des-(35-61)-fragment (Figure 5). In the case where
the BC junction of the des-(3561)-fragment is bound, the
closure of the gap between the free ends and the arrangement
of those regions of the C-peptide outside the active sites of
the convertase specify its location close to the external
surface of the A chain. Similarly, at the CA junction the
insulin moiety, then the BC junction is located toward the only way to avoid prohibited contacts of the connecting
viewer. This arrangement of the CA and BC junctions would peptide with the enzyme volumes is by locating it on the
thus permit optimal binding and cleavage at either of the same surface of the A chain (see Figure 4). The foregoing
dibasic sites; however, it must be borne in mind that considerations lead to the proposal of an approximate
simultaneous cleavage at both sites would be prevented byarrangement of the C-peptide relative to the insulin moiety,
steric interactions between the two attacking convertases. and also specify the configuration of the C-peptide as an

The above partial proinsulin model requires the presence extended loop, joining the remote ends of the BC and CA
of at least 15-20 additional connecting residues to span the junctions (~35—40 A apart). Moreover, from this model it
open distance between the A and B chains. Experimentalfollows that the C-peptide screens and blocks some residues
data on the processing of miniproinsulins, i.e., proinsulins of the A chain that are believed to participate in the receptor
with shortened connecting peptide segments, support thisbinding of insulin (Val A3, Thr A8, Tyr Al19), possibly

BC junction

Ficure 4: Arrangement of the BC junction of proinsulin on the
surface of an SPC upon binding of the CA junction in the active
site groove.

R65

K64

CA junction

R31

BC junction

Ficure 5: Arrangement of the CA and BC junctions of proinsulin
relative to its insulin moiety in ribbon representation.

model. For example, des-(3®2)-proinsulin was not pro-
cessed by either enzyme, SPC2 or SPB3,(though the
connecting peptide (RREAEDLQKR), and the A and B

explaining the significantly reduced binding of proinsulin
(about 30-fold) relative to insulinrd( 13). Epitope analysis
of the binding of monoclonal antibodies by proinsulin also
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Ficure 6: Proposed spatial model of human proinsulin in a
conformation suitable for its proteolytic conversion.

suggests that the C-peptide may be interacting with the
insulin moiety 36).

The determination of the probable orientation of the
C-peptide in this model allows us to consider a possible
variant of its conformation that may occur upon binding of
proinsulin with prohormone convertases (Figure 6). Most
likely, the sequence 3336 (EAED) forms g3-turn between
the BC junction and the more extended region of the
connecting peptide. Then residues—3# (LQVGQVEL)
form a part of this irregular, extended strand in the direction
of the A chain, and their location is determined by the
formation of favorable van der Waals contacts with the
insulin moiety and the active site region of the convertase
bound to the BC junction. The presence of Gly and Pro
residues in the region between residues 37 and 44 in th
proinsulin of other species does not promote the formation
of a-helix by this segment. Continuing onward, the glycine-
rich segment in the mid region of the C-peptide, residues

Lipkind and Steiner

58. After thisa-helix, three relatively flexible residues, E-G-S
(59-61), form the second-turn and join with residue Lé&g

of the CA junction. Again the appropriate conformations for
interaction with the convertases of residues in the proximity
of the CA junction were taken into account.

This proposed structure emphasizes the ability of the CA
and BC junctions of proinsulin to adopt conformations
appropriate for the formation of enzymsubstrate com-
plexes with prohormone convertases, a characteristic property
of prohormone structure. It is possible that both the CA and
BC junctions form stable local structures, as suggested for
the CA junction by Weiss et all1(), i.e., the so-called “CA
knuckle.” Moreover, the connecting C-peptide is unlikely
to possess the full flexibility of a random coil and thus may
exert a definite conformational strain on the structure of the
CA junction, as is indicated by the observation that des-
(31,32)-proinsulin is processed by the type Il (SPC2)
endopeptidase more rapidly than is intact proinsi8®) 40).
These observations support the proposed motif of proinsulin
shown in Figure 6 in which the connecting peptide is
represented neither as a rigid structure nor as a random coil,
but rather assumes the form of an extended loop between
the remote CA and BC junctions, running with a distribution
of conformations approximately as indicated. The proinsulin
C-peptide domain thus resembles a fluctuating string with
fixed ends representing the CA and BC junctions ap-
propriately poised for proteolysis.

Itis very likely that significant structural perturbations in
the A chain of the insulin moiety of proinsulin (Figure 6)
take place during proinsulin processing when SPC2 acts first
at the CA junction to produce a des-(64,65)-proinsulin
intermediate. Possible stereochemical transformations of
proinsulin on this processing pathway, which includes
successive cleavages at the CA junction and then at the BC

eJunction to generate insulin, are shown in Figure 7.

Traditionally, the insulin processing pathway with initial
cleavage at the BC junction to produce des-(31,32)-proinsulin
is considered as more dominadf(42) because des-(31,32)-

45-48 (GGGP), was packed on the exposed surface of theProinsulin is a preferred substrate for SPC2 in comparison

A chain formed by residues Tyr A19, GIn A5, GIn Al5,

and Ser A9. Pr# at the end of this segment contacts Ser
A9 and, through a half-turn, changes the course of the
connecting peptide in the direction of the CA junction. Here

the GGGP motif adopts an extended conformation. Indeed,

multiple Gly residues rarely are found in turnlike structures;

with proinsulin 89). More recent observations in living cells
have shown that either SPC3 or SPC2, acting alone, can
cleave proinsulin at both junctions to fully convert proinsulin
to insulin. Cell lines that express high levels of SPC3, but
barely detectable SPC2 (AtT20 cels3) or, contrary, high
levels of SPC2 without any detectable presence of SPC3

e.g., a GGG sequence in fibrinopeptide A forms an extended (¢ TC1-6 cells? 42), efficiently process proinsulin to insulin.

structure 87). It is likely that these Gly residues in the middle
of the C-peptide facilitate optimal docking with the conver-
tases.

Residues 5358 (LQPLAL) in the middle of the segment
between Pr#f and the CA junction have a high probability
of forming ana-helix. According to Chou and FasmaBgj,
an a-helix is predicted if four out of six adjacent residues
are helix-favoring. The sequence-588 contains 5 helix-
favoring residues (and, moreover, proline [Prdends to
occur on the N-terminal side af-helices). It is of interest
that the residues of this helix have been deleted in the
C-peptides of cow and sheep proinsulid$. (The absence
of this a-helical region in these proinsulins would not be
expected to lead to significant perturbations in the structure
of the C-peptide, due to the compactness of residues 54

Moreover, either transfected SPC2 or SPC3 can convert
human proinsulin to insulin in the same cellular setting (GH3
cells;44). Nonetheless, each prohormone convertase displays
a preference for a single site of cleavage: SPC3 at the B
chain—C-peptide junction, while SPC2 prefers the C-pep-
tide—A chain junction (6, 17, 39, 44). These results suggest
that convertase site selectivity in proinsulin may be influ-
enced by the level of convertase expressiélh 42) as well

as the nature of the P4 residue at that sif);(it is therefore
likely that both pathways of proinsulin processing coexist
in vivo. In Figure 7 we illustrate a plausible structural basis
for the transformation of proinsulin to insulin in which SPC2
first processes the CA junction.

3Q. Gong and D. F. Steiner, unpublished results.
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PROINSULIN
INSULIN
A
B
OPEN K64-R65 REMOVE R31-R32
o}
c R32
R31 REMOVE K64-R65
OPEN R31-R32 A
R31
B

Ficure 7: Stereochemical transformations of proinsulin to insulin in a processing pathway with a predominance of SPC2.

DISCUSSION in the hydrophobic core of insulin, allowing its side chain
) ) i _ to occupy the P2subsite on the convertase. An appropriate

One of the key questions in the field of proteolytic gyestion to raise here would be as to whether proinsulin is
processing of precursors is whether these protein substrategctua“y so configured or whether interaction with SPC2
have well-defined native structures which facilitate their gomenow induces this change, perhaps from a more inter-
intracellular transport and enzymatic cleavage. The lack of mediate transitional structure or set of structures. A related
a crystal structure for any of the many such precursors, question would be whether des-(31,32)-proinsulin more
including proinsulin, has left this question unanswered. Since readily adapts such a configuration. Because of the unique-
the structure of insulin is known from crystallographic npess of isoleucine in the structures of several animal
analysis, it has always been tempting to fill in the connecting proinsulins (present only in this position), it may be possible
segment. The available data, including NMR analy%®),( to answer such questions throutic NMR spectroscopic
suggest that this region is in large part not well-defined, stydies. Some other features of the proposed proinsulin
probably existing as an equilibrium among a multitude of strycture also could be tested by mutational analysis (for
possible conformations. What we have done here is to predictexamme’ by formation of disulfide bonds between residues
a conformation at sites of cleavage in proinsulin such that predicted to lie in spacial proximity, such as 369 and
these fit appropriately into a generic active site of the catalytic Prg®).
domain of the prohormone convertases. Once the optimum
arrangements of the cleavage regions relative to the insulin ACKNOWLEDGMENT
moiety were determined, the remainder of the C-peptide was ] ] ) .
then modeled according to its predicted secondary structural_ We thank Michael A. Weiss for helpful discussions and
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convertases and the remainder of the substrate. The resultarf?@nuscript.
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