Biotechnological applications of
enzymes: proteases



Fields of application of proteases

Protein purification, Proteomics, Cancer research

Fig. 1. An overview of protease applications.



Proteases catalyze the hydrolysis of peptide
bonds

Exopeptidases and endopeptidases
Substrate specificity can be high or low

4 classes based on reaction mechanism:
- Serine proteases (chymotripsin, trypsin, elastase, subtilisin)
- Cysteine proteases (papain, caspase)
- Acidic proteases (pepsin, chymosin, HIV protease)
- Metalloproteases (carboxypeptidase A, thermolysin)

Many proteases possess also esterase activity



Reaction mechanism of serine proteases:
covalent catalysis
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Aspartic acid proteases: Pepsin
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Figura 11.23 Un meccanismo per le aspartato
proteasi. Nella prima fase, il trasferimento concertato
di due protoni facilita I'attacco nucleofilico
dell'acqua sul carbonio carbonilico del substrato.
Nella terza fase, un residuo di aspartato (Asp>? nella
pepsina) accetta un protone da uno dei gruppi
ossidrilici delll'ammide diidrato mentre I'altro
aspartato (Asp?'®) cede un protone all'azoto
dell’lammide che verra rilasciata.



Metalloproteases: Carboxypeptidase A
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Substrate specificity of different
proteases

"' Table1
Specificity of proteases®
Enzyme Preferred cleavage site®
N-terminal C-terminal
Serine proteases
l
Trypsin —Arg (or Lys)—Yaa—
l
Achromobacter protease —Lys—Yaa—
Chymotrypsin, subtilisin —Trp (or Tyr, Phe, Leu)—Yaa—
)
Elastase, a-lytic protease —Ala (or Ser)—Yaa—
!
Proline-specific protease —Pro—Yaa—
Staphylococcus V8 protease —Asp (or Glu)—Yaa—
Carboxypeptidase Y —Xaa—Yaa—

Thiol proteases

Papain, Streptococcus protease —Phe (or Val, Leu)-Xaa—Yaa—

y
Clostripain, cathepsin B —Arg—Yaa—
Cathepsin C H-X-Phe (or Tyr, Arg)—Yaa—
Metal proteases
Thermolysin —Xaa—Leu (or Phe)—
Myxobacter protease | —Xaa—Lys—
Aspartic proteases
!
Pepsin —Phe (or Tyr, Leu)—Trp (or Phe, Tyr)—

aData from Ref. 3.
bXaa, various amino acid residues; Yaa, various amino acid residues, ester
or amide.




Use of proteases as additives in
detergents

Proteases used as additives in detergents

must:

* Have low substrate specificity

* Have high activity both at low and high T

* Have high pH optimum

« Be resistant to other agents present in
detergents (soap, metal chelators,
oxidants etc.).




Subtilisins are serine proteases
that possess these features

Table 1

Subtilisin variants used in detergents.

Trade mark

Alcalase™
FNA®
Savinase™
Purafect™
KAP®
Everlase™
Purafect OxP™
FN42

BLAP SP
BLAP X°
Esperase™
Kannase™
Properase™

“Exclusive molecules for specific customer.
PExclusive molecules for captive use. The names of captive use products are often based on technical terms or acronyms.
°PE, protein engineered; WT, wild type.

Producer

Novozymes
Genencor
Novozymes
Genencor
Kao
Novozymes
Genencor
Genencor
Henkel
Henkel
Novozymes
Novozymes
Genencor

Origin

DO DDDDDDDHDDD

licheniformis
amyloliquefaciens
clausii
lentus
alkalophilus
clausii
lentus
lentus
lentus
lentus
halodurans
clausii

. alkalophilus PB92

WT/PE®

WT
PE
WT
WT
WT
PE
PE
PE
PE
PE
WT
PE
PE

Production strain

. licheniformis
subtilis
clausii
subtilis
alkalophilus
clausii
subtilis
subtilis
licheniformis
licheniformis
halodurans
clausii

. alkaliphilus

DD DDHDDDDDD

Synonym
Subtilisin Carlsberg

Subtilisin 309

Subtilisin 147



Subtilisins

Produced by Bacillus sp., they are
extracellular alkaline proteases

Serine proteases of about 27 kDaq,
with low substrate specificity and
high stability

In the EU > 1000 tons of pure
subtilisin are produced and/or
imported per year

Used as additive in all types of
detergents

Subtilisin is one of the most
engineered enzymes: over half of its
275 aminoacids have been targeted
by mutagenesis!



Strategies to improve the properties of an
enzyme

Computational Design

Which properties do you
want to improve?

« Catalytic activity

 Substrate specificity

* New activities

« Stability

 Stability in ‘exotic’
environments (non-
P hys ol 0og i C) E. coli- Yeast-based

Protein Purification ] e e
based Assay Assay

High-Throughput Screening

Isolate Potential Variants

Characterization

Fig. 2. Schematic diagram outlining the general approaches of protease engineering.



Use of proteases as "
additives in
detergents. "

Maxacal is a protease LR

from Bacillus lentus that = s i s ot s s
shows high activity at

high pH and is
thermostable.

It belongs to the

subtilisin family.

1 1 L 1 1
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Temperature, °C ——
Figure 37. Temperature activity prolile of Maxacal
Activity is determined at pll 10 as described in Figure 36.



Stabilization of Maxacal to oxidation

Maxacal loses activity in | sesituat sctivity o
the presence of oxidants 2
such as Hzoz or ok
peroxyacids that are :
commonly found in

detergents. . j
Cysteine and methionine

residues are the main ooul NP

targets of oxidants. T e T
Maxacal does not contain ' mas, ) % mi warnr <50 n Totca Acerys cemyions
cysteines, but ithas 3 ity B SRR R

substrate (7].

methionine residues.



Stabilization of Maxacal to oxidation.
Substitution of methionine 216 makes the protease
more resistant to oxidants
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a substrate (see (7] for further experimental de-
tails).



In vitro directed evolution to improve the
thermostability of a psychrophilic subftilisin
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Fig. 2. Directed evolutlon of a psychrophlllc enzyme, subtilisin 547, from the Antanctic bacterium TA41 (Ret. 12). {a) Rapld screening for thermostabl ity and actlvity |s
performmed by taking replicasfrom a master plate that contains Individual clones. One replica platels assayed for activity at room temiperature (RT), and the second IS
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In vitro directed evolution of the alkaline protease from B.
gibsonii o improve activity at low T and thermostability

BgAP Protease
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FIGURE 1

Summary of the directed evolution campaign for Bacillus gibsonii alkaline protease (BgAP) using sequence saturation mutagenesis (SeSaM) and a parallel screening
towards high activity atlow temperatures (upper path) and thermal resistance (lower path). Variants with improved temperature-activity profiles were identified, and
beneficial amino acid substitutions were combined to generate one single enzyme varant with a wider temperature profile compared to the wild type [9].



Use of proteases in the food industry

» To improve nutritional quality and digestibility of
food

* To decrease allergenicity of protein hydrolyzates
used as nutritional supplements (es. artificial milk,
wheat flour)

* For production of cheese: chymosin and pepsin for
casein hydrolysis and rennet formation, mix of
proteases for cheese ripening

* To soften meat: papain, bromelain
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Fig. 5. SDS-PAGE patterns (A) of the hydrolysates, M: protein marker (140-10 KDa); 0:1% (w/w) milk powder aqueous solution; 1-5: the hydrolysates with different
reaction times (10 min, 20 min, 30 min, 40 min and 50 min). SDS-PAGE patterns (B) of the hydrolysates from reuse experiment, M: protein marker (140-10 KDa);
0:1% (w/w) milk powder aqueous solution; 1-4: the hydrolysates with different reuse times (first, second, third and fourth time).
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Steps in cheese making

Proteases and
Lipases

Rennet
Milk (Chymosin)

! ! I

Whey

Coagulum

Acidification 2 . Separation Ripening Cheese
formation
Lactic acid bacteria  Curd (coagulum) Curd ==—p  Addition of ) e
salt

Fig. 6.Steps incheese making.



Enzymatic synthesis of peptide bonds:
transpeptidation

Proteases can catalyze the synthesis of peptide bonds through
two approaches:

1. Thermodynamic approach (inverse of the hydrolysis reaction)

2. Kinetic approach (aminolysis reaction)

. :
RCO:' + HJN-R' : : RCO:H + HzN'R. ~—— RCOHNR' + Hzo (1)

k ks 0

RCO.R" + Enzyme T (E-S| ——= R-C-E . RCOH + E (2)
(S) (E) k) k. H;0
kg Il :‘.-Nﬂz
¢
[ R-C-E- H,N-R"|

s

RCOHNR” + E



Strategies for the synthesis of peptide bonds
through the thermodynamic approach

The apparent equilibrium is shifted towards synthesis

by removal of the peptide product from the reaction
mixture: precipitation

— Fig. 1
(a)
Soluble reactant 1 Enzyme .
k| o D'Sso'ieipéodUCt ———> Solid product (precipitate)
Soluble reactant 2 2
(b)
Z-Phe-OH + Leu-NH, 0.2 mm a-chymotrypsin 5 Z-Phe-Leu-NH,
(0.1 m) (0.1 m) pH 7.0, 25°C, 16 h (Yield, 70-80%)

Equilibrium controlled synthesis (1) — Precipitation.

(a) A generalized reaction: the equilibrium between dissolved and solid
product favours formation of solid product. (b) The a-chymotrypsin catalysed
formation of Z-Phe-Leu-NH, (Ref. 3).




Strategies for the synthesis of peptide
bonds by proteases
Chemical groups that block -NH2 and -COOH are

used to confer directionality to the bond and to
modify solubility of reagents and products

O

NH, group 1
Z group: benzyloxycarbonyl QCHQOC

Ac group: acetyl — Table2 ———————
Effect of blocking residues on
product solubility
COOH QPOUP Product Solu:hi/:itya/
Obu' group: ’rer'r-bu'ryl ester AcPheLou ;10" waten
NH; group: amide o
Z-Phe-Leu-NHCgHs 0.8
Z-Phe-Leu-ODPM 0.03

2ln pH 7.0 buffer containing 10%
dimethylformamide.




Strategies for the synthesis of peptide bonds
through the thermodynamic approach

The apparent equilibrium is shifted towards synthesis
by removal of the peptide product from the reaction
mixture: Biphasic system: water + immiscible solvent

~ Fig. 2
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(b)
Ac-Trp-OH + Leu-NH, 5 uM a-chymotrypsin, pH 7.0 _ Ac-Trp-Leu-NH,
(0.4 mw) (0.4 mwm) 98% ethyl acetate T (Yield, 44%)

Equilibrium controlled synthesis (2) — Biphasic system.

(a) A generalized reaction: the low concentration of product in the aqueous
phase means that equilibrium in the aqueous phase is not reached until there
are high concentrations of product in the solvent. (b) The a-chymotrypsin
catalysed synthesis of Ac-Trp-Leu-NH, (Ref. 1).




Strategies for the synthesis of peptide
bonds through the kinetic approach

—Fig. 4
Ac-Phe-OH + E
k3
k, H,O
Ac-Phe-X + E ——= Ac-Phe-X-E ———= Ac-Phe-E
K.z + Nu
X K
Ac-Phe-Nu + E

Kinetically controlled synthesis.

The catalytic mechanism of a-chymotrypsin: the covalent-linked enzyme-
peptide intermediate (Ac-Phe-E) is subjected to nucleophilic attack fr.om HZ.O
or other nucleophiles (Nu): the rates of the reactions (k3 and k,) dictate its
outcome.

This approach can be used with serine and cysteine
proteases that form a covalent acyl-enzyme intermediate.
Esters or amides of amino acids are used as acyl group
donors to form the acyl-enzyme.

Deacylation takes place as competition between hydrolysis
and aminolysis.

The aminolysis reaction is favoured in organic solvents.



Enzymes are able to retain catalytic
activity in organic solvents
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Solvent-mediated inversion of the
enantioselectivity of an enzyme

Transesterification reaction catalyzed by Aspergillus oryzae
protease in different organic solvents
N-acetyl- (D or L)-phenylalanine-chloroethylester + propanol

Solvente Enantioselettivita (V. /Vp)
Acetonitrile 7.1
Dimetilformamide 5.7

Acetone 1.3

Toluene 0.26

Ottano 0.24

Binding mode of D substrate is
productive in organic solvent
because the hydrophobic Phe side
chain is exposed

ductive mode

productive mode non-productir ————
enantiomer g
HAC
7
coolact
cHy enantiomer n\!
gl
"$' NHAC — ;CN.
% //
nd D (bottom)

Fieure 1. Schematic representation of binding of L (top) & Bicaer
cnil;niomers of 1 to the active center of A. oryzae proteaﬁf- '_11-_22 s‘chgnc
unfinished circle depicts the hydrophobic binding pocrcm i oronsli
residue shown is the head nucleophile of the enzyme: ";c 15‘_ v
properly aligned to attack the ester carbonyl only in
binding mode.



Strategies for the enzymatic synthesis of
peptides

— Table 5
Strategy for peptide synthesis by enzymatic method

Equilibrium controlled Kinetically controlled

synthesis synthesis
Type of enzymes All proteases (proteinases) Serine and thiol proteases
Size of peptides 2-10 (Precipitation)
(amino acid residues) 2-10 (Biphasic) 2-100
2-100 (Dissolved)
Specificity
requirementin
- fragment (> Strict Not strict

hexapeptides)
condensation




Experimental conditions for enzymatic
peptide bond synthesis

— Table 3
Experimental conditions for peptide bond synthesis?®
Enzyme
Carboxyl component Amine component conc. Reaction Yield
Enzyme (Concn., M) (Concn., m) : pH (um) time (h) (%)
Equilibrium controlled processes
a-Chymotrypsin Z-Phe-OH (0.05) Leu-NH, (0.05) 7 200 20 72
Trypsin Bz-Arg-OH (0.05) Leu-OBu'(1.0) 6.5 100 20 60 (soluble)
Subtilisin Z-Gly-Pro-Leu-OH (0.05) Leu-NHCgHs (0.05) 7 100 20 54
Papain® Z-Ala-OH (0.05) Leu-ODPM (0.05) 5 10 5 75
Papain Z-Arg-OH (0.05) Leu-OBu!(1.0) 5.5 8 5 50 (soluble)
Thermolysin Z-Phe-OH (0.05) Leu-NH, (0.05) 7 3 5 70
Pepsin Z-Gly-Phe-OH (0.05) Leu-NHCgHs (0.05) 4.5 200 20 70
Kinetically controlled processes
«a-Chymotrypsin Ac-Phe-OEt (0.1) Leu-NH, (0.1) 10 10 0.03(2min) 80
Trypsin® Bz-Arg-OEt (0.2) Leu-NH, (0.2) 10 10 0.03 (2 min) 70 (soluble)
Carboxypeptidase Y¢ Bz-Ala-OMe (0.055) Val-NH, (0.6) 9.7 4.5 1 80
Papain Bz-Ala-OMe (0.1) Val-NH, (0.2) 8 200° 1 82
aData from Ref. 3. Except where otherwise specified, the reaction was carried out at 37 or 25°C using commercially
available crystalline enzyme. The reaction with papain was performed in the presence of 10-50 mm KCN and 5 mm EDTA
or 0.2 mm EDTA and 0.2 m dithiothreitol (for kinetically controlled process).
bThe reaction mixture contained 40% dimethylformamide.
“The reaction mixture contained 20% dimethylformamide.
dHighly purified preparation.
eCrude preparation from Merck, 3.5 U/mg.




Semi-synthesis of human insulin from

Human insulin
differs from
porcine insulin only
for the last residue
of the B chain:

Thr B30 vs Ala B30.

porcine insulin

Gly

e human insulin

Val

Glu CHAIN A
|

Gln=Cyg=Cyg="11r=8er= lle =Cyz=8er=Leu=Tyr-Gln=Leu=Glu=-Asn=Tyr-Cys=Asn

His =Leu=Cys = Gly-Ser - His = Leu=Val = Glu= Ala=Leu=Tyr-Leu-Val =Cys

Gln CHAIN B Gly
Asn Glu
Val Arg

Phe QLys-Pro- ~Tyr-Phe-Phe-Gly



Semi-synthesis of human insulin from
porcine insulin

H,N 17 COOH
Ala30 is removed by S e B W
carboxypeptidase or by a lysine- R, [T ——
specific protease. e

’;'ZN coolt

A lysine-specific protease isused to ™ —
form the Lys29-Thr peptide bond. " des-B30- Insulin

Thr-t - OBu
Pr‘ocedur.e paTen.I-ed by NOVO in 1982. tox ethanol/dimethylformamide)
S—
HoN L CooH

Transpeptidation of recombinant N Lys-Thr-t-0Bu
insulin (B chain lacking Thr30) nou‘/i S
produced in S. cerevisiae.

S-S
1

H,N COOH

H,N Lys-Thr »yCOOH

l}iumhn insulin{

. Enzymatic preparation of human in-
wlin from porcine insulin.



Synthesis of aspartame

Aspartame is a dipeptide formed by | HO\‘J/:(“\

(o]
COOCH,
OH + m -
HH,
Nz

aspartate and phenylalanine-methylester,

it is 100-200 times sweeter than sucrose. Dol ?

. . . conlrolled Thermolysine
Peptide bond synthesis is catalyzed by gl S ocemization |
the metalloprotease thermolysin. Z-L-Asp-L-Pho-OCH5 + D-Phe-OCHy |

l

Thermolysin: enantiospecific (D L-Phe)
regiospecific (o isomer)

Separation D-Pho-OCH; |
CH4OH/HCI >

thermostable (50-60° C) ¥
no esterase activity Z-L-Asp-L-Phe-OCH3
\
Catalytic

hydrogenation

l

L-Asp-L-Phe-OCH,

. Tosoh process for the enzymatic manufac-
ture of aspartame (OyAamMA and KiHARA, 1984).



