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By means of the competitive labelling technigue using
acetic anhydfide as the labelling reagent, the lonization con-
stants of the:three amino groups of insulin at 10 °C were found

to be 7.3, 7.9 and 7.8 for the phenylalanyl Bl, glycyl Al and

lysyl B29 amino groups, respectively. The Phe Bl and Gly Al amino

. termini were found to be super-reactive towards acetic anhydride,

whereas the Lys B29 e-amino group éppeared to be burled towards
this reagent. Under phxgiolpgical conditions, the three amino‘
groups of insulin are largely deprotonated; it is suggésted that
this deprotonation 1s’associatedfwiﬁh monomer formation. The

unusual chemical properties of the three amino groups allow them

to readily react with carbon dloxide to form carbamino derivatives.

This reaction was shown to cause both a decrease in the. specific

binding of T°°I-insulin to its membrane receptor, and an increase

k4

in the dissociation of the 1nsu11n—receptor camplex. The physio— '

loglcal significance of these findings 1s discussed.
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CHAPTER I: Introduction

‘o

1.  General introduction

The discovery of insulin by Banting and Best in 1921 was
a major séientific milestone of the century. Although much effort
over the last fifty-eight years has been devoted.to exploring the:
mechanism of action of insulin, still little 1s known about how this
potent protein hormone influences the rnetaboli:;m and function of most
tissues. In the search ‘for 1ts mechanism of action, Insulin has
geted as an :errp;)rt:ant stimulus to the development of many sclentific
f1elds, including x-ray crystallography, cell blology, molecular
genetics, 1nter§nediary metabolism, endocrinology and protein chemis-
try. ‘ .

SRR

At the present time, insulin action at the cellular level

1s considered to reside at four distinct biochemical 1eve15 (27, 53,

87):

(a) The actual binding of insulin to its specific membrane

- receptor.

{(b) The transformation of the insulin-receptor interaction
into some form of transmembrane signal. E,\ridence showing enhancement

of biologlcal activity by the crosslinking of bound insulin and the



movement of insulin receptors in the plane of the membrane (82, 87,
138) suggests that receptor clustering or aggregation is essentiaf to
the exertion of a transmembrane signal. Disruption of groups o\f insulin
receptors by cytocl;alasin B does not, however, prevent insulin from
exerting its actlon (82).- Evidence of lateral diffusion of the insulin
receptor in the plane of the membrane (27, 138) glves support to the
moblle receptor hybothe?,is (80), which po?tulated a receptor which
_reversibly assoclates with effectors, the associatim/resultir@ in
changes in reactivity in membrane proteins, enzqué:/and carrier
systems.(76). An alternative hypothesis suggests that mobile receptors
are unnecessary, as t‘;xe insulin receptor could be in difect physical .
contact with the effector (27). More generally, binding could cause

a conformational change in the receptor, this change then belng prop-
agated throughout the membrane (27). Oxidation of membrane sulfhydryls
have been indirectly 1mp11céted In at least one of insulin's biolo-
gleal actions (40, 69): ‘ The suggested importance of membrane fluidity
In the insulin-receptor interaction é27, 138) indicates that besides
membrane receptor and effector pr;oteins, phospholipids may act as
rrmabrane,rcanponents mediating the cellular eff;ects of‘insulin (40).

The dennn_stration that insulin binding is accompanied by an increase
in 1ipld microviscosity which mediates a non-specific increase in the
degree of exposure of membrane proteins to both sidés of the membrane
suggests that this also can modulate t;he response to insulin (109).

(¢) The generation of an intracellular message or messenger .



at the cell s_urface. To date, no single mtmcellular messenger which
carrles out all the intracellular effects of insulin has been discov-
ered, although several candidates for the role have been proposed,
including caleium (151, ko, 69, 72, 76, 87, 115), ATP (69), cyelic AMP
(is, 36, 38, 40, 47, 69, 72, 76, 87, 115, 150), cyclic GMP (15, 38,

" 4o, 69, 72, 76, 87, 115), modulatbrs of protein kinase and/or phos- ,
phatase activities (40, 87, 143), insulin itself (71, 72, 78, 87, 143,
154), and cne of insulin's degradation ﬁ'agments (15, 49, 69, 72, 87,
143).

s

(d) Chemical modifications of various enzymes and transport
systems, resulting in the final anabolic effects of insulin on such
diverse activities as membrane_transport of glucose, amino acids, nu-
cleic acild-precursors and certain lons, and synthesis of glycogen,

~

protelns, 1lipids and nuclelc acids (27, 36, 40, 72, 143).

In recent years, much detailed information h;s been aé‘cmnu-
lated on the first step of insulin action, that of the interactién
between Insulin and 1ts membrane receptor. This review will concen-
trate primarily on this hormone-receptor interaction. The structure i
of insulin itself will first be discussed using x-ray crystallography _
and chemical modification studies to elucidate the relationship of
insulin structure to insulin function; the roles of the three amino
groups of ingulin in this structure-function relationship will be
dlscussed. The physicochemical characteristics and biochemical prop-

-
ta



erties of the receptor will then be described, as obtained fram such
techniques as gel~ filtration, density gradient centrifugation, and
selective enzymatic degradation, The actual interaction between the
hormone and its receptor will next be examined in detail, primarily
with respect to its characteristics of binding, dissociation, and
degradation in liver and adipose tissues. Finally, the clinical sig-
nificance of such binding studies will be briefly discussed .with par-
ticular reference to obesity and diébetes. |

, 2. Insulin structure

~
A. ¥-ray ‘erystallography

Insulin is a lqw molecular weight (5870 daltons) polypeptide
hormone consisting o-I' two disulfide-linked peptide chains (Figure 1),
the A chain usually containing 21 amino acid residues, the B chain,
30 residues. The complete determination of the amino acld sequence
of insulin by Sanger and co—wofkers in 1955 provided the framework
within which to examine the three-dimensional relationships .61‘ the
structural moleties present (14). As the solution structure of in-
sulin closely resembles that found in crystals (14, 15), x-ray crys-

' tallography 1s an excellent tool for the determination of these three—

dimensional relationships.

Insulin crystallizes as a rhombochedral crystal, containing

two zinc ions to every six molecules of insulin (14). In solution,
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1nsui1n exlsts primarily as a monomer,' but also as a dimer and higher
sageregates, depending on such conditions as pH, ionic strength, metal _
ions, te\'lpefature; insulin concentration, and the presence or absence_
c._>f zinc (14, 56, 126, 135). Most recent evidence sygp:e\é’ts that under
physiological conditions, inshlin exists primarily as a monomer (5,

6, 14, 15, 30, 44). In addition to its self-association properties,

the small insulin protein molecule also contains such important struc-

[
tural features as a-helix, antiparallel R-pleated sheet (in the dimer),
and a hydrophoblc iInterior and hydrophilic exterdlor, due to the arw
rangement of its interchain disulfide bonds (14, 15, 143). Those non- .

polar surface residues and polar interior residues which exist in the

" monomer are progressively shielded or exposed, respectively, in the

t 5
ageregation of the monomer and dimer (14, 15). Nearly all hydrophobic

and hydrogen-bonding 1nteracp10n,s between monomers and dimers oi'iginate

~from B chaln residues, reflecting the sumurﬂing of the A chain by

the B chain (1, 14). The insulin dimer therefore contains an anti-
parallel B—pleat-ed sheet structure of hydrogen bongling between the two

monemers, both of which are almost identical in econformation (1, 79).

Detailed analysis of the x-ray crystallographic structure
of insulin has implicated each of the three amino groups of insulin
in a stablilizing reaction mportant- for the tertlary structure of in-
sulin, either hydrogen bond or salt briége formation. PFor example,

crystallographic data indicate that in the hexamer, Phe Bl is nicely



accommodated in a hydrophobic surface pocket between Leu A13 'and‘."IS;r'
AlY of the adjacent molecule (14, 126), as part.of an intricatﬁ?"or—
ganized region of contacts between dimers (1, 14). 'I’his arrangement
' brings its positively charged a-amino group next to t1:1 __negatively

charged carboxylate group of Glu A7 of the adjacent dim

a salt bridge to form upon hexamer formation (14, 16). In addition,
Phe Bl may be asﬁociated with Val B18 aml Phe Bl of the adjacent di-
mer, and may form a hydrogen bond with Glu Al‘?, also of the adjacent-
dimer (14). large subgtituents bound to Phe Bl amho groups impair
hexamer formation, sincel the additional bulky groups prevent fqrmation
of the three pairs of Phe Bl residues (1, 14, 105).

) Gly Al resides in a predominantly hydrophobic region of the
insulin molecule near to the B-pleated sheet that joins the two ter—
minal parts of the B chains in the insulin dimer (106). The Gly Al
a~amino group is located on the surface of the hexamer (lil, 68, 85,
126), oceupying & compact surface pocket;its enviromment is slightly
differgnp in the two molecules of the dimer In the crystal structure
(14). As this c-amino group is close to ordered water crystals, in
solution it may form either a salt bridge with the Glu Al carboxylate
group of the same monomer (14, 16), or hydrogen bond with the hydroxyl
function of Tyr 419 (14). Gly Al 1s probably located on the periphery
" of the receptor-binding region (130) descy(b\ed in a later sectiony

. -



Gly Al and Lys B29 are in close proximity hoth in the insulin
crystal and In solution, as confirmed by x-ray cryétallogmphy and |,
cross-linkage experments (14, 16). The e-amino group of Lys 529 lies
at the end of the extended B chain on the surface'of the hexamer (14,
16, 85), 1n a position where 1t could form a salt,bridge with the Glu
Al carboxylate group in solution (1, 14), In the monomer, Lys B29

is in the general region of those 1dues directly involved in dimer— -

1zation (14, 16, 130);although A makes no direct contacts on dimer-

ization (14), a small change 1ts envirorment on dimerization has

J ~
Detailed x-ray crystallographic data i!s available not only
on the three amino groups of Insuldin, but als}on many additional |
groups and residues in the insulin moleculz;/ (14). Knowledge of the
x~ray crystallographic structure of ins_ulfl/n has been of tremeng]oug |
importance in interpreting the results of the chemical modification
studles described in the next section.

B. Chemical modification studies

(1) General introduction

-

The relationship of structure to the binding and biological
activity of insulin has been extensively studied using a varifety of



-

chemical and enzymatic modificafion technii‘zues. ] Althoygh the activi-
ty of insulin depends to a large extent on its integrity or shape (14,
15, 21, 54, 68, 130), min regions of the insulin molecule cannot
be modified without loss of activity. Therefore, the'selective mod-
ification of specific residues and measurement of the’ effect, of these \

modifications on the binding d bilological activity of insulin pro-

vide an indirect study of the role of different f_unctional groups

in the action of insulin (14), these modification studies
- A

>

hegve been performed on the Gly Al, Phe Bl, ard Lys B29 amino acid _ N
residues, either by chaniéally modifying thelr amino groups, or by
enzymatically retmving the entire residues; In a1l cases, it is

believed that. the mechanism by which these and other modifications

of insulin lead to a decresse in activity is by. decreasing the af-

finity of the insulin molecule for its receptor, whereas the modi-

fied insulin-receptor complex exhibits full activity .(61, 68).

(2) Chemical reactivities of the

three*amino grolps.

The relative reactivities of the three amino groups toward
chemical modifying reagents depend on a variety of reaction conditions,
including solvent, pH temperatm'e and the reactivity and-sterlc
hindrance of the reagem's functional group (14, 106). In almost all

cases, reaction oI“ such reamts as phenyliscthioeyanate (2, 19),
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phenylisocyanate (2, 14, 19), trinitrotoluene (14, 113), and hydroxy-
succinimide esters (14, 106) with the three amino g:roups of insulin -

. 1nd§.q\1;e that the e—amigo g:r'oup of Lys B29.1s by far the least reactive

of the three groups, whereas the relative reactivities of the‘a—a{r;dno
groups of Phe Bl and Gly Al depend on the conditions of the reaction.
’ .
(3) Ionization constants of the
three amino groups -

Until recently, determination of the jénization constants
of the three amino groups of insuliry has beeny largely a matter of
£stimation. For example, in 1954, by means of\a hydrogen on titra-
tion curve Tanford and Epstein (144, 1145) determined the pK values
of the a-amino groups and the e-amino group to be 7.4 and 9.6 respec-
tively, using the rather tenuous assumption that all lonizable groups
of a glven type were intrinsically identical. Using these values,
Africa and Carpenter.(E) attempted to explain the order of reactivity
of the three amino groups with phenynsog@éyamte by assigning them
PK values of 7.45, 8.2 and 9.6 for the amino groups of Phe Bl, Gly
Rl and Lys B29 respectivgly. Not until 1977, with the work of Brad-
bu_ry.a}xd Brown (16}, has there been any real progress in the accurate
dete;mnation of ;he lonization constants of the three amino groups
of insulin, By means of lH ard 130 nuclear magnetic resonance spec-

troscopy at 20 °C, these workers obtained pK values of 6. 7, 8.0 and

]
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11.2 for the Phe Bl1, Gly \Al and Lys B29 amino groups of methylated
bovine insulin, respe;:tively. More recently, Chan, Oda and Kaplan
(2H)Qus¢d the technique of" competitive labelling with 2,4-dinitro-
fluorobenzene as the labelling reagent to determine the pK values
of the three amino groups of porcine zinc-free irisulin at 20 °C to
be 6.9, 7.7 and 7.0 for the Fhe Bl, Gly Al and Lys B29 amino groups,
respectively. |
-
(4) Effects of modification on the
biological activity of insulin *
The biological’activities of insulins I?Ddif‘ied at the three
-amind®Proups  have been measured directly in vitro by st:hmlation.of
glucose oxidation by eplididymal rét fat pads, stimulation of glucose
uptake by rat diapm'agn,land-incorporation of 1“C-—g;lucose into 1ipids
in rat fat clel}s, directly in vivo bj blood. sugar depression in rats,
and mouse convulsion tests, or 1nd—1rectly in vitro by the binding

" affinity for rat liver or adipocyte plasma 'membranes.

* For more complete details on tl‘lgz effects of various chemical modi-
fications of the three amino groups of insulin on its biological
activity, refer to References 14, 51, 68, 106 and 158.



Measurement of the biological —a‘ctivitieg of va.r)*i/ous Lys

B29-modified insulin analogues confirm the apparently minor importance

, of Lys B29 for the activity of insulin (14, 51, 105). For e:_cafzple,

modification of the Lys B29 e-amino group with acetyl, acetoacetyl,
thiazolidine carbonyl, phenylth;océrbamoiri and butyloxy carbonyly
groups'(lﬂ , 68, 166) did not affect tht; biological activity of the
insulin -molecule to ‘any great extent. -Cempleté' r"emoval of the tr;i—r
peptide Pro B28 Lys B29 Alz;v B30 (14, 68, 95) a‘lso-caused very little
decrease In bioloé:iqal activity. However, removal of between five
to elght amino acld residues f'rom the carboxy terminal erd of the B
chain (114 18, 68) caused a tremendous decrease in the biologlcal
activity of »£nsulin (to 1ess than 17%), indicating that-the Lys B29

.residue 1is/quite proximal to a regionl9f!the insulin molecule that
1s cruclal to 1ts bidloglcal action. The lack of importance of Lys

' B29 15 emphasized by its varliability in mammalian insulins (14):

in one of the two rat insulins, Lys B29 is repldced by Met, and one

of t'iie two toadfish insulins ccmpletei'y lacks Lys B29 (14).

It 1s clear that although modification or deletion at the
B chajn amino tenﬁinus glves quite a large decrease in immmoreacti-
vity (14, ]:06), biological activity is affected to a.much lesser ex-
tent (5i)."Modif1§atioh of the Phe Blkatamino group with acetyl,
acetoacetyl, thiazolidine carbonyl, fluorgscein 1sothiocyanate, phenyl-

1sothiocyanate, phenylthlocarbamoyl, and butyloxy carbonyl groups (14)

g
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19, 51, 68, 106) caused relatively small changes in biological acti-
vity, the largest decreases occurring with the largest reagents (14).
Camplete removal of Phe Bl or its a—arﬁino- group had little or no
effect on'thé biologleal activity of insulin (17, 68, 105, 106, 158).
In add_’:tion, in chicken and turkey insulins, Phe Bl 1s replaced by"
Ala (14, ;Hl);‘as well, tﬁe amino terminus of the fish B chain often

has the sequence Met B0 Ala Bl (14).

Of the three residues contalning amino groups in insulin,
only-Gly Al and its a-amino group appear to be of any gr;eé.t impbrtgnce .
to the blological activity‘of insulin. Substiéutiqn of increasingly.
bulky groups at Gly Al progressively lowers the activity of insulin
(14, 51, 106, 130); although acetyl-Gly Al insulin appears to retain
most ox:‘ all of its activity (106, 130), modifications by acetoacetyl,
thiazoliding, hemisuccinyl, arginyl, arginyl-lysyl, thiazolidine .
carbonyl, phenylthiocarbamoyl, butyloxy carbonyl, and 2-dimethyl-3-
formyl-L-thiazolidine-U-carbonyl groups all caused decreases in bio-
logical Activity (14, 68, 106, 130). Replacement &F the a-amino group
of ély Al by a hydrogen caused a 1loss of 65% of 1ts blologlcal acti-
vity (29). Substitution of one hydrogen of the a*amino group by a
methyl group decreaseél blological activity by 17% (29). Replacement

of Gly Al with Leu', Val or Pro decreased bilological activity to bet-

ween 2 and 16% (68). Cross-linkage of Gly Al to Phe Bl or Iys B29
considerably lowered the biologica} activity of insulin (51, 60, 68,

b
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85). Complete remval of Gly Al almost totally elim:lﬁated the blo~
logical activity of insulin (2, 14, 68, 106). In addition, Gly Al
is oné of the few invariant insulin resi&ues, indicating that its
geometry or chemical properties.are critical to insulin's structure
+ and function (14, 106).

All of thgbir}fomlation provided by chemlcal modification
studies of the three amino groups of 1nsulin indicates that the Phe
Bl ard Lys B29 residues are relativel,\} unimportant when considering
the blologleal activity of the Insulin molecule. On the other hand,
while Gly Al may not be directly involved in the bilologlcal activity
% of insulin, an area extremely close to 1t'may form tﬁe_active r;ggion.
) fmst be enphasized that this conelusion 1s based on many chemical
" modification studles, some of them involving the formation of neutral,
derivatives at the Giy Al a-amino group; therefore, not onty could
the modifying reagents induce conformational changes in the insulin
' molecule, or sterically hinder 1ts receptor-binding region, but also
they conld weaken stabilizing interactions: involving the positively
ch.érged amino group. However, because the lonlzation constants of -
ail three amino groups have nqgt been determined conclusively, this
) 1s merely speculative, as 1t was not known whether these aminc groups

are uncharged or‘ positively charged urder physiological conditions.

It must also be emphasized that studles combining x-Tay

. analysis, CD, ORD, UV spectroscopy and the binding and activify of .
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jchemically modified insulins (14, 130, 151) all indicate that it is
the conformatlon or tertiary structure of insulin that plays the most
critieal r&le' in the interaction of insulin with its receptor, by
mintaining the proper spatial relationships among structural com-
ponents (14, 15, 130). Full receptor binding is probably attained
by interac;tion of several insulin residues with the receptor, and loss
or modification of any one residue without large accompanying confor—
mational changes would not completely abolish binding, but simply

I

decrease it (130).

(5) Effects of modification on the
confomatj:on of insulin

As hé.s been previously mentioned, it is believed that the
conformation of the mgulm molecule is critical to the formation of
the insulin—recgptor 'com'plex. For this reason, it is important to
bear in mind the concept that demonstration of 1rx§ct1vity of an insu- J
1in analogue is insufficient evidence_ for the modified residue be-
longing to an active site; one must also establish that modification
of the chemlcal structure has not induced conformational changes at
'res‘idues othér than the one modified (14, 68). To this end, a few
conformational studies have been performed. Phe Bl is apparently not

. Involved in any stabilizing interactions crucial to tertiary struc-

ture, as fluorescein thiocarbamyl Phe Bl insulin appears to retain



the tertiary structure of native insulin (14). In addition, the CD
spectrum of insulin lacking the Phe Bl residue is very similar to
that of native insulin (14, 68). As well, 1little change in structure
1s observed upon removal of the tripeptide containing Lys B29 (14),
although removal of five or more amino acids from the carboxy terminal .

end of the B chaln causes a marked change in the CD spectrum (14, €8).

On the other hand, CD spectra of insulin with the Gly Al
residue modified with ac;etyl and arginyl groups show differences from
crystalline Insulin;—possibly indicating some local conformational
cha'nges in solution (14). As well, eJ:ectron density maps of insulin
modified at Gly Al by t-butoxycarbonyl and 2-dimethyl-3-formyl-I~
'thiazolidine—ll—carbonyl groups show that t})ese groups distert the A
chaln helix and move the side chain of Tyr AiQ'which In tun glves
rise to distortions in the arrangement of the B chain residues in-
volved in dimerization (130). This suggests that chemical modifica-
tions at Gly Al may affect the CD spectrum not by greatly aﬁ‘ecting
the tertiary structure of the modified Insulin but by changing the
population of aggregated 1nsu11n molecules (130). CD Bpw
show that addition of a cross—link between Gly af and Lys B2¢ causes
small confomationa.l changes in molecular stmcture n solution (85).
Finally; insulin from which ‘the Gly Al residue h.as been completely
removed shows a large change in CD (1u_§8§ sugesting its removal
not only removes stabilizing Interactions fonned by its a-amino and

\
3
s ~~
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a-carbonyl groups, but also exposes the hjrdrophobic Intericr of insu-
1in to solvent (14).

C. The receptor-binding region of insulin

-

Results of studies involving x-ray analysis, CD, and the
binding and activity of chemically modified insulins are consistent
with the Insulin receptor—binding region containing many hydrophobic
residues Important to dﬁﬁeriza‘cion, in additignlto more polar resi-
dués (130). A good candidate for this receptor-binding region is a
largely irvariant region including the residues Gly Al, Gln A5,

Tyr Al9, Asn A21, Phe B24, Phe B25, Tyr B26, Val B1:2 and Tyr Bl6

(14, 15, 46, 61, 85, 130, 155), brought together on the surface of
the monomer by malecular folding in the threedimensional struc—
ture (Figﬁre 2). Of these residues, Gly Al, Tyr Al9 and Asn A2l play
no digect part in dimerization: ard are probably on the periphes'r'y_of
the receptor-binding region (15, 61, 85, 130). This postulated
region has supgort in the finding that the structure of the most
a.gt;l.ve peptlide with inéuliri activity 1s Arg B22 Gly B23 Fhe B24 Phe
B25 Tyr B26, a nearly invariant reglon im the insulin monomer (143,
155).

The existence of hydrophobic residues in the receptor-
binding region of infulin has led to the suggestion Ehat the deter—

L



Figure 2

A dlagrammatic representation of the arrangement
of amino acids on the insulin molecular surface

which are probably involved in receptor binding
(taken from Reference 15). .
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minant driving force in the 1ﬁsulin-receptor interaction is the "hydro-
phobic .effect", the change in the organization of water due to the
removal of nonpolar residues on tﬁe Insullin and receptor surfaces from
the medium into the hormone-receptor camplex. .Detalled examination

of the thermodynamics of the reaction supports this concept (45, 46,
151).

It has also been suggested by several groups -thiat receptor
binding may be analogous to dimerization, irnvolving the formation of
~ an antiparallel sheet structure between in‘sulin and the receptor’

_ molecule, with stabilization by hydrogan bonding between ‘main'chain
functions as well as hydrephobic interactions of the side chains (14,
106, 130). However, since the affinity constant fér -binding is mch

greater than that for dimerization, additional *interactions must
exist (130).

Tt should be emphasized that certain areas within the pos-
" ftulated receptor-birxiing regioﬁ may have different roles, for example
stabilizing the hormone-receptor complex, or initlating the biological -
respons'e‘(IIG, 130); to d?e, however, no ‘such discrete regions have
been disclosed (46, 60). |

A ]

3. - The insulin receptor

A hormone receptor, by dafinition, has a high degree of

0
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specificity.and affinity for its hormone, occuples a2 finite rumber
of sites on the cell plasma membrane, exhibits rapid and reversible
binding, and when complexed with hormone, possesses the abllity to
convey the existence of the recognition of 1ts hormone to other
structures responsible for emitting a biologicelly significant event
(36, 6l). The insulin regeptor i1s no exception. It can be purified
nearly to homogeﬁeity by-solubilization frcm'cell membranes with the
non-ionic detergent Triton X-100 (35, 37, 81), purification on DEAE-
cellulose, ard affinity chromatography on insulin-agarose and wheat.
~ germ agglutinin derlvatives (37, 38, 81, 115). Compared with insulin,
surprisingly little 1s known about the structure of the insulin re-

_ceptor. This can be undersgood-when one realizes that isolation of

puredinsulin receptors using rat 1iver membranes requires a 500,009-
fold purification (38), and that the receptors represent only 10'”;
of the total protein of rat liver homogenate (37). |

- Gel filtration and density gradient centrifugation experi-

,ments using the soluble insulin binding protein indicate that it has

a.Stokes radius of 70 R (37, 81), a sucrose sedimentation coefPicient
of'll S, and asymmetric molecular dimensions (35, 36, 37), witha
frietional ratio of 1.5 and an axial‘ratio of 9. In most instances,
the molecular welght of the insulin receptor appears Lo be 300 000
daltons (14, 35, 37, 38, 81, 143). More recently, proteins likely
to be the insulin receptor or its subunit have been found with mole-

"
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" cular wedé;ms of 130,000 (81, 157) and 75,000 (143) daltons. It

1s therefore apparent that the insulin receptor consists of probably

four ldentical subunits (69, 72, 81, 143) containing two or more

- binding sites (72); binding of insttlin to the receptor appears to

enhance 1ts reversible dissoclation into subunits with smaller
Stokes radii (69, 72, 81, 157).

In'the membrane 1tself, the Insulin-receptor has been
visualized, using ferritin;insﬁlin, elther as a single receptor or
in a group of two to six (82). These groups of receptors have been
shown to occur before, and independent of, the binding of 1n$ulin to
1ts receptor (82). The microfilament system is not believed to be
Involved in holding these groups of insulin recéptors together (82).

Like insulin, much information has been obtained about the
structure of the receptor by structural modifications; various énzy—
matie treatments directed at the .receptor molety have confirmed that
thé receptor 1is ; pgotein, due to destructioﬂ of bihding activity by
digestion with such proteases as trypsin (22, 32, 35, 36, 38, 65, 72,
115). It 1s also known that the insulin receptor is a glycoprotein,
although conflicting résults have been obtained regarding which car-
bohydrate :esidues are involved. Digestion with B-galactosidase
appears to destroy certain receptor sites, and plant lectins with -
galactose specificity largely 1nhib1t the Insulin binding process
(22); this appears to indicate that the receptaor site for insulin

»
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tnvolves galactosyl residues (22, 32, 37). Sequential digestion
 with neuraminidase and p-galactosidase suggests neuraminidase does )
not uncover new galactose résidueé‘-‘invoived In the recognition i‘upc- _
tion of the receptor (22), although other studies (36, 38, 115) fourd
this sequential digestion or digestion with neuraminidase alone
decreased the recep‘cor's‘ affinity f'o;' insulin. Wheat germ agglu-
tinin does not appear to Affect insulin binding (22), although
agarcse affinity cézluzms containirig vmc'eat germ y utinin effective-
1y adsorb rgcéptor glecules (37). Concanavalin A bits insulin
bir?:ling, @iicatirg mannose r-esidue’s_in the hormo eceptor site;
4n Aaddition, cor}canaval%n A agarose affinity columns also effectively
adsorb the insulin receptor (37, 115). °

The specific’ i}'mulin receptor has been demonstrated (:f.n a
large mumber of species, including man, monkey, rat, mouse, guinea
plg, rabbit, calf, sheep, pigeon, turkey, chicken, frog, hagfish,
and Chinese hamster (9%). However, most :e:gperiments using membrane’
receptors of several specles exclude the existence of a specles-
specific receptor; mgérdless of the affinity of the homologous
insulin, most receptors show similar basic sharacteristics and

affinities to different insulin moleculesQ63, 96). Although the

insulin binding site on the insulin receptor has been remrkzﬁly econ-.

served throughout evolution 561, 67, T4), even receptors within one
species appear to differ im;unologically (711).‘ ’ -
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By examining the insulin receptor\—birxiing- region, cne may
make sevefal speg:rulations c-omeming the receptaor 1n§;111n-birdjng
region. The insulin receptor in all likelihood has a éoncave surface
cm;{er_n‘entary to that of the insulin hormone (15). This receptor
probably corntains rwdro;(hobic regions complenenﬁary to that formed
bs.r such residues in the insulin receptor-binding region. as Phe B2l,
Phe B25, Val Bl2, and possibly part of Tyr A19 (15). The ;ecgator
may also have a polypeptide chain capable of'f‘oming a.p a;itiparalleh
B-sheet  interaction, thus satisfying the hydrogerBond donors of the ® -
main chain of residue: Phe B24 PheB25 Tyr B26 (15). 'Ihe.gé-iphery °
of the 4nsulin-binding region of the receptor probably contalns &'
serles of charged groups which are capable of forming ionic interac-
tions with the Gly Al a-amino group, the Glu A4 carboxylate group,
the Asn A2] a-carboxylate group, the Arg B22 pﬁ%mm ;
the Glu Bl3 éa}‘boxylate group (15).~ It is Eg_ej'efore fi\lﬁly that more
extensive interactions are involved in the insu_'l_in—recepéor interac-
tion than in the insulin-insulin interaction, accourtiM for the higher
assocliation constant for receptor bind:ln;; than for dimerization (15,
130). _ .

'
'

As the solubilized insulin receptor has th€ same binding

«

P ) .

properties as when in the intact membrane (35), these properties ,
will be discussed at lergth in the next section only. ‘ |

-
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H.m interaction between insulin and its receptor

.A. General Intrdduction e~

The general approach to examining the inferaction between
insulin émd its receptor has been the measur\'ement of the binding of
radicactively labelled hormone with intact tarzeét cePls or ‘with iso-
lated membrane preparations. This was not entirely feasible prior
to 1971, when FPeychet, Roth and Neville (57) clearly demonstrated -
firstly that ‘2 I-insulin was fully blologleslly actfve, and second-
ly, that highly purified rat liver plasma membranes contained speci;
fic binding siffes for insulin, as opposed to non-specific adsorptiéml
by insulin to the membranes (72, 76, 134). Since that time, the bind-

. ing of insulin to its membrane receptor has been examined extensively
in a variety of tissues (including intact hepatocytes arxi purified
Mver plasma menbranes (3, 31, 35, 36, 57, 58, 59, 63, 79, 81,96,
108, 109, 111, 119, 132, 133, 139, 140, 141, 156), intact adipocytes

and purified fat cell membranes (4, 33, 34, 35, 36, 47, 57, 70, 88,
101, 102, 109, 123, 124, 132, 133, 139, 140, 157), erythrocytes (48,
62, 64, 66), monocytes (11, 127, 128), lymphocytes (11, 23, 64, 65,
73, 114, 127, 129, 141, 151), fibroblasts (64), lkidney cell membranes
(13, 48), endothelial cells (8), placenta membranes (112), retinal
cells (149), brain tissue (75), and pancreatic cells (100)), from a
large number of specles (including man (4, 8, 11, 23, 62, 64, 65, 73,

\



- 25 -

» BT
109, 112, 114, 127, 128, 129, 141, 151), monkey (75, 108), rat (3,

31, 47, 57, 58, 59, €3, 70, 75, 79, 81, 102, 109, 111, 119, 132, .

133, 139, 141, 156, 157), mouse '(100, 1ué, 149), chicken (96, 140), |
turkey (66, 67), dog (13), pigeon (75), rabbit (159), guinea pig " -
(96) and calf (96). | |

-/

B. General bindix_'xg characteristies

The binding of 12I-insulin to 1ts receptor is specific;

unlabelled insulin and insulin derivatives such as desalanine insulin, /;’{é
desoctapeptide insulin, reduced insulin, and proinsulin compete for '
binding in direct proportion to their abllity to stimulate’ glucose
'oxidation in isolated fat cells; unrelated peptide hormones sué:h as
glucégon, growth hormone and ary : e vasopressin have no‘ effect ’
(8, 13, 14, 33, 35, 58, 61, Gu, 65, 66, 67, 72, 75, 142, 149).
Binding of insulin to both intact membranes (8, 65) and soluble re-
_cef:tor (35, 36) 1s reversible. Bindir!g 1s also saturable, with res-
pect ta both insulin concentration and cell or membrane protein con-
centration (8, 13, 14, 31, 34, 35, 36, 58, 65, 66, 67, 72, 119, 127,
133, 131). { ' B

. The binding of '%°I-insulin to its receptor i tempéfature—
dependent (8, 33, 34, 36, 48, 58, 61, 62, 64,.75, 127, 134). In al-
most all cases, the Initial rate of assoeciation is prgportional to
temperature; however, the steady state level of binding is usually



A

-

1 0l

[ 4 - . r .
higher the lower the temperature, due to accelerated dissociation and
degradation of hormone and receptor at higher tesmperatures.(l4, 33,

/363,37, 48, 61, 66, 67, 69, 75, 134, 142, 149). The binding of 125

-/ ins’ulin 1s also time-dependent (14, 31, 33, 37, 48, 64, 72, 127, 134).

" The time course of insulin binding depends on several factors, most
;;art_icul'arly terrpérature (48, 58, (35., 67, 79, 119, 127, 142, 156).
In most cases, the time course follows a simple binding curve (48,
58, 65, 67, 119, 127, 142, 156), although in some instances, complex
time courses of. binding have been observed (62, 79). The steady state
* level of binding can be reached anywhere fram 2 to 120 minutes (Sé«
61, 79, 96, 119, 141, 149), depending on both the temperature (48,

66, 67, 75, 134) and the insulin concentration (63). Binding for all

insulin receptor’g is extremely deperdent on pH, showim' a sharp pH
<. .optimm between 7.8 and 8.0, depending on the tissue (8, 62, 65, 66,
o
67, 72, 75, 96, 119, 127, 149).

High lonic strength (2M NaCl) increases binding in almost
all membrane preparations, presumably by um_xask.hg new binding sites
& 33, 36, 37, 38, 72), as the soluble receptor. complex is unaf-
fected (36). Similar results are obtained by I\:ti:L'g_Egtiw/)/g membranes
ﬁth.phospholipaées A and C (31, 32, 33, 35, 36, 37, 38, 115, 133).
Dependirg on the tissue under study, many conflicting results are ob—
tained concerning the ionic requirements of insulin binding to its

receptor. For example, Ca2+ and Mg:2+ lons have been found to in-

»
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crease binding (13, Hﬁ, 62, 66, 67, 107), decrease binding (67, 133),
or have no effect whatsoever on binding (47, 67). Similarly conflict-
ing results are obtained ﬁth Na+ kKt and Mt Ions (62, '66 67, 133).
Sane groups maintaln that bimding is canpletely unai‘f‘ected by ionic
Bpecies (33, 36, 37, 65). ' ’

¥

\/\ C. Dissociation of insulin from 1ts receptor

Dissoclation of 1Zsl—j_nsulin from its receptor can be effected

by addition of excess unlabelled insulin to the medium (58, 61, 134),
by addition of acid to the medium (31, 33, 37, 58, 59, 61, 119, 134),
by dilution of the binding medium (61, 134), of by addition of urea
to the medium (44). The rate of dissociation 1s related directly to
temperature; the higher the temperature, the faster the dlssoclation )
(44, 61, 123). The .dissociation process usually does not follow sim-
ple first order}l\d-)netics (61, 142), fﬂ& in most cases can be resolved
into I‘ast and slow dissociating species which probably represent low
and high affinity binding sites, respectively (65). In addition, a
dependence of the dissoclatlon rai:é on the concentration of insulin
in the medium has often been qbserved (43, 69). The implications o‘f'
these last two facets of the dissociation process will be discussed

in detail in the following sectlon on negatlve cooperativity.
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D. Negative cooperativity

<

upward curve (3, 22, 41, 44, 61, 76, 96, 114, 123). This can be in-

A Scatchard plot of insulin binding data gives a curvilinear

terpreted in one of two ways; either'f:wo or more discrete populations

of receptors with different affinities co-exist, or else, as origlnally

suggested by de Meyts and co-workers in 1973 (43), negative coopera-
tivity between binding sites of a single receptof population is in
effect (3, 22, 41, U3, 44, 61, 76, 96, 114, 123, 141, 142). The neg-

‘ative. cooperatlvity model involves insulin binding to a homogeneous

. class of empty, high affinity sites, which then, with increased frac-

tional saturation of receptors, undergo conformatiomal changes through'

site-site interactions resulting in thei¥» transformation to the low

affinity (fast dissoclating) state (44, 46, 69, 101, 129, 1&2).@:&

l\;:ur'eszence of negatively cooperative site-site interactions can be

demonstrated by studying the dissociation of 12°T-insulin from its
receptor in the absence and pfesence of unlabelled insulin (43, 44);
negative cocperativity exi.sts if the presence‘of native unlabelled -
insulin enhances the dissociation of bound 25T-tnsulin during dilu-
Ition-induced dissociation (43, 129). Negative cooperativity, as in-
dicated by both curvilinear Scatchard plots and dissoclation studles,
has been observed in almost all eell fractions studied to date ‘(8,
11, 66, 67, 99, 114), It 1s d&pendent on insulin concentration; a

decreased effect at highér Insulin concentrations is thought to be -
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' due to dimerization of insulin which masks the cooperative site
suggested by, _a’é“mjts (43, llll," s, 67, 69, 123, 142).

'In some’ studies, negative cooperativity does ﬁot appear to
r al],/ébserved kinetie inf:eractions, and functionally dis-
éinity, low capacity, and low affinity, high capacity
binding sites must also exist (122, 123, 1216).. In other studies,

or heterogeneity ‘a.lo_ne appears to account for observed kinetic
daty (22, 47, 65). Recently evidence has accumlated quest;.'ioning the
/)' ' exls e\nce of negative cooperativity under physiological conditions,
ard sugesting the presence instead of a hamogeneous group of non-
interacting receptors (4, 33, 34, 47, 69). For example, several
studies suggest that nep;atively'cooperative inferacfions are temper-
ature-dependent, and virtually not apparent above .30 °C (63, 69, 129).
It has also been demonstrated by Pollet and co-workers (129) that the
dissociation rﬁte of bound insulin is largely indeperdent of binding
site occupancy, indicating that enhanced dissociation of bound hor—
.mone does not provide evidence of negative cooperativity: Further
studies with several‘membrane preparations (101, 102, 111, 112} have
suggest;d that apparent negativg coopgrativity between receptors can
be explained by the interaction of thé- insulin receptor with a non-
receptor membrane glycoprotein,- the interconversion between these two
insulin-binding species being mediated by insulin. Firmlly, thE mo-

bile receptor hypothesis, which deseribes a process in which receptors

e
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diffuse independently in the plane of the membrane, reversibly asso-

) clating with effectors to regulate activity, could In some Instances

eicplain the camplicated kinetics of the insulin binding reaction (80,
101, 129). ‘

In conclusion, 1t 1is apparent that in most cases, at
ph;rsiological temperatures and insulin concentrations, insulin recep: .
tors behave as a hcxnogerieous class of non-interacting, high affinity
binding sites (129), although in some instances data can be explained
only 1f heterogeneous ré'ceptor sj.tes exist or negatlvely cooperative
interactions are in effect, or both. |

E. Non-specific binding

In 125

I-insulin binding experiments, it 1s necessary to
correct. for a term commonly called "non-specific binding", that 1is,
radicactivity non-specifically adsorbed to non-receptor regions of

the plasma membrane, as well as to a varlety of iInert materials, in-
cluding glass ard plastic surfaces (37, 3-9, 58). E}xperjgpentally',
non-specific binding is ‘determined as the amount of lzsl—radioactivity
bound to membranes in the presence of a large excess of unlebelled
insulin (123). Although the proportion of non-specific binding varies
widely, depending on such factors as the concentrations of labelled
and unlabelle%l tm*fnone, the temperature, the age and quality of the

1251—1nsu11n preparation, and the membrane protein concentration (34,

4
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37, 58, 61, 156), it is usually found that a very low fraction of the
total rafiicactivity added, about 5-20% of the total binding, 1s non-
specifically bourd (13, 75, 79, 123, 140, 141). Specific binding,
that is, binding which is displaceable by mative insulin, is calcu-
lated by subtracting the percentage of >I-radicactivity bound to
the nmbrané in the presence of excess unlabelled insulin (when
specific binding sites are primarily occupied by unlabelled msuliq)
from that bound in the absence of .uglabelled Insulin (59).

Non-specific binding of '2T-insulin has not been studied
to any large extent. It appears to be virtually temperature-indepen~
dent (iSG). It also apl;ears to increase sllowly with time (66, 100,
_153), sometimes reaching a plateau, depending on the duration of the
expertment (153). Nen-specific binding decreases tremendously in the
presence of albumin (;3, 63). Dissociation of non-specifically bound
- ¥%4ngulin appears to be a different process from that of specific-
 ally bound insulin, being complete in much less time (119, 123). |
Intact cell studies have revealed the irreversible assoclation of some
non-specifically bound insulin to cells (119).

F. Degradation of the insuldn receptor
-

Insulin re@'ptors are constantly being synthesized and de-

graded (53). Degradation of the insulin receptor is dependent on
time, temperature and membrane concentration (142)., It is believed
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that the loss of receptors from the cell surface represents the en—

try of the receptors anto the cell where they are degraded (72).

G. Degradation of insulin

The liver 15 the major organ that removes insulin from the
circulation (38, 48, 59, 148), although insulin degrading activity
has been observed in:all peripheral tissues, including kidney, musile,
adipose tissue, isolated fat cells, and the particulate fractions of
fat cells (38, 59). Degradation of insulin is a function of time
(3, 48, 59, 142). It 1is also extremely dependent on ten_perature,
being drastically reduced at lower tenperfatures (48, 99, 119, 142).
Degradation of insulin is a function of cell or membrane protein con-
centration; imri;_ased degradatlon is observed with increasing protein
concentrations tHB, 59, 63, 142). Degradation 18 also deperdent on
the criteria used in ité evaluation, these criterda being the ability
of the insulin to specificzly bind to a second allquot of membranes;,
to bind to anti-insulin.antibody, to precipitate in the presernce of

trichloroacetic acid, and to adsorb to tale (59).

The relationship between the binding of *2°I-insulin to its
receptor and 1ts degradation 1s an extremely controverslal one. Thelr-
independence (11, 13, 34, 36, 38, 59, 61, 65, 67, 88, 134, 142) 1s
stroogly suggested by such evidence as different biochemical charac-
teristics (including affinities, analogue specificities, pH and lonie
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 strength optima, temperature dependence) (13, 40, 59, 67, 88), the
recovery of undegraded insulin upon dissoclation of the hormone-recep—
tor camplex (31, 59), the lack of effect on degradation when insulin
binding is blocked with antibodies to the insulin receptor (52, 88),

) and the decrease in degrading activity upon purificatibn of mem-
branes (35, 59). However, recent work by several groups has indicated
that a relationship between insulin binding and insulin d—e;cﬁqn_ .
does exist., For example, in 1975, Terris and Steiner (1”6} found
that the rate of degr'adatién of insulin was pmpor‘_cional to the
amount: of insulin bound (40, 69, 70, 143). Another study (63)

"shogwed a release of 50% immnoreactive 1251—insu11n and non-immno-

lasI—activity I‘rom rat hepatocytes, suggesting both inacti-

reagtive
ion and degradation of receptor-bound insulin. Other workers (5,
70, 147) have found both bound degraded insulin and free degraded
insulin; sonﬁ of these studies suggest the presence of two types of
insulin receptor:s in plasma membranes, only one of which is associated
with insulin degr'adagion (5, 147). Tt is therefore apparent that
receptor-linked degradation does exist, although depending on the
tissue under study and the ree;ction conditions, it usually accounts

for only a small fraction of total insilin degradation (4, 69, 70,
88).

The exact enzymatic mechanism by, which insulin is normally
degraded in cells 1s not clear. Most studies appear to indicate that
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degradation is primarily a membrane phenomenon, or at least the rate-
determining step occurs at the plasma membrane (61, 70, 119). Two
major enzymes havé be_:en implicated, the microsomél glutathione-insulin
transhydrogenase, and the cytosolic insulin-specific protease (63).
Glutathione-insulin éransl'wdrogemse 1s a reductase which cleaves the
disulfide bonds of insulin, producing A and B chains, which are then
susceptible tc; further degradation by non—;pecific cellular proteases
(49, 125, 143, 148). Studies with insuliim protease have led to the
hypothesis that an early step in the degradatidn of ‘Insulin is the
cleavage between residues Tyr B16 and Leu Bl7 that renders t;he mole-
cule susceptible fo further degradition by non-specific proteases (49).
Examination of the degradation products of 129T-insulin suggest they
consist of small peptide fragments (59, 88) and iodotyrosine (70).

It has been speculated by several groups that the degradation of

insulin requires its. campartmentalization or transport into cells (15, |
‘1 N - \
70, 88, 143, 159). , :

H. Intracellular binding of insulin

'f'he early finding by Cuatrecasas that insulin covalently
houm to large insqQluble aéarbse beads was still biologlcally active
led to the conclusion that insulin elicits all its effects by binding
f;‘ the external surface of the plasma membrane of the target cell
(14, 30, 36, 37, 72). Although this effect was later shown to be

}
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entirely due to the liberation of free insulin from the insulin-
agarose complex (72, 76), it was still believed that insulin bound

exclusively to the plasma membrane to exert its blological action.

In recent years, t'rowev;er, an aburdance of evidence irdica-
ting the entry of insulin into intact cells has suggested the eiistence
of intracellular binding sites (72). For example, several studies
have shown a non-dissoclable spéciﬁc binding of insulin t:c; intact
cells (70, 86, 88, 119), probably representing intracellular radio-
activity. In addition, much evidence for the intracellular migration
of 125I-nsulin and ferritin-insulin has been found using the tech-

_niques of electron microscopy, electron microscopid autaradiography,

and light microscopic autoradiography (23, 72, 73, 88).

It has been suggested that insulin enters the cell after
its initial binding to the cell.surface, possibly being interilorized
by pinceytosis (with of without its receptor), followed by a trans-
fer through the cytoplasm to one or more intracellular organelles
(72, 78, 153, 154). To date, specific high affinity intracellular
binding sites for insulin have been discovered on pugified intact
miclel and miclear membranes, smooth al;ld rough erdoplasmic reticula,
and the Gc;lgi apparatus (3, 71, 72, 78, 88). Not only are these
intracelludar binding sités immunologically distinct from those Aon
the plasma membrane (71, 72, 153, 154), but they are also biochemi-
cally distinct 272); the intracellular muelear membrane sites have
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‘a lower affinity for ipsulill'l (71, 153, 154), different pH optima
(between 6.5 and 7.25) (153, 154) and salt optima (no enlrxancetr;eht of
binding with 24 NaC1)(153, 154), a single class of high-affinity .
receptors (153), and a lack of any, insulin degrading activity (78,
154). ' ]

A

" <\ The biclogical sié;qific;ance of _these 1ntrace11ularA binding
sites 1s unknown. It_ has been suggested that the Golgl membrane and
rough endoplasmic reticulum binding sites may be precursors of .those
on the plasma membrane (71, 72, 154). As it has been ﬁhown conclu-
sively that insuiin enters intact cells, it may also be spgculateci
tb&t these intzac!gllular binding sites are. involved In the regulation .
of ceftain long-terth effects of insulin, including stimlation of the

 synthesis of DNA and RMA (71, 72, 73, 78, 154).

»' 4

5. The clinical significance of insulin binding studies

/ N . .
In 1889, Minkowski and 'von Mehring observed that a pancrea-

tectomy leads to the development of diabetes, a discovery that paved
\' the way for Banting and Best over tﬁm'y years later (76).  Since
that time when Insulin was first linked to diabetes, a considerable
. amcmnt of effort has been spent detmlﬂning the exact nature of the
- relationship between Insulin and both diabetes ami obesity, another
insulin-resistant state. -
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‘Mechanisms of insulin resistance can operate before, at,

' dox" beyond the level of the insulin—reeeptor interaction, Before
binding, for exémple, anti-receptor antibodies cén impede access of
t.he active hormone molecule to. it-s site or'action (53, 71, T4, 83).

At the level of binding defects in receptor concentration or affi-
fiity may be apparent (41, 53, 97, 98, 108, 120, 142). Beyond the
receptor, defects In any pathways for insulin action could produce
insulin resistance (7, 41, 94, 98, 108, 120). Although all three

of these mechanisms are known to exist, most studies have concen-
trated on insulin resistance at the level of Insulin binding. In
almost Iall known cases, .1t has been found t;hat\sn inverse relationship
exists between circulating levels of insulin'and the mmber of
insulin receptor sites (3, 10, 12, 41, 61, 72, 74, 76, 97, 108, 117,/\
118, 120, 121, 154); in other words, im:ul_'m diI;ectly regulates its |
binding cdpacity on both the plasma membrane and o intracellular
membranes (152, 154), a phenamenon lmown as "down mgtﬂz‘ation". ‘In

' cases of dlabetes and obesity with concomitant hyperinsulinemis, a
characteristic feature of tﬁese Insulin-resistant states (97, 108),

It 1s found that insulin receptors are decreased in number, but are
indistinguishable from normal recepi:ors by such criterla &s binding
affinity, kinetics of assoclation and dissoc(iation, and temperature
dependence of' binding (% 12, 22, 26, 142 53, 61, 72, Th, 76, 94, a7,
98, 99, 108, 120, 121, 142). It has been suggested that this decnease

~ . _"“-\
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in Mn receptors may bf;éjmply é reflection of a more generallized
alteration in membrane glycoproteins (26). Many exceptions to this

o decrease in insulin receptors have been observed (3, 7, 41, 53, 61,
93, 107, 108, 117, 118), indicating that more than a single variable
1s involved. Whether hyperinsulinemia 15 the cause or the effect of
insulin resistance via decreased insulin recepters is unknown (84,
97); re@rdless of the sequence of events, the cause of the .’mitiating

. abnormality has not yet been discovered (84, 120).

The relationship between insulin levels and insulin recep-
\’tor\{igzs 1s also found in many lnsulin-sensitive states, such as
following an adremalectomy or hypophysectamy, or in dlabetic animals
with hypoinsulinemia; in these cases, decreased plasma insulin concen-
trations lead to increased rumbers of insulin receptors >(72, 76, 94,

98, 154).

In summary, the mechanisms for insulin resistance are as
‘conplex as insulin action itself; decreased insulin effectiveness can
be due to single or multiple abnormalities located at any step of the
pathway of insulin actilon, including changes in insulin receptors,
alterations 111"1@}111n effector systems, or mintlgnt of the coupling
between insulin receptor c;onplexes ard insulin effector systems (26,
94, 120).
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6. The aim of this thesis

——
Elucidation of the chemical propertles of individual func-
tiomal groups-in protelns and the relationship of these propertles
to the protein macrostructure M fundamental to the un:lerstar‘:dirg of
that protein's strucfure and function. As these chemlcal properties
are determined both by the inherent propertles of the functional
group und_er conslderation and by its interactions with 1ts microen-
virorment, determination of the ionization constant and chemical re- -
activity of the group should allow the deduction of its local environ-
‘ment in ;:he m/sﬂin molecule, Where Insulin 1s concerned, determina-
tion of the c})emcal properties of 1ts functional groups 1s of parti-
cular rvpo;ﬁance in e;xami_njng structure-function relations'hips, as
the str pH dependence of insulin binding to its membrane recep-
‘tor would\imply that the ionization states of groups on the insulin
molecule e‘ng/or its receptor are crucial structural features. The .
initial.aim of this work was, therefore, to determine the chemical |
I-Jroper'ties (pK vafués and reactivities) of the three amino groups of
insulin, using the competitive labelling technique developedrby
Kaplan, Stevenson and ﬁartley {89). As the three amino grou;;s of
insulin were -found to be urmsually‘ reactive under physiological
conditions, it was speculated that they might react with electro-
philic metabolites including carbon dioxide. Due tc&the obser'vatioﬁ
of an interesting effect of carbon dioxide on the reactivities of _

these three amino groups, the purpose of this thesis was extended




-
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: s ,
, to include an examination of the effect, if any, of carbon dioxide

on the interaction between the insulin molecule and its receptor.
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CHAPTER II: Materials and Methods

1. Materials

Poreine zine inéillin was. obtained as a gift from Connﬁught
Laboratories, Toronto, Ontario. Bovine insulin (0.3% zine) and bovine
serum albumin (RIA grade) were obtatned from the Sigma Chemical Com-
pany, Saint Louis, Missouri, U.S.A.” Elastase was obtained from
Whatman Blochemlcals Limited, Maidstone, Kent, England.

Ultra-pure sucrose (density-gradient grade) was obtained

L]
<

[Acetic_-l—luc]anhydride (dpecific activity 122.8 mCi/mol)
ard tritiated acetic anhy&ride (specific activity 3°C1/mol) were ob-
tained from Amersham/Searle Corporation, Arlington Heights, Illinois,
U.S.A.  1%5I-insilin (specific activity 80-100 uCi/ug) was obtained
from New England Muclear, Boston, Massachusetts, U.S.A. / .

Solutions used are shown in Teble 1.

All other reagents and chanicalé were high-purity prepara-
tions 6ébtmined from commercial sources.
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Table 1
Preparation of solutions
Solutions ~ Preparation )
" 1. Performic acid solution 99% Formic acid/30% H,0,, 19:1 by

volume, prepared at room temperature >

-

2 hours' before use

2. Electrpphoresis buffers

(a) pH 6.5 -, Acetic acid/pyridine/water, 3:100:900
‘ by volume |
_(b) pH 3.5 ) Pyyidine/aicetic acid/water, 1:10:190
by volume
, (c_) pH 2.1 'Fomic\%cid/ace—tic acid/watqr: 445
by volume | | |
3. Solvent BAWP Butanol/acetic acid/water/pyridine,
‘ ‘ - 15:3:12:10 by volume F
4. . Homogenizing mediun 0.5mM CaCl,, mM NaHCO,, pH 7.5
5. Phosphate Buffer . 118mM NaCl, 5mM K01, 1.2mM MgSOy, 2lmM
KH,PO,, 200mM Na,HPO,, 3% BSA, pH 7.5
6. Bicarbonate buffer As 1n 5, except made 0: M NaHCO3 |
7. Salt buffer As 1in 5, except made 0.52M NaCl (same- fonic
strenggh as 6)
8. Phosphate buffered ® - 2.7nM KC1, 1.5mM KH,PO), , 137mM NaCl, 8.OmM
e (PBS)

NaQHPOlP 1% BSA, pH 7.5
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2. Methods'for the determination of the chemical properties of the
- ) i

three amino groups of insulin

A. Preparation of porcine zine-free Insulin

Pozl'cine zine insulin (250 mg) was dissolved in 10 ml
0.1M potassium phosphate buffer pH 7.4 containing 0.0IM disodium
EDTA and 10 drops 85% phosphoric acid to solubilizé the insulin.
The solution was di’aiyzed in pre-scaked 3500 molecular welght
exclusion dialysis tubing (Spectrapor) against 0.017M potassium
phosphate buffer pH 7.4, then against distilled water, and freeze-

p
dried.

B. Labelling procedure

A sample of insulin (6 né:, 1 umol) and 1 umol of I-phenyl-
alanine (internal standard) were dissolved in 5 ml of a buffer con-
sisting of N-methylmorpholine (5mM), boric acid (5nM) and KC1 (100mM),
PH 5.45. HC1 (IM) was added to pH 4.2 to solubilize the insulin.

This mixture was allowed 5 mirutes to achleve tfmﬁemtm'e equilibrium
In a water-jacketed redction vessel thermostatically controlled at

10.0 °C or a't 37.0 °C. With certain samples, the geaction mixture
_was‘saturated with 99.9% 002. The pH was adjusted to the desired value
with IM KOH, and 50 ul.of acetonitrilé containing 0.208 ymol tritiated
acetic anhydride (specific activity 3 Climol) were added. The reac—
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tion mixture was maintained at a constant temperature and pH for-at

least 5 minutes and then the pH was lowered to pH 3' by the addition

of concentrated HC1. Um/_g. (5 g) was added to 8M and the reaction
mixture was left to stanél \I'br 5 minutes to ensure complete denatura—
tion. The reaction mixture was adjusted to pH 9 and the insulin and :
internal standard were completely acetylated by the addition of 50

Wl acetic anhydride containing 0.102 ymol [acetic-1-'Clanhydride |
(specific activity 122.8 mCi/mol) in 10 ul aliquots. During acetyl-

~atlon, the solution was maintained at PH 9 using a pH stat with M v

KOH as titrant.

C. Purification of acetylphenylalanine

'
After complete acetylation, the pH of the reaction mixture
was lowered to pH 2 with concentrated HC1 and the internal standard
was extracted with 4 x 5 ml ethyl acetate. To remove traces of urea,
the extracts were evaporated to dryness in a rotatory e¥apcrator,
dissolved 1n 5 ml 0.02M HC1, then re-extracted with 2 x 5 ml ethyl
acebate. The extracts were again evaporated to dryness, dissolved
in 1 ml 20mM m).j, and spotted along a 7 em band of Whatman 3¥M paper
20 cm from the anode end. The 1'C-acetylphehylalantne was spotted
as a marker alongside the internal standard. High-voltage electfo—
phoresis at pH 6.5 was carried out for 40 minutes at 3000.V. The dried

- electrophoretograms were autoradiographed and the acetylphenylalanine
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was eluted with J0mM NH3.

‘ . .
D. Preparation of lwc-acétylated marker insulin

A sample (5 mg) of insulin (bovine or porcine) was dissolved _
in 3 ml 8M urea brought tb pH 4 with 8.4M HC1. , A small anount, approx-
imately 1 mg, of sodium tetraborate was added as buffer. The pH was
adjusted to and malntained at pH 9.0 with SM NaOH. 2 x 125 ul aceto-

14

nitrile containing 83.3 uCi ~ C-acetic anhydride (specific activity

122.8 mCi/mmol) were added to the insulin solution. After 5 minutes,
60/ ul abelled acetic anhydride were added to the reaction mixture.

E. Preparation of unlabelled acetylated insulin
e NTT

A sample (1'5 mg) of 1nsu1in (bovine or porcine) was dis-
sol‘ved in 5 ml &M urea and brought to pH 1 with concentrated HC1.
After 5 minutes, the pH was adjusted to and maintained at pH 9.0 with
§4 KOH. 5 x 10 Ul aliquots of acetlic anhydride were added to the
reaction mixture and the insulin was allowed to completely react.

Py .

F. Digestion of acetylated insulin

A1l acetylated insulin samplgs were treated in the following
marner. After tharough dialysis against distilded water, the acetylated
Insulin was freeze-dried. This freeze—-dried material was dissolved

4
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in 6 ml 1% ammonium bicarbonate and digested for 3.25 hours at 37 °C
with 0.3 mg elastase, freeze-dried again, then ﬁerf‘ozmic acid oxidized
(77) for 2.5 hours at 4 °C and freeze-dried.

G. iIdentirication of acetylated peptides

(1) High-voltage electrophoresis

The f4nal digest of unlabelled acetyla sulin was dis-

solved in ammonia solution and pH 6.5 buffer, then/spofted along 20

cm of Whatman 3MM paper 20 cm Isicm‘the anode end.
of the’ positions of the acetylated peptides by autoradiography, the

stéd 11‘C-.\Elcet:,r].a‘bed marker insulin was spotted as a 1 cm band

. alongside each end of the 20 cm strip. Electrophoresis was performed

at pH 6.5 for U5 mimutes at 3000 V. >

(2) Autoradiography —

Figure 3 shows an autoradiogram obtained by this procedure.
Several dots were made with radicactive ink on the electrophoretogram,
which was attached to an x-ray film in a cardboard folder and stored
in the dark under even pressure. After development, the dots helped
to align the film with the original electrophoretogram.

L

(3) Purification of acetylated peptides

v

The various radicactive peptides.in Figure 3 were purified

A}

% enable detection

LY



Flgure 3

" pH 6.5 electrophoretogram of performiceacid oxldized and
elastase digested acetylated insulin. The dark spots are.
IuC-acetylated peptides derived from 1"'C—acet:,rl.fn:ed marker
msuLlin used to locate the bands containing the 3t/ 'c-
acetylated peptides derived from the competitive labellings.

Lo
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as follows. The neutral band, N, was cut out with its 14

C-marker
spots, stitched onto a sheet of mJatmn 3¥M paper 20 em from the
cathode end and subjected to high-voltage electrophoresis for 60
minutes at pH 2.1. The fastest migrating band was cut St with its
marker spots, stitched onto a second sheet of Whatman 3YM paper 10
em from the top and chromatographed ovemig}rb in a descending marmer
with the solvent BAWP. The band was then cut out with its marker
spots, stitched onto a third sheet of Whatman 3¥M paper 20 em from
the cathode end and subjected to high-voltagé electrophoresis at

2o

pH 3.5 for 45 mimutes at 3000 V. . After autoradiography, the
mrkef at either end of the strip was Mgved and the remalnder of

the~band was eluted with 20mM NH3

uc-marker spots,

Ac1di¢ band A2 was cut out with its 1
stitched ontc a sheet of Whatman 3¥M paper 10 cm from the top and
chromatographed overnight in a descending manner with the solvent BAWP,

The band was then cut out with its marker spots, stitched onto a

~ second sheet of Whatman 3¥M paper 30 em from the anode end and sub—

'J ected to high-voltage electrophoresis at pH 3.5 for 1 hour at 3000 V.

After autoradiography, the lnc—marker spots were removed from the

fastest migrating band and the remainder of the band was eluted with
20mM NHa.

@ Acidic bands A5 (bovine insulin) and A{UL5) (poreine insulin)

N

P

‘L
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were cut out with their luc—nm-_ker spots, stitched onto a sheet of

Whatman WM paper 10 ¢m from the top and ctram,togz'ﬁphed overnight
. 1n a descending manner with the solvent BAWP. The slowest migrating
banis were cut out with their marker spots, stitched onto a sheet of
Whatman 3"M paper 20 cm from the anode end and subjected to high~
voltage electrophoresls at pH 3.5 for 30 mirutes at 3000 V. The
uC-marlcems were removed fram the A% band and the faster migrating

A(4&5) band, and the remainders of the barnds were eluted with 20mM
.

, m13 . .
(4) Amino acid analysis
N .

The dried acetylated peptides were hydrolyzed with 25
rmol mrleucirﬁe standard in 6M HC1 at 110 °C for 24 hours in sealed,
evacuated tubes. After evaporation, the samples were analyzed using

- a Technicon medel amino acid analyzer. Table 2 gives the analyse's

for each of the three, acetylated peptides quantitated in this study.

H. Purification of acetylated peptides I‘rom campetitilve

labelling pmcedure

The neutral band, N, and the acidic band, A2, were both
purif‘ied as described above with the el:hnimtion only of the BAWP
cl’mtograpmr steps. The acidic bands A5 and A(M&S) were purified

=
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exactly as described above.

I. Liquid scintillation counting

1]

A Nuclear Chicago Isocap/300 liquid seintillation counter
was uged to measure radioactivity. Dg'ied acetylphenylalanine samples
were counted in 10 ml Aquasol. Dried acetylated peptides were dis—
solved in 100 ul formic acid, then counted in 10 ml Aquasol.

J. pH measurements and titrations

A Radiometer pH meter 26 fitted with a type GK 2321C-glass
electrode was used for:pH measurements. Titrations were performed

by adding titrant from an Agla micrometer sy%;ge appératus.

o«

3. Methods for the determination of the effect of carbon dioxide on

the insulin-receptor interaction

-
- 1

A. Preparation of rat liver plasma membranes (131) .

All preparation was performed at 4 °C: A portion of liver
(10 g) from one male Sgrague—Dawley ra‘t (180-220 g) was cut into small
pieces in 100 ml homogenizing medium, then homogenized in a Podnce
homogenizer (loose pestle) with 25 éentle strokes. The homogenate

/.
o
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was diluted to 1 1 with homogenizing medium, then allowed to stand>
for.5 minutes with occasional sha.k:ing. The diluted homogenate was
poured through one layer of Miracloth, then centrifuged in 250 ml
glass cups at 1450 x ¢ (2750 rpm) at 4 °C fof 30 minutes in a
swinéing bucket rotor HS-U in a Sorvall Superspeed RC2-B centrifuge. '
The supernatant was-discarded and the pellet resuspended in a small
amount of medium and homogenized gently. (4-5 strokes).' This sus-
pension was diluted to 500 miVwith homogenizing medfum and centri- _
fuged agaln for 15 minutes at 1230 x g (2500 rpm). The supernatant
was dlscarded and the pellet was resuspended by gentle homogenization
(4-5 strokes) in a small amount of hamogenizing medium, diluted to
250 ml with médimn, and r&cenﬁriﬁmed a_1‘; 1230 x g (2500 rpm) for 15
minutes. The supernatant was discarded, and the Final pellet was
suspended in a small volume of homogenizing meédium (final volume 4 ml).
Sixteen ml 60% (w/w) lce-cold sucrose solution were added with thor—
ough mixing. The suspension was divided eoualiy between 6 Spinco
SW-25.T1 plastic tubes. Eight ml 45¢ (w/w) ice-cold sucrose solution
were layered over each suspension, followed by 10 ml 41% (w/w) ice-
cold sucrose solution. The tubes were balanced with approximately

10 ml 37% (w/w) ice-cold sucrose solution. The tubes were centri-
fuged in'a Spineco SW27 swinging buckei: rotor in a Beckman L2-65B
ultracentrifuge at 4 °C for 2 hours (brake off) at 90,000 x g (25,000
rpm). The thin,

(w/w) and 41% (w/w)- sucrose was removed using a Pasteur pipette. The
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membranes were diIuted with 1mM NaHCO3, then centrifuged in a JA-20
rotor in a Beckman J-21 centrifuge for~3 hour at 8000 x g (10,000
rom). The supernatant was discarded, and the membrane pellet re-
susperxied. in a small volume of 1mM Na.HCO3 and re-centrifuged for 30
minutes at 8,000 x g (10,000 rpm). The membrane pellet was resuspen-
ded in 1 ml ImM NaHCOR by vigorous aspiration through a 1 ml syringe:

B. Protein aésay

Membrane protein concentratioris were assayed using the Bio:
. H

Rad Protein Assay (Blo-Rad Laboratories, Rictmond, California, U.S.A.).
Bovine serum albumin in ImM NaHCO3 was used as the standard. The total

.-

yleld of protein was approximately 1 mg per g wet liver. ’ ’

-

C. Storage of membranes

-

Membranes were aliquoted in volumes suitalr\u\fﬂcperimnts
into 1.5 ml microfuge tubes and stored at -80 °C.

D. Preparation of unlabelled insulin for binding assays

A sample of porcine zinc insulin (12 mg) was dissolved in
24 ml l%NH uHCOB,then in some cases, brought to approx:hrately pH 7
with acetic acid, The insulin solution was aliquoted in 500 ul por-
tions and freeze-dried. Aliquots were reconstituted in 500 pl buffer

-

S



- 54~

(t;

prior to eabh experiment.

E. Acetylation of +2°I-insulin

Four aliquots containing a total of TO ul acetic MMide
were added to a solution containing 125I—ir1:=sulin (v1-2 uCi/ml) in
- 6 ml PBS maintained at pH 7.5 with 5M KOH by means of a pH stat.
After 15 minutes, the solution was dialyzed overnight at 4 °C in pre-~
soaked 3500 molecular welght exclusion dialysis tubing against PBS
pH 7.5. The solution was then f‘reeze-dried-
S

¥. Binding assays
&y,

The following is a representative exanplé of a binding ex-
periment. Exact details for each eJcper"iment are found in ftgure and
ltable legends. Membranes diluted in 150 pl buffer (final concentration
"250 g membrane protein/ml) and 125I-fnsulin in 150 w1 buffer (final
concentration ~107%) were added to 100 ul buffer (for total binding)
or 100 ul 1 mg/ml unlabelled insulin in buffer,(final concentration
A4ouM) (for nen-specific binding) in a 400 pl microﬁx'ge tube, which
was then vortexed vigorously. It was found useful to centrifuge brief-
1y (v 1 second) after each addition of 22I-insulin and buffer or un-
_»labelled Insulin in buffer, to reduce foaming upon addition of mem-
brane. In certain experiments, 99.9% CO, was bubbled into the solution

for 20 seconds. After a specific time interval at room tenperatﬁre,
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the microfuge tube was centrifuged at 4 °C for 5 minutes in an Eppen-
dorf microcentrifuge (415,000 rpm). ~The supernatant.was then removed
with a syringe. 'I‘tle.pH of the supernatant was Immediately measured
using an Ingold surface electrode 6020. The surface of tt{e membrane
pellét was rinsed by the addition of 300 ul 10% sucrose in phosphate
buffer, followed by centrifugation for 5 minutes at 4 °C. The super- -
natant was discarded. The tip of the microfuge tube .waa excised and

counted in a Nuclear Chicago gamma counter.

N
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CHAPTER III: Requ&v, and Discussion’

.1. Chemical properties of the three amino groups of insulin

"A. Introduction

In order to determine the precise structural requirements
for the binding of the insulin molecule to 1ts specific membrane re-
c\eptor, the elucidation of the chemical properties (ionization con-
stants and reactikvities) of its individual functional groups is essen-
tial. As the striking pH dependence of insulin binding to its mem-
brane receptor would imply that the ionization states of groups on
the insulin molecule and/or its receptor are cruclal structural fea-
tures (24, 33, 67), it is of particular inportance to detennine the
chemical properties of those functional groups believed to be-involved
in the binding interaction between insulin and its receptor. To this
end, the first part of this thesis involved the determination of the -
ionization constants and reactivities of the three amino groups of
insulin, by means of the competitive labelling technique (24, 25, 50,
89, 90, 91). The brinciple of this technique 1s as follows: When an
ionizable standard nucleophile S of knowrn”lonlzation constant énd
_ reactivity 1s made to compefe with another icnizable nucleophile A

of unknown propertles for a trace amount of 3I—I—Lab\*elled reagent RX

LS
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at a serles of pH values according to the stheme

-
k&
A + RX > RA+X .
3 .,
S + RX > - RS + X,

the rate constant and ionization constant for nucleophile A can be

‘determined after complete reaction with Mo 1abel1ed reagent RX from
the relation
- Mo orma
@r = a X 3H/lTlC of RS (1)

where « = 1/1 + [HEI/K/a/

a = 1/1 + [H+]/K |

8 8

.l r ‘

kK

and Ks and ‘Ka are acld dissociation constants. (For complete deriva-
tion of eét;ation (1), refer .to Reference 89). In this study, the
lonizable standard nuclecphile S is L-phenylalanine, the ionizable _
mucleophile A 18 one of three peptides containing the amino groups
of insulin, and the reagent RX 18 acetic anhydride.

- R
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B. JTonization constants and reactivities of the

three amino groups at 10 °C

(1) pH-reactivity profiles

h

in order to make an unegulvocal assigrment of parameters
(pK and reactivity), it was fir:.t necessary to i1solate peptides con-
taining only the functional groups of ‘1nterest..‘ To this end, both
boﬁne and porcine zinc Insulins were digested with elastase, followed
by performic acild oxlidation, to glve the radioaétive bands shown in
| Flgure 3. ArtEr complete purification, each peptlde was analyzed ds
to its amino acid composition (Table 2), and the three smallest pep-
tides containing the acetylated phenylalanyl Bl (band A2) and glycyl
Al (band A5) amino termini and the e-amino group of lysine B29 (band
N) were chosen for quantitation of thé parameters assoclated with
t;eir respective amino groups. An identical purification was carried
out for each of the acetylated peptides obtalned from competitive
(J/ « labelling experiments. After correction for background and splllover,
the 3H/MC ratio. of each, as determined by scintillaticn counting,
was substituted in equation (1) to calculate the relative rate con-
\ stants a r, listed in Tables 3, 4 and 5. The value of ag was calcu-‘
‘lated by talking bKB equal to 9.50_ at 10 °C, determined from the
T titration curve obtained by titrating 23.5 ymol phenylalanine ip 0.10M I
KC1 at 10.0 °C with 0.150M NaOH.
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A plot of aar[H+] against uar'glves g stralght line with
slope -K (results not shown). Using this estimated pK value and least
squares analysis to determine the maximal value of r, titration curves
for each of the three amino groups can be derived. Figure 4 is a plot
of ar values_ obtained for the glycyl Allam.no terminus from porcine
and bovine zine insulins and porcine zinc-free insulin at 10 °C. It
can be seen that the pH—reactivit;y profiles for the glycyl amino ter-
minus in all three insulins are very similar. Below pH 8, the data
can be approximated to a titratlon cuz've: withapKkof 7T.9and anr
value of 0.37. Above pH 8, fhe reactivity data do not fit a titration
cuyve, and the readtivity of the Gly Al amino group increase:s markedly
in all three cases. - y v

LY

* Figuré 5 1s a similar plot for the phenylalanyl Bl amino
tenninus. Although the porcine and bovine zine insulins have very
similar pH-reactivity profiles, it is obvioas that the Phe Bl amino
group has a sli-éhtly higher reactivity in zinc-free percine insulin.
Unlike the glycyl Al amino terminus, there is no marked increase in
reactivity above pH 8, and the data 1t titratlon curves with pK and
r values.of 7.3 and 0.28 for‘por¢ine and bovine zinc insulins, and

7.2 and 0,45 for porcine zinc-free insulin.

In Figure 6, the pH-reactivity profile for the group

of Lys B29 for the three insulins is shown. As pith thé amino gfoup




" Plot of a r versus pH for the glycyl Al amino terminus of
‘porcine zine insulin (e), bovine zinc insulin (o), and

poreine zinc-free Insulin (A). . The s0lid line is a theor-
ptical titration curve with a pK of 7.9 #hd an r value of

0.37.

Vv

wit
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Megure 5

Plot of QI versus PH for the phenylalsnyl Bl amino terminus “‘"-.—F/
of porcine zine insulin (e), bovine zinec insulin (o) and
porcine zinc-free insulin (A). 'I‘hé solid. lines are theoret-
‘ical titration curves wit}; pK and r values of 7.3 and 0.28,

and 7.2 and 0.45.

,.'
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Plot of o, versus pH for the lysyl B29 e-amino gmup of

. Pborelne zine insulin (e), bovine zine insulin (o) and
porcine zinc-free insuliﬁ (4). - The solid line 1s a theor-
eticai tltration curve with a pK of 7.8 and an r value

of 0.030. |

N



80

60

-

~pH

~/



- 66 -

Faniand |

LY

of Gly ﬁ}-, the reactivity data below pK 8 can be approximated to a
titration curve with a pK of 7.8 and an r value of 0.030; above pH
8 the reactivity of the Lys B29 g-amino group shows a marked in-

. crease,

If (2)-Analysis of, lonlzation constants

In a study by Bradbury and Brown (1&5), pK values of 6.7, .
'8 0 and 11.2 for the amino groups of Phe Bl, Gly Al and Lys B29 respec—
) tively in- methylated 1nsulin at 20 -°C were ob{;ained using the tech-
nique of nuclear mag;netic résonance spectroscopy In a more recent
study (214) &wolving carpetitive labelling with FDNB as the labelling
reagent,-‘the pK values of the thre amino groups of porcine zine-
’ " free insulin at 20 °C were defermined to be 6.9, 7 7 and 7.0 i‘or Phe
Bl, Gly Al and Lys 1329 amino groups, respectively. In the present
.study, using the" canpetitive labelling technique with the smaller,
more readlly accessible reagent acetic anhydride, the .values at
« 10 °C were found to be 7.3, 7.9 and 7.8 for Phe IBl, G. 51 and Ly/s\j»'
. B29 amino-groups, respectively. Assmning a AH of approximate /ELO .
ro - keal/mol. (28), the plf values -oﬁta.;ned’ for the oherwlala.ml Bl and
o ‘glyeyl Al amino terming in all three studles are in excellent agree-
N nent However, a discrepancy is noticed in the result:s for the e~

amino group of I.a,rs B29. In /tt(stl: dy involving ccmpetitive labelling
with FDNB, the relatively large shift in pK values from 7.8 at 10 °C '
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to 7.0 at 20 °C can probably be explained by an abnormal dependence
.of the ionlzation constant of this group an te:perature, mﬂecting
the unusual chemical properties of the Lys B29 e—amino/'group. uHow—
ever, the pK value of 11.2 obtained for t};?s amino grotm 3{1 ;ﬂe NVR
study cannot be explained in this marmer; as Bradbury and Brown did
not study the parameters for this amino g;roup over the physiological
pH i'ange, this possibly indicates that the titration curve for thi:;
group was'obtajne;i using insulin in an aggregatior; or conformational
state different from that present at phyﬁological pH. '

& -t 1]

In most proteins, the pK values for a—amino groups normally

.y Ue betiween 8 and 8. 5; for. e-amino groups, these pK values usually

range between 10.5 and 11. The unusually low pK values obtained in
this study for the three aminp gr-oups of insulin must somehow reflect

. their structural reletionships within the ir'lsulin macrostructure.
Since the Phe Bl a-amino gr\@_:].e probably completely deprotonated
under physiologleal conditions, the speculation by Blundell and co-
workers (14, 16) that this grouwp may form a salt bridge with ghe.
carboxyl group of Glu ‘Al7 of )‘che adjacent dimer upcn hexajler formation
is not supported by these data. It is more 1likely that the deprotonated
form of the Phe Bl a-amino group is involved in hydrogen bonding {24)

accounting for its low pK; under conditions of hexamer formation, it

‘Tu%asociate with:Glu A17 of the adjacent dimer (14).

Eepending on lts charge under physiological conditions, the



Gly Al oc-amino group mey form elther a salt bridge with the Glu A4
carboxylate -group xot‘ the same monomer (14, 16), or -rwdrogep bond with
the hydroxyl function of Tyr A19 (14).' The salt bridge would be ex-
pected 1;0 increase the pK of the amino group (16), whereas the hydro—
gen bond would tend to lower 1t (24). As at 10 °C and 20 °C the Gly
1A]; g-amino termiry® has the highest-". pK of the three amino groups (24),
it may under physiological conditions be partially protonated. It

1s therefore not obvious which of these two possibilities would be

“of greater signlficanc;e. In addition, the Gly Al‘u-anﬂno'@ap' is

in, close proximity to the Lys B29 e-amino group. If this latter group
is deprotonated under physiological conditions, it will have no effect
on the pK of the glycyl Al a-amino group. On the other hand, if the

- Lys B29 e-am.‘lno.gml.m\ is proximal to a positivé charge on t!r/re Gly Al
.a-amino group, this would account for its relatively low pK value (16,

24)., Tne speculation that the Lys B29 e-amino group could form a salt
bridge with the Glu Al carboxylate graup in dolution at neutral pH
! .

T

values (1, 14, 15) (Figure 2) 1s not supported by the data in this

stuciv_.

L]

(3) Analysis of ohemical reactivities

As the st pH prorile for the mtemction of insulin
with its receptor probably reflects\ molecular 1onization constants
of the mnctiml groups directly, involved in the Insulin-receptor. : -

— L - - . d N K X D C »

-



interaction (33, 67), the determination of the lonization constents
gf the three amino groups of insulin is extremely important, particu-
larly since the Gly Al amino terminus has been 1mp11cated :Ln this
Interaction. However, it is also oﬂ_‘considerable importance to de-
duce the iﬁteractions of these amino groups with their microenviron-
ments, a task which 1s made i)ossible by an examination of their chem-
ical reactivities. -Figure 7 shgws where the reactivity parameter:s'
obtained for the three*amino g ups at 10:°C below pH 8 (Table 6)
iie on a Brénsted plot r;zr primary amines (89). As the phenylalanyl
Bl and glycyl Al amino termini lie ébove tﬁe curve, they are seen to
be super-reactive toward acetic 'anlljdxtidé, 1.e. more reagiive than
would be eipect_‘.ed for unhindered amines'with the same pK values. This
1s in excellent agreement with zjfes;uits obtained In the compet_itive
labelling study at 20 °C using FDNB (24). At 10 °C, the lysyl B29
e-amino group. 1ies below the line on the Brénsted plot, indicating
it .1s more*buried towards acetic anhydride than would be an unhindered
amine with the .same pK vé.lue. At 20 °C with the bulldier FDNB, the
Lys B29 ¢-amino group lies closer to the line on the Br¢nsted plot
and appears to be less burled. The finding that the lysyl B29 e-
~emino group appears: to-be buried does not mean that it is never h\\\\_
_ accessible to.reagents, but simply that it reacts with reagents at

a slower rate, due to the ?acﬁ that the conformations in which this
group is expoded fom. a rel(atively migg‘r fraction' of\the dynamic
equilibria existing in the insu¥n macrostructure. ¥

i ]



f\F‘igm'e'r

The positlons of the amince groups of porcine and bovine
zinc insulins and porcine zine~free insulin on a Brgnsted
plot'foi'r the reaction of primary amines with acetic an-
hydride at 10 °C in 0.10M KC1. (1) Gln-Gly, (2) Phe-"
Gly, (3) Leu-Ala-Gly, (4) Ala-Gly, (5) Asn, (6) Gln,
(7T) Phe, (]8) Ala, (9) Bz-Gls:—Lys.
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Table 6

Surmary of the parameters for the three amino groups

' of insulin in 0.10M KC1 at 10 °C

13 \l
® o1
Amino group oK r % (M min~t)
) \ :
\_,S i ‘ . ‘
Gljcine Al 7.9 0.37 16,300
Phenylalanine Bl 7.2 (zine- 0.1 19,800
» me) .
7.3 (zinc)  0.28 112,300
Lysine B29 7.8 0.030 1,320

*calculated by taidng k. = 44,000 M 2min~d (89),

rae

-r

2
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“In the case of the‘ljsyl B29 e-amino group and the glyeyl
Al amino terminus, disc&xtinuitiep'in their pH-reactivity profiles’
ocour above pH 8, with marked increases in their reactivities. Simi-
- lar discontimuities have been.observed in several other campetitive
labelling studieg (50, 82&,,/90), and have been interpreted as. arising
from changes in conformation. As it has been reported that insulin -
undergoes a change in 1ts J:fst'.vat:e of association to a lower molecular,
welght form above pH 8 (14, 126), the observed disgontinuitles prob-
ably reflect this conversion. This hypothesis is subs’cant;ib.ted by
the. fact that the Gly Al residue is positioned near to the f-pleated
sheet Joinlng the two termingl paJ_:'ts of the B chains in t};e insulin
dimer (106), ‘and by the cbservation that dimerization causes a dlg-
nificant change in the enviromment 6f Lys B29 (16, 126). The reason

for the mrked_increase in reactivities concurrent with this converslon

is no'cl clear, and may reflect ngw or strongér hydrogen banding of the
deprotonated forms of these groups upon dissociation. The cbservation
that the phemjlalan:;rl Bl ‘amino terminus does not appear to unde-rgo

a change in properties above pH 8 1s consistent with this hypothetlcal
conversion to a lowe;:'fmlecular welght form, as the Phe Bl residue. .

13 intimately involved only in the interaction between insulin dimers,
ard :1s not lmown to make contacts on dime_rization (1,' ). However,

é contradictory. firﬂing by fluorine NMR studies (126) is thét sig.ni-
ficant alterations in the envirorment around Phe Bl occur upon dis-
aggregation of insulin above,pH 8. IR o




e e

free Insulin compared with both zine insulins cannot be adequate

' The slightly higher reactivities cbserved with porcine zinc—
g

-~

explained, and may reflect Zn2+-induced changes in the cohfonmtion “

of thg insulin molecule in the region of Phe Bl, 'cmﬁges in iés state

. of aggrega’c.ion,‘ or a’ combination of both, as s;uggeste_d by CD spectros-

copy studies (6).

“

-
L]

It should be emphasized tmﬁ' titration curves are used only

. _a theoretical framework within. which data are to be analyzed. There .
s no a priori rea.s%n why any functional group in a protein should ,
. perf‘ectly fit a titration curve. Deviations from ideal behaviour as

indicated by discontinuities in reactivity data merely indicate that’

the insulin molecule is 'a dynamic mcture whose properties and

hence the ertvironments of. its ﬁmctional groups, change with pH.

.

=
-

\

. f' i . . N . .
C. Effect of temperature on the chemical properties of
the three amino groups - BT e - _
- . B LI . , L .'

Ideally, one strives to examine the chemical prc()ertie“\ of

insulin urder physiological conditions, inc{uding insulin concen'cra-
‘tion (10 ~9_10" l1M) (14, 15), tenperatm'e (37 °C).and pH (7.11). Howeve:;,
temperatures well below 37 °C a:{-e usually used, as théy reduce the

_ rates of‘reaction ‘of the functional groups in the.insulin molecule

with various reagents, and allow the detemination or'the chemical 2

~

-

prcperties o(%hese t'unctional groups to proceed with less difficulty.

)




An attempt was therefore made to determine the chemlcal properties

“"of- the three am:lpo groups of 1nsulin at*é? °C. The relative rate
constants, a f, at 37 °C are listed in Table 7. Thevalue of ag was
calculated by talkdng pK equal to 9. 01 at 37 °C, determined ﬁ'om the -
titmtion curve obtajned by titrating, 23.5 umol pherwlals.nine in
0.10M KC1 at 37.0 °C with 0. 150M NaOH Figures 8, 9 and 10 show the -
effect of altering the tenperatm‘e from 10 °C- to' 37 °C on the pH-
reactivity profiies for the three amino groups. At 37 °C, there is .

" a sharp. increase in the reactivities of all three amino g;roupa between
pH 7 and 7. 5 Above pH 7.5, the reactiv‘lty profiles become discon- P
timous. Due to the rapid transitiops in the pH-reactivity pmfile;, T (1
these data cannot be fitted to a titration curve; however, the mig- '
points in the* transitions oceur between pH 7. 0 and 7.3 for all three
groups. In view of the results obtained at 10 °C with acetic an-
hydride (Figures 4, 5 and 6) and at 20 °C with FDNB (24), the most
probabl; -explanation of the sharp discontinuities observed in the
reglon of physiological pH 1s that at 37 °C, insulin undex:ép‘e_s a change
in assoclation state, due to the deprotonation of on.e ror more of its
three amino groups. As considerable evidence 1nd1ca1;es\pr1at_ Insulin
exists as a mondmer under physiological conditions (5, 6‘, 15, 30),
these data pr'-obably' re.flect the -conversion of insulin from a dimer
to a monomer. The fact that this conversion occurs so rapidly over -
the narrow pmrsiological PH range suggests that the change in struc-
tural ‘properties may be inmportant in the functioning of insulin. As T

| A
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pH-reactivity profiles for the glycyl Al amiho tergggus N
. AN

of poreine zine insulin at 10 °C (e) and 37 °C (m).
The open triangles (A) are the reactivities in the

- presence of CO2 at 10 °c.
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Flegure 9

t

' pH-reactivity profiles for the phenylalanyl Bl amino
terminus of porcine zine insulin at 10 °C (e) and
37 °C (m). The open triangles (A) are the reactivi-

~C_Tj.es in the prpéence of CO, at 10 °C.

2

T

L 4

4



=TT =

.ﬂ.oo-lotlb-..o-
AR Rl T T A,

1

50—

€
//\ -

40




Figure 10

RN

A
pH-reactivity profiles for the lysyl B29 e-amino group
of porcine zinc insulin at 10 °C (e) and 37 °C (I): The
open trlangles (A) are the reactivities in the presence ,, . “

of CO2 at 10 °cC,
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lthese data also show that this change in structural properties is

strongly dependent c;n teriperature, 1t should 'be emphasized that caution
must be exercised'm interpmt:ing properties of insulin obtaineél below
37. °C, and stressed thai; insulin should be studied under physiological

sconditions wherever possible.

-4

D. _Effect of carbdn dloxide on the reactivities
of the three amino groups

L4

The general nature of the r,eiaction of carbon dioxide wng
amino groups has been recognized for many years (55,,103, 116). As
the present study appears to indicate that at physiological pH the -
three amino groups of Phe Bl, Lys B29 and Gly Al are largels; depro-
tonated, the amino groups are théefom consigierabl& more nuclecphilic
than normal ,am.‘lno‘groui)s undér physloleogical conditions, and should
react with all electrephilic metaboliteg, including carbon dio;riile'.
The open triangles (A) in Figures 8, 9 ;md 10 show {the reactivities
(Table 8) at iO °C of the three amino groups in the presence of sat-
urating amounts of carbon dioxider’gll three cases, the reacti-
vities are markedly reduced, indicatirg that carbon dioxide has
reacted with the amino groups to form carbamirio derivatives, and
sﬁggesting that a more rapid reaction with carbon dioxide should occur

under phy$lological conditions. The reaction of (O, with the three

2
amino groups could not be studied-at 37 °C, due to the fact that the
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phenylalahine’ 1ntema1 standard reacts with carbon dioxide under
these conditions.

-

2. * Effect of carbon dioxide on the insulin-receptor interaction

A. Introduction

* .
-

It has been.suggested by ‘Gurd and Ko—wor}cers (116) that
carbamino formation may be a quite geberal and functionally important
phenomenon throughout blology, pét 1imited primarily to hemoglobin.
The formation of these derivatives changes the chemical function of
the amino terminus of the pe‘ptide.chain, a'I_Lt-ers its charge, intro-
duces bulk to the protein, and has an effect on the conformation of
the terminal region*ef the chain (116). An attempt was therefore
made to determine whether those changes induced by the fo‘matipn of
carbamino derivatives in the insulin molecule somehow affected the
interaction of 1251 insulin with 1ts specific receptor in rat liver
plasma membranes. _ . » | ' i)

, - . . ~

L

;) -
B. Effect of carbon dioxide on the binding of 1291~
%

insulin to its membrane recebtor

Initially, the effect of carbon dioxide on the binding of
1251 insulin was examined using a binding mixture through which 99.9%
002 was bubbled to glve a final pH of ~ 6.8, and an identical mixture

-

Y

>
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buffers*containing 0.4M NaHCO and NaCl the same ionic strength

282 -

-

N

~ to whiehfan acetic acid solution#had been added to glve the same final

pH (results not shown). However, it was observed that this low pH
decreased the binding of '?°I-tnsultn to such an extent that any ef-
fect due to CO2 was difricult to discern. It was therefore decided
to perform all binding studies .at higher pH values in the presence
of bicarbonate, which produces CO accordﬁng to the equilibrium

HOO;” + H =2 co, + HO. (2)

whereas it is difficult to determine the amount of carbon dioxide
dissolved in solution, the use of specific amounts of blcarbonate is

advantageous in that 1t allows quantitation of results.

VY

k|
' A camparison was made between the efTécts of 0. 2M phosphate

3
on the binding of laslninsulin'to 1iver plasma membranes. Phosphate

buffers of this high ionic strength Were used in order to control the-
pH changes which occur'in the presence of bilcarbonate. For the same.
reason, extreme care was taken to prevent atmospheric contact in all
experimnts,\as the diffision of CO, out of solution causes large pH
changes. Because the reversible hydration of CO2 1s a rather slow
process, it was initially thought advantageous to include a trace
amount of the enzyme carbonic anhydraae, _which catalyzes the reaction ;

shown 1n (2), to-the reaction mixture, so 4s to maintain more nearly
equilibrium conditions, However,'it was observed in several experd-
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ments,(l_:'esults not shown) that the presence of carbonic.anhydrase had
" little or no effect on the experimental results, so it was eliminated
from the reaction mixtures.

, ' Table 9 shows that the percentage of specific binding varied
between 3.6 and 13.7% of the total radicactivity added, depending on
such factors as pH, presence or al‘:sence of bicarbonate‘, femerature,
and membrane preparation. In all cases it was ob‘served‘ that the
specific binding of 25I-insulin to rat liver plasma membranes was
low/er In the presence of 0.4M NaHCOB. However, dne tp the difference
in pH values between the salt (control) and bicarbonate samples, it_) |
was found neceséary to determine the pH profile of ‘2°I-insulin binding
in the presence of 0.52M NaCl, to allow direct. canparison of resultd.
This pH profile of 1851-tnsu1in binding to rat Liver plasma membranes
is shown in Figure 11. The optirmmp’prrbindingis seentobepH
7.75, in good agreement with those I‘indings of other workers (72, 96,
119). In the pH range of interest, very little variabllity is appa-
rent. Large degrees of v-arjability are visible above pH 8, possibly
indicating a cha.nge In the st;ate of aggregation in the insulin mole-
‘ cule (-1‘4 126) Examination of the pH profile indicates that the
results-shown in Table 9 are extremely significant In all cases,

. the pH of the blcarbeonate reaction mixture should be associated wlth
at Teast equal or higher 1251 insulin binding. Therefore, ignoring

\

1.variations in the pH profile, bicarbonabe bhinding should be
. ' ° ) . - :
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9 .
higher than that in the absence of bicarﬁonate, but it is in fact

considerably lower (Table 9). This leads to the conclusion that the
net effect of 0.M bicarbonate on the Qec@c binding of 1251~
insulin to rat liver plasma membranes 18 to léwer it between 19 and
65% of 1ts value at the originsl pH, depending on the actual pH
changes within each experiment. This is shown graphically by the
open triangles (A) in Figure 11, representing the percentage séécific
binding of 125I—insulin in the presence of CO2 after correction for

' .

pH differences.

Due to the fact that equilibration of the bicar?onate buffers
occurs very rapidly, it was not possibletto deternﬂne whether the
observed effpct of blcarbonate buffer on insulin binding was in fact

due to carbon dioxide or due to the bicarbonate icn 1tself However,

© as 1t has been shgwn in this study that carbon dioxlde readily reacts

with amino groups to form carbamino dérivatives, and since this chem-
icel modificaticn of the amino groups ;s quite likely tc impair
biﬁding activity, the most probable explanation is that carbon dioxide
is in fact responsible Tor all observed,effects on the insulin-

receptor Interaction.

: Inlsome cases, depending on the preparation of unlabelled
insulin used, relatively large amounts af non-specific binding were
observed. This could be caused by one of two‘ractors, or a combina-
tion of both. Bicarbonate ion, carbon dioxide, or high buffer pH

4
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values could cause the precipitation of high concentrations or un-“
labelled Insulin which, upon dimerization wit}l labelled insulin,

. could aocount for higher apparent non-specific binding. In some ;n—
stances, this was vlisually substantiated. Another possibility is '
that additional negative charges due to either the fbrmation of car~
bemino defivatives, the higher pH, or doth, cause a legitimate 1
crease in non-specific binding of 1251—1nsulin to the membrane; thi
second explanation could be true only where total binding is higherg\\\
than non-specrific binding High non-specific binding at high pH
values was in fact observed in one of three pH profiles. As a
result of these inconsistencies, 1t is extremely difficult to quan-
titate results. However, due to the fact that total binding in the

ﬂ:;;§‘55L?r carbon dioxide 1s always higher than total binding in the
presence of carbon dibxide, the qualitative effect of carbon diocxide
on binding can still be seen to be present, although possibly to a
lesser extent. e

An attempt was made to quantitate the efrect of carbon dio—
xide on the binding of “27I-insulin by varying the concentration of
bicarbonate from 0.0M to 0.IM. Table 10 shows that increasing concen-
trations of bicarbonate cause decreased 1251—1nsu11n binding: After
correcting for the fact that binding in the presence of bicarbonate
buffgr should actually have in increased due to the effect of pH

alone, 1t is apparent that increasing bicarbonate concentrations cause
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1807 _4nsutin binding, particularly at bicarbonate cohcent

tions <0.2M (F

decreased

At higher bicarbonate concentrations, this

effect 1s less pred » in all probability due to the fact that .

the concentration of CO. solved in solution has decreased‘due to

2
the higher pH values. Very litle diff,érence was observed between
experiments conducted for 30 minutes and for 60 minutes (results not

shown). bt

In the event that binding in the presence of carbon dioxide
does not follow the same equilibrium as that in the absence of carbon
dioxide, 1t was deemed necessary to follow the time course of binding

r l251-—1ns|.11.1.n to rat liver plasma membranes in the presence and
absence of bicarbonate buffer. Two representative exanples are shown
in Figure 13 (a) and (b). In the first, a steady $tate had not yet
been reached in the absence of carbon dioxide 5_,\} 90 minutes, whereas
in the presence of carbon dioxide, binding began to decline after 60
minutes. waever, at all time points, binding was considerably lower
in the presence of carbon dioxide, consistent with previcus results.
In the second experiment, binding in the absence of 002 began to de-
\:line after 30 minutes, whereas in the presence of 002, binding reached
an apparent steady state between 30 and 45 minutes. At all time
polnts between 0 and 60 minutes, binding is higher in the absence of
carbon dioxide. Due to the inconsistency of these results, primarily

as a result of the use of different membrane preparations and varia-
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Flgure 12

The dependence of ,1251-1nsu11n blnding on bicarbonate
concentration. Plot of corrected percent specific
binding or total binding of 1251—-1n3u11n to rat liver

plasma membranes as a finction of molar bicarbonate
concentration. This is a grapgic represéntation of

results shown J;Ln Table 10 (A, Experiment 1; o, Exper-
iment 2).
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. The physiological significance of the finding of decreased

- 93~

v

tions in room terrpe:;attzzl'e (affecting degradation of hormone and recep-
tor), it 1s difficult to choose a best time at which to perform "equil-
ibriun" measurements; however, it is apparent that a 30 minute time N
point i1s in most cases the most appropriat:?ﬁre at which to pé:-form
these measurements. Ideally, a time course determination should be

made on each membrane preparation; however, due?to trie small yield

of membrane obhained in each preparation from rat liver, this is not

entirely feasible.

B

Throughocut this thesis it has been assu'mgd that carbon dic- '
xide 1s responsible for the decreased binding ability of 125T-tfsulin
by its reaction with the three amino groups of insulin. If this's ]
in fact the casef then 1t would be expecteﬁ that the binding of 12 I-

N

insulin fully acetylated at all three amino groups would ‘not be af-
fected by the addition of CO However, the binding ability of acet

‘yiated 125T-insulin in the absence of C0, was almost totally abolished

in three sepa;-ate ‘experirnents., (results not shown); as =z resul‘g, no

significant conclusions concerning the effect of 002 on the binding

of acetylated 125‘.{—insulin to ;at: liver plasma membranes could be : / :
Grawn. The binding ab?lity of triacetyl insulin in vitro has beenr

found-to vary between 8 and 100% by different experimenters (60, 92,

108); no attempts have been made to determine *the binding affi:ﬂty

of acetylated 1251 insulin.

1
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bindj'né:o)- 15 tnsulin :Ln{.he presence of carbon dioxide is not clear.
Since high concentrations of carbon dloxide exist near the plasina rriem—
branes of rapidly metsbolizing cells such as miscle cells, any insulin
present should form significant amounts of cabéﬂno derlvatives. ‘
Since 1t 1is well known that insulin which is chemlcally modified at
its amino groups has decreased biclogical activity (14, 51, 68, 106,
158), it 1s not surprising that carbamino Iinsulin will npt bind as
readlly as native insulin to 1ts receptor on plasma membranes. This
-reversible re_actiop of insulin with carbor dloxide could therefore
act as part of a negative I‘eedback mechanism, modulating the activity

'k/pf insulin and controlling the entry of glucose into rapidly.neté.b-

| olizing tissue.. A further posaib;iity is that high levels of cafbon
dioxide at the membrane surface could affect ;he mteraction of 1nsu11n
with 1its receptor by a combination of a local decrease in pH and
reaction with the amino groups to form carbamino derivatives; this
1s supported both by the observation in thé present study that aégr'i—
gation oceurs rapidly below pH 7 at 37 °C, as indicated by the sharp
decreases in reactivities (Figures 8, 9'and 10), and by the pH profiles
of insulin binding to 1ts receptor which show sharp decreases in bin-
ding -activity at pH values below 7. 8 {this study, 72, 96, 119). In
addition, the presence of negatively charged carbaminc groups on the
insulin molecule may increase the non-specific bilnding of insulin to
the plasma membrane, thus Yreventing its binding to its specific

membrane receptor; this hypothesis, however, is not consistent with

™
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all experimental results.

s

C. Effect of carbon dioxide on the dtssoctation

of the 1251 1nsu11n- receptor cmplex
V\ﬁ <

The ph&siologica.l sig:if:icance of the effgct of carbon -
dioxlde on insulin binding may not be as important as-pfeviously sup-
pose‘d, for the following reason. As full bloleglcal erfécfs of In-
sulin on membrane functions are elicited when less than 10% of th:.'
total cell surface insilin receptors are occupied (27, lll., 72;/120),
this suggeste that the number of receptors on the cell sur"fac.e
occupied“by in_sglin 18 not fhe rate—lﬁnitiné step in insulin act;on. v
As a result, unless O, reacted with & large majortty of /ty,.ami'no
groups of msulin, it wouid not be e:gée‘cted to have a érge effect
on the binding and biological activity of insulin. An attempt was

‘therefore made to determine whether carbon dioxide affected anotl;er
aspect of the interaction betweén insulin and its receptor, thét of

dissociation of the insulin-receptor complex.

 As 1t is lcnown that a drop in pH causes dissoclation of
insulin from its receptor (31, 33, 37, 58, 59, 61, 119, 1 14), and
since the addition of CO, will obviously lower the pH of the reaction
mixtures, it was necessary to carry oub a pH control, so that a com—
| partson could be made between the effects‘ of a drop in pH alone, and

~
a drop in pH concurrent with the addition of 002. One problem 1s

a
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=
that when using carbon dioxide, one is placed in the pH region

where pinding is quite low, so that significant errors may arise.

However, in all three experiments (Table 11), it is &pparent that

there 1s an effect of 062 above and beyond that of the drop in
L. L - »

-pH on the dissociation.of insulin from its I;eceptor, not explain-

+

able by ‘variaticns in pH.

i imia
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CHAPTER IV: Summary .

In summary, the present investigation has shown that
under physiclogical cor‘lditions, the three amino groups of insulin
are deprotonated, and that this deprotonation is very likely as- .
' sociéted with monomer formation. Due to the unusual chemical
properties of the three amino groups, they readily react witﬁ\
carb;)n dloxide to form carbamino derivative:;. Furthermore, this
r_reaction has t;een sho:m to cause b_oth- a decrease in the specific
. bj_nding’of 12SI--insuliLn to its membrane fgceptors and an increase

[

in the &Ms=soclation of the Insulin-receptor complex.

N
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CHAPTER V: Suggestions for Future Research

The results presented in this thesis have paved the way
towards a new field of insulin research. Before pursuing this new
field,_however, it 1s first necessary that these results be con-
firmed in a more quantitative manner, using either nuclear magnetic
rescnance spectroscopy (110, 116) or a completely closed system in
which no Interactions between 002 and the atmosphere\ allowed.
It 1s also necessary to repeat the CO2 experiments physiological
temperatures, in view of the changes in structural properties of

f insulin at 37 °C. '

A number of additional experiments are suggested by the re-
sudts of this study. For eBcample, since most chemical mdificaﬁions
of the amino groups of insulin have involved their reaction to form

g \mutm derivatives, 1t would be 1nterest1ng to examfne the ef‘fect

' \\"\— of the negative oﬂarge of the -carbamine goup oh binding by forming
a slightly largefinegatively charged amino derivative, using a
reaéent such as lodoacetate. As the monomeric state of insulin is

- assumed to be the biologleally active form of the hormone (5, 6,
15, 30); an-examination of the eff‘ect of carbon dioxide on the ag-
gregation etat_e of insulin under physiological conditions might pro-
vide significant results. Whether 002 affects'the binding of insulin #

L

1
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to purified insulin receptors, from both plasma and nuélear mem-
brane pmpa;etions, should also be determined. With respect to
intracellm.ar Insulin receptors, an examination of the effect of
002 on the transport of insulin into the interior of the cell might
prove iInteresting. Varlations in time courses of Insulin binding
iﬁ the p::esencé ard absence of carbon dioxide suggest a possible
effect on the d\ggr'adation of insulin and/or its receptor. It would
also be ext_z:emely important to reproduce these experinepts ing
other target tissues of insulin, for exarple, muscle. and édipose.-
tissue.. In view of the .clinical‘ Importance of insulin, a comparison )
of the effects of carbon dloxide on insulin binding to normal livers
with binding to liver tissue from diabetic or obese animals may
provide eclinically significant results.

TV
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Note added in proof

Recent gel filtration experiments performed in the
laboratory of Dr. H. Kaplan have shown that the ﬁ'action of
insulin existing in the monomeric state at 37 °C Increases
niarkedly above pH 7.0. In addition, a larger proportion of
insulin exists as a dimer at pH 7.0 at 20 °C than at 37 °C.
These findings support the hypothesis presented in thls study
that -the d:_Lscén’cinuitie’s in the pH-reactivity proﬁles of the |
three amno groups of insulin at both 10 °C (Figures 4, 5 and
6) and 37 °C (Figures 8, O and 10) reflect the conversion of

insulin I‘ron} a dimer to & mocnomer.

~
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