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Chymosin B pointmutants, A115T and G243D (chymosin A),
were expressed inEscherichia coli and Trichoderma reesei
respectively, characterized biochemically, crystallized and
studied by X-ray analysis at 2.3 and 2.8 A resolutions
respectively. The three-dimensional structures showed that
the mutations gave rise to local conformational changes
only when compared with that of chymosin B. Kinetic
analysis of the A115T mutant with a six residue synthetic
peptide revealed a reduction inK, with respect to the wild
type, possibly caused by the small local changes in the
vicinity of S1 and S3. Although, kinetic analyses of the
G243D mutant using the short substrate showed reduced
catalytic activity, use of a 15 residue substrate based on
residues 98-112 ok-casein, the natural substrate, revealed
an increase in thek.,; compared with chymosin B, probably
a consequence of the charge introduced that may interact
with the substrate between P4 and P8.

Keywords aspartic proteinase/chymosin/mutant/substratehave sought to vary systematically the sequence of peptid
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Introduction

Aspartic proteinases have been traditionally exploited in foo
processing including cheese using chymosin from calf stomac

(Foltmann, 1966; 1970) and plant enzymes (Brodeditisl.,

1993; Cordeircet al., 1994), soya using mould enzymes suc

as rhizomucor pepsin (Newmat al., 1993) and cocoa which

aspartates; these vary in size, hydrophobicity, electrostatic
potential and hydrogen bonding capability both with respect
to each other and between different enzymes (Scarborough
et al.,, 1993; Scarborough and Dunn, 1994; Lowtkeéral.,
1995; Rao-Naiket al., 1995; Gustchinat al., 1996).

The early studies of cleavage of a range of polypeptide
substrates by bovine pepsin showed that in general the preferred
cleavage site is between two hydrophobic residues. Addition-§
ally, the preference for particular residues and the degree of
hydrophobicity falls off on either side of the scissile bond. 8
X-Ray structural studies of aspartic proteinases with a serie®
of peptide-like inhibitors (Botet al., 1982; Jamest al., 1982;
Foundling et al., 1987; Dhanaragt al., 1992; Jamest al.,
1992; Suguneaet al., 1992) suggest that the substrate has a
extended conformation, making hydrogen bonds with the
protein in both parallel and anti-parallBtsheet interactions
on either side of the active site, with a weak pseudo-symmetrygh
relating the residues on either side of the scissile bond. Thusg,
residues at P1 and Pare located in deep hydrophobic pockets £
that can accommodate a large aliphatic group (e.g. leucyls
or cyclohexanylalanyl) or an aromatic sidechain such asé
phenylalanyl. Residues at P2 and R2cupy pockets which
are still quite hydrophobic. The inhibitor studies indicate that =
the conformation of bound substrates at p&bably depends 3
very much on the enzyme and the substrate sequence, whereas
it is more tightly determined at P3 by specific hydrogen bonds <
and the specificity pocket S3 which can be quite hydrophobicZ:
in enzymes such as renin. :

Site-directed mutagenesis studies of Dunn, Kay and co-Z
workers (Scarborough and Dunn, 1994; Rao-Naikl., 1995)
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substrates and also to vary the specificity subsites using siteg
directed mutagenesis. For example, mutations of the Met287%
residue in the S2 subsite in human cathepsin D showed thazlz_
substitution by more polar amino acids produced active mutani

CEjnzymes with significantly altered substrate specificity. Similar 2

utagenesis studies by Beppu and co-workers, first on chymo§
in (Suzukiet al., 1989) and more recently rhizomucor pepsin *
(Parket al., 1996), have shown that only Phe and Asn provide

Nweak alternatives to the Tyr75 in stabilizing the intermediate/

transition state of the catalytic mechanism.

exploits a natural aspartic proteinase found in the cocoa beany,e have chosen to work on chymosin as this is an enzyme

(voigt et al., 1995). These processes exploit the relativelyyt interest to the food industry and the recombinant enzyme
specific proteolysis at mildly acidic conditions shown by thesgg oy yseq widely in food processing (Flamm, 1991). Bovine
enzymes in contrast to the much broader specificity of bovingpy masin is found in the fourth stomach of the suckling calf
pepsin in the very acidic environment of the stomach. Thepgiimann, 1981). Its active enzyme is formed by proteolytic
quality of the food product is determined by the extent of¢jeayage at acidic pH of the N-terminal 42-residue propeptide
proteolysis, which gives rise not only to clotting but also 10 o jts ;ymogen, prochymosin. Chymosin preferentially cleaves

small Pep“‘?'%‘s. that impart. particu.lar tastes. the milk proteink-casein at the Phe105-Met106 bond:
The specificity of aspartic proteinases depends partly on the

degre_e Qf denaturation at the pH of the_proc_ess and partl_y O-nHis-Pro-His-Pro-His-Leu-Ser-Phe—Met-AIa-IIe-Pro-Pro-Lys-Lys-
the binding pockets along the long active site cleft (Davies

L ; ; 1051 106 112
1990). X-Ray structural and kinetic studies have described a Cleavage Site
series of specificity pockets, S5 to Sfnomenclature of
Schechter and Berger, 1967), on either side of the catalytimducing instability in milk micelles, which leads to clotting.
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The sequence of bovine chymosin (Foltmaginal., 1979) Harkki et al. (1989). During growth ofTrichodermaon the
resembles that of other mammalian enzymes such as pepsinducing carbon source cellulose, folded and active enzyme
cathepsin D and kidney renin (Kostka, 1985) with two aspartiovas secreted into the culture medium.

acid residues at 32 and 215 respectively (pepsin numbering) Chymosin A115T was expressed as inclusion bodies in
that are essential for catalytic activity. Calf chymosin is foundg.coli MT [F’, proAB, Lacl? derived from E.coli HB101

!n three main forms, A B and_ C. Chymosin A. and B hc’;lve(KapraIeket al., 1991). The expression plasmid, pMG1225,
intact chains but differ in the residue at 243 (pepsin numberingl\yas identical to the plasmid pMG225 already described

glycine is present in chymosin B while aspartic acid occurs inkapralek et al., 1991; Tichyet al., 1993) except for the
chymosin A. Activity measurements indicate that chymosin Aa115T mutation.

has a 20% greater milk clotting ability than chymosin B . .

(Foltmann, 1966). Chymosin C appears to be a degradatioff°ation of chymosin G243D N .
product of chymosin A (Danley and Geoghegan, 1988). Spent fermentation medium containing secreted chymosin
Although crystals of chymosin were among the first to beG243D was clarified and spray dried, prior to refrigerated
studied by X-ray analysis (Buretal., 1971), three-dimensional storage. Spray-dried spent medium (107 g) was resuspended

structures of the native mature chymosin were reported mucim distilled water (800 ml) and stirred for 1 h at room
later at 2.3 A by Gilllandet al. (1990) and at 2.2 A by temperature. The resulting suspension was clarified by centrifu-
Newmanet al. (1991). The active site ‘flap’ that covers the gation (8000 r.p.m., 30 min) and filtration (0.6 m glass fibre §
cleft and interacts with the substrate is rearranged in théilters), chilled to 4°C, and then adjusted to 40% saturation3
native crystals, preventing access of substrate or inhibitor. Theith solid ammonium sulphate. After stirring overnight at 4°C,
purification and crystallization of chymosin G243D expressedprecipitated protein was isolated by centrifugation (5000 r.p.m.,
from T.reeseihas been previously reported (Piésal., 1991, 30 min, 5°C), and redissolved in 0.1 M Na acetate buffer,
1992; 1993). Recently we have obtained a new crystal fornpH 5.6, 0.1 M NaCl (buffer A: 300 ml).

of chymosin complexed with a small inhibitor and we have Redissolved protein in buffer A was fractionated in two
solved the structure at 2.3 A resolution (Growtsal., 1997).  equal aliquots, by gel filtration chromatography on a Sephade
This analysis shows that the inhibitor binding is quite normal;g100 column (5 cmx90 cm) equilibrated in buffer A. The |
it is not possible to define whether the rearranged structure igg|umn was developed at 2 ml/min, and fractions (11 ml) £
the native crystals is a consequence of crystal packing Qfgjiected. The protein elution profile was monitored at 280 &

occurs in solution. L . . nm, and the relative chymosin G243D content of each fraction
We have developed site-directed mutagenesis studies Qftarmined by a milk-clotting assay (see below).

chymosin to investigate the role of individual amino acids in ¢ 5 ¢tions containing milk-clotting activity from both G100
the determination of the pH optimum (Mantafounis and Pltts’runs were pooled, and concentrated by diafiltration using ars

1990; Pitts and Mantafounis, 1991; Pitsal., 1992), specificity . . )

(Quinn et al., 1991) and stability. We have made a detailedA‘fT'Cg nffztrlr'&edacseg %ﬂgnpzl dlgopqleé)mnlzlr\ir"rer'élgooaoMkaDcaetgtjé §

three-dimensional structure and kinetic analysis of one muta ). Bu was ex 9 s, o 3
ffer (buffer B) by repeated concentration and dilution, and -

Vall11Phe showing that changes in kinetic parameters can 4 . .
explained in terms of detailed structural changes at specificity € Pooled chymosin G243D applied to a HFQ cation exchangec

subsites (Strot al., 1990). olumn (5 c_:m><20 qm) equilibratgd in buffer B, and dgve!oped 2
In this paper we describe the site-directed mutagenesi@t 10 mi/min. Proteins were fractionated by the application of o,
kinetic characterization and crystal structure analysis of twd? gradient of 0-0.6 M NaCl in buffer B. The protein elution &
point mutants of chymosin B, chymosin G243D (chymosinProfile was again monitored at 280 nm, and the relative 3
A) and chymosin A115T, where changes introduced on th&hymosin G243D content of each fraction determined by
periphery of the active site cleft are used to examine the rol&nilk clotting.
of these regions in changing specificity and kinetics. These Fractions containing milk-clotting activity were again o
mutants were two of many introduced in the periphery of thePooled, concentrated by diafiltration as above to 30 ml, andé
active site. To some extent they were self selected fronsubjected to gel filtration chromatography on a Sephacryl S106<
amongst a large group by their ability to crystallize. Mostcolumn equilibrated in buffer A, under the same conditions as~
mutants did not crystallize, but where crystals were obtainedabove. The protein elution profile was again monitored at 280§
they were often stacks of misorientated plates or too small tam, and the relative chymosin G243D content of each fraction®™
allow collection of diffraction data. Chymosin G243D was determined by milk clotting. Fractions containing milk-clotting
chosen because it is a natural mutant occurring in chymosiactivity were pooled, and the enzyme solution used for either
B, although it is at the periphery, earlier studies on whole milkcrystallization experiments or kinetic analysis. The purity of
had indicated that it affects activity. Chymosin A115T wasisolated recombinant enzyme was confirmed by SDS—PAGE
one of a large number of mutations in a helical region adjacentresults not presented) in comparison with chymosin isolated
to subsites S1 and S3 which were considered to have fom rennet (Foltmann, 1970). Typically, approximately 35 mg

strong possibility of influencing the activity. To facilitate the enzyme was obtained from 100 g dried spent medium.

comparisons, we use the pepsin numbering system (Barkhol L . . . .
1987p; élundeI\INet lgL' 1ggg)lpvlve ;escritalegthg struc(ture of éultlvatlon of E.coli MT and isolation of chymosin A115T

bovine chymosin G243D at 2.8 A resolution and of chymosinEscherichia coliMT cells harbouring pMG1225 were grown
A115T at 2.3 A resolution, and we compare their structuresit 37°C in culture medium containing tryptone, yeast extract

4 papeo|

dny wou

spady/

(o]

0}

10°s[euino

MO

Lie [puno

and kinetics to those of the native enzyme. and lactose; aerobic cultivations used Erlenmayer flasks placed
) on a rotary shaker, or a laboratory fermenter (Magnaferm

Materials and methods MA114, New Brunswick).

Organisms and plasmids Formation of inclusions of the prochymosin product in the

Chymosin G243D was expressedTirichoderma reesestrain ~ E.coli cells was quantitatively evaluated under phase contrast
RutC, using the expression vector pAMH104, as described bynicroscopy by determining the diameter of an average inclu-
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sion body and calculating the volunw of inclusions in 1 ml

of the culture, the voluma/, of the cells present in 1 ml of Table I Structure determination summary

the culture, and the ratiw/V, (Kapraleket al., 1991).

Chymosin G243D

Chymosin A115T

In our E.coli expression system recombinant prochymosin is from T.reesei from E.coli
accumulated as inclusion bodies. The isolation of prochymosin
from inclusion bodies uses the procedure of Marsgpral. ~ Unit cell dimensions A A
(1984) with modifications described previously (Tichyal., a 13'36?3 A ?24415 A
1993). Wet biomass (20 g) was processed by standard ceﬁl 72.40 A 72.59 A
lysis procedures comprising lysozyme/sodium deoxycholate = p =y 90° 90°
treatment and ultrasonic disintegration (Marstdral., 1984).  Space group 1222 1222

Inclusions pelleted by centrifugation (60@Q 5 min, 5°C) i’:ﬂ“g;gﬁ:ﬂ?;;?g'ﬁﬁ#'es L !
were washed in buffer A (50 mM Tris—HCI, pH 8.0, 1 mM 092 A 1.5418 A
EDTA, and 50 mM NacCl) containing 0.5% (v/v) Triton X-100 R, 0.138 0.094
and EDTA increased to 10 mM final concentration. Washed\Number of unique 6442 14719
inclusions were collected by centrifugation as before. TheirfFfIecuons .

A . . . % measured/possible 775 98.4

solubilization in 8 M urea solution (in 50 mM KO, pH o | = 35 ) 719 - ___
10.4, 1 mM EDTA, 50 mM NaCl) and prochymosin renatur- r., %) 18.8 17.9

ation by diluting into an alkaline buffer (pH 10.7) was Structure solution
according to optimized procedure of Ticley al. (1993). The Refinement

Isomorphous to
native crystals
RESTRAIN/X-PLOR

Isomorphous to
native crystals
RESTRAIN

urea/alkali solution was then diluted approximately two times, .- A)

e = 15-2.8 17-2.3
with distilled water to the conductivity of buffer B (20 MM non-hydrogen atoms 2515 77 H,0 2513+ 171 HO
Tris—HCI, pH 8.0, 1 mM EDTA, 50 mM NacCl) and applied RMS bonds (A) 0.008 0.01§

1.998 0.02

to a DEAE-cellulose column (1.810 cm) equilibrated in the RMS angles (°)
above buffer. The column was washed with four volumes of .
. = 2| <R>—Riil/ZFn, where<F> is the mean str re f r

20 mM THS_HC_:L pH 8.0, 1 mM EDTA' 10Q mM NaCl, Z%{)Titudeho;‘l thz1 obngK/zahtighs o?rzflechtionss tthit afg reSI;tl:eiitutoethaecgragg

followed by elution of the prochymosin material with a stepindex h.

to 500 mM NacCl in four volumes. bRC,yst = 3||R|-RII/Z|R|, where F and F. are the observed and calculated
Fractions (4 ml) were collected, 0.05 ml samples Wereggliﬁtgr%;?/?;(:igﬁ?gllltﬁgﬁj Ir:nsgptfl?s,“;ﬁgllangles in the refined structure from

withdrawn ar_ld after an activation step (acidification to PHigeal values (Engh and Huber, 1991).

2.0, as described in Emtageal., 1983) assayed for chymosin dr.m.s. deviations from target bond length and angle values in RESTRAIN

activity by a modified turbidimetric milk-clotting assay of (Haneefet al., 1985).

McPhie (1976). Fractions containing activatable prochymosin

product formed two close peaks in the elution profile. Fractions L .

of the second peak were separately activated and pooled. Theystallization and X-ray analysis

combined activation mixtures (about 100 ml) were concentrate€rystals suitable for X-ray analysis of both sets of proteins§

twofold by ultrafiltration using a 10 000 MW cut-off membrane Were grown by the hanging-drop vapour diffusion method 5

(Amicon, USA, type YM10) and then applied to a Mono Q (McPherson, 1982). Chymosin G243D and A115T grew using~

5/5 column (Pharmacia, Uppsala) equilibrated with 50 mMmthe same crystallization protocols: 0 protein solution at a

KH,PO,, pH 6.5, 1 mM EDTA and 0.01% sodium azide. The concentration of 8 mg/ml in 1.0 M NaCl solution and 50 mM

column was eluted for 40 min at a flow rate of 1 mi/min with Phosphate buffer at pH 5.6 were equilibrated against well

a linear gradient to 1.3 M NaCl chymosin eluted as a singlesolutions containing 1.5-1.8 M NaCl in 150-200 mM phos- 2

active peak giving a final yield of purified enzyme of 76 mg phate buffer of the same pH. Diffraction data were coIIected%
from 20 g of wet biomass. for G243D on a MARResearch image plate detector at thes

S . Synchrotron Radiation Source, Daresbury, UK, and for A115T§
Kinetic analysis on a MARResearch image plate detector, with Ni-filtered 1,
For kinetic analysis, chymosins were further purified by affinity Cu-K, radiation from a rotating anode generator. §
chromatography using a protocol modified from Stietpal. The reference orientations of both crystals were established
(1990), described previously (Nugegit al., 1996). with the programs REFIX and IMSTILLS (Kabsch, 1988),

Two synthetic peptide substrates were employed. The firsind the program MOSFLM (version 5.1.2) was used to reduce
substrate Leu-Ser-Phe(NeNle-Ala-Leu-OMe was purchased the image plate data, and to refine the data collection and cell
from Bachem (Saffron Walden, UK). The second, His-Pro-parameters. Further merging, scaling, correction and processing
His-Pro-His-Leu-Ser-Phe-Phe(N@Ala-lle-Pro-Pro-Lys-Lys,  of the data were carried out using the CCP4 suite of programs
based on residues 98-112otasein, was synthesised on an (CCP4, 1994). A summary of the X-ray diffraction data is
ABI 431A peptide synthesizer using Fmoc chemistry, andpresented in Table |. Electron density maps for both sets of
purified by reverse phase chromatography on a C18 columdata could be computed using the chymosin B (PDB code
developed with a gradient of acetonitrile in 0.1% TFA. 4CMS) as the starting model with the atomic co-ordinates left

Kinetic measurements were performed in 0.1 M acetateinmodified in both cases.
buffer, pH 5.6, 1 mM CaCJ 30°C, and the change in  The least-squares refinement of chymosin G243D using the
absorbance at 305 nm was followed. In the absence of program RESTRAIN (Haneeét al., 1985), with the model
strongly binding, specific inhibitor to chymosin to allow the treated as a single rigid body, and subsequently with three
active site to be titrated, thk., values were based on the separate rigid body domains (residues —2 to 185; 186 to 299;
concentration of enzyme estimated by either Lowry assay, oand 300 to 326) led to aR factor of 0.30. Subsequent all-
a E1%l1cm 280nm value of 14 (Rotle¢ al., 1976). atom positional refinement, with an overall temperature factor
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Table II. Kinetic analysis of recombinant chymosin B (rCMSB), chymosin A115T (rA115T) and chymosin G243D (rG243D)

Enzyme Km (M) Vinax (MM min~?) Keat (57 kealKm (UM~1s7)
Kinetic parameters using Leu-Ser-Phe(})iQlle-Ala-Leu-OMe substrate

rCMSB 277+ 4.9 10.3+ 0.25 12.9+ 0.31 0.047+ 0.001
rA115T 1110+ 19.6 10.3+ 0.25 14.1+ 0.34 0.013+ 0.002
rG243D 333+ 1.0 5.7+ 0.035 4.8+ 0.013 0.014+ 0.001
Kinetic parameters using-casein substrate at pH 5.3

rCMSB 11.0*+ 0.104 45+ 0 942+ 0 8.6+ 0.12
rG243D 20.0= 0.07 10.0+ 0.477 208.5+ 3.69 10.4* 0.015

Parameters determined using Lineweaver—Burke plot\@rsus 1/[S]).

for the model, using a data shell from 8.0 to 2.8 A resolutionwere omitted completely (290-292), and three loops (236—

gave an improve® value of 0.24. -F; and 2k—F;. electron 244, 274-279 and 288-292) were poorly defined probably due

density maps, contoured at2 r.m.s. ancd+0.9 r.m.s. respect- to loop mobility. This A115T mutant structure had similar g
ively, allowed remodelling using FRODO (Jones, 1978) on arproblems, with poor map definition and higB-factors in e
Evans and Sutherland PS390 graphics terminal, followed byhe region of these loops, as well as in the region of residuess
refinement and rebuilding. At this stage the N-terminus and.0-16. The finaR value for all data from 17.0 to 2.31 A was
the loops between residues 9-13, 154-164, 240-244 and 278-178. In the final model 168 water molecules are included,=
281 were discarded. Initially the density for residue 243 didsome of which are buried within the protein, as was the caseS
not show clear evidence of a sidechain for the aspartic acith the native structure.

residue, and there was no density for the three residues 29y pstrate modelling in chymosin G243D
292, which had been omitted from the co-ordinates of 4CM

pape

spd)/:dny

deposited at the Brookhaven data bank. Re-modelling residuﬁ?ﬁ eor:cetirvti?yagfseciix Oe s:hketg/w?ifrfsg:-(c);;g?nmgtarﬁgge?i??t)r? eon.

290292 following the conformation found in the ChymOSIn_chymosin substrate transition state complex was made using

inhibitor complex of Grovest al. (1.997) and re—allogatlop of a fifteen residue fragment. The conformation was based orf
water molecules, followed by simulated annealing in the 3

X-PLOR (B 1990) usina f field t the structure of a complex of the inhibitor with chymosin B =
S;?g/f;;“by- Enan (arsggﬁlrjber (1);g§ir)]gfo?r?j;;ein ptﬁreaTSG grf’q(lveroveset al., 1997), on the structures of inhibitors complexed é
2.8 A resolution range resulted in the valueRfiropping to ith endothiapepsin (Bailey and Cooper, 1994), and on them

0.22, and after positional refinement to 0.21. In the subsequelﬁ rrlljiﬁtsur(%ﬁ;r? arlggg a?epfggz-(P[?éi?v\,)isce?rgfle)l(gg 4\;V|t_?hr:%use§

(ialculated 25F .and Fo—Fc, now contoured att1 and ere few structural restraints on the remainder of the residues:
*2 r.m.s. respectively, all the regions showed mprc_;vemenﬁ'f the substrate. Residues 74-79 of the ‘flap’ region were
including the previous disordered regions. Density wa X S

; . ; AN
observed around the Asp243 residue and almost complete eplaced with the conformation of the corresponding region inz

. i ; e chymosin inhibitor complex (Groves al., 1997). =}
along the G chain of the loop 240-244 with density appearing The substrate fragment was positioned within the active siteZ

0JX0

(0]

in the region of residues 290-292. These improvementy .. qin G243D, with the help of the structure of the %
prompted the re-modelling of four regions with the Weakesrjnhibitor complex as a guide, using the program O (JonesS
! o

electron density. Water molecules were calculated by automatig,

peak-picking within the complete jFF, difference map at was used to minimize bad contacts in the model which hadS
H o
*2 rm.s. using the programs PEAKMAX and WATPEAK occurred between atoms in the cleft of the chymosin G243D¢g,

boncs to the protei were Incorporated inio the. model andd!casein side-chains. Residues (95102 afisein viere
their geometries checked with the program CONTACT (CCP4, odelled interacting with the 240-244 loop.
1994). In subsequent rounds of refinement, waters with hig}ﬂ?esults and discussion
temperature factors (B 45) were removed. The last simulated =~~~
annealing refinement with the modified loop conformationsKinetic measurements
refined to give a value foR of 0.20, further positional and In our kinetic analysis we have used two peptides. The short
groupedB-factor refinement gave a finR of 0.19. peptide has been used by others to characterize the enzyme
The chymosin A115T was also refined using the progranmactivity of chymosin. Other workers can, therefore, easily
RESTRAIN using co-ordinates of the native chymosin Bcompare our results with those reported by other investigators.
structure (4CMS) with Alall5 and the water structure bothThe use of the longeat-casein peptide substrate allowed us to
unmodified. Rigid body refinement, followed by all-atom probe for changes in enzyme structure, upon mutation, which
positional refinement, and ultimately including refinement ofaffect interactions with the substrate at residues more distal to
individual isotropic temperature factors with all data to 2.3 Athe scissile bond of the substrate.
led to an R value of 18.5% without significant manual = Comparison of the kinetic characteristics (see Table Il) of
intervention. At this stage the original water structure waschymosin A115T, chymosin G243D and wild-type chymosin B,
discarded and recalculated by automatic peak-picking withirusing the hexapeptide substrate, showed that the mutations
the difference map using the same procedure as above, wittaused contrasting alterations in enzymatic activity (see
the exception that water molecules with high temperaturd-igure 1a). The A115T mutation reduced the substrate binding
factors (B> 75) were deleted. ability (K,,,) of the enzyme but not its catalytic efficiency.{k
In the original native co-ordinates (4CMS), three residuesvhile the G243D mutation reduced the catalytic efficiency of

994

al., 1991). SYBYL (version 6.1; Tripos Associates Inc.) g

¥T0Z ‘1€ AIn


http://peds.oxfordjournals.org/

Point mutations of bovine chymosin

a 9 T N
] ¥
] , n
8 T / .
] / b 67
7 T I.
1 /
61 .
S ] /
+ N
m
) o
o &
— S)
o) —_
2 =
) I
3 a
g —_
Z b
— °
g
Z
-1 g 1 2 3 -1
a1 g1
1/conc X 1.0E+04 1/conc X 1.0E+05

Fig. 1. Lineweaver—Burke plots of (a) recombinant chymosin B (@ 0.996), chymosin G243D (I, = 0.999) and chymosin A115TA(; r = 0.969), with
a hexapeptide substrate; and (b) recombinant chymosin B (@0.982) and chymosin G243D (M;= 0.995) with a 15 residug-casein peptide. The
straight lines through the points represent a linear regression, with the goodness of fit represented in parentheses.

the enzyme but had little effect on its substrate binding abilityintroduction of a new hydrogen bond between ytexygen
In both cases, mutation significantly reduced the specificityand Phel12 main-chain carbonyl. The water molecule (OW347
constant (k/K,) of the enzyme. from the chymosin B structure was then seen to have bee
Comparison of wild type chymosin B with chymosin G243D sterically occluded by the addition of the side-chain atoms.
(chymosin A), usingk-casein as substrate (see Figure 1b) The structure of recombinant chymosin G243D is very £
reflected earlier observations (Ro#teal., 1976) that chymosin  similar to that of chymosin B (4CMS) and (1CMS). The loops &
G243D has higher activity towards milk. The G243D mutation8—13, 158-163, 240-244 and 289-297 have weak densit
resulted in a small reduction in the substrate binding abilityalthough it is continuous at1 RMS between residues 239- 3
of the enzyme, but increased its catalytic efficiency. However243 and between 289-291 and 292—297. These poorly defineg
the specificity constant of chymosin G243D was not signific-loop regions on the surface of the protein are also evident ing
antly different to that of the wild-type chymosin B enzyme. the B-values shown. o
Comparison of the kinetic parameters determined with these The main differences in the (Cpositions of chymosin
two substrates clearly demonstrates the superiority of the 1§243D and the two ‘wild-type’ chymosin B structures occur <
residuek-casein peptide over the shorter six residue peptidgn the loop 278-281 and unsurprisingly, in loop 240_244,—:
as a substrate for chymosin. where the only sequential difference in the protein arises. The2
X-ray structures carboxylate oxygen of Asp243 forms a hydrogen bond with

Both materials crystallized in the orthorhombic space groupthe NEZ2 nitrogen on the GIn239 side-chain (see Figure 2a and
1222, with cell dimensiong = 79.64,b = 113.73.c = 72.40  b), and with a water molecule (HOH 1050). The loop (240-
A, a = B =y =90° for chymosin G243D, and = 80.47, 244) has a significantly different conformation.
b = 114.15,c = 72.59 A,a = B = y =90° for chymosin It has been postulated that the increased activity of chymosin
A115T, isomorphous to the crystals of the native ‘wild-type’ G243D may be the result of an enhanced binding affinity for
chymosin B (Newmaret al., 1991), with a single molecule its natural substrates-casein, due to the resultant electrostatic
per asymmetric unit. interactions between His102 (P4) of the substrate and Asp243
The density at residue 115 in both 2F, and R—F, maps, of the enzyme (Gillilandet al., 1991). However, from the
contoured at+1 and =3 r.m.s. respectively, was consistent results of modelling thex-casein in the chymosin G243D
with the mutation of alanine at 115 to a threonine. This regiorstructure by extending the peptide (P8—P7’), P4 His is seen to
gave a peak of positive difference density at the positiorbe approximately 12 A away from Asp243. Since positions
expected for the side-chain of a threonine. Negative differenc€5 to P8 in the modelled substrate are not rigidly bound in
density indicated that there had been a slight displacement dfie enzyme, it is possible to model tlkecasein sequence,
the helix between residues 112 and 117, probably due to thidis-Pro-His-Pro (residues 98-101, P8-P5), so that it interacts
extra methyl group and-oxygen in the mutant structure. with the mutated residue (see Figure 3). His98 (P8) is within
Building the threonine side-chain into the maps permitted the.2 A of OD2 in Asp243, while Pro99 (P7) and His100 (P6)
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& !
Glu 244
Asp246. | 4

‘H“"""L

.-\np;’.:l-ﬁir-"’t‘

Asp 250

Fig. 4. A representation generated using the program GRASP (Nicholls

et al., 1993) of the relative charge distribution (red, negative; blue, positive)
on the surface of the protein. The positions of residues Asp243, Glu244,
Asp246, Asp248 and Asp250 are indicated.

Chymosin B

a

Fig. 2. Representation of residues 238-246 of G243D chymosin B, showing
(a) the hydrogen bond between NE2 of GIn239 and OD1 of Asp243; and
(b) viewed in an identical orientation as above, for native chymosin B
(4CMS). Both figures were generated using the program MOLSCRIPT
(Kraulis et al., 1991).

Fig. 3. A pictorial representation of the model of tikecasein substrate
transition state complex with G243D chymosin B generated using the
program SETOR (Evans, 1993).
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Chymosin B

come close to the loop (240-244), and His102 (P4) is aboyt, . . .
. . . ig. 5. Residues 109-116 o&) the A115T chymosin B mutant, showing
5.5 A away from OE2 in Glu244. His100 is also 3.5 A from y,¢ hydrogen bond between O of Phel112 and OG1 of Thrl15;@rid én

Asp278 which could mean that tikecasein sequence (residues identical orientation to the above, native chymosin B (4CMS), with
98-102), His-Pro-His-Pro-His, provides additional bindinghydrogen bonds between O of Asp110 and N of Tyr114, and between O of
energy, with the histidines interacting electrostatically with the®!y109 and OG1 of Thr113. Both figures generated using MOLSCRIPT.
loop (278-281) of chymosin G243D.

Asp243 is positioned in a loop on the surface of the enzymenly by the addition of a methyl group and an oxygen to a
and is very close to additional negatively charged residuessingle side-chain, is largely unchanged compared with the
Glu244, Asp246, Asp248 and Asp250 (see Figure 4). Thiqiative structure (see Figure 5a and b). The Thrll5 side-chain
additional negative charge should aid the stabilization of thés accommodated with small local movements, and forms a
substrate—enzyme complex. The increase in enzymatic activityew side-chain to main-chain (1150G1 1120) hydrogen
for chymosin G243D over chymosin B towardscasein (as bond. Residue 115 is at the end of a single turn of irregular
found in whole milk) could, therefore, be the result of helix, and close comparison of this region in the mutant and
favourable interactions with large peptides. native structures reveals that the steric accommodation of the

The A115T mutant chymosin produced Ecoli, altered main-chain and side-chain in the region of Phell2 in the
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mutant structure involves a shift of the order of 0.6 A. This
shift extends over 10 or more residues back along the chain
with the loss of two hydrogen bonds at the single turn of th
helix (both 1130G1- 1090 and 114N-. 1100 are lost). A

slight tilting of the ‘flap’ (residues 72—82) by about 0.5 A is

Point mutations of bovine chymosin

Kapralek,F., Jecmen,P., Sedlacek,J.,
Biotechnol. Bioeng.37, 71-79.
Kostka,\/. (1985) Aspartic Proteinases and their InhibitgrsWalter de

Fabry,M. and Zadrazil,S. (1991)

€ Gruyter, Berlin.

Kraulis,P.J. (1991). Appl. Crystallogr.,24, 946—950.
Lowther,W.T., Majer,P. and Dunn,B.M. (199F)otein Sci.,4, 689-702.

also discernible, consequent on the ‘upwards’ movement dflantafounis,D. and Pitts,J. (199Botein Engng.3, 605-609.

the bulky phenylalanyl-112 side-chain. These small shifts ar
likely to affect the specificity pockets at S1 and S3 which
involve residues on this helix.
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