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have been mutated such that they do not bind calcium.

Another object of the invention is to provide DNA sequences which upon
expression provide for subtilisin mutants which do not bind calcium.

Another object of the invention is to provide subtilisin mutants which
comprise specific combinations of mutations which provide for enhanced thermal
stability.

Another object of the invention is to provide a method for the synthesis of
a subtilisin mutant which does not bind caicium by the expression of a subtilisin
DNA which comprises one or more substitution! deletion or addition mutations in
a suitable recombinant host cell.

A more specific object of the invention is to provide class I subtilase
mutants, in particular BPN’ mutants which have been mutated such that they do
not bind calcium. |

Another specific object of the invention is to provide DNA sequences

which upon expression result in class I subtilase mutants, and in particular BPN’

mutants which do not bind calcium.
Another specific object of the invention is to provide a method for making
subtilisin I-S1 or I-S2 mutants, and in particular BPN’ mutants which do not bind

calcium by expression of a class I subtilase mutant DNA sequence, and more

specifically a BPN’ DNA coding sequence which comprises one or more
substitution, addition or deletion mutations in a suitable recombinant host cell.
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(1)  Field of the Invention =~
The present mvennon relates to subtrhsm protems which have been
modified to eliminate calcium binding. More pamcularly, the present invention
relates to novel subtilisin I-S1 and I-S2 subtilisin mutants, speclﬁcally BPN’
15  mutants wherein the calcium A-binding loop has been deleted, specifically
* wherein amino acxds 75-83 MVe been deleted ‘and which may addmonally
o compnse one or more other mutations, e. g subuhsm modrﬁcatxom, which
provide for enhanced thermal stablhty andlor mutauons which restore

cooperanvrty to the foldmg reaction.

200 (2 Description of the Related Art
| Subrilisin i an unusual example of a monomeric protein with a substantial
lnnetrcbamertofoldmgandunfoldmg Awellknownexamplethereof
subtilisin BPN’ is a 275 amino acid serine protease ‘secreted by Bacillus
amyloltquq’aczem This enzyme is of considerable mdusmal mportance and has
25 beenmembjectofnnmermsprotemengmeenngsmd:es(&ezenetal Protein
Engineering 4:719-737 (1991); Bryan, Pharmaceutical Bi C
181 (1992); Wells et al., W 13: 291-297 (1988)) The amino
actdsequenceforsubuhsmBPN' isknownmmeanandmaybefoundm




The present invention relates to subtilisin proteins which have been
modi fi ed t oweldemdavat e cal ci um bi nding. Mre particularly, thdGI/UEISNIS20

invention relates to novel subtilisin I-S1 and |-S2 subtilisin
mutants, specifically BPN 15 - nutants wherein the cal ci um A-binding | oop
has been del eted, specifically wherein am no acids 75-83 have been
del eted, and which may additionally conpri se one of nore other
nmut ations, e.g., subtilisin nodifications, which provi de for
enhanced thernal stability and/or nutatlons vhich restore

cooperativity to the folding reaction. (2) Descri ption of

the Related Art Vasantha et al., J. Bactaridli ﬁ%Sleb?l(m%tualhemnplam@equence as
nNononeri ¢ rotel a.su nt | al | and
Inore ng. Pawel Hodt et gtr’&rﬁb irpmgrated by reittsnte ISEQUENCRIDNOLT,

am no acid seri nqhiphbdcthe apphicitRn, WheBApplicaifs mferm&%%ﬂfﬁﬁhﬁéé of -

This enzyne is of conS|derab i.ndustri al I'mportance and has 25 been the
subj ect of nunermhnlmmBBNh orritsi mutantsy they:apel referringi toAhe amine acid sBquence as
Engi neeri ng 7 1.991) Bryan, Pharnmaceutical Biotechnology 3(B): 147-
181 (1992); 0. Trends” Bi ochem Sci. 13:291-297 (1988)). The

am no aC' d Sequglggl&%gﬁs £ '4Bihd bﬁité%sgﬁi%dubéd by Si4m! positivé Bakterid'tt BRY

be found in
PCT/ US95/ 05520 fungi. The amino acid sequences of numerous subuhsms are known. (Saezen et

yasantha et al- o) Wg 519757 (19913}° “These Tactade Ave Subllistas S
Bacillus strains, for example, subtilisin BPN’, subtilisin Carlsberg, subtilisin DY,
10  subtilisin amylosacchariticus, and mesenticopeptidase. (Vasantha et al., "Gene
for alkaline protease and neutral protease from Bacillus amyloliquefaciens contain
a large open-reading frame between the regions coding for signal sequence and
mature protein,” J. Bacterjol. 159:81 1-819 (1984); Jacobs et al., "Cloning
sequencing and expression of subtilisin Carisberg from Bacillus licheniformis,”
15  Nucleic Acids Res. 13:8913-8926 (1985); Nedkov et al., "Determination of the
complete amino acid sequence of subt:hsm DY and its comparison with the
primary structures of the subtilisin BPN’, Carlsberg and amylosacchariticus, "
Biol. Chem. Hoppe-Sevler 366:421-430 (1985); Kurihara et al., "Subtilisin
~ amylosacchariticus,” I, Biol. Chem. 247:5619-5631 (1972); and Svendsen et al.,
20  "Complete amino acid sequence of alkaline mesentericopeptidase,” FEBS Lett.
196:228-232 (1986)). |
The amino acid sequences of subtilisins from two fungal proteases are
known: proteinase K from Tritirachium albam (Jany et al., "Proteinase K from
Tritirachium albam Limber," Biol, Chem. Hoppe-Sevler 366:485-492 (1985))
25  and thermomycolase from the thermophilic fungus, Malbranchea puichella
"~ (Gaucher etal., "Endopeptidases: Thermomycolin, " Mgnmjg;m_l_ 45:415-
433 (1976)).
These enzymes have been shown to be related to subtilisin BPN', not only
through their primary sequences and enzymological properties, but also by
30 compariéon of x-ray crystallographic data. (McPhalen et al., "Crystal and



found therein is hereby incorporated by reference [ SEQUENCE ID NO 1] .
Thr oughout the application, when Applicants refer to the SRR
sequenc 396 subtilisin BPN or its mut ants, they are referrlngto

the am no acid sequence as 5 | isted therein. Subtilisin’
Is a serine protease produced by Gram positive bacteria or by fungi .

The am no acid sequences of nunerous subtilisins are known. (Siezen et
al., Protein Engineering 4:719-737 (1991)). These include five subtilisins
from Baci|lus strains, for exanple, subtilisin BPN, subtilisin
Carlsberg, subtilisin DY, 10 subti I i sFﬂ‘ arryl osacchariti cus and
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meseni copepti dase. (Vasant ha_et .al .. for alkaline protease and

neutral prot %9 Pﬁ@edﬂlﬂ’gﬁ eglm&emelnschss)m gomplex with sybtilisine

mator e pr ot o GRAOrE o RS LERS EREASAOE (COH) Bk BRe (LR, TR BB

sequenci ng ansimcwre @roteinse Kl:evmfaﬁnaﬁ? bacestiaBagbeilisis, "
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‘amino acid setbdhigh levels faomats.mmkgmm sequences uaBaaYIu.letretThe I
196: 228- 232 S
fromtwo funﬁ%ﬁ%@ge?mem mh%ﬁﬂ?‘gﬂgl nﬁg%nceféné = tt#q?lcﬁ: BrS‘

al bam (Jany eindHas revédled iutafral detdilsofdr two ion bilididg & ég Eﬁb o*ﬁ%ﬁ
"Biol. Chem Hoppe-Seyl.er 366 485- 492 (1985)) 25 an r ronyc from
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subtilisin BWbmﬂﬁ’bazmoh afﬁhﬁ% I&W
enzynol ogi cal ‘properties,. ut al.so by 30 -.conparlson of x- ré
cryst al | ogr ajther (site B) b@MsRialclnnn and oﬂler catiﬁsymueh mmelweakly and is located
~about 32 A away (Flgure 1). Structural evidence for two calcmm binding sites
15  was also reported by Bode etal., Em,_}_ﬂm_hm 166:673-692 (1987) for the
homologous enzyme, subnhsm Carlsberg _ :

Furthermthrs regard thepnmary calcrumbmdmg srte mall ofthe
subtilisins in groups I-S1 and I-S2 (Smen etal., 1991_,_ Table 7)_ are formed from
almost identical nine residue loops in the identical position of helix C. X-ray

20 structures of the I-S1 subtilisins BPN' and Carlsberg, as well as the [-52
subtilisin Savinase, have been determined to high resolﬁtion A comparison of
these structures demonstrates that all three have ‘almost ldenncal calcmm A-sites.

'l'hex-raystrucmreoftheclasslsubnlase thermxtasefrom
Ihemoacnnomyces vulgans, is also lmown Though the overall homology of

25 BPN' to thermitase i is much lower than the homology of BPN' to I-Sl and 1-S2
subtilisins, thermitase has been shown to have an analogous calcxum A-site. In
the case of thermitase, the loop is a'ten residue-i interruption at the identical site
in helix C. o | -

Calcium binding sites are common features of extracellular microbial

30  proteases probably because of their large contribution to both thermodynamu: and
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-4- wowsloessel ar structure of the inhibitor eglin fromRGRAINISESS2H
conplex with subtilisin . Carlsberg, FEBS Lett., 188:55-58(1985) and
Paht er et al., "Three-dinmensional structure of fungal proteinase K
reveals simlarity to bacterial subtilisin,”™ EVMBO J., 3:1311-1314
(1984)). 5 Subtilisin BPN is an exanple of a particul.ar
subtilisin gene secreted by Baci | | us anyl ol i quefaciens. This gene
has been cl oned, sequenced and expressed -5- at high levels fromits

nat ural pronoter sequences in Bacillus subtilis. The subtilisin BPN

structure has bedinetictdbility (Matthaws @t ak-, §. Biol. Chem., 24%8030-8044 (15974); .
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Further in'this  highactivatiére batiersssoyurnifolding majp ibecEssemtial toclock tisd hative t he
subtilisins in groups 1-SI and 1-S2 (Sjezen_ ef al., 1991, Table 7) are
formed from ¢ MH?MMIWWFE@%%%WW-M i denti cal

position of helix C. &ﬁ%wﬁkrﬂﬁbgu u@l{riaiﬂ?esléif%bﬁm Sih vﬁgﬁfmﬁgd

Carl sberg, as well as 't I'Trsin Savi hase, have been
determ ned 40 hi containb high @oncehtrationvof menl chelators, whitlhseip caldium! feoms

denonstrates that al]l_ three have al nost _identical calciumA-sites.
tilisin and compromise its stability. It would, therefore, be of great practical
significance to create a highly stable subtilisin which is independent of calcium.
The present inventors have previously used several strategies to increase
the stability of subtilisin to thermal denaturation by assuming simple
15  thermodynamic models to approximate the unfolding transition (Pantoliano et al.,
Biochemistry 26:2077-2082 (1987); Pantoliano et al., Biochemistry 27:8311-8317
(1988); Pantoliano et al., Biochemistry 28:7205-7213 (1989); Rollence et al.,
CRC Crit. Rev. Biotechnol. 8:217-224 (1988).  However, improved subtilisin
mutants which are stable in industrial environments, e.g., which comprise metal
20  chelators, and which do not bind calcium, are currently not available.

OBJECTS AND SUMMARY OF THE INVENTION

Accordingly, it is an object of the invention to provide mutated or
modified subtilisin enzymes, e.g., class I subtilases, which have been modified to
eliminate calcium binding. As used in this invention, the term "mutated or

25  modified subtilisin® is meant to include any serine protease enzyme which has

been modified to eliminate caicium binding. This includes, in particular,
subtilisin BPN’ and serine proteases which are homologous to subtilisin BPN’, in
particular class I subtilases. However, as used herein, and under the definition
of mutated or modified subtilisin enzyme, the mutations of this invention may be



-
‘.
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I-SZ subtilisins, thermtase has been shown to have an anal ogous
calciumA-site. In the case of thermtase, the loop is a ten residue
interruption at the identical site in helix C Cal ci um
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to unfol ding may bﬁ_hgssent i.al to Jock the native - - conformati on and
prevent transient tilisin gnzyanes-ofhis invention are more istabler inthet el v,

the major in fddq
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subtilisin ancbmpnrlmnrmanuwemwmbtybewbunsinmm a.goded of great
practi cal gni fi cance to create a highl stabl e subt ﬁ i sin which i 1
i ndependent o'P‘!!FéF%erFPe erall robustness of a protein. Proteins of high thermal stability

10  often are stable in the presence of chaotropxc agents, détergems, and under other

conditions, which normally tend to inactivate proteins. Tliermaliy'stable proteins

are, therefore, expected to be useful for many industrial and therapeutic
applications in which mxstance to high temperamre  harsh solvent conditions or
extended shelf-life is required. - B '

15 It has been further discovered that combmmg individual stabilizing
mutations in subtilisin frequently results in approximately additive increases in
the free energy of stabilization. Thermodynamic stability hias also been shown to
be related to resistance to irreversible macnvauonatmghtemperamreand high

-~ pH. The single-site changes of this invention individually do not exceed a 1.5

20  Kcal/mol contribution to the free energy of folding. However, these small
incremental increases in the free energy of stabilization result i dramatic
increases in overall stability when mutations are combined, since the total free
energy of folding for most proteins is in the range of 5-15 Kcals/mol (Creighton,
&nga_ﬁmm_unlﬂua_&m W H. Freeman and Company,

25 New York (1984)).

' X-ray crystallographic analysis of several combination mutants reveals
that conformational changes associated with each mutation tend to be highly

~ localized with minimal distortion of the backbone structure. ' Thus, very large
increases mstabﬂxtycanbeachmvedthhnorad:calchanges mthetemary

30 protein structure and only minor indépendent alterations in the amino acid
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one or more deletion, substitution or addition mutations which provide for the

10  elimination of calcium binding. Preferably, this will be effected by deletion,
substitution or insertion of amino acids into the calcium A-site, which in the case
of class I subtilases comprises 9 amino acid residues in helix C. In the case of
subtilisin BPN’, the subtilisin mutants will preferably comprise one or more
addition, deletion or substitution mutations of the amino acids at positions 75-83,

15  and most preferably will comprise the deletion of amino acids 75-83, of
SEQUENCE ID NO:1. The deletion of amino acids 75-83 has been discovered to
effectively eliminate calcium binding to the resultant subtilisin mutant while still
providing for subtilisin BPN' proteins having enzymatic activity.

Such subtilisin mutants lacking amino acids 75-83 of SEQUENCE ID

20 NO:1 may further include one or more additional amino acid mutations in the
sequence, e.g., mutations which provide for reduced proteolysis. It is another
object of the invention to produce subtilisin mutants lacking calcium binding
activity which have been further mutated to restore cooperativity to the folding
reaction and thereby enhance proteolytic stability. It is another object of the

25  invention to provide thermostable subtilisin mutants which further do not bind
calcium and comprise specific combinations of mutations which provide for
substantially enhanced thermal stability.

In particular, the subtilisin mutants of the present invention will include

subtilisins from Bacillus strains, such as subtilisin BPN’, subtilisin Carlsberg,



am no acid sequence identity with the sequences referenced above for

subtilisin - BPN , subtilisin Carlsberg, subtilis] ,Q tilisin
anyl oNQ 26109896 | cus, mesenti copepti dase, thermitase, of Savinase .
and, therefore, may be consi dered 5 honol ogous. The

mut ated subtilisin enzynes of this invention are nore stable in the
presence of nmetal chelators and may al so conpri se enhanced thernal
stability in .conparison to native or wild-type subtilisin. Thernal
stability is a good i ndi cator of the overall robustness of a
protein. Proteins of high thermal stabilgty 10 often are stable in the
presence of chaotropic agents, detergents, and_under other

condi ti ons, sﬂﬁﬁlﬁnm’!f’@ibhusih l6saceliaditichy @Eﬁmﬁ%ﬁﬁhiﬁ stabl e~
pr ot ei ns are, t her ef o@ gsxipect ed tgﬁ%gﬂf}g%fmu I ndustri al
and t her ape®hich comprise eggoort mare defetion; substnuuomer addmoaamutatiumh

oquired. 15 - The prescal inyeBRign B pbqvides foc esﬁtﬁm‘e”ded ok g

i ndi vi dual  siniky héjdé 75-83 ofSEQUBNﬁEmSNM Swﬁhb?:hee e | ﬁ@ﬂo&ﬁesmts -

approxi mately additive incredses in
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related to reS|stance Lo i ble j t4vat|on at_hi gh terrperaiure and
high DGrbAY, Mt mecirtaly WO Bhen R IRE SR ARl | y - do

not exceed ’ I rﬂym‘ﬂ%gg f ol di ng.
However , thglsb;m%%PrN 6t I ncre ntnp#bl ncreéses |J{‘eﬁ‘:ﬁfqﬁme ener’gy of
stabi | i zati amd irecombination]rivetheen found to increaseathe stabilitp \of the subailisiai | i ty vifen

mut ati ons are c;o ned since the tqt free ,energ of folding_ for
nost proteln@ 18. | %@%&%M@& @ae

Prot ei g§: 61{.9 and Mol ecul ar Properties, WH Fr eeman and Conpany, 25
New York (1 X-ray crystall ographl c anal ysis of several
conbi nati on nut ants reveal s . . that conformational changes associ at ed

\élV: ts'?o(ra'?iccr)]nm(i]E at Lgnb;ﬂw&%@%mlﬁl bR&N W&g " n; xlr eés'e_s_ In
;E gsle! Int Zt fﬁgt B?e% oﬁ?y W%&em arkgpere; [ E)Eg }[ﬁrt |h2r gmsgo_ aci d
. A, . o-carbon plot shows the positions of mutations as noted. The _
numbering of wild type subtilisin is kept. Dotted spheres show the positionof -
15 calcium at the weak ion binding site (B-site) and the former position of the high
affinity binding site (A-site) The A-site"‘l‘oop (dashed line) is absent in this -

line). | o
B. Close-up mw of the A-site detetion'. The loop from S12 subtilisin
20  is shown as a dotted line with the continuous helix of S15. Superimposed is the
3* sigma difference electron deasity (FOIZ-FOIS phases from S15) showing the
-deleted A-site loop.

Figure 2. X-ray crystal structure of the calcium A-site region of S12
subtilisin. Calcium is shown as a dotted sphere with one-half the van der Waals
25  radius. Dashed lines are coordination bonds, while dotted lines represent
hydrogen bonds under 3.2 A.
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sequence. As previously suggested (Holnes et al, J. Mdl. Biol. 160:623
(t1982)), contributions to the free energy of stabilization can be gained in
di fferent ways, including inproved hydrogen bondi ng and hydrophobic

i nteractions in the folded formand decreased chain entropy of the unfol ded
5 enzynme. This is significant since thernostable enzynes generally have
nor e extended hal f-1ives at broader tehperature ranges, thereby

| mprovi ng bi o-reactor and shelf-1ife performance. , -~ As
noted supra, the inverRigmre 3r DifferentialSramhing iCalorimetry.s Thei calorimetyicissans of
one or nore deletion, substitution o .tion ti ons whi rovi de for
the 10  elini nataP@1$'13f(TmaFcﬁr§1°§)ﬂ%‘iﬁgg%hmefeﬁﬂﬁ{@ ?‘Frfiewﬁﬂ °8%“%‘F‘F‘€%t ed
by del eti on, : ' i i It it &baa% \

calcium A-site, MW%%QSQG%#&?I%%@SWU t ?alés co%ﬁie%egts 9
am no aci d resi deggadictiol 8bnhifg midrotdlerimeee apdescribed (Pamoblidnioi etiab.,BPN , t he
subtilisin mutants will preferably conprise_ one or npre ngﬂgiftion,

del etion or $ubsBicchemistry:28:72097213(1989)). aSample fonditions wers 50 mM-of 2lyeige,
15 and nost prefecahl 111 _conprj S eleil ] «aC] =33,
of SECUENCR BboRS6% s soafl Wl 8, Clpt ksl BICHS i 1

di scovered to  ynits of usOoL | lnlié ¥al6tiinte? ainfpoRids Conined H78 eng of proteinesul t ant

subtilisin nutant while sti providing for subtilisin BPN proteins
havi ng enzymatic activity. Such subtilisin nutants | acking

o T 83 O Teaerk TR ey SR iS00 4y Pyt ™
Mhvent Pon t o pr o i K@ kubéeiioe aidiions bf bl ale/yloned ve. the miSsof (CaV [P
activity whiloh hThe datcarefbest fitby mcalculated bindingtcuree assuming:a biading constans of
folding 7 x 105 and AH equal to 11.3 keal/mol using equation (1) from the text. For
comparison, calculated curves assuming K, = 1 x 105_and 1 x 108 are also

shown. In this titration, [P] = 100uM and the temperature was 25°C.

Figure 5. Kinetics of calcium dissociation from subtilisin S11 as a
15 function of temperature. 1uM subtilisin S11 was added to 10uM Quin2 at
" time = 0. Calcium dissociates from subtilisin and binds to Quin2 until a new
equilibrium is achieved. The rate of caicium dissociation is followed by the
inérease in fluorescence of Quin2 when it binds to calcium.
A. The log of the percent of the protein bound to calcium is plotted
20  vs. time. The kmencs of dissociation at four temperatures are shown. The
dissociation follows first order kinetics for the first 25% of the reaction. As this
is well before equilibrium is approached, reas_sot:iation of calcium can be
neglected. | | '
B.  Temperature dependence of the rate of calcium dissociation from
25  S15 subtilisin in the presence-of excess Quin2, pH 7.4 and over a temperature
range of 25-45°C. The natural log of the equilibrium constant for the transition
state (calculated from the Eyring equation) is plotted vs. the reciprocal of the



reaction and thereby enhance proteolytic stability. It is another object of °

the 25 I nvention to provide thernostable subtilisin nutants.which further
do not W@@6M093% cal ci um and conprise specific conblnat|3F§"@VNWEF%tlons$-,
whi ch provi de for substantially enhanced thernmal stability. ’
In particular, the subtilisin nutants of the present invention wll include
subtilisins fromBacillus strains, such as subtilisin BPN , subtilisin

Car | sberg, WO 96/ 09396 '

PCT/ US95/ 05520 _ - 8-

subtilisin DY, subtilisin anyl osaccharltlc{?é and subtilisin

nmesenti copept i ch..co | Se .ope or nor.e | etion,
substitution @E’@%W% WAL ko to equgfion WX | on
further provi =fpgg gUbtilisin nutants lacking am no acids 75-83

of SEQUENCE I D'™NO 1, which have new protein-protdin 5 I nteractions
engi neered in the regions around the deletion leading to |arge

mprovementsm staglllt Mo seC|f|cll fations at tenseC|f|c
sites in Sﬂeél n B&N‘lgﬁ %H’Bsmﬁm@ seven of

whi ch i ndi vi dw and i n conbi nation, have been found to increase
the stability o ﬁmgu ilisin protein. Inproved calciumfree

subtilisis are thus. prc@ded:ﬂglamfshownﬁeSES as follows?v €1t S13nin 25 mM

BRI EF DESCRI PH B, it pH 1837 (3) ST5 denatured at pH 1.85 and then neutralized to pH 7.5
by the addmon of NaOH; (3) S15 denatured at pH 1.85 and neutralized to pH
7.5, 30 mlmltesaftertheaddltlonofKClto06M and(4) Native S15 subtilisin. ‘
Protein concentrations of all samples was 1 pM.

10 ' B. Kinetics of refolding of S15. Samples were denamred at pH 1.85
andthentheprasadJuswdto75 At time 0, KClwasaddedtothedenamred
protein. Recovery of native structure was followed at 222 nm at KCl
concentrations of 0.3 M and 0.6 M. The 0.6 M sample after 30 mimtes of
refolding was then used to record the corresponding spectrum in part A.

15 Figure 7. Kinetics of refoldmg of S15 as a function of i ionic strength.
A, The log of the percent unfolded protein is plotted vs. time. The
kinetics of refolding are shown at four ionic strengths. The amount of refolding
wasdetermmedbyclrculardlchroxsm(CD)fromthemerease mneganve
_'_el‘lllpncuyatmnm 100% foldmglsdetermmedfromthes:gnal at 222 nm for
20 pative S15 at the same concentration and 0% foldmg:sdetermmedfromthe
signal for acid-denatured 815 The refoldmg approxnnately follows first order
kinetics for the first 90% of the reaction. Refoldmg was carried out at 25°C.
B. The log of first order rate constants for refoldmg obtained by CD
or ﬂuorescence measurements at 25°C were plotted as a function of log of ionic
25 su'ength Iomcsu'engthwasvanedfroml=025tol-15 The rate of
refolding increases linearly with log L A ten-fold increase in I results in an

approximately 90-fold increase in the refolding rate.



Figure 1. X-ray Crystal structure of S15 subtilisin A

[err]- carbwfbﬁk?%, ¢Shows the positions of nutations as noted. PCR{BS95/05520
nunberi ng 0O type subtilisin i's kept. Dotted spheres show the position
6f - 15 calciumat the weak ion binding site (B-site) and the forner

posi tion of the high affinity binding site (A-site). The A-site | oop
(dashed line) is absent in this - mutant. N and C termni are
i ndicated. Thé N-term nus is disordered (dotted line).

B. Close-up view of the A-site deletion. THe | oop from S12 subtilisin 20
I's shown as a dotted line with the continuous helix of S15. Superi rrposed S

t he 3* sij grra dFigfu& 8nce Tempenature dependence ofthe refolding patea 9ES16r om

e el A SR 12, D e R
subtilisin. Cal cgutm FoR QAR ichPAE Fealirlited Tronh e E m

Waal s 25 radi us Dashe | 1 nes are coordinati on bonds, while nes
repr esent istploitedges: the retiprocal of the absalute temperwugs,/ Fbe dige is fit accordmg
PCT/ US95/ 055% K. - 9-
Figure 3. Di fer@r&W°@éa‘Hrﬂ’ﬁM@rTﬂe¥?§/ The calorinetric scans of
apo-S12 (Tm = 63.5C) and S15 (T[err] = 63.0[err]C) are shown. Measurenents
were performed with a Hart 7707 DSC (differential scanning cal orinetry)

heat : Figure 9. X-ray crystal structure of the weak ion binding region of

S15 subtilisin. Coordination bonds are shown as dashed lines. Note the
preponderance of charged amino acids.

- DESCRIPTION OF THE PREFERRED EMBODIMENTS

10 As discussed supra, calcium binding contributes substantially to the
thermo-dynamic and kinetic-stability of extracellular microbial proteases.
Moreover, with respect to subtilisin, high activation barriers to unfolding may be
essential to retain the native conformation and to prévent transient unfolding and
proteolysis given the protease-filled environment where subtilisin is secreted and

15  as a result of auto-degradation. The unfolding reaction of subtilisin can be

* divided into two parts as follows: | o
N(Ca) » N« U
where N(Ca) is the native form of subtilisin with calcium bound to the high
affinity calcium-binding site A (Finzel et al., ], Cell. Biochem. Suppl. 10A:272

20  (1986); Pantoliano et al., Biochemistry 27:8311-8317 (1988); McPhalen et al.,
Biochemistry 27:6582-6598 (1988)); N is the folded protein without calcium -
m@; and U is the unfolded protein. Subtilisin is a relatively stable protein
whose stability is in large part mediated by the high affinity calcium site
(Voordouw et al., Biochemistry 15:3716-3724 (1976); Pantoliano et al.,

25  Biochemistry 27:8311-8317 (1988)). The melting temperature of subtilisin at pH
8.0 in the presence of pmblar concentrations of calcium is approximately 75°C
and approximately 56°C in the presence of excess.F.DTA (Takehashi et al.,
Biochemistry 20:6185-6190 (1981); Bryan et al., Proc. Natl. Acad. Sci. USA,



conduction scanning mcrocal orimeter as described (Pantoliano et al., 5= 7
Bi ochem str 7205-7213 (1989)). Sanple conditions were | yci ne,

a pH of W oéé’lg%‘scan rate of 0.5C/ m n. Excess heat capamt@@%@%&gred in
units of [err]Jd/[err]. The calorinmeter anpoul es contained 1.78 ng of :
pr ot ei n. Figure 4. Titration calorinetry of subtilisin

S11. The heat of cal cium bi ndi ng for successive additions of
calciumare plotted vs. the ratio of [Ca]/[P]. 10 The data ‘are best fit
by a cal cul ated binding curve assum ng a jynding constant of 7 X
10[err] and [err]H equal to 11. 3 kcal/rml usmg equation (1) fromthe text.

F 10 d
1O>r< 10[ err] ;?g?%gﬁg%%s (f%&ﬁ hovvn | %w bfr“&q&?fJ (ra]r H aﬁg

the tenper at u(apoenzyni;[ice. | pdtein portion of enzyme) fornlr iof etiktilisin iﬂdﬁ&iédcﬁlapft is
cal ci um di ssoc#atl on fromsubtilisin S11 as a__ 15 function of

tenperature. @ ility; af; 29 °€1 witha-AGnf anfeldinggf-<:5) keatjmol {Pamtoliano

new O LB oRRdRiR o PAANA 0T, Beifide Rt f ol B il 2

fol I owed By tba-tofthesubtﬂxsmrmﬁuenthélapoe&?ﬁﬁrﬁw ighf X B aVibRItng t binds to
(0]

cal ci um The log of the percent of the protein bound
to cal ci um i sintsreediage of subtilisins. tine. The kinetics of dissociation at four

tenperatures are s Lssociati ol f L order
kinetics for the fﬂf@&&@%‘l’f%&m% PF‘@S“ ot'the fo l’é‘g\ﬂé'??‘sﬁrefore
equi | i brium lmemﬁﬁfveﬁorim&ﬁéﬂeéfa'ﬁwofﬁﬁkﬁﬁmtﬂ&ihsb%

negl ect ed. Tenperature dependence of . t%se rate of (

cal ci um di ssoproteolytic aotivity waaelmmsﬂsnnordemo iprevent auto-degradatiom fiwin excess
nat ur a1 " 10g e finify B PR fod etolgioe R TS BRY B srate
(cal cul at ed fic@ﬂinbﬂ&eﬁ)“?éﬁékﬂﬂé‘}ﬁf&ndeﬁn&' ﬂEt_aEHVélﬁte y}ﬁerﬁcy Bré}ﬁékne‘?r t he
This mutation has little effect on the thermal denamration temperature of
subtilisin, but reduces peptidase activity of subtilisin by a factor of approx:mately
3 x 10* (Abrahmsen et al., Biochemistry 30:4151-4159 (1991)). This mutant,
15  therefore, allows the folding of subtilisin to' be studied wn:hout the comphcauons
of proteolysis. In the present specxﬁcauon, a shorthand for denoting amino acid
substitutions employs the smgle letter amino acid code of the amino acid to be
substituted, followed by the number deslgnaung where in the amino acid
sequence the substitution will be made, and followed by the single letter code of
20  the amino acid to be inserted therein. Forexample, $221C denotes the
snbsnmnonofsenne221 to cysteine. 'l'hesubuhsmmutantwnhthxssmgle
amino acid substitution is denoted subtilisin S221C The resulnng 8221C
subtilisin mutant is designated S1.
The subtilisin may be further mutated in order to make the relatively
25  unstable apoenzyme easier to produce and purify. Versions of S1 with three or
four additional mutations, for example, MSOF, Q206I, Y217K and N218S, may
also be employed in the method of the present invention. Such further mutations

1 The S221A mutant was ongmally constructed for this purpose The
mature form of this mutant was heterogeneous on its N-terminus, however,
30 presumably due to some incorrect processing of the pro-enzyme.
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absolute tenperature. The line is fit according to equation (3) in the text
with Tlerr] = 298 K - " Fi gure 6. Anal ysi s of
subtilisin refolding nonitored by circul ar di chroi sm (CD) . 5

A, CD spectra are shown for S15 as follows: (1) S15 in 25 nM
Herr]PQJerr] at pH 1.85; (2) S15 denatured at, pH 1.85 and then neutralized
to pH 7.5 by the addltlon of NaOH, ( S15 denatured at pH 1.85 and

li zed H 30 fter d 0.6
v and (4) Nt veummatvsly ndreasi e 68 &ecflof hntolind .4 b Kin fplany ifrsase
sanpl es was 1 [erhd Mermapdenatumuon tentperatus® Mh%ﬁo@ﬁzﬁﬂfw fi seC m&bﬁmo et

Sanmpl es were denatured at pH 1.85 and t hen e pH was adjusted to

7.5. At tine 0, b, Biochemistryi28:7205d242 (188 dThe mutant containing thed50Fery of

0.3 Mand 0.6 w QABLo2el KERRRhs 5d s21Clamitions Js desiendil STL shihe’ it o

then used to§ecep &y MSOPO Y211 7R, N2185 fandS221045 designated $§2.2
Figure 7. Ki netics of refoldi ng of S15 as_a function of ionic strength.

A. The log of the pdnasder Wrprodutsca subsilisimBPN' proseindaciing calcivem birldmg

Cetolaing - asietydng pReindaf Geneal o e 35E lRing 0P S aium A

i ncrease in negaliw ¢ engineer £hoved calium-fite sdBilisiiprokein?o Thik dbdificorfiprises an

determned fromthe signal at 222 nmfor 20 'native S15 at the sane
concentration andnteoyptioniimthe; sybtilisie BANY carheliy iavioluing amino acids 63-85 of

10 SEQUENCE ID NO:1 (McPhalen and James 1988). Residues 75-83 of the
subtilisin BPN' protein form a loop which interrupts the last turn of the 14-
residue alpha helix involving amino acids 63-85 [SEQUENCE ID NO:1].} Four
of the carbonyl oxygen ligands to the calcium are provided by a loop composed
of amino acids 75-83 [SEQUENCE ID NO:1). The geometry of the ligands is

15  that of a pentagonal bipyramid whose axis runs through thé carbonyls of amino
acids 75 and 79. On one side of the loop is the bidentate carboxylate (D41),
while on the other side is the N-terminus of the protein and the side chain of Q2.
The seven coordination distances range from 2.3 to 2.6 A, the shortest being to
the aspartyl carboxylate. Three hydrogen bonds link the N-terminal segment to

20  loop residues 78-82 in parallel-beta arrangement. A high affinity calcium

| binding site is a common feature of subtilisins which make large contributions to
their high stability. By binding at specific sites in the subtilisin tertiary structure,

(@ 2]

2 The specific activities of SI1, S12 and S15 against the synthetic substrate,
SAAPFna, are the same. (S.A. = 0.0024 U/mg at 25°C, pH 8.0). These
25  measurements were performed on protein freshly purified on a mercury affinity
column. _

3 This set of nine residues was chosen for deletion, as opposed to 74-82
(those actually belonging to the loop) out of preference for Ala 74 rather than
Gly 83 in the resulting continuous helix. Alanine has a higher statistical
30 likelihood for occurrence in a-helix, due to glycine’s broader range of accessible
 backbone conformations.



signal for acid-denatured S15. The refol ding approximtely follows first

or der jnetics for the first 90% of the reaction. RRéehddsgEkQS
carried W&”@F@S[err]c B. The log of first order 2‘rwgte e
constants for refol ding obtained by CD or fluorescence neasurenents
at 25[err]C were plotted as a function of log of ionic 25 strength. lonic
strength was varied from1=0.25 to I=1.5. The rate of ref ol di ng
increases linearly with log I. Aten-fold increase in | results in an -
approximately 90-fold increase in the ref o“d_l ng rate. WO 96/ 09396

PCT/ US95/ 05520 -11-

Ut i o m i n AR i SRAAR Bl 1 ﬁtﬁéﬁs%fs%?éf he By ofc

equi | i bri um comenative sate. t hethe 'pResent irvemidm tshte genkf Was WedYd | N9
he a ute

equati on) Is plotted: vs. the reci: rocal

t enper at ure. Tdelete aming acids 75-83 f SEQUEN mtmd}whxcbnreitesrant he text with
ystal, structure of the

Tlerr]=298 K. . X-ray ,cr

‘weak ion bi ndlmm%mma&%%%lmmwm%ﬁﬁl rAKEigeEe ar e
shown as dnshegh bhdgp). Note the preponder ance of charged am no
aci ds. _ DESCRI PTI ON OF THE -PREFERRED EMBCDI MENTS

The present inventors believed that a stabxhzanon strategy based around
calcium bmdmg would allow survival in the extracellular environment. Since the
major mdusmal uses of subtilisins are in environments containing high ‘
concentrations of metal chelators, it was of great practical significance for the

10  present inventors to prdduce a stable subtilisin Which is independent of calcium
and, therefore, unaffected by the presence of metal chelating agents,
| thletbepresentmventorschosetoehmmatecalcmmbmdmgbytbe
removal of these amino acids, it should be possible to eliminate caicium binding
by othermntauons, e.g., subsumuonofoneormoreoftheammo acids at

15 posmons 75-83 with alternative amino acids and by msertmn, substitution and/or
deletion of amino acids proximate to positions 75-83. This may also be
accomplished by site-specific mutagenesis.

Additionally, because this loop is a common feature of subnl:sms, it is
expected that equxvalent mutations for other subtilisins, in particular class I

20  subtilases, e.g., by s1te-specxfic mutagenesis, wﬂl likewise ehmmate calcium
bmdmg and provide for enzymatically active mutants.

In particular, the present inventors synthesmd by slte-spectﬁc
mutagenesis three subtilisin BPN’ DNA's which have been mutated to eliminate
amino acids 75-83 mvolved in calcium binding and whxch further comprise

25  additional substitution mutauons These mutated subtilisin BPN’ DNA's, upon
expression of the DNA, provide for subtilisin protems having enhanced thermal
stability and/or which are resistant to proteolysis.

The speclﬁc subnhsm BPN' inutants symhes:zed by the present inventors
are designated in this apphcanon as 815, $39, $46, S47 868, S73, S79, and

30  S86. The specific point mutations set forth in the present apphcatmn identify the



10. As di scussed supra, calciumbinding contributes substantially
to the  wooens3dser modynanic and kinetic-stability of extra 3(ps520

m crobi al proteases. Moreover, with respect to subtilisin, high
.dcti vation barriers to unfolding may be essential to retain the
native conformation and to prevent transient unfol ding and

proteol ysis given the protease-filled environment where subtilisin is
secreted and 15 as a result of auto-degral §t|on The unfol di ng reaction
of subtilisin can be d|V|ded into t parts as foll ows:

[err] wher Ca).is qQr thI|L in with calci
bound to the hig ’ SF{WPQ% i ﬁ FRGYy B s%;ttlo&F

J. Cell. Biochengg cshﬁﬁN%ﬁ nﬁ@ Muﬁ%&ﬁﬁh&@%&&g
Bi ochem stry 27:8311-8317 (1988); MPhal en et al Bi oChem stry

27: 6582- 6598( 198Hivention. i For lexarhipleithe ﬁinwhmmmpnsns adeletiomof amino acidsi7fd;
and U is the unfglde Lol ei Subt.il i lvel st.abl tein
whose stability Qiﬁaﬁﬁﬂ"gaﬂﬁé &ﬁ%g" el?ﬁ%éﬂp ﬁPPV (é#i umsite
(Voor douw et gal . WMX??’I@ @ihﬂw 92 Abled 25
Bi ochem stry 27: 8311 '8317 (198 The melting tenper tur«grﬁ? gubtllbxllsolfn at

pH . 8. 0 i amiriocaqids=7583 and fadflitionjliy comprises the following substitutionci um i s
' oReess EDTA { TaiunsionsS2C, BEA, NB1E,¥EsHR anl UG o Tos A6 Gatsat comprises
ryan ot A, #aelelibh of aﬁﬁﬁ&' acid$ '75-835d additiondfty WBniprEedine followx_ng ).
83: 3743- 3745 ( 19ubstitutioltnamtations: CMS0F, Y217Kcandt N2188: The(S4Z mwthny similariy e
- 10 comprises a deletion of amino acids 75-83 and additionally comprises the
following substitution mutations: PSA, N218S, MSOF and Y217K. The S68
mutant comprises a deletion of amino acids 75-83 and additionally comprises the
following substitution mutations: P5S, N218S, M50F and Y217K. The S73
mutant comprises a deletion of amino acids 75-83 as well as the following
15  substitution mutations: Q2K, MSOF, A73L, Q206V, Y217K and N218S. The
$79 mutant comprises a deletion of amino acids 75-83 and additional comprises
the following substitution mutations: Q2K, M50F, A73L, Q206C, Y217K and
'N218S. Finally, the S86 mutant comprises a deletion of amino acids 75-83 as
well as the following substitution mutations: Q2K, S3C, M50F, A73L, Q206C,
20  Y217K and N218S. The specific activities of the proteolytically active S46, S47,
$68, S73, S79 and 586 subtilisins have been found to be similar or enhanced in
relation to the wild-type enzyme. |
The various A75-83 subtilisins which were synthesized by the inventors
are shown in Table I, below. The particular points of mutation in the amino acid
25  sequence of subtilisin BPN’ amino acid sequence, as set forth in SEQUENCE ID
NO:1, are identified. The synthesis of these mutants is described in more detail

infra.
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cunul atively increase the free energy of unfolding by 3.0 kcal/nol and

i ncrease the thermal denaturation tenperature of.the apoenzyne by
11.5[err] C (Pantoliano et al ., Biochemstry 28:7205-7213 (1989)).
The mutant contai ning the MOF, 061, Y217K, N218S and S221C
mutations is designated S11 and the nmutant _f_ containing the MOF,
Y217K, N218S and S221C is designated Sl12.[er r? In order to

produce a subtilisin Bﬁ*\‘o #t?ﬁf .
the present inventors elect egéto eletet |ng c?ﬂ(i)l%glbn t célﬁluﬁnﬁil
site to engineer efsubnhbmcdhe::ﬂnrmﬁdymmustﬁrﬂlhmtrwmf&hhmn bﬁdxng ktmlxe high

ig\zglrl/;saésggnugg ; interru EAO&)I n the subH i si &Maﬂ-"]@r&‘gﬁlﬁﬁ)&?ﬁt&s
whi c% interrupts %ﬁéé?ats)ﬁturn lg??]ﬂaﬂg%hﬁw reg%ﬂkﬁw he¢1 I X P
oyl oo oo SeagE & “@5‘“”2@?&%@?@:3&%&:‘:&“
of anmino acids 7@%@"{‘@@&9&*@&“ &3@ ﬂ i Hﬁm the-standard, 15
amno o P ot dieh ey oP Bl 658 1o e IS éf‘-ﬁwﬁﬁsﬁ%ﬂx{aﬁ?ﬂw

carboxyl ate (DA41)subtilisin (e.g0id €xcess ED&‘Agtakeaccardﬂglysvewelow t Foferample| thee
protein and the SI de chal n of .The seven_coordi nati on di stances
range from 2.3 t lifex(t) phef iariag from subtilisin, tijge, thetime for half of

car boxy | 2t . g1 S WLARES s@?«.?ﬁ%s @E%é%bﬁ{s% EA R R L7 O
EBR?L Pguts: E)ﬁsl tSOa CoNMMXay fyseildoghiphy $hows titat Eﬁcephfmkgiohfﬂfm deleted
calcium-binding loop, the structure of the subtilisin mutants and the wild type
protein are very similar. The N-terminus of the wild-type protein lies beside the
site A loop and furnishes one calcium coordination ligand, the side chain oxygen
15 of Q2. In A75-83 subtilisin, the loop is gone, leaving residues 1-4 disordered.
These first four residues are disordered in the X-ray structure since all its
interactions were with the calcium loop. N-terminal sequencing confirms that the
first four amino acids are present, confirming that processing occurs at the
normal site. The helix is shown to be uninterrupted and shows normal helical
20  geometry over its entire length. X-ray crystallography further shows that the
structures of subtilisin with and without the deletion superimpose with a root
mean square (r.m.s.) difference between 261 a-carbon positions of 0.17 A, and
are remarkably siinilar considering the size of the deletion. Diffuse difference
density and higher temperature factors, however, indicate some disorder in the -
25  npewly exposed residues adjacent to the deletion.

While the elimination of calcium binding is advantageous since it
produces proteins that are more stable in the presence of metal chelators, it is
disadvénmgeous in at least one respect. Specifically, the elimination of the

. calcium loop without any other compensating mutations results in the
30  destabilization of the native state relative to the partially folded states and,



their high stability. By binding at speC|f|c sites in the subtilisin

tertlary structure, 2 The specific activities 8@9%%5? 12 and
S15 agai NQ9Md%ynt hetic substrate, SAAPFna, are the

0.0024 Ung at 25[err]C, pH 8.0). These 25 measur enents were perforned oh
protein freshly purified on a nmercury affinity col um.

[err] This set of nine residues was chosen for deletion, as opposed to
74-82 (those actually belonging to the |oop) out of preference for
Ala 74 rather than Ay 83 in the rest8-ting continuous helix. Al anine
has a hlgher statistical 30 | i kel i hood for _occurrence in a-helix, due to

gl yci ne' s br oathsreforen @doss ofscaoperativity in foldmgbafké)pmemdnﬁemmtmﬁaugm to WO

96/ 09396
PCT/ US95/ 0552 ofurther geneucally engineer the subtilisin S15 BPN' protein lackmg amino .acigs

tssgt): ?r %/ysg][ HeI5i8S: m%ﬁu‘e& native . Sﬂg&ﬁﬁ%&f@ pwr%ﬁﬁl\}e rng%twnt e

si te-directed designed preteins\alispartscaf the molecule mdntempenum,omazing&hﬁ 83 of

fll d _hel d
gEC%JFgﬁSSIEhe AHEEA Crﬁ@&’gbs 2Operasy atcmum 5 t;llilptégﬂ l‘em!‘anaan nd 1B).
The present | s Yrdedtid o%utRikvi Vafficierk SABitred 3 o ndtVe i Yol Bkl 2 LN

function since the overall stability of the nauve conformatxon is roughly the sum
of all local interactions. _

Therefore, while the A75-83 subtilisin is an example of an engineered (

10  subtilisin which is active and stable in the absence of calcium, the present
inventors sought to improve this protem by further mutation. The design of a
particular highly stable calcium-free subtilisin relies on an iterative engineering
cycle. 'I'hepmentmventorsfoundthatthereqmsueﬁrststepmthecyclewas '
to greatly diminish the proteolync actmty of subtilisin. This is necessary

15  bécause calcium contributes greatly to the conformauonal stabxhty of subnhsm
and the early versions of calcium-free subtxhsm are mscepnble to proteolysis.
Afterreducmgthesusceptibmtytoproteolysls, the next step in the cycle was to
eliminate sequences essential for calcium binding, i.c., the A-site. Although the -
S15 A75-83 subtilisin is much less stable than the wild type subtilisin in the

20 prwenceofcalcnnn, thlsmutannsmorestablethanwﬂdtypesubuhsmmthe
presence of the metal chelstor EDTA. _ .

Accordingly, the third step was to improve the stability of the calcium-
free subtilisin protem To improve the stability of calcium-free subtilisin, the
presentmventorsnextmedtocreateahomeforthednsoxﬂeredN—termmal

25  residues. In order to create a highly stable calcnnn-free subtxhsm, the
N- termmalpartofthcprotemwhxchxsdestabﬂmdbythedeleuonofthe calcium
A-loop may be modified. For example the N-terminus which is disordered may
be deleted or extended. Thls however, is problemanc because the requirements
for processing the propeptide from the mature protem are not known Itis

30 known, however, that the processing site is not determined by amino acid



ealcium bi nding would allow survival in the extracellular e

Si nce the wo96/093%naj or i ndustrial uses of subtilisins are i'n“environents

cont ai ni ng hi gh concentrations of nmetal chelators, it was of great
pgractical significance for the 10 present inventors to produce a stable
subtilisin which is independent of cal cium and, therefore,

unaf fected by the presence of metal chelating agents. * \Wiile

the present inventors chose to elininate calgg.um binding by the

removal of these amino acids, it should be possible to elimnate cal cium

bi ndi ng bﬁ Qe sifitd AutRESY1A @he CIefsinbé bf tie'propeptide),0A10wNd QIR t he

am no acids at positions 75-83 wth alternative amno acids and b
i nsertion, subst idowot alterzthe/site of cleavagedeltds also lmpwarﬁhatdhamge prestmrecaf

s 1 ki e s S SR ey

feature of subtl nobéﬁft‘:d cmirect?Xpﬁﬁ%fﬁ qﬁowww@tmens for
ot her subtilisins, In parl%lcu ar clas ases e.g., by
site-specifi§ nupruessiag site Viniei'achohsewuthethebxmungaNetennimsmybeopummeddu ng
and provide for enzymatically act | ve nut a rticular,

a
the present- i nvent or s Expmanationof %fspgéﬁ“ibghsm reveal%{matﬂ%q BSis three
subtilisin BPN Qﬁgﬁ% é&E’Eﬁt gions?6F the
acids 75-83 invo%&ﬁpﬁ@ﬁ?'ﬂﬁl&gﬂggﬂb and Whl C ur ther corr;x;erl(')se 25
addi tional subst strudtin® mostt effectedby iﬂeeielemtm the Nterminakaminridids BRAthe,
upon expression of the DNA provide subtl | isin | havi ng
enhanced t her nal 36-45 w-loap, the T+7¢ ‘H‘Eﬂ%ﬂ"vﬁfi’gﬁ ‘BE?B%:;;IBSB riBbon

prot eol ysi s &?{dgg g@lﬂ;ﬂ Sisodderd iged
by the preséRt [ vaxpgslys&% ar eﬁggém ghated I n |§s§§lapp | ca?;feon as S15,
S39, $46, SA7, Sgip x-FayPstnivhre simsé dlDits infétactions dhad jbeen With qhelcalcmmtlenp ons

O e e e e Yk e firse o e S0 ar
~ present confirming that processing occurs at the normal site. Other than the N-
terminus, there are three other residues whose side chain conformations are
15  distinctly different from wild type. Y6 swings out of a surface niche into a more
solvent-exposed position, as an indirect effect of the destabilization of the

N-terminus. D41, a former calcium ligand, and Y214 undergo a coordinated
rearrangement, forming a new hydrogen bond. The B-factors of all three
residues increase significantly due to the deletion of amino acids 75-83. In

20  addition, S87 and A88 do not change conformation but exhibit significantly
increased B-factors. P86 ternnmtes the c-helix from which the calcium loop
was deleted. In view of the above, other mutations at one or more of the above
mentioned sites, or at the amino acids proximate thereto, will provide for
subtilisin BPN' mutants comprising greater enzymatic activity or increased

25  stability.

There are several logical strategies for remodeling this region of the
protein to produce subtilisin BPN’ mutants comprising greater enzym_atic activity
or increased stability. Since the N-terminal four amino acids are disordered in

. the x-ray structure, one possible approach would be to delete them from the
30 protein. The requirements for processing the propeptide from the mature protein



-15- particular amno acids in the subtilisin BPN am no acid

sequenc - forth in SEQUENCE 1D NO 1, that ,qlgg Ligisegl 1 N
accordaﬁ‘yg%mﬁ%t he present - i nvention. For exanpl Z’,Eﬁ't e S‘lSGlmJt ant
conprises a deletion of am no acids 75- 83 and additionally
conprises the follow ng substitution nutations: S221C 5 N218S, MbOF
and Y217K. The S39 nmutant simlarly conpri ses a del etion of anm no
aci ds 75-83 and additionally conprises the following substituti‘on

mut ati ons: S221C, P5A, N218S, MOF and Y The S46 nutant conprises

;Jgglt :a: L?Inogf H?ﬁmééloqﬁgl %3083 an% addi ti oggketégcogrl SeSs thegl;e%l : g\r/v: ;g
the o Sl rigion 8, iR roBfmin: K MistSbon SRgH R | TR

The S68 delenmsamtthecwmnmm ragldnimanoxdéd trfavor of atiting/5ci83 and
%Si'gé', VooF cRipemoRs. Myt origiial g Aeds gh e Aheye Jesiated rogions Of i no
VeoF, a7at, CBBEsin hich st Wk g arhbo M%W&a{%%ﬁﬂé&@

del etion of alunger be bpimal- Riwas) dherefdrs, possibleconiptteasisthe stabili
foll ow ng substitution nutations: 2K, MOF, A73L, Q06C, Y21/K and

N218S. Fi nal | Jolecle tyssubstituting, deleting or adding et leastoneamingiacis atpasitions- 83 as

\é\gl | 331522%%%%%%&8‘% ?(?3 MSE; o'ltvgg::yt |A<7:2|L| szzig'?lcve
S46, S47, mmmimwmwmmlmgoﬁmmww to be {

simlar or enhanced in relation to the wl

| t en
The vari s [«eatp morgFlexibility ft-pasition .. Thiscinereasad: fexi %ﬁ@d g -'eﬂl@ i nventors

acid 25 Qeqﬂgﬁ@%ﬁﬁqﬁ@?“@%wﬁ%@ﬂhﬁﬁm offhe fhpledf, 71 17

SEQUENCE | D created by eletionadfthe dﬂaiuni lobi Ofice wm%mpissﬁﬁwe tﬁitiu%nt sis
described in nore detail
location its local interactions may then be opnmxzed _
The PSA mutation was made to try to create more flexibility for the
15  N:terminus and allow it to find a unique position along the new surface of the
- protein that was created by deletion of the calcium loop. In the native structure,
the first five amino acids are in an extended conformation and form 8-pair
hydrogen bonds with the calcium loop as well as the Q2 side chain interaction
‘with the caicium. The proline at position 5, which is conserved amiong seven
20  bacterial subtilisins which have a homologous calcium A-site, may help stabilize
the extended conformation. The PSA mutation in A75-83 subtilisin should thus
result in an increase in the cooperativity of the unfolding reaction. The X-ray
structure of this variant has been determined to 1.8 A.
In foto, the present inventors selected amino acids at ten different
25  positions whose environment had changed substantially for substitution. A
mutagenesis and screening procedure was developed in order to screen all
possible substitutions at a particular site. The technique for generating and
screening subtilisin variants involves in vitro mutagenesis of the cloned subtilisin
gene, expression of the mutated genes in B. subtilis, and screening for enhanced
30  stability. ' - .

-



WD 96/ 09396 PCT/ US95/ 05520 [err] WO 96/ 09396
PCT/ US95/ 054w0®6/09396 PCT/US95/05520

Ip order to understand the contribution of calciumbinding to the stability
of Subtilisin, the thernodynanics and kinetics of calciumbinding to the

hi gh af fi ni ty calciumA-site were neasured by mcrocal orinmetry and
fl uorescence spectroscopy. Calciumbinding is an enthal pically
driven process with an S - association copgtant (K[er]r) equal to 7 x
10[err] Merr]. The kinetic barrier to cal cium removal fromthe

A-sit 23 kcal / nol f
.enzlrg§ (()f bi ﬁgi ngo(g.ﬁﬁwgs*%ne |%C?E%€ ‘Ii’gl uﬁﬂﬁa{s)somcsiﬁon fig%

subtilisin (e.g. mﬁdlswgmﬁﬁéhgmlwudaﬂmlmdegmmvatmmnpm
t he half-life [err]) of, cal ¢ci um di ssoci tlonfromsubtlllsm
i.e., the time f6e W ntaipech all sombinations of thesequance NNB: whewei Niisi n,

excent for the 8 &%ﬁ%&?&%&m T, YarGy i SRR g Sifed

structure of 5t hegtis populationemsode Tos all tWesityantihd dcidy Bt exclude the RkBiecdnd ar e
very simlar. The termnus of the wld-type protein |lies beside the
termination codons. The mutagenized genes were used to transform B.

subtilis. Examples of particular mutations are shown in Table II as follows:



site A loop and furnishes one cal ci um coordination |igand, the side chain : °
oxygen 15 of Q. In A75-83 subtilisin, the loop is go‘nel,al i

resi duesWO.%08%or der ed. Thesg girst four residues are disordered .
in the X-ray structure since,all its interactions were with the
calcium |l oop. N-termnal seqpencing confirnms that the first four
am no acids are present, conjirmng that processing occyrs at the
normal site. The helix is shpwn to be uniggerrupted and}]shows nornal
hel i cal 20 geonetry over ifs entige lengeh, X-ray crgygtal | ography further
shows that the strucfure (% subt i inwth &g without the
del etion superinpose with a joot =gy  sqlrey($EIms.) difference
bet ween 261 [err]-carbon pos|tiofs® gl g -an O are remar kabl y
simlar considering the size|of . <et' AD 6uf liff f er ence
density and hi gher tenperatufe f g..hewé/e » Qndd & e sone disorder in
the 25 new y exposed residpes & ] ﬁ) h | &QQiDh. .
While the elimnation of calfium H] | s <ad a sggce it
produces proteins that are npre F-) n @ ,_eg' f ;|Aetal chelators,
it is di sadvant ageous} i n £ eng B ctO Z e0§fi cally, the
elimnation of the cal ci u@: <i thaut Quy o npensati ng
mutations results in the 30} de& E)Eza é&n h_glti\z state rel ative
to the partially fol ded statls amﬂézz' gEG #s9 E 4
PCT/ US95/ 05520 therg 8 Za & Qo tigi ty in folding.
The present inventors thus»sbughrugi- E-fﬁ: e % etgcal ly engi neer
the subtilisin S15 BPN prggein €@ agé) & S e £ 75-83 in order‘
to rest cooperatgyity t_g_ﬁ f oftlin ma§§n< ?s{ wed| _
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5 . unfolding reaction highly cooperative. Cooperativity of the folding
reacti on wooe/09398! | OWs proteins to achieve sufficient stabPGIYSFOFR0¢he
native state for proper ' function since the overall stability of the
native conformation is roughly the sum of all local interactions.
Therefore, while the [err]75-83 subtilisin is an exanple of an engi neer ed

10 subtilisin which is active and stable in the absence of calcium the-

pr esent i nventors sought to inprove this protein by further

mut ati on. The design of a particul ar*# ghl y stable calciumfree
subtilisin relies on an iterative englneerlng cl.e, The present

i nventors found that Tedavea®8%h chance tmﬂ%mmm glutamate ort o

T5° blcause cal RO e ko fopiph, Sor RSt ekl fhopd 000 bl SicERRT" Y,

subtilisin Each'6f thbge Gciohy is/'Rpfdsemted b chdy 6he!of theot8 coddink lcontained'is

suscepti bl e to prot eol ysi s. After reducing the susceptibility to
pr ot eol ysi s, tiop of sequences\NNB. \aedans for all othes|amine acids ge&juences

Corr] 7583 Shibt .%M BY aRfeast b e 6 . el Bl o Pepis seresibl |
the 20  presencst ghiouf RE mitfant (clories 10 have a '98 % 'Eliancé bf Be twalﬂﬂlﬁe

subtilisin in the presence of the metal chelator
Accor di ngly, themulantpomﬂnpmvas to inprove the stability of the cal cium

free subtilisin prot rove the stabidli of . caIC| m.free

subtilisin the = 8 H@Cﬁ&]% Agihd grid at 5 gisitiod, Fuitis Yefr sreqas

. the disordered | r tabl e
Yok Woﬁ&qﬂaﬁé aéﬁﬁﬁyad §§| rA®re." 200 Gl df Miedid Was

cal ciumfree subti N-term rt of the proteln which is
dest abi | i zelD by dispenskd in ¢ach ofifthe ﬁévzeﬂscnfmcrouter dish! cﬁahrmgllms nmnhmld

taris? oy Wik i g, T
515 v 11 g i i, e S M T i
WO 96/ 09396 in a second microtiter dish. This dish was then incubated for one hour at 65°C.
The dish was allowed to cool to room temperature following the high
15  temperature incubation and 100 ul of 1 mM SAAPF-pNA was added to each .
well. The wells which cleaved the pNA (turned yellow) quickest were deemed to
contain the most heat resistant subtilisin mutant. Once preliminary identification
of a stable mutant was made from the second microliter dish, the Bacillus cione
in the corresponding well in the first microliter dish was grown up for further
20  analysis.
| The screening procedure identified stabilizing mutations at seven of the
ten positions which were examined. As noted, these amino acid positions were
selected at positions of the protein whose environment has changed substantially
by virtue of the calcium domain deletion. No mutations were identified at
25  positions 4, 74 and 214 which by themselves significantly increased the half-life
of the mutant relative to the parent subtilisin. However, at position 214 the
effect of only hydrophobic amino acids was screened. No mutations were found
" at positions 5, 41 and 43 which resulted in measurable but modest increases in
stability. Moreover, several mutations were found at positions at 2, 3, 73, and




-19- sequence since nutants Y1A (the C-term nus of the =
propept i de” A%g:- and Q2R do not alter the site ofpcqfyoyedsy It 1S
al so kn the native structure of the N-termnus in .
subtilisin does not determ ne the cleavage site because the A75-83

variants are processed correctly. Since it is not yet known how to alter

t he 5 processing site, interactions with the existing N-term nus may
be optim zed. Exani nation of the structure of S15
subtilisin reveal ed nunerous posshjg_ lities for inproving stability
of the mutant enzyme. The regions of the structure nost affect ed by

he del N al.
forr] §E'pf’”tﬁég 7@% g%'ﬁ?f”ﬁtﬁ ekt e ik gt b R iaen, I o
[err]-ribbon. g s%ﬂ%# YoutdtionS dre Bﬁlﬂ%ﬂ hiﬁblé(mrasrﬁﬁbﬂk‘es in

A75- 83 SUth|ISIn are di sordered I n the ray structure since all
its interactions had been with the cal cium | oop. . N-termnal

sequenci ng shows, however, 't hatTablecHI - Stabilizing Mutatiensaci ds are
present confirm ng that processing occurs at the normal site. Qther than

the N- termnus, there are three other residues whose side chain
conf or mat i ons Begion of proteini st i nct | §iteli f f erent from wilngreasee. Y6 swings out
of a surface Fﬁe TTLO a nor e ' SOl VENI - EXPOSEY posTtron, as an

i ndirect of f ec-tSMIBHE dest abi | i zaRPBn of the 2.00Mer 1vi nus. D41, a
former calciu ..and Y214 u 0 a coordinate

rearrangenent r’%jf_g? a new hydrogzagbond. The B—fagg'rfg of all three ‘
resi dues incregpeaRy ggm{bbﬁantly dugaoewt he del etion of sggigno aci ds 75-83.

In 20 addi ti1on, 7 and A88 do not change conformati on but exhibit

signifcantly Nm;ﬁmed B- $3CQ206C (disulfide)ni ristfoid t he [err]-helix
fromwhi ch t hre=catcrumrtoop - —ers—tretetet—tmrrrenw-ot—tire—airove
other nmutations at one or nore of the above : ment i oned sites, or at

L e e U PG S sl RO s o0, 730 AT

stabilityy were combnfnedwefeﬁteaﬁmﬁﬁﬁﬁ ﬁ'ﬁ&gﬁu&ré}‘tm Subtifiélh as
renodeling this region o rotein t roduce subt|I|S|n BPN
mut ant s conprwell agsgs,esmancw&m summanzed my'l‘able




O6r.increased stability. Since the NNterm nal four am no aci d?ﬁ%ﬁ’%ﬁﬁ“d be '

di sor der ed w96/09396 the x-ray structure, one possible app

to delete themfromthe 30 protein. The requirenents for processing the
- propeptide fromthe mature protein - WD 96/ 09396 :

PCT/ US9/ 05520 , - 20-

are not understood, however. Inserting or deleting amno acids fromthe
N-term nal region is, therefore, problemati For this reason insertions
and deletions in the N-term nal regitC;'(?‘were avoi ded in favor of

am no acid substituions. Many of the original amno acids in the
above descri bed regions of 5 subtili si n which interacted with the am no
acids 75-83 1oop can be assumed to no Ilquer be optimal. It was,
therefore, possible to | ncr ease the st abi I Py of t he, nol ecul e by

substituting, deletin eas one I NO t 05|t|ons
whose envi ronnment r@g the ‘é&i |on i-falflhf‘ P rfﬁ?
first attenpt was_to rrutate the proline at positiqn {60 C);\Ianl ne ta 10
create nore flexibidjey at position 5. m|§ncreasec§ ikl Pility allows
t he - N-term totrytoflndaunlq position along the new
surface of the protgpsn, Q2K created 160Uimgeti on of 2§ mincal ci unil-foid.
Once the N-term nus assumpg3p uni que | ocation its local interactions
may then be optim zed. Q206V The PSA nutation was nade to try to
create more flexibility for the 15 N-termnus and allow it to f:ﬁgfg)f
uni que posit§ on al &79 t heQBBw surface of N pi®THR, t hat 1
‘created by deletion of thA78kl ciumloop. In the natlve structure,

the first five anmino aci dQ286€ in an extended conformation and form

[err]-pair roge&zg)nds wth t@?UftﬁéC' um | oogoﬂﬁnwe' ! 3535 ?&lsz

side chain interact

$3C°
A73L s
Q206C
n All of subtilisins S46, S73, S79 and S86 contain the mutations MSOF, Y217K and N218S and Q271E.
2) Specific activity is mummdammmcemyl—bAh—L-Ala—L-Pm-L-Phe-p—mmﬂMSM-pNA) in
: 10mM Tris-HCI, pH 8.0.at 25°C.
10 3) Half-life is measured at 60°C in 10mM Tris-HCI, pH 8.0 50mM NaCl and 10mM EDTA.
4) Not determined.
5) Dlsulﬁdebondwasfmmedbetweenthecystemesatposmonﬂ and 206. The formation of a disulfide

bond was confirmed by measuring the ndmofgynuonofthe denatured protein by gel electrophoresis.

In many cases, the choice of amino acid at a particular position will be
15 mﬂuenced by the amino acids at neighboring positions. Therefore, in order to
find the best combinations of stabilizing amino acids, 'itwillbenecessaryin
some cases to vary the amino acids at two or more positions sxmultaneously In
parneular this was effected at positions 3 and 206 with amino acids whose side
chains can potentially interact. It was determined that the best combination qf
20  modifications was cysteine modifications at positions 3 and 206. This
modification was denoted as S86. Because of the close proximity and suitable
geometry between the cysteines at these two positions a disulfide cross-link forms
' spontaneously between these two residues.
The stability of the S86 subtilisin was studied in relation to S73. It was
25  found that the half-life of S86 is 80 minutes at 60°C in 10mM Tris-HC1, pH
8.0, 50mM NaCl and 10mM EDTA, a 3.2-fold enhancement relative to S73



W|th the cal cium The proline at position-5 which is conserved anong seven ’
baCtﬁb'g%gﬁFbti l'isins which have a honol ogous cal ci Umpgerfiish y help

stablllze he extended conformation. The PSA nutation in [err]75-83 .
subtilisin should thus result in an increase in the cooperativity of

t he unfol ding reaction. The X-ray ‘structure of this variant has been
determned to 1.8 A : In toto, the present inventors sel ected
amno acids at ten different 25 posi ti ons whose environnent had changed
substantially for substitution. A Wgeagenesi s and screeni ng procedure
was devel oped in order to screen all possi bl e substitutions at a

Cobti 1sim variobal 157 POLAE, {3208 SBie ARl yould pd HHHR W form i i

gene, expr essumﬁvommemmcnéoﬂanﬁmelwu&mm bécuserihid 7583 St f O
enhanced 30 stability: WO 96/ 09396
PCT/ US95/ 0552d00p separates N-terminal amino acids from the 202-219 8 ribbon. -21-

Subt 1 ohn qertHefsEPhe, 164 EaEAGR A 3bulP e DRl BR suBec: $Hs mmantgon
The 5 degakirghitie 7583 binddy Wﬁﬁllall&elyﬂw&deﬂea veimhb&v s NNB,

where N is any of the four nucleotides and. B.is T, G The 48
codons r epr es Sigilasly eysteine madified s thesetpositionsicode for al | tvventy am no

: ?ncllt SZelrjl:Jtzegxglazcejg \t*gfsegﬁ’gé'gd?ﬁﬂtsmgf?ﬂh%& i w@bbf’ﬂl _ﬁg%.ﬂ%’g}glees of
particul ar nmubter aiibtilisifs 6'RMeT-SNadPRE2 group i théit caldfim loops were deleted :
(see Siezen et al, Protein Engineering, 4, pp. 719-737 at Figure 7). This is a ‘
10  reasonable expectation based on the fact that the primary calcium site in these
different subtilisins are formed from almost ldenncal 9 residue loops comprised
in the identical position of helix C..

)Lfaysuucnuesofﬂn:LSIsubuhmns!ﬂ%@and(}nmﬂnwg,mswmuzmthe

I-S2. subnhsm (savmase), have been determmed to high resolution. Comparison
15  of these structures demonstrates that all three have almost 1dent1cal calcium
A-sites. '

The X-ray structure of the class T subtilase, thermmse from
IZemmwuunmumxsvu%unaxsahoknmwn 1mnmy1ﬂm¢nmnnlmmmmpgyof
BPN’ to thermxtase is mnch lower than the homology of BPN' to I-S1 and I-S2

20 subnhmms,ﬂnnnuuwelnwlnenshowntnlﬁnmzulanﬂmgouscakmmnl&sue In
the case of thermitase, theloopxsatenresxduemtenupnonattheldenncalsue
inhelix C. '

Thus, it is expected that the stab:lxzmg mutanons exemphﬁed herem will
unpantmnnhwlxmeﬁcmﬂeﬂbmstnxﬂabdmyfbrﬂu:aﬂcnunloop«hﬂdmd*wusunm

25 of other class I subtilases.

The stabxhty of §73, S76 and S86 subnhsms relanve to S46 subnhsm was
compared by measuring their resistance to thermal macnvanon at 60°C in 10mM
Tris-HCI, pH 8.0, S0mM NaCl and 10mM EDTA. Aliquots were removed at
intervals and the activity remaining in each aliquot was determined. Under these
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conditions, the half-life of S46 subtilisin is 2.3 minutes and the half-life of S73 is
25 minutes (Table IV).

In order to identify other mutants having increased stablhty any
mutagenesis technique known by those skilled in the art may be used. One
example of such a technique for generating and screening subtilisin variants
involves three steps: 1) in vitro mutagenesis of the cloned subtilisin gene;

2) expression of mutated genes in B. subtilis, and 3) screening for enhanced
stability. The key element in the random mutagenesis approach is being able to
screen large numbers of variants.

Although random mutagenesis may be employed, the mutagenesis
procedure described above allows for mutations to be directed to localized
regions of the protein {e.g., the N-terminal region). As noted supra, the 546,
$47, S68, S73, $79 and S86 mutants (which comprise the active-site $221) were
found to be enzymatically active. It is expected that other substitutions may be
identified which ﬁrovide for equivalent or even greater stability and activity.

' The aéﬁvities of examples of the calcium-free subtilisin mutants of the
present invention against the substrate SAAPF-pNA in Tris-HCI, pH 8.0 and
25°C are given in Table V as follows:

| Table V |
Subtilisin . Specific activity ~ Half-life (55°C)
BEN' | . 80 U/mg 2 min
S12 0.0025 U/mg N.D.1
s15 | © 0.0025 U/mg N.D.!

- 839 | 0.0025 U/mg N.D.!

S46 125 U/mg 22 min
$47 90 U/mg | 4.7 min
S68 ~100 U/mg 25 min

1) Half-lives were not determined for inactive subsilisins.
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:Aﬁleghlf/vlereg Z;ab hé@wiﬂ% tions gt, seven of fgﬁg@sm ten §OSI'[ 9ns
subst ant A3) | JFY)- THE pfeeld S G B S Wﬁ. S Hifguors

mut at i ons vverwerajmmwedeaimbrvalﬁand the activipnrendaining in Jiwds by
t hensel ves significantl n,creas dthe half-life t_he rrut ant
relative to tﬂ@’m meﬂl"%ﬂﬁgﬂnﬁg- tYnder these -

Pt o1l st A O 8 S OV 481G,
nodest i ncr easubtilisin BPN’. Thes¢ résults ilmcammmuﬂlsmswdndi hmahéenqnatawﬂr e
round &t 1§o8! & liminate Galciii binding at site A have full catalytic activity and improved
stability in EDTA relative to subtilisin BPN". A reasoniable level of stability in
$46 was achieved even without addmonal mutations to compensate for lost
interactions resulting from deleting amino acids 75-83.
Thus, the present inventors have provided convincing evidence that
20  subtilisin mutants may be obtained which remain active and yet do not bind
calcium. It is expected therefore that these mutants may be utilized in industrial
environments that comprise chelating agents. While this has only been
specifically shown with subtilisin BPN’, equivalent mutations should work with
other serine proteases as well, most particularly other I-S1 or I-S2 subtilisins
25  given that these subtilisins possess substantial sequence similarity,' especially in
the calcium binding site.
Such strategies, for example, may involve comparing the sequence of
subtilisin BPN’ to other serine proteases in order to identify the amino acids
which are suspected to be necessary for calcium bmdmg and then making smtable'

30 modifications, e.g., by site-specific mutagenesis. Since many subtilisins are
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- 24- WO 8689396 ch significantly increased the half-1i f cPETUSIIOSHA: ant
relative to.the parent . subtilisin. These stabl I | ng mutations are
shown in Table Il as foll ows: Table I'll -
Stabilizing Mitations Regi on of protein Site

| ncrease 5 N-t er m nus: Q2K 2.0-fold
63-85 [err]-helix: A73L 29 . 2.6-fold

202-220 [err]-ribbon QOo6V i 4.5-fold

g; ;&rlml Q:Jﬁg_ a%e”laééd bbﬂ-\%&%’?mpm é‘ﬂl Eﬁrl?;‘lgg i piife fogf*d&lﬁlj‘ceaﬁadzoe(\/) 10
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that other active subtilisin mutants which lack calcium binding may be produced
by site specific mutagenesis. For example, structural evidence exists that the
5  homologous enzyme subtilisin Carlsberg also comprises two calcium binding
sites. Similarly, the X-ray structure of thermitase is known and this subtilisin
has an analogous calcium A binding-site to that of subtilisin BPN’. For
thermitase, the calcium binding loop is a ten residue interruption at the identical
site in helix C. Accordingly, these enzymes should also be amenable to the
10  mutations described herein which eliminate the calcium binding site and.produce
a stable, active enzyme. Moreover, as discussed supra, Siezen et al, has
demonstrated that the primary calcium binding site in all subtilisins in groups I-
S1 and I-S2 are formed from almost identical nine residue loops in the identical
. position of helix C. Thus, in view of the almost identical structures of the
15  calcium A-sites, the methods described herein should be applicable to most if not
all of the subtilisins in groups I-S1 and I-S2 set forth in Siezen et al.
Alternatively, if the amino acids which comprise the calcium binding sites
are already known for a particular subtilisin, the corresponding DNA will be
mutated by site specific mutagenesis to delete one or more of such amino acids,
20  or to provide substitution, deletion or addition mutations whiéh eliminate calcium
The subject mutant subtilisins will generally be produced by recombinant
methods, in particular by expression of a subtilisin DNA which has been mutated
such that upon expression it results in a subtilisin protein which is enzymatically
25  active and which does not bind calcium. | |
~ Preferably, the subtilisin DNA’s will be expressed in microbial host cells,
in particular Bacillus subrilis, because this bacteria naturally produces subtilisin,
is an efficient secretor of proteins, and is able to produce the protein in an active
. conformation. However, the invention is nbt restricted to the expression of the
30  subtilisin mutant in Bacillus, but rather embraces expression in any host cell
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Half-life | ncrease

(60[err]Qferr] S46 - 100U/ ny

2.3 mn S73 Q@K 160U/-ng 25
m n 11-fold A73L '

Qo06V 5 S79 Q@K -30- N. D. 4 18
mn 8-fold A73L

Q06C whxglé pﬁ&ﬁdesf i for e@iéssxon of the desired subtilish¥ tiutints. Suitable host 80
mn 0 r

A73L cells for expression atp yeai} lorown in the art andl)ncluJe £ig., bacteriaithast si ns

01c> ST At i e Sl Pldinahl: Ve
succi nyl - L- Alsach as\SacdhaFdimyces vérevisiue] h&ﬁé%mw ces, Candida, 10mM

Tris-HA, pH 8.0 at 25[err]C. 10 3). Hal f-1ife i-s measured at
60[ err] Ci n 1chivosmccharomycespané manspaliambast cellsisuchras) CHOcells. Bacterial)

Not determ n Di s bon S forrred bet ween t he
cystei nes at %gﬁ's?ﬁ“ﬁoh%‘"?’%nm Pf&ﬁl?"ai‘%&eﬁa %I fide

Expression of the subtilisin DNA will -be provided using available vectors
and regulatory sequences. Theacmalselecnonwﬂldependmlargepartuponthe
particular host cells which are unlmd for expmslon For example, if the

10  subtilisin mutant DNA is expressed mBacdlus aBacxllus promoterwxll
generally be utilized as well as a Bacillus dcnved vector. The present inventors
in particular used the pUB1 lO—based expressmn vector and the native promoter
from the subtilisin BPN’ gene to control exprsslon on Bacillus subtilis.

It:sﬁn&ernotedthatoncetheammoamdsequenceofaparncular

15 subuhsmmutantwhxchdoesnotbmdcalcmmhasbeenelucxdated 1tmay also be
possible to make the subtilisin mutant by protem synthes:s e. g by Merrifield

will generally be preferred since this will allow for the microbial host cell to
produce the subtilisin protein in a proper conformation for enzymatic activity.

20 However, smcethepresentmventorsﬁmhermhhemnamethodforobtmmng
in vitro refolding of the subtilisin mutant, it should be possible to convert
nnmeperly folded subtilisin miutants inito an active confonnauon

In order to further illustrate the pment invention and the advantages
thereof, the following specific examples are given, it bemg understood that the

25  same is intended only as illustrative and in nowise limitative,



bond was confirmed by neasuring the radius of gyratlon of the denatured

protein bygge st rophoresis. In many caREHUSIMESMhoi ce
of amino acid at a particular position will be 15 i nfluenced by the
dmi'no acids at nei ghboring positions. Therefore, in order to find

t he best conbinations of stabilizing amno acids, it will be necessary in
sone cases to vary the amno acids at two or nore positions simultaneously.
In particular, this was effected at positions 3 and 206 with am no
aci ds whose side chains can potentiaBly interact. It was deternined
t hat the best conbination of 20 nodi fications was cysteine

modi fications at positions 3 and 206. ThiEXAMPLES nodificaton was denot ed
as S86. Because of the close proximty an& Sui iaEI e geonetry

bet ween the cysteines at these two positi sul fide cross-1ink forms

spont aneousl y bet ween &,?)E?g@ Ba;_g tability of
the S86 subtilisin vvaséigtﬁlg ré‘{wt i on to g%gﬂﬁ found that
the half-life of mlmmmmmmﬂtBM@mmm sseqriénceqb,l-and expressecBao

50mM NaCl and 10nmM EDTA 2-fol d enhancenent re] a to Sy
96/ 09396 5 * high levels fromnsmunalpromotersequenc&smkaaﬁussubnhs (Wells etal

PCT/ US95/ 05520 1.2£59:811-
subtilisin. By c%%d’é TALLT925 (1983); Vasqntha et al,, 1, Bacteriol. go%’%nt 0
formin . 8291(1984)).0tAIl infiitsift gefiésokereqeéiondd inke a PUBT10-baled i use
the 75-83 bi ndi ng | oop separates the N-ternminal am np acids from

the 202-219 B ri plasmid and used tortransform B, subtilise nHagnBe sebitilisi strain used asithe hastch
occurs in the SUbbeCI 2 Chrdtiodfthal deletion of its subtilisin gene and therefore produces no
10  background wild type (wt) activity (Fahnestock et al., App_L_ggmg,_M;mij
53:379-384 (1987)). Oligonucleotide mutagenes:s was carried out as previously
described. (Zoller et al., M&ML 100:468-500 (1983); Bryan et al.,
MM 83:3743-3745 (1986b)). S221C was expressed in a 1. 51
- New Brunswick fermentor at a level of approximately 100 mg of the correctly
15  processed mature form per liter. The addition of wild type subtilisin to promote
production of the mature form of $221C subtilisin was not required in our
bacillus host strain as was the case for prior strains (Abrahmsen et al.,
Biochemistry 30:4151-4159 (1991)). |
Protein Purification & Characterization. Wild type subtilisin and the
20 variant enzymes were purified and verified for honiogeneity_ essentially as
described in Bryan et al., Proc. Natl. Acad, Sci. 83:3743-3745 (1986b);
Pantoliano et al., Biochemistry 26:2077-2082 (1987); and Biochemistry 27:8311-
8317 (1988). In some cases the C221 mutant subtilisins were re-purified on a
sulfhydryl specific mercury affinity column (Affi-gel 501, Biorad). Assays of
25  peptidase activity were performed by monitoring the hydrolysis of succinyl-(L)-
Ala~(L)-Ala-(L)-Pro-(L)-Phe-p-nitroanilide, hereinafter SAAPFna, as described by
DelMar et al., Anal Biochem. 99:316-320 (1979). The protein concentration,
P], was determined using P%!% = 1.17 at 280 nm (Pantoliano et al,
Biochemistry 28:7205-7213 (1989)). For variants which contain the Y217K
30  change, the PO-1% at 280 nm was calculated to be 1.15 (or 0.96 X w), based on



5 | acking the 75-83 binding loop will likely not be observed with native- °

subtilisy - simlarly cysteine nodified at these p(ﬁh“. b

It is emmt sim:lar enhancenent in stability will 'be |nEere2‘r)1t to

ot her subtilisins of the I-S1 and I-S2 group if their calciumloops were
del et ed (see Siezen et al, Protein Engineering, 4, pp. 719-737 at
Figure 7). This is a 10 reasonabl e expectation based.on the fact that the
primary calciumsite in these different subtilisins are forned from
al nost identical 9 residue. | oops conprise in the identical position
of helix C. X—ray structures of the I-S1 subtilisins BPN and

dot or i ne ¢ kgt GFoonky i rsicue. (banaia Ve ol Bidhre LY 28 Ppos AT "o

denonstrat es @1939))a| | three have al nbst identical calcium A-sites.
The x-ray structure of the class | subtllase thelnitase from
Ther noact i nonyces Nempinak Anglysis | The firss five aming geids of sebtilisin SlﬁMOgy of
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A— site. |§ that 100% of 3¢ nidlerial Biad'the'diflino df SedfibndeSexpeteed ffcﬁﬁ'tﬂé’DNA

interruption at the identical site .. i n helix C , It
i s expect ed tscquencn@fsthagm mgmtmmssmgsofahem-pcpm Was at the\saive

inmpart simlar ene.f ~effects.on ab|I|t fo the calmumloop del et ed
versions 25 PO§HO ﬁgLFBF “34}5 t\.ﬁe *stability of
S73, S76 and S86 subtl 1| | sins relative to S46 subtilisin was conpar ed
by measuring their resistance to thermal inactivation at 60[err]C in 1omv|‘ '
Tris-HO, pH 8.0, 50nMM NaCl and 10nM m_ﬁm quots were renoved at

prervals and L ne Siiire of the calchum 4 site of 313 subrilivts ' Calefunt ot Site A s N9e”
PCT/ US95((D55%Bordinated by five carbonyl oxygen ligands and one aspartic acid. Four of the
carbonyl oxygen ligands to the calcium are provided by a loop composed of
amino acids 75-83 (Figure 2). The geometry of the ligands is that of
pentagonal bipyramid whose axis runs through the carbonyls of 75 and 79. On
one side of the loop is the bidentate carboxylate (D41), while oni the other side is
15  the N-terminus of the protein and the side chain of Q2. The seven coordination
distances range from 2.3 to 2.6 A, the shortest being to the aspartyl carboxylate.
Three hydrogen bonds link the N-terminal segment to loop residues 78-82 in
parallel-beta arrangement. _
Preparation of apo-subtilisin S11 and S12 subtilisin contain an equal
20 mlar amount of tightly bound calcium after purification. X-ray crystallography _
has shown this calcium to be bound to the A site (Finzel et al., J. Cell. Biochem.
Suppl. 10A:272 (1986); Pantoliano et al., Biochemistry 27: 8311-8317 (1988);
McPhalen et al., Biochemistry 27:6582-6598 (1988)).
Complete removal of calcium from subtilisin is very slow, requiring 24
25  hours of dialysis against EDTA at 25°C to remove all calcium from the protein
and then 48 more hours of dialysis in h:gh salt (Btown et al., gm;;gx
16:3883-3896 (1977)) at 4°C to remove all EDTA from the protein. To prepare
the calcium-free form of subtxlxsms S11 and S12, 20mg of lyophilized protein
was dissolved in 5ml of 10mM EDTA, 10mM ms(hydroxymethyl)ammo—metbane




- 27 conditions, the half-life of S46 subtilisin is 2.3 mnutes and
the hal f -1 i¥ye 96f093963 i S 25 minutes (Table V). PCT/US95/05530
order to identify other mutants having increased stability any

nut agenesi s t echni que known by those skilled in the art may be used. One 5
exanpl e of such a techni que for generating and screening subtilisin

variants I nvol ves three steps: 1) in vitro nmutagenesis of the cl oned
subtilisin gene; 2) expression of nutated genes in B. subtilis, and
3) screening for enhanced stability. -3 key elenent in the random
mut agenesi s approach is being able to screen | arge nunbers of
variants. 10 hydrochlofictaeid! (ereinaftbr TrisHADeatpH J.5mand dialyzed agsiast, the seme
mut agenesi s p&r ocedure described above allows for mut atlons to be
directed to | ocabriegfor 24 hoyrs gt 25<C.oAn orderip Jempye F@TQQ which bipdsdeni nal
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Table V 20" Sufyhenl vérfions of c221 subtilisin not contahilfig istabilizad tﬂﬁdOYacxd

Hal f-1ife (55[err] Q) U ngy

2 mn S12substitutions were uscd up to 50% of mmewpmgxpltated during this
N.D.[err] S15 0.0025

N.D.[err] p@ggdure It is essential to use pure native pernzyme, tion experiments

yé% Ler r] 230  sthat spurious heat produced by precipitatiord 8port/tti¥addition of calcium' does
not interfere with the measurement of the heat of binding.

To ensure that preparations of apo-subtilisin were not contammated with
calcium or EDTA, samples were checked by titration with calcium in the
presence of Quin2 prior to performing titration calorimetry.

15 Titration Calorimetry Measurements The calorimetric titrations were
performed with a Microcal Omega titration calorimeter as described in detail by
Wiseman et al., Analvtical Biochemistry 179:131-137 (1989). The titration

 calorimeter consists of a matched reference cell containing the buffer and a
solution cell (1.374 mL) containing the protein solution. Microliter aliquots of

20  the ligand solution are added to the solution cell through a rotating stirrer syringe
operated with a plunger driven by a stepping motor. After a stable baseline was
achieved at a given temperature, the automated injections were initiated and the
accompanying heat change per injection was determined by a thermocouple
sensor between the cells. During each injection, a sharp exothermic peak

25  appeared which returned to the baseline prior to the next injet:tion occurring 4
Ms later. Theareaofeachpeakrepresentstheamountofheat
accompanying bmdmg of the added ligand to the protein. The total heat (Q) was
then fit by a nonlinear least squares minimization method (Wiseman et al.,
Analytical Biochemistry 179:131-137 (1989)) to the total ligand concentration,

30  [Calyyy, according to the equation:
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As shown above, the subtilisin nutants S46, S47, S68, S73, S79 and S86
have enhanced catal ytic activity in conparison with subtilsin BPN . Changes
in catalytic efficiency due to the deletion were not expected
because of the fact that ~the active site of subtilisin is spatially
distant fromthe calciumA-site. 5 -34- The stability of these

nmut ant subtil sins was conpared to native subtlisin. - BPN ]%
measuring their re Q/ﬂﬁﬁﬂwcFtﬁf%ﬁ(lﬁhtt]’%ﬁ&-ﬁ(ﬁde)&ﬂ&&) iliqy) of

the cal ciumfr ti i an ho affected by netal chelating

agents, the eﬁféﬁaﬂ taral 3€rt Lfﬁ‘dal -HCI pH 8.0, 50mM NaC

and 10mM EDTA (the | t [err]
T iAding Ftalfitfittd the Si1 Eﬂi_tﬁﬁli‘gﬁ%tﬂﬁdsﬁ %%5%3

10 Merr]). The proteins were dissolved in er. an
55C. Al quot s titration calomem'yram\aﬂdwatbothwtherhmdmgmnstammm enmzlpyrofrral ni ng

i n each a ned. The Ki.r etl- . Of inactivation are
plotted | 8}6433"@816’ Wﬁéw aI‘]cv BRAYLICL & ..,. gausEy 179:13%137 t he
subt|I|S|nrm ubtilisin BPN .
These resul ts I'n cateﬁ gméﬁhﬁk@%k%%% qugu)?at ed 15 to

el i minate cal ci um ﬂlhecBlrlgmﬂSﬂ subtilisiremataits wereatsed jii tiration ¢ it
| mpr oved st abi | |;t:&( DTA, reI ati-ve to subjlisiin:BPN . A reasonabl e
| evel of stab wild type apoenzyme is impossible duetous q

proteolytic activity and low stabxhty Tltranons of S11 and SIZ were performed
10 at protein concentrations [P] = 30xM and 100pM. Tm'atxon of the S11 |
apoenzyme with calcium at 25 °C is shown in thure 4. The data points
correspond to the negatlve heat of calcium bmdmg assocxated with each titration
of calcium. The titration calorimeter is sensmve to changes in Ka under
conditions atwhtchtheproductot'K,x [P] 1sbetween 1 and 1000 (Wiseman et
15  al., Analytical Biochemistry 179: 131-137 (1989)) Smce the K, for subtilisin is
about 1x107 M'1, these protein concentrations result in values of K, x [P] = 300
and 1000. At lower protem concentrattons the amount of heat produced per
titration is dxfficult to measure accnrately
The results ofﬁmngthetmattomofsu andSthoacalculatedcurve
20  are summarized in Table 2. The parameters in the _table include binding
parameters for stoichiometric ratio (), binding constant (K,) and binding
enthalpy (AH). These parameters were determined from deconvolution using
nonhnearleastsquaresmmxm:zanon (Wtsemanetal Amm_&mﬂ
179:131-137 (1989)). Measurements for each experimental condition were
25  performed in duphcate at 25°C. The protem concentrauons ranged from 30 to
100 zM while the concentranon of the calcxum solut:ons were about 20 times the
protein concentrauons Each bmdlng constant and enthalpy were based on
several titration runs at different concentrattons Titration runs were performed
until theutrauonpeaks were close to thebaselme ' '




S46- was achi eved even without additional nutations to conpensate for |ost
interacti onpoP&e93P6é i ng from del eti ng am no aci ds 75-83. PCT/US95/05520Thus,
the present inventors have provided convincing evidence that 20

subtilisin nmutants may be obtained which remain active and yet do not bind
calcium It is expected therefore that these nutants may be utilized in
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The average values obtained are similar for S11 and S12: AI-I = ~ -11
keal/mol; K, = 7 x 105 M™! and a stoichiometry of binding of 1 calcium site per
molecule. The weak binding site B does not bind calcium at concentrations

10 below the millimolar range, and therefore does not interfere with measurement of
binding to the binding site A. The standard free energy of binding at 25°C is
9.3 kcal/mol. The binding of calcium is therefore primarily enthalpically driven
with only a small net loss in entropy (ASpipging = -6-7 cal/°mol).

Example 3

15 In vitro refolding of S15 subtilisin. For refolding studies subtilisin was
maintained as a stock solution in 2.5 mM Tris-HCI at pH 7.5 and S0mM KCl at
a concentration of approximately 100uM. The protein was denatured by diluting
the stock solution into SM guanidine hydrochloride (Gu-HCI) at pH 7.5 or in
most cases into 25 mM H;PO, or HCl at pH 1.8 - 2.0. The final concentration

20 of protein was 0.1 to 5 uM. S15 was completely denatured in less than 30
seconds by these conditions. S12 required approximately 60 minutes to become
fully denatured. Acid-denatured protein was then neutralized to pH 7.5 by the
addition of Tris-base (if denatured in HCI) or SM NaOH (if denatured in
HyPO,). Refolding was initiated by the addition of KC1, NaCl or CaCl, to the



has an anal ogous cal cium A binding-site to that of subtilisin BPN . For
t her m t 3g8.06/éd¢C2l Ci Um binding loop is a ten residue int w%@t t he

i dent i cal site in helix C. Accordingly, these enzynes shou al so be
anenable to the 10 mut ati ons descri bed herein which elimnate the Tt

cal cium bi nding site and produce a stable, active enzyne. Moreover,
as discussed supra, Siezen et al, has - denonstrated that the primary
calciumbinding site in all subtilisins in groups I- S1 and 1-S2 are

formed from al nost identical nine residuggloops in the identical
position of helix C Thus, in view of the aI rmst |dent|cal structures of

the 15  caldeiited dorpbiationt hForekansple, R fiofil & stokR b oo
applicable to nost if not all of the subtr ISIns I n groupsq

| -S2 set forttmarﬁnaScemuanombeItoISerthrapm sm-rmgtrrnahpstoa&est he am no
acids which conprise the calcium dJ |tes ' are al ready known for
a particul ar %’F c?ﬁ'é’dlr:?ﬂtr"ggg ﬁdﬁ% f\renatusation was deterrnined 4 by

site specrfrgpéeﬁtg? dlg/e M ﬁm’%ﬁ ids,
or to provide subStitution, | etion gglrtron nmut at'1 ons I c Irmnate

calcium § 286b&umngmmmmwmmmmmmms&m|srns Wil |
general ly be oduce by, J.econbi, napt  hads,, in part I cul ar by
expressi on of gl ?5242 SRMSSIgN A 34D %%cm&!@&mm from g¢ t hat upon

expression i Eﬁﬁé’ % g whr ch is enzymatically 25
active and w&m does %ﬁ}‘é dléXl%r)‘um ﬁﬁﬁh‘” Preferably, the

subtilisin DNA's will be expressed in mcrobial host cells, I n
particular Bacillus subtilis, because_this bacteria naturally produces ‘
subtilisin, is an efficient se&X3mPledt proteins, and is able to

produce e, P ot Xy CARatbi ity Lo SOR AR e B XUBl i

|9 2/ ggg |9 g0us , dita colledtivnr weretpeeformed epsentiallyoas pnevimrlyheportetﬁmryan et al/D

PCT/ US95/ 05 52xeteins: Struct. Funct. Gepet, 1:326-334 (1986a); Pantoliano et al.,
Biochemistry 27: 8311-8317 (1988); Pantohano et al.,, &ngm_m 28 7205-7213

(1989)) except that it was not necessary to inactivate the S221C variants with
dnsopropyl ﬂuorophosphate (DFP) in order to obtain suxtable crystals The

15  starting model for SI12 was made from the hyperstable subtxhsrn mutant 8350
(Protein Data Bank entry 1SO1.pdb). The S12 structure was refined and then
modxﬁedtoprovrdethestanmgmodel for S15. :

Data sets with about 20,000 reflections between 8.0 A and 1.8 A

resolution were used to refine both models usmg restrained least-squares

20. teehmqres (Hendnckson et al "Compunng in Crystallography in Dramond et
al., eds., Janga ndiz jtute ciepce 13.01-13.23 (1980)) Initial
difference maps for 815 phased by a versron of srz with the entire site A regron
omitted, clearly showed continuous densrty represemmg the unmtexrupted helix,
permrmnganmmalSIS modeltobeconstmetedandreﬁnementbegun Each

25  mutant was reﬁned from R apptoxrmately 0.30 to. R approxrmately 0.18 in about
eighty cycles, mterspersed with caleulanons of electron densxty maps and manual
adjustments using the graphres modehng program FRODO (Jones, 1. _Appl.
Crystallogr. 11:268-272 (1978)).




#30- whi ch provi des for expre55| on of the desired sﬁw
t he

nmutants. Syiggsebsehost cells for expression are vel 1P
art and include,. e.g., bacterial host cells such as Fscherichia
éol-i . Bacillus, Salnonella, Pseudononas; yeast cells such as
Saccharonyces cerevisiae, Pichia pastoris, Kl uveronyces, Candida, 5

Schi zoaccharomyces; and nmanmalian host cells such as CHO cells. Bacteri al
host cells, however, are the preferred host cells for expression.
Expression of the subtilisin™DNA will be progyded using avail able vectors
and regul atory sequences. The actual selection will depend in |arge part

lIétlg.(r)ne'§<<r'31(rarpl e, if 'I[Dﬁret H?%u@fﬁﬁ%ﬁﬁhﬁ.ﬂ%% |a£&%é¥§§g%w{%;m us

Baci | | us pronot ebf B2 land S15 are geryesimilay, with atrobt meah square(dma) devidtion Iofus
derived vector. The Kr esent inventars in paréégul ar used the

pUBL10- based expPddsAdetwean 262 arnarbors. ﬁlaﬁk}m 12 (as in the Wé]ﬁ‘TWE@ lies

T T further nobei il S 16in, RS G GeRRftoorBaddlipaid e g
subtilisin mst anbxygtnCdf @R.cdnIS1S the febpoia!go meamgmuummmm 62

al so be possi bl e to make the subtilisin mutant by protein synt hesi s,

e.g., by Merrifi¢sdn wild type} shet sitesA Joop-ocqurs:as an inseuptiosninghe dase turaiofia 14 n

mutants in mcrobi l.

this will allow ﬁﬁ#ﬁ&ﬁ}ﬂ‘i‘ﬁ'&b 15 shis Bilif s ?ﬁﬂﬁ%ﬁﬁﬁo@aﬁw B
subtilisin prot e%éb rhétryPoveraRCéntive Inpein Diffase diffepsticy Behsity @l highdry. 20
However, since the present inventors further teach herein a method for

obt ai ni ng tempevaturesfagtorvindicats some disowsienin thesnewly exposed residugs adiagente
possi bl e to onv rfﬁP deletion. | nproperly folded subtilisin nmutants into an
active confd In order to further illustrate the
present i nvent [ on and the advant ages t hereof, the follow ng specific
exanpl es are given, it being understood that the 25 sane is intended only
as illustrative and in nowise |imtative.

- Differential Scanning Calorimetry The stability properties of S12 and S15
were studied using DSC (differential scanning calorimetry). The A75-83 mutant
. (S15) is very similar in melting temperature to the apoenzyme of S12. The DSC
15  profiles of apo-S12 and S15 are shown in Figure 3. The temperature of
maximum heat capacity is 63.0°C for S15 and 63.5°C for apo-S12 at pH 9.63.
The DSC experiments were carried out at high pH to avoid aggregation during
the denaturation process. The amount of excess heat absorbed by a protein
sample as the temperature increased through a transition from the folded to
20 unfoldedstateatconstammm, which provided a direct measurement of the
AH of unfolding (Privalov et al., Methods Enzvmol, 131:4-51 (1986)). AH_, of
unfolding for apo-S12 and S15 is about 140 kcal/mol. Above pH 10.0, the
unfolding transition for S15 fit a two-state model reasonably well, consistent with
equilibrium thermodynémics as expressed in the van’t Hoff equation (dln K / dT
25 = AH,g/ (RT?) with AH, (the van't Hoff enthaipy or apparent enthalpy)
approximately equal to AH,; (the calorimetric or true enthalpy). At pH 9.63,
howevei', the melting profile for both proteins was asymmetric indicating that the
unfolding is not a pure two-state process. |




PCT/ US95/ 05520 WD 96109396
- 31- Cloning and Expression The subtil}si | from
Baci | | us WO96/093%6 5y| o] | quef aci ens (subtilisin BPN ) has b%gﬂgﬁgéﬁ&?,

sequenced, and expressed at 5 high levels fromits natural pronoter
sequences in Bacillus subtilis (Wlls et al., Nucl ei ¢ Acids Res..
11:7911-7925 (1983); Vasantha et al., J. Bacteriol. 159:811- 819

(1984)). Al mutant genes were recloned into a pUB110-based expression
pl asm d and used to transformB. subtilis, ,The B. subtilis strain used as
t he host contains a chronpsomal da¥etion of its subtilisin gene and

t heref ore produces no 10 backgrouni Wi Ig éype (wm) activity (Fahpestock
et al., Appl, Environ. M crobial 79- 384 (1987)).

Cos oMot o T MMABRER By GPALEA dldocigh, e ol of e
al ., fronrsublitisin. is Acslow process.8 Toomhéabure this fa@ﬂﬁbﬂﬁoreﬂﬁél&l&ﬁﬁ

expressed in ~ New Brunswick fernentor at a |evel f
appr oxi rrat el y%‘”fr@“ﬂ? 2 was usedr Quiny2 binds calginm: with &Ky of 1 & xf

of the mbu o osierab o dhie7aehs O 18 fupresproc ?%n' i

baci | | us host2 at 495nm incredses b lyo6ield whenrbdimd (t0vaRiih
Bi ochem stry 30:4151-4159 (19 Protein Purificati on &

Char act eri zatW@ﬁ '§l§)( 935§) nSubtilisim811 go S12\asrisclated eontains onger e
Bryan ot ol e pef molRdRe° e AN By kol of Quin 2, 'R er |7
calcium release from the protein can be followed from the increase in

10  fluorescence at 495nm. The reaction is assumed to follow the pathway N(Ca) &
N + Ca + Quin 2 » Quin(Ca). The dissociation of calcium from subtilisin is
very slow relative to calcium binding by Quin 2, such that the change in
fluorescence of Quin 2 is equal to the rate of calcium dissociation from subtilisin.
As can be seen in Figure 5a, the initial release of calcium from S11 follows

15  simple first order kinetics. -

Temperature dependence of calcium dissociation The first order rate
constant (k) for calcium dissociation was measured from 20° to 45°C. The plot
of In k vs. 1/T°K is roughly linear. The calcium dissociation data was curve fit
usmgu'ansmonstatethcoryaccordmgtothe&ymgequauon.

20 - AG*=-RT In K*=-RT In kivkgT [¥))
wherein kg is the Boltzman constant, h is Planck’s constant and k is the first
order rate constant for folding. A graph of In hk/kgT vs. 1T is shown in Figure
Thedatawasthencurvefuaccordmgtotheequanon(Chenetal
25  Biochemistry 28:691-699 (1989)):
InK*¥ = A + B(To/T) + ClIn (To/T) | 3)
wherein A = [ACp* + ASHTO)IR; B = A - AGHT_)/RTo; C = ACpH/R. The
data obtained yields the following results: AG¥ = 22.7 keal/mol; ACp** = -0.2
kcal/°mol; AS*¥ = -10 cal/°mol; and AH'* = 19.7 kcal/mol at a reference
30 temperature of 25°C. A ﬁossible slight curvature of the plot would be due to a



Pantoliano et al., Biochem stry 26:2077-2082 (1987); and Biochenistry
27:8311- w096/09394 7 (1988). In sone cases the C221 nutant sPOTASPSS520
were re-purified on a sul f hydryl specific mercury affinity colum
(Affi-gel 501, Biorad). Assays of 25 pepti dase activity were perforned
by nonitoring the hydrolysis of succinyl-(L)-
Ala-(L)-Ala-(L)-Pro-(L)-Phe-p-nitroanilide, hereinafter sAAPFna, as

descri bed by Del Mar et al., Anal Biochem 99:316-320 (1979). The
protein concentration, -+ [P], was dete8®d ned using p[err] = 1.17 at
280 nm (Pantoliano et al, Bi ochem stry 28:7205-7213 (11989)). For
variants which c nHes asbciates Witloformation OF Gier fraritichOfate TACRHSH
calculated to be 1.15 (or 0.96 X w), baséd on WO 96/ 09396

PCT/ US95/ 05520 = 0.2 kcal/°mol). ACp for protein folding has been shown to be closely
(e 055 o 01 Tyt iy (ERLY AR0elh oy PR o e Rl
TV sl yors® YEECAdy, Prosl Rl SRUSDES6 o, L Sinhloe v e s
acid sequencé ex3@:42374244(19913). Diviterms of heatcapacitys the transitior statectheireforat
Cequence for  t hosPRRASHALEIar fo (oS THEV,PFolein, o o palpp for A+ and Ast*# dbtiined
Bxampl e 2 from FigureSSh iRliciid ik thd afic tieds Shibiphlal s Hiotables N
than the caicium bound form with only a small change in entropy.
Other embodiments of the invention will be apparent to those skilled in
10  the art from consideration of the specification and practice of the invention
 disclosed herein. It is intended that the specification and examples be considered
as exemplary only, with the true scope and spirit of the invention being indicated
by the following claims.
All references cited herein are incorporated in their entirety, as if
15  individually incorporated by reference. '



10 coordlnated by five carbonyl oxygen |igands and one aspartic acid.

Four t‘p ¢ car bonyl oxygen ligands to the calciumare provided by a
| oop conposggwg? am no acids 75-83 (Figure 2). The ZCHMWSOINSS t he
ligands is that of a pent agonal bi pgr am d whose axi s runs through
~the carbonyls of 75 and 79. On oné 8Pde of the | oop is the bidentate
carboxyl ate (D41), while on the otdBtmededBréerng® the N-termnus of the
protein and the si de chal n of Q. The seven coordination di st ances

range fromz2. 3 to the shortest bei ng to the aspartyl carboxyl ate.
Thr ee h§ﬂ’r5§§%ﬁﬂ§°ﬁ’?‘m ¥he N-terninal segment to |oop residues 78-82 in
paral | el - betg) 2pPPBASKNTE "BRYAN, Phili: Preparation of apo-subtilisin S11
and S12 subtufusu n cont aammnm,ueﬁu?&k mol ar anmount of tightly bound
calciumafter purificati wmm 8usast &l | ogr aphy "~ has shown this

gﬁlp(p:): 9%82‘2‘?’2#%6&0 rigimion] ' ea’gﬁ#‘%ﬁ%?%%%%%gggﬂ??sﬂ (1988) ;

McPhal en dtidl NUMBER OFeSEQUENGES:/16582- 6598 (1988)). ' Conpl et e
renoval of é,g%l % from subtl | i SI nis very slow, requiring 24 25 hour s of
dialysis a r ve aII alciumfromthe protein
and then 48 nor GTREED] plbAlBbxl §é§2ﬁnehr%ﬁ'°§3 Ft F‘B*'b’;ﬂn et al., Biochemstry
16: 3883- 3896 (19‘7)7)@1'1‘!! M@xandrianove all EDTA fromthe protein. To prepare
the cal ci um freéPY STATES Vimpinia SI ns S11 and S12, 20ng of |yophilized
protein th st j;ljg %% 10nM EDTA, 10nM

tris(hydroxynmet 3)I yam no- et hane WO 96/ 09396 :

PCT/ US95/ 056 0COMPUTER READABLE FORM: _ - 33-
(A) MEDIUM TYPE: Floppy disk B ‘
(B) COMPUTER: IBM PC compatible
(C) OPERATING SYSTEM: PC-DOS/MS-DOS
(D) SOFTWARE: PatentIn Release #1.0, Version #1. 25

(vi) CURRENT APPLICATION DATA:
(A) APPLICATION NUMBER:
(B) FILING DATE:
(C) CLASSIFICATION:

(viii) ATTORNEY/AGENT INFORMATION:
(A) NAME: Meuth, Donna M
{B) REGISTRATION NUMBER: 36,607
(C) REFERENCE/DOCKET NUMBER: 028755-021

(ix) TELECOMMUNICATION INFORMATION:
(A) TELEPHONE: (703) 836-6620
(B) TELEFAX: (703) 836-2021

(2) INFORMATION FOR SEQ ID NO:1:

(i) SEQUENCE CHARACTERISTICS:
(A) LENGTH: 1868 base pairs
(B) TYPE: nucleic acid
{C) STRANDEDNESS: single
(D) TOPOLOGY: linear

(ii) MOLECULE TYPE: DNA (gencmic)

(ix) FEATURE:
{A) NAME/KEY: CDS :
(B) LOCATION: 450..1599

{(ix) FEATURE:
(A) NAME/KEY: mat_peptide
{(B) LOCATION: 772..1599

{(ix) FEATURE:
(A) NAME/KEY: misc_feature
(B) LOCATION: 450
(D) OTHER INFORMATION: /note= "Amino Acid Val at position
450 is fMet."



hydrochloric acid (hereinafter Tris-HO) at pH 7.5 and dial yzed agai nst the
sane We.g6/09396f or 24 hours at 25[err]C In order to remRrCTES9%505520hi ch
bi nds to subtilisin at lowionic strength, the protein was then

di al yzed twi ce agai nst 2 liters of G- 9M+NaCl, 10nM Tris-HO at pH
7.5 at 4[err]C for a total of 24 hours 5 and then three tines against 2

liters of 2.5 TPFUENEE DESCRIFTION: a’tEQ4f%r’¥°] & for a “total of 24
hour s. Ch‘i#:@ﬁéé&@ﬂﬁ&a%@ téhcAhratt hheAfcanes m&mﬂh%ﬁ?{ﬁm soVhen

versions of C221 subtilisin not containing stabiliZzZi'hg amno acid
subst i t ut (TAMRAARTGE TTTCACAGEE TTXCIOGETH um@mampwmwmn n@g20hi s

procedure t tion

exper i ments séw&gos&?%é lérﬁu%ao!uiusa'ﬁieha? (L)lﬁ%g y premép C&%‘}%‘% upoﬂ‘sPhe
addi ti on cAAXRITGEA MACRRRCCGT TCGACOCKGG nmﬁmr:ea \GTGATTdCEC msmcment Qflot he
heat of bindi To _ensure that RLE arations o

apo- subt i FF%W?%\W@T FRTTCATGRt SR AR €8 W HATTTA AR %Fﬁrﬁg“F%A safffes
vere checkgsclivcid AcAteARTI é&asﬂhrdaumma& TCTGAARARA S91@B68rctn QUi o

prior to performng titration calorinetry. Titration
Cal ori met FYAARATATRY mmamenwmnmnw DAL SPETCER r TFGGTITATTC per 1420 ned

W seman ofogpareRl REpldeatf i finlt &*%ﬁﬁ% BEE el 4L et on

cal orimeter consists of a matched refgoence~ad [ contai ni ng t3oe buffer and
sol ut | on cell “%é 374 nL) containi ng the protein solution.

M crol i tegG ng;ﬁf 3§§Gliﬁaﬁ§° Paau ﬁ’@i—f“aﬁ%@ﬁoﬁﬁwe sol §2%on

cel | throu rrrer € =90 pl unger
driven by a steppl ng rmt or After a stabl e baseline was - achi eved at
a given t é‘FétWeGCQ [FAG LR SHANAAG RAAATAINd t he 569

acconpanytHy SREfe=c gqué‘é“p%]r‘ A ?e‘i:"tyl g%g\ﬁ&§ ¥r & %%dx‘ﬁ LY®tT¥& nocoupl e
sensor between the ce During each 1njection, a sharp exotherm c peak 25
appear ed att GirCrasGUTTE AAA CCAGHACKH 36! AGE ACGI ATG a6 tdoe CEXAAG BABCEL | ON 617
occurri ngtie Val Gly PheGyeGim{Thy MethSex Thy Mft éa{tﬁilgehl@ Lgpriggent s t he
amount of heat =93 acconpanyi n(f bi ndi ng of the ~3dded | igand to the
protei n. piechPlarc APPirct @aaAVifia cec cee BRRNGTY EaR)and SN rrASAR | east ggs
squar es rys KsgMaloDlevsehiv Uys@IyNncht Lyk.Val Glan Lys/emd Phe aals Bi ochemi stry
179: 131- 137 ¢3®89)) to the totr4¥ |igand concentf#@tion, 30 [Ca][err],

accor di Ngpl0 b NGARIKA! L8P Tca GET ACA TTA AAC GAA AAA GCT GTA AAA GAA 713
Tyr Val Asp Ala Ala Ser Ala Thr Leu Asn Glu Lys Ala Val Lys Glu _
~35 . -30 -25 -20
TTG AAA AAA GAC CCG AGC GTC GCT TAC GTT GAA GAA GAT CAC GTA GCa - 761
Leu Lys Lys Asp Pro Ser Val Ala Tyr Val Glu Glu Asp His Val Ala
' -15 . -10 -5
CAT GCG TAC GCG CAG TCC GIG CCT .TAC GGC GTA TCA CAA ATT AAA GCC . 809
His Ala Tyr Ala Gln Ser Val Pro Tyr Gly Val Ser Gln Ile Lys Ala
1 5 ' 10
CCT GCT CTG CAC TCT CAA GGC TAC ACT GGA TCA AAT GTT AAA GTA Gce 857
Pro Ala Leu Bis Ser Gln Gly Tyr Thr Gly Ser Asn Val Lys Val Ala
15 . 20 _ 25
GTIT ATC GAC AGC GGT ATC GAT TCT TCT CAT CCT GAT TTA AAG GTA GCA 905
Val Ile Asp Ser Gly Ile Asp Ser Ser His Pro Asp Leu Lys Val Ala
30 35 40 45
GGC GGA GCC AGC ATG GTT CCT TCT GAA ACA AAT CCT TTC CAA GAC AAC 983
Gly Gly Ala Ser Met Val Pro Ser Glu Thr Asn Pro Phe Gln Asp Asn
50 55 60
AAC TCT CAC GGA ACT CAC GTIT GCC GGC ACA GTT GCG GCT CTT AAT AAC 1001
" Asn Ser His Gly Thr His Val Ala Gly Thr Val Ala Ala Leu Asn Asn
: 65 70 75
TCA ATC GGT GTA TTA GGC GTT GCG CCA AGC GCA TCA CTT TAC GCT GTA 1049

Ser Ile Gly Val Leu Gly Val Ala Pro Ser Ala Ser Leu Tyr Ala Val
80 85 90



WO 96/ 09396

PCT/ US95/ 05520 | .34 :
dQ d[ Ca] [&?’r’%g’?’[‘err] H[ 1/ 2+(1- (1+r)/ 2-Xr/ 2) [ Xr - 2Xr ( 1- r) +1+BH/PI9508520 | (1)

wherein 1/r = [P][err]Ka and X[err] = [Cq] Ligr_[]/[P] [err].

The binding of calciumto the S11 and S12 subtilisins was neasured by
titrati QRaCROEERET VoS che diT Q86 dee! bad Bfic hickdedd ageNEiRAc aNd K,

ent hal prysfval beu chyxiangsp Glyeseeiciynéredys \Nexcnep) 12& Hle. Asrinal -yt i cal

Bi ochem stry5179: 131-137 200 (1989); Schwe%® et al., J. Biol. Chem .
266: 243345 %\4@59?4 $381ddc arc cea aac anr Aﬂ"@ﬁﬁ%faﬂﬁ' ﬂé AP | ST n ytant s
were usgey iflel ¢Id @kp KLaCXDE HIAERNSS Asn Mot ABSAAUSEIH AeA Ukde! §¢k Of the Wi ld

type apagtzyne is inpossitb$e due to its 120 proteol yticizgtivity and | ow
10. at_ protein._

stability. Titrations of S11.and S12 e_perforped
concent ng |§§§S§i§3§§ gﬁ[ gf%]%ﬁaﬁg ﬁ@[ t& a Egﬁfgﬁ Ex S11 1193
apoenzyne w U h cal cI uspat err[C1s own I n Firgure %440 data points
correspond G'E:g écril\e 1r;ggat [ ;e kéeat o‘{ cal ci um bi n_gi_ ng ass_oqc;igaéqeﬁ Wi t\%each
titrati C 0 r : sitiv@4do
changesﬁﬁl VRL A %@cfc?; vgnvﬁhgﬁggﬁsﬁ%ﬁﬂiw%lﬂﬁoﬁ%t of Klerr] x
[P] is between 1 and 1000 (Wseman et 15 al .,  Analytical Biochemstry
179: 131ac8Tc¢ KECOAGC TOANRGC TGS ¢YG 6T TACr CCNIBET | AMA WAC £CT TCT  abaazs.s
1x10[ er ¥4 ﬁférﬁg Sen Sex &%t’#n‘é%oﬁ&%rﬂﬂaﬁ%ﬁéﬁk{%uﬁr iB¥o\¥8%ues of Klerr] x
[P] =300 and 1000. At | ower protein concehlt rations the anount of
heat presaet qearcTa Gee cdl Gretidatacs Al Adcc ¢hi Acd EERI¢TermeCUr atighy.
The restdlt ZlefAla| Val 6dythia Valrkap Ses Sek &l GimAr8lRl4 Sea Rl cul ated curve g
20 are stffrarized in Tabl 889, The paranmeter®in the table include bindi n'g‘
par anet£iS acd WraSedl o GRS Crf dad! bfc (Y odil Bt WBcCOHNS TRP tar[ err lhgand
bi ndi ng§:§ Ser Val Gly Pro gétsx Leu Asp Val Met %3 Pro Gly Val Ser Ile '

205

CAA AGC ACG CTT CCT GGA AAC AAA TAC GGG GCG TAC AAC GGT ACG TCA 1433

Gln Ser Thr Leu Pro Gly Asn Lys Tyr Gly Ala Tyr Asn Gly Thr Ser
210 _ 215 220

ATG GCA TCT CCG CAC GTT GCC. GGA GCG GCT GCT TTG ATT CIT TCT AAG 1481
Met Ala Ser Pro His Val Ala Gly Ala Ala Ala Leu Ile Lsau Ser Lys
225 230 235.
CAC CCG AARC TGG ACA AAC ACT CAA GTC CGC AGC AGT TTA GAA AAC ACC 1529
His Pro Asn Trp Thr Asn Thr Gln Val Arg Ser Ser Leu Glu Asn Thr _
240 . 245 250
ACT ACA AMA CTT GGT GAT TCT TTC TAC TAT.GGA ARA GGG CTG ATC AAC 1577
Thr Thr Lys Leu Gly Asp Ser Phe Tyr Tyr Gly Lys Gly Leu Ile Asn
255 260 265 :
GTA CAG GCG GCA GCT CAG TAA A ACATAAAAAA CCGGCCTTGG CCCCGCCGGT 1629
Val Gln Ala Ala Ala Gln * ' .
270 27s
TTTTTATTAT TTTTCTTCCT CCGCATGTTC AATCCGCTCC ATAATCGACG GATGGCTCCC 1689
TCTGAAAATT TTAACGAGAA ACGGCGGGTT GACCCGGCTC AGTCCCGTAR CGGCCAAGTC 1749
CTGAAACGTC TCAATCGCCG CTTCCCGGTT TCCGGTCAGC TCAATGCCGT AACGGTCGGC 1809

GGCGTTTTCC TGATACCGGG AGACGGCATT CGTAATCGGA TCAGAAGCAA AACTGAGCA - 1868



econvol ution

bt aPCT/US95/05520
nts for each

ent Hal py ([e% These paraneters were determned fromd
usi ng | east squares m niff
Analytical Biochem stry 179: 131-1

experinmental condition were 25 per f or s _-,- -e—gt=125C. The protein
concentrations ranged from30 to - .100 [err] va,the the concentration
of the cal cium solutions were about 20 tines the - Th| rShieeHasBeenRe laced
concentrations. Each binding constant and em#dral py were}

several titration runs at different concentrations. Tit

performed WHAT IA"ELAIMED I$:n peaks were close to ase |ne

WD 96/ 09396 . . ars .

TABLE 20 Titrati &ﬁh@étug%nli\%%ffs&ﬂesusalﬁh t8inSottfind BalSiwei bd £ hiph affini
Mut ants S11 and S12 t ant L : Par arretershggal cul ated
fromfit calcium binding site, wherein the mutated subtilisin protein comprisek®ne or
[err]H S11 98 + 0

G err) -1 3 WA deleon, sy ot addiign ot not ekt ope I g oo
6.8 + 1.5 x 106 regiddh; 9{56 ammo%éﬂs 1-8, the wLBp Unithd acids 36-45) ot
0.01 6.4 + 0 P10 err] -11.8 +

helix amino acids 70-74 or the hehx turn amino acids 84-89.

2. The subtilisin mutaht of claim 1, wherein the amino acids at
positions 75-83 are deleted to eliminate the ability of said mutant to bind

10 calcium.

3. . The subtilisin mutant of claim 2, wherein the mutant lacking
amino acids 75-83 has one or more additional mutations in the amino acid

sequence.

4.  The subtilisin mutant of claim 3, wherein the mutant has one or
15  more additional mutations in the 8-ribbon amino acids 202-219.

5. The subtilisin mutant of claim 3, wherein the subtilisin mutant
comprises at least one substitution mutation of N218S, M50F, Y217K, P5S,
D41A, K43R, K43N, Q271E, Q2K, Q2W, Q2L, A73L, A73Q, Q206C, Q206V,
Q2061, Q206W or S3C. |

20 6.  The subtilisin mutant of claim 5, wherein the subtilisin mutant
comprises the substitution mutations of N218S, M50F, Y217K and P5S.

7.  The subtilisin mutant of claim 5, wherein the subtilisin mutant
comprises the substitution mutations of N218S, M50F, Y217K, Q271E, Q2K,
A73L and Q206V. |
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The average val ues obtained are simlar for S11 and S12: [err]H = ~ -11
kcal / mol \whloBpdsbe = 7 X 10[err] I\/[err] and a stoichionetry of b| ndln of 1

cal ciumsite per nol ecul e. inding site B &&&
cal cium at concentrations 10  bel q Tﬂ'@sﬁk ge

£ , and theref - Saced
does not interfere with nmeasurement| of Epmw 0 tﬁb‘s ﬁﬁﬁijﬁ“ -
The standard free energy of bindi ng:aﬁ“:anH-
bi nding of calciumis therefore prinarily,,enthal pi call y dr|

only a small net loss in entropy ([err]S rr] = -6.7 caI/[er_r]rmI)

Exanple 3 15 vitro.refol di ubtilisin,.. .For refol ding .
studi es subtili si rp\/vasnrIJ %Ilfé ?ﬂggf@ 35?’ hﬁﬁ“ﬂghs

Tris-HO at pldriedfid SOSGh nitkations ofmmsnrmpr 19K, V2B K, ”Hte' y
100[err] M The prot elﬂir% was denatured by dil uting emhgjstock sol ution

i nto 5M guaniAT3leand @2066L oride (Gu-HA ) at pH 7.5 or in - nost cases
into 25 MM Herr]PJerr] or HO at pH 1.8 - 2.0. The final concentration 20
of protein was 0.1 to 5 [err]M S15 was conpletely denatured in |ess than

30 seconds hy thepge ﬁmmwﬁﬁﬁm&aaﬁfsumémwm%w m nut es

to becone ful'ly denatured. Acid- denatured protein was then
neutral i Z&d toompris@s Ehetspbstimnon mum:mmofNﬁiSSf s Y2IK, Q3718 Q2K ed i n

HCl) or 5M Na (i Herr]PJerr]). Refolding was
initiated by %,é@ﬂﬁlaﬂﬁlﬁ KC1 NaCl or CaCl[err] to the - WO 96/ 09396
PCT/ US95/ 05520 - 36-

10.  The subtilisin mutant of claim 1, wherein the subtilisin is from a (
Bacillus strain. | B ‘

11.  The subtilisin mutant of claim 10, wherein the subnhsm mutant is
10  a subtilisin BPN’ mutant, a subtilisin Carlsberg mutant a subtilisin DY mutant, a
subtilisin amylosacchariticus mutant or a subtilisin mesenucopeptxdase mutant or

a subtilisin Savinase mutant.

12.  The subtilisin mutant of claim 11, wherein the subtilisin mutant is
a subtilisin BPN’ mutant. | | o

15 13. A recombmant miethod which provides for the expression of an
enzymatically active subtilisin protem which has been mutated to eliminate the
‘ability of said subtilisin protein to bind calcium at a high affinity calcium binding
site, wherein the mutated subtilisin pi'otein comprises one or more deletion,
substitution or addition mutations in at least one of the following regions: the N-

20  terminal amino acids 1-8, the w-loop amino acids 36-45, the o-helix amino acids
70-74 or the helix turn amino acids 84-89, said method comprising:

(@ tré_nsforming a recombinant host cell with an expression
vector which contains an enzymatically active subtilisin DNA which upon
expression provides for the expression of a subtilisin which does not bind

R Y A

25  calcium protein;




desired concentration. For exanple, KO was added froma stock sol ution of

4AM tWOH6MPING| concentrationof 0.1 to 1.5Mwith rapi dm‘msg'smgol n
'nost - cases renaturati on wa at_2ojer r] G—¥he—rateof
renaturation was deternined .. ggreéet g%ﬂéé REEN;

fromthe increase in extinction at F] :

ally by 'gtd d
86, fllomthe T AR ace

‘intrinsic tyrosine and tryptophan fl uorescence (excitat| ‘mﬂ mﬂm
282, - 347), :

-em ssion [err] or by circular #d5%hroismfromthe
increase in negative ellipticity at [err] = 222 mm.

Exanpl e 4 X- @y Cenlnirdlg 6d hodt\cell upbdereconlditivng whidls providey fopt h
‘and X-ray diffraction 10 data coll ection were performed essentially as

previ ousl y repor thedxpmssion o@tthgcnzymancally aqtivgtsubtilisin stant; and-unct .~ Genet .

(1988) . Pantol i aho ot ai . (b ocERveEiE by sxprireaipihuiitatly SAvERRg [

that it was not ﬁﬁmmsﬁqm\mg t he S221C variants with
di i sopropyl fluorophosphate (DFP) in order to obtain suitable crystal s. The

15 starting nodel for S12 was nade fromthe hyperstable subtilisin mutant

ot ined and Shen - Vb o Ae pechuititant St Bh clatf T3, RSl e bt buan:

Data sets wth afagkd théGaltien' A bimiing Sie between 8.0 A and 1.8 A
resol ution were used to refine both rmdel S using restrained | east-squares
20 techniques (Hendri ckson et al., "Conmputing in Crystall ography” in

DL (1os0f) FECT ToEMiy hAfbeSe B 4 . bhct 508 s,

ver si on of S12 warhthot defdscT8-83€ Site A region omtted, clearly showed
continuous density representing the uninterrupted helix, permtting
an initial S15 nodel to be constructed and refinenent begun Each 25

nmut ant was refined fr p
about cl oty Cy s TR R fochaciof el 8P RARET e St g} ool
densi ty nmapg0andorimorehdditional nithtittis iathe aminoatid Beuencdhi cs nodel i ng
program FRODO (Jones, J. Appl. Crystallogr. 11:268-272 (1978)).
17.  The recombinant method of claim 16, wherein the subtilisin mutant
comprises at least one substitution mutation of S221C, NZISS MS50F, Y217K
P5S, D41A, K43R, K43N, Q271E, Q2K, Q2W, Q2L, A73L, A73Q, Q206C,
Q206V, Q206I, Q206W or S3C.

15 ©18.  The recombinant method of claim 13, wherein the subtilisin mutant
is a subtilisin BPN’ mutant.

19. . The recombinant method of claim 18, wherein the subtilisin BPN’
DNA comprises one or more additional mutations which provide for enhanced
thermal stability or which provide for restoration of cooperativity of folding of
20  the subtilisin protein.

'20. A recombinant DNA which encodes for a subtilisin protein which
~ has been mutated to eliminate the ability of said subtilisin protein to bind calcium
at a high affinity calcium binding site, wherein the mutated subtilisin protein

-
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WD 96/ 09396 PCT/ US95/ 05520 -
-37- Except for the regi on of the del eted cal ci um binding

| oop, t heW6(983%; es " of
mean square (r.ms) deviation
N-term nus of S12 (as in the wjd- tyn@

Chuispaa

""" 8--A-het weenm—262—carbons.

LT f’é‘§ BECNb% fl"(l}gghée{ﬁas%henﬁt.

| oop, furnishing one cal ciumco FPgand ,,t he s
oxygen of . In S15 the | oop is gone, |eavi 'Si dues 1E !
S12 (as in wild type) the site A4Poop occurs as a

the last turn of a 14- - . residue alpha helix; in S15 this helix is
uni nt er r upt ec¢ompeiseshenesommorsdeletion, substitution or adgition:musations in at leassromer o

| ength. Di ffu er.ence ns | t factors

i ndi cate son® gpestqli?é‘fmg ﬁeglﬁ‘g @&A@%'e %g&n%&gﬁéss’a@(ﬁgy@ﬂ? a%ﬁs to the
del etion.  acids 36-45, the a-helix amino acids 70-74 or the helik turn arfidnaids $4-

D fferential Scanni ng Calorinetry The stability properties of 812 and S15
wer e studied muwmcmqmmmsmp@mmmngmmmwm stabilityer r ] 75- 83
mut ant (S15) is very simlar in nelting tenperature to the
apoenzyne of S12. The DSC 15 = profiles of apo-S12 and S15 are shown in

Figure 3.5 The t errmqr at Urife Rktombinant DNARST alamxlzeabvhemmet subkilisia DNQ@ fsor S15

and 63.5C for 0-S12 at pH 9. 63. he DSC experinents were carried
out at high mm&mhw%amwmchdwks codons engpding aming agids

process. Theﬁr_’@%unt of excess heat absorbed by a protein sanpl e as
the tenperat ‘ncreased through a transition fromthe folded to :

22.  The recombinant DNA of claim 21, wherein the subtilisin DNA is (
a subtilisin BPN' codmg sequence which comprises a codon encoding one or
10  more additional mutauons in the ammo acxd sequence

23.  The recombinant DNA of claim 22, wherein the subtilisin DNA is
a subtilisin BPN' coding sequence which comprises a codon encoding one or
more additional mutations in the S-ribbon amino acids 202-219.

24.  The recombinant DNA of claim 22 which further comprises a -
15  codon encoding at least one substltutlon mutation of $221C, N218S, M50F,
Y217K, P5S, D41A, K43R K43N, Q271E, Q2K, A73L, A73Q Q206C,
Q206V, Q2061, Q206W or S3C.
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20. unfolded state at constant pressure, which provided a direct

nmeasur eneniy@ 06 [err]H of unfolding (Prival ov et BET/USKPOE$ds
Enzynol . 131:4-51 (1986)). [err]Herr] of unfol ding for apo-S12 and
S15 is about 140 kcal /nol. Above pH 10,0,,4he unfol ding transition
for S15 fit a two-state nodel reasonab?/, 1, consistent with

equi li brium thernodynam cs as expressed in the van't Hoff' equation (din K/

dT 25 = [err]Herr]H/ (RT[err])) with [err]H err]H (the van't Hoff
ent hal py or apparent enthal py) approximately equal to [err]Herr],
(the calorinetric or true enthal py). At pH 9.63, - however, the

nmelting profile for both proteins was asymmetric indicating that the
unfolding is not a pure two-state process. ¢ WO 96/ 09396

PCT/ US95/ 05520 ' T2}

Exampl e 6 Meh
di ssoci ation of cal cium
nmeasure this rate the fluor
Quin 2 binds calciumw th 3
al ., Biochemstry 26:6723- 6X
at 495nm i ncreases by N“'\(
Bi ochem J. 226:613-61 S b
one “calciumion
t he kinetics of
fromthe increasg

to follow the pattfay\N aw‘ii
di ssoci ati on of cal c{un

_ , - 38-
kal ci um di ssi ation. The
¥ a sl ow process. To
phel ator Quin 2 was used.
Z pH 5 7.5 (Linse et
;‘cence of Quin 2
bog@ind to cal ci um (Bryant,
Or| S12 as isol ated contains

Q0 excess of Quin 2,
b can be foll owed

afreaction i s assuned
h}; * Quin(Ca). The

BNy
-

FIG. la
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very slow relative to calciumbinding by Quin 2, such that the change in
fluorescencwm$6/093%é1 2 is equal to the rate of cal ci um di SSORCI/USIN0E520 M
sybtilisin. - As can be seen in Figure 5a, the initial rel ease of
calciumfrom S11 fol |l ows 15 sinmpl e ficzshd)r der kinetics.

Tenper at ure dependence of cal ci um di ssdti‘tion The first order rate
constant (k) for cal ciumdissociation was nmeasured from20[err] to.

45[err] C. The pl ot of In k vs. 1/T[err]K is roughly linear. The
cal cium di ssoci ation data was curve fit using transition state
theory according to the Erying equation: 20

AGerr]=-RT In Klerr]=-RT In kh/k[err]T (2) wher ei n

k[err] is the Boltzman constant, h is Planck's constant and k is the first
order rate constant for folding. A graph of/@s ]T vs. 1/T is shown

in Figure 5b. dat 8 ~ 1]y fit according to
the equation (Chen et al., 25 Bi o >, 989) ) :
In Klerr] = A+ B(To/T) + C 1n (To/T) B ey ) wher ei n

A= 1([[err]Cp[err] + AS[err](To)]/R B = [@rr])/RTo; C =
[err]Cp[err]/R The dat a obt aiged y resul ts:
[err]& = 22.7 kcal/mol; [err] Cp' [er] nol ;

[err]S [err] = 310 cal/[err]nol; an R cal /nol at a
reference 30 erature of 25[errT42 Pcur vature of the

pl ot would be d P AR
PCT/ US95/ 05520 o I R - 39-
change i n heat paci i A e TNQANSi tion state

([err]Cp'[err]
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= 0.2 kcal/[err]nmol). [err]Cp for protein folding has been shown to be

cl osely wo 96@sdekel ated with a change in exposure of hydr oBEBWSSASSHPs
to water (Privalov et al., Adv. Protein Chem 39:191-234 (1988);

Li Vi ngstone et al., Biochenmistry 5 3g:4©?7-4244 (1991)). In terns of
heat capacity, the transition state the &ilbk e appears simlar. to the
native protein. The values for AS [err] and [érr]H [err] Obtained.
fromFigure 5b indicate that the transition state is enthalpically |ess

favorabl e than the cal cium bound formwith only a small change in
ent ropy. O her enbodi ments of the invention will be apparent
to those skilled in 10 the art from consideration of the specification
and practice of the invention di scl,osed herein. It is intended that
t he specification exanpl es beg.coMfdered as exenplary only, wth
the true scope and Spirit of the ®nhventi on Rei ng indicated by the
followng clains. @ - Ag rfeferencys ciged herein are
i ncorporated in thé entirety, & 1§\ ' diviﬂ'ually i ncor porat ed by
ref erence. O 96/ Q9896= ° ° a
PCT/ US95/ 05520 . < - 40 -
SEQUENCE LI STING (1) GANERAL | NFORMATI ®N: ¢ ] ARPLI CANT: BRYAN,
Philip N | ALEKANDER, ‘Pad rikk ~ -
STRAUSBERG, Susan L ' enle 3
‘-do'gl*'.‘*'p‘ﬁ 3
Ii;'f:-"'
"1
]
- h‘
ce.. N~ '
‘e c
- "
S </
<

FIG. 2
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- (i) TITLE OF | NVENTI ON: CALCI UM FREE SUBTI LI SI N MUTANTS (ii1) NUMBER
OF SEQUENCHEO 96/09396 (i v) CORRESPONDENCE ADDRESS: PCY/H$95/05520

ADDRESSEE: Burns, Doane, Swecker & Mathis (B) STREET: P.QO Box

- 1404 (O CTY: Aexandria (D) STATE: Virginia

~ (E) COUNTRY: United States 410z P 22313- 1404 (V)

'~ COVPUTER READABLE FORM (A) MEDI UM TYPE: Floppy di sk

(B) COMPUTER: | BM PC conpati bl e (C) . OPERATI NG SYSTEM

PC- DOS/ Ms- DOS (D) SOFTWARE: Patentln Release #1.0, Version #1.25

(vi) CURRENT APPLI CATI ON DATA: (A) APPLI CATI ON NUMBER:

(B) FI LI NG DATE: (C) CLASSI FI CATI ON: (viii) ATTORNEY/ AGENT.

| NFORMATI ON: (A) NAME: Meuth, Donna M (B) REG STRATI ON

NUVBER: 36, 607 (©) REFERENCE/ DOCKET NUMBER; 028755-021 (1x)

TELECOMVUNI CATI ON | NFORMATI ON: (A) TELEPHONE: (703) 836-6620

(B) TELEFAX: (703) 836-2021 ' . : °

|!|ls||||ﬁrl|||llrllfl'l'm

s
|
60
TEMPERATURE (°C)

FIG. 3
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(2) | NFORMATI ON FOR SEQ I D NO 1: (i) SEQUENCE CHARACTER! STI CS:

(A) LENGTHWA98B3%ase pairs (B) TYPE: nucl ei ¢ aci d PCT/USISOS52) )
STRANDEDNESS: si ngl e (D) TOPOLOGY: |i near (ii) MOLECULE TYPE:
DNA (genomi c) (i x) FEATURE: 5 /1d A) NAMVE/ KEY: CDS (B)
LOCATI ON:  450. . 1599 (1 x) FEATURE: (A) NAME/ KEY: nmat _pepti de
(B) LOCATION:. 772..1599 (i x) FEATURE: "~ (A) NAVE/ KEY:
m sc_feature (B) LOCATI ON: 450 (D) OTHER | NFORVATI ON:
/note= "Am no Acid Val at position ' 450 is fMet."
WD 96/ 09396 PCT/ US95/ 05520
0 | | : |
- l l l ’.. .—-.""- I.."! o
o N Tl o i
_ : - -
B R LTIITTTTTIIIIIPOPRPRICE: PERTICTPPTPIITIIS SR ',-' ............ ——
_ AH= -11.3 keal/mol - . ~
-4 GENpams *vscvesncesscestonscces é -------------------------- Eo-.- --------------------- e
> - Kg=7x10 :‘ -
o o— n=1.0 ;; -
\ _6 Cmmus seevessesesscevnseses R -.-..--..-...-...--o--.--.:.\-:-.A ...................... u— A
ot - .: o
C — s -
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=] = crereeeeeeeeerenanenen froseenees ....-"., .............................. -
= . — .’,.-0' . .g o . :
Ts.-.-.-n.-::.:.r;::::.."l:::wa-!m.-:;.:r:.;:::........«--' : —
F_ | |
-12 : 1 1
0o . 0.5 | 1 1.5
X, /M
t/My

FIG. 4

SUBSTITUTE SHEET (RULE 26)



=744 -

 AACAAACCGT TCGACCCAGG AAACAAGCGA GTGAT

CCATCCATCG GTTTTTTCCA TTAAAATTTA AATATTTCGA GTTCCTACGA
AGATGATATA CCTHo@THeAbOMMAACAA TCTGAAAAAA ATTGGGTCTA

(xi) SEQUENCE DESCRI PTION: SEQ I D NO 1:
ATTATATCAT 069896 C AACATCAATG ATATTCATTA TCATTATTTT
TTTCACAGCT TTTCTOGGTC AAGAAAGCCA AAGACTGATT TOGCTTACGT

CTTCTGIATT CAACAAAAGA TGACATTTAT CCTGT]

TTTTTCCGCA

GRCT/USHSISS20AT GG
120 TTCCATCAGT
LT GAACAACCCC 180 CAAAAATGCGA
CTGTGTACAT 240 TTACTCATGT
300 AACGAAAGAG
360

CTAAAATATT ATTCCATACT TACAATT A TACACA AAT AATCTGT CT A TTGGT TATTC‘, 420
TGCAAATGAA AAAAA “=svava\ee SACATCCCARRTAAR - ee—2 o 473
Val Arg Ay Lys Lys VaI D S " - 107
-105 90 10\ . & T'I'A GCG T'I‘lA ATC TT’: ACG ATG
GCG TTC GGC AGC 52% S Leu Phe Al'S a2, Lleu P Ppe Thr et
Ala Phe Ay Ser -95 i ! _
-85 ACA TCC TCT @O C/G GQA e A TCA AR } AAG ARR TAT
569 Thr Ser Ser Ala dr a‘ €] st Ser Asn (G Ve ILys & [Tyr
- 80 - 79 {-70 ATt GTC G2 -&“ CAG ACA
ATG ACC ACG ATG Aq:ocn GCT A\AAG N, 617 | :
| i ]
]
NN
60 ] ! : !
] ] 1
i i L 40
| I A DR
50 } | } |
o) 200 400 600 800 1000
Seconds
-35 LA B I L) '—r"l—f ¢« & I ¢ 4 ¥V 1 I LI LR ] l L LK [-
-36 T T
A - -
B - :
x =37 T -1
N L N
= _ L o
R :
e ~38 T T
A aad - -
-40 PR NN BN B IR AT AP ST B A

0.003! 0.003I15 0.0032 0.00325 0.0033 0.00335 0.0034
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FIG. &b
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I'l e Val
-60

AAC CAA
Lys dn
GAC GCA
Asp Al a
-30

GCT TAC
Ala Tyr
-5 CAT
809 Hi s

GGA TCA
Ay Ser
GIT ATC
Val Ile

TCT GAA
Ser Qu
60 AAC
1001

Gy Phe Lys
WO 96/69396

TTC AAA

Phe Lys

GCT TCA GCT

Ala Ser Ala

GIT GAA GAA
Val u Qu
GCG TAC CCG
Ala Tyr Ala

AAT GIT AAA
Asn Val
GAC ACGC
Asp Ser

ACA

Thr Asn Pr_s e

TCT CAC

a _
-20- °-“Iua!! “Illll'. °

Gn Thr Met Ser Thr Met Ser Ala Ala Lys
-55 AAA GAT GTC ATT TCT GAA AAA GGC Ga® ‘;%Wl@
665 Lys Asp Val Ile Ser Gu Lys Ay Ay Lys Val Gn

P e 8 NATIVE

-50 / -40 TAT GTA
ACA TTA AAC CTA AAA GAA 713 Tyr Val
Thr Leu Asn d A& Lys Qu -35 -

- 25 -20 TTG AAA AAA GAC CCG AGC GIC
CAC CTA OCA 761 Leu Lys Lys ASBQESBEWHVaI
bp H's Val Al a : -15 -10

G TCC Groggy GTA TCA Bﬂ‘FT ARA cee
n Ser Val A?%\“ VaI Ser Lys Al a
6 CAC T CAA GEC TAQ ACT
A GCG iﬂ?.gAlgd?eu H's ler Gn @y Tyr{ Thr
Al a 25
C GAT TCT TCT CA'L GAT TTA AiG GTA GCA 905
e Asp Ser Ser g@%'s Pro Asp LegBLys Val Ala 30
¢S 45 GGC GghA GCC AGC ATG GIT (CT
C CAA GAC C 953 GluuGIy Ala Ser Met Val} Pro -
dn 55

v. & GB$ GCC GGC ACA GTT.@(nZG ammunmmc
20 ..:ﬂ = pH 7.5 + 0.6M KCI

-] ﬂﬂcnﬂﬂ’

L ' g v g Ly 9 L

200 210 220 230 240 250

FIG. 6b
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Asn-Ser Hs Ay Thr Hs Val Ala Ay Thr Val Ala Ala Leu Asn Asn

65 - WO 96/09396 70 75 TCA ATC GGT GTA Thér/G6snsian GG
CCAAGCGCATCA CTT TAC GCT GTA 1049 Ser Ile Ay Val Leu Ay Val Al a
Pro Ser Ala Ser Leu Tyr Al a Val /8‘8 85 -
90 WO 96/ 09396 8 |
PCT/ US95/ 05520 GCF@ATJ% -42-  AAA GTT
CTC GGI' GCT GAC GGI' TCC GC CAA TAC A T A AAC 1097 Lys Val
Leu Gy Ala Asp Ay Sero.e ' —
100 _ A A GIT
ATT AAC ATG AGC 1145 Ay p Val
Ile Asn Met Ser 110 o
125 CTC G&C GGA CCT BGTT.CT TTA AAA GCG GCA GIT GAT
1193 LeuGIyGIy ProSer Hy Se& Aa eu Lys Ala Ala Val Asp L
130 @ s 140™% GIT GCATCCGGC C GIA
GIC GIT GCGGCAGCC ﬁA_,GAAG&I 1241 VaI a er Ay [val Val
Val val Al a Ailogﬁmq_.y Ash du Gy'. - 150
155 .\...
.006' .0'.. ‘..-.
. ."\. .-"'h-
L J
-0.8- " .,
-
. . '.-_... I=1.0
-l o- -y ' L
® ‘- '=L5 ‘. .
1 l... :'-. .
-'02 LANnS EE e § or
0 50 100 150 200250300350400450500
SECONDS

FIG. 7b
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ACT- TCC GGC AGC TCA AGC ACA GTG GGC TAC CCT GGT AAA TAC CCT TCT 1289
Thr-Ser d yw®e96/088%6 Ser Thr Val Gy Tyr Pro Ay Lys Tyr Pro RIT/US95/05520
16€, 165 ' 170 GIC ATT GCA GIA GGC CGCT GIT
GAC AGC AGC AAC CAA AGA GCA TCT TTC 9{_}@337Val Ile Ala Val Ay Ala Val

Asp Ser Ser Asn G n Arg Ala Ser Phe 180
185 TCA AGC GTA GGA CCT GAG CTT GAT GIC ATG GCA CCT GGC GTA TCT ATC

1385 Ser Ser Val Gy Pro Qu Leu Asp Val Met Ala Pro Ay Val Ser Ile 190

195 200 205 CAA AGC ACG CTT CCT GGA AAC
AAA TAC GGG GCG TAC AAC GGTIT ACG TCA 1433 A n Ser Thr Leu Pro Ay Asn
210 215

Lys Tyr Ay Ala Tyr Asn Ay Thr Ser
220 ATG GCA TCT CCG CAC GIT GCC GGA GCG GCT CCT TTG ATT CTT TCT ARG

1481 Met Ala Ser Pro His Val Ala Ay Ala Ala Ala Leu Ile Leu Ser Lys
225 230 235 CAC CCG’AAC TGG ACA AAC ACT

CAA GIC CGEC AGC AGT TTA GAA AAC ACC ~ 1529 His Pro Asn Trp Thr Asn Thr

G@n Val Arg Ser Ser Leu Gu Asn Thr 240 245
250 ACT ACA AAA CTT GGT GAT TCT TTC TAC TAT GGA AAA GGG CTG ATC AAC

1577 Thr Thr Lys Leu Gy Asp Ser Phe Tyr Tyr Gly Lys Gy Leu Ile Asn

255 260 Fgg CAG GCG GCA CCT CAG TAA A
ACATAAAAAA_CCGGCCTTGGCCCCGCCGGT 8/a»® dn Ala Ala Ala dn * 270
275 -33
R [ ] [ [ [ _l' [ [ 4 [} [ § l [ ] [ 9 [ 4
-34 - —t—
p .35 g o
o N ]
E N
2 X .
E -36 - -+
s - i
-37 - 4
' - i ] | 3 ¢ k2 L I [ 1 [ | I ' ¢ LN [ | l L] 1 12 ] T
-38 -~ -1
0.003! 0.0032 0.0033 0.0034 0.0035
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TTFTTATTAT TTTTCTTCCT CCGCATGITC AATCCGCTCC ATAATCGACG GATGGCTCCC 1689
TCEGAAAATT WONSeRSBEAA ACGGCGGGTT GACCCGGCTC AGTCCOGTAA CGGCCAARIES9SI8SEY 49
CTEAAACGTC TCAATCGCCG CTTCCCGGTIT TCCGGTCAGC TCAATGCCGT AACGGTCGGC 1809
GGCGTTTTCC TGATACCGGG AGACGGCATT CGT. AA'%% TCAGAAGCAA AACTGAGCA 1868
- 43- VWHAT IS CLAI MED | S: . An enzymatically active
subtilisin protein which has been nutated to elimnate the ability of
said subtilisin protein to bind calciumat a high affinity cal cium
binding site, wherein the nutated subtilisin protein further includes one
or nore additional 5 del etion, substitution or addition nutations which
enhance the stability of the nutant . protein in at | east one of the
follow ng regions: the N-termnal anjno acids 1-8, the [err]-Iloop
am no acids 36-45, the [err]-helix afino acids 70-74 or the helix turn
am no aci ds 84-89. 2. e subtilisin mutant of claim1,
wherein the deletion nt hat el m nat@ cal ciumbinding is a deletion
of the ami no acids at'g 3. The
subtilisin nmutant of ¢ angl acki am no acids 75-

S

(5

Lysi70

FIG. 9

Glu25)

‘SUBSTITUTE SHEET (RULE 26)



AHGRAORYD &7
83 has one or nore addltlonal nutations in the amno acid sequence.

4. Th btil h di I T
tantngs o one Izlllllwtlll,lilllﬂllulmlt mutati ons i'nt he |REPLRCEMBR,SHEER

aci ds 202-219. : The subtilisin nutant| df any of clai

1 to 4, wherein the subtilisin rrut ant 15 _44.ncludes at |dagt QreMARLIG9Btijo
mut ati on of N218S, MBOF, Y217K, P5S, D41A, K43R =~ = K43N, Q71E, CQK,l
@RW @@L, AFBhaA: ' 15:R06V, QRO6I, QRO6W or S3C. - B.
The subtilisin nutant or c a|m5 wherein the subtilisinltant includes. .3
t he substi ftut i ommmmmxmmmﬁmmm&dﬁﬁmmam

7. The sut|I|S|n tant of c wher ej esubtljls mut an,

i ncl udes thé ﬂweiﬁ BW‘BF° M@S{] fﬁ@‘ lEm K,
A73L and Q2@ Wﬂ;’g gﬁﬁ!g{.@ | girthe?

wherei n the subt af]éln rru]'?ant I NC uc‘i‘b lh'- suﬁltutlonrruatlons?n%]f

N218S, Svb0 Fdell‘ﬂdﬂ Ksubsiiifién of Bdditidy iutariods WARA@nhance the stability of the mutant
-44- i; The subt|I|S|n mut ant_of claim5, wherein the
subtilisin PERtAnahleastane ofithe following regions: the N-terminal amino acids 1-8, the w-loop

amino acids 3645, the a-helix amino acids 70-74 or the helix airn ammg_aclds 84-89.

!]JI)

2. The subtilisin mutant of claim 1, wherein the amino acids at positions 75-83
are deleted to eliminate the.ability of said mutant to bind calcium. ‘ -

10 3. The subtilisin mutant of claim 2, wherein the mutant lacking amino acids 75-
83 has one or more additional mutations in the amino acid sequence.

4. The subtilisin mutant of #ny of the preceding claims, wherein the mutant has
one or more additional mutations in the -ribbon amino acids 202-219.

5. The subtilisin mutant of any of claims 1 to 4, wherein the subtilisiﬁ mutant
15  includes at least one substitution mutation of N218S, MSOFR, Y217K, PSS, D41A, K43R,
K43N, Q271E, Q2K, Q2W, Q2L, A73L, A73Q, Q206C, Q206V, Q206I, Q206W or S3C.

6.  The subtilisin mutant of claim 5, whercin the subtilisin mutant inchudes the
substitution mutations of N218S, MS0F, Y217K and P5S.

7. The subtilisin mutant of claim 5, wherein the subtilisin mutant includes the
20  substitution mutations of N218S, MSOF, Y217K, Q271E, Q2K, A73L and Q206V.

8.  The subtilisin mutant of claim S, wherein the subtilisin owtant includes the
substitution mutations of N218S, M5OF, Y217K, Q271E, Q2K, A73L and Q206C.
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S3C. lm““ ISI n mutant of any of {he preceding
clains, vvherel h the mm““‘“ _ froma Bacillus $ttain7 MAR 5998
11. The subtilisin wuteant of any ‘of the preceding claing, jwherein the
subtilisin mutant is a subtilisin B&N mutant, a S[Jb T3

Carl sberg mutant, a subtilisin DY nutant, . subtll si.n

anyl osacchariticegs wmtsua&lm&uiﬁmbfmmmmem@mm% a

subtilisin Savi hase nutant. - "_The subtilisin mutant .of
claim1l, weebssitptionmutations of N2I8SMIOF, Y@K&ﬁ?ﬂﬁsﬂ@lﬁaﬁﬂé » Q206C and:i S3C..

13. A reconbl nant met hod which provides for the expression of an
enzymatically active subtilisin protein which has been nutated to elininate
the ability of 10, “FiisibGlih infunkit Of RAPHPIE préelind C1tMk Cvhistert tha sBbtdikin is
affinity cal ci um binding site, wherein the mutated subtilisin
protein fur ftom aiBecilmistraimae or nore additional deletion, substitution or
15 addi tion mutations which enhance the stability of the mut ant protein

in at | east one of the fol |l owi ng regions the N-term nal am no acids . .

1-8, the [err]-1qep arfHeGuBRiids nd@mf e ak Eg 85 mmﬁom%rém%@ﬁbtﬁ&ﬂs -

70-74 or the helix turn am no acids 84- d i ncl udi ng:
(a) tr ansnmmntngaaubrdmﬁl’hrémmm.sg suhilisin Cartsberg muqanembﬁlmmmﬁmum:ch

contains a whi ch nco €s.. enz rratlc act i- nmut sub ISI n
e oes A SRyRIERRRaR R T siltistn BRbdniTpeRase Hiltan oF

culturing sgikliRAsSaifise r conditions which provide for the
expression of the enzymatically active subtilisin mutant; and

(ch— recovering the expressed enzymatically active subtilisin nutant from
said m crobi al h(ﬁt. . .
. The subtilisin mutant of claim 11, wherein the subtilisin mutant is & subtilisin
10  BPN’ mutant, '

13. A recombinant method which provides for the expression of an
enzymatically active subtilisin protein which has been mutated to elimipate the ability of
said subtilisin protein to bind calcium at a high affinity calcium binding site, wherein the
mutated subtilisin protein further includes one or more additionsl deletion, substitation or

15  addition mutations which enhance the stability of the mmtant protein in at least one of the
following regions: the N-terminal amino acids 1-8, the w-loop amino acids 36-45, the &-
helix amino acids 70-74 or the helix turn amino acids 84-89, said method including:

(2) - transforming a recombinant host cell with an expression vector which
contains a DNA w]nch encodes an cnzymatically active mutant subtilisin which does not

20  bind calcium protem.

®)  culturing said host cell under conditions which provide for the
expression of the enzymatically active subtilisin mntanx, and
(©  recovering the expressed enzymatically active subtiliin mutant from

said microbial host.



- 45- L mant met hod of claim ‘
subtili'sin nutant cal ci um A binding site. REPLACEMENT SHEET
15. *The reconbi na gm{”,"” 13 or claim 14, wheyr grmtterutant

S¢

| acks am no aci 16. The r con‘ol hqd
of any of clains 13 to 15, V\,herel n the muiggont has ne ﬂ%@g ﬁ% :
additional nutations in the am no acid sequence. Ihe

reconbi nant net heg, of TR Yedmbihabk Hathbd df elalf, 13%%&&%&%6&@&%&@
nutant includes at |easf one substitution nutation of S22tC~N2+8S b6
Y217K, P5S, calcium Albidding &R, K43N, Q71E, @K, Q@W L, A73L, A73Q
QO06C, @06V, @061, 10 QO06W or S3C. 18. The

reconbi nant nmethod of any of clains 13 to 17, wherein the. subtilisin

mutant is a subthssi ”Tﬁg’l}bcoﬂﬂlﬁi‘&methodofchxmﬁ orclé'ﬂl 14, vﬁi&aﬁeﬁ@mwmcks |

nmet hod of claim 18, wheréin the subtilisin BP
amino acids 75-83.

5 16.  The recombinant method of any of claims 13 to 15, wherein the mutant has
one or more additional mutations in the amino acid sequence.

17.  The recombinant method of any of claims 13 to 16, wherein the subtilisin . -
o/ mutant includes at least one substitution mutation of $221C, N218S, M50F, Y217K, P58,
D41A, K43R, K43N, Q271E, Q2K, Q2W, Q2L, A73L, A73Q, Q206C, Q206V, Q206l,
10 Q206W or S3C.

18.  The recombinant method of any of claims 13 to 17, wherein the subtilisin
mutant is a subtilisin BPN’ mutant.

19.  The recombinant method of claim 18, wherein the subtilisin BPN‘ DNA

includes one or more additional mutations which provide for enhanced thermal stability or
15  which provide for restoration of cooperativity of folding of the subtilisin protein,

~ 20. A recombinant DNA which encodes & subtilisin protein which bas been
mutated to eliminate the ability of said subtilisin protein to bind calcium at a high affinity
calcium binding site, whereln the mutated subtilisin protein further includes one or more
additional deletion, substitution or addition mutations which enhance the stability of the
20  mutant protein in at least one of the following regions: the N-terminal amino acids 1-8, the
w-loop amino acids 3645, the o-helix amino-acids 70-74 ot the helix turn amino acids 84-
89, and which mutated subtilisin protein retains enzymatic activity and stability.



i ncl udes one or nore .additio ' whi ch provide

thermal staability or 15 [ i L laaf Or restoration !

fol di hg of the subtili smllmmllglﬂm\‘!jﬂjﬂ!! 20. r econmbi nant

whi ch encodes a subtilisin proteim | €N has been t 4t 2MAR01998
C

elimnate the ability of said subtilisin %Qtein to bi al ciumat a Hi
affinity cal cium binding site, wherern the nutategd subtTTSTT prot

di 11 on' mut at | oR v 128 NEipbfies DRASE iR 2B, whfefd 4 DI U 2
in at | east nihtitishi BPNE cddihf eatjudfice wHicR bRks tHeolbisdntbding amind'acidr75483.1- 8,

t he [err]-loop am no acrds 36-45, the [err]-helix am no acids 70-74
or the helix turn amno acids 84- 89, and which nutated subtilisin

Plgr e et 88 s o PR BABRAD i 2, st gl DNA
subtilisin {3N¥ruibsiligin BPN’ g@ﬁ%@é&h&i&-vﬁﬂeﬁuﬁmwscwwn%hemms the -

codons encodi ng amno aci The reconbi nant DNA

R P AR, SHERT o

h
in

¢
g

of cl ai A 20additionad mmtations\ih drecdming acidseguente.si n DNA is a subtilisin .
BPN codi ng sequence which includes a codon encoding one or nore 5
additional nutations in the am no acid sequence. 23. The

reconbi nant DNA 94, anynefreconfifiht BNA of 2y ot ISLRI20 dol22, Whekdih bR dhbtilisin
DNA is a subtilisin BPN' coding sequence which includes a codon eacoding one or more
additional mutations in the P-ribbon amino acids 202-219.

24.  The recombinant DNA of any of claims 20 to 23 which further includes a
10  codon encoding at least one substitution mutation of S221C, N218S, M5S0F, Y217K, PSS,
D41A, K43R, K43N, Q271E, Q2K, A73L, A73Q, Q206C, Q206V, Q2061, Q206W or
S3C.

25, - The enzymatically active subtilisin protein of claim 1 which has
enhanced thermal stability relative to the mutated protein containing only the mutation(s)
15  eliminating calcium binding.

26. An enzymatically active subtilisin protein which has been mutated to
climinate the ability of said subtilisin protein to bind calcium at a high affinity calcium
binding site, wherein the mutated subtilisin protein further inchides one or more additicnal
deletion, substitution or addition mutations which enhance the stability of the mutant

20 protein in at least one of the following regions: the N-terminal amino acids 1-8, the w-loop
amino acids 36-45 or the «-helix amino acids 70-74. '

-
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DNA is a subtilisin BPN coding sequence which includes a codon encodi ng
“one ‘er hore . additional nutations in the [err]-ribbon am no acids
202-219” 24. The 'r ecombi nant DNA of any of clainms 20 to 23
whi ch further includes a 10 codon encodi ng at | east one substitution
“nmutation of S221C, N218S, MOF, Y217K, PS%;. D41A, KA3R, K43N, QR71E,
CQK A73L, A73Q Q06C, 06V, QO061, QO S3C. '

active subt|I|S|n protein of claim1 which has
enhanced tﬁg9§g$ﬂ$¢g%§pﬁﬁ§h$elatlve to the mutated protein containing only
the nutation(s) 115 A émRydaticdlly soive isubeli Gdn which has been mutated® :
An enzymatically active subtilisin protein’ i ch has been nmutated to

el i minat e chaingte theapiliy @ém%bmmpmtﬁnﬁﬂbMWWMﬁmﬁdﬂ@ hi gh

Fur t her i o Sl bise srtertin 304 Bl SR bRl ind hBhAL, ook Hr bt Raiaf'
addi tisn mdbféhbﬂ,rmb‘éﬁuﬁbn oP hadigén hhmmwmdmwhﬁiuttn@smwf e mutkk©t ei n

in at least one of the followi ng regions: the N-term nal am no acids 1-8,

the [err] - poaspin in at leaghonecofhe axeing regionsh dhe N-tefminal amingracids 1a8i the Fdoops.
amino acids 3645, the o-helix amino acids 70-74 or the belix tum amino acids 84-89.

2. The subtilisin mutant of claim 1, wherein the - deletion  that
~eliminates calcium binding is a deletion of the amino acids at
positions 75-83.

10 3.  The subtilisin mutant of claim 2, wherein the mutant lacking amino acids 75-
83 has one or more additional mutations in the amino acid sequence.

‘4. The subtilisin mutant of any of the preceding claims, wherein the mutant has
one or more additional mutations in the $-ribbon amino acids 202-219.

5 The subtilisin mutant of any of claims 1 to 4, wherein the subtilisiﬁ mutant
15  includes at least one substitution mutation of N218S, MSOF, Y217K, PSS, D41A, K43R,
K{SN, Q271E, Q2K, Q2W, Q2L, A73L, A73Q, Q206C, Q206V, Q206], Q206W or S3C.

6.  The subtilisin musant of clsim 5, Wherein the subtilisin mutant includes the
substitution mutations of N218S, M50F, Y217K and PSS.

7.  The subtilisin mutant of claim S, wherein the subtilisin mutant includes the
20 substitution mutations of N218S, MSOF, Y217K, Q271E, Q2K, A73L and Q206V.

8. The subtilisin mutant of claim 5, wherein the subtilisin nrutant includes the
substitution mutations of N218S, MSOF, Y217K, Q271E, Q2K, A73L and Q206C.

REPLACEMENT SHEET
2 1 JARN 1999




/J

PCT

WORLD NI'ELLECI'UAL PROPERTY ORGANIZATION
_Intemmational Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(74) Agents: REA, Teresa, Stanek et al.; Bumns, Doane, Swecker

(51) International Patent Classification 6 : (11) International Publication Number: WO 96/09396
. . : Al . . .
CI12N 15/57, 9/54 (43) International Publication Date: 28 March 1996 (28.03.96)
(21) International Application Number: PCT/US95/05520, | (81) Designated States: AM, AU, BB, BG, BR, BY, CA, CN, CZ,
EE, FI, GE, HU, IS, JP, KE, KG, KP, KR, KZ, LK, LR,
(22) International Filing Date: 28 April 1995 (28.04.95) /. LT , MG, MN, MW, MX, NO, NZ, PL, RO, RU,
V] 1, SK, TJ, T™, TT, UA, UG, UZ, VN, European
patent (AT, BE, CH, DE, DK, ES, FR, GB, GR, IE, IT, LU,
(30) Priority Data: MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, CM,
08/309,069 20 September 1994 (20.09.94) GA, GN, ML, MR, NE, SN, TD, TG), ARIPO patent (KE,
MW, SD, SZ, UG). .
(71) Applicant: UNIVERSITY OF MARYLAND [US/¥S]; 4321
Hartwick Road, College Park, MD 20740 (US), Published
With international search report.

(72) Inventors: BRYAN, Philip, N.; 1720 Dublin Drive, Silver
‘Spring, MD 20902 (US). ALEXANDER.Patm:k,A 10402
Ambherst Avenue, Silver Spring, MD 20902 (US). STRAUS-
BERG, Susan, L.; 403 Feather Rock Drive, Rockville, MD
20850 (US).

& Mathis, WashmgtonandPnncesu'eets P.O. Box 1404,
Alexandria, VA 22313-1404 (US).

$6 4701143 -]

(54) Title: CALCIUM FREE SUBTILISIN MUTANTS
(S7) Abstract

Novel calcium free subtilisin mutants are taught, in particular subtilisins which have been mutated to eliminate amino acids 75-83 and
which retain enzymatic activity and stability, Recombinant methods forpmducmgsamcandtecombmantDNAencodmgforsuch subtilisin

mutants are also provided.




