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Nat i onal | BSONGAETING ERSULIN AL OGUE RREPARATRON KN S04 4B AXKDG69764
and RO1-DK74176. The U.S. governnent have certain rights to the

ma
I nventi on. BACKGROUND OF THE IWWi@EG‘QRM%nSi ve insulin therapy for
the treatnment of Type 1 diabetes nellitus requires

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit of pending U.S. Provisional Application No.
61/306,722 filed on February 22, 2010.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] This invention was made with government support under cooperative
agreements awarded by the National Institutes of Health, Contract Nos. NIH ROl
DK40949, RO1DK069764 and R01-DK74176. The U.S. government may have certain

rights to the invention.
BACKGROUND OF THE INVENTION

[0003] Intensive insulin therapy for the treatment of Type 1 diabetes mellitus requires
subcutaneous injection of an insulin formulation or of an insulin analogue formulation.
Regimens may consist of multiple daily injections or continuous subcutaneous infusion of
insulin or of an insulin analogue (“pump therapy”). Control of blood glucose
concentrations is sought during, after, and between meals and through the sleep-wake
cycle. Because pumps enabling continuous infusion are used by only a minority of
patients, considerable efforts have been undertaken to develop short-, intermediate-, and
long-acting formulations, which are typically defined as human insulin preparations,
mammalian insulin preparations, or insulin analogue preparations, with effective-
durations of approximately 4, 12, and 18-24 hours, but potentially lasting up to 7, 16, and
30 hours respectively. Particular interest in long-acting insulin formulations, or long-
acting insulin analogue formulations, has been motivated by the need to avoid nocturnal
hypoglycemia and/or morning hyperglycemia. The present invention pertains to methods
of preparation of a novel class of long-acting insulin analogue formulations. This class of

formulations may also be useful for the treatment of Type 2 diabetes mellitus.

[0004] Administration of insulin is long established as a treatment for diabetes

mellitus. Insulin is a small globular protein that plays a central role in metabolism in



subcut aneous injection of an insulin formulation or of an insulin anal ogue
formul ati on. Regi nens may consist of nmultiple daily injections or

cont i nuosooticwsEneous i nfusion of insulin or of an ingdrius2@anakigue
("punp therapy"). Control of blood gluchse concentrations is sought during,
after, and between neals and through the sl eep-wake cycle. Because punps
enabling continuous infusion are used by only a mnority of patients,

consi der ab¢rebefté0r iz utiacentagr nwondaiitsake M-thaitesaltaping Ar tesiduentued aeRl at e-
and long-acting formul ati ons, which are typical |¥1 defined as human i,nsulin
prepar at i eiEn CRRAWG 3 rosiigh i Thephipionats sieeed wrthe papgresicaprgplbgaia Zn” -
preparati 2\ f Eve-durati-ans i , and 18-24
hour s, bu?tjgl%(i)ltZ geanlﬁ%&gﬁ%i%ﬁgg\ﬁ?%g&uag atZ(:)m7 ﬁg!igao% gﬁlg%@o%%gto\rég%egé%ecti vely.
Particular interest in long-acting insulin formulations, or |ong-acting

i nsul i n af@i0dpue hordmuisatheop®dudtast hedmglerohaiv airechirbyr, tph@nnédiad it ovlavioiad

noct urnal hypogl ycem a_and/ or rni perglycem a.. The present jinvention
pertains FYMITE %&gloes‘f@grrg%%}e then B bl feé}ifsgf&-gﬁv%ﬁ&eal t5 RgO) fsul i n
anal ogue {&fméﬁ{ihﬁ%sid@bﬁthe'A@%ﬁaif?}‘(‘lf“ﬂ‘gomw Bld QAR WFB%F gﬁﬁkulﬂﬁ MsREstyf or

the treatment of Type 2 diabetes mellitus. WO 2011/ 103575PCT/ US2011/°025730
2 vert ebr de¢tesninghdyl hveleaynmagmesict iweorpingd s, amarnginedied nmororeracoitaigs 2h

resi dues and.a.B-chain contaihing 30 residues. The. hornone i .or in the
bancr oat| PRRUE? (et Ao BB sPns B5E Rire e FRMcHTTND s 5
Zn2-free poMARN of fhrbd §ebifRHSfi@amid O ONGIA NS W7 B71 snd R20- B @dEEL 186 id
singl e-chain precursor, proinsulin, in which a connecting region (35

resi dues) thouaista he @upleenionakidaiéed deléingf of3peciaiuhin( e fledipngBlg)ioplysmite
N-term ”airet{cgl%' d¢§z>9fp Sigi«‘ulﬁa' £RahRed [ BrmiBlublel? +-Sc%&%‘f&a%'erdehe%m8{s°s'hBﬁ§' 'n,
as recently eterm’ned y nucl ear nagngi[ll C resonance as an éengl neere
monomner, eafdteipos fidin ERSYlthe\Gbidk @psaoitas. didopios@i dRr digestion agd tomgrdaptd de as
| ong envi saged (Fig. 1B). Formation of three specific djsulfide bridges
(A6- Al |, BEpUlEy ocqiiiy inabpmpes sqefegoryiginyles fohlowgH byt Bomhologisal edndessayividat i ve
folding o ' Ll ' ' o) l'in
asserbl es b Fovny boibft bRt et o FAARE A E ke EFhUELMAT b 3
from ER t eletthen Gadrgicopyp faviat Us. pré&sedomveritenl des¢rtbed igeEh iaoadoguedfoconMaoss on t o
insulin occurs in i ture secretory granules followed b r phol ogi cal
condensat Mh diestyat ] <insreopfaing Ryl Xﬁl@%ﬁ%ﬁ@ghﬁ fi rosify UPe Gty

granul es hawg 2egRciVSHalIZEd1dYe 6h 8SiduRReFICGhReGARY (EM . The present

i nvention describes insulin anal ogue fornulations that direct novel
zinc-containing nulti-hexamer assenblies to nodify the duration of action
of an act [0986] nsUP¢sigraglainegjireammoggh duvsmensube ragtaeni ohdiapgeosictdss bas of
i nsul in ag allglge?dﬁt?leitﬂr g—%?m!:r?sgontar(sat tclia(lar?:‘to 1rr1]stuli0fa.sdai abr%n%gr Eﬁanllflzri Enlljcf hQXaa%n I

expl oi t ed e threet armensi onar > Structur®or Prsulin as “a wononer,  di mer
and hexanmah. inAinl MSkbrhér FENRAARhre&OnhIies, tWis paudsheld 6asextbied[s3gieiits, and

two extended segnments. The A-chain consists of an N-term nal a-helix
(r esi duesTha Aagnin epnsistsai oRiN-Aarminyl Q-lichi-(reajdpps Ad ed@naomrcomnical fum pAN18) |

“BL Boy o TP scCLORA0 (ALK A oo EORABABL A, GON'R1ONA) ML RTAR arm
SR vkl e e s A PPN
bri dgesp(@%ﬁ% s PABLIR 1@?‘%@7895?{131 é'ﬁﬂibfﬁzg?@%i}l?l ESIRS | Y%%‘ﬁ@ two

crystall Ogﬁa%l?sh;)&ksioufﬁr&sa %l&ﬁ)ggtegl%bhﬂ!aﬂ%ﬁﬁhﬁE‘taQiflizéch%y%ﬁ&é%ﬁ@&lﬁh@%ﬁlﬁg?s

insulin hexanmer in a variet attice forns; the nmultiple crystal "forns

defi ne t htayetimsrAfetdd al7{Biriahd é0dRE)) g hiatendivE 65 -raf 3Ry Salkorpilaféc sthdieehate case,
it has been found .t hat. t 4n ions lje along the. central is aof th
ooy - Bos Sl i D o B dd R ahidCir PR 0Bl Sorrkl e

chai ns (HoBiple cALE trb@nadieflRvhakf gtﬁictuyal%mmerstde@i/ghyte@q%y iR 2l N binndi ng

sites have been observed in sonme crystal WO 2011/103575PCT/ US2011/025730 3
fornms. Theach-essaitie hiyr brearfepnd guéftyp &4 ione listalengt the ecntralaviy efsihieihgxameioner
in solutian, . The R state pr mer hi;bi .8. ghange in . secondar
Struot ur ot &t ABedoRtE GeRRbOElG LRy ik B RRERAE ohllet BT FRRHRIYe, o

or to B3 (dwhefffnigyedaRialiSt @lcepied The-Hildige sfi@nhdve agepbbhexamar nad gostdl f f er
in subtle features of side-chain packing.



[ 0007] Subcut aneous di sassenbly of insulin hexanmers can be a key driver of

i njected insulin pharmacoki netics. Hence, pharnmaceutical insulin

for mul at iwos0hizwes7sf t en been based on assenbly or di saseemhlisgoiof2srdnc
insulin hexaners. For exanple, rapid-acting anal ogues may linmit insulin
hexanmer self-assenbly or accel erate hexaner disassenbly. On the other hand,
| ong- acti ng anal ogues typically retard di sassenbly or pronote precipitation
and sel f - asseniihy T-stage Fulventdr aseoibiesdrp ofructiderdfiandntulinombienetdsaisgtutiand

phar macokjnetics of Humal Ogg&a and NovoLog(r), for exanple, the constituent

insul i n ah8f Syt RIPEOMeH aa%haﬁéwhéhessecamaéh stpetreapls e s rhpia: {
permt ab i n cpi [ t i pf e apajogues
facilitat g%exgp&nerﬂxdi&g%@g:to 1?19 ({h(%qgngﬁ e%gﬁggt&ﬁaéc??%g ?ngﬁﬁﬁ '?{& b ation.
In contr a@trmhbmfg}eaammgtldoahffusl(lmjlbtﬂesfeauurﬁcifenﬂemam mwokiogi on of primarily
nononers and di mers, which preci pitate to forman anor phous or

m crocrys i ot aft ti the pHis ral .10 ectate
on but 1 or 1B97hy © SoR RS b PRERLA R AR GRH R LS Tl Ml 20
a comon pisiig ipRhghacoldné@isat HarehpRarkRtRRAl fnbelid ¥etidudliohl hitvebftéd B€en
insulin nmononers or diners in the subcutaneous depot and its rate of

absor pt i ohaseditod %,sa@nlplb/am dgssemblaaf edne wpulimbenamers. diomexanplsn sapidagingel oped

provi des r. k {\e n
Chor t - act SRS o BARCRARLAASHSE SAE QREIE" S ot RRHE B seotyngur 1 n
anal ogue Dar mel atheonﬁnen&bige&tldgsargrbgeés aysledllyy rétedi dBAsst@bBO S tframdte

fluctuations, in_ blood gl ucose concent ration and hence optim ze gl ycenc
control . TielPifafien agd AQSESCHDILE 1 1y SHCUfBERHS) SAODNRETHAE tRelgi6i| dpign and

| nsul i n- Rapj fraG8 aﬁs'&sgml({%@rm %f&vBﬂ @arerf&%ﬁgL AR BhsReMk@bupH as
clear solutions of soluble zific Ins Xaners éno net a-cresol, or
nmet hyl par amaéo'gues)aregnﬁaﬂeﬂ)as ihaXamnmo;ddclamuatrrhsmambibtaperpnteyﬂaeomdbh wes theal so
bind to the . hexa duce the sst%u]it ur transitio hexamer

exhi bi ts RIRGHEISt %‘FSHBH&?H%‘? éh%sﬁd‘nﬂluoﬁ‘é ’tt%%ﬂ‘a[“g}“t SATSETR YéP §§§ Edl T6
hexamer. ARAhQBRUSsAInTErRASESh. REXAIREL, Conl fh%th Eaﬁ’tﬁéﬁ f@%ﬁ@ct@@ﬁﬁ%&lﬁﬁ&ﬁ@f are
used for rapid-acting products Hunal og(r) (EIT Lilly and Co.)

Novol og( r prifnaGiyo- mmodn@‘k) and MMlmmsmaanmmzt@lﬁbmsmoamoms or

Insullnlnterrrelﬁteéia tuag |ns tﬁnﬁn q m ne
Hagedor n) "aF 8“B&4e° 61iPe %&h@?c Re an of 18#?1‘8 H’QJS? Se On 1“%. Ac

i nsul i n hexeuRhWOMsas RnB I1EABE MDhesE QfrafBRles- @erpeﬁ&loh ARdmentr §h@¢1§1ial onetric
concentrations of protam ne, mxture of small basic peptides containing
mul tiple Egionsie pesicerede xalabilies yft BFe oigbdihireonomeds ¢y 8imaegPHN; Hyul i n
crystals h ifio S tad st al
their nodglgb%g@ﬁ%()&s &%ﬂ) of h‘l%d %Sar% n(g(}s ?ngfﬁt{b% ﬁitga%é(ﬁaﬂ%ﬂo éng leltoﬁ)tg nﬁlﬁﬁi[ny

f or nul at i eoimadatiohe @t hiew%e&i r@pvideact iraged ngubharnlacsiineic tpaepedtidsi veA
conmponent of Humal o tﬂs(lqogt 2Hhas been devel oped to al | ow m xed regi nens.

However, RPRPINALRN ¢ fipg.; iBGrHeipg, ezépleﬂ&.a%l&laswlwrﬁ%makaeonspw&amnne is
a col | ect Liflo Al BRI ARRhhSIESI AR ofacal1f QLB RRR dRort bR BRSE: RRRSL
produci ng NPH crystals I1's an exacting and conpl ex process built around an
initial pgbdumumoaﬁthUmhmbhmmeepdmmmxﬁy&hecc@unﬂh@hﬁnmﬁncNRHmkmshhkmlis
prone to hg |l ation. The Lente Principle- Al so designated insulin zinc
suspensi o A8JS AGr ot r act ed action by human insulin or animal insulins
may be obtalned by adding an excess of zinc ions (typically 20-30 per
hexamer) to sugpenst oRgiRL REid- Mﬂ?hﬂsu'ﬁﬂ%ﬂﬁﬁlﬁtloﬁgm& foMBBe® %8S Sral pAAS tO
binding lowaffinity sites and yi el ds anmorphous precipitates of zinc

i nsulin conpl exeslepsemutient ef colubkszmeoinghoudpxamers h bdnel-czgset I6
e S T e A S K St TR O

Met hyl paraben T's % plca ed &s preserva Ve cand PBi*Rd8 "t S drie face of
the T6 zinc ingel He&aﬂil@ﬁsataﬁﬁduce“thé gl sRts@ub@FNHaatitionS TAE RMKEMEOBEhiIRES | NG
than Sem -lente fornmulations; internediate tinme courses can be obtained by
m Xi ng anor phohlghalhdhqrmévlwmlp nendpekrll‘nqtlél etgblélberﬂ‘len dhe | IS sical ﬂed}lexm
foll owi ng two steps are u dertaken in u a tur i recursor | ns
Crystal s-The f1Vare R ehprdy SXeqic Ip i Andfoene fo “6‘&?%18 p?rﬁu;%% for bl |cal)
concentration @étlrfgiﬁr@duc@bemmls)g? E2LMNaL )0 ) ind Nevabsemus odfiomiskper vat i ve
to forma suspension of mcro-crystalline seeds at pH 5.5. The precursor
crystals belong to space group R3 and contain T3Rf3 zinc insulin hexaners
in which a total of four zinc ions (+8 in charge) and seven choride ions
(-7 in charge) are bound per hexamer, together providing +1 to the fornal
charge of the hexanmer. Unlike the R6 hexanmers of regular fornulations, the
precursor WO 2011/ 103575PCT/ US2011/ 025730 5 hexaners contain only one
axi al zinc ion, Iocated mnthln the T6 trlner The ot her three Z|nc |ons are

o e T - ~C ~ 1 " N Y T



(2) Utralente Insulin Crystals-To obtain the ultra-lente mcrocrystalline
suspension, the seed crystals are diluted into a buffer at pH 7.4

cont ai ni nyoreetiBizar aben, a | ower concentrati on of chl oPCiaS2@n®237320 m\) ,
and hi gher concentration of zinc ions. 4he crystals consist of T6 insulin
hexanmers in space group R3. As a result of the very high zinc ion
concentrations in the formulation (e.g., > 5 per insulin nolecule), extra
zinc ions are ppgENNMeln-paiteiexiiareactidginadti toramldtont I(INPHonamkaltpmtaamﬂeal
zinc ions, there is observed parti al occupancy of .one of two nutual

excl usi ve non- ERgedorpare hﬁéféik%ﬁl&ﬁapwrss.q eytherhainbie cxystds PhRy ﬁeCcla?ﬁler of

t he hexaner. it t ienf ayal ow
anal ysi s of bounéﬁkﬁ orlge |@% ]%% e i raﬁ%%ﬁﬁ%&ﬂf EH Hg)*éMhﬁﬂw&w

zi nc-i on- bi ndi boncsntranefof rpattammeuhnxtafeeaiﬂ enal b&ﬁcap@tldeeeaitsioimgrme]ltialeed to

the interfacial/interhexamey zinc- b|nd|n 5|t resent i nvention.

| nsulin anal ogd'&s" i 4Bkt enddd CQIS%]Q?%WQ So‘?ffnll\lﬁgkﬁﬁﬁwscrwt% Fls’ﬁ%ﬁeét t han
2 zinc per hexﬁﬁ?fhca(ﬁltﬁ)'ﬁ Qf Iﬂﬁ@%am&"%g%me's n1§ %M fefr Meoded ok BMd]
substitution sets: GlyA21-Hi sB31l-H s : i sB31- Hi sB32- ArgB

GlyA21- AlaB31- meszmazmlsmlgBB@arrand A@léymomé@ﬁlfqmgmgn it slesahmgssmpldf orm
st abl e conpl ex and 5 ectjvely.
These comp! exetcleryd Rprgite afhofirugas hBuBTloe RERORen EFEPF e

al so shown ext gmélednplar Rems Neldvieset, WHRISisullif ik Sdiffideg! chh%f(ﬁentsﬂ@t tot he
extra zinc ions are binding between the al pha-am no groups of A-chain and
the new Histi df%eelaéct Ptf‘PFém@letlélarﬁOHQP‘élO@fOfth@C BeRED ﬁewqdhﬁgwnéaenl ewalyer .

Q her - Protract gd, as@% J&éﬁaﬁg%bﬁ‘c% eMETs LRlL oW 3 galﬁiui?cﬁ-}é 1@9%‘3&'&s§ B{uttc“ on
of a clear acidic P'Sn ot an i nsuli n analogue (1 nsult Ifargirne, th
active conponentound ah.&ilﬁltlhllslﬁrbhluctﬁamfomfAMﬁméetdS&r vhRs eFUrﬁleﬁh@etNPH jpeillit has
been shifted to between . WD 2011/ 103575PCT/ US2011/ 025730 6 7.0 and 7.4 by
nodi fi cation ofs RIARE (9d17ilepPR-de sequence of human insulin. A long-acting
depot is forned due to preC|p|tat|on at the pH of the subcutaneous tissue
(pH 7.4). PrOt?ﬁgl%Qe@GEkﬂﬂe @&méb%ﬁgﬁﬁéﬁnéﬁﬁﬂ%ME@uﬁ%nﬁQM@hZﬁﬁéﬂGﬁ%iaﬁat'0”
of insulin by a nonpolar noiety (instulin detemr e active conponent of
Levinmir(r); Novaidndrydigkin insulaugnemmal tnsulinsdnaphebbrirted tynddineg subcatsaneous
depot and to ena bl e. bi ndi n serumal bumin to dela ara fromthe

bl bodstream OPF Agigis Batcilicar SLEe sy i it of danho e HES Y such
as porcine andThRV{A&) k&t 18Rl & wechihdabw-Hihit e sRECRRd! fieRIQ! 4Rblphbs:

[ 0008] The present invention nmakes novel use of non-axial zinc ions to

prol ong the dupgripgatesf ofacmmconncﬂmt lremipesa$ i (Peamianisge IZﬁrﬂmqa’ph@m or

pr OVI dEd her EI rhO F]?)rO ra %lel’l% Z{J][IIC l’nl((:Z)InOSCI‘ Sqol\fvple sﬂs tenseloral'sr t(%ﬁ a‘leen?e or %é OWS.
Regul ar i nsul i norornt FOfs and"themEors spondln rapid- Tt

fornul ati ons Of:rykﬂdﬂﬁllngMe)hymﬂa&iﬁ\iﬁiypﬁéﬂ} utHd dsipz&@eiatiGe hmsln&ptocbrfeef@cte and
stabilize the assenbly of an insulin hexaner. The hexaner consists of three
i nsulin di nersof Bedeginppsdincheremsr. VHraue frenulptioss g YRRty %ﬁﬂneaw

i nsulin hexane S of cated
on the thr oo TSP SO AN REPRRTRG. Vnke) 08, Pl LT 2T
coor di nat ed bymmqubﬂsdaiohemﬂnmganﬁﬂc&ﬂséﬁ@orEﬂa1mhedR61menaHeWH@h@m
coordi nation geonetry is thought to be tetrahedral; each zinc ion is thus
bound to t hr eeSERTHEIPE PEFRIEHAHAHEITE; esi dues with the fourth coordination
site occupied by a chloride ion. The two axial zinc ions (+4 charge) and

two coordinati f‘l? P;HCQFstQn&MﬁSCst?alffh%gqf}rstt 9@t dMeFloRAdinE2ioh® ahlie th‘{léthal

formal charge o hexanmer. ThHere are no non-axial”  zinc ions in th
structure. Si ngsmeracpmtoatgloal)r eqpcchtfaftlloacﬁ icblorige etiseld .2oM NaCh- 1nylpfeabﬂ94we

insulin mcro-crystals,.exhi axi.al zinc iaon t hgu
Laati onal CornSF pREv Rt ik 4 ARGBEG of bPiaieRr i 1R85 AER el P
P212121, | eadi p@ctu@oi cBatalbbloal BeXRRE orb@X R and adktag T3R€;Oaat:slhanin with
t he present invention (below). [0009] The majority of insulin products in
current use foPexamers inewhighatiowf olffouhatedonselHBiin gharappang $9v¢meharidg ions

anal ogues whos i f f I

Am no-aci d sub t7 ﬁ?g#yg%sarlgrt\) {"EJ B A H&m&} %%eﬁgl?gn@&@# +1q§%FE r]]%glvéehqlr edeI
been |nvest|gabedwﬂ&manesslbﬂ@cﬁmyﬁgabkanﬁikﬁcegﬂanbhhmaﬁnarMHcpkbmemncs of
insulin action follow ng subcutaneous injection. Exanples known in the art
contain substitutions that accelerate or delay the time course of
absorption. The fornmer anal ogues collectively define the "neal -tine"

i nsul i n anal ogues because patients with diabetes nellitus may inject such
rapi d-acting formul ations at the tine of a nmeal whereas the del ayed
absorption



WO 2011/ 103575PCT/ US2011/ 025730 7 of w |l d-type human insulin or ani mal
insulins (such as porcine insulin or bovine insulin) makes it necessary to
i nj ect thweeofionsirsati ons 30-45 mnutes prior to a neal PCThES2&1l02378¢ ut i ons
are designed to destabilize the zinc insulin hexanmer by altering the steric
or electrostatic conplenentarity of subunit interfaces and thereby to
facilitate the rapid dissociation of the zinc insulin hexanmer after

subcut aneous ateianiest caitdioPnlyMagl axidl minc insUbtnedwithingie I aieerf. OTeubtaéred as
clear solutions at pH 7.4 as_zinc-jnsulin;anal ogue hexaners (Humal og(r) and

Noval og(r)) or T4& élrlﬁéonrsraé%()%fcﬂxm VEhig %thammeﬁg HibnoH#piie copfopmatien i
trimeric, tet r@&ﬁ@h%u@ﬁﬂ ?a)m CibfiS t %ﬂ?“tétfa%&iﬂdﬂk&é\ﬁbﬁ%ﬁqﬁi&r?
Huna og(r) an 0g I

SanofiAMentis). Al 't houg Nova were formul ate
phosphat e- buf f eiteed Thestc offeixirt pitaysarsinwat alre pbertolhbmehﬂg)pgd@tspbﬁ)ykaehwah Rde

regul ar formul ati ons of _-human insulin d .ani.nmal lins, ir assenbly
ne 5 ne | nsul | AEVEEaher N U RRE o FEga 4R 1ur HATHE SHE KRoWHAFYE he
art, requires Piephisdgc9btaRnBOQhiel I8 & MeaiRifacial/in®iR&anePeficidifdihg 9agds to
stablllze the nutant insulin hexaner. It is known in the art that

substitution off thepBaent inventiohy di verse ami no-aci d substitutions (excepting
Cysteine) destabilizes the zinc insulin hexanmer to an extent simlar to

AspB28 and Lys %8 ’Ulﬂ?%n%mﬂmlu)[m %#gl%%gl; SURRih H{e! %ﬂraofe r oli-ne \Aﬂ%]ﬁall

[ 0010] Al so kno e art are I nsul’i n ana 3 ues ose

absor ption ovekuspenssh, hheirsed Scrjrsﬁlemﬂ@dhlhcedprrmwadeuﬂasai pEo M4 abntainidy ood

gl ucose concentrations. Such anal ogues,, exenB ified but_ not restrlcted to
¥

[ yA21, ArgB3Te thajRgeadsn. a Jlopgk GPRGeNfratiany Of bﬁnéiFglPH% (570 pvit e, high
contai n ani no- cgn%é{%tdf{#ﬁé 9)@@ aﬁl@(c?%stﬁ?%@%iét%@sfgqflsw&hlﬁ% amglrs 1@ ﬁE@e‘t ween

designed to shi e I1soelectric poin insulin anal ogue to
pH 7.0 and 7. 4grolihR3anab ag«mﬂ;t ertbe t/grplhtgi tiyic ﬁcnrcunlcaﬁaﬂhoasnathelfemmlstnjmtl on
containing soluble ipsulin

i mers, .and her-order oligoners at
o g or Ol e r DR (el MR ST e e e e e e gl T
protonation of ,ddis&Le, thE’rn@hﬁag% APRORRLIDAN there AC EKed p*ama@ggaﬁ)gﬁéy gn and
preCI pltatl on of the insulin anal Ogue in the subcut aneous tissuée due to a

shift in pH t ook df twpheutualdyiéxahusier mantclassisal, wh@bmln@mmgl(sojoocmﬁtlarthvs t he
active anal ogue [ 4 1, ArgB3 B32- 1.insuli { e 0.6 M
& sol uti on S ARGye Qare Ton kPl Tt S brobef S BLIREITRREIN (he
presence of i nagdlys€of bound chloride ions. The intrahexamer, off-axis zinc-ion-binding sites

of mature ultralente crystals are also unrelated to the interfacial/interhexamer zinc-

binding sites of the present invention.

Insulin analogues with extended B-chains that form hexamers with more
than 2 zinc per hexamer are also known. Human insulin with the following
substitution sets: GlyA21-HisB31-HisB32, GlyA21-HisB31-HisB32-ArgB33,
GlyA21-AlaB31-HisB32-HisB33, and GlyA21-AlaB31-HisB32-HisB33-ArgB34,
form stable complexes with 6.5, 5.3, 6.7, and 5 zinc per hexamer respectively.
These complexes (GlyA21-AlaB31-HisB32-HisB33-ArgB34 in particular) have
also shown extended pharmacokinetics in dogs. It is likely here that the extra zinc
ions are binding between the alpha-amino groups of A-chain and the new

Histidines at the C-terminus of the B-chain within each hexamer.

Other—Protracted action has been achieved following subcutaneous injection of a
clear acidic solution of an insulin analogue (insulin glargine, the active component

of Lantus®; Sanofi-Aventis) whose isoelectric point has been shifted to between



conponents neta-cresol (2.7 mg/m or 25 mM), glycerol (17 mg/mM or 185 mV),
pol ysorbate-20 (20 lig/nml), and (30 jig zinc ions/mM or 0.52 mMM. A U 100
sol uti on Wb 2bEMEEr) contains 0.60 mM [ G yA21, ArgB31l, pATgB3®@,1/023736 nsul i n.
Because in wild-type insulin WD 2011/ 193575PCT/ US2011/ 025730 8 AsnA21 is
known in the art to undergo acid-catal yzed chem cal changes, the purpose of
the A yA21 substitution is to avoid such chem cal degradation in an acidic
sol ution. [0011J0Amio7 Kngwmoldifichtien af tthd polgpeitidersetjymee of Huang-iaailinngA
insulin anal ogue is exenplified by insulin detemr (trade pane Levemr(r))
[ n whi ch resi dIRPEPRIRS JRBY BdERMGAbiER BUPHAIAIE A fhgtﬁlgl-ogéhﬂ SEBFRfaRCPY

connected to t e, sitg 7%?‘&’%‘[%%‘[6@5%@8{9%&@40%@1Q?hi@ﬁeﬁsqys(%%ﬁlegt rﬁg{iiﬁ@ . The

fatty acid chain iIncreases t hydr ophobicity of the I"'nsulin ecul e,
whi ch i s assocphatiedlini bh debayda absay ptinmhnofettine, shbcutieneoumpodaposéf. The

fatty acid chajn .al.s0 nedi gt es binding of .the |nsulin anal ogue to serum

ol buni - and" hehEUTLS dte-RPETYs  Qurhany i Rl PRAEDITHOD 1 SERRForS
fornul ated as g@loibin@ @ BRaHIODihdiy 3D AAGH CAIRGRRATR YeladdeldarBBeMrol the S5 MM
in insulin nmonomer units, defined as a U-100 solution) in a clear solution

buffered at pHbIpodstippms odPtuhispshigelp irderest( @reg@ixtgreni ofodnimhk inkuyosli(sheh as

di hydrate) in the. presence of inacti exci-pients sodium chloride (1.17
) et o o POER o3 B Erat SRR T BB g S RS o1 (30
ng/m), and zinc ions (65.4 lig/nml or 1.1 mV). The concentration of zinc

i ons corr fe8nds The @mededt ivenfiornppkexndi@l abe/onén-ztinlcziho ishspepréiexamer . The
nol ar activity of insulin detemr is reduced by approximtely fourfold

rel ative frafpn @f agtiRn Al HgHInSHEY pRakogupHarmplydeny P@ﬂdﬁ%thﬁ%n.oﬁ’ﬂpﬁéwes of

des- Thr 130, - - i fi.ed, l.nsulei al i I i.nc
ions and gﬁ‘%@ﬂ@%ﬁ?% aﬁo%ﬂei éerflet)li'[bcvgﬁj tlg%ﬁﬁdartt ﬁf%ﬁﬁé in ?ttgb'qslgf%{rdrrmegti on
depi ct s natiaspendike rdRéd-heitanformulations adkinakpgSfand Novhbiel yutidice dirbeibuewn

hexamers in the crystal lattice. The physical stafe or structure of insulin
det e 1 a1 g ottt rine S el ahBbUB HRPEL TS OE e PO Hoobree

[ 0012] TheRuli$ dBnd?€ Bated BELERIA, thicBfoRMKINSWyhinARAl BAUEnWIfhheRamer or
conbi nati on of substitutions that can conbine’to create novel zinc-binding

sites at tivelisandlege hekamadcdntineeve Hax emedecafd arhtde thme-foldsymimetiaralsogue
AN R R TEEN L2, Tt e M A Y T
prot el ns, In the R¢ hexamer the coordination geometry is thought to be tetrahedral; each zinc ion is
thus bound to three symmetry-related His®' residues with the fourth coordination site
occupied by a chloride ion. The two axial zinc ions (+4 charge) and two coordinating
chloride ions (-2 charge) together add +2 to the total formal charge of the hexamer. There
are no non-axial zinc ions in this structure. Single-crystal X-ray diffraction studies of
wild-type NPH insulin micro-crystals exhibit two axial zinc ions per hexamer without
additional zinc ions. The lattice was orthorhombic with space group P2;2,2;, leading to a

pattern of hexamer-hexamer packing inconsistent with the present invention (below).

[0009] The majority of insulin products in current use for the treatment of diabetes
mellitus contain insulin analogues whose sequence differs from that of natural human
insulin. Amino-acid substitutions in the A- and/or B-chains of insulin have widely been
investigated for possible favorable effects on the pharmacokinetics of insulin action
following subcutaneous injection. Examples known in the art contain substitutions that
accelerate or delay the time course of absorption. The former analogues collectively
define the “meal-time” insulin analogues because patients with diabetes mellitus may

inject such rapid-acting formulations at the time of a meal whereas the delayed absorption



including (in addition to insulin itself) insulin-related growth factors |
and Il (IG~1 and IG--11), relaxin, and relaxin-related factors. These

pr ot ei ns wWRNHI1033760l ogous a- hel i cal domai ns and di sul Pcaaskeliidgsse | G-s
are singl e-chain pol ypeptides containing A- and B donains, an intervening
connecting (C) domain, and Ctermnal D domain; due to proteolytic
processing insulin and relaxin-related factors contain tw chains

(desi gnat eflwild®yRZ0H &OBSTITPATAAUSADIhIMIORS $3h B pdrand imSplin Whbowas itshBn)si x
notif-specific, cysteines and sel ecf:oed caore residues are broadly conserved
t hr oughouf2Kfie ity RGCEEAMNat% MIFH UPess- losnalagans éﬁ-ééf@mwt%ﬁ,m&rh@ra {-dub are
rest 1 ct e upBh{ heWdnd B &BiliZdiid Adc fsSfn hexdrhkT HAhe BREGUAI Gl V-
Insulin and | G-s functlgn as l1gands for receptor tyrosine %nases (the

i nsul i n r eleepistatic( ¢dRyplamentatigsst kulu@i meotpgtonnd ItgFelHRyg facalieteeths ragldaxi n

and related factors. bind to G protein coupled receptors. (GPCRs nsulin

bl nds. mosUSTEIgI § 6 AT MG PSR I PECURE e Pl oM ABe |
bi ndi ng t oys@RCRRalog ¢ -dre FoMEatt®SE ok QBBk¥NS @t piF7.4Rs Mea@ldsiid @ndifgueand is
wi t hout detectabl e bind to GPCRs. Cross-binding of insulin to I G--1R can

ng : : . :
trigger nmheegen éHslingl@a{@iamg Natdogyor asneingdicagoliiivse casepdanemhonietip,
prol'l f er ag of of s SARCELGELLS  aThBel AT SLm. 231 ety By LsuLinor epl geement
t her apy i AR RS el UOF G Al EL RS PEES rrayq e enfa 0%8 aby use of
insul i n apakogyesAtRigdi Humgloaf ma- MevdogUhetd Farhivtiiad ihahoghetecrsrrddhe
extent of such cross-binding. Such am no-acid substitutions would enhance
the rati oZi3f @fytions tsymigr tonEosadeng AMpiRaEdgiethe gryIR farpyilpgiopsef jiRmapher e
is, there - ng- | [ L e t] i n
whi ch the e ot BEERL LRNR B e e A T Sl
form exhtdhiuhtideckeaset thatart, pejuireabindimg yf ploenol, Grerd-Reasid o nteegsedia at i 0
of affinity of the insulin anal ogqgue for IR versus |G- 1R in each case
relative il_saqdﬁ £ Prbifiar HIcBuBrt WoYIE hrgEh uﬁﬁﬁ?%% i e apigbaApPHGHTo!
gl argi ne bjJweisy, ifiGor&t LARH-Yeid %Bstgﬁ’t?(ﬁlsh(‘éﬁ@fﬂ)_ti'ngs@irétélné)odés%iﬂ_iéﬁ’eché- ZiReept or
for insulin-like growth factor I (1G~1). This receptor (I1G--1R) can
nedi at e ninsolije hexasiegrial amgexpent hviewlsr and Aispifii bind &pept,osptionallpeinghidergt  of
augnent ed | GE- LR bi.ndi.n signaling has been estinated to be between a
factor of S‘ib.csﬁt“}}ﬂaoﬁmd‘é’géﬂﬁ?%g on the in vitro or cell-based assay
enpl oyed. Such augnented | G- 1R bi nding and signaling are associated with
t he i ncrepad] pr dllsd Rh&th anthehrthd R g GafELinsElj] dnaldJueSwhbse stk hboptiobhe
physical state or nolecular structure of A yA21, ArgB31, ArgB32 ]-nsulin
under con@veri Bn24 Beumsdp miredaddn rievide bagl icgpfialdoli Wopthelusgrs censerBiioNgepot
is not kn ' - r 28 gf ety si2nsul i.n ogues
that exn Si PRl Bt Sl BP RSB LR T AN E) o G BRI R T
rai sed nogkrdifdor Lanuy/eansy egoaibyintileadd baneadions hadendaétsionefof the A- or
AspBl-insulin in cell culture studies of human cancer cell lines (relative
to human Pridinsdesightst ©yshih theraredesdaiPoince'doR desubr apdipges tp Rearenididd in
SpragueDay £y 4 affe BElifehel fa?ealés;ﬁ)f’c,aﬁy ORI el B8 YW EPar( sl Rl %%tsﬁ@n%%@l%[@m
wi th human 1 nsulin). AspBl-in I n"was accordi ngly not pursue S a
clinical imslih nonamatsodineers, andhlghter-ordef otigords 20 pH/ 4 6 3IGd&REATICS20difid 25730

zinc-mediated assembly is impaired by protonation of HisB'°

. Prolonged absorption is
achieved by aggregation and precipitation of the insulin analogue in the subcutaneous
tissue due to a shift in pH to 7.4. The insulin formulation sold as Lantus® contains the
active analogue [GlyAZI, ArgB31, Arg”**]-insulin (glargine) made 0.6 mM in a solution at
pH 4 by addition of aliquots of dilute HCl or NaOH in the presence of inactive
components meta-cresol (2.7 mg/ml or 25 mM), glycerol (17 mg/ml or 185 mM),
polysorbate-20 (20 pg/ml), and (30 pg zinc ions/ml or 0.52 mM). A U-100 solution of

Lantus® contains 0.60 mM [GlyAZI, ArgB31, Arg”**]-insulin. Because in wild-type insulin



10 human use. Recently, anal ogous concerns have been raised regarding
Lantus(r), which al so exhibits enhanced cross-binding to I G- 1R and

i ncreasedwoizboigesd7si ty in human cell culture. A recent PeT/usspaoeine case
study of more than 120, 000 European pat®ents with diabetes nellitus being
treated with Lantus(r) suggested a dose-dependent increase in the incidence
of diverse cancers, including cancers of the breast, prostate, colon, and
pancr eas. AFiE' axinenn m&hmnmerndérgslacrmgathgzddrtmémmedhzm(gés o yurpgsetolﬁﬂle

el evated lev, f .cross-binding to | G-1R but al so by reduced affinity
of Lant us ‘@1 8&’5'11@101‘\'}?&0@@%@6?@} Chﬁnﬁaqlﬁ@grgéw&&wmayld&s Fl@%zl Ar gB31,
ArgB32,

insulin (t(ﬁﬁl{ at i QO knbFnamS Al &l 1iOMnBARS HFY of %ﬁgh@ctmgzln;lﬁnﬁﬁﬁﬁgg@ {0n
const ant) hus anonal ously reduced relative to W ld-type insulTn or

ot her i nsaxqmplﬁwdlhygmsdm detonirriende edmalewmio9en \{/lﬁdl&]smnél?hn Nde$ beeni t sel f
can blndt .n.vitro affi for

dot er gent Qetent i ber G Sl T it poritalY b abFigh S Fokus T ofRPEHn ¢ ha
of its bi ARkNgI1200 DRItoMal FHel faRy iabiEiidhalh RRAAQBUES h§dGRhtscikk BRHRAsYIinaNd
Novol og(r) exhibit a simlar |level of cross-binding to I G- 1R (the

cr oss- bi nglolRgutst whighulsiassaciasgst withglelaged pRsqrptien at thevabewngronedepyf The

Hurral og(r }a)tt hag é‘ﬁ%ﬁa EERRLHET phid ofsthé ﬁ@ﬁhﬁ’ aﬁaﬁ‘%%% &b, a'%&hg%%i%'hg% cal
studi es have Tevea AN associ at 1o ous yperinsultnema (a
conpensat extyndSEBp@ﬁSﬁaﬂiﬁg lifsthd. N In@$ihSdeadine ik rfohﬂlﬁamtabsmllutﬂe gitediheuts and
early stages of type 2 diabetes nellitus) with increased preval ence of

cancer, eglwé%wmegia@@lsé}‘é%tn%a/méah%érml\ﬁméa%%ﬁ{wwn%&wé Engg 92 PnKW@ i n
resistanc | so
be- assoct 5 el AT sDEMbh Bufrel 2T L D4 B oRHE P bhl A0 59 g
basel i ne Hsvdihmodihpdraes irbiha giresgndecof] 1ﬁIt‘e¢WReprrensw©thupathlendics(11 17 mg/mk),sm bl e

| neul - aHAIGYRREY e TP BT 2 ShrIEynL i e SRRl AR Cehrary of
I ong-t er mgy @%@VYHFM Wi { %MESF’% c&&eﬁﬁ'é&}ﬁna%f ‘éﬁlccﬁk%%rréép%ﬁds Yg"e| FatiBObf

wi shing to be constrained by theory, prudence suggests that
r ecept or - bppraxinguted el 2 tzind iqnespemfhelxamaﬂ i rﬂ“l&naio@gtm:&vdgs:fgm&duf detetnlve is

treatment of dj abetes msll uld. be e to._or greater an the
recept or - EﬁdHEﬁ‘any SEPERINYE yyy‘?ﬁllrfso\]/\‘flrﬁattl‘?p@ Ic‘}‘ﬂﬁatﬁfp? Hemanins g 1 APReY YT AL i on
of bl ood ghueaser QH@B%UTE@OV@Q&W%&H%MW@%{ %%P@g%eq{%ffﬁe Bl@serfc@q}f'z'i&

binding to IR at the precise level of human insulin. A decrease in the
affinity ofhsandphatdgusiliroyut InRt edentiérd te dhmp ot wdits formlagobyepictelagiyei n its

cI ear ance m.t he bl oodstr sation occurs ecaus garance
hout s ikt &0 hetingts SR MR B r I Ay SORRT REIeRE e Pt dn DB UAYSG, k8

t hr eef ol dThe 1 afatd o didchudd of Ms@laNdrONBtREs Bssed Wa subcutaneous depot is

2011/ 103575PCT/ US2011/ 025730 11 exhibit in vivo potencies simlar to that

of human heiduiomn. tofigrarther decreases in affinity can be conpensated by an

increase in the ambunt of anal ogue injected. Exanples of insulin anal ogues

W th _SUChL(ﬂﬁé‘ eas@%r@g]h’]{efeéf fHefef 1'35?41‘ 5h %sﬂhﬂ'a{?ﬁl ghg%ﬁ% &%o)m‘tﬁﬁlﬂlo “éf”' ' n

detemr (Leve anges 1nt eaflnlty of i n anal ogues for

usual | y r eftisettioahdngesn icombfdfe toatrese rroedunhcbnmhngnmaefsfat nhé¢ yudizce dsml at ed

with shortening of the si dence .ti ne. of the.hormne on the ecept or
wher eas ifa%twvéafgegxwr%@é ﬁ%ﬁ.zw igpinanalpens g ingg d1pg & B‘i%jé@ﬁ f ongqf@

resi dence|dnoMBind butcitaluskOWM gt in general are the relati onsh| ps

bet ween resi dence time and netabolic potency or between residence tine and
m t ogeni ¢ signaling. Prolonged residence tinme of AspBl-insulin on the IR
conpl ex hHW1Bken Ipswimodelpngs tanaeslllrieefaﬁdty loé awtrtepratp ainsulint iektash tpaetcind,

m togenicity.  \hile not w shi constra ned b heor

exper encl st Unalbnst FRRO A Rar BT PR T YaclF Vot AP (R yone

af fini ti esGFan, leRxbetaneesladd%ennd 2806150 Trﬁdas@tprmemts @x hibireHd mIMsdduk -Igdidalbe
effective for the treatnment of diabetes nellitus in mammal s.

[ 0018] Thefenaing and Hisulidesdriglepe ook orreishrala-Fhaimpalypepiiss careingghibped B
prol onged i.0 o) i 1 | e
i it o i Gaitsy 80 iffer/ilieP ool ohe FEVEBHAEE 0T ELOMDM, 1P dblisis Whlle 01
i n cont r oproddol Yl copdcepsing dsalmoandeamiak ai-fetated factopabcbntmultazro, chiahBr(dedignagedneed
for insulin anal ogues that exhibit delayed absorption from a subcut aneous
depot but which, once absorbed into the bl oodstream exhibits decreased

| G- 1R affinity while maintaining at | east a portion of the biological
activity of the analogue in control of blood glucose concentration. There
is a further need for insulin anal ogues that exhibit an increase in

|soel ectrl c p0| nt tovvard neutral | ty W|thout | ncrease | n IGF 1R af fini ty

o, Y b1 . B Y .



[ 0019] The bi ol ogi cal, physical, and chem cal properties of insulin

anal ogues can be altered relative to human insulin due to the presence of
am no- aciwo=ohigtdi7at i ons in the A-chain and/or B-chai n @cTdseoto2iyeesi bl e
extensions of the A-chain and/or B-chaith to create a |l arger nolecul e.

Studi es of insulin anal ogues have indicated that the properties of

anal ogues containing two or nore nodifications cannot reliably be predicted
based on Ahmed®)opFhéresssthebixanestiftspeéifiaraiteigaesndeeitcaidriongresidnésespdruddhg
single nodifications. Because an am no-acid substitutjon qr chain extension
at one | ofRIFORT; WIishoo e FECbAR MBNEMTREd aer T dY CRERJEEdNst fife
conf or mat | Qp; am.c vat EAA)STCT I P e f . an

am no- aci %fggluc tt)églﬁ&t trﬁ(é)ur%alg rogéf?llltl)st’ %té‘?g 5%%1&% gﬁn#lﬁﬁélh%;a%ﬁgg'uﬁg&é%naﬂ % Fesr from
t he ef f ectwictiviOaPBdahdd OB5ZE&POT/t1YS2DE KirGR& /@B ihRulof retdpors@RparsidiatsiltIGH on i n

the ab f the first nodification. A le of ti.cipat
tr anam ¢t Baegps dEFROR WHEFH Edibotds N Ed PRBaT o & T ORUHE ForLHe
crystal stdebisbir @PIRAT WBuiliA Bitlds Paostbirsty N 8V R, RRARTASIOH. At ehdWik Without

decreased receptor binding. N-term nal extension of the A-chain to include
Ar gAO t hudetadtelde Sindireg ©tGRICRyr KFF-&hinds omsesiranghf torlesi- tRieseakdly toAR, andheh ot her

sites. Am ngo-aci stitution chai n ext.ensi.ons .t hat ./ rt. one or nore
pasi ¢ r es a0 gt bltle RREpERer AR R o MR Bl IR s e

i soel ect r hitop@idtsidnadg Gatheialys,ainchidingt hesextobiatedl withi gosfetdtioni & édnkéuenced
by the structure, solvation, and transmtted conformational changes

associ at e€ells t Fha bserivn safett efonsulinispiiseagyaheiapr & Hiesreaimghi of fiaetes
obser ved Riefii ! GafBE eMfhbebPHlel SN hBo s QBAlabl FPainol 11 GG am no
acids. Wile no shi ng Fo be restraine %y theory,” experience has taught
t hat the danldetreskeetht estant off duald codssbiidingroduch catinoasidcaubstatiomanbuki pat ed
based on the properties. of anal ogues containing sjngle npdifications. It is
ther ef or eelgﬁgsq Bieerafifatt HovRY o _dﬁ@oil%a%m GHelore Hhicli Feaed ik ey Thegether
have propfldi6R, hh@edPfoPVd foliatif %nﬁ@i\{l%{aﬁ%% fofhulahi6n GHEAPEYEd Getre Of
insulin anal ogues in the treatnment of diabetes nellitus. BRI EF SUMWARY OF
THE | NVENGorapor{e@0 20} Tdvenpmeste misulim\asalopaen ip endreinmesict orinh suhibnts adeateagpde

formul ati ons cont.ai ni.n Ltiple H stidine stitutians.that. can.c i ne
o oreat o HOVE SITHS LI A Braededed e ot aee b e R BetAsa 51
insulin QQ&%W- bRXiﬂréﬁﬂ&a@B?el&t'ﬂ«eSt@ tlﬂ’@;br@ #iBs @Fk@il’c!l—@yﬁe%ﬁﬁhli@dﬁliﬁf a

| ong- acti ng subcut aneous protein depot. re particularly, the present

i nvention (g)'rlovi des insulin anal ogues containing paired H stidine
subst i t ut [4] at Tnsplianglaggnenpings grorgustrersly thensdass thuman ipsliar toahe Type |

provi des ' for [ t QUS 1.0l o, 0. _epahi

pr ol ongedif%&uépg% ?%Ijnﬁg@ ! a@lﬁ gﬁ%@ﬁﬁgﬁ? (%?g% ngﬂ gg} egﬁ{)ﬁr ﬁlblgﬁf%?a aélnﬁgglla&i ty on
any parti atifogénit Re@aalng pattleaghandmhiit bpgsesisi Tas catcat efalerhaltéd el 1R0
project into solvent fromthe surface of the A-chain on its assenbly into
an i nsul i AINABeAEsignalg hpy bRen gshigatsd te bepetaveap o dpetol ¢fcl-+ aRd Bt HaPsiging t e
whi ch, T no6opbiDaLEPRy Wefi haGaNR dST S HC NAINEnRICIGR ROPR AT OMRd

adj oi ni ngoﬁexarlrers, eﬁab{ e§ Zi ng%ﬁipg@édged I n?ggr aél'{&ir ons bet vveer?gtﬂ]e

adj oi ni ngsignairg e ansictget withxhrenseaséd prelpicesiontd chunmnFapcerl&ll tihes in
wld-type T3Rf3 insulin hexaner c ri ses an r HLow (ghe T3gsbri ner;

r ound- cor FEFEY ECERGIE) ARG BABFURbITSS T RS - oNgr ps Q5 ndr B
rect angl e)nd@a6iiRbnsMI 6N AN PGS iafbrAdd & th%'sﬁEcdté?l!%us(&][p@VisQi_of kA& in Fi 0.
1F provides a schematic representation of the stacking of variant hexaners
in the crihstas |attice that is believed to take place with WO

2011/ 103575PCT/ US2011/ 025730 13 the Hi sA4 and H sA8 substitutions of the

present f ation, r f . bridgin i o) ack cir .are. each
coor di nat @féﬁgt r e@é}l ﬁllgg% iﬂzeA ﬂe:’atﬁao flc—lﬂgésu,&% %’faﬁéél%%n% é’%ﬂal?lg I%C%%atsg#rgérﬂ?v%o%
shown) angbdolsAdffirBiyddr GO&L IR fwafirstraRed Sh@t ehfir @hoyears &ove thev&itahcal

segnent). Also w thout wshing to condition patentability on any particul ar
theory, tRIQZeHeH phfrn -BPuldlBseqlt crliushstudies of BiRam vt fell lines (relative

receptor - py RALAG iR hl‘r?)c%ﬂgiﬁlén Qherbied iRGHLIR ANRARIURS ABHAGE i PR ue-

absolute affinity fo
Dawley rats being treated by AspBlO—insulin (relative to treatment with human insulin).

BIO . . . C .
Asp” -insulin was accordingly not pursued as a clinical insulin analogue formulation for



[0021] I n anot her aspect of the present invention, a fornulation of a

| ong-acting insulin anal ogue at about pH 4 is provided, which forms a

m cr ocr yswal2bimw3zaspensi on when its pHis shifted to alpOUIUSBOIT/025730 n one
particul ar exanple, the formulation codPains zinc ions at a relative
concentration of at |east about 4 zinc ions per 6 insulin anal ogue

nol ecul es. The fornul ation therefore, is capable of subcutaneous injection
into an i hainyi ds@l ,Remmryeupﬂlgods donceras hasubedit mikedusgadipat Lahng®t ovhéchposur e
to physiol ogi cal. pH The for nul |on ma% addl tionally exhibit decrea ed

affinity fl¢ eflﬁeltﬂi ThAPEepP OGN BoRAtBCraa e MHASENIc IS i 1HBY ©

sane spec n t f nsul in
for the |F11§u riéng} feggéelfjitlgérr 8%)? éudeg@aggrsr%g}s/ogg%}&erg%a? 120%0?) {?u {fq |1\E}1}ét9§%1{rhuct ure
of i nsul i diabetes imgtlgss bdmg\&eat@dmlﬂsbarams “Cordedtedca dbke- dep;e@m&mhcrezse timtheght to
contribute td% t he V\ﬁlindl ng of msul n and msut{btg nal ogues, to b th IR and

| GF- 1R W ol WEHP A GRS e oY ﬂdﬂl‘&n HACENCAETT | B§AEnPTRE ‘?“[ §

bel i eved phrteasUbmel dxitdnt QP Saler $i0k YR bLMPRAGM ﬁcﬁ%lngﬂ8§ td él%t@d%vahéfﬁ@
(not conserved in IGF-1) are well tolerated for bin o nsulin

anal oguescioss- bmélrllgRthE@F‘;l&, but ghyokl nthe yredused htihisy rﬂﬁnleam@ﬂcefslroR i nther f ace.
Substitution of kno Bjm t e art .t e chem cal
degradati 5P r'}){ral\s%h 18 Sﬁlegﬁg yo%ufe(ﬁymﬁe%m & or mﬁ at] H(llsuhn tehre r%l%ol df I?%S(S)%C 4%%ns.
[0023] I't tsnstdnbhey BE AGE, 1 ROSSOdi&tbnt OnpaAY iditué Msdmhdlsustn@dogidasiatibato wii@vi de
zi nc- dependent | ong-acting subcutaneous Er otein depot and that retain high
af fini ty e inwEniopsther msyldtapieguenin grrgacslsugédser oss- bi nding to the Type
| 1 G- receptor. Wthout wishing to be restrained by theory, it is also

desi r abl erdgaepr oMirdRar A HsAPRLLOHAS0 TOFMR 6 W bR RESLEdNE oPages of
bound non- aX|aI zinc 1ons in an I nsulin anal ogue hexamer contribute to a
further stietéltgentnsoﬂﬂtshmlsa&ﬁtibgﬂrdptpﬁmdlemtept&o&}3efDﬂd lovgpahat that of its baldsry

deS|rabIet p de ins l|n nalo S red Higsti djine si

chat ne_ar b ERe M Pttt Buteln RS ST iR on
bi ndi ng Sletvéﬁofll@és\éﬂﬁﬁulhgw(}mlﬁgﬁle%%ﬁ bﬁlﬁi?f@g"@fr sl 1RpSd WSIGH- 11k dht h6@ve Agai N
w t hout wi shing to be restraine t heory,

2011/ 1o357@@mﬂeusgf)mmzfg‘?maslhe®umpomd oy beaelu@tlyzmmasedhs Epidemielpgical t he

di bl h b I
he-dur at HSF P | GHASH S - REGTans e o LBORAT Tnb ARTAH 5T Rel 15 of

insulin otofipenstdH} tedp@Ral®gsasn @@mwd@uh @5e RtabbBc kpebAE ahd @almplstrages( pl)
by its conbination of charged sites, neutral sites, a-helical di

moment , aAtl typat Lidiabeles arglbwshpith inpicatedcRPBHENcei taacerg aRECHEY @rmtﬁlg to
be constr t u ing pH
o5 woul A Bsehnth s BERLYr pBfeAtPIRBRY relifole SRR GrBH oyl FRSRE,
substi t ut hoogles Gt u{gth (ﬂl}Gthr&)y al&red hssobiatedesith anpdhcrodmy iheaass atskatvdithni t h
insertion of a Histidine residue at positiaon A4 or. A8 dependi ng on the

| ocal pKa™d¥ reifRet SuibRIsPhng ucliqt §fq8énbwéhl(goﬁo&ﬁﬁa¥l%| §operheairns dnPoryiblani | e
again not s NG BaOirEORRLLBE REELiRViNL M Yumardihfth dind FESLAYE ihul
observed |tn %B/man i&nsau }nn at %om ‘lg%n IA&. Subsatnl tustﬁon nof AsnA2 By 1(% Y,

Al a or ot hmiogteslmaalbesndéﬁmbmmstmngﬂmd tmatsutnethexqtfetytcEfdomgatemmUBaatraent with
significant change | subst i 1 by a basic s de chai.n ( or Lys)
would be- BpRtrBd el sTeer ik ne Tl vba v Rine: RS GrEtRt Y JoRiH by
Asp (as Camdesen o SRtAaaTthe adckpdr-8indtilpesenativivies &Sﬁaé\aﬂn aaiaﬂﬁéu@méslfgr@a f§1t orage
in acidic soI uti on woul d be expected to cause a downward shift .

Non- axi al thei tmtm@mf Weabatgs neellithe skanld he equstl te he gieateu tian thmﬁcogtaebh@mr or
bound at iq rftac dstlte bet we an zinc insulin anal ogue hexaners can al so
contri but &YYo {'he Wélt alPe %Pabm(%‘fmt he hexaner or rmnulti-hexaner conpl ex and
so affect their solubilities at pH 7.4 as in a subcutaneous depot. [0025]1t
i's theref (00a7pl sRed@kitioabdfeblbod plgoke @ohdeditthiithsabaliegliaSadahgieedbeédinbt t he
above

require binding to IR at the precise level of human insulin. A decrease in the affinity of
an analogue for IR can be compensated in vivo by a delay in its clearance from the
bloodstream. Such compensation occurs because clearance of insulin is mediated by its

binding to IR. Insulin analogues with threefold reduced affinity for IR can nonetheless



receptor-binding properties and al so exhibit an upward shift in isoelectric
poi nt toward but not exceeding neutrality such that, on binding of

non- cl asswoab11ziossysi ons at the surface of or between i n®grius2@nabiygue
hexamers, the conbined effects of the dkino-acid substitutions and

addi ti onal bound zinc ions render the conplex insoluble at pH 7.4 as in a
subcut aneous depot. [0026]It is therefore desirable to provide a sol uble
formul ati exhibit it heoipesdtlcien senddrogubatadf lachah sy, aBuighes |dearcases|lintatfarity

provi di ng eaﬁe of handling, precise adjustnent of dose for subcut aneous

i nj ect i on®HBYPEFPIMAGRSACANY B RIS et detow ovaIPelg IpIsRied] (E1agphfssef
desi T abl eidRiPhANbARs dilTPLRRU Ak YA hl%zﬁlhﬂ{ﬂoégiﬁrgﬂleb@%ht%s®)ozfndainsulb1&_l o

m cro-cryst I ne ension o e i nsul I n ana at neutra

may conf edetagidedesérelT). | Changamdn greoatioity of alulin tapalaguesoiomIR erspahataiieet
following initial wus WO 2011/.103575PCT/ US201.1/ 025730 1 0027
general , &h%%’é‘o‘)fgfat S s AN FEIRIB A AEIRGIA e‘%lj]h r?‘?i“%‘tgeog #‘greéld]ence

physi ol Oghfh%' dtythefHoe@bhd 8n aND Wep@t vHerdaRSHER L RNRAUUE & Asociated with
physi ol ogi cal |y acceptable salt ?her eof to the patient, where the anal ogue

or a physpmﬂ@@a@an Dﬁlthacre@@ftrab |tignes alt tis nwéﬁ@wm \@hﬂﬁtllaignlserdrarﬁz teuielatiopshaprai n
sequence siti 4 and of Hi
Sonats o PR A idthed Bt lan Moyt R edidy &Y PR Bh Geoblenth Bl Ul mitacepic, ) o

the A21 siidgalahal m>r¢15nge1aere@ia{teh¢eeuﬁ@nofr as% &-@‘lsuhﬂ NEHe IR compiaxl Bas bl A21
side chain is Qy. |In_another exanp e A21 substitution may be Al a,
Thr, or safopomdszslps&ﬁllpn@dmshlnamt étgl?éh%%@d Butogenigitw| Yauls nef waing erlcebr at e

i nsulin of, pﬁfﬁ%&cii %g%ﬂ?drggl?‘agtn &gé% @lrl&'su Cg?g}r?]%aft ifidif- a‘hQI%' {}eskﬁﬂﬁ"'?elh{‘vet fe art

to confer altere bsor eous 1 nj ect 16 n one exanpl e,

t he insul mroaafﬁhmgméonlik etivaem Bl doaandi 209G featanad dgoan Snkuihin &@an e refiectiveur i ne,

rodent, ?Pél ne, equi nedéﬁ) cani ne [ nsuli n anal ogues. I n other exanples, the
416

i nsul i n aHAIRGURATMENtH grdlitgs IsRaBpalsahal e, rat, el ephant, guinea pig
or chinchilla insulin. [0029]SpeCIfIC insulin analogues i ncl ude those

containin 0@8 A- ChRIdToREAUANE ] n%@d FHer{sJu%%Q)S @éﬂheﬁr&hﬂ?ﬁt p?@% ddRurd¥ep 4-6
or 14 wt - chai n sequence of any one of % % A nucleic

aci d may eﬁ@;@de Vaﬂm@ﬂ\}qwémwﬁé)lmvg t@gIanéRMhlltehE@etasm@gj@td%sa pStioh ofitheucl ei ¢

nost ool 1 DeuRfek Riih BrtaR o e et Ol ol B S Bl ™ ®
particular, there is a need for insulin analogues that exhibit delayed absorption from a
subcutaneous depot but which, once absorbed into the bloodstream, exhibits decreased
IGF-1R affinity while maintaining at least a portion of the biological activity of the
analogue in control of blood glucose concentration. There is a further need for insulin
analogues that exhibit an increase in isoelectric point toward neutrality without increase
in IGF-1R affinity while maintaining at least a portion of the biological activity of the

analogue in control of blood glucose concentration.

[0019] The biological, physical, and chemical properties of insulin analogues can be
altered relative to human insulin due to the presence of amino-acid substitutions in the A-
chain and/or B-chain or due to possible extensions of the A-chain and/or B-chain to create
a larger molecule. Studies of insulin analogues have indicated that the properties of
analogues containing two or more modifications cannot reliably be predicted based on the
properties of a set of analogues containing corresponding single modifications. Because
an amino-acid substitution or chain extension at one location in the molecule can lead to
transmitted changes in the conformation, dynamics, or solvation of the protein, effects of

an amino-acid substitution at another location in the molecule can differ from the effects



[0030]Fig. |Ais a schematic representation of the sequence of human
proinsulin including the A- and B-chains and the connecting regi on shown
wi th fl arkOreglidiobzrsi ¢ cl eavage sites (filled circles) amdT@TSpeEptoriiar (open
circles). [0031]FIG 1B provides a struétural nodel of proinsulin,
consisting of an insulin-like noiety and di sordered connecting peptide
(dashed line). [0032]FIG 1C provides a representation of a proposed

pat hway obf ithesstnnen sdiishitutioh aini the absencparftthalfirstnimolidicagorof Arpacareple of e

native state is protected by classic self-assenmbly (far left). D sassenbly
| eads to Eﬁﬁﬂtwpa@ﬁdﬁnﬁattﬁﬁé%feﬁfa? i 3/@odifigationais ey i Pofigodions it €Ydhen

triangl e and.{tpegoid;, HIESRAGEE U eenqgéo%id?@cf it deb @b & dRYe s Qh&ine WO
2011/ 103575PCT7 US20T1/ 025730 16 conpl etely as an of f - pat hway revent  (open
circle) oN-mggmeyaxensionf of ntha Awdhimuso eimcludet Arg’S thupr oltess i thamentctyrilar

right). [Q033ELG 1D 15 2 sgherptic represent ation of the sequence of
extensions that insert one or more basic residues (Arg or Lys) in general result in an
upward shift in the isoelectric point toward neutrality; the extent of this shift is influenced
by the structure, solvation, and transmitted conformational changes associated with the
modification, and so experience has taught that observed pls are not well predicted by the
properties of the isolated amino acids. While not wishing to be restrained by theory,
experience has taught that the combined effects of two or more modifications can be
unanticipated based on the properties of analogues containing single modifications. It is
therefore possible that novel combinations of modifications may together have properties

that provide unique advantages for the therapeutic use of insulin analogues in the

treatment of diabetes mellitus.
BRIEF SUMMARY OF THE INVENTION

[0020] The present invention pertains to insulin analogue formulations containing
multiple Histidine substitutions that can combine to create novel zinc-binding sites at the
surface of and between zinc insulin analogue hexamers and in so doing to enable
formation of a long-acting subcutaneous protein depot. More particularly, the present
invention provides insulin analogues containing paired Histidine substitutions at A4 and
A8 with or without a substitution at A21 and provides formulations for their subcutaneous
administration to enable prolonged duration of action. Without wishing to condition
patentability on any particular theory, side chains at these sites are each believed to
project into solvent from the surface of the A-chain on its assembly into an insulin
hexamer, thus providing part of a novel zinc-ion-binding site which, in combination with
complementary side chain projections from adjoining hexamers, enables zinc-ion-bridged
interactions between the adjoining insulin analogue hexamers. As represented in Fig. 1E,
the wild-type TsR'; insulin hexamer comprises an upper row (the Ts trimer; round-
cornered rectangle) and lower row (R'5 trimer; sharp-cornered rectangle), each of which
contains an axial zinc ions (gray circles). Fig. 1F provides a schematic representation of

the stacking of variant hexamers in the crystal lattice that is believed to take place with



i ndicating the position of residue A8 in the A-chain and sites of
substitution in the B-chain known in the art to confer rapid absorption

af ter subwotanewsssi nj ection. [0034]FIG | E is a schemaPCt/usepnasnt at i on
of a wild-type T3Re3 insulin hexamer, dénprising an upper row (the T3
trimer; round-cornered rectangle) and lower row (Re3 trimer; sharp-cornered
rectangle) each of which contains an axial zinc ions (gray circles).

[ 0035] FI GtheHssaral Hﬁﬁ%mmmtmmpcﬁfethepteaéntdmmﬂatidne Layas kt hgdgifig vamciiomt
hexamers in a crystal lattice in which |ayers, of three bridging zinc ions
(bl ack ci FRitckgirelisgaiscanh eopsrlRiTddeHguTddn duwd i s f A TAERB P ach

T-state pgrfbtt QBN n  ARUAGAC QLAELREN %Hfﬂf%laté?‘ rée#hmbo%cteiﬁ)taa' {%03 tical

segnent) rom an Re-state protoner (sharp-cor rectangl e 6] FI G
2a provi dAﬂ;sot\hmhcmeq»uém@tooionmtﬂod-ptagep@bllnﬁ ghiany amticsliat tsof tlm)ctirﬁlbinaidmn in

er pan i.nsulin gla ne (Lantus Sanofi.-Aventjs) and
Lapbr) Poaf instsBiiont AP ShaeEr sbe FREbREblginea e Y SRy hnsdls hafun 1 n
bl ack andagl @¢readéssibsbiuanrbhind@RIGEAR AL 1, A7-B7, and A20-B19) are
i ndi cated by black lines. Insulin glargine contains a two-residue extension

of the B-chain (ArgB3l and ArgB32) and substitution AsnA21G@y (red in upper
panel ). E[ﬂﬂ%bnod@ HePEntaapred S tPe dxr@sagtagwﬁagrorsmﬁwrmﬂ@ha@v@f arlengfcti® h Ar g

residues s&ga SH%Eio tanded: El?ci‘?s' ro@del "FHI }w%&h%%ﬂ%er;is&uﬁ’&r Eu(sﬁéds?o\ﬁ' ating

its augrren enicity. esen ana contal ns

substi t ut ivbes 1tGpHIA4Ish1$team@i aﬁ’dﬁtASHn SIn(dng plaﬁimrar pRNAplk, thl:(ﬁmgnﬂmdnrtgmamsl og
insulin detemr (Levemr(r), Novo-Nordjsk) operates by attachpent of an
al buni n- bPREIINY ¥l %frEte CRBECIERENhYT 2f @e%ﬂbpvkﬁ ¥ la%mroféglsa i} ARHBE S del

of i nsul | {h JRORYET rOeRhEINLP AR, 9 AP if SyPLUS AN DA Ghid e

formed by H smand H sA8 at externa
B- chai n r indlpodgal awkersiyoomnitifiorrin acshbandlegnsaylﬁpotempaotaxpedwe to Whysiological

2011/ 103575PCT/ US2011/.025730 17. HI de chains (i t r . The .
A i o B e TR iAtis Bk adfignane bl Sr Ol sy g@ﬁ@%ﬂﬁyﬁreﬁmg@n
cc- hel i X) coBisth M08 petinHitUs e RRERE dnd HofdheaRE %k 2i0n, BRtrbank

(entry 1TRZ).
affinity of wild-type insulin for the insulin receptor of the same species.

[0022] In the native structure of insulin, residues A1-A8 comprise an o-helix. This
segment is thought to contribute to the binding of insulin and insulin analogues to both IR
and IGF-1R. While not wishing to condition patentability on theory, it is believed that
substitutions of solvent-exposed residues Glu™* and Thr*® (not conserved in IGF-I) are
well tolerated for binding of insulin analogues to the IR and yet in proximity to the
hormone-receptor interface. Substitution of Asn™?! by Gly is known in the art to retard the

chemical degradation of insulin analogues when formulated under acidic conditions.

[0023] It is, therefore, desired to provide insulin analogues that provide zinc-
dependent long-acting subcutaneous protein depot and that retain high affinity for the
insulin receptor with decreased cross-binding to the Type I IGF receptor. Without
wishing to be restrained by theory, it is also desirable to provide insulin analogues in
which the two positive charges of bound non-axial zinc ions in an insulin analogue
hexamer contribute to a further shift in its assembly-dependent isoelectric point. It is also
desirable to provide insulin analogues in which paired Histidine side chains at positions
A4 and A8 can contribute to novel interfacial zinc-ion binding sites between insulin

analogue hexamers in a crystal lattice. Again without wishing to be restrained by theory,



[0039] FIG 2d depicts the structure of the variant [H sm H sA8] T3Re3
insulin hexanmer. The two axial zinc ions within the hexanmer are aligned at
center, cowordimassd by trimer-related Hi sBi side chai nsP(Ciriusha1igesrg) . The
variant hexaner contains three nonclasditcal zinc ions at the T3 trimer
surface (peripheral spheres). Shown in gray are the side chains of H sm
H sA8, and third H sm from adjoi ning hexaner. In each case the A-chains
are shownsuch inteafakial aind iBa< haiy nstaid thgr diyasgdreblg pediiglice-obder BB neetshigdrwvegn.
[0040]FIG 2e ill ust rates 2FO- F el ectron-density ngps(uil (stereo pair

cont our ed32t AMoR hexpmirsig PRIQRS theidyeatiog of petir Hg nFgRiREY by Hi sm and
H sA8 in T-state protoner. Distorted tetrahedral coordination is conpleted

by residugodd]. bEONI-A9 @Rele-oFt RLRIP Pt G Rsulid a%ﬁ’lloghé&' BéhtHEHBIRS - its
[ 0041] FI G 3A depl cts the wld-type hexamer-hexaner packing. (Left) In each

hexaner t leclagperpointi (pBrbyhits cT®brendwofehirged sitgsd nEwiwa rsitey, iorbelicRl difwleal

zinc ions Iar here nd interfaci mal | er

Spher ee) RRERnF by GHE Rrbup G niiEiohS R iR AR D AR SR Righes
B-chai ns by afekry, hn upRerd it @t prGardibthef etdedite BH 68GQUABY arfiicipdedduye,
extended (T) or helical (R); residues Bl and B2 are disordered in the

"frayed" Renayeheean eﬁilgﬁﬁald@(@am%h oafsulkﬁé&@wn@&l@n by Higf tSmalbehgagesspher e

U1 2oL A5, Bl AL (Ll | ML RRLAAMOGRSIR o UL

the zinc- ﬂqﬁlnamgobmmealrmeaﬂ lb[e;(afrﬁre pm@ﬂmufeg HfstlﬁhileS(mdlirilrﬂﬁSietwmudS iapd 70pper
trimer has T3 conformation, and lower trinmer R Axial zinc ions and .
Ad- AS- A4 VIS 2R PRIGWISTE foohs coftsEaRd . theerynan ﬁgldéﬁ Eesidhg i oPIFTgRdal  and

B-chai ns_ bl Ao GRpGdn RADARAAMBE ROKGEIBRIERN AITRY SRR Qe | ons

are obser hexa examer I nterface. Arr cate Re-state side
chain H séddin (foubimdrdict expetted necawt at ogifiexarbay)ge m/rplx:dmbstnnmpbeﬂog atlbmnc
interfacial, zinc-binding sites WO 2011/ 103575PCT/. US2011/ 0257 (%

three nond8f &80 ME, Ph AV bW &°sHERACTH JAnThUED 2 e ARPAET SRiTh i and

Hi sA8 . V\Eﬁﬁsﬁtu@lbﬁso%zeﬁ 3%'@&9 6at Bcdi@nt dié%&l@zfuo%h&fofh'e%tﬂvé’U@sn”lhﬁd§ @H'ﬁﬁt“orﬂ S
otherwise as in 0044]FI G 3D provides a stereo pair show ng

non- cl assptordge 2i a@dm@nlu(uloa} geu]d;hekexgc@@d to cause a downward shift in pI. Non-axial

zinc ions bound to the surface of the insulin analogue hexamer or bound at interfacial
sites between zinc insulin analogue hexamers can also contribute to the total charge of the
hexamer or multi-hexamer complex and so affect their solubilities at pH 7.4 as in a

subcutaneous depot.

[0025] It is therefore also desirable to provide insulin analogues that exhibit the above
receptor-binding properties and also exhibit an upward shift in isoelectric point toward
but not exceeding neutrality such that, on binding of non-classical zinc ions at the surface
of or between insulin analogue hexamers, the combined effects of the amino-acid
substitutions and additional bound zinc ions render the complex insoluble at pH 7.4 as in

a subcutaneous depot.

[0026] It is therefore desirable to provide a soluble formulation of the insulin
analogue at acidic pH as a clear solution providing ease of handling, precise adjustment
of dose for subcutaneous injection by syringe, and precise metered delivery by pen. It is
also desirable to provide a method of crystallization as a basis for a micro-crystalline
suspension of the insulin analogue at neutral pH, which may confer added shelf life and

product stability at room temperature following initial usage.



sphere), chloride ion (overlapping |light gray sphere), and three bound

wat er nol ecul es (snaller spheres) in relation to Hsm in Rf protoner and
H sm Hi sA80i2n11T10p376t oner . The bound wat er nol ecul es par PCTIYSat18/02373@

hydr ogen- bond network within Rf involvilAg the side-chain carboxyl ate of

G ul4d', para-OH of TyrB26', and carbonyl oxygen of Prol28" (| abel ed).

[ 0045] FI G 3E depicts the results of conpetitive displacenent assays

probi ng h[0§27] af flnnigenerd] ndimghed ofmsiehting ar patisnt! icomarigdsogdmindstérihg a
(left-hand three curves; solid lipes) apnd lowaffinity cross-binding to

| GF- 1R (r Pl@fﬂqlﬂ%}ﬁ%ﬁjﬁ #?%&VE&W@@E olydt insylip japEEgUC Pha @ARHOIGRIGAIY AessRIaPe f or
Wi ld-type.| . N . . ! . ! L )
are shovvn.Sdlpr%g}eke)ﬂhoger%ggh‘“f}gg‘g%%}g?lﬁﬁ%gﬁa%gl%@??@fgﬁ?l}é;ﬁt %ﬁ%menﬁﬁé%%}e |&fnsul in
resul ts framihefanwasdins Ai-dhtairofequescd Rodifiedi atgpdsitionat Adrmndnd8 rhiyghtpaar of shi ft

of its IG-1R-binding.titration. Relative affinij.ties d. di ssoci ati gn
const ant s @R o gER T FabreeioReflions! mRgtiggion & aTbeit A Pir. fie
absence of\27isife dnafsis thOPARE B redfuddr R\UnIBS ELTMIE, ShOA 21 Riddl AhQindi§ TRYS -

St ept ozot oci n-i nduced di abetic nale rats were injected subcutaneously with

ei t her wi Idaroftes ekargplei the ()l subsigutidnmgy be diaadh(.)or Sek.sm  Hi sA8-insulin (
), or buffer control (Lilly diluent; ). Doses at time O were 3.44 nnol es
wi | d-typerd lin 0 i 0-Q. injecti i nsuliin
o o WS A BRTP o300y L SR XM b BTRLER bl
Hi sSA8] - i natdlogue cumchidia@-aOmpdidicti B-chiiaekndsinf @r the Ldr toy celifbugltdrgd aBlopgtibn
gl ucose concentration was neasured fromthe tip of the tai|l at indicated
times. Eaglerameoignenys inisstigy ilp oner gtanpleethly NSENY) angdogisy iSnd franygalian

repeat ed ﬁlh"xg%% LRSI ngfﬁé%hﬁ Me6intedqbind Br f@hih@Whi
injecti ons. t[‘ 04%@% G4 parsovli es a g?eég}? S ’owioﬁlgn t he B?’oo{j Cg':uucose evel s
(i n ng/ dLanade@rs.t ilmethen esdreplenzbt¢ acuha iandugedisdinabwtagoe wélskeapatvhalaf taer
injection with insulin diluent as g.control (circles), insulin glargine
(Lant us( r FCPRANGHIIER Pig ?%‘B’P’?)Chiﬂ?’f’s]{}?‘ﬁﬁl'(Hurral og(r), "X') or the insulin

anal ogue containing H's substitutions at positions A4 and A8 and the lispro

substi t ut [gn29] Of Bific O sl A A8 d Jus P i [ddeNeho bV @TthiREh ot 4 ADGHABS Joqudsice as
ot herw se provi ded above w th re[%ard to Flf.‘3f. V\g)
Wi

2011/ 103578PCrA bS20y N0 25 PEQ). 10 NOB 816pGl4 Biths: Bcheinenatdnee pephesenetat i on
of the userpf [ NALiNg SUBSELLL LS4 CREMILL AL e ahechassoghal | ons

of proteins~to crea ng- acting depoat s of pr n-questi on.
DESCRI PTI ¢ uékced Huch M\IEICNid may be part of an expression vector, which may be used to

transform a host cell.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0030] Fig. 1A is a schematic representation of the sequence of human proinsulin
including the A- and B-chains and the connecting region shown with flanking dibasic

cleavage sites (filled circles) and C-peptide (open circles).

[0031] FIG. 1B provides a structural model of proinsulin, consisting of an insulin-like

moiety and disordered connecting peptide (dashed line).

[0032] FIG. 1C provides a representation of a proposed pathway of insulin fibrillation
via partial unfolding of monomer. The native state is protected by classic self-assembly
(far left). Disassembly leads to equilibrium between native- and partially folded

monomers (open triangle and trapezoid, respectively). This partial fold may unfold



[ 0049] The present invention is directed toward the novel use of non-axi al
interfacial zinc ions between insulin hexamers to prolong the duration of
action ofwenoim®si7sn anal ogue formul ati on. The present POYArstélom2BOViI des a
new system for creating a prolonged subéut aneous depot. It nmkes use of
novel non-axial zinc ions to bind at the surface of and between insulin
anal ogue hexaners and to prolong the tine it takes for depots of these

anal ogues C(brﬁplbell}e%zﬁl offpatisray evemsupémcisda)l @gigereiatettd éorl oaddeuseanouthe

i nvention al so provi for concomtant decrease in the absolute and

rel ative B hef H@Pmﬁﬁgﬁpﬁh)analogues to the Type 1 | GF receptor. This
conbi nation of properties will enhance the efficacy and safety of treatnent
of di abet ggp3zpar tifeul @ Ly MdHRnfags H@}%sén@atfoheoff bk é?][ﬁle&%nSF'IlumIf? Mlﬁfn end,
the present invention provides insulin analogues th contain paired

Hi sti di neirslmdafiog dled dosiidys bf rasiduons8 at thzosichnimnandAgitearnd SABsttt@tgm hethevidt h

zi nc-cont aj ni for at.i ons r as.a clear utio H 4 or as a
o o or y b R8s Bt Sirrar G dRimn GRS Rt PG

substitutions may be conmbined with a substitution at p05|t|on A21 such as
Gy, Aa,[(834] OrFIThNE isQ0&BEHbeEe idpsesehntianal agues gl TRE, mrsﬂsren&xainrw,ent i on
may al so contain other nodifications. As used in this specification and the
clai ns, vEPBIIENE aBIPPEiovo(iEe Ty tHREJgued comeiedJastrrglpindlowsstey (Bs t he
convent! Ofuhdialnd b 6ol M1 AT RSl AEhAG SHBSL LS, GBI aNRA) DY | he
position o the no aci I n superscri pt tion of the
am no acid in question includes the A— or B-chain of |nsuI|n where the
substi t ut [0935] s |KIGatlEds aEdrerrmxiarrppresenaamiohrm:ﬁlthei fladned ofgueiaof hdxhmepriesent

i nvention Iso contain a substitut of Asparti

Lreine. CLoaet T G PP Rty mtoiet biiat Ane dot (wigs SteEh avhelnar
(B28), or c@or§i‘ﬂ§t§:§1' bt OMuRf HRAO 5har HIYS d@teRA NQ1aRC IpthtéRePf(rdul8-Brieh@ n
(B29) or a conbi nation thereof. These substitutions y al so be denoted as

AspB28, LyesB2gle) and IﬂmSo”stgie eladp évarficed | spgmehtyiffcam lap, Rastate rpgatomer dsharpre

pr esent |nventaon qﬁi)contaln an addition of Arginine (Arg or R), Histidine

(His or Fﬁ e ?%a e(Lys or K) at amno acid AO of the A-chain (i.e.,

N-termnal to AyAl). These additions WD 2011/103575PCT/ US2011/ 025730 20

may be co[i@36pd WIGH24 pioviddy eiid @quaice b e/ilgupd inkulin ol iee Bf Hodifickkibiems

not ed ot herwi se or wherever obvious fromthe context, the am no acids noted

herein shé’}Wé” B@n@bwuh@rg@dgm@ (bentps aHapefi=eicats) ap@o@qvmspw@dthmr@mt a
"met al - stapl e p is a netal b ndln e two or

nore am nol?aé d\Q]rélficfép chai annsd gr%lﬁaﬁ wo'or ot ee h réclglbzasctkor m%f e dllsu?fnd

conpl exesbAsE A%t &1 W AN-BhendeAH)-Bil9) arecigticoed Hyobla&k &Re. dnsudineglateiie: chai n

froma first ol ecul e nay combine with two si deg,chai ns fr,om a second

nol ecul e F‘Eﬁt@ﬂ%&t avogresidye -epfengion gPfsihe B-chinj (@rge| [ang fyign ) Ang Habyitetianh at

insulin tr e i.nc
However, | has n%t@%£g§lﬁégg%8%%fpéﬁﬂgﬁ%ﬁgh%?ggyﬁ%nboﬁgﬁmﬁk %?¥5ﬂ5&§%t be
i nt roducegknidveCaidS® HoBX AR r&sidifes GBIt BeNexitéiRiel IBIcki@lbod gsuli® glBgit, in part

zi nc- st apl es between hexaners [ 0052] The i nvention provides insulin

anal oguesa]ﬂefYé‘%tm%olft?n gpented zmHeedNEnl ebive Praseti AR £RB4EING oRPIEX s Tahkd
exhibit r S‘Lgn%f Elgi al 4t—¥13{sogndl ﬁl:ﬂg‘RI—Yx@ ow%% %hf?él?gl_‘c?n.ﬁhic?ﬁgtango 1n£ulcﬁn of

their affini hence bIO|OgI ventron al

provi des a&aﬂm @Lé&ﬁﬁr%f NbheSRr@ng| 0pitees vw mttlablgherftebiatahvglbﬁﬁmgﬁfd[@t l ons
of zinc, which form "zinc-stapled’ hexaner conpl exes and, at even higher
concent r atleonst @pt some). Lent e- | i ke crystals of these hexaner - conpl exes. In
sone enbodi nent s, the insulin anal ogues contain at |east 4, at |least 5, at
| east 6, ast S z [ r,.of Su in
anal ogue. ﬁP&ZEB] A:I 1des t%rlté% on fn%gel c())fnﬁlst?l?{ nﬂ)%éﬁl@? de&c%@?%oh{?}er%}f’ng an
insulin apﬁlﬂa@ngﬁn&-@on blndlng s1te formed by H1s * and His™® at external surface of A1-A8 o-

helix. A- and B-chain ribbons are shown in black and gray, respectively.

[0038] FIG. 2c depicts the structure of the wild-type T3Rf3 insulin hexamer. The two

axial zinc ions within the hexamer are aligned at center, coordinated by trimer-related



the patient. In one exanple, the insulin analogue is an insulin anal ogue
containing nodifications in the A-chain that concomtantly cause an upward
shift in weaeliewsi’sc point (pl) toward neutrality, pernPCTiUsSR01a93¥a®| y oOf
zinc-stapled insulin hexaners. In anotHér exanple, the nodifications also
reduce the affinity of the zinc-free nononer for |G~ 1R | n another
exanpl e, the insulin anal ogue al so contains a substitution at position A2l
t hat prot 868 dilkechaisulight arng).ogue A-clmcheshoah ildgicRdaid Brehwingnin gray
formul ated under acidic conditions. The insulin anal ogue is adm nistered by
subcut aneRissPrsifiecBi-88 #dicHy: a Wyr Wddypeniftusiwg psnobtaimedtfrun theiRresine

devi ce. / US2011/ 025730 21 sufficient concentration of

zi nc ionsﬁg%%%%%§%%§géﬁ"uld render the anal ogues insoluble at pH 7.4 by
two concurrent nechanisns: a shift toward higher isoelectric point (ca.
6.5-6.6) [O39pri MG 12d tepitembeadtruofure he the gatriane [Bhdf gHiOf] G:Rm iandina
further sgift of _.the net isoelectri.c pojnt of th? zinc insulin hex%ﬁgr due
to bi ndi ngTBMHoHICHROANIY ZHE 1PBnEIthiR BERFFEMEhE JIENSLSU CERHFT- 298N i ons.
The same RSkl AN %alidAhARd (1% ity OPHE §8rid R Thek iRePHRARE $hr8E non-

decreasing the solubility of the insuli'n analog in the subcutaneous depot
wi | | al soclassiitat eing ipos sl the el sctanee surfacek(ppripprosegphenss beSkeyep ol atagduaitlteh

cross-bi ndi,ng, of i nsukin,.ard i psul.in anal ogues to.the Type 1. 1GF recgptor.
[0055] 1t P4 FTEnef MBnvif ol BREITST RGO HUBBIBJESTRr i 6Tsars S

i ntroduct pefnOfre SRETRL PadadUBSd Btd}hfaing'iﬁg@P (RO§eLirRS1-B4 @RdixA8, with or
wi thout substitutions at A21, in other classes of formulations of insulin

anal ogues (such as but not restricted to regular, NPH, sem-lente and
| ent e, inb048] ng MOx LariBuestiafes Al telgstre-dfenityomep ¢vterae peir gfontoeedpairposes of

decr easi ng cr.oss-bi,ndi ng of. such .anal o S Ahe Types 1 receptor. For
Cher e o thSRE HoPbn el bigRDs PO MR Hht e MRS Iy d Tiab TEERERY | 7 e
subst i t ut DG e ekral@irgofdYrMiaghiod ishcGHplstedt iyt inkie eASeWaRING fonart REshte OF
B-chains that renove one or nore positive charges or add one or nore

negative BIATBYYN afjeérebleqagigering the pl sufficiently to enable solubility
like that of human insulin at pH 7.4 in the presence of excipients known in

the art, | di A0 ALt t i [Moldll I ta- sol ,
ol ycor of , B U IaCodh B8kict P R RFubRRhE: pRSRE B EAECS
substi t ut honset bt uppirl winleovies Esheonpdrmatien, aeivhiwee drivdet Rt hexiplazinedons

2-]' al, d:A\gS Aég{gglg\%ﬁ{?lyéxfz{nﬁgﬁgg%{aci 4w%%frj n@i@?% Btsjggﬂerbslf)her%g)eneg%%q}l u,rfps }&%2%1}21(2):
SerB22, A3RBZ8.sh6WRBZ2B.cREABAD sH¥WRBRB gAY 287P B-AhaBAackand RuoBZRstoRfers

conbi nati ons thereof. [0056]1t has been di scovered that paired Histidine
subst i t ut didtes imB 1 g3 bacondesy Aduetng, agendad (Te dubelicdt 08k résichets Ay dnd B arensul i n

anal ogue to the Type I..|CGF,.receptor, a ffect ap.,u rd.shift .i | toward
et 1o+t §RoiERe Hedier GrvidhoRnaniey LEPg Ereg o PP pHE B i Ftio ol
sphere toward bottom is axial zinc ion of Ts trimer in bottom hexamer. Arrows indicate

R'-state residues Glu™" in upper R'; trimer.

[0042] FIG. 3B depicts the zinc-mediated hexamer-hexamer packing of [His™*,
HisAs]—insulin: upper trimer has T3 conformation, and lower trimer Rf3. Axial zinc ions
and A4-A8-A4’ coordinated zinc ions are shown. A-chains are shown in gray, and B-
chains in black. (Right) Expansion of boxed region. Three novel zinc ions are observed at
hexamer-hexamer interface. Arrows indicate R'-state side chain His™* (from bottom

trimer of top hexamer), which complete the interfacial zinc-binding sites.

[0043] FIG. 3C provides CPK models showing T and R faces of [His™, His**-

insulin hexamer (left and right). View shown in rotated by 90° relative to panel Fig. 3b.



[0057] 1t has al so been discovered that [H sm H sA8]-insulin is highly

sol ubl e when nade zinc-free at pH 7.4 but addition of 4-6 zinc ions per 6

i nsulin awel2oguw3srel ecul es results in precipitati on of &CTiuseo1p/O3786 N

conpl ex. This conplex is insoluble or dfaringly soluble in the pH 7.0-8. 4,
but is soluble at about pH 4. While not wishing to be WO

2011/ 103575PCT/ US2011/ 025730 22 constrai ned by theory, it is |ikely that

t hi s pH dé&penideatnonesebivdi ihd yorssard sRowo bobed ite sidet dhains sSdeBCt nnd His"®.
precipitatiaon of a zinc protein_conplex containing both axial and non-axial
bound zi n&VHGFEOsspONEIsTIetPOREn of ShioHdeirng 8E BRASME]S Pﬁaltmf%sslmﬁlg 3B.

H sA8] -insulin, when fornulated in an unbuffered solution at pH 4.0 and

cont ai ni ngyga4 ol &G 3bi RoPliePs derebPairl sRORiNREonf148R 4 Jifkc ﬁ)ﬂ%la@&l&rﬁ%}a‘%}w' es
and foll owm ng subcutaneous injection in a male Lew s rat rendered di abetic

by strept sptotoceoridd idn @divedatping bRlongrew splomiex ehd dlireplbowed glater aseecules
concentrations to a durati.on apda.extent simlar, toat heapharmacol ogi.¢ action
of Lant uslrieygitels it B RGN o hd eetibPn ey ARnes | PRiTmRe Thel y
that thi shoul @REEehodhiedpaiticighee it @ hSUREHH-BOROHSWSIOQi @G R tnRIags et at i on
of a zinc protein conplex con&gi ning both axial and non-axial bound.zinc

i ons. [ 0059¢chaiparbaxglatheb®ld| s awvedd of Hat cr pad ahdopyl prgsapt Pro

Hi sA8]-in Hl%éléh)”ay readily be grown as zinc insulin anal ogue hexaners
containing' Wo “axi al zinc ions per hexanmer and three non-axial zinc ions,

bound between successive hexaners in the R3 crystal lattice; the latter
i nterfaci fl045] nc HIGNSEadepidn thetredultalvé dpalpetitivr displatenoent bysaid praddirendglH sSAS

in one hexamer, H.sA4. in. the adjoinjng hex r, d a bound chl oride ion.
The three? ]&Hﬁcﬁ’hﬂl%?f laﬁlﬂmcm gl nrloRS el e TEREIGES: whdﬁ@eém_d- 3 to
the hexanﬁw—affﬁﬁgeﬁgksvﬁh?fing%t fGmeR {r%ﬁl'frﬁﬁnd: lﬂﬁ’@fg%uﬁfes;"'éotte-ﬁhﬁﬁ@s).aﬁp'e&dhonal

changes extend the forma hange of +6 achieved by the ﬂjbst/{st ution of
d uA4 by Eiosip ritilts dometld-wpshinngint (), besudiongangaier(®d, omd HiveoMis iinsulim (Wkel y

that the presence_of three non-axi.al. zinc ions rashexager J.eads, to the
above. ph+ BEQERNENTS FLBNGE PP oeips cStrbaP BBt amboutpUBarals frt
preci pi t atdf@ar®fshat 2fNigs PR YifdiAg GRFABLE Xand PRk BERetalts IGFVE-bRRIRL e
i nsulin anal ogue or a physiologically acceptable salt

titration. Relative affinities and dissociation constants are provided in Tables 2 and 3.

Assays were performed in the absence of zinc ions.

[0046] FIG. 3F provides results of in vivo assays. Steptozotocin-induced diabetic
male rats were injected subcutaneously with either wild-type insulin (x), insulin glargine
(), HisA4, His*®-insulin (v), or buffer control (Lilly diluent; ®). Doses at time 0 were
3.44 nmoles wild-type insulin (20 mg in 100-pl injection volume), 12 nmoles insulin
glargine (corresponding to 2.0 U Lantus®), 13.7 nmoles [His"*, His**]-insulin, and 100-p1
protein-free buffer (Lilly diluent). Blood glucose concentration was measured from the tip
of the tail at indicated times. Each analog was tested in 5 rats (mean + SEM); experiment

was repeated 2 times with similar results. Rats were fed 6-8 h following injections.

[0047] FIG. 4 provides a graph showing the blood glucose levels (in mg/dL) over
time in steptozotocin-induced diabetic male rats after injection with insulin diluent as a
control (circles), insulin glargine (Lantus®, squares), lispro insulin (Humalog®, “X”) or
the insulin analogue containing His substitutions at positions A4 and A8 and the lispro
substitutions of Humalog (A4AS8-lispro +Zn, inverted triangles), as otherwise provided

above with regard to Fig. 3f.



t hereof, conprises an insulin anal ogue containing an insulin A-chain and an
insulin B-chain. An insulin anal ogue of the present invention may al so
contai n ovbenrivwa§7si cati ons, such as substitutions of aPbadiseoian2iTee aci d
extensions of the B-chain at residues B2 and/or B31. In one exanple, the
vertebrate insulin analogue is a mamal i an insulin anal ogue, such as a
human, porcine, bovine, feline, canine or equine insulin anal ogue. An
insulin afMd8pue KG. tShie psehsmatic irgpresehiadon o ythahisoof Blidtialine aibkgtutions to
nodi fications, such a tether between the C-term nus of the B-chain and
the Nt er RHULZGF masitod praitans Ofvﬁomﬁomﬂ;ﬁ?g@@ﬁ%@g@fw@ﬁﬁ@wwn
descri bed gmpg,fully in co-pending U S. Patent Application No. 12/419, 169,
t he di scl 8sure of which is incorporated by reference herein. [0061]A
pharmaceutical conposition nmay conprise such insulin anal ogues and to

achi eve ext ended dur atPIERABEROESSRIFTEINIETHEINMNENTI@WSs or anot her

di val ent netal ions abI e to direct protein assenbly and interfacial
stapling Xangrs. ans. . be |ncI ed in suc 2 co ositdion at a
| evel of @04% r at]@?rf:)se(r)1 mlgel%t\l/\(?eneln eﬁted it g},’e nove}oe? ween 50 mtﬁr%(.:l per
hexamer ofint hens betiden ANAIn0gebameds RE pr@l@ﬁg ntay dogatioRcdua@tbnabf an hinghgr
nolar ratio as well in order to create hexaner-conpl exes with even sl ower
absor pt i oARalegues fremubitighe Theroprasent drYegson | RieVdend ol WSEBL tpy ciiedre 2

zi nc- bi ndj i

zi nc- st apF 12)20@ gﬁbéu@a}snl%tg géshép?) ﬁ lg%l%(g?u%?ﬁﬁ\g&lnglﬁ akﬁ%%@&ﬁ%ﬁﬁﬁ%@%? of the
i nsul i n amafagud asndujedwteylpme:lairi ynabexubdieweaarsaindud olbngnkk déhmelit takesitbr

[ 0062] Exci,pi ents may i nclude gl ycerol, G ycine, other and salts,
and anti - ‘?ﬁoésr Shee a&ﬁ@ggwatrge QNANERE IBHUAGNAI8e Wéﬁs{) pdyERm. tﬁl?
latter pr EREhiaH m&@@ﬁ&s KPOYkhch MGG sE NS tBRSILiel 3dGE1atiDE birdsiy bin
hexamer. Such a pharmaceutical conposition may be used to treat a patient
havi ng di Hbelulegnﬂﬂeglhﬂsmrsﬂwr TmehérI(Irﬁdéacatorcoﬁhﬁismommbimyioadnﬁ picpesres ngilla

physi ol ogi cal | ctive .a t he conmppsition to the patient 0063] A
P e o Sk ey S daR ot Beadnat SPERARL, HRsh Brkate B eft kit o
[ nsu! in f’iﬂ@l{ Qﬁéh@l_c@IQ_rlt@tHat B, %é}?@b&ﬂﬁﬁ/eﬁﬂ'&pﬁﬂoﬂﬁieﬁﬂlsﬁhﬁ Bﬁd]@gd@s&lﬁht%ontam

conmbi nati on of Hi stidine substitutions at A4 and A8, with or wthout an

addi t i onabaisgadpBlistidune oningtacb substthsiopaat iposikigns é\élqmshé\eﬁ pggthde pathdzioer t he
P e ot eO SRR RARGRENE ARBEES: R UE B R 6 AohbSRANRDGE W !

be i ntroduce el ¢ ac sO enco catlons

wi | d- t ypesispsusidmaroli®néusel @HC prhlﬁemnsaumyumoﬂ@ e cadbihé® dhitA-a0r
B-chai n sequence cont ai ni ng an unrel ated substitution or extension
el sewher eSYtituHEn gbPSEp Al SBeh #dfehy A SBF OF ABUI i n anal ogues. The nucl ei ¢

acid may also be a portion of an expression vector, and that vector may be
Loser 0 100912 UL ICELD SHERP o OSSR LGellal o by Kyl o
past ori s stoddications. ¢ lusdd e .this \WPe@€iddtioh0 347 FIRCTIaUBER 0¢Alicd? 5nB&itutions in
analogues of insulin may be noted by the convention that indicates the amino acid being
substituted, followed by the position of the amino acid, optionally in superscript. The
position of the amino acid in question includes the A- or B-chain of insulin where the
substitution is located. For example, an insulin analogue of the present invention may
also contain a substitution of Aspartic acid (Asp or D) or Lysine (Lys or K) for Proline

(Pro or P) at amino acid 28 of the B-chain (B28), or a substitution of Pro for Lys at amino

acid 29 of the B-chain (B29) or a combination thereof. These substitutions may also be

B28 B28 B29
, Lys

denoted as Asp , and Pro™~, respectively. Similarly, an insulin of the present
invention may contain an addition of Arginine (Arg or R), Histidine (His or H), or Lysine
(Lys or K) at amino acid AO of the A-chain (i.e., N-terminal to GlyAl). These additions

may be denoted Arg”’, His*’, or Lys"’, respectively. Further, the present substitutions



24 [0064]1t is further envisioned that unrelated substitutions or chain
ext ensi ons can be conbined within the anal ogues of the present invention to
nodi fy itwoi2eneloesssri c point, either further upward as IPgTAISb&02iTB6 ons at
position B13 or chain extensions by Arglor Lys at positions AO A22, BO or
B31; or downward as by substitutions that insert a negative charge or
renove a positive charge. For exanple, the substitutions m ght be conbi ned
wi t h AlaBaihyHvs B3armhicd BRah AngBadstionli 583 itsBaRionHPRSB3 15Hik S BBatesArpidB, or
AlaB31- Hi sB32- Hi sB33. In these |atter cases, additional intrahexanmer zinc
bi ndi ng cemeMEReAt whelseen ehviqus dxaamiie eanirstuhadmingy ids Michhers@rtopldkent i on
to raise . 71 tah r-yatio and further-stabilize the
hexaner-c%%%ﬁ%&%@?bF&O%é th%Ubstitutions of the present invention nay

al so be conmbined with B-chain nodifications that augnment |G- 1R

cr oss- bi nfl03d] t o A tseglabaeinhias “urtAvaphd| @ pneperipyer” ex anpeeabbindtlgude
extension_ of the B-chain by one or two, basi¢ residues (such as ArgB31,
LysB31, AFGESE-RKhgBE»O %Ar @Bﬁaﬁmﬁqt&éﬂm@@m‘yo a?{dmegﬁsgﬂe%%gm) or
substi t ut jfiecQfar 'E'bl%?lexpsy aRSAaR witl the MBaPHAGRkEor. SFH QuhHRd ¥ s(daUWhafpol
restricted to) insulin glargine (Lantue), ichis formulated at pH 4 but
whi ch undéegoeirsagglesgktmancdmbiae withdwb aldeshsing &pot a scophywilashlsdgd crdatepH.
[0066] It is.further envjsion t hat the ired Histidine substitutions of
e ot eseReneHIAEF S nhy> SFESnHER i IHers Rl BB RS AT THResgPIET « he
changes prgs@BE bl mnexdigt 2iR@ idh1S Hdwevanal agURS: Ben RN ibhad kinBeH| thixSzin@r W th
vari ous pharmaceutical formulations, such as regular insulin, NPH insulin,
| ent e i nsherding pitas) might bptriradused tncauyhbexanaais oh celtin dsyls aploghto fresent

i nvention_| LN stitutions present in anal ogues of human
insulin tﬁ§?¥u%kgﬁggﬁ%b?%¥$%#galIy used, are still useful experinentally,
such as DKPi nsulin, which contains the substitutions AspBl10, LysB28 and
Prol29 or [G052] AspBR &ivestion wiovddes Trelipraakged v nfoir@nnosel rfodnc-hapledrer
limted to human insulin and its apalogues. |t is also envisioned. that
these subESHHROPHHRCITRANPATAS apd SRt FeHuGE) Rty deiG hd RopeRe dgaigiic e,
bovine, equinepo@Hl oF NSNS Ubt 16 and@helVbiblog RANadihTY! 1118 IBYEHRh o

Furt her nore, |R view of the simlarity between human and ani mal 1 nsulins,
and use i pravides pastulgfonant feke amdegues svithrhighuredativdicabesniratipest afenrics whidh i s

al so envifiongd t hat Lgfr m nor di fications igg%he seguence of .insulin
may be in Orrﬁlduéléﬁr,StaB]seae AMPG CHBREXSUBRY HUFY BN LI SeEN SPREPEY NS o s B Gat i ve
subst i t ut eRe-1ikEOEry ¥R ehes@dbixhnOPSdmSIHRS! iTh Udn@Nen®bdEnR0 @6 dsury be
made within groups of amno acids with simlar side chains, wthout

depar t i ngatalegnes isentpineatdnast idnakteabton. at Teass €, itnlehuide or e laastuB zilc 1opDper
2011/1035%@PCT/Q§§81%A%2%%%8‘%§ hydr ophobi ¢ am no acids: Al anine (Al a or
A, Vhline)?gg? or 6?, Eeu0|%e'(Leu or L), Isoleucine (Ile or 1), Proline
(Pro or P), Tryptophan (Trp or W, Phenyl al anine (Phe or F) and Met hi oni ne
(Met or MoO5Bkew & enetlidigfonaedtingla ok coafprizes adhhititeriyg dpdnsdinshblogted f or
each other within their group of dycine ﬂGI y or G, Serine (Ser or.9S),

Thr eoni netheThtiegr 1 onpye38IRie theyipsudin analogegsis i Espliy anglpees cortpiningyi ne
(A u or . [=Te N . i ) i Gk -ar: i dto
el ude Ly ey foaR RS A e Db BB i B PP FRT BFhEY.
Aci di ¢ aniplp tecard sicatraitAsgramiti the asiechbyAsp zinc-sBplednid sulnubexaimersadn dndtém or

E). [0067] The am no acid.seqyence of hupgan projnsulin is provi.d r
corpar at | RS BeaTE SRS e SEHEIh e S arobatbicachr Ehe
A-chai n ofy YRR ckRgplel thelifsulihQhh@ede &80 o5faink B sudBtutfon FPRs#idh N 18@hd
sequence of the B-chain of human insulin is provided, for conparative
pur poses, pesecsEQe inpilinN@al@ue from chemical degradation when formulated under acidic
conditions. The insulin analogue is administered by subcutaneous injection using a

syringe, metered pen, or other suitable device.

[0054] It is also envisioned that it would be possible to apply the introduction of

paired Histidine substitutions at positions A4 and A8 to analogues formulated with a



SEQ ID. NO 1 (proinsulin)

Phe-Val - Asn-d n- Hi s- Leu- Cys-d y- Ser-Hi s-Leu-Val -d u- Al a- Leu- Tyr - Leu- Val - Cys

-d y-d u-wogealwsPhe- Phe- Tyr - Thr - Pro- Lys- Thr - Ar g- Ar g- G RCAS2@1027#A3p- Leu- G
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Cys-Ser-Leu-Tyr-Ad n-Leu-d u-Asn-Tyr-Cys-Asn SEQ ID. NO 2 (A-chain)
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- CysAsn SE | D. NO. 3 (B-chain)
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di ssoci ati on constants (Kd), as obtained by curve fitting of conpetitive

di spl acent alasgga«}rts?e ppossible eanver ok PRBOsethio ks asspbiated onitle Atasabindngost

unl abel | ed i nsul r |n u |n a u ui ed to displace 50 percent of

speci fi caquuhlf)oun1 SPabER utr(r%ﬁe :TP@ FI(EEE%C °4s a radi oacti vel y- | abel ed

human |nsuI|n (such as 125I-Iabe|ed insulin) or radioactively-I|abel ed

hi gh- af fi [005%] i ndulks fmr@aﬁémgmopﬁddt anatwondd Ye pacsiblyitd yppigythd ertexdpeassed

sinply as a ercent age. of normal insulin. WO 2011/103575PCT/ US2011/ 025730
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still be useful in the treatnment of diabetes even if the in vitro
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[ 0069] Synt hesi in 0 Chain c o) ffected b

[ otor not 1 es poyifike chBEr Br aPE Sy AR DueSBFC RS IndRRy Pl et

B- chai n apatiei@ndig o eBablé @olablhtWhﬁ ik B€ haiah @hsuigbt 181 6.4 hOthBiplesenice b
presence of dithiothreitol r’rq CMvt 52 cel | ul ose chronat ogr aphy of each
conbi nat i B¥FIPEKS d?néwénléb‘lhécﬁrbaﬁ pding jbebInat ﬂlanteéfwtmc ﬁlylarlé@hm@np @ndiégr m of

the prote o] at PHL.I on pas 1

acconpl i shlgdfﬁ %th?cr&g’r ssggiblﬁyé)fggﬁ%ﬁ% %Q'ﬁe parnéidl ckeéd%rm{n e%ﬁf)h masspofS fle sm
Hi SA8] - i mststitutionasthyte v dulddiobyr MAEDpI nwlsss spadinedmetithy theTr;mrfsd Nhisidytiee! d
(6.1 ng) was simlar to those obtained in a control ,synthesis of wlgd-type

i nsul i n. ﬁi}béﬂ&l&?%gtp%an%@%ﬂp@rlee Pt pig ylinpifed A8 Ccp: R Ul WivasABR 8 .
[0070] I sogfget C{EHBHO nglaEkze@EIrB@plAcgg%l RspPHPPY VR RES 190 | Qge i g and
i nsulin ana og eir native state rreasured y | EF del

el ect r ophBreds’; srcmnblgatpms-tlmsif pH 3-10 I EF gels, (125 x 125 mm 300 i.tm
SERVALYT(r) Precotes(r) from SERVA El ectrophoresis GrbH, Hei del berg;

et “up 1+ nl3RLr ] I RECecr R o AP £V o1 s B R oB LR

accor di ngABQah fﬂ&iu@@@tﬁs@-@lﬂdﬁ@ bySarP@HIAL Malogli@o W¥ TypsaIGIT Bcdst £ effectdt C
using a circulating water bath (Brinkman), before placing the PRECOTE | EF

gel on el acvpypidothelsiis pbéevard aresdalify twhile @hlmtmlﬁérnanvqwﬁflnitasrfor‘eth igbdmt heat
exchange. CQ 1gel s were connected to el ectrodes using filter paper w cks
wetted with Anode FI uid pH 3 and Cat hode Fluid pH 10 (both from SERVA) at
the two ends of the gel. Prior to | oading the sanples, the gel was
pre-focuspsda} art ha dls@bearodit@yeresehit [its 8 HROY- MQilir&s&lmgiﬂﬁsMuhhlwl&&lttl ng

of 500 volts for 30 mn usi hi gh vol t age power supply (LKB nodel 2197).
After | oallPAgZNdrSAnpted: 4%3 apition if % 4 A de1epsP - 1t mnaq%&ueén? I8t ng

protein c r tr at
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reached, afltlde wmhthe hpH o’b%ﬁn@mﬂas soluble at about pH 4. While not wishing to be
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After IEF, the gel was fixed with 200 m of 20% trichl oroacetic acid for 20
mn, rinswo20ow103579in with 200 m of deionized water an@C3tus2een23mwe h Serva
Violet 17 solution and destained with 88% phosphoric acid according to the
SERVA manual protocols. The | EF standard proteins (from SERVA) used are as
follows, with their respective pl's in parentheses: horse heart cytochrone
C, (10.7) comsauinaé bpatmoi-gadsisrlikebntial tagH-Befeddsnt,indodutsligub doatd the e eition

(8.3, 8.0, 7.8), horse nuscle Myoglobin (7.4, 6.9)., bovine erythrocytes

Car boni ¢ BAAEFI§RECqiBiaon Yoz REPiek SQmplaétcaawaB%%e@. axialzarsh nonsgiiglaan
trypsin i ghidiLiQliohd- 5). Aspergillus niger glucose oxidase (4.2),
Aspergillus niger anyloglucosidase (3.5). The pl's of the protein sanples
were determ ned by conparison to a |inear regression plot of mgration

di st ance {0058Lis dHhgr ash bern difcovhied ItRR [Blisihddis(4-infudiorwhen femiutiéedoi an
Recept or r.essj on.. . For ressi on of. epitagpe-ta IR and | GE-.1R.. t he
rarmal § an ERBRECL RO ekt IR e ng R bR FRe Ao € BgLR and
was nodi f hgboduermélet@edThintd FolRRiH® PEJLABBOUIRTinRYtiSH BE h GRA1B Qe kD rédRAR]

ol i gonucl eoti de cassette encoding in-franme triple repeats of the FLAG M

epi t ope ( Apaig by §isepieastondh W pligs ppiojaeed sonied rof ttheodpaliefse artcertyations
restriction,sj . I vie. e i - 1R - 0 of IR
wore as prod ShETy HEEBRERL YR GRN Mg apathtiop st S ity NRLERRTT
USA Vol 84ishixy tdbB3 cobdlnddl BB thory, They likelyethaodhif ipeolohgsd sstlal Bndurgta nt o
the nodified expression vectaor. by intrqoduction of a BanH  site encodi ng an

i n-frame ERCHIRATIRYIISAElSpirisepregipiiatiqn oft2 Fipgpiotetn cipplex jcpatpingig bth agiat 4 st op
codon by ?j)ﬁ_ggigjg&%%qlcqyﬁ@genesi s. [0072] Expression of Receptor cDNAs. DNA
for transtection was prepared as previously described. The receptor cDNAs
were expressed transiently in PEAK rapid cells using pol yethyl enei m ne.

Cel |'s wer B)059} vedt bas lhw beenddiyovpedtthitraysileof (v WhEs™ 1-evelit orayexptibssi on
was maxinmpl. Lysis was a congl ished in a buflf.f.er consi ?ti ng of 0.15 M NaCl
and 0. 1M ¥ #&2d 2P é‘?sﬁfﬂ} PYRRL] PRGOS PARYE TP ST %008 Pl 'S BPSt ease

i nhi bi t or agDEkb@Inbn GRRACHA: idaYSBEGE WaREerS bRIBHIRL he@REriin ifle REGUSED for
assay. [0073] Receptor Binding Assays. Respective |G--1R and |R-B bindi ng

assays wekgtiqsetfedptiednisyfaeiahpia¢ fdnsaxhibif tefraherenl sperdotatior by plist eand His

antl b ody- ?nagnﬁ\ﬁuflgxa Sé?,aﬁishhallﬁ tl\llf\:hl &'%%Ifner]&?%(ggle A aln!deaa ggensd Qﬁ(\)/r?dedl%%cr 1?66{1111‘66
previously. Crotiter Sstrip prates SN MeXI sor Wer e 1 ncubat ed

over ni ght b&ind4 zic- wintl hchdtide ARG dd) Corfd:00changek/ vel4l6 ofid a340Q [Heghédangd) ut i on

in
respectively, with net formal change of +3. These additional changes extend the formal
change of +6 achieved by the substitution of Glu™* by His. While not wishing to be
constrained by theory, it is likely that the presence of three non-axial zinc ions per

hexamer leads to the above pH-dependent insolubility and presumed subcutaneous

isoelectric precipitation of a zinc protein complex.

[0060] In general, a vertebrate insulin analogue or a physiologically acceptable salt
thereof, comprises an insulin analogue containing an insulin A-chain and an insulin B-
chain. An insulin analogue of the present invention may also contain other modifications,
such as substitutions of a basic amino-acid extensions of the B-chain at residues Bl
and/or B31. In one example, the vertebrate insulin analogue is a mammalian insulin
analogue, such as a human, porcine, bovine, feline, canine or equine insulin analogue. An
insulin analogue of the present invention may also contain other modifications, such as a

tether between the C-terminus of the B-chain and the N-terminus of the A-chain as



WO 2011/ 103575PCT/ US2011/ 025730 28 phosphate-buffered saline).
bl ocking were perforned as previously described. Detergent |ysates of 293
PEAK cel Iwotnamossat |y transfected with cDNAs encodi ng fPariosk@n®eirse R- B or
IGF-1R with C-ternminal FLAGtags were partially purified by wheat germ

agglutinin (WZA) chromat ography to deplete |ysates of recepto

r

Washi ng and

pre-

cursors. Wheat-germeluates were then incubated in the antibody-coated
pl at es f odestribairmat ﬁﬂgmﬁﬁenp@maﬁgrQJSoIhﬁmeApMRﬁﬁmed@@tOB@J9A69eﬂw

ext ensi ve washi ng renpve unbound 1251 [TyrAl4, - proteins,
bi ndi ng aéléal%urm By

conpetitive

PHFIEREMEEIn nsyl in) or 1251 Tyr3

I 1G-_ 1) labeled I1G-1 tracer (125J-unl abel ed insulin anal ogs were carried
Euésnéﬂalion or

out as defgygiped. A Bl St ca&@bgg% YRk SRR AY Sl R b
| G--1 receptor as control ligands in the sanme set of assays.

I ndi ng data

f r om honohdyoesxtandpd tittion ohsdmygnust i hadeadiyziods by armgieridivident meggriessi on

| tial bt aj. n_di t t ant
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mat hemat i cal expression to describe the competitive binding of two
di f f er ent b¢thvgamdd and 60 perdepeer of the insulin analogue. Zinc ions may be included at a

higher molar ratio as well in order to create hexamer-complexes with even slower
absorption; at such higher molar ratios zinc ions would occupy weak zinc-binding sites in
addition to the interfacial [His"*, His**]-related zinc-stapled binding sites. In such a
formulation, the concentration of the insulin analogue would typically be between about

0.1 and about 3 mM.

[0062] Excipients may include glycerol, Glycine, other buffers and salts, and anti-
microbial preservatives such as phenol and meta-cresol; the latter preservatives are
known to enhance the stability of the insulin hexamer. Such a pharmaceutical
composition may be used to treat a patient having diabetes mellitus or other medical
condition by administering a physiologically effective amount of the composition to the

patient.

[0063] A nucleic acid comprising a sequence that encodes a polypeptide encoding an
insulin analogue containing a sequence encoding an A-chain with a combination of
Histidine substitutions at A4 and A8, with or without an additional substitution at A21.
The particular sequence may depend on the preferred codon usage of a species in which
the nucleic acid sequence will be introduced. The nucleic acid may also encode other
modifications of wild-type insulin. The nucleic acid sequence may encode a modified A-
or B-chain sequence containing an unrelated substitution or extension elsewhere in the
polypeptide or modified proinsulin analogues. The nucleic acid may also be a portion of
an expression vector, and that vector may be inserted into a host cell such as a prokaryotic
host cell like an E. coli cell line, or a eukaryotic cell line such as §. cereviciae or Pischia

pastoris strain or cell line.



[ 0074] Representative binding studies of insulin anal ogues known in the art
are summari zed in Table 1. Because the affinity of insulin for IR (isoform
B) is simwbDanitw3ihe affinity of IG-1 for 1G-1R (in each/usasa/owdBh Kd ca.
0.04 nM), the ratio of respective percédt affinities for IR and | G- 1R
(colums 2 and 3), as given in colum 4, provides an estimate of the

absol ute specificity of the insulin anal ogue. Nornalization relative to the
speci fi ci {006d] humanfuithetdnvisi¢redwhdt)unpslaed delsstianioas bi oldie eofensiehaanvies
specificity. Relative specificities greater than 1 (less than 1) indicate
enhanced EXBRINELIGUNN &her Araipeney obfher REMH dhvephiaRith grodity ifshisgelgaigpoint,
AspB1l-i nspli Mol ' : L, Ny 1 I &F;, b e inity
for IR 1 o A BBy e P P T S SRS AR & "t
1. | nsul i hyghtapgsinen( Bantdd) BOwki &3 1c ontdaivmsaglibs biyt wbstantidsnihad @syrtand a

t wo-r esi due tension of the B-chain, (Ar 1 and ArgB32),, ..exhi bit
o acedemEnt SRERERy Mmby p S iiRe Trbeh Dty SaGel I8 Sl p oSt | R

and decr egsfBint®! dtthValsssi-AgEYHRB35.266B50r HikB -G B3bheHiB3ULHiRB32-

anal ogues of the present invention exhibrt the opposite ﬁroperty: decr eased
absol ut e afrgBmi.toy AlaB31-GBR-Hivd 38 ndn dkese datres icates vaddstioniah gurabgxapfer izetse pt or
bi ndi ng. W0 2011/ 103575PCT/ US2011/ 025730 29 75] Tabl e 1 Receptor-.Bi ndi ng
pr oper t1 B BHECHIROTEIE b MHTGNAT SO ARt B5hé el FudndFrRhoF 2t
receptor st eéshdxahdey ratioRind ErtHdR stabilize the hexamer-complexes.

[0065] The substitutions of the present invention may also be combined with B-chain
modifications that augment IGF-1R cross-binding to mitigate this unfavorable property;
examples include extension of the B-chain by one or two basic residues (such as ArgB31,
Lys™ L Arg® 1—ArgB32, Arg® 1—LysB32, Lys™ 1—ArgB32, and Lys™ 1—LysB32) or substitution
of His"" by Asp or Glu. An example is provided by (but not restricted to) insulin glargine

(Lantus®), which is formulated at pH 4 but which undergoes aggregation in a

subcutaneous depot at physiological pH.

[0066] It is further envisioned that the paired Histidine substitutions of the present
invention may also be utilized in combination with any of the changes present in existing
insulin analogues or modified insulins, or with various pharmaceutical formulations, such
as regular insulin, NPH insulin, lente insulin or ultralente insulin. The insulin analogues
of the present invention may also contain substitutions present in analogues of human
insulin that, while not clinically used, are still useful experimentally, such as DKP-

B10 B28

insulin, which contains the substitutions Asp~ , Lys B29

and Pro or the Asp”™
substitution. The present invention is not, however, limited to human insulin and its
analogues. It is also envisioned that these substitutions may also be made in animal
insulins such as porcine, bovine, equine, and canine insulins, by way of non-limiting
examples. Furthermore, in view of the similarity between human and animal insulins,
and use in the past of animal insulins in human diabetic patients, it is also envisioned that
other minor modifications in the sequence of insulin may be introduced, especially those
substitutions considered ‘“conservative” substitutions. For example, additional

substitutions of amino acids may be made within groups of amino acids with similar side

chains, without departing from the present invention. These include the neutral



ratio relative human insulin (ins) 100 0.30 0.02 333 36 1 human G~ 1 ND
100 ND ND lispro-insulin
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hydrophobic amino acids: Alanine (Ala or A), Valine (Val or V), Leucine (Leu or L),
Isoleucine (Ile or I), Proline (Pro or P), Tryptophan (Trp or W), Phenylalanine (Phe or F)
and Methionine (Met or M). Likewise, the neutral polar amino acids may be substituted
for each other within their group of Glycine (Gly or G), Serine (Ser or S), Threonine (Thr
or T), Tyrosine (Tyr or Y), Cysteine (Cys or C), Glutamine (Glu or Q), and Asparagine
(Asn or N). Basic amino acids are considered to include Lysine (Lys or K), Arginine
(Arg or R) and Histidine (His or H). Acidic amino acids are Aspartic acid (Asp or D) and
Glutamic acid (Glu or E).

[0067] The amino acid sequence of human proinsulin is provided, for comparative
purposes, as SEQ. ID. NO. 1. The amino acid sequence of the A-chain of human insulin
is provided as SEQ. ID. NO. 2. The amino acid sequence of the B-chain of human insulin

is provided, for comparative purposes, as SEQ. ID. NO. 3.

SEQ. ID. NO. 1 (proinsulin)
Phe-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-
Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Thr-Arg-Arg-Glu-Ala-Glu-Asp-Leu-Gln-
Val-Gly-Gln-Val-Glu-Leu-Gly-Gly-Gly-Pro-Gly- Ala-Gly-Ser-Leu-Gln-Pro-Leu-Ala-
Leu-Glu-Gly-Ser-Leu-Gln-Lys-Arg-Gly-Ile-Val-Glu-Gln-Cys-Cys-Thr-Ser-Ile-Cys-Ser-
Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-Cys-Asn

SEQ. ID. NO. 2 (A-chain)
Gly-1lle-Val-Glu-GIn-Cys-Cys-Thr-Ser-Ile-Cys-Ser-Leu-Tyr-Gln-Leu-Glu- Asn-Tyr-Cys-
Asn

SEQ. ID. NO. 3 (B-chain)
Phe-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-
Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Thr

[0068] It is envisioned that the insulin analogues of the present invention have
affinities for the insulin receptor similar to that of natural insulin but exhibit decreased
affinity for the Type 1 IGF receptor. Insulin or insulin analogue activity may be
determined by receptor binding assays as described in more detail herein below. Relative
activity may be defined in terms of hormone-receptor dissociation constants (Kg), as
obtained by curve fitting of competitive displacement assays, or in terms of EDs values,
the concentration of unlabelled insulin or insulin analogue required to displace 50 percent
of specifically bound labeled human insulin such as a radioactively-labeled human insulin

125

(such as "“I-labeled insulin) or radioactively-labeled high-affinity insulin analog.

Alternatively, activity may be expressed simply as a percentage of normal insulin.



92 4 .27 0.03 341 52 1.0 0.3 AspBl-insulin 336 34 0.67 0.07 501 100
1.5 0.4 DKP-insulin 236 35 1.60 0.24 148 49
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Affinity for the insulin-like growth factor receptor may also be determined in the same
way with displacement from IGF-1R being measured. In particular, it is desirable for an
insulin analogue to have an activity that is 20-200 percent of insulin, such as 25, 50, 110,
120, 130, 140, 150, or 200 percent of normal insulin or more, while having an affinity for
IGF-1R that is less than or equal to 50 percent of normal insulin, such as 10, 20, 30 or 50
percent of normal insulin or less. An insulin analogue can still be useful in the treatment
of diabetes even if the in vitro receptor-binding activity is as low as 20% due to slower

clearance.

[0069] Synthesis of Insulin Analogs. Chain combination was effected by interaction of
the S-sulfonated derivative of the A chain (41 mg) and B-chain analog (21 mg) in 0.1 M
Glycine buffer (pH 10.6, 10 ml) in the presence of dithiothreitol (7 mg). CM-52 cellulose
chromatography of each combination mixture enabled partial isolation of the
hydrochloride form of the protein contaminated by free B-chain. Final purification was
accomplished by reverse-phase HPLC. The predicted molecular mass of [His"*, His"*]-
insulin was verified by MALDI mass spectrometry. The final yield (6.1 mg) was similar
to those obtained in a control synthesis of wild-type insulin. The corresponding yield of

[HisA4, HisAs]—DKP—insulin was 8.8 mg.

[0070] Isoelectric Focusing Electrophoresis. The pl values of insulin and insulin
analogs in their native states were measured by IEF gel electrophoresis using pre-cast pH
3-10 IEF gels, (125 x 125 mm, 300 pm, SERVALYT® Precotes® from SERVA
Electrophoresis GmbH, Heidelberg; obtained from Crescent Chemical Co. Hauppauge,
NY). The Precotese were set up in a horizontal IEF apparatus, Multiphor II (Pharmacia
Biotech) according to the manufacturer’s protocol. The unit was pre-cooled to 4° C using
a circulating water bath (Brinkman), before placing the PRECOTE IEF gel on
electrophoresis bed coated with light mineral oil for efficient heat exchange. The gels
were connected to electrodes using filter paper wicks wetted with Anode Fluid pH 3 and
Cathode Fluid pH 10 (both from SERVA) at the two ends of the gel. Prior to loading the
samples, the gel was pre-focused at an initial voltage setting of 200 volts and a final
setting of 500 volts for 30 min using a high voltage power supply (LKB model 2197).
After loading the samples and the IEF standards (5-10 pL, at a loading protein
concentration of 5-10 pg), isoelectric focusing was performed at 500 — 2000 volts for 2

hrs or until the final voltage of 2000 volts was reached, after which focusing was



0.4 0.2 Lantuse 43 7 0.92 0.12 47 9 0.140.02 aErrors derived from
standard errors of the nean. bThe relative affinity of wild-type insulin
for IR (cwbunm/@3575s defined at 100 percent; the rel atiwerafStomioryr3of | G- |
for 1GF-1R (colum 3) is also defined 88 100 percent. Respective absol ute
di ssoci ati on constants are simlar. [0076] A-chain anal ogues of insulin

cont ai ni ng novel conbinations of A-chain am no-acid substitutions were made
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chai n conbi nation chronmat ographi c puri fication. I'n each case
the predi ot td SHR €8uhamahpssocntss TherlEFiseadhyl pragsss(imot BERBYY)yused are as

[ 0077] I nsul.j n anal ogues wer f hesi zed. cont |n| t he red I ne
Lubet! tut FRIRs At o dEE BRERIE M RaPonbEesy Pt HEat SUBSHTaG ofl Vof-
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I ncr ease verrs
4.2), Aspergzllus niger amyloglucosidase (3.5). The pI’s of the protein samples were
determined by comparison to a linear regression plot of migration distance versus pH

gradient of the IEF standards.

[0071] Plasmids of Receptor Expression. For expression of epitope-tagged IR and
IGF-1R, the mammalian expression vector pcDNA3.1Zeo+ was obtained from
InVitrogen and was modified for C-terminal epitope tagging by subcloning an in-frame
oligonucleotide cassette encoding in-frame triple repeats of the FLAG M2 epitope (Asp-
Tyr-Lys-Asp-Asp-Asp-Asp-Lys) between the BamHI and Xbal restriction sites.
Respective ¢cDNAs encoding IGF-1R and the B-isoform of IR were as previously
described (Whittaker, J. et al. Proc. Natl. Acad. Sci. USA Vol 84, pp. 5237-5241 (1987)).
They were modified for subcloning into the modified expression vector by introduction of
a BamH]I site encoding an in-frame C-terminal Gly-Ser linker at their 3’ ends just prior to

the stop codon by site-directed mutagenesis.

[0072] Expression of Receptor ¢cDNAs. DNA for transfection was prepared as
previously described. The receptor cDNAs were expressed transiently in PEAK rapid
cells using polyethyleneimine. Cells were harvested three days post-transfection when
receptor expression was maximal. Lysis was accomplished in a buffer consisting of 0.15
M NaC(Cl and 0.1M Tris-Cl (pH 8.0), containing 1% (v/v) Triton X-100 and a protease

inhibitor cocktail (Roche). Lysates were stored at -80°C until required for assay.

[0073] Receptor Binding Assays. Respective IGF-1R and IR-B binding assays were
performed by a modification of the microtiter plate antibody-capture assay that Whittaker
and colleagues have described previously. Microtiter strip plates (Nunc Maxisorb) were

incubated overnight at 4 oC with anti-FLAG IgG (100 pl/well of a 40 pg/ml solution in



SEQ ID. NO 4 (paired Histidine substitutions at A4 and A8)

A@y-lIle-Val-H s-A n-Cys-Cys-His-Ser-11e-Cys-Ser-Leu-Tyr-d n-Leu-d u- Asn- Tyr
- CysXaa Xse=20Asn3s578 y, Ala, Ser, Thr WO 2011/ 103575PCTPUSAB2M1 025380 30

[ 0078] Tabl e 2 Receptor-Binding Properti2s of Insulin Anal oguesa |RB

| G-- 1R

phosphate-buffered saline). Washing and blocking were performed as previously
described. Detergent lysates of 293 PEAK cells transiently transfected with cDNAs
encoding full-length IR-B or IGF-1R with C-terminal FLAG-tags were partially purified
by wheat germ agglutinin (WGA) chromatography to deplete lysates of receptor pre-
cursors. Wheat-germ eluates were then incubated in the antibody-coated plates for 1 hour
at room temperature to immobilize receptors. After extensive washing to remove unbound

proteins, competitive binding assays with labeled insulin tracer (1251—[TyrA14

]-insulin) or
labeled IGF-I tracer (‘*°I- Tyr31—IGF—I) and unlabeled insulin analogs were carried out as
described. All insulin analogs were assayed with either insulin or IGF-I receptor as
control ligands in the same set of assays. Binding data from homologous competition
assays were analyzed by non-linear regression analysis using a 2-site sequential model to
obtain dissociation constants for insulin and IGF-I. Binding data for heterologous
competition experiments were analyzed by the method of Wang; this method uses an

exact mathematical expression to describe the competitive binding of two different

ligands to a receptor.

[0074] Representative binding studies of insulin analogues known in the art are
summarized in Table 1. Because the affinity of insulin for IR (isoform B) is similar to the
affinity of IGF-I for IGF-1R (in each case with K4 ca. 0.04 nM), the ratio of respective
percent affinities for IR and IGF-1R (columns 2 and 3), as given in column 4, provides an
estimate of the absolute specificity of the insulin analogue. Normalization relative to the
specificity of human insulin (row 1) provides an estimate of relative specificity. Relative
specificities greater than 1 (less than 1) indicate enhanced (decreased) stringency of
receptor binding. In this assay AspBlO—insulin exhibits increased affinity for IGF-1R, but
because affinity for IR is more markedly increased, the relative specificity is greater than

A21

1. Insulin glargine (Lantus®), which contains substitution Asn”*' —Gly and a two-residue

B31 B32

extension of the B-chain (Arg™"" and Arg "), exhibits increased absolute affinity for IGF-
IR, decreased absolute affinity for IR, and decreased relative stringency of receptor
binding. The insulin analogues of the present invention exhibit the opposite property:
decreased absolute affinity for IGF-1R and increased relative stringency of receptor

binding.



Kd (nM SEM Kd (nM SEMinsulin 0.060 0.009 12.2 1.8 Lantus 0.110 0.016 3.1
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[0075] Table 1

Receptor-Binding Properties of Control Insulin Analogues®

analogue relative affinities’ receptor selectivity
IR IGF-1R ratio relative
human insulin (ins) 100 0.30 £ 0.02 333 +£36 1
human IGF-I ND® 100 ND ND
lispro-insulin 92+4 27+0.03 341 +£52 1.0£0.3
Asp” -insulin 336+34 | 0.67+0.07 | 501 +100 1.5+ 0.4
DKP-insulin 236 +£35 | 1.60+0.24 148 +49 0402
Lantus® 43+7 0.92+0.12 47+9 0.14 £0.02

“Errors derived from standard errors of the mean.

®The relative affinity of wild-type insulin for IR (column 2) is
defined at 100 percent; the relative affinity of IGF-I for IGF-1R
(column 3) is also defined as 100 percent. Respective absolute
dissociation constants are similar.

[0076] A-chain analogues of insulin containing novel combinations of A-chain
amino-acid substitutions were made by total chemical synthesis of the variant A-chain.
Wild-type B-chains were obtained from commercial formulations of human insulin by
oxidative sulfitolysis; the DKP B-chain was likewise prepared by total chemical
synthesis. The insulin analogues were in each case obtained by insulin chain combination
followed by chromatographic purification. In each case the predicted molecular mass

was verified by mass spectrometry.

[0077] Insulin analogues were synthesized containing the paired Histidine
substitutions at positions A4 and A8, with or without substitution of Asn™?! by Gly, are
shown generally as SEQ. ID. NO. 4, in the context of a wild-type human B-chain (SEQ.
ID. NO. 3). Comparison of the properties of these analogues with human insulin
indicates the general effects of Al, A8 substitutions to reduce the affinity of the
analogues for IGF-1R and increase the ratio of affinity for IR versus IGF-1R (Table 2).

SEQ. ID. NO. 4 (paired Histidine substitutions at A4 and AS8)
Gly-1le-Val-His-GlIn-Cys-Cys-His-Ser-1Ile-Cys-Ser-Leu-Tyr-Gln-Leu-Glu- Asn-Tyr-Cys-
Xaa

Xaa= Asn, Gly, Ala, Ser, Thr



0.44 [H sA4,A8] in 0.045 0.007 71.2 14.7 [H sA4, AB_03TA21] _Hi 0.091 0.012
133.3 33 alR- B designates isoformB of the human insulin receptor; |1G-1R
desi gnat esot2hat/tessman Type 1 | GF recept %r('); SEM st andar d PeTfuseo1af237a&@ nean.

[0078] Table 2

Receptor-Binding Properties of Insulin Analogues®

IR-B IGF-1R
Ks M) SEM Ky (nM) SEM
insulin 0.060 0.009 12.2 1.8
Lantus 0.110 0.016 3.1 0.44
[His****]-HI 0.045 0.007 71.2 14.7
[His****-Gly"*']-HI 0.091 0.012 133.3 33

‘IR-B designates isoform B of the human insulin receptor; IGF-1R designates the human
Type 1 IGF receptor; SEM, standard error of the mean.

[0079] Insulin analogues having the A-chain polypeptide sequences of SEQ. ID.
NOS. 5 or 6 and 20-21 were likewise prepared either with wild type insulin B-chain
(SEQ. ID. NO. 3) or an insulin analogue such as insulin glargine. An upward shift in
isoelectric points to a value of 6.6 in the absence of zinc ions (from a baseline value of 5.6
found for zinc-free human insulin) was verified by isoelectric focusing gel
electrophoresis. To this end, studies employed pre-cast pH 3-10 IEF gels, (125 x 125
mm, 300 pm, SERVALYT® Precotes® from SERVA Electrophoresis GmbH, Heidelberg;
obtained from Crescent Chemical Co. Hauppauge, NY). The Precotes® were set up in a
horizontal IEF apparatus, Multiphor II (Pharmacia Biotech) according to the
manufacturer’s protocol. The unit was pre-cooled to 4° C using a circulating water bath
(Brinkman), before placing the PRECOTE IEF gel on electrophoresis bed coated with
light mineral oil for efficient heat exchange. The gels were connected to electrodes using
filter paper wicks wetted with Anode Fluid pH 3 and Cathode Fluid pH 10 (both from
SERVA) at the two ends of the gel. Prior to loading the samples, the gel was pre-focused
at an initial voltage setting of 200 volts and a final setting of 500 volts for 30 min using a
high voltage power supply (LKB model 2197). After loading the samples and the IEF
standards (5-10 pL, at a loading protein concentration of 5-10 ng), isoelectric focusing
was performed at 500 — 2000 volts for 2 hrs or until the final voltage of 2000 volts was
reached, after which focusing was continued for an additional 15 min. After IEF, the gel
was fixed with 200 ml of 20% trichloroacetic acid for 20 min, rinsed for 1 min with 200
ml of deionized water and stained with Serva Violet 17 solution and destained with 86%
phosphoric acid according to the SERVA manual protocols. The IEF standard proteins
(from SERVA) used are as follows, with their respective pI’s in parentheses: horse heart

cytochrome C, (10.7), bovine pancreas ribonuclease A (9.5), lens culinaris Lectin (8.3,
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with wild-type structures. As is also observed in wild-type crystals grown under similar
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and A8 substitutions thus do not block the TR transition, a classical model for the

reorganization of insulin on receptor binding.

[0084] The variant T3Rf3 hexamer contains three additional trimer-related Zn ions at
the T-state surfaces (magenta spheres in Figs. 2b and 2d). These novel Zn ions are
coordinated in part by His™* and His®® at an interfacial site. Representative electron
density at the peripheral Zn-binding site defines a distorted tetrahedral site (Fig. 2e).
Coordination is completed by a chloride ion and a “stapled” His** side chain belonging to

an R’ protomer of an adjoining hexamer (labeled A4’ in Fig. 2e and brown arrows in Fig.
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cel | par af@ucﬁac&mga:oiatraﬁw&%lﬁmd@&%ﬁ 2fR-ffee Emh3ndin A TR dilddre (merdﬂﬁmgr e was

determ ned by nol ecul ar replacement using CNS. Accordingly, a nodel

obt ai ned atsihoyt 8 heuidnilie 3fR Bticause tbepra@t @tpmnba@tahalﬁkef(f@myf dayéinei miném 1RV\E
follomnng ey Zi ncq e ion
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and 4.0 A resolutions. Rigid-body refinenent using CNS, enploying overal

ani sotropi c tenperature factors and bul k-sol vent correction, yielded val ues
of 0.325 and 0.344 for R and Rfree, respectively, for data between 19.2 and
3.0 Aresolution. Between refinenent cycles, 2F0-F and FO- Fc naps were
calculated using data to 3.0 A resolution; zinc and chloride ions and
phenol nolecules were built into the structure using the program O (Jones
et aI., Acta C)ystallogr A, Vol. 4, pp. 110 119 (1991)) Vﬂter nol ecul es

o N 1 N T



35 [0088] Table 3 X-ray data collection and refinenment statistics [Hi s-X4

Hi sX8]-insulin Data collection Space groupR3 Cell dinensions a, b, c

(A) 78.09,w06.200/1885740 a, R, 7 (), 90.00, 90. 00, 120. 00 Resolpariuspo11Ar320 05- 1. 90
Rsym or Rnerge0. 057(0.422)* 11 al 14. 1(340)* Conpl et eness (% 99. 5(100. 0) *
Redundancy5. 49(5. 43) *

His"*]-insulin in zinc-free neutral Lilly diluent; its time course was similar to that of wild-
type insulin control (not shown). Zinc-free glargine was not tested at neutral pH due to its

sparing solubility.

[0087] X-Ray Crystallography—Crystals were grown by hanging-drop vapor
diffusion in the presence of a 1:1.7 ratio of Zn** to protein monomer and a 3.5:1 ratio of
phenol to protein monomer in Tris-HCl buffer. Drops consisted of 1 pl of protein
solution (8 mg/ml in 0.02 M HCI) mixed with 1 pl of reservoir solution (0.38 M Tris-
HCI, 0.1 M sodium citrate, 9% acetone, 4.83 mM phenol, and 0.8 mM zinc acetate at pH
8.4). Each drop was suspended over 1 ml of reservoir solution. Crystals were obtained at
room temperature after two weeks. Data were collected from single crystals mounted in a
rayon loop and flash frozen to 100° K. Reflections from 32.05-1.90 A were measured
with a CCD detector system on synchrotron radiation in Berkeley National Laboratory.
Data were processed with the program DTREK. The crystal belongs to space group R3
with unit cell parameters: a=b=78.09 A, c=36.40 A, 0=L=90°, y=120°. The structure was
determined by molecular replacement using CNS. Accordingly, a model was obtained
using the native TR dimer (Protein Databank (PDB) identifier IRWE following removal
of all water molecules, zinc- and chloride ions). A translation-function search was
performed using coordinates from the best solution for the rotation function following
analysis of data between 15.0 and 4.0 A resolutions. Rigid-body refinement using CNS,
employing overall anisotropic temperature factors and bulk-solvent correction, yielded
values of 0.325 and 0.344 for R and Rg.., respectively, for data between 19.2 and 3.0 A
resolution. Between refinement cycles, 2F,-F, and F,-I'. maps were calculated using data
to 3.0 A resolution; zinc and chloride ions and phenol molecules were built into the
structure using the program O (Jones et al., Acta Crystallogr. A., Vol. 4, pp. 110-119
(1991)). Water molecules were calculated and checked using DDQ program (Focco Van
Akker and Wim Hol, Acta Cryst. 1999, D55, 206-218). The geometry was continually
monitored with PROCHECK (Laskowski et al., J. Appl. Crystallogr., Vol. 26, pp. 283-
291 (1993)); zinc ions and water molecules were built into the difference map as the
refinement proceeded. Calculation of omit maps (especially in the first eight residues of
B chain N terminus of each monomer) and further refinement were carried out using
CNS, which implement maximum-likelihood torsion-angle dynamics and conjugate-

gradient refinement.



Refi nenment Resol ution (A)32.05-1.90 No. reflections6475/955 Rwork
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[0088] Table 3 X-ray data collection and refinement statistics

PO Rty VR :
[His™, His™"]-insulin

Data collection

Space group R3
Cell dimensions

a, b, c (A) 78.09,78.09,36.40

o B,y © 90.00,90.00,120.00
Resolution (A) 32.05-1.90
Ry OF Riyerge 0.057(0.422)*
I/ol 14.1(3.0)*
Completeness (%) 99.5(100.0)*
Redundancy 5.49(5.43)*
Refinement
Resolution (A) 32.05-1.90
No. reflections 6475/955
Ryoric / Riree 0.199/0.257
No. atoms

Protein 818

Ligand/ion 6

Water 82
B-factors

Protein 42.28

Ligand/ion 29.03

Water 53.94
R.m.s deviations

Bond lengths (A) 0.008

Bond angles (°) 1.2

*Highest resolution shell

[0089] The pH-dependent solubility of the insulin analogues was evaluated by a

modification of the method of DiMarchi and coworkers (Kohn, W. D., Micanovic, R.,
Mpyers, S. L., Vick, A. M., Kahl, S. D., Zhang, L., Strifler, B. A., Li, S., Shang, J., Beals,
J. M., Mayer, J. P., and DiMarchi, R. D. Peptides 28, 935-48 (2007)). In brief, wild-type
human insulin, insulin glargine or [His"*, His"*-insulin were made 0.60 mM in an
unbuffered solution containing dilute HCI at pH 4.0; the composition of the solution,
similar to that employed in the pharmaceutical formulation Lantus (Sanofi-Aventis),
contained 0.52 mM ZnCl,, 20 mg/ml of an 85% vol/vol glycerol solution (to a final
concentration of 185 mM), and 2.7 mg/ml meta-cresol (25 mM) as antimicrobial
preservative. Each of the three proteins exhibits a solubility in this pH 4.0 solution
exceeding 0.60 mM. A series of identical aliquots (10 ml) was removed and diluted 50-
fold into buffers at various pH values (in the range 5.0 — 9.0) to a final volume of 500 ml;
respective pH values were then re-adjusted to be 5.0, 6.0, 7.4, 8.0, 8.5, and 9.0. The
diluent was composed of 10 mM Tris-HCI] and 140 mM NaCl with pH values adjusted by
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pH dependent solubility of the insulin anal ogues was eval uated by a
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M canovic, R, Mers, S. L., Vick, A NOb, Kahl, S. D., Zhang, L., Strifler,
B. A, Li, S, Shang, J., Beals, J. M, Myer, J. P., and D Marchi, R D.
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insulin ( are provid e Inrelationto ma nsuli n Recept or
| sof or m Ain( HhtRAM, HikhdnAS8 iSRHrisrhaRec dptilar affaofyofomHARAHERAHIRBdasl HE Wtre- | | ke
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than 4-fold reduced) affinity for 1G—-1R in conparison to H . [0091] Table 4

HI RAHI RBI {gg9iR Table 4
HIRA HIRB IGF-1R
K4 (nM) SEM K¢ (nM) SEM K¢ (nM) SEM
HisA4, A8 KP-ins 0.016 0.003 0.033 0.005 65.3 12.3
HI 0.023 0.004 0.062 0.009 13.2 2.0
[0092] Fig. 4 provides a time course of blood glucose levels of diabetic male rats

under conditions as recited with Fig 3f. [His**, His"*]-KP insulin, lispro insulin and
insulin glargine were dissolved (like Lantus®) in dilute HCI (pH 4.0) with a molar

Zn*":insulin ratio of 5.2:1. The time course of glycemic control for [His"*, His"*]-KP



Kd (nM SEMKd (nM SEMKd (nM SEM Hi sA4, A8 KP-ins 0.016 0.003 0.033 0.005
65.3 12.3 H 0.023 0.004 0.062 0.009
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insulin was shorter than for insulin glargine (Lantus®), but longer than for lispro insulin
(Humalog®), indicating that this formulation provides an intermediate-acting insulin
analogue formulation. Furthermore, crystals of HisA4, A8 KP-ins have also been
obtained under similar conditions as those provided above. While not wishing to be
bound by theory, it is believed that the hexamer-destabilizing effects of the lispro
substitutions differ from, and are at least partially offset by, the hexamer complex-
stabilizing effects of the [His™*, His*®] substitutions, resulting in an intermediate-acting

analogue.

[0093] It is also envisioned that [HisA4, HisAs] insulin analogues may also contain

other substitutions, such as Asp”*®

, to obtain other intermediate-acting insulin analogue
formulations. It is further envisioned that the incorporation of paired zinc-coordinating
amino acid side chains, such as Histidine side chains, on the surface of a protein’s
structure, may be utilized in other proteins (FIG. 5) to stabilize higher order structures,
such as protein hexamers, as in insulin. More particularly, we envisage that side-chains
from paired Histidine substitutions in alpha-helix-containing proteins can coordinate with
complementary side-chains in other polymers to create multi-polymer complexes.

Examples of alpha-helix containing proteins of therapeutic utility are erythropoietin and

mammalian growth hormones

[0094] Based upon the foregoing disclosure, it should now be apparent that the
insulin analogues containing a combination of A-chain substitutions as provided herein
will provide long-acting duration of insulin action when formulated in the presence of
zinc ions and will concomitantly exhibit decreased absolute and relative affinity for the
Type I IGF receptor while retaining at least 20% of the affinity of human insulin for the

insulin receptor.
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di abetic male rats under conditions as recited with Fig 3f. [H sm

Hi sA8] - KPworesuliosy7sl i spro i nsulin and insulin glargi ne werasdiigsed?sed (li ke
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2011/ 103575PCT/ US2011/ 025730 37 insulin was shorter than for insulin

gl argi ne [008§fus ), but |onger thaSEQ@ENCESro insulin (Humal og(r)),
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anal ogue [ jon. Furthernore, crystals of H sA4, A8 KP-ins have al so
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are at | eXst-Ghaftn-dal-plotre€ily$yly-Glidrodédnndn-(Jpihel-exu-silathirdLzingaef f ect s
of the [ HLswWGlukilg-A81-LeuHiBb-LtystArar§ly-ltee¥al-GlrnGli-Gyalys-TheSmele-dtys-Sact i ng
anal ogue. LE@Q930It-Les-Glhsosnenyi@ysonad t hat [ H sA4, Hi sA8] insulin anal ogues
may al so contain other substitutions, such as AspB28, to obtain other

i nt er nedi SE©- A0INOQ2 (AsHhinn anal ogue fornulations. It is further envisioned
that the Ghe@EpNTLTNE ysPEYsCEkk-SdrNke-C AL EH Nat THIGAN AR GAEAdn Jhydeyghai ns,
such as Hiaghi di ne side chains, on the surface of a protein's structure, may
be utilized in other proteins (FIG 5) to stabilize higher order
structure§ggoSH§INGS3 RBAtRI4) hexaners, as in insulin. Mre particularly, we
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Gly-lle-Val-His-GlIn-Cys-Cys™His-Ser-Ile-Cys-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-Cys-

Xaa
Xaa= Asn, Gly, Ala, Ser, Thr

SEQ. ID. NO. 5 (His*, His"® substitutions)
Gly-1le-Val-His-GlIn-Cys-Cys-His-Ser-1Ile-Cys-Ser-Leu-Tyr-Gln-Leu-Glu- Asn-Tyr-Cys-
Asn

SEQ. ID. NO. 6 (His"*, His*®, Gly**' substitutions)
Gly-1le-Val-His-GlIn-Cys-Cys-His-Ser-1Ile-Cys-Ser-Leu-Tyr-Gln-Leu-Glu- Asn-Tyr-Cys-
Gly

SEQ. ID. NO. 7 (His”' B-chain)
His-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-
Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Thr

SEQ. ID. NO. 8 (lispro — B-chain)
Phe-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-
Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Lys-Pro-Thr

SEQ. ID. NO. 9 (aspart — B-chain)
Phe-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-
Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Asp-Lys-Thr

SEQ. ID. NO. 10 (AspB10 — B-chain)
Phe-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-Asp-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-
Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Thr

SEQ. ID. NO. 11 (DKP B-Chain Sequence)
Phe-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-Asp-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-
Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Lys-Pro-Thr



[ 0094] Based upon the foregoing disclosure, it should now be apparent that
the i nsulin anal ogues containing a conbination of A-chain substitutions as
provi ded wenreiwmosi7s! provi de | ong-acti ng duration of i ngarius2@atorzyao when
formul ated in the presence of zinc ions”and will conconitantly exhibit
decreased absolute and relative affinity for the Type | |1 GF receptor while
retaining at |east 20% of the affinity of human insulin for the insulin
recept or . SEQOIRMNQO/ 1DEHZHMETBIBZIAL1/ 025730 38 [ 0095] SEQUENCES SEQ |1 D. NO

1 (proi nSBhé—N’)al—Asr_1—G1n—His—Leu—Cys—Gly—Ser—H_is—Leu—Val—Glu—Ala—Leu—Tyr—Leu—Val—Cys—

Phe- Val - Agily- @1 alth 5143t Ohe <16 Yrnoaiio Jiys-Th@lir¥al pG u- Al a-'Leu- Tyr - Leu- Val - Oys
-@y-4d u- Arg- @ y-Phe- Phe- Tyr-"Thr - Pro- Lys- Thr - Arg- Arg- d u- Al a- @ u- Asp- Leu-Qd
n-Val - A ysEonmyato@uckaem&Aediyy A y-Pro-d y- Al a- @ y- Ser - Leu- @ n- Pro- Leu- A
| a- Leu- A f P - : < - -]pG?-] ~.Ser-11e-
Cys- Ser - Lg] - Tgr - Cﬂhglﬁ é‘g U@AigﬁrT%r(ﬂ gj{gi’gﬁéﬁﬁr élQﬁ'I:J%g fl%l%). %éﬁ g&gicr??
Ay-lle-Val-d u-d n-Cys-Cys-Thr-Ser-11e-Cys-Ser-Leu-Tyr-d n-Leu-d u- Asn- Tyr

- QysAsn Sk NDO 4 Ba B GRAUMYE A8 51 A2 b iuian)
el RS I A a0

Hi stidi neC¥tib8Yitutions at A4 and A8)

G@y-lle-Val-H s-dn-Cys-Cys-His-Ser-I11e-Cys-Ser-Leu-Tyr-d n-Leu-d u-Asn-Tyr
-CysXaa Xaa= Asn, Gy, Ala, Ser, Thr SEQ ID. NO 5 (Hi sA4, H sA8
substitutions)

A@y-Ile-Val-H s-A n-Cys-Cys-His-Ser-11e-Cys-Ser-Leu-Tyr-d n-Leu-d u- Asn- Tyr
-CysAsn SEQ ID. NO 6 (H sA4, H sA8, dyA2l substitutions)

Gy-lle-Val-H s-dn-Cys-Cys-His-Ser-I11e-Cys-Ser-Leu-Tyr-d n-Leu-Q u-Asn-Tyr
-CysAy



SEQ ID. NO 7 (H sBl B-chain)

Hi s-Val - Asn-d n-Hi s-Leu- Cys-d y- Ser-Hi s-Leu-Val -d u- Al a- Leu- Tyr - Leu- Val - Cys
3 y- d u- Avg2 yrB¥18- Phe- Tyr - Thr - Pr o- Lys Thr SEQ | D. NOPC8/USki1gfor3y3e

B- chai n)

Phe- Val - Asn-d n- Hi s- Leu- Cys-G y- Ser-Hi s- Leu- Val - d u- Al a- Leu- Tyr - Leu- Val - Cys
A y-d u-Arg-d y-Phe-Phe-Tyr-Thr-Lys-Pro-Thr SEQ ID. NO 9 (aspart -

B- chai n) CLAIMS

Phe- Val - Asn-d n- Hi s- Leu- Cys- 3 y- Ser-Hi s- Leu- Val - G u- Al a- Leu- Tyr - Leu- Val - Cys
Gy-Gu-Ar g- G y- Phe- Phe- Tyr-Thr- Asp-Lys-Thr SEQ ID. NO 10 (AspBl0O -

B- chai n)

Phe- Val - Gfln Hi s- Leu- Cys-d y- Ser- Asp- Leu- Val - d u- Al a- Leu- Tyr - Leu- Val - Cys
dy-d u- Arg d y- Phe- Phe-Tyr-Thr-Pro-Lys-Thr SEQ ID. NO 11 (DKP B-Chain
Sequence)

Phe- Val - Adn- G A HPSPPd | MEguneg §- B As e e (MBI GAMBAISHY A HPIITS- Val - Oys

dy-du- [;&rﬁab’ed? st fr@uibyibn Thmlayse B rp‘hygibfoglc%ﬁ%/ effective amount of an insulin
2011/ 103575PCT/ US2011/ 025730 39 SEQ I'D NO™ 12" (d argi ne B-chain)

Phe- Val - ABIﬁﬁlQEW ¢i & physicl ayisals wsetrabllen solt[therenfato- G (papi¢ns, wherelly theliasplivial - Cys

(GGyafig:Jn/eA\I’%l . rFl)Sh % P%yéi-or E;i-c-zl; I{I-alzc):lz:gﬁtlil;ﬁfs: - L AL SRR anl Bisuli® Ahain
A y- | | e- Vadquehdé- Han cbmamOysirddrHiSieding lsebdaysionerat LeU-ahY A% ahdleptiddally Asn- Tyr
-Cys@y SEQ ID. NO 14 (Are, H sm Hi sA8, GLyA2lsubsti tuti on)

Ar g- G y- | Pésymtiopjas AQ I nelspteddiyam e gxsup- qom@sm&ofs@iycy@uﬁmmfa Seripeand u- Asn

- TyrCys- GTMreoMQe,ZQrildl a&zﬁﬁéx?a%@%n%%%ﬁ& 32/119:2%%;391‘[ a relative concentration of at least

about 4 zinc ions per 6 insulin analogue molecules.

2. The method of claim 1, wherein the insulin analogue or a physiologically

acceptable salt thereof is a micro-crystalline insulin suspension at pH 6.5-7.5.

3. The method of claim 1, wherein the insulin analogue or a physiologically
acceptable salt thereof is formulated as a clear unbuffered solution at pH 3.5-5 containing
zinc ions at a relative concentration of 4-6 zinc ions per 6 insulin analogue molecules, a

preservative selected from phenol and mefa-cresol, and an excipient.

4. The method of claim 1, wherein the insulin analogue or a physiologically
acceptable salt thereof is formulated as a micro-crystalline insulin suspension modified to

include 4-6 zinc ions per 6 insulin analogue molecules.

5. The method of any one of claims 1-4, wherein the insulin analogue or a
physiologically acceptable salt thereof is modified at position A21 by substitution with
Glycine.

6. The method of any one of claims 1-4, wherein the insulin analogue or a
physiologically acceptable salt thereof is modified at position A21 by substitution with

Alanine, Serine, or Threonine.

7. The method of claim 6, wherein the insulin analogue or a physiologically

acceptable salt thereof also is modified by extension of the B-chain to include one or two



40 CLAIMS W claim 1. A nethod treating a patient, the nethod conprising
adm ni stering a pharmaceutical fornulation containing a physiologically

ef fecti vewarmounto3syS an i nsul i n anal ogue or a physi ol ogi earius2@cneirsabl e
salt thereof to the patient, wherein tHé insulin anal ogue or a
physi ol ogi cal |y acceptable salt thereof contains an insulin A-chain
sequence that contains paired Histidine substitutions at A4 and A8, and
opt i onal | ¢-tarrsinbistdsicutdiduesat A21 sel ected from the group consisting of
(chine Al ani ne, Serine, and Threonine, and additionally containing zinc

i ons arelatjve c entratio | east about 4 zinc ions
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1, wher ei N-teheinahBaglcimsidwasl ogue or a phy5|olog|cally acceptable sal t

thereof is formulated as a cl ear unbuffered solution at pH 3 5 5 containing

zinc ions gat ar elathwg GO centé on. of, 4-6 zinc jons n
t Ol clalm W erel[n the anSf.l in an (8] ue S%O O 1ca1§/
anal ogue nblecu a preservati've selecte ro ol ,

and an exgidep@ble. salt 4herddtelyuEt hedifadd 11 aitdhsibn dﬂﬂleer Aldhainhs ulldlﬁdﬂ dt meaan@deogue
or a physiologically acceptable salt thereof is fornmulated as a

i cr o- cr ySt§IMinakbasisgatifvessuspensi on nodified to include 4-6 zinc ions per
6 insulin anal ogue ol ecules. 5. The nethod of any one of clains 1-4,

wher ein th | naUhideNRlOGNG IR, B ARVEHOAQGLFAhIY,AFREPABE BRI A-dlisf eof

is nodified at position A21 by substitution yCl ne 6. The nethod of
any one opolgpgitus chmprisestb(@ilD. NGk 4 nsul i n anal ogue or a physiol ogically
acceptabl e salt thereof is nodified at position A21 by substitution wth

Al ani ne, rin or Threonin ein the
Mhoul i bt 0g a8 SPrex hg S gresgrmtiaing e Eupt nfc St bbb al So i<
nodi fied by extension of the B-chain to include one or two WO

2011/ 103575PCTAURZ 0l tdiofb3fed dith the expression vector of claim 10.

13. A pharmaceutical formulation comprising an insulin analogue or a physiologically
acceptable salt thereof, wherein the insulin analogue or a physiologically acceptable salt
thereof contains an insulin A-chain sequence contains paired Histidine substitutions at A4
and A8, and optionally a substitution at A21 selected from the group consisting of
Glycine, Alanine, Serine, and Threonine, in a pharmaceutically acceptable buffer
containing at least about 4 zinc ions per 6 insulin analogue molecules, wherein the

formulation forms a long-acting zinc-dependent subcutaneous depot.

14. The pharmaceutical formulation of claim 13, wherein the insulin analogue or a
physiologically acceptable salt thereof is formulated as a micro-crystalline insulin

suspension at pH 6.5-7.5.

15. The pharmaceutical formulation of claim 13, formulated as a clear unbuffered
solution at pH 3.5-5, and further comprising a preservative selected from phenol and

meta-cresol, and an excipient.

16. The pharmaceutical formulation of claim 13, wherein the insulin analogue or a
physiologically acceptable salt thereof is formulated as a micro-crystalline insulin

suspension modified to include 4-6 zinc ions per 6 insulin analogue molecules.



C-termnal basic residues. 8. The nmethod of claim®6, wherein the insulin
anal ogue or a physiologically acceptable salt thereof also is nodified by
ext ensi orwof2ot®3Bschain to i nclude at | east one N-ter mPoalush@sioes7sesi dues.
9. The nethod of claim6, wherein the i“Asulin anal ogue or a physiologically
acceptable salt thereof also is nodified by extension of the A-chain to
include at | east one N-term nal basic residues. 10. A nucleic acid
encodi ng an inghékmaﬁmmaakmlﬂﬁhymemmhﬁeﬂmnhe4eWhmehemAdﬁhQMann@Meepmide
conprises SEQ  1.D An expression vector conprising the nucleic
aci d setu%éOI%lc%uYa?"r?Fﬂt@ble Sf& thorepipglpo demodiftesrdiRspition At RY CPHES €% Hessi on
vector of ,ehai 13. A pharmaceutical fornulation conprising an insulin
anal ogue or gLyS|oIog|caIIy acceptabl e salt thereof, wherein the insulin
anal ogue or a physi ol ogi cal |y acceptabl e salt thereof contains an insulin
A- chai n sé8uendbe pbarzicagighieredlatdont ofdilmer $Bbwhéreint thonssudin gwalagnd oA8, and

ycine, HPAHTHECISEcRBR R ra i B8 e T o R Uth EEPFy iRt o

buf fer copt@iqiyng at |east about 4 zinc ions per 6 insulin anal ogue
nmol ecul es, wherein the fornulation fornms a | ong-acting zi nc-dependent
subcutaneous depo 14. The pharnaceutical formulation of claim 13,

wherein t g i n?gt uphararwawagf@bf@rnuéat@ﬁy%ﬁ drigyil @ avhgretcibe goapineanglasye tfidr eof
is for mjng 8@ ?1 tIaBIeYSﬁftath%ﬂeg'J]eals@%u odj f?eﬂ%&%%it el Blg sﬁbsﬁmztlo"t’t 1.
ceutital “for

The phar ation o aim1 ate as a
unbuf f er ediithd@blyt i on at pH 3.5-5, and further conprising a preservatlve
sel ected frontphenol and nmeta-cresol, and an excipient. 16. The

har mace cal | ation claim 13, rei.n. the insul nal o or a
Physi o ogPlal | Jraebuprin L g sbny Sur of MRt dd ¢ of 16 heret he
m cr o- cry §lsalih hﬁlﬁogdéséﬂ 4 Bhﬁtbﬁ@@@ﬁl;p&céﬁ%lélsﬁﬂ the@edfNEdMdenddified hiGositihs Per

6 i nsulin anal ogue nol ecul’'es. ~WD"2011/ 103575PCT/ US2011/ 025730 4
A21 by substitution with Ala, Ser, or Thr.

21. The pharmaceutical formulation of any one of claims 13, 17, or 20, wherein the
insulin analogue or a physiologically acceptable salt thereof also is modified by extension

of the B-chain to include one or two C-terminal basic residues.

22. The pharmaceutical formulation of any one of claims 13, 17, or 20, wherein the
insulin analogue or a physiologically acceptable salt thereof also is modified by extension

of the B-chain to include one or two N-terminal basic residues.

23. The pharmaceutical formulation of any one of claims 13, 17, or 20, wherein the
insulin analogue or a physiologically acceptable salt thereof also is modified by extension

of the A-chain to include one or two N-terminal basic residues.

24. A crystalline formulation of an insulin analogue, wherein the insulin analogue
contains an insulin A-chain sequence containing paired Histidine substitutions at A4 and
A8, and optionally a substitution at A21, in a pharmaceutically acceptable buffer
containing at least about 4 zinc ions per 6 insulin analogue molecules, wherein the
formulation forms a long-acting zinc-dependent subcutaneous depot, wherein the insulin

analogue forms a crystalline suspension at about pH 6-7.4.

25. The method of claim 1 where the insulin analogue forms a long-acting zinc-



17. The pharmaceutical formulation of claim 14, wherein the insulin

anal ogue or a physiologically acceptable salt thereof also is nodified at

positi on W@Rotwiosirbstitution with Ay. 18. The phar maceariusadiifoes7aul ati on
of claim 15, wherein the insulin anal odde or a physiol ogically acceptable

salt thereof also is nodified at position A21 by substitution with Qvy.

19. The pharnmaceutical formulation of claim 16, wherein the insulin

anal ogue depeadghysbalkagowaddpyt rmepbahheosalrjectioar eof al so is nodified at

position A21 by substitution with dy. 20. The pharnaceutical fornulation

of any on 5 erein the, ins e or a
physi ol og aI I aféaé’@’ﬁ é wlaflﬁgr%}gﬁnya?%o §laﬂi‘}dﬂ ]&d ?ﬂopg’gF{B?%Hleﬂl by
substi t ut F@mumtioh fe‘hﬁ‘s a%{g—a&fné-rz%c depthdent REbRIRRHPRC 840k @Bbn k@MuInabion of

any one of clains 13, , wherein the insulin anal ogue or a
physi ol ogingedtioy. accept abl e salt thereof also is nodified by extension of
the B-chain to include one or two C-term nal basic residues 22 The

phar ma‘ceuy](:al TLf(:)r rlrnaatcI Qtlcapformu at%neof%fn cl %I r}CBclalms ]37’17 rem %Il n the
i nsul i n anal ogue™ or %y5|o oglcélpy acéeﬁ&‘ble sal% théreo SO IS

modi fi ed hmumxhﬁﬂsgmloi phyréolBeicila) ficckprableClalidBerodr ir0h Zinkofrdd: foemmalﬁah basi c
residues. 23. The pharmaceutical formul ation of any one of clains 13 17,

or 20, wherubits dserepsedupifmiain&rodise tyre & Brykn-bkegiearthy Fageepecsplios Wal t

t hereof a [ ] t wo
Nt er m nar o pekRel P8 gilERePnGhPIE DR spotfes R IR NG HERAANE
analogue,WWﬁem&nmmﬂhe&wﬁ&uhmﬂmaﬂamﬁguéﬂﬁnmh&mp&nan insulin A-chain sequence
containing paired Hi stidine substitutions at A4 and A8, and optionally a

substitut] n at. A21, in Ehar ceutica]l accept abl e buffer con talﬁbpg at
| east abodat 4 éHJPé‘“P%“r?émif’é OTEY HEW SO PAREIE GG RS |aé‘6]8€‘é or ARy

formul ati grrep@biEBsaft thQBEF; AhkidD Rl iRGHERANIERbr %%%ibﬁigﬁ%ﬂ? Qatble wher ei n
the insulin anal ogue forms a crystalline suspension at a out pH 6-7.4. 25.

The net hotheufof gbrtnims an wisehie A-¢hauin sesubnae cantlirsgueed bhivieline Jubsigutiensi aﬁg\4zu nc-

X\Sb(z:gg' iﬁégﬁdr’ X% P'il g%ﬁ%g% }kspar? c7 gc(:)ld%u s(%ii?lﬁleo?lda% rf:’»tZSS Ubtcl:ol'rlltaﬁ cﬂ’%ollr(lje(;"spl)l%stltup ion at

B29, and optionally a substitution at A21 selected from the group consisting of Glycine,
Alanine, Serine, and Threonine, in a pharmaceutically acceptable buffer containing at
least about 4 zinc ions per 6 insulin analogue molecules, wherein the formulation forms

an intermediate-acting zinc-dependent subcutaneous depot.

29. A pharmaceutical formulation comprising an insulin analogue or a physiologically
acceptable salt thereof, wherein the insulin analogue or a physiologically acceptable salt
thereof contains an insulin A-chain sequence contains paired Histidine substitutions at A4
and A8, an amino acid substitution other than Cysteine, Lysine or Aspartic acid at B28,
optionally a Proline substitution at B29, and optionally a substitution at A21 selected
from the group consisting of Glycine, Alanine, Serine, and Threonine, in a
pharmaceutically acceptable buffer containing at least about 4 zinc ions per 6 insulin
analogue molecules, wherein the formulation forms an intermediate-acting zinc-

dependent subcutaneous depot.

30. A pharmaceutical formulation comprising two or more insulin analogues or
physiologically acceptable salts thereof, wherein at least one insulin analogue or a
physiologically acceptable salt thereof contains an insulin A-chain sequence contains

paired Histidine substitutions at A4 and A8, in a pharmaceutically acceptable buffer



26. A pharmaceutical fornulation of any one of claim13, 17, or 20 wherein
the formulation fornms a | ong-acting zi nc-dependent subcutaneous depot upon
subcut anewo0imjoasssi on. 27. The pharmaceuti cal fornul arconssediiazyr3one of
clainms 13, 17, or 20 wherein the insul 4t anal ogue or a physiologically
acceptable salt thereof, in a zinc-free fornulation, exhibits decreased
affinity for the type | Insulin-like Gowh Factor receptor in conparison
to wild ty@eainihgudt Raaf aliche 4Szine ispepees andimtndleart mdQuiet, whereaf theni ty
of wild-type insulin for the insulin receptor of the same species. = 28. A
phar maceutq BRIt RIAYI4ES 8 ME6APPIST HYC P diats uPRH oL AT gefén g ping-dependent
phy5i0|09&ﬁﬁkk¥aﬁﬁQ§ @bl e salt thereof, wherein the insulin anal ogue or a
physi ol ogi call'y acceptabl e salt thereof contains an insulin A-chain
sequence contains paired Histidine substitutions at A4 and A8, a Lysine or
Aspartic acid substitution at B28, optionally a Proline substitution at
B29, and optionally a substitution at A21 selected fromthe group
consisting of Aycine, Al anine, Serine, and Threonine, in a
pharmaceutically acceptable buffer containing at |east about 4 zinc ions
per 6 insulin anal ogue nol ecul es, wherein the fornulation forns an

i nternmedi at e-acti ng zi nc-dependent subcutaneous depot. 29. A
pharmaceutical fornulation conprising an insulin anal ogue or a
physi ol ogi cal |y acceptable salt thereof, wherein the insulin anal ogue or a
physi ol ogi cal |y acceptable salt thereof contains an insulin A-chain
sequence contains paired Hi stidine substitutions at A4 and A8, an am no
acid substitution other than Cysteine, Lysine or Aspartic acid at B28,
optionally a Proline substitution at B29, and optionally a substitution at
A21 selected fromthe group consisting of dycine, Al anine, Serine, and
Threonine, in a pharnmaceutically acceptable buffer containing at | east
about 4 zinc ions per 6 insulin anal ogue nol ecul es, wherein the fornul ation
forms an intermedi ate-acting zi nc-dependent subcutaneous depot. 30. A
pharmaceutical fornulation conprising two or nore insulin anal ogues or
physi ol ogi cally acceptable salts thereof, wherein at |east one insulin
anal ogue or a physiologically acceptable salt thereof contains an insulin
A-chai n sequence contains paired Histidine substitutions at A4 and A8, in a
pharmaceutical ly acceptable buffer WD 2011/103575PCT/ US2011/ 025730 44
containing at |east about 4 zinc ions per 6 insulin anal ogue nol ecul es,
wherein the fornulation provides a m xed |ong-, internediate-, and/or short
acting zinc-dependent subcut aneous depot.



