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‘.nNemenciatUre used for histidine

L T =vits

N
N

There are at. least three nomenclatures in usage for numbering the

. atoms, of the histidine 1midazole ring (see. "Nomenclature of<x amino

ac1ds (recommended 1974)" Blochem. J (1975) 149, 1- 16)
(1) Biochemicail
3H?$=§%CH2CH(NH2)COOH
HNa'iy
e
_\cH '

A}

(2) Chemical

Hcll‘F.(iCHZC (NH, )COOH

(3y I.U.P.A.C.

L

';In this paper, the biochemical nomenclature (#1) is used because it was

the most common system found in the literature éited In N-

acetylhistidine, the acetyl group {/qattached to the amino term1na1

nlurogen atom,

-

i e




Abstract . | o . . . i
. : Co- - 1

Selective methylation of the tyr051ne and h15t1d1ne re51dues of
insulin was accomplished by citraconylation of the amino groups,
incubation with methyl iodide at pH 10.5 and removal of the c1tracony1
groups by acidification-in the presence. of 8M urea. Maximum
methylatlon yields an 1nsu11nff}QE,3 3 tyroslne residues O-methylated
and 2.Q histidine residues -dimethylated. The extent of histidine
dimethylation was analyzed from acid hydrolysates of methylated
'1nsu11ns after determlnlng the ninhydrin color yield of 1,3-
.dlmethylhlstldlne to be 0.97 compared to hlStldlne Since the rates of
conversion of O-methyltyrosine to tyrosine durlng acid hydroly51s of
'  the protein.and free amino acid are different, ‘the extent of tyrosine
~ modification in insulin was determined by reacting methylated insulin
with 1-fluoro-2,4-dinitrobenzene followed by a 48h acid hydrolysis,

Insulin with 1.0 tyrosine and 0.5 histidine resldues modified is fully :°

aclee in produc1ng a decrease in blood glucose levels in fasted rats

at 5 x 10"8mol/1503 but more extensively methylated insulins are not o

active at this dose.” The alterations in the ultraviolet spectra and
the decreased solubility of the extensively modified insulins suggest
that a change in conformation may account for the loss of-biologibal
- activity. ' '

1
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I, Introductlon
1, General introduction ‘ N
| : .
Insulin influences a complex array of metabolic and functional

responses in various tissues. The importance of insulin in both health

,and dlsease has spurred cons1derable 1nterest in defining the

structural and chemical features of the insulin molecule required for

blologlcal and 1:;;folog;cal act1v1ty. A commonly used approach in

defining this rel ionship between insulin structure and function is
’ |

the use of derivatives which have minor alterations in structure . but

which result in‘an abnormal response, The determination of the

complete amino acid sequence of insulin by Sanger and coworkers (Ryle
: R :

et al., 1955) was a major breakthfough‘in this regard. It allowed the

design of chemical experiments to modify certain amino acid fesidues in

the molecule and led to the production of a varlety of-synthetlc
-4

insulins and insulin analogues.. Hodgkin's group in Oxford was then

able to determine the thnee-dimensional structure of insulin by x-ray

crystallography (Blundell et al., 1972). Knowledge of the arrangement

of the atoms in.space in the insulin molecule permits a more meaningful
. Al )
correlation between structure and functjopn. However, ﬁespite
intensive investifation, the precise details of ineulin‘structure—
functionlrelationshdps still remain-unsolved: |
Chemical maggpulation of native insulin has been employed for a

varnety of reasons including the introguction of fluorescent reporter

groups or radloactlve labels, as well as alteration of structural
o

segments for functional studies (Saunders et l"_l982L Methylation_

is a particularly attractive modification since the added group is

small, introduced under relatively mild conditions, preserves charge

N\
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relatlonships and permits radlolabelling when [140] and [3H] reagents‘
are used.. A variety gf proteins, including insulin have been
methylat;d (Means and Feenéy, 1971). In earlystudies, insulin was
nonspecifically methylated.using méthyl iodidé (Charles and ScotE,
1932) of‘diazom;théne'(Jehsen et -al., 1936) with carboxyl, amino,
tyr051ne phenol and cystlne groﬁps being modified to an unknown exLent.
More recently. the aminL groups of insulin have .been reductlvely

methylated (Means and Eegney, 1968; Bradbury and Brown, 1977;
| Uschkoreit EE.QLQ 1980; Marsh et al., 1983). The'fully,méthylaied
speC1es was separated from native insulin and was found to have 507
blologlcal act1v1ty (Marsh et al 1983).

In this thesis, a method is presented for spécifically methylating
tyrosine and hiséidine-side chains of insulin usiﬁg methyl iodide and
of quantifyjng the.ex;eﬁt of mddification. Preliminary biological data
of the methylated inéulins ére also given. The f&ilowing review will
therefore concentrata on structure and function of insulin with

particular emphasis on the involvement of tyrosine and histidine

residues.

\H\

2, Insulin‘Structure
The primary structure of porcine insulin (Figure 1) shows two
-polypeptide chains, A and B, containing 21 ‘and 30 residues respectively

with interchain disulphide bridges at residues A7-B7 and A20-Bl19 and a

. . : ! :
third disulphide bridge within the A-chain -at A6-All, There are two A-

chain (Al4 and A19) and two B-chain (B16 and B26) tyrosine re51dues and
two B—chaln (BS and BlO)i]lslelne residues. Insulin contains three

amino functlons (Al Gly, Bl Phe and B29 Lys) and lacks both methionine
: . i

i

5




Figure 1% Primary
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and tryptophan residues. Determination of the seqﬂenées from a number

. . e . .

‘of species has revealed'; large degree of hoﬁqiogygéBlundell gg.g;,,
1972). Humen insulin differs from porcine inéulip'ié that its B-chain
"C—;erminai amino acid is a thréoniqe residue and not an alanine
residue. Bovine in;ulin‘has alaniné and valine residues at positions
B8 and B1O respeﬁtiveiy.

Under physiolbgical conditions, insulin gxists prgdominately in
the monomer;é form (Goldman and Carpenter, 1974; Pekar and Frank,
1972). Two'insulin monomers associate to form an asymmetrical dimer
which is held by.hydrogen bonding and Van der Waals contacts (Blundell
et al., 1972). In the preseﬁce of Zn2+, the dimers aégregate to form
rhombohedfal hexamer crfstals. The degree of aggregation depepds on a
number of factors including pH, ionic strength, metal ions, temperature

-

and insulin concentration (Blundell et al., 1972;‘Paselke and Levy,

1974). Initial x-ray analysis of the insulin hexamer determined thes
structu;e at 1.9A resolution (Blundell et al., 1972).with later
refinements to 1.53 (Blundell and Wood, 1982). ‘The higher resolution
reduces the uncertainty in the position of nearly all the main chain
atoms and the side chain atoms to lesé tﬁhﬁ 0.23 (Chothia et al.,
1983). o T

Aégregétion to dimer and hexamer, which may-be similar in many
respects to recéptor binding, involves close contacts of tyrosines at
the two interunit interfaces (Blundell e_L:_.zi_i., 1972). The tyrosine
residues involved in the formation of the dimer are the B16 Tyr from

) :
one monomer subunit which interacts with B'S8 Gly, B'9 Ser and 'B'1Z Val

.. -8, . R
froTFthe other subunit, and B26 Tyr which interacts with B'16 Tyr, B'23

Gly, and -B'24 Phe (the prime denoting residues of the second monomer).

>

e —————
)
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-Simiiquy; in the formation of hexamers from dimers, Al4 Tyr interacts
wiph.A'l&-Tyr and.ﬁ'Phe from the adjacent dimer unit. The Al4 Tyr is
similarly accessible in all association states, whereas B16 %yr and B26
Tyr are probab%y only acceésible in the.monomér (Muszka; et al,, 19§4L

. The A19 Tyr is not only bn the surface-of‘the monomér, but‘isAalso

exposed on the surface of the dimer and hexamer (Blundell et al,,

1972). |

X-ray analysis suggests that.the-BIO His is important for the

formation of the Zn hexamers. Thus, guineé pig (Smith, 1966), coypu

(Smith, 1972) and hagfish (Peterson et al., 1975) insulins which do not

in a histidine at B10 do not. form stable zinc insulin he;amers.
In the dimer, this histidine should be exposed. The BS His li%s on the
surface of the monomer, and its écceSSibility is unchanged on formation
of dimers or hexamers (Blundell et al,, 1972). However, both histidine
residues were found to be inaccessiblé in the hexamer, but accessible
in the monomer when asseséed by the ﬁhotochemipally induced-dynamic
nuclear polarization method (Muszkat et al., 1984).

-

It has generally -been assumed that the hexamer found in the
crystals has the same structural conformation>és that observéd'in zinc
insu;in solutiéns,'bﬁt this has not béen conclusiﬁely broven. Further
uncertainty is introduced by extrapo}ating from the monomeric structure
in the ﬁrystal hexamer to its unaggregated form in dilute solution.
The conformélion of insulin in solution-has been studied by cifcular
dichroism: in an attempt to resolve Lhis issue. Bl;ndell's group.(Wood

et al., 1975) have concluded that there is no difference in Lhé

secondary and tertiary sLructure between the monomer in its free form

and in its associated sﬁapes, but Pocker and Biswas (1980, 1981) found

e
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ﬁhat thére'are suEstanéial changes. Pecadée of these diffiéﬁi&iés, the
exact Confor&ation of physiologically active form of insulin is still
tentativé. | .

The;tonfoimation of the insulin moﬁomer (moleculé 2, see‘Figufe 2)

reveals'a‘hydrophobit cofe'and:two predominéntly‘h&ﬂrobhobit surféces

(Blundell et al., 1972). The B-chain contains 3 loops: of &-helix while

the A-chain contains 2 regions of 'ot-helix and lies within the cle€t of
the B-chain: The main chain structures for the two independent
molecules of the dimer are similar ,except.at the N-terminus of the A-

chain and the C-terminus of the B—chaiﬁ. This ability of the insuliﬁ

("molecule to ‘adopt different conformations was suggested to be g

" important factor in the expression of its biological activity (Dodson .

et al., 1979).. )

Studies of the biological activities and rgceptor affinities of
chemicaliy modified insulins and sequences of insulin from a variety of
species have stronglyfsuggested that a largely invariant region on the
surface of the.insulin monomer is involved in }éceptbr binding

(Wood et al., 1975; Pullen et al.,, 1976; De Meyts et al., 1978;

Blundell et al., 1983). The three-dimensional structure shows that

this putative functional surface includes both.A-chain residues Al Gly,

A5 Gln, Al9 Tyr and A21 Asn plus édjacent B-chain residues B24 Phe, B2S

Phe, B26 Tyr, Bl12 Val and B16 Tyr. Chemical studies at the B-chain N-

terminus suggest that BS His is also involved in the expression of

bioactivity (Schwartz and Katsoyannis, 1978), although distant from the

other implicated residues (Figure 2).

[




»” . N
Figure 2: Three -dimensional structure of the insulin monomer outlining
the surface residues which constitute the putative receptor binding

region. The A-chain résidues are numbered 1-21 and the B-chain residues

1975). . .
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- 3. Insulin-Functionr | ; ., -
Insulin-is an anabolic hormone which regulates the metabolismlpf.
target cells at a; variety of subcei;ular sites.. .Thus, insulin.
inflpenees piaemahmehbrane transport, cyto;;asmic enzyme activity, -
ribosomel'ppotein synthesis and nucleer'DNA and RNA synthesis (Goldfine'
1978 GBldfinee_!:_ al., 1982)., It is generally accepted that insulin
triggers its Qarious meFabolle responses in targeL tissues by
specifiéally binding to a cell surface protein, t:-he insulin receptor
(Roth et al., 1975; Cualj.‘recasas and Hollenburg, 1976;.r_(3.zeck 1977; Reed
et al,, .1981;'Roﬁnett‘§ al., 1983). Howevér, the exact mecheni:m by

which the.insulin-receptor ebmplex initiates l:lhe biochemical effects is
unknown, i

M‘uch recent work has_lcentred on t:he. insulin receptor. Insulin
receptors from several sources have been characterized as membrane
glycoproteins w;'il;h molecular weights of 300,000-'35(-);000 (Cuat;‘ecesas,
1972; Jacobs et al., 1979; Pollet et al., 1982). The carbo'hy'drat/e.‘,
m01eLy of the 1nsu11n receptor contains N-acetyl glucosamine, mannose
and galactose (Hedo et al., 1981). Two major insulin binding proteins
have been identified: a smaller protein ( gsubunit) ‘which demonstrates
linear Scatchard blndlng and a 1arger proLeln (ot subunit) whlch gives a
- curvilinear plot (Maturo and Hollenberg, 1978 Krupp and L1v1ngsLon,
1978; Roth et al., 1982). 1In addition a minor subunit has been
identified which is speculated i:o.be a prorecepto‘r or somé elosely
associated effector pI:otein (Kasuga et al., '1982), The insulin ‘receptor
pos-sesse's two classes of disulphide bonds which differ in their
susceptibilty to reducing agents '(ljéssague _ﬁg.. 1980; Jacobs g_t‘:_ﬁ.,.

1979). Two osubunits and two }Gsubunits are disulphide linked withind

(43
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the receptor-complex (Czech et al., 1981),

-

_The precise chemical structures’of the insulin receptor: which afe_ .

requlred for the recognitlon of insulin are unknown. Chemicdl and

'enzymatic modificatlop of cells has suggested that protein funcdﬁonal

: groups. sialic acid, carboxyl tyrosyl and hist1dyl groups but not

phosphollpids are important for the interac;ipﬁ'of insulin with its
receptor (Versbohl.gg_gi,,l982; Pilch, 1982), . Upon binding, insqlin

stimulates~ﬁhosbhorylation of serine; tyrosine and possibly threonine

esidues of the ﬂsubunlt (Kasug et ali, 1982a & b). Cdark and .

Harrison (1982) have concluded that a fraction of bound insulin becomes

_covalently linked to its receptor -via disulfide-sulfhydryl exchange on

the cell surface. However, the significance of thest modification# in

L

‘initiating insulin action are-not understood. . *

» x

When insulin binding to receptors is studied over-a wide range of
insulin concentratlons, Scatchard analysis of the resultlng data YIEldS
curvilinear plots (DeMeyts et al., 1976; Ginsberg, 1977). -It has also
beefi demons;rated that when recepfer occupancy is increased with

unlabelled insulin, the dissociation rate of previously bquhd

'[125I]1nsu11n is greatly increased (DeMeyts et al., 1973). DeMeyts has

~
suggested that these studies provide ev1dence for negatively

cooperative receptor interactions., However, some wqgkers have failed

to detect thls phenomenon (Gliemann et al., 1975) and others have.'

questioned its interpretation (Pollet _E__;,; 1977). Donner (1980) has

found that fragments of [lzsl]insulin remain associated with ‘the cell

and when binding data are corrected to assay only for [1251]insulin,

curvilinear Scatchard plots were linearized. This suggests thagf

insulin binding is not a negatively cooperative process. - Further

~

I Y LYY, ey



' evidéncé is :needed to gésolgeﬂthis controversy.,
Bindigé of “insulin to:its receptors induces 5}ustering of insulin
receptors kéchlessinger-gg‘g£”'1978: Jarrat and Smith, 1975) which
' subseguently leads to inqarnéiizdtion of the ligand-receptor” complex
'(Bretscﬁ€§ gg_gl:,'IQBOj. ‘Chroniﬁ exposuré'of cells to i éulin causes
a decrease, or down }egulation in ﬁhe level of cell‘éJSface inSuiin
'reﬁeptors (Krupf and Lane, 1981; Blackand et al., 1978). It has been
proposed that down reguldtion of insulin feceptors in;olves
“- internalization (Kruﬁp.andﬁzéﬁtfffﬁgi?‘Pete;son é&_g},, 1983) or
, inéreaéed degradatién of receptbrs.(Vam Obberghan.gg al., 1981;
Kosmokos and.Roth, 1980). Insulin'induced receptor dowﬁ_regulation-has
), also been demonstrated in vivg (Goldfine et al., Y973; Harrison et al.,
- 1976). A réduction in the number of Insulin feceptors can accounthfor
' the lowered sen51t1V1ty to 1nsu11n in certaln pathological states

(Harrlson et. al" 1976) ' L

ngeral of the diverse metabolic processes resulting from the

' ‘combination of insulin with its receptor have been exploited Lo measure

"the biological fu on of insulin and insulin analogues. The relative

ability of pffalogues and inéulin to slimulate these metabolic effects

can be expressed as a biological potency. _JE_VIVO methods depend on
the ablllLy of 1nsu11n to produce ‘blood sugar depre851on or

\

hypoglycemic spasms in mice (Burn et aL 1952). -lg_ggkgg}methods rely
. ”—;;\Qse augmentation of glucose uptake iT\the isolated rat diaphragm
(Lambert et al., 1972) or the oxidation of [lAC]élucose to [14]carbon
dioxide in rat adipose tissue (Moody et al., 1974). Qther indices of
. ' the effects of insulin on adipose‘tissue includé glucose uptake or

¢ -t

incorporatibn of [I&C] into fatty acids. Measurements of the ability




..
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of modified insuli%‘ié to 'comp_ete with rad‘io'active'ly“labelled :!.héulin in

‘-" .'.' -".' ' S ?12- L :

a radibimmunoassay have also been used to give a-n.'éstimate of their
relaiive ﬁbtencx.(Lindsay and Shéli, 1970;- Busse and Carpenter,” 1976).
The bioactivities of insulin derivatives varf with Ehe;bioass y
systgmé used. In giggg_bioassay systems are genenglly more sené¥tiv
to cbnfdrmatibnai_chgnges“as demonstrated by circﬁlar dichréism than
are in vivb syatemé (Braﬁdenberg g_ﬁﬁa_l_.», 1971; Fféychet,g_g_a_}_’., 1.97{4).'
The reason for this.discrepency is ﬁot clear but mayxbe due to
proiongéd in vivo circulation times of the modified insulins. Geiger -
and coworkers'(1980)have shown that sulfopropipnyl-B1~pﬁenylalanine
_iﬁsulin possesses full biological act:i.'v;itf.y in vivo and in vitro, and
receptor biﬁding affinity'was unchanged, but the immunological activity
of this derivative is greatly reduced_coppared to nafive insulin. This
suggests that the resi&ues responsible for insulin's receptor binding
aﬁd im%unplogical activity are not identicé} and that immﬁnological

activity is not hecessarily a measure of biological activity induced by
1

insulin receptor binding.
‘ .

Modification of insulin'mgy alter the.bioiogicél activity by °
either reducing the.affinity of the hormone.for the receptor or by:
decreésing the ability of“the complex, when formed, to elicit a
biological response; Either or both of these effects ﬁay be brought
about by direct interférénce ;f the modifying gfoup, by changes. of
charge distribution -or p}‘induéed conforhational changes in the
hormone. Therefore, the posiﬁibn of the mod%fying group and the
conformational changeg'inducea by it must’be'precisely defined. Most

insulin analogues have shown parallel alterations in both binding .
4 . .

‘affinity and biological potency alﬁhough‘they may vary widely in both

%
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of these pa?éméte;s (Deﬁéyts gﬁ_gl., 1978); fhe similarity of the
potency figures in the.rece;kor‘binding aﬁd bicactivity assays shows
that the altered poténcy in the‘latter assay can be aacribed-to the
change in binding affinity toward inéulin-feceptops. The receptor-
derivative complexeﬁ,‘éncé.fqrméd, are {ully\capablé of triggering the
néxt<event in thé chain leading to the biological‘respbnsg.
Interéstingly, one group of insulin derivaﬁives containing one or more
basic amino acids attached to the Al glycine shows no correlgtion

between binding activity and biopotency (Rosen et al.,, 1980).

"Therefore, the translatibn of Binding into a biologicdl effect can be

altered by chemical modification of insulin.

4, Analogues and derivatives of insulin:

The role of various residues in the expression of the biological:
o

activity of insulin has been studied by chemically modified derivatives
and synthetic insulin analogues. Chemical modification with reagents
that are more or less selective for specific residues is also useful

for determining their Hisbosition in insulin. Howevér, the difficulty

in preparing "single site " chemically modified derivatives of insulin

L

is a disadvantage'with this technique. Preparation of syhthetic

insulin analogues allows for a specific alteration in which one amino

&

acid residue may be substitutdd or deleted. While such analogues can
shed valuable information on insulin structure—function‘felationships,'

t al., 1982).

their synthesis is time consuming and co2tly (Saunders
Thus, most information has been obtained from chemically modified

insulins.

rd

Chemical modification of' the "tyrosyl residues of insulin has taken

T
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two routes: (1) electrophilic ring
attack of the unprotonated oxygen atom pf tyrosine. Iodination (Ham1lin

and Arquilla, 1974), nitration (Morr1s - al.,, 1970) and diazotization

(Suzuki et al.l 1969) of insulin are examples of the former type of ;

reaction. Reactions withcyanuricfluoride(Aoyama etg_J 1965), 2-

iodo-N—methylpyridinium iodide (Drewes et al., 1980),1rfluoro—2,4-
dinitrobenzene (Chan et al., 1981) and l-fluoro-2-nitro-é4-
.trimethylammoniobeﬁzene iodide .(Sutton et gl., 1972) are examples of

the latter reaction mechanism.
¥

NltraLlon of the tyrosyl residues of insulin at pH 7.4 w1th

tetranlLromethane gives ‘rise to mono(A14) E—nltrotyrosine and

di(Al&;A19)—nitrotyr051ne insulins (Morr}s st al.,, 1970). In a similar

— ——

study, Gattner (1971) found that the reactivities to tetranitfomethane

over the range from pH 7 to pH 3 are Al4 Tyr > Al19 Tyr >'Bf% Tyr > B26

Tyr. Whén the degree of nitration is increased, the reactivities of .

Al4 Tyr, Al9 Tyr ahd Bl6 Tyr are nearly equal whereas B26 Tyr retains a -

low reactivity. These findings agree well with the x—fay model which
predicts that all tyroéine residues bf insulin are accessible but B26
Tyr should be accessible only with difficulty in the dimer and hexamer
-(Blundellig£ al., 1972)., The biological activities of mono-‘and

dinitrated insulins as measyred by blood glucose depression in

chrohically diabetic mice are the same as that of native ‘insulin

(Morris et al., 1970). However, immunglogical activitieﬁfof these
! »

derivatives are greatly reduced (Morris et al., 1970; Gattner, 1971).
Iodination of the tyrosine residues of insulin has been
extensively investigated not only for structure-function studies, but

+also for preparation of labelled tracers for the study of action and

N

ubstitution° and (2) nucleophilic '

iint WL
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metabolism of insulin (Hamlin and Arquilla, 1974; Sodgyez et al., 1975;

Linde et al., 1981; Sonne et al., 1'983) and the estimation of insulin

present in body fluids by immunoassay (Berson and Yalow, 1966); Upon
iodination, a.heterogeneoué mixture.of insulin and irodinal.:ed insulins
with one or more iodine atoms distributed among the four tyrosine
regidues is produced. The A-chain tyr;)siné residues are much more
reactive than the B-chain residues (Linde et al,, 1981). At low levels
of iod.inati‘on aﬁd at pH 9.2,.A19 Tyr is more readily der;i.vatized than
Al4 Tyr., With higher*levels of iodination, the relative incorporation
of iodine is reversed, which agrees with”t:he nitration-? results. Sin/cré
the Al4 Tyr is readily. diiodinated and dinitrated‘(Morfis et al., 1970)
but Al9 Tyr is only mon_o—sulbstit.uted, iE has been suggesteld that one of
the ortho positions of .the Al9 Tyr is é)uried"and therefore inaccessible
t.:o chemical ‘rquenﬁs. In the presence of 8M urea or organic solvents,
iodine is als; incorporated into the B-chain (Massaglia ﬁﬁ.,. 1569).

Early."_étudies with unfractionated mixtures of iodinated insulin
revealed that increasin_g the degree of iodine substitution of insulin.
results in a loss of biological activity which is of a greater
magnitude than the loss of immunological activity (Izzo et al., 1964;
Glover et al,, 1967; Garratt et al., 1972). To prevent the loss of
_biological activity, iodiration conditions have since been degigned to
minimize the degree of. iodiné 'substitution‘. The resulting
mbnéiodinated insulins have been fractionated by DEAL-Sephadex A-25
-(Hamlin and Arquilla, 1974), DEAE-cellulose (Bihler and Morris, 1972)
and anion exchange (Sodoyez et al., 1975) chr.omatogréphies. '

Biological activity of monoiodinated insulin with 70% of the

iodine on the Al4 Tyr and 307 on the A19 Tyr was 100% in the fat cell
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assay (Freychet gﬁ_g},, 1971), thevbldod sugar depression test (Hamlin

and Arquillé; 1974) and. the rap'adipdcyte (Gliemahn et al., 1979),
These results si.l‘égest that iodination of the Al4 Tyr does not affect
the bioacti?&ty of insulin. However, in the &ouse ;onvulsion assay,
activity was 73-74%7 (Hamlin énd Arqﬁilla? 1974; Bihler and Morris,
1972) and no activity was observed ‘in the raf diaphragh assay (Lambert
et al., 1972). Immunoiogical activity wés 6% compared to zinc insulin
(Bihler and Morris, 1972% but almost 100%Z compared to zinc free insulin
(Hamlin and Arquilla, 1974) as measured by the passive immune he&olySiS'
assay.
All four isomers of monoiodoinsulin were ﬁrepared to a purity of‘_
977% Ey Linde and her coworkers (1981) using a combination. of
polyacrylamide gel electrophoresis and ion exchange chromatography.
C The hei;éfchy of the apparent binding affinities of the monoiodinated
isomers to rat adipocytes was B26 > Al4 =B16 > A19. The biological
potencies of these monoiodoinsulins as Jetermined from the rat
“adipocyte assay corresponded within *8%7 to the observed change in
binding affinities (Sonne et al., 1983). While the 514 isomer Has'the
same biological activity as native insulin, the potency of the Al9
isomer was decreased and that%& the B26 isomer was enhanced. Thus,
iodination of the Al9 Tyr reduces both the binding affinity and

biological potency of insulin supporting the hypothesis that this

4
.

residue #s part of the receptor binding region. '
The B26 tyrosine is also part of the %%fgzzzzx:zzEﬁfgi)binding

région of insulin (Pullen et al., 1976) and the increase in affinity

(Linde et al., 1981) and biological potency (Sonne et al,, 1983) after

iodination (as compared to the Al4 isomer) may be due to the presence
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of iodine itse}ﬁ or to secondary conformational changes inithis region.
Very‘few insulin gerivatiﬁes have.beén reported to be superpotent to
native insulin; Koboyashi and colleagues (1982) have prepared an
insulin with B24 D-Phé.and this analogud was more potent than native .
insulin,

Markussen and Larsen\(lQSO)'héfé used reversed;pﬂase high
performance liquid chromatography (RPfHPBC) to separate the Al4 and Al9
monoiodinated insulin isomers., However, there was some insulin
contamination of “he Al9 isomer. The four monoiodinated insulin
isomers and native inéuliﬁ.ﬁave recently:been completely separated -
using‘RP—HRLC (Welindey et al., 19é3). This technique, should préve
extremely useful in the preparation of "singlg site".iod' ated insulins
for fﬁture-fecepﬁor binding and biological studies.

Tﬁere have been few studies in-which;the ty}osine phenolic groups
of insulin have been modified. Reaction of insulin with cyanuric
fluoride results in the modification of the Aig and B16 residues,
whereas Al4 and B26 were unreactive'(Aoyama gg_gl,,‘1965). This is in
contrast to the reactivities towards tyrosine ring substitution in
which the A-chain but not the_B—chain tyrosine residues are reactive. ;
Similarly, two of thé four tyrosine residues react with 1-fluoro-2-
nitro—A—trimethylammqniobenzene iodide (Suttén gg_giq 1972). The
averaée reactivitigs of the tyrosiné residues of insulin‘towards 1-
fluoro-2,4-dinitrobenzene are substantially less than for a free
phenolic grodﬁ (Chan et al., 1981), These data supporttthe observation

(Menendez et al., 1969; Blundell et al. 1972) that one or two phenolic
groups of insulin are "buried" and are therefore inaccessible to

chemical reagents,
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Purified insuliﬁ' déf;i.vatives substituted with metﬁylpy:idin funi'or

S . - ‘

trimethylammonionitrate at Al4 Tyr have been prepared (Drewes et al,,
A #

1980). . Biological activity of both derivatives was drastically reduced

as measured by the mouse convulsion assay and the fat cell assay. Both

-

Al4-modified derivatives were obtained in crystalline form suggesting

that the conformation in the/s%érivatives_ is not different.from that
of native insulin. Further studies of the conformation of these
derivatives are cleafly needed. Modification of the Al4 Tyr may cause

a disturbance in the tertiary structure of the hormone resulting in the

decreased bioactivity.

~ S

Studies of the receptor binding and biological activities with

= .

synthetic analogues of insulin in which a tyrosine residue has been

substituted have been per formed by two laboratories. Danhoe's group

have pfepared analogues of porcine insulin in which the }\14 Tyr (Danhoe

et al,, 1980a) or the Al9 Tyr (Danhoe et al,, 1980b) are replaced with

phenylalanine. The purified Al4 Phe insulin analogue had the same

-biological activity as native insulin when measured by lipogenesis in

rat adipocytés, supporting the concgpt that Al4 Tyr'is not g_ssential

. :
for biological activity of the hormone. The biological activity of Al9

Phe insulin was only 22.6Z. Ferderigos and coworkers (1983) have also .

synthesizéd an insulin analogue with Al9 Phe, In the stimulation of
glucose oxidation by rat adipocytes, this analogue had only about 8%
the potency of native insulin and receptor binding affinity was also

reduced. These data strengthen the postulation that a hydrogen bond

between the hydroxyl function of Al9 Tyr and the carbohyl‘function of
"the Al or A5 residues is critical in the stabilization of the insulin

monomer and in the establishment of a conformation commensurate with

e e e 1t et 4, et i . W Y e —— e e
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‘higﬁ”biologicaL activify (Blundell et al., 1972). A Van'dér waals
contact between Al9 Tfr and A2 Ilé éidechaing also appears to be
necessary to ﬁermit the moletule to'assume a biologically active
conformation- (Kitagawa et al., 1984). '
. Invéstigations aimed at elucidating the role Ef_histidine residues
. in the biological expresgion of insulin have not been coﬁclusive.
Compafative studies of guinea pig, coypu_aﬁd hagfish iqsu;ins which
lack a histiéine at positian B10~haJé shown thét tﬁese insulins are
considerébly leds active {(<97) than'ﬁammmalian insulins (Smith, 1972:
Peterson et al,, 1975; Ziﬁmefman‘gg_gl" 1972). Hééever,'?he decreased .
biological activity cannot be attributed solely to the lack of BlO'Hié
because the seduences of éhese three insulins differ gubstantially from
mammaiian-insulins.. The B5> histidine is invariant in all insulin
species s;ggesting thét it is essential for biological activity of the
hormone.
Few inveétigatiqns of‘éhemical modification histidine residues in
insulin have been performed. Reaction of either zinc or zinc free
insulin with diazonium-l-H-tetrazole results in diazotization of one
Histidine residue while the other residue remainé in the monoazotized
stage. (Suzuki et al., 1969). However, other workers have found that
this reagent reacts uni}ormly with both histidine residues in-insulin
(Hornishi et al., 1963). Carboxymethylation of zinc free insulin
mddifies both histidine residues (Covelli and Wolf, 1967).
Synthetic analogues in which the BS5 His or the B1l0 His are
substituted with other amino acids have been prepared. Substitution of

B5 His with L-alanine resulted in a decrease in activity of

approximately 50% suggesting that B5 His is only partly essential for




o
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the biological acfion of insulin (Weitzel et al., 1970) SYnthesis of

des (tetrapeptide BI-AJ and des(penﬁapeptlde B1-5) insulins and their

subsequent biological evaluation‘revealed activities of 54% and 5%

respectively (Schwartz and Katsoyannls, 1978). Since des:(BlL

‘des(dipeptide B1-2) ?nd des(tripeptide Bl-3)-[pyroéiutamic acid B4]

insuling posseSS'identical or only slightly reduced bicactivities

compared to nativé insulin (Geiger and Langner, 1973), the drastic

decrease in bioactivity of des (pentapeptide B1-5) insulin was

attributed to the deletion of the BS His. This finding indicat}t that
the BSIHis is directly involved in pﬁe expression of insulin's
bicactivity.

While Bl10-Ala insulin has the same potency as native (B10 His)
insulin in the mouse convulsion test (Weitzel et al., 1970), Bl10-Leu
insulin has 45% tmouse convulsion tgst) or 36% (radioimmunoassay)
activity of the native hormone (Schwartz and Katsoyannis, 1977). These
results suggest that_tﬁe BIO His is not directly involved in t%g
biological activity of insulin. Substitution of B10 histidine with
lysine produced an insulin analogJe with only 14—15% of.the potency of
native insulin in stimulating lipogenesis and in radioimmunoassays
(Schwartz et al., 1982), 1In i;sulin receptor binding to rat liver
membranes, B10 Lys insulin was 17% as potent as the natural hérmone.
Schwartz and co-authors héve suggested that the'relative size 6f the
amino acid residue at B%O, rather that its dearity{ is the most

important factor in maintaining insulin structure conferring high

biological‘activity._‘However, this is inconsistent with the, fact that .

substitution of the Bl0 histidine with alanine, a relatively small

amino acid, resulted in an analogue with full biglogical activity.

%
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~While the infolvement of cértain‘tyroéine residues in the
biological expression 6f:insulin activity has been fairly we;l
eétablisﬁéq, further evidence is needed to determine the imporﬁaﬁce of
.histidine residues in the function of insulin. The lack of chemical
reagénts'with Specificity for histidine residues has limited éur
knowledge as toéghe role of this residue in the structure and function.
of insulin as well as other proteins. Methylation of the‘tyrosiné and
histidine regsidues of insulin provides ; method for studying the
structure—function relationship of these residues in insulin, 1In
éddition, methylation of insulin with radiolabelled reagents may prove
useful in preparing radioclabelled insulin for receptor binding and
mgtabolic studies if it can be shown that methylated insulin retains

full biological activity.
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II. Materials
Porcine zinc insulin (0;352 zinc by wéighqj was obtained as- a gift :
from Connaught Laboratories(Torﬁn;o, Ontario). The Glucose fit No.
635, 1—f1u§ro-2,4-dinitrobenitqe (Dnp-F), Oéméthyltyrosine (O-MT), 1-
methylhistidine (1-M His), 3-methylhistidine (3-M His), N-

acetylhistidine and N~acetyltyrosiné'amide (N-Ac-Tyr amide) were

- purchased frqm Sigma Chemical Co. (St. .Louis, Missouri). [14C]Labelled

methyl iodide was obtained from Amersham Corporation (Oakville,
Ontario) and NEN_Canada (Lachine, Quebec) sﬁpplied the Aquasol-2 for
scintillation counting. Spectra/Por 3 dialysis tubing was obtéinedi
from Spectrﬁm‘Medical industrieaﬁ(Lgs Angeles, Calfornia). Male Wistar

rats (150-200g) were obtained from Charles River Canada Inc. (Montreal,

Quebec),

ITI. Methods
1. Preparation of methylated insulin

.A novel yet simple procedure for‘specifically methylating tyrosine
and histidine residues Qf proteins using metHyl iodide is presented
bélow (see Figure 3). In order to preveﬁt methylation of the amino
groups, théy are first blocked by reaction with citraconic anhydride
(citraconylation). Methyl iddidelis added at a sufficiently high pH
(pH 10.5) so that most of thg tyrosine phenoiic and histidine imidazole

functions are in their deprotonated forms. , The citraconyl groups are

. removed by acidification yielding a protein with only methylated

tyrosine and histidine residues, Specific details are given here for

methylation of insulin, but the principles and procedures émployed may



Figure 3: Reactions involved in the preparation of methylated
. i

insulin. See text for details.

]
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INSULIN

pH 8.5 .-
CITRACONIC ANHYDRIDE .
CITRACONYLATED -INSULINY

pH 10.5
METHW¥ I0DIDE
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© CITRACONYLATED, METHYLATED INSULIN

- pH 2.0

METHYLATED INSULIN
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be applied to other proteins,
. ' — .
(a) CitraconylaEion of the amino groups of irsulin
- Insulin (40mg)ﬁwas disso;ﬁed in‘5ml of 0.5M borate in the presencé
or absenie/{»f 8M urea. The pH'was adjuéted to 8.5 by the laddition of
ﬁﬁ.kOH from an Agla'micrometer syéihge. A 900 fold molar excess of
citraconic anhydride (400)&1) was added and the pH haintaiﬁed at 8.5 By
the adq;tion'of 5N- KOH coqtrolled}bi a'ﬁﬁ stat apparaﬁus; The réacﬁibn
was considered complete ;hen_upgake of base stopped. Fiﬁ%l

concentration of insulin was 0.9mM.

(b) Methylation of insulin
.The citraconylated inguliﬁ solution was aqjusted to pH 10.5. A

50% (v/v) solution of methyl iodide in acétonitrile was added to a

concentratiom of 3mM methyl iodide (5000 fold molar excess over

insulin). is solution formed a layer beneath the aqueous phase,

_Soiut' vere piaced in a shaker bath at 40°C and aliquots removed at

u

various' time periods. The reactions .were terﬁihated by either
) ) , .

~ o ‘ :
adjustingthe pH to 2 or immediate dialysis against water if retention

& -

’ of the citraconyl groups ‘was desired.

(c) Unblocking of\qgizg;ffbups' - | .
The' citraconylated,~methylated insulin solutions were made 8M in

-

urea, adjusted to pH 2 with 6N HCL and left at room temperatufe for

i8h, The addition of urea was found. to be necessary to keep the
citraconyléted, methylated insulins in solution at low pH.

7



(d) Renaturation of insulin

' ! Prior to- biologica’f and spectroswpic studies, the methylated

1nsulins were renatured by gradually removmg the urea. Samples were
dialyzed in preaoaked 3500 molecular weight exclusion dialyaia tubing.

L}

’I‘he dlal}(SlS sacs were placed in one litre of a solution containing 8M
: 4

urea, 0.5% acetic ac:l.d, adjusted to pH.4 with NaOH. Eight litres of

sodium acetate buffer (0.5% acetic acid, pH 4) without urea was pumped.

-

— through the u{‘ea sodium acetate buffer at the rate of 200ml/h with a

peristaltic pump. ‘The samples were then dialyzed three timee against
l;l of distilled water brought to pH 4 with acetic acid, lyophillized‘
and stored at -20°C. ‘ - |
2. Quantification of nlethylation
J (a) Conversion of O—methyltyros:.ne tb tyr051ne
Afé\lfution containlng 2 jtmol O—methyltynosine and 2 Mmol -
norleucine in 20m1 6N HCl/lmM phenol was prepared An aliquot (lmk) of'
r.h:.s solut:l.on was pipetted into each of 16 pyrex ‘tubes which were
sealed unde:.vacuum. Duplicate samples were hydrolyzed at 110°C for
Ig) 0.5; ‘1, 2, 4, 8, 16, 24 and 48 hours. The hy"drolysat:es were dried
‘under vacuum angd quantified by amino acid analysis- with a TSM Technicon .°
auto analyzer /us1ng a single column system and eldting wﬂbuffers of pH

3 25, 4.25, 7.50, and 9.50.  Percent O-methyl tyrosine remaining was

calculated from amino acid analysis as follows:

% O-MT remaining =  Q-MT at time L/ Norlew at Line x 100
: " O-MT at time O/ Norleu at time | ,

The % tyrosine recovered Wwas calcdlated using the ‘ratio of 0-

methyltyrosine to norleucine at time zero, and correcting for the



"
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- difference in color yields between O-methyltyrosine and tyrosine by the
formula |

"

Z Tyr = Tyr_at time t/ norleu at time t x 100

O-MT at time O x 0.932/ norleu at time 0

4

(b) Quantification of 1,3-dimethylhistidine
' " Ta quaqtify l,3—dimethy1histidine (DM His) from ramino acid
ana;ysis, the color yield of this derivative was.determined. N-
acetylhistidine (40mg) was dié;olved in 4ml O.5M borate and the pH
adjustgd tﬁ 10.5-with‘sN KOH. An aliquot containing 20mg N-
acetylhistidine was removed and ;eacted'wifh a IOOlfold molar excessx
o{1.2m1) of methyl iodihe‘in 507% (v/y) acetonit;ikg. The reactiqn was
allowed to proceed for 72h in a shaker_bath.at 40°C. The product of
this reactioﬁ and 20mg of_ unreacted N—écetylhistidine were hydrolyzed
separately in 6N HC1 for 16h at 110°C igjlggggb The ﬁydrolysates were
dried under vacuum, and regissoived'in'céftridgg buffer."Eqﬁai volumes
of each we;e‘éombined and subjected to amino acid analysis. -
To verify that the structure of this .compound is 1,3-
dimethylhistidine, 100mg of N-acetylhistidine was methylated and
hydrolyzed,as described above. The hydrolysate was dried and
redissofved in 0.01N HC1l. This was applied to a Dowex S0W-X8 column:
which had been washedlwith 0.2N "'NaCH, 6N HC1l, and then 0.01N HC1.
After yashing with 15ml oﬁ water, the 1,3-dimethylhistidine was eluted
-from the column with 5% ammonia. After.drying in the presence of
suiphuric acid, the sample was redis;olvedlin 0.01N HC1 and dried.
The purified 1,3—dime£hylhistidine was examined by nuclear magnetic

resonance (NMR) spectroscopy (Varian 360-60MHz) by Dr. L. Benoiton and

A
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(E) Hydrolysisfof.mgthylatedlinsulin'

The citraconylated, meghyléted insulin samples were hydrolyzed in

'1;1 6N HC1/1mM phenol for 12h at 110°C gg_iggggb Norlencine served as

an internal standard. These are the usual conditions for the

ﬁydrolysis of pfoteins and this results in hydrolysis of the peptide

- bonds of insulin_and acidolysis of O—mgthyltyrosine. Fbr simplicity,

the cleavage reactions of methyla;ed insulin under thése conditions éré
referred to as hydrolysis reactions._ '

(d) Dinitrophenylation of methylated insulins

]

A second means of quantifying the. degree of O-methyltyrosine
.,{ofmation in the methylated protein was devised. The-method involves |
the use of Dnp-F, a nucleophilic rehgent‘which reacts with hydyoxyi,
amino and imidazole functionps of amino aéids. If these reactive\groups_
have been citréconylated or methylated, ;hey are unavailable for
reaction with Dnp-F. After complete acid hydrolysis of the
dinitrophenylated, methylated protein, any tyrosine which appears on
amino acid analysis wiil have resulted from the h&drolysis of O-methyl-
tyrosine (see Figure 4), Tyrosine residues which did not react withf
methyl. iodide will be derivatized by Dnp-F. The resulting 0-Dnp~
tyrosine is stable to acid hydrolysis and is not detected by the amino

acid analysis procedure employed. '
Dinitrophenylation of methylated insulin was performed in the
. preseﬁce of 8M urea to maintain the solubility of éhe reaction mixture,

An excess of w&aHCO3 (approximately 0.2g/ml of solution) was added

followed by the addition of Dnp-F which was in acetonitrile (50% v/v)




Figure 4: Schematic diagram of reactions involving tyrosine residues

‘

- of proteins during methylation, dinitrophenylation.and hydrolysis

of insulin,

RCEE
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P)- Tyi"— OH
: l Methy! iodide

| ®—Tyr¥O-CH3 + ®-Tyr-O_H

_' l Dnp-F -

®-Tyr-0-CH5 + ®-Tyr-0-Dnp

J/ 6N HCI, 110°C, In vacuo -

Tyr-OH + Tyr-0O-Dnp

Tat il en B



Coa29- .
(15Qp1/mg pr?teins. Aftgr 18h at 25°C in the dark on a wrist action
. shaker, the“reactioq was terminated by Adj&sting the pH to 2 with
concentrated HCL. Unreacted an—F-apd qther‘side‘prdducts were
' extracted with diethyl ether. This procedure resui%s in precipitation
of an—prbtein thch was then centrifqged at 10,000g for IOm;:. The

supernatant was discarded and Dnp-protein was washed three times with

lmﬁiwater and thgn hydrolyzed in 6N HCl in vacuo for 48h at.110°C,

(e) Dinitrophenylation of methylatéd N-acetyltyrosine amide
The rate of methylation of N—acetyltyrosiné amide was determined

to compare the reaétion to that of tyrosine groups in insulin., N-
acetyltyrosine amide (45pmol) was dissolved in 10ml of 0,5M boréte and
the pH adjusted.to 10.5 wgtgvgh KOH. A 1000 fold molar excéss (5.0m1)
of 50% methyl iodide in acetonitrile (v/v) was added. The.solution was
placed in a shaker bath at 40°C,and aliquots coﬁtainipg 4.§umol N-
aﬁetyltyrosine amide were removed at various times. An excess of
NaHCO3(approximately(IZg/ml of solution) was added followed by the
addition of Dnp-F (50% v/v acetonitrile) (40@ﬂl/mg'protein). The
reaction was allowed to proceed 18h at 25°C in the dark and then
terminated by adjusting‘the pH to 2 with 6N HC1. After three extrac-
tions with diethyl ether, thesﬁﬁbduct was lyobhilized and then hydro-

lyzed 48h in 6N HCl with norleucine as an internal standard.

(f) Radioactive labelling of insulin with [14C]methyl iodide
Insulin (12mg) was citraconylated and the pH adjusted to 10.5. A
50% (v/v) solution of [14C] labelled methyl iodide (59mCi/mmol) and

unlabelled methyl iodide (0.5ml)in acetonitrile was added to give a -
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final spec:.fic activity of 6. Z,Ci/mmol Aiiquots containing -1.2m'g
:|.nsul:|.n were removed at 0.5, 1,.2, 4, 7, 10 anq'24 hours. Samples were
dialyzed four-ltimes against 41 of 0.01%Z acetic ecid., A portion of each
sample containir‘lgMO.Bmg insulin w:s dissolved in‘ 10ml of Aquaso'_l 2 and
radioactivity determined on a LKB 1215 Rack Beta scintillation counter .
) equipped with automatic quench correction. An aliquot was hydrolyzed
18h witu norleucine as an internal standard. Another aliquot of each
sample (0.6mg) was lyophilized and redissolved in 3ml of 8M urea.
Following react:ton with Dnp-F, the D‘n'p—insulins were hydrolyzed as

described above. v

3. Preliminary determination of bioactivit_y' of methylated ',insul'ins

The biological activity of methylated insulins was assa.yed by
blood glucose depression.in vivo. The primary objective hére was to
carry out a preliminary study to determine whether a detailed
investigation of the activity of these derivatives was worthwhlle
Wistar rats weighing 150-200g were injected subcutaneously (0.2ml/150g)
with control insulin, methylated insulin, or vehicle (0,92 saline, 1mM
phosphaté’.\} pH 7.355 aftet a fast of 18h. The range of dosages employed
was IO'BM to 10711M. Blood samples were collected in heoariniZed
capillary tubes from the tail at 0, 15, 30 and 60 min intervals.

Blood glucose was assayed by the o—tolumdlne method (Glucose No.

N
635) or by the copper/molybdate method (Folin, 1929), Both methods

rely on the reduc1ng ability of glucose. The o-toluidine reagent

reacts with glucose to form ’a colored complex, the absorbance of wkich

is read at 635nm The copper molybdate method 1nvolves reduction of

the cupric ion followed by reoxidation with mol'jbdate prior to

Al s -t i R
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absorbance measurements at 670nm. Blood proteins were remoyved by

precipitation with tungstic‘acid or by trichloroacetic acid prior to

the glucose assays.

4, ;;;%Sp;ion spectra of renatured methylated insulins,
Renatured, methylated insulins were dissolved in 0.1M acetic acid
(pH 3.0) at a concentra&inn/ogr3.3 x 107°M. "The absorption spectrum of

each solution was measured'from 200 to 290 nm with a Unicam SP 1800

‘ultraviolet spectrophotometer equippe& with a Unicam AR 25 linear

recorder, N-acetyl-O-methyltyrosine amide (N~Ac-0-MT amide) was
synthesized by dissolving 10mg N—acetyltyrosine amide in 0.5M borate,
ad justing the, pH to 10.5 W1th 5N KOH and reacting with 5ml 50% (v/v)

methyl iodide in acetonltrlle for 72h at 40° on a shaker bath. A mixed

“bed ion exchange column was prepared by . combining equal volumes of

Amberlite and Dowex 50. The Amberlite was pre-equilibrated by washing
with 2N HCl, water, 2N NaOH and water. The Dowex 50 was prl-
equilibrated by washing with 2N NaOH, water, 2N HCl and waler,  A£t§r
washiqg the mixed bed‘resin with ldml 0.1M acetate, the N-acetyl-0-
methyltyrosine amide solution was applied to the top of the column and
the eluate was freeze dried. The abéorption spectra of N-acetyltyrosine

amide and its O-methylated derivative were determined in 0.1M acetic

~acid at concentrations of 3.7 x 10'4H and 2.4 x 10'4M, respectively,




IV. Results
1. Methylation of insulin - .

Methylation of citraconylated insulin at pH'iO.S, 40°C in 0.2M
borago\fGr 24h proceeded with liberation of acid as indicated by a
small decreaseixpr. When thebofféringcapacity of the medium was
;ncreased, no change in pH occurred during the reaction., Subsequent
methylations were thérefore performed in 0.5M borate. Smoll increases

in the volume of the aquaecus i:ji{ and concomitant decreases in the

volume of the methyl iodide/acefonitrile layer wlth prolonged reaction

times are attributed to the formatlon of methanol, After 24h of

-

reactioo. insulin was insoluble;at pH 10.5.
The amino acid_composition of methylated insulin and a

citraconylated control sample after a 12h hydrolysis is given in

Tablejl. The composition of the control is in good agreement with the

theoretical composition of porcine 1nsulin. Low yields of isoleucine,

-

leucine and valine are probably due to the stablllty of the peptide_

bonds involving these amino acids to acid hydrolysis. By contrast,
methylated insulin showed a small decrease in tyrosine content and an

almost complete disappearance of histidine. The yields of other amino

acids from methylated insulin are close to their yield in the control

‘

sample. In conjunction with the decreased tyrosine and histidine
yields was the appearance of qt'leasc 2 new peokS'on amino acid
analysis-(Figure 5). The compound éméfging just after phenylalanine
was identifiod as O—mcthyltyrosineﬂ(or p—methoxyphenylalaoine) by
 comparison to a synthetic¢ standard of Oémethyltyrosine. |

The disappearance of histidine and simultaneous appearance of a

I
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Tbbletl: Amino acid composition of methylated insulin

showing number of residues

Amino Acid Theory Control Methylated

Asp 3 ‘ 3.00 3.00
Thr 2 1.94 197
Ser 3 2.84 . 2.58
' Clu 7 6.00 . 6.97
Gly & 427 4,26
Ala 2 2.75 2,46
Cys 3 | 3.12 2.93
Val 4 1.09 1.14
Ile 2 o037 0.3
Leu 6 ' 5.39 6.05
Tyr 4 3.93 2.37
* Phe 3 3.13 3.08
His g 1.99 0.06
Lys 1:. 1.06 - 0.95

Arg 1 1,07 1.07




Figure 5: Typical chromatogram from amino acid analysis of methylated ‘
insulin showing the positions of O-methyltyrosine (0-MT) and 1,3-

dimethylhistidine (DM His).
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new- peak elutiﬁg after .'dine suggésts_the-formatidﬁ of a histidine
derivative updn wethyltij?#.lStandard‘amino'acid analyées with 1-
methylhistidine or‘3—mgthy1histidined}ﬂdicate that while good .-
sepgrhtion of histidine and l-methylhistidine is obfained when.the
“elution time.with ;helpH'7.5 buéfer ié_elongated, the 3—metﬁy1hisgidine

* emerges as a shoulder on the 1eading edge of histidine. A chromatogram
obtained from amino acid analysis‘with‘an'élongated elution profile
illustratés the positions of these Histidine derivatfvés (Figure 6).
Manipulation of buffer pH -and/or water bath temperéture'failed to&j
separate these lattef compouﬁds. Neither of these monomethyl histidines
is compatable with the elution time of the derivative formed oﬁ
methylation of insulin. The only remaining possibility is therefore
the formation of 1,3—dimethylﬁistidine. This conclusion was confirmed
by preparing 1,3—dime£h&1histidine and comparing its elution time with
that of the derivative formed on methylation of insulin.

2. Quantification of methyfation

(a) Conversion of O-methyltyrosine to tyrosine

L}
-

The converéion,of O-hethyltyrosine to tyrosine in 6N HCl at 110°C-
for various times is given in.Fiéufg‘7. As time of reaction increases
the amount of O-methyltyrosine rgmainihg decreases and, within the
limits of the.accuracy of the analytical procedure employed, is
completely converted to tyrosine after 48h. The, linear semilog plot
(Figure 8) demonstrates that the reaction follows.firét order kinetics.
The rate constant, as calculated by least-squares linear regression, is

0.035 hours™! with a correlation- coefficient of 0.986. “ -

The correlation between loss of O-methyltyrosine and appeéfancé“of



-

Figure 63\ Chromatogram obtained from amino acid analysis of insulin
methylated 4h in the presence of urea and hydrolyzed 12h. Elongation
of the elution time with the pH 7.5 buffer -enables separation of 1-

methylhistidine and histidine.

.
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- Figure 8:

Semilog plot of the amount of O-methyltyrosine remaiﬁing

,after acidolysis in 6N HCl.at 110°C,
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tyrosine is shown by Table 2. By 48h, all O-methyltyrosine has been -

converted to tyrosine with excellent recovery (98.4%). This indicates
that the lysis of O-methyltyrosine proceeds by a single reactibq

yielding‘txrosine’and methylchloride (Morrison and Boyd, 1974).

(b) Color yield of 1,3-dimethylhistidine
Amino acid analysis of N-acetylhistidine reacted with methyl
jodide for 72h and hydrolyzed in.6N-HCl showed that a single reaction

product was obtained. Its elution time was identical to that of the

histidine derivative formed ‘upon methylation of insulin for 24h., The

color yield of 1,3-dimethylhistidine obtained from amino acid analysis
is’ ()972 compared to hlslelne (average of three determinations).

AfLer binding the hlstldlne derivative to a Dowex columﬁ, it was
eluted with 5% ammonia. The ammonia was removed by drying the product
in the présence of sulphuric.acid, and the resulting product was an

oil. By redissolving this o0il in 0,01N HC%, tﬁe dried product was

qbtained in crystal form. This dihydrochloride salt of the methylated-

hié&idine derivative was then anélyzed by NMR spectroscopy (Figure 9).-

.The ﬂ-CHz protons appear as a doublet at - 3.38ppm and the % -CH proton
at 4.28ppm is split into a triplet. lAt 3{79ppm, the. three prbtons.of
each of the two methyl groups on ﬁHe imidazole ring appear as two
:overlapping singlets. Pfotons on C-2‘and C-4 have béen shifted
downfield by the\;héggf?le ring system to' 8.62 and.7.40ppm. The
integfation is eonsistent with the structure of 1,3—dimethylﬁistidine
dihydrochloride and the spectrum therefore verifies that this was the

compound formed,
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Table 2: Conversion of O—meihyltyrosine to tyrosinel.
.

; ¥
) Total
Time (h) % 0-MT % Tyr % 0-MT
+ % Tyr
0.0 100 0.00 100 -
0.5 %.1 - La T 99,9
1.0 - 87.0 7.23 94,2 .
2.0 "”— 82.6 13.3 . 95,9
4.0 72.6 23.4 96.0
8.0 | 37.7 47.7 85.4
16.0 24,7 69.4 94,1
24.0 149 . 79.4 9.3 t//,;
48.0 0.00  98.4 9.4
: .
-

lgolutions of O-methyltyrosine (0-MT) inﬁlml of 6N HCl were incubated

at 110°C for the indicated times. Values gfven‘are percentages of O~

methyltyrosine at time zero, and are the average of 2 determinationms.

-

[
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Figure 9: [IHJ-NMR spectrum of 1,3-dimethylhistidine dihydrochloride

in Dp0 with tetfamethylsilane as internal standard,
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(c) Hydrolysis ofiméthylated insulin

. Samples of citracony;ated insulin which had been methylated for
vérious periods of time wefe hydrolyzed 12h and subjected to amino-acid‘
analysis: The number of tyrosine residues modified is given in Table
3. Assuming the rate of lysis of free O-methyltyrosine and O-
methylgy}osiﬂe in insulin are the same, 327 of the O—methyltyrosiné
(Fiéureé 7 ané B) would remain after a 12h acid hydrolysis. Using this.
correction factor, 4.59 and 6.88 tyrosine residues are caiculated as
being modified after 8h and 24h of methylation.' Since there are only
four tyfosine residues in insulin, these vaiues are cle;rly in error.
Thus, this method is invalid fof‘quantifying.the amount of O-
methyltyrosine in the methylated insulin}§amples.

The number of histidine residues modified with increasing times of
methylation is also given ih TabIe 3. The area under.the 1,3-
dimethylhisti&ine peak is used as a ﬁéasure of histidine‘modified;
Methylation of histidine is seen to proceed slightly faster in thgsg? 
presencé df urea than in the absence-of urea at eérly‘reaction times as
illustrated graphically'in Figure 10,'aqd no histidine, 3-
_“r;ethylhistidine or l-methylhistidine peaks were found. Thus,'all
histidine residues are convezteq.to 1,3-dimethylhistidine within 24
hours of reacting with methyl iodide. At early times of methylat;on;
smali amounts of l-methylhistidine were seen in gdditidn to 1,3-
dimethylhistidine and pistidine. Since 3-methylhistidine elutes with

histidine, it is not known at what rate nitrogens at positions 1 and 3

"are methylated. However, the isolation of the l-methylhistidine peak
shows that at least one monomethyl derivative is formed as intermediate

to the dimethyl species,



Figure 10: Methylation of porcine insulin at pH 10.5, 40°C sﬁowing the
average formation of 1,3-dimethylhistidine (DM His)'.ﬁ Samp.les were
I3

methylated in presence (_O) or absence (@) of 8M urea and hydrolyzed

12h.




.-43- l l L.

- +

Table 3: Average number of tyrﬁsine residues'méthylatéﬁ’and
histidine resiqﬁes dimethylated in insulin determined after a 12h
'hydrqusis. Tﬁe number of tyrosine‘residues modified was calculated “by
correcting for the lysis of O-methyltyrosine to tyrosine.. Histiﬂine

modification is calculated from the amount of 1,3-dim®thylhistidine.

L
o

Number of residues modified K

* Reaction " Tyrosine * Hiétidine .
time (h) urea - N urea ; no urea
v N j
0.0 0.00 0.00 0.00
0.5 1,72 0.0824 0.00451
1.0 216 0.145 0.0853
LT 2.0 .06 ° 7 .0.360 0.204
4.0 3.60  0.814 0.613
" 8.0 4.59 1.30 1.08

24,0 6.88 1.91 1.97
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' "/,/”"‘-—§éffasnaturing_concentnetionslof urea than in its

o

Dnp-F reaction waS-cdmplete.

a5 o g .

Y- . - ‘ ‘ )
(d) Time course of insulin methylation from hydrolyzed an-derivatives
L
The extent of methyletion of tyrosine was determined from the

*

amount of tyrosine present in the citraconylated, methylated !h%ullns

after reaction with Dnp-~F and 48h acid hydroly31s (Table 4). The
hyarolye;s period of 48h was cnosen beceusF nfefious results showed
that O—methyltyrosine'is fuliy converted to tyrosine under these;
conditions. The control~semp}es ‘ave no tyrosine, as ekpecteo-if the

;ths finding also eliminates fhe
p0551b111ty that a small amount of O-Dnp- tyrosxne is conv d to
tyr051ne by hydrolys1s. O—annyr951ne is Kn?wn to decompose s%owly in
strong acid or strong'light éMeans and Feeney. 1971) but the
deoomposition product is‘not tyrosine.

: : b o
Methylation of tyrosine proceeded slightly faster in the  absence

esence. No flirther
1
increase in number of. tyr051nes modified is segn after 24h, even when

more methyl 1od1de was' added to, the incubation mlxture. Surprisingly,
maximum modification is found when no urea is added-to the reaction,
and is 3.36 out of a possible 4 tyrosines ig the native protein. This

data is representea graphically.in Pigure 11, Compering the
methylation of tyrosine nith the methyletion of histidine (Figure 10)"
reveals that. thé two reactions proceed at similar rates at. pH 10 5.

Dr. .635 in our laboratory has shown that reaction of insulin with
methyl iodide (190 fold molar excess over insulin) at pH 7.3 fqr_2§h
resulted'in the dimethylation of 0.5 histidine residues. Reactionfof;
this insulin with‘an—f-followed by acid hydrolys;s revealed th;t no
tyrosine methylation Héd:occurred._ Q' |

.
v r
’ N ’

* W '
. k] <\
x®. . 13

’ - d;' .
Quantification 6f histidine from the Dnp, methylated protein
' ;

-
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. Table 4: Average number of tyrosine residues modified in"
o T . presence or absence of 8M d_l;ea with'increas'ing :
L_/'—'(\E’imes“of methylation as determined from Dnp-
: : ‘derivatives hydrolyzed 48h, ‘ | .
IR ' d |
7 Y
:F
Reaction Number Tyr residues modified
. . time (h)' - trea - *,no urea
) k_/ -
- S0 0,731 0.684
"~ 1.0 - 1.03 0.921
\‘ : . l y "
© 2.0 1.08 1,27
‘ .~ | 1.45 1.61 ¢
N LN
SN 7 2,10 2.63" )
'_.l - ;:-\\ B
R 2.57 3.31
S 48.0 2,54 3.24
| _ 72.0 2.83 3.36
=N
)
- [ . .
&7 .
N

"3

o
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Figure 11 : Porcine insulin methylated for various times at pH.10.5,
40°C in preéence ©).or absence (@) of 8M urea, reacted with Dnp-F and
hydrolyzed 48h. The aQerage number of tyrosine residues methylated is

plotted as a function of the reaction time with methyl iadide.
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hydrolyzed 48h revealed the time course of 1,3-dimethyl histidine
-

L]

formation to be in excellent -agreement with tHe previous data shown in

Table 3 and Figure l1. Since botH/histidine and tyrosine methylatgon,

can be determined using the Dnp-F reaction followed by a 48h
hydrolysis, this is the method of choice when one is interested in
quantifying both of these amino acids:after methylatlon.

Methylated 1nsu11n (reacted- with methyl iodide for. ZZh)_whlch was
still .citraconylated when reacted with Dnp-F. yielded -on analys1s "0.94
lysine residues, 3.09 phenylaianine residues and 4.31 glycine residues
which are é;ose to their theoretical vaihes in porcine insulin. When
methylated insulin was decitraconylated by adjusting the pH to 2 for
18@ prior to reaction with Dnp-F, the result was 0.00 lysine residues,
2,01 phenylanine residues and 3.13 glycine residues. These resul;s
ﬂéhéﬁ that the citraconylation reaction had coTpletely blocked the three

free amino groups and that acidificatd for 18h is effective in

unblocking these amino groups.

{(e) Time cour;e of methylation pf N-acetyltyrosine amide from
hydrolyzed Dnp-derivatives. | &

| The rate of methylation of N—acétyltyrosine amidé was determined
frqm the amount of tyrosine present in the Dnp, methylated derivative
(Figure ;2). By 24h, 52%Z of the N-acetyltyrosine amide was convertgﬁ
to N—aqetyl—O—methylpyrosiﬁé aﬁide. A compariéon of the rate; of
methylation of tyrosine residues in insulin (Figure 11) with that of N-

acetyltyrosine amide reveals a similar reaction profile.
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Figure 12: Time course for the reaction of N-acetyltyrosine amide
(4.5 mol), with methyl iodide at pH ID;S.-'The-amount of_N-acetyl-O;

. , . _ A
methyltyrosine amide was determined as tyrosine after

dinitrophenylation and hydrolysis in 6N HCl at 110°C.
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(£) Radioactive labelling

The total number of methyl groups incorporated upon methyl’atidn'of

ingulin with [ll‘C]methyl iodide at pH 10.5 was determined from

radioactivlty measugements and from amino acid analysis of the an

\

derivatives of these methylated insulinS/hydrolyzed 48h (Table 5)..

Calculation of methyl groups incorporated by the dinitrophenylation

procedure was not corrected for l-methyl and 3-me§;1ylhistidine

. formatioh. The two methods produce similar values, thus substantiating
' . -

the validity of the dinitrophenylation procedure for the determination

of O-methyltyrosine and 1,3-dimethylhistidine formation, A\
4 i

Ll ' k ) “\

3. Bioactivity. of methylated insulins

The blood glucose levels of rats 1nJected w1th insulin (5x10 8'

mol/150g) was expressed as a percent of the basdl glucosg level (Table‘

6). Native insulin which had begn denatured in 8M urea anq renatured
by gradual dialysis prior to injection produced a -falll in blood glucose
one hour after inject/ion to 8.6%6.07 of t?e basal glug—ose
concentration. Similarly+“/samples A and‘B,"L-in which less than 1.9
tyrosine and 0.5 histidine residues were methylated caused a dramatic
decrease in blood glucose. However, when more than.lé'%_tyrosiné‘ and
1.2 histidine residues are modified (samf:les C and D), there is little
or no ﬁiood glucose depression. While native insulin, and samples A
and B were soluble, samples C.and D were insoluble at 'pH'7.35 at this
co.;:cent'ration and ‘were.therefore injécted as a suspénsion. The blood
glucose level of aﬁiméls injected with samples C or D was not ‘decreas-ed

from the basal level when assayed 90min after injection.

The blood glucose depression curves following injection with

=
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Table 5: The extent of insulin methylation at pH 10.5 as determined

from [14C] incorporation and from dinitrophenylaﬁion-of the

[IAC]meEhyl insulin derivatives hydrolyzed 48h,

. .

o
Time of reaction Number methyl groups incorporated per
with methyl iodide | insulin molecule as detgrmined_hy'
(h) Din;i.trophénylation1 Radiogctivity2
0.5 '0.80 . 0.92
1.0 1200106
2.0 2.08 . 1.99
4.0 ° 3.23 | 3.09
7.0 5.12 - 5.21
10.0, 6.17- 5.61
. | 24.0 "7.34 °- 7'02i

1 Calculaved using the formula # O-methyltyrosine +.2(# 1,3-dimethyl~

histidine) : ' ) -

2 Specific activity of [14C]methyl iodide was 6.%#Ci[mmol.
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Sample . No. residues No. % Glucose! at time (min)
. odified trials = ,
Tyr His 15 0 60
> ‘
elne - - 3 100 - 1246 10 46
sative - .- 6 S.8£85 22654 9 £6
A 04 a0 2 uzt3s  2Be16 216+ 21
B 10 05 6 0 46 - % 0  M.4£83
C 1.5 4 Hg( 2 8555 - BL.4E55 %7t 5.4
D 27 20 2 04507 - BALE  E.IE42

2N

’

"




saline, native insulln ‘or methylated insulin (5x10"8m01/1503)
‘containlng 1.0 tyr031ne and 0.5 histidine residues modified (sample B)
is shown in Figure 13. The bioactivity of this methylated insulin is
. not different:frem that of native insulin wﬁen testéd -by the unpaired
student t test (p > 0.01). ® f -
Animals were then injeeted with lower doses of native or methy-
lated ingulin (Table 7). It is elear from the large amount of variabi- °
lity amoag animals that a very large aample size is needed to determine -
activity in viva at low doses of insulin. Native insulin produced
blood sugar depre391on at 5x10'10mol/150g but seems less actlve at
1x10710 mol/lSOg. Methylated insulin (sample B) caused glucose levels
to fall at“leO'gmol/ISOg. .Beiow this dose, methylated iasulin was
active in some animala, put not in others. Thiaémay indicate.that
there is a shift in the dose responee'relationship'upon methylatiga,

. .
such that a 10 fold higher dose is required for activity.

-
-

4, Absorption spectra of methylated. insulins . sl

*

The spectra of native and two renatured methylated insulins are
- shown in Figure 14 and are seea‘thchange upon methylation, A{j/’i
iagufans'had a major peaF at 235nm (net shqwn) and a minor peak at
27énm. The ebectral properties of various insulins are given in Table
8. The molar extinction coefficients at 274nm increase with the degree
“of insulin methylation. Absorption spectra of'N-aceﬁyltyrosine amide
and its O—methylated derivative are very 51mllar and the molar
extinction coeff1c1ents at 274nm are essentiglly the’éame {Table 8)

Therefore, methylation of the phenol group of tyrosine does not change

the spectral.properties at 274nm.
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Figure 13: Glucose depression curves following injection with {égline‘

@), native insulin ©) or methylated insulin (a). _l‘flethylgte‘d insulin,
contains 1.0 tyrosine qnd 0.5 histidine residues modified (samp_le B).

Glucose concentration is expressed as a percent of basal glucose
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| % Table : Bioactivity. of netive and pethylaréd insilin in rats i_njé;ceﬁ'ﬁm’ R
! ' Sanplel Dose % Glucose? ot time (min)
| ' .. (mol/150g) 15 mean 30 mean 60 mean
| "Nati\.ré.leO_'g 8.0 @6 4.6 | )
A = o o500 30 6643 .2 S #7459 B £8
‘ w2 00 ¥
| w0l 85 7.1 sS4 ‘.81 25 7.8 8 4
T ' 109 069 7 - 1000
. “Vethyl 507 00 71125 100 61 100, 0 44 '
. | 68.8. e , %3
8.0’ o T w00
. wo . . .m0 22
- L wo? 707 88 48 6.8 8L 9 4.2 TL g
| 061 . 100.0 0.
5100 1@ 88 s4 %100 & 0 -8l1 @ 3
%3 100.0 R |
100.0 €0.0 _ 10.0
6.6 8.3 5.0
) 1
.lNative iﬁsuﬁn was subjectéd to the renaturatioﬁ pro’cedure prior to - )
) Tl injection. Methylated insulin (sample B) contains 1.0 and 0.5 .9—-‘ : A ~
methyltyrosine and 1,3—diméthy1]§istidine raidue;o.,- respectivell ,
2hacal F"of each subject taken s 1002, ‘ N
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.Table 8: Extinction coefficients of varioué

insulins and tyrosine derivatives.

1

Sample E2ét'274nm
Native insulin . 8182
A - 8788

B 9394

C : 10606

. D ' 11515
N-Ac-~-Tyr amide - 1180
N-Ac—-OMT amide ' 1229

S l'See Table 6 for labelling system of . -

<i N

. methylated insulins.

26 , molar extinction coefficient

-\‘
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V. DisCUasion .

For many years, there has been great interest in defining the.

roles of specific amino acid side chains ‘in the properties of ‘various

L

biologically active proteins. Chemical modification of these

functional groups has been widely used towards this end with generally '

good results. However, there remains a great need for reagents which
may be used under mild conditions and are selective for particular
Lypes of side chains.-

| A number of reagents have been employed to specifically methylate
various amino acid side chains. Reductive methylation of proteins with

sodium borohydride .or sodium cyanoborohydride and formaldehyde at pﬁ 9

converts amino groups to mono-methylated and dimethylate?/prod'ucts

(Means and .Feeney, 1968; Uschkoreit e_tgl._.,- 1980;" Marsh et al., 1983).

~

_ Although fairly specific for amind’ groups, Uschkoreit and colleagueg

re]iorted ‘that side reactions with tyrosine residues do octur,

especially above pH 8. However, initial attempts to methylate the

-
-]

tyrosine residues of insulin at pH 10.5 with sodium borohydride and

formaldehyde after citraconylation of the amino groups -p‘roduc'éd 0-

methylation of tyrosine in very low yields (less than 152)

’

Methylation of the methionine and cysteine re51due- in proteins

.has been well studied. ‘Reaction of ribonucleasefA (Link and Stark,

L4

1968), myoglobin (Jones et al., 1976), glucagon (R¢ thgeb et a~1., 1977)

and peptide fragmenf’s (Sasgawa et al., 1983) ‘with methyl iodide at pH

2.5 tof.’)O yeilds methyl methionine derivatives. Within this pH rfmge,

..._-—d

of alkyl iodides .has been described (Banks and Shafir, " 1970). Reaction

T

of reduced prote:l.ns with methyl -iodide (Rochatz et al., 1970), methyl-p-

) _ ' ’

> " \/ ~

- side reactions were not observed, S-Alkylation of. cysteine by the use |
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{
nitrobenzene _éuifonate ?]-i‘eihri:kson, 1971) or dimethylsulfate (Eyem et

al., 1976) yields S-methyl- derivatives. Although ‘specifici or

cysteine residues has been claimed, side reactions with methionine were’

found (Rochat~et al., 1970) and n;;conclusioﬁ's can be made in these

studies as to whether. acid labile modifications had occurred.

" Methylation of histidine-57 of chymptrypsin with methyl p-nitrobenzene

sulfonate has been reported (§akagawa and Bender,' 1969) but

experimental details were not given. No procedure has yet been

» ~

reported for the préparation of fnethylated t:yrc;sine side -chailns in high

yields, _

The m'ethé&dgscribed here affords the means of specifically
methylating th-e.tyrosil_le anEl' histidine residues of in_sul.;i.n.' An
advantage of insulin is that it contains;no methiolnine resjidues. which
would pi’ées'umably' react under these condita}ons. Reversible modification
f thelamino fynctions by acylation with citraconic anhydride-p'revents
raconylinsuiin with methyl iodide at pH 10.5 lleads to
mofromethylation of t)‘rrosine and dimethylation of histidine residues.
The reacti‘on of tyrosine and h;.stidine sidechains probably ir‘wolves-

‘ ¥
nucleophilic attack of the unprotonated phenbl and imidazole groups on

methyl iodide. -

,

fication of the extent of tyrosine ’I_fthylation is

complicated by the acid lability of O-methyltyrosine. Al'though it has
B . . . t . . N

'1or_1g been recognized that the ether hl'inkaigé of O.—methyltyrosi'ne is

cleaved by acid (Rutherfdrd et al.,, 19)HJ; Herriott, 1947), there have
been no reportsiin -whiclll' the rate of.this reaction was determined.

Cléayage of freé O-methyltyrosine in 6N HCl is a first ordeér reactiom
‘ . - ISt oI '

x,."

- . ‘ .J . .
ylation of thesge'groups. Subsequent reaction of the.

‘ . * ’ ) 1:"'§“- V‘\
LI . . L oo ‘s
. S N

L
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;w.ith a rate co’nstant of 0.035 hours'l. Other amino acid derivati'vé‘s '

-

. with acid

which are cbnvert{ed to. ;ile paren_t am;inb acid u'pbn treatm
include tyrosine-O-sulfate (Bettelheim, 1954), the O-phosphoamind acids
(Jergil and Dixon,\1970; /Bylund and l-l‘uang,r= 1976; Hohmann et al., 1975),

and S-methyl cysteine (Heinrikson, 1971; Eyem et al., 1976). The rate

of O-méthyltyrosine lysis is similar to the rate of O-phosphothreonine

_hydroiysis (k = 0.043 hours'-l) reportedﬂ- by Bylund and Huang (1976).

' . The rate of phosphoserine hydrolysis (Bylund and Huang, 1976) is much -

greater and tlte rate of S-methyl cysteine cleavage (Eyem et al,, 1976)
and is considerably less than the rate of O-methyltyrosine cleavage.

. - . -} '
. To_determine the extent of tyrosine methylation in insulin, it was

assumed that recovery of O-methyltyrosine upon acid Wysis was i:h_e

.same for the free amino acid as for the protein. However, calculation
- -] .

of the number of tyrosine residues methylated in insulin gave values’

which exceeded the number of residues which are present. This suggests

that the rate of hydrolysis of O-methyltyrgsine from insulin-is less

than that of the free amino acid. Bylund-and Huang (1976) have found

”

that the rate of destruction of O-phosphoamino acids during hydrolirsii.s -

of peptides is dependm on the identitj of the ne:f.ghbouring amino agid

residues which may either accelerate or decelerate the rate of cleavag

&

of the phosphate group. Thus, the hydrolysis of a free amirm/zaéid_;/with

-an acid labile group generally is not a good model for the hy';olys‘is

of that amino acid in a protein. In this regard, it is interest}

note that in analogous attempts to correct"q.for the destructionlof
. L I ;

‘ce‘@ai-n amino acids to acid hydrolysis,- there is'pgr correlatipn

between destruction of amino acids in the free as compared to in the

i - N
-protein state (Blackburn, /1978). _. .

L P B e e s Pt e
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'Acid hydrolysis is routinely used: to study the amino acid
compbaition.pf peptides and proteins. Its widespread use for preparing
pfateins fof amino ;cid analY5is is due to the relative ease and
efficiency as compared to alkaline or enzymatic hydrolysis. Alkaline
hy&ro}ysia-of proteins has only limited, application as the destruction
of arginine, serine, threonine, cyetise, hietidine and aspartie and

\giutamic acids precludes its general use (Ray and Koshland, 1962;
Harr}son and Garratt, 1970), Although egher linkages_are stable to
base, and hence it can be predicted that O—methylt}rasine is stable to
alkali, ;he.de;ompositiea af histidine upon bagic hydrolysis suggeats
‘that dimethyl histidine would be labile underntaese coBditions. In
addition, technical difficelaiesésuch-as the formatipn silicates and’
salts which muat be remoaed prior to-analysiauﬁust be aéerco e
(Oelshlegel et al., }9763,_ The advantage of emrzymatic hydrolysia is
that acid- or alkali-labile linkages survigé the hydrolysis (Royer et
al., 1977). However, eomplex iﬂéébation procedures are ;equéred %Pd

there is no guarantee that enzymes will cledve at amino acid residues

/which have been modified. For example, chymotrypsin activityis .

})asuppressed at tyrosine sites of 1nsu11n which have been modified by
either® N-methyl pyrldlnlum‘lodlde or Artrlmethylammon1035~n1tro
fluorobenzene ;gdide (Dfewes et al., 1980) or tetranitromethane (Morris
et al., 1970). With these difficulties t_ plnd 1t was decided to

employ acid hydrolysis of d1n1tropheny1 derlvatlves to quantify

LS

‘tyrosine methylation. This procedure is advantageous il that commonly
. el
-employed laboratory reagents are used and the eytent of histidine’

_ Methylgti?n can be determined simul¥aneously.
! - ’ t ! )
Dnp-F has been employed to identify N-terminal amino acids

PR . - ~

'\_
.
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('Sanger,. 1945), for chemical modification studies (Henkart and Dorner,

1971) and for co‘mpetitive labelling studies (Chan et al.,' 1981; Kapian' "

-

<3

et al.,- 1984). Use of-Dmp-F to indirectly quantify the extént of

tyrosine methylation represents a novel application of this reagént. .

Determination of tyrosine methylation at pH 10.5 from the acid
-

hydrolyzed an-insulin revealed that the maximum modification.occurred
Q Jlithln 24h. An average of 3.3 and 2.6 tyrosine residues are methylat:ed
in the absence. and presence of denaturing concentrations of urea. It
is surprlslng th;t there is less modification - when the protein is
&  denatured. A similar phenomenon has been reported by Marsh and

coworkers {1983) who ifound.thata the addition of either. 8M urea or S5M

guanidine HCl diminished the rate- of lysine methylation when insulin

* was reductively methylated. Since at most, an average of 3.3 out of a

possible 4 tyrosine residues are methylated, at least one tyrosine

residue does not fully react. . =,

Several lines of evidence ind'icate that at least one tyrosine

residue is "buridd" ‘and is therefore unreactlv (Blundell et al., 1972;
Menendez et al.,/ 1969). While this may account for the low react:.v:.ty

» of atyrosine

sidue_in the absence of denaturing concentratlons of
A

red pfotein has all groups exposed.. .Even in the

s

denature the protein. .Thus, the lack ol exposure of tyrgsine residues

to methyl iodide’ probably does not account for their low reactivity. It

%

‘ urea, the den
absence of 8M urea, utraconylat:.on of puhn would at least partially

has been shown that two tyrosine residues of 1nsv.\11n ionize with an -

apparent pK of 10.2. and two re31dues 1on1ze with an appar t pK of

A
about 11,7 (Morr:.s t l._, 1970). This strg/gests that at pH 105

—— Aty

¥ oY,
ionization of tyrosine residues is incomplete’ and may account for. the



low reactivity of one or two phenolic groups.

At pH 7.5, reaction of insulin with methyl iodide ‘did. not.'

rr;ethylate tyrosine residues, This is expected since the average pK of
the tyrosine hydroxyl groups is above this pH and Ehus, at pH 7.5, the

{ ph'enol group is protonated and will not undergo reaction with methyl
- - L]

iodide.
Reaction of N-acetyltyrosine amide with methyl iodide at pH.10.5

followed by reactlon w1th Dnp-F and acidolysis yields tyrosme. This

shows that O-methylatlon of the free amino acid der1vat1ve of tyrosme

"has occurred. The rates of methylat:.on of N-acetyltyrosine amide and
.tyrosine residues in.insplin‘ are similar with the reaction ap’proaching
saturation by about 8h. ) >
The rhethylated, citfaconyieted insulins Wwere acidified ’ 18h and

. this treatment was effective in removing the citraconyl groups as

indicated by their yields on reaction of the unblocked protein with -

Dnp-F. This is in accordance with the data of Dixon and Perham (1968)
who found an overnight incubation at pH 3.5 released the blocking

groups from citraconyl insulin. Howevgr, Naithani and Gattner (1982)

found that 70h at pH 3.5 in urgad was required to completely remove

. ' the citraconyl groups from citreif:onylinsulin, The higher concentration
of urea used in the present study may account for the increase in the
ke &
rate of unblocking. . '
o ’ . 1 d ’ . l
: - Dunng chemical modification studles on &otelns 1t is often
. .
desuable to analyze for a mod1f1ed amino ac1d rather than for-the
absence of the unmodlfled res1due since a decrease may represent only

a small percentage of the total quantlty of that mod:LfJ.ed amino acid in

the prote:.n Preparatlon of 1,3-dimethylhistidine allowed the
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determination of the ninhydrin color yield of this amino acid and '

therefore permittedothe direct determination of its presence. Reaction
of N-acetylhietidine with methyl iodide at pH 10.5 for 771( followed by
acid hydrolysis yields 1,3—dimethylhisﬁidiﬁe as the solle product as

indicated by amino acid analysis, This methbd of preparation is

superior‘to" the ‘previously' reported ronte of synthedis _%n which
methylation of phthaioyl-L—histi-dine methyl estex-' with me.thyl iodide in
dixnefhylformam_ide end 'subsequent hydrdlys\is produced a mixtdre-o':f..
monomgthyl, dimethyi and n'nreacted histidine (Cowgill, 1957). The
color yield .of 1,3f—dimethylhiscidine was 97.2% of that- of histidine on

o~

a molar basis. This is considerably higher than the _ninhydr'ri,n color

-yield value 807 estimated by Cowgill for the same amino acids.

Since 1,3- dimethylhistidine is stable to ac1d hydrolysis, it is
quantified without the need of correcting £ hs-d.eavage Reaction of - '
insulin with methyl iodide atf pH 10.5 for 24h resulted in the complete
dimethylation of the two histidine residues hoth in the presence and ’
absence of 8M urea, Methylation of insulin at pH 7.5 for the same
amount of time resulted in the dimethylation of an everage of 0.5

histidine residues, 'i‘herefore, the. formation of 1,3-dimethylhistidine

. _ -y . :

is enhanced at the higher pH. - Methylation of N-acetylhistidine with
; R ! :

methyl iodide over a pH range.of '7.0-11,0 has been performed (Tom Haus,
- ' e )
unpublished). The formation of 1‘3-dimethy1histidine was progressively

enhanced as the pH of the reaction med;.um vas increased. A possible
|

explanation for this phenomenon 15 that at high pH a -proton is removed

&

from the imidazoletring produc1ng a highly 'reactive anionic species,

Sinde :Lnsulin does not contain. methionine residues,' and since tyrosine o

~

, is not methylated at pH 7.5

8 1nd1cated by analysis of the 48h .
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hydrolyzed an—derivative of this insulin, methylation of insulin with

Fhalkyl halides at this pH offers a method to selectively modify the

. histidine residues of this protein.

Reaction of methylated 1nsulin with an-F y1e1ds imldazole-an—

hijstidine (1m-an—hlst1d1ne) and 1.3—diEethylh1stidlﬁg\€mong the

" -products but no histddine, 1-methyl or 3—methy1histidine are present,

iy bas been shown that Dnp-F reacte preferentially with the 3-nitrogen

‘of the'imidazole ring of'N-ecetylhistidine and the product, im-Dnp-

h13t1d1ne, does not decompose upon ecid hydrolysls (Henkart;\1971' Bell
andE;pnes, 1974). This suggests that l-methyl but not 3-
\methylhlstidlne will ree.ct_. with Dnp-F; Therefore, upon analysis, 3-
émethylhistidine sRould be appgrent. However,.no 3-methylhistidine was
found, even at early methylation times. There are teo conceivabley
explanations for the ahsence of,3-methylhistidine. One.poseibility is
-that only l—methylhistidine is formed as a'reaction ihtermediate which

is then converted to 1, a\dJJnethylhlstldlne.upon further methylatlon

'|However, it was shown from the acid hydrolyzed samples of methylated

1nsu11n thaL both "l-methyl and 3-methyi§§h£iddne are present at early -

methylatlon times. Despite steric hindranhce aboateﬁhe_{rnltrogen, th1s W2

e

position can be mono-methylated. Alternativel perhapé.ﬂ—
_M urea, unlike ’

.
(il .,

ts with an—F at'%ﬂ

methylhietidine within the protein in the presence o

the free N-acetylhistidine in absencefSIv urea reg
; S - .

l—nitrogen,,and the 1im—an-Bemethylhistidine Ppears on ana1y31s,w1th

3im-an:hist{dide. Thie is_aleo unlikely as sferic hindrance aoout the

protein would be‘greater than’ that of the free amino acid; ) : .“

_The'formatlon qﬁ”1,3-diﬁethylh£3tidfhe can be calcnlated-from'

hydrolyzed methyleted'insulin samples and from hydrolyzed Dnp,
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methylﬁted insulin. Both methods pi'oduce con.il’;}arable.'re'sults "fdr .
. :
quantifying 1 3—dimet:hylhistidine. This supports the valid:l.t‘.y of t:he '

dinitrophenylation procedure for quantifylng the extent oflithylation._ .
_ )
' There are several methods for radio-labelling' insulin by chemical
mo'd‘ification.‘ [1251]Iodinatioﬁ is the most cdmmon”li}eans. and
o . Y 4 , .
purificatiéon of monoiodoinsulin from iodination mixtures has resulted
in specific activities of 2Ci/#tmol (Sodoyez et al., 1975). - Mbst

investigation have emplbyed unpurified jodinated inéul_ins with sp%;ﬁ: B
activities of 100—200‘Ci/mmdl (Roth, 1975). However, the véiidity £
iodine-labelled insulin as‘ a tracer for determlnlng the mode of action
__and the metabolism of 1nsu11n has been serlously questmned Evidence !
agalnst t:he blologlcal identity -of :Lod:enated and native”msuhn has
been obtalned from in vivo metabolic studies. Ooms g;g}.. (1268) have
shown. that irrespect‘iv'e of the depree of ,iod:i.ﬁal:ion, the metabalic
clearance rate of iédoinsulin was both ‘reduced andlalt,ered in
character® In additi?n, there are health hazards assoc;'Lated with
1251 jodine and its short hazl.f lifé limits its storage time.

There has been a search for other radioactive réportér_ groups to - |
label insulin. 'Halbar; and dffo}d (1975) have sjrnthe.sized [3}!]B1'
phenylalanine .insu‘li'n 't_«r:i.rth é specific* activity of ZO}ICi/mmol.
) itiatic;l of insulin .By expo;ure. to tritium gas activated by- mic'rt;wav"e
deation has also beén repgrt:eé (Misbin, ‘1977). I.Zeduct.i,ve ihethylat:ién
of.‘ insulin's amino groups with [ll’C]formilildehyde a‘nd/é)r sodi’un; bof§

-

[3H]hydride has been reported (Uschkoreit et al., 1980;- Marsh g_gé;_..

—~—

1983). .However, biologi‘cal'activity‘ ?&\fully methylated insulin was

-

|
&
o
E
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A
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derivatives possess very low specific activities (Uschkpreit et al
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'decreased (Marsh et al., 1983) and the homogeneous dimethylated

.,_

1980). It is hoped that further studies may show that methylatlon of

. the tyrosir%e,_ and histid;ne residues with [ll'C]methyl iodide provides a

new and useful method .for radiolabelling insulin.
' There is a good'correlation between the number of methyl groups
incorporated into insulin as assayed by [MC]labelling and.

dinitrophenylation procedures. Thus,‘ the dinitrophenylation pro.ce'dure'

.gives a rel:Lab].e measure of tyrosine methylatlon and hlStldlne

'--d1methylatn.on while the. [IAC]labelllng method enables rap:Ld

determination of the total extent of methylatidn. Since the degree of

methylatlon measured by [MC]labe.llmg does: not exceed the values
obtalned upon d1n1trophenylatlon, methylat:l_on of ‘residues other than
tyros:me and histidine can be excluded y

N

In v1vo measurements of the blood glucose depression produced

upon 1n_]ect:|.on of the modified 1nsu11ns indicate- that partlally

-methylated insulin is active when injected subcutaneously into. fasted

rats at a dose of 5x lQ"'Smol/lSOg. At this dose, methylated insulin

.with an average of 1 .0 and 0.5 tyrosine and histidine resuiues modified
(sample B) had the same act1V1ty as natlve 1nsu11n Whlle these :

'results suggest that sample B has full biological actluty, it can be

argued that-s:ane the derlvatlzed 1nst'111n is a heterogeneous mixture of

'unreacted 1nsu11n and various monomethylated and/or dimethylated -

products, the activity observed upon® 1n3e~ct10n of sample B may have

_been due to blood glucose depression indiced by (unreacted) insulin

"

‘itself. 1In an attempt to rule out this possibility; native 'ancL

" methylated insulins-were injected at lower.'doses. The rationale here

<\
N \




dose, response curves), ot (2) a shift in the dose response curve such

Howe\rer initial experimetts to determine the threshold dose required'l"‘-:,‘

for producing .glucoge’ depression showed that animal variability *was so.

great tha-t a very large sample size would be needed. The.results

[} Ty

suggest. that animals may require a lﬁgher dose of sample B thdn native‘

.1nsu11n to reach a given level of glucose depression. There are at‘

least two possible outcomes 'of this experiment should the 'sampling'size."

-

be au‘gmented to the point: whge n is sufficiently large to enable K

stat:l.stical analysis: (1) sample B and nat:.'ve :i.nsulin require the same

concentration to produce a threshold level of response (i. e. ;Qentical'

\I -‘-.“

that a higher concentration of modified than native insul:Ln :Ls required
o

to reach the thréshold level., If result,2 was obtained (as seems‘

likely), then the pOSSl'blllty woul still ex:l.st that bioactivity of -
sample B is due to the presence unreacted insulin molecules in the.

: mJlected sample. At this po:mt, 1t was dec1ded thaﬁ‘ a more log:.cal-

A

experimental de51gn would be to purify. the methylated derivatives to

_‘homogenelty before assaying “their biologlcal actinties.

e

.,-moaifled (samples € and D), metﬂylated 1nsu11ns were not . biologically )

l
act:Lve in vivo. at a dose of .5 x 10‘8mol/1503 Thése samples were

4-

inactive ‘even though they were :LnJected at a .dose: which was 100 times :

greater than the\d-ose at” wtp,!h natlve insulin? was b:l.oLog:l.cally active.

:|‘

It is probable that changes- 1n the three-dimensional structure. . of

'these methylated 1nsulins (see below) and their insolubility account

. . -
. » [y . . LI
Y o - ) —
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\Wﬁen more than-l 0 and 0.5 tyrosine\)d histidlne ‘residues are RV




for the failure of the modified insulins to produce blood sugar'
idepressimL‘ Insolubllity is presumably induced by iﬂcreased
hydrophobicity and conformatiohal changes. Modification of specific
tyrosine and/or histid e resi;hes may also have caused the lack of
biological activity. vailable evidence indicates that A19 Tyr, Bl16
Tyr B26 Tyr and Bl/té are all involved in, insulin receptor binding.
Thus: methylation of\any or all of thege residues could decrease
"biological activity, L
; The correlation bet;i;nechanégg_in protein stfuctnre‘tesulting'

from denaturatipgn or broteolysis with alterations in the ultraviolet

-

absorption spectra of proteins in the range 260 to 320nm was K

established over two decades ago (Leskowski.gg g}, 1956; Glazer and
Smith,‘196Q;Yan5ri and Bovey, 1960; Glazer and McKenzie, 1963). 1In
this region, the absorbance spectra contain contributions £from
pherniylalanine, tyrosine and tryptophan re31dues, whereas the imidazole
group of hlStldlne absorbs in the region between 185 and 220nm
(Wetlaufer, 1962). Using a variety of denaturation conditions, Glazer
and Smith (1960) reporte;\thﬁt the absorbancies at 230 to 235nm and 278
to 285nm were'enhanced as compared to the native protein. The only
. amino acids which could make a significantlcontribution to the
absorbance intensity in these regions were determined to be tyrosine .
and- tryptophan. Since insulin does not contain any tryptophan
residues, the spectral cheracteristics of this amino acidgsre not

considered further. |
The ultraviglet spectra‘of'methylated insuiins show that with

increasing alkylation, the molar extinction coefficient at 274nm is

* progressively enhanced. However, the spectral properties of N-

/\
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:acef?ltyrosine amide and N-acetyl—O-methyltyrosine amide af& similar.

This is in accérdance with the data of Wetlaufer s group (1958)*who ‘
: " Ry i ;
found that tyrosine and O-methyltyrosipe have_nearly congruent’ spactra-.

betwéaﬁ<265 and 295nm.' Thha,~tﬁe‘afzeraéions in aBsorbance obSarved

* -

upon methylatlon of insulln resemble the changes in absorbances of 'a .

. \(

variety of -proteins upon denaturatlon. *Since spectral changes duer to ~
tae-formatioh of Q-methyltyrosiae can'be echUded_anq since hlstidlﬂg.
dobs not absorb in the .region testei iE'can.be conaiudea tihe
methylation of 1nsu11n produces a change in conformatmon The spectrum :
of methyl 1nsulin in which 2.7 and 2.0 h15t1d1ne re51dues are modlfled'

‘(sample D) was greatly dlstorted from that of native %gsulln Gross

-
structural changes in thlS 1nsul1n probably account fosllts inactivity

in vivo.
. B
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VI, Conclusiooe endtfutqye'reeearch S

o

Tyrosine and histidine residues of?ineulih can be 'selectively.

‘after blocking the amino groups byWoitraconylation. Since O-
ﬁethyltyrosine is acid Iabile,-t;}osihe methylétion‘cannot he -

“quantified by analysis of acid hydrolysates., The extent of tyrosine

-

methylated by incubation of'the protein,with-methyl iogiderat_pH,ICLS

residue O—methylatlon was determined by reacting the methylated protein

.w1th an-F followed by analy31s of acid hydrolysates 0f the 4

‘tyrosine residues of insulin, a maximum ofIiS residues were methylated

on average, indicating that at least one tyrosine residue .does not

fully react.” It would be useful to verify these datetby'analyz&ng
Wt .

\l

hydroly31§. Histidine re51dues are, converted prlmarily to -1,3-
P

dimethylhistidine re51ddes whéﬁlansulij is reacted with methyl.}odide

at pH 10.5.  The acid stabilitly of this derivative enables

,_quantlflcqtlon of hlStldlnE modlflcatlon from analysis of ac1d

-

. hydrolysates of methx}eteﬁ 1nsulin ‘obtained from enzymatlc or alkallne

hydrol?sates of methylated 1nsu11n,‘ Both histidine re51dues.are |

dimethylated within 24h of reaction. ,
A ~ v N

Insulin with 1.0 tytoeine and 0,5 histidine residﬁes ﬁodified-oo'

l

average is, as actlve as natlve insulin in produc1ng blood glucose

f

depression at a dose of 5 X 10‘8m01/1503 More exten91ve1y methylated ‘

‘\‘ } .
insulins are not "active in vivo, probebly due to a change in

conformation of these methylated insulins. Egzif:cation of the
d be

heterogeneous sample which was_active in vivo coul

ﬂ' by HPLC_
if a su1tab1e solvent system is found to sepe:ahe the i ativeé,//

Biological act1v1ty of the purified methylated insulins. could then be
.. —

~



b

: determined 1h~a'more sensttite's§stEm such as the:ratdiaﬁhregh_assay
“or the.fat-ceil assay._ It the éctivity of purified methylated insulin
- can be shown to .be identical to natlve insulln, methylatlon with‘
| [lac]methyl ‘iodide would be a useful method for preparlng radlolabelled
insulin, Identlficatlon of’ the re51dues which are modifi woul be
poesible by enzymatic dlgestlon of radio;abelled methylated insulin
followed by sSeparation of the resulting peptides by high voltage
electtothoresie an; amine acid analysis of hydroiysates of the
peptides. Once the identity of the methyleted residues is known and
thermethylated insulins are purified to hbmogene;ty, assessment of
‘ their biological-ectivities will give valuable information-towards
elucihhting the’structure—function re;ationshiﬁ of thislimportant

.hormone. N
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" Claims to original'résearch - ~Q.:

* 1, New methddélogy_ _

(aQ‘A new‘method for methjlating'the‘tyrosine and histi&ine

‘residues 6f proteins is presented:

- (b) A method of quantifying.tyrosine O-methylation is described.

| (c) A pfocedure,fof the preparation,’ identifiéation and quantification

of 1,3-dimethylhistidine is described.

2. Novel information

(a) Both histidine residues are dimethylated and an average of 3
tyrosine residues are O-methylated wﬁen citraconylated insulin is
- incubated with methyl 1od1de at pH 10.5, -
(b) The cleavage of O-methyltyrosingé to tyrosine in 6N HCl at 1}0°C 1s.
a first order reaction with a rat conspant of 0.035 h‘1

(¢) Insulin with an average of 1.0 tyrosine and 0.5 histidiné residues
methylated is as active in vivo as native insuiin at a dose of
Sx10'8m01/15Qg. More extensiveiy methylated insuiins are not.active at

this dose.

(d)} Methylétion of insulin produces alterations in the ultraviolet

. . P
spectrum indicating that this modification induces conformational

changes in insulin.





