
Enteropeptidase (enterokinase, EC 3.4.21.9), a

highly specific processing proteinase, activates trypsino�

gen, thereby initiating the cascade of reactions activating

digestive enzymes [1]. When converting trypsinogen to

trypsin, enteropeptidase highly efficiently catalyzes the

hydrolysis of the polypeptide chain downstream of the N�

terminal sequence tetra�aspartyl�lysine. This high speci�

ficity is the main characteristic feature of enteropeptidase

that attracts the interest of enzymologists to this enzyme.

Enteropeptidase is widely used as a tool for specific cleav�

age of various fusion proteins containing the �DDDDK�

sequence (the enteropeptidase linker) inserted between

the carrier and target proteins [2�7]. This enzyme is used

not only in applied studies but also in fundamental works

(specifically, in determination of highly specific proteoly�

sis determinants). In structural aspect, enteropeptidase

represents a typical trypsin�like serine proteinase: its light

chain, corresponding to amino acid residues 801�1035,

contains the entire set of amino acid residues required for

the catalytic site formation and shares a high extent of

homology with trypsin. However, in addition to the pri�

mary binding site S1 (Asp981), which determines the pri�

mary trypsin specificity of enteropeptidase, the light

chain of the enzyme contains the secondary binding site

S2 (Lys889), which coordinates the four aspartic acid

residues at positions P2�P5 of the substrate [8], thereby

imparting the characteristic high specificity to enteropep�

tidase. In 1998, we discovered unusual Ca2+�dependent

autolysis of the heavy enteropeptidase chain, correspon�

ding to residues 118�800 and linked to the light chain

through a disulfide bond [7, 9, 10]. As a result of autoly�

sis, the efficiency of enteropeptidase substantially (by two

orders of magnitude) decreased solely with respect to the

natural substrate, trypsinogen. However, the enzyme

activity with respect to artificial low� and high�molecu�

lar�weight substrates containing the linker sequence

�DDDDK� was completely retained. When the autolysis

sites (�QNMEK465�TIFQ�, �NNYEK360�INCN�,

�NEWER384�TQGS� and �GRRER420�VGLL�) were

determined [7, 10], a question arose as to how the hydrol�

ysis of the polypeptide chain in the above�mentioned

sequences agrees with presumable absolute specificity of

enteropeptidase: in theory, its substrate should contain a

Lys/Arg residue at position P1 and four Glu/Asp residues

at positions P2�P5 [11].

The study of autolysis kinetics of the enteropeptidase

heavy chain upon its incubation with EDTA showed that

this process is a zero�order reaction, because the initial
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reaction rate does not depend on the concentration of

enteropeptidase, being equal to 4·10–9 M/min (20°C,

10–3 M EDTA). Hence, this is apparently an intramolec�

ular process [12]. It is believed that autolysis takes place

simultaneously at the bonds located downstream of lysine

(Lys360 and Lys465) and arginine (Arg384 and Arg422)

residues; however, the final autolysis product is always the

C�terminal half of the heavy chain (residues 466�800),

linked though a disulfide bond to the light chain. We

assumed that either autolysis is as a unique process for

this enzyme, like trypsin activation, or the specificity of

the enteropeptidase is broader than had been believed

earlier and needs to be studied in more detail. An exam�

ple of the first case is autolysis of proteinase of tobacco

etch virus, which takes place at the site that does not cor�

respond to the specificity of this enzyme with respect to

any peptide or protein substrate [13]. However, a wide

use of enteropeptidase in gene engineering studies on

processing fusion proteins allowed the authors of [2�5,

14] to obtain data indicating that enteropeptidase prepa�

rations are able to hydrolyze some target peptides and

proteins that do not contain the sequence �(Asp)4Lys�

required for enteropeptidase hydrolysis. Hydrolysis of

these proteins and peptides at the bonds located down�

stream of arginine or lysine residues was originally

ascribed to contamination of enteropeptidase prepara�

tions with some trypsin�like enzyme [3]. We noted that,

in all cases of this unusual enteropeptidase hydrolysis of

peptide bonds formed by Lys and Arg carbonyls (includ�

ing autolysis discovered by us), at least one Glu or Asp

residue is necessarily present at positions P2�P5 with

respect to the peptide bonds hydrolyzed. In view of this,

we assumed that enteropeptidase can hydrolyze sub�

strates with a general formula:

A�Aspm(Glum)�Xaan�Lys(Arg)�↓�B,            (1)

where Xaa is Asp, Glu, or any other amino acid; m = 0�1;

n = 0�3; A and B are protective groups or various amino

acid residues.

To corroborate a universal nature of the proteolysis

catalyzed by enteropeptidase, we used some biologically

active peptides comprised of seven to nine amino acid

residues—human angiotensin II (DR�VYIHPF, AT) and

cattle hemoglobin β�chain peptides (LTAEEK�A (Hb 2�

8) and MLTAEEK�AA (Hb 1�9))—as first substrates of

this type [12, 15]. At the next stage of work, we used syn�

thetic tryptophanyl�containing peptides WDDR�G and

WDDK�G [16]. Our first results showed that enteropep�

tidase is indeed able to hydrolyze peptides at the bonds

formed by the carboxyl groups of Lys or Arg residues if the

substrate contains less than four negatively charged

amino acid residues at positions P2�P5. However, trunca�

tion of the linker sequence as a result of a decrease in the

number of negatively charged amino acid residues deteri�

orates the binding of such substrates to the secondary site

Lys889 of the enzyme light chain by an order of magni�

tude [12, 15, 16].

In this work, we continued our previous studies on

this subject. To determine the effect of the length of

polypeptide chain on the efficiency of enteropeptidase

hydrolysis, we used other hemoglobin fragments contain�

ing the EEK sequence. In addition, a comparative analy�

sis of the secondary specificities of enteropeptidase and

trypsin with respect to peptide substrates of this type has

been performed. We also tested new synthetic chro�

mophoric substrates of enteropeptidase containing p�

nitrophenylalanine (F(NO2)) as P1′ residue. A change in

absorbance at 310 nm, occurring as a result of hydrolysis

of such peptide bonds, allows direct spectrophotometric

monitoring of the initial hydrolysis rate both at pH 4�6

[17] and pH 7�8 [18].

MATERIALS AND METHODS

Materials. The reagents used in the study were from

Merck and Serva (Germany), Sigma and Bio�Rad

(USA), Reanal (Hungary), and Kriokhim (Russia).

Crystalline trypsin was from the Plant of Medical

Preparations (St. Petersburg Meat�Packing Plant,

Russia). HPLC was performed on a Beckman System

Gold chromatograph (USA). Spectrophotometric meas�

urements were performed on a Gilford 2400�2 spec�

trophotometer (USA).

Synthesis of peptide substrates. All peptide fragments

of cattle hemoglobin were obtained by standard methods

of classic peptide chemistry in solution, using the princi�

ple of maximal protection. The peptide LTAEEKAAV (Hb

(2�10)) was obtained by condensing two protected frag�

ments—Boc�T(Bzl)A and E(OBzl)E(OBzl)K(Z)AAV�

OBzl—by the DCC/HOBt method, with subsequent

unblocking with saturated HBr solution in CH3COOH.

The protected fragments were obtained by stepwise elon�

gation of the chain, starting with the C terminus, by the

methods of mixed anhydrides and activated (p�nitro�

phenyl and pentachlorophenyl) esters with HOBt cataly�

sis. Free peptide was isolated by chromatography on a

column with Sephadex G�15 in 0.1 M acetic acid. In

total, 55 mg of the peptide Hb (2�10) was obtained.

The peptide MLTAEEKA (Hb (1�8)) was obtained

similarly to peptides Hb (2�10), Hb (2�8), and Hb (1�9)

[12]. The peptides WDDRG and WDDKG were synthe�

sized by the method of Mutt et al. [14].

Peptides G5DK�F(NO2)G and GD4K�F(NO2)G

were synthesized by the solid�phase method on a

Beckman 990B device (USA) using p�(Boc�Gly�oxy�

methyl)phenylacetamidomethyl polymer (0.53 mmol/g)

obtained from Advanced Chemtech (USA). Peptide

bonds were formed using the DCC/HOBt method with

preliminary activation at 0°C for 10 min; reagents were

used in 3.5�fold excess. After unblocking and subsequent



SECONDARY SPECIFICITY OF ENTEROPEPTIDASE 911

BIOCHEMISTRY  (Moscow)  Vol.  69  No. 8   2004

elution from resin by liquid HF in the presence of p�

cresol (10 : 1 v/v), peptides were purified by gel filtration

on Sephadex G�15 in 0.1 M acetic acid and then subject�

ed to HPLC. In total, we obtained 107 mg of the first pep�

tide and 39 mg of the second peptide. The homogeneity

of each peptide was determined by HPLC (using

Nucleosil C18 columns) and N�terminal amino acid

analysis. The structure of the peptides was confirmed by

NMR (Brucker 500 MHz, Germany), amino acid analy�

sis (Biotronic LC 3000, Eppendorf�Biotronic,

Germany), and MALDI mass spectrometry (VISION

2000, Thermo Bioanalysis Corp., UK). The degree of

purity of the peptides was at least 95% (according to

HPLC data).

Enteropeptidase was isolated from bovine duodenum

and purified as described earlier [7]. The activity of

enzyme preparations was determined using trypsinogen

activation [7].

Kinetic measurements. 1. HPLC. Each peptide (0.25�

10 mM; or 0.01�0.5 mM in the case of GD4K�F(NO2)G

and G5DK�F(NO2)G) was incubated with the enzyme in

0.1 M Tris�HCl buffer (pH 8.0; 37°C). Enteropeptidase

concentration was 72.8 nM (AT, Hb (2�8), and Hb (1�8)),

33.3 nM (Hb (1�9)), 22.6 nM (WDDRG, WDDKG, and

Hb (2�10)), and 1 nM (G5DK�F(NO2)G and GD4K�

F(NO2)G). Trypsin concentrations used for the trypsin

hydrolysis were 2.5 µM (in the case of Hb (2�8)), 30 nM

(in the case of Hb (1�9)), 0.58 µM (in the case of G5DK�

F(NO2)G), and 1 µM (in the case of GD4K�F(NO2)G).

Rate constants of hydrolysis of peptides by enteropepti�

dase and trypsin were determined by incubating at least

six concentrations of the corresponding substrate with the

enzyme. When determining the kcat/Km ratio in the case of

enteropeptidase hydrolysis of the substrates Hb (1�9) and

Hb (2�10), low concentrations of substrates were used

(10–5�10–4 M; [S] << Km). At certain time intervals, cor�

responding to at most 20% conversion of each substrate,

six to eight aliquots (2�5 µl) were taken from incubation

medium, diluted 10�25 times with 0.1% TFA, and stored

at –70°C. The composition of samples was analyzed by

HPLC in 0.1% TFA on columns Nucleosil 7/C8

(Macherey�Nagel, Germany; 4 × 250 mm; acetonitrile

gradient 0�60%), Nova�Pac C8 (Waters, USA; 3.9 ×
150 mm; acetonitrile gradient 0�40% during 35 min; elu�

tion rate 1 ml/min), and Luna C18 (Phenomenex, USA;

2 × 250 mm; acetonitrile gradient 0�60%; elution rate

0.3 ml/min). Initial reaction rate was calculated by the

ratio between the areas of peaks of the substrate and one

of the products. A correction for the difference in the

molecular absorbance at 222 nm was introduced after

exhaustive hydrolysis. To confirm structures of hydrolysis

products, aliquots of fractions corresponding to individ�

ual peaks were analyzed by MALDI mass spectrometry.

2. Spectrophotometric method. Hydrolysis of the sub�

strates GD4K�F(NO2)G (13 nM enteropeptidase or 1 µM

trypsin) and G5DK�F(NO2)G (20 nM enteropeptidase or

0.58 µM trypsin) was monitored by a decrease in

absorbance upon hydrolysis of the bond Lys–Phe(NO2)

(∆ε310 = 550) at 37°C in a thermostatically controlled

cuvette of the spectrophotometer. To determine the initial

hydrolysis rate, we used at least six concentrations of each

substrate within the range 0.1�0.5 mM in 10 mM Tris�

HCl buffer (pH 7.5) containing 50 mM CaCl2 and 0.1%

n�octyl�β�D�glucopyranoside. In some cases, aliquots of

incubation medium were taken as described in method 1

and simultaneously analyzed by HPLC.

Kinetic parameters (kcat and Km) of hydrolysis of sub�

strates were calculated using the method of

Eisenthal–Cornish�Bowden [19].

RESULTS

Peptides with a general formula A�(Asp/Glu)n�

Lys(Arg)�↓�B (2), containing one or two Asp or Glu

residues at positions P2�P3 (n = 1�2) and Lys or Arg at

position P1, were used as enteropeptidase substrates con�

taining linkers of varying length. Hydrolysis of these pep�

tides was monitored using HPLC, by recording a decrease

in the area of the peak corresponding to the original pep�

tide and increase in the area of the peak corresponding to

hydrolysis products during incubation with enteropepti�

dase (Fig. 1). Kinetic constants of hydrolysis of the sub�

strates tested are summarized in Table 1. We found that,

indeed, enteropeptidase is able to hydrolyze peptides at

the bonds formed by the carboxyl groups of Lys or Arg

residues if the substrate contains less than four negatively

charged amino acid residues at positions P2�P5.

However, substrates containing a truncated linker

sequence (with a decreased number of negatively charged

amino acid residues) bound to the secondary site Lys889

of the light chain of the enzyme much less strongly (by an

order of magnitude). The Km values for all these substrates

(more than 10–3 M) are greater by an order of magnitude

than the corresponding parameters for typical synthetic

substrates of the enzyme—fusion proteins and peptides

containing the full�length enteropeptidase linker

�DDDDK� (Km ~ 10–4 M). Note that substrates differing

in the number (one or two) and nature (aspartyl or glu�

tamyl) of negatively charged amino acid residues inter�

acted with enteropeptidase with almost equal efficiencies.

The same applies to the substrates containing Arg or Lys

at position P1.

The kcat values for WDDRG and WDDKG, AT and

Hb (2�8) were also similar and low (~30 min–1). The total

efficiency of hydrolysis of such peptides consisting of five,

seven, or eight amino acid residues containing one or two

negatively charged amino acid residues at positions P2�

P3 of the substrates was almost equal and accounted for

no more than 1% of the corresponding value obtained for

a fusion protein containing the full�length linker �(Asp)4�

Lys� (Table 1). Our data have not revealed any difference
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Fig. 1. Hydrolysis of hemoglobin β�chain peptides by enteropeptidase (pH 8.0, 37°C). Analysis of incubation medium by HPLC on a Nova�

Pac C8 column (3.9 × 150 mm; acetonitrile gradient 0�40% in 0.1% TFA; elution rate 1 ml/min). a) Hb (2�8), [S] = 5.33 mM, [E] =

72.8 nM; 1) peak of substrate LTAEEKA; 2) peak of product LTAEEK. b) Hb (1�9), [S] = 6.00 mM, [E] = 33.3 nM; 1) peak of substrate

MLTAEEKAA; 2) peak of product MLTAEEK.
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in the efficiency of enteropeptidase hydrolysis of Lys� or

Arg�containing substrates. However, trypsin hydrolyzed

Arg�containing substrates five� to tenfold more effective�

ly than Lys�containing substrates, which may be due to

different types of binding of these positively charged

amino acid residues in the S1 binding site [20].

Enteropeptidase contains the primary trypsin site S1,

Asp981 (Asp189 in the standard chymotrypsin numbering

system); however, its natural substrate, trypsinogen, is a

Lys�type substrate. The effect of the substitution of this

residue with Arg has not been studied before.

Thus, as we assumed, hydrolysis of type 2 substrates

with n < 4 was much less efficient than hydrolysis of typ�

ical enteropeptidase substrates with n = 4. Unexpected

results were obtained for the nonapeptide Hb (1�9). Both

substrates—hemoglobin fragments Hb (1�9) and Hb (2�

8)—contain identical amino acid sequences at positions

P6�P1′. However, at equal Km values (~10–3 M), elonga�

tion of the peptide Hb (2�8) LTAEEKA at the N� and C�

termini by one amino acid residues resulted in a dramat�

ic increase in hydrolysis efficiency: kcat for Hb (1�9)

MLTAEEKAA was 1510 min–1 (i.e., hydrolysis of this

compound was only threefold less effective than hydroly�

sis of the fusion protein containing the full�length linker

PrAD4K�P26) (Table 1).

We also determined the constants of trypsin hydroly�

sis of cattle hemoglobin β�chain peptides Hb (2�8) and

Hb (1�9) (Table 1). The efficiencies of enteropeptidase

and trypsin hydrolysis of the peptide Hb (2�8) were simi�

lar. However, the transition from the heptapeptide Hb (2�

8) to the nonapeptide Hb (1�9) caused a further increase

in hydrolysis efficiency.

To determine the effect of the length of polypeptide

chain in N� and C�terminal regions on the efficiency of

enteropeptidase hydrolysis, we used other fragments of

cattle hemoglobin β�chain, which contained the �EEK�

sequence − MLTAEEKA (Hb (1�8)) and LTAEEKAAV

(Hb (2�10)) (Table 1). Thus, two pairs of peptide sub�

strates of enteropeptidase, containing identical amino

acid sequences at positions P6�P1′ but yielding hydrolysis

product differing in length by 1 or 2 amino acid residues

only at the N or C terminus (specifically, MLTAEEK�AA

and LTAEEK�AAV (I), and LTAEEK�A and MLTAEEK�

A (II)) were obtained. The efficiency of hydrolysis of

group I peptides (kcat/Km = 378 and 400 mM–1·min–1,

respectively) was by two orders of magnitude greater than

that of group II peptides (kcat/Km = 7.0 mM–1·min–1 in

the case of both substrates). A similar consistent pattern

was observed in the case of trypsin hydrolysis of peptides

of group I and II (kcat/Km = 1700 and 8.4 mM–1·min–1,

respectively). Elongation of polypeptide chain at N�ter�

minal region caused no increase in hydrolysis efficiency.

Efficiencies of enteropeptidase and trypsin hydrolysis of

substrates of this type are determined by the length of the

leaving C�terminal group. Apparently, the interaction

between the enzyme and the amino acid residue located

at position P2′ of the substrate is critical for hydrolysis

efficiency. Further elongation of substrates both at P3′

Substrate

АТ; DR�VYIHPF

WDDK�G

WDDR�G

Hb (2�8); LTAEEK�A

Hb (1�9); MLTAEEK�AA

Hb (1�8); MLTAEEK�A

Hb (2�10); LTAEEK�AAV

G5DK�F(NO2)G*

GD4K�F(NO2)G*

GD4K�Nfa* [15�17]

PrAD4K�P26**** [7]

Tr

—

—

—

8.4 ± 1.8

1700 ± 400

—

—

24.2 ± 6.0

5.0 ± 1.5

80**

0.1***

Table 1. Kinetic constants of hydrolysis of substrates by enteropeptidase (EP) and trypsin (Tr) (pH 8.0, 37°C)

EP

7.3 ± 1.2

19.9 ± 0.6

19.5 ± 0.3

7.0 ± 1.5

378 ± 105

7.0 ± 0.8

400 ± 40

2380 ± 600

6700 ± 1700

5000

1260

EP

24.0 ± 2

32.6 ± 4.3

40.6 ± 2.9

29.4 ± 3.3

1510 ± 189

—

—

1040 ± 150

1070 ± 170

1000

157.0

EP

3.3 ± 0.5

1.6 ± 0.2

2.1 ± 0.2

4.2 ± 0.8

4.0 ± 1.0

—

—

0.437 ± 0.044

0.160 ± 0.016

0.200

0.125

* 50 mM Ca2+.

** Calculated using the data of Grant et al. [21]; 10 mM Ca2+.

*** Calculated using the data of Grant et al. [21]; 0.1 mM Ca2+.

**** Fusion protein containing a modified protein A as a carrier and recoverin as a target protein.

Tr

—

—

—

8.9 ± 1.8

1.7 ± 0.4

—

—

1.95 ± 0.2

10.0 ± 1.0

—

Tr

—

—

—

74.2 ± 14.8

2900 ± 300

—

—

47.2 ± 5.0

50 ± 5.0

—

kcat/Km, mM–1 · min–1kcat, min–1Km, mM
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and P7 had no effect on hydrolysis efficiency. However,

our data on enteropeptidase hydrolysis of angiotensin II

are indicative of a key role of secondary interactions

between the amino acid residues at positions P3�P5(6):

kinetic constants obtained for this substrate, containing a

fairly long leaving group (B = VYIHPF) but a shorter N�

terminal region (A = H, n = 1), are low and practically

equal to the corresponding parameters obtained for Hb

(1�8), Hb (2�8), WDDKG and WDDRG (Table 1).

At the beginning of the study, the selection of sub�

strates corresponding to formula (2) was random.

However, later we selected several series of substrates with

minimal differences, such as WDDKG and WDDRG,

Hb (1�8) and Hb (2�8), Hb (1�9) and Hb (2�10). For a

systematic study of the extended center of serine pro�

teinases, only one series of substrates, differing only in

one position from one another, is usually used. For this

reason, taking into account our data that the leaving

group of the substrate containing at least two amino acid

residues is needed for efficient hydrolysis, at the next

stage of the study we synthesized a series of type 2 pep�

tides containing the sequence p�nitro�L�phenylalanine�

glycine (B = F(NO2)G) as a C�terminal outgoing group

and a combination of Asp and Gly residues at positions

P2�P5(6). At first, we determined the constants of

enteropeptidase and trypsin hydrolysis for the peptides

GD4K�F(NO2)G and G5DK�F(NO2)G (Table 1). The

peptides whose F(NO2) residue forms the bond

hydrolyzed are convenient tools that allow direct spec�

trophotometric monitoring of hydrolysis. For example,

the substrates that are hydrolyzed at the bond

Lys–Phe(NO2) are highly sensitive substrates of fungal

aspartate proteinases at pH 5.0�6.5 [17]. Unfortunately,

changes in absorbance at optimal pH range of serine pro�

teinases (7.5�8.0) are much less pronounced. Neverthe�

less, the absorbance change (∆ε310) in the case of peptides

containing a number of Asp residues located upstream of

the Lys residue was 550, which allows the spectrophoto�

metric method to be successfully used for recording

hydrolysis rate of these substrates. The kinetic constants

of hydrolysis of the peptides GD4K�F(NO2)G and

G5DK�F(NO2)G (Table 1), determined independently

using two methods—spectrophotometrically and chro�

matographically (using HPLC, as in the case of all other

substrates), were practically equal. The first of the two

substrates, representative of typical synthetic peptide and

protein substrates of enteropeptidase, was used as a con�

trol. The parameters of hydrolysis of the synthetic sub�

strate β�naphthylamide glycyl�tetra�L�aspartyl�L�lysine

(GD4K�Nfa), which was first suggested by Grant and

Tailor [21] for determination of human enteropeptidase,

were practically the same (Table 1). Nevertheless, in our

opinion, it is more correct to use the chromophoric pep�

tide substrate for studying the secondary specificity of the

Fig. 2. Efficiency of hydrolysis of synthetic peptide and protein substrates by enteropeptidase. The kcat/Km value for GD4KF(NO2)G was

taken as 100%.
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enzyme. Enteropeptidase, containing the primary trypsin

site, can hydrolyze (yet less efficiently) the amide sub�

strates of trypsin, such as p�nitroanilides of benzoyl�DL�

arginine (Km = 1.27·10–2 M; kcat = 42 min–1 [22]) and

pyroglutamyl�prolyl�L�arginine (Km ~ 2·10–3 M [23]),

not to mention the highly effective thioester Z�L�Lys�

SBzl [8]. However, no authors have yet reported purely

trypsin�type hydrolysis of peptides and proteins by

enteropeptidase (i.e., when no one negatively changed

amino acid group is contained at position P2�P5)

(Mikhailova and Likhareva, unpublished data).

The second synthetic chromophore substrate of this

series, G5DK�F(NO2)G, was unexpectedly found to be a

highly effective substrate of enteropeptidase (even more

effective than the fusion protein PrAD4K�P26 (Table 1

and Fig. 2). The efficiency of hydrolysis of G5DK�

F(NO2)G, evaluated by the kcat/Km ratio, was

2380 mM–1·min–1, i.e., only threefold lower than that of a

typical substrate GD4K�F(NO2)G and more than sixfold

greater that the effectives of hydrolysis of the peptides

MLTAEEK�AA and LTAEEK�AAV (although the last

two peptides contain two negatively charged amino acid

residues) (Fig. 2). This substrate may be also used for

spectrophotometric determination of the activity of

enteropeptidase.

Conversely, the constants of trypsin hydrolysis of the

substrates GD4K�F(NO2)G and G5DK�F(NO2)G were

low (5 and 24.2 mM–1·min–1, respectively; Table 1). The

adverse effect of four Asp residues at positions P2�P5 in

trypsinogen on trypsin hydrolysis and the physical role of

this phenomenon in preventing undesirable trypsin

autoactivation have been long known [24]. Let us express

the selectivity of hydrolysis of each substrate as the

kcat/Km ratio of enteropeptidase and trypsin hydrolysis

(Table 2). In the case of GD4K�F(NO2)G, a standard

enteropeptidase substrate, this ratio is 1340. The substrate

G5DK�F(NO2)G, containing Gly residues at positions

P3�P6 and only one Asp residue at position P2, was found

to be an almost specific enteropeptidase substrate: the

selectivity of its hydrolysis was 98 (Table 2).

DISCUSSION

Secondary specificity of serine proteinases. The

specificity of serine proteinases, such as chymotrypsin

and trypsin, is largely determined by the P1–S1 interac�

tion. In the case of trypsin, amino acid residues Asp189,

Gly216, and Gly226 form a negatively charged S1�bind�

ing site, which is responsible for the specificity of binding

by trypsin of substrates containing Arg and Lys at P1.

However, the interaction between proteinase and sub�

strate continues beyond the S1 site and often involves

additional binding sites. Six or seven amino acid residues,

located at both sides of the peptide chain hydrolyzed (i.e.,

at positions P3�P3′), interact with the enzyme. The sec�

ondary interactions do not play a key role in the determi�

nation of specificity of chymotrypsin and trypsin

(although it is possible to speak of certain advantages and

disadvantages). However, binding at these sites markedly

increases catalytic efficiency of the enzyme. Good pep�

tide substrates of serine proteinases are hydrolyzed with

the kcat/Km ratio about 108�109 M–1·min–1 [27]. Note that

hydrolysis efficiency increases chiefly due to an increase

in the catalytic component kcat (≈6000 min–1) rather than

due to an increase in the affinity (Km). It still remains

obscure how such remote interactions contribute to

acceleration of catalysis, although there are many

hypotheses accounting for this phenomenon [25].

Importantly, the S1 and Sn–Sn′ binding sites in serine

proteases function in coordination: kcat/Km increases with

an increase in the peptide length only in the case of a

proper P1/S1 interaction (for trypsin, for example, in the

case of substrates containing Arg or Lys at position P1

[25]).

X�Ray analysis showed that the peptide substrate

fragment P3�P3′ forms an antiparallel β�sheet with the

secondary binding sites to the enzyme (S3�S3′), with side

groups of neighboring amino acid residues of substrate

being oppositely directed. Bulky side chains (e.g., in P1′
and P3′) compete for the same site on the enzyme sur�

face, the specificities of S1′ and S3′ are the same, etc. The

chemical nature of P2�Pn� and P1′�Pn′�specificities of

trypsin has been intensively studied using both substrate

series [26�28] and (in the case of P1′�Pn′) acyl transfer to

peptide nucleophiles [29�32].

The main chain of peptide substrate P1�P3 forms β�

sheet with the main chain of residues 214�216 of the

enzyme. This process is accompanied by formation of

hydrogen bonds between the oxygen atom of the carbonyl

of Ser214 and NH group of residue P1 of the substrate,

NH of Trp215 and carbonyl of P3, and carbonyl of

Gly216 and NH of P3. These interactions are a common

feature of chymotrypsin�type proteinases; they are

required for effective hydrolysis of the substrate. Our data

on a low efficiency of enteropeptidase hydrolysis of sub�

strate AT, which contains only the P2 residue (Table 1),

show that an extended secondary site of the light

EP/Tr

0.83

0.22

98

1340

Substrate

Hb (2�8); LTAEEK�A

Hb (1�9); MLTAEEK�AA

G5DK�F(NO2)G

GD4K�F(NO2)G

Table 2. Selectivity of hydrolysis of some type A�

(Asp/Glu)n�Lys(Arg)�↓�B substrates by enteropeptidase

(EP) and trypsin (Tr): the kcat/Km ratio for enteropepti�

dase and trypsin hydrolysis of each substrate
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enteropeptidase chain has much in common with similar

sites of trypsin and chymotrypsin [25].

The S2�S3 site of chymotrypsin and trypsin repre�

sents a shallow hydrophobic groove bounded by His57,

Trp215, and Leu99. For this reason, the most preferable

amino acid residues at position P2 in these enzymes are

aliphatic apolar residues (e.g., Leu). However, Pro is the

best residue at position P2 [27, 28]. The P2 position

between residues Leu99 and Trp215 in chymotrypsin and

trypsin is unfavorable for bulk aromatic residues [27].

Apparently, residue 99 is one of the key determinants of

the secondary specificity of trypsin�type serine proteinas�

es. For example, unlike trypsin, this position in kallikrein

is occupied by Tyr; in this case, the Phe residue at posi�

tion P2 of the substrate is the best, getting in a “sand�

wich” between Tyr99 and Trp215 [27]. Factor Xa also

contains the Tyr residue at position 99, which is involved

in the formation of a secondary aromatic site for ligand

binding by this enzyme [33]. Special attention should be

paid to enteropeptidase, containing a secondary positive�

ly charged site (Lys889 of the light chain) at position 99,

which interacts with the negatively charged residues P2�

P5. In addition, the enteropeptidase light chain contains

Phe instead of Trp at position 215. According to X�ray

data, its phenyl ring serves as a hydrophobic platform

supporting the side group of the secondary site Lys99 [8].

The well�known experimental fact that negatively

charged amino acid residues (at least two) at positions

P2�P5 have an extremely adverse effect on the efficiency

of trypsin hydrolysis of such substrates may be accounted

for by negative electrostatic effect on the binding of

Arg/Lys residues, located at position P1, to the S1 site. It

is known that Ca2+ binding by Asp residues located at

position P2�P3 decreases Km by a factor of 3�4 but has no

effect on kcat [24]. However, even a single Asp or Glu both

at P2 and P1′ does not facilitate effective hydrolysis of the

corresponding peptides by trypsin [26].

The S3 site of trypsin and chymotrypsin does not dis�

play a pronounced specificity and may bind even D�amino

acids; the side chain of the P3 residue is exposed from the

active site [25]. However, the proline residue is unfavor�

able at this position because the hydrogen bond required

for β�sheet formation cannot be formed in this case [27].

Similarly, the leaving C�terminal group of the sub�

strate, P1′�Pn′, interacts with the S1′�Sn′ sites of the

enzyme, increasing by three orders of magnitude the effi�

ciency of hydrolysis of the substrates capable of realizing

these interactions [30]. As a result of β�sheet formation,

P1′ and P3′ become unidirectional, so that the S1′ and S3′
sites overlap. These two binding sites in trypsin and chy�

motrypsin form loops 40 (residues 34�41) and 60

(residues 58�68), which synergistically determine the S1′
preference of trypsin (both anionic and cationic) with

respect to bulky hydrophobic aliphatic or aromatic

residues (specifically, Met, Phe, and Leu) [32]. The pre�

ferred substrates of chymotrypsin are those containing

Arg or Lys at position P1′, because they can electrostati�

cally interact with Asp35 and Asp64 [30, 32]. Mutations

at these secondary sites can lead to target enzymes with

specified properties (for example, mutant rat trypsin

K60E with high specificity hydrolyzed the Arg–Arg bond

[29, 32]).

The P2′ residue is oppositely directed and interacts

with loop 150. However, it is believed that the main factor

that determines hydrolysis efficiency is the hydrogen

bond formed between NH of the main chain of residue

P2′ and the carbonyl oxygen of the Phe41 main chain in

the enzyme [25, 29�31]. In view of his, the Pro residue

will be extremely unfavorable at this position; acyl trans�

fer to such nucleophilic agents as H�Ala�OH and H�Ala�

OMe does not occur, contrary to the case of H�Ala�NH2

and elongated peptides that are able to realize this hydro�

gen bond [31]. Apparently, this fact accounts for the dif�

ferences (by two orders of magnitude) in the efficiency of

hydrolysis of substrates of trypsin and enteropeptidase

after their elongation by a single P2′ residue (Table 1).

Interestingly, position 41 in the enteropeptidase light

chain is occupied by Val instead of Phe. It should be noted

that loops 40, 60, and 150 of this enzyme significantly dif�

fer from those in trypsin and chymotrypsin. Earlier, data

on S′ specificity of enteropeptidase were practically

absent, except for its high tolerance to the nature of the

amino acid residue at position P1′ [6].

The data obtained in this work may be summarized

as follows.

1. Using peptide substrates of enteropeptidase with

the general formula A�(Asp/Glu)n�Lys(Arg)�↓�B (n = 1�

4), containing a linker of varying length, we showed that

enteropeptidase, similar to other serine proteinases, has

an extended secondary site interacting with six or seven

amino acid residues, which are located at both sides of the

hydrolyzed peptide bond (P3/4�P3′). However, this effect

is manifested only in the case of substrates with a truncat�

ed linker, containing one or two Asp/Glu residues

upstream of the Lys/Arg bond hydrolyzed. In the case of

standard substrates of enteropeptidase, containing four

negatively charged Asp/Glu residues at positions P2�P5,

the factor that determines hydrolysis efficiency is electro�

static interaction between these residues and the second�

ary site Lys99 in the enteropeptidase light chain.

2. The secondary specificity of enteropeptidase dif�

fers from the secondary specificity of trypsin. The syn�

thetic chromophore substrate G5DK�F(NO2)G is an

effective substrate of enteropeptidase: kcat/Km for this sub�

strate is 2380 mM–1·min–1, which is greater than the cor�

responding value obtained for the fusion protein

PrAD4K�P26 (1260 mM–1·min–1). Hydrolysis of this sub�

strate is more than sixfold more effective than hydrolysis

of peptides MLTAEEK�AA and LTAEEK�AAV (Fig. 2).

Conversely, trypsin hydrolyzes the last two substrates

more effectively: kcat/Km = 1700 mM–1·min–1 in the case

of MLTAEEK�AA and only 24.2 mM–1·min–1 in the case
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of G5DK�F(NO2)G. The data summarized in Table 2

show the absence of selectivity of hydrolysis of LTAEEK�

A, an approximately fivefold preference of trypsin hydrol�

ysis in the case of MLTAEEK�AA, and, by contrast, pref�

erence of enteropeptidase hydrolysis in the case of pep�

tides G5DK�F(NO2)G and GD4K�F(NO2)G (almost by

two and three orders of magnitude, respectively).

3. The ability of enteropeptidase to hydrolyze with

high efficiency the peptide bond downstream of Lys/Arg

residues preceded by 1�3 Asp/Glu residues hampers the

use of this enzyme for targeted hydrolysis of fusion pro�

teins that contain the enteropeptidase linker �DDDDK�

[2�5]. It should be also taken into account that both the

carrier protein and the target product may undergo degra�

dation if they contain the sequences �(Asp/Glu)n�

Lys(Arg)�, where n = 1�3.

4. On the other hand, this property makes it possible

to use enteropeptidase for sequencing natural proteins.

Unlike trypsin, which hydrolyzes polypeptide molecule at

the bonds located downstream of all Lys/Arg residues,

enteropeptidase will produce large peptide fragments.

In conclusion, it should be noted that kcat/Km values

determined for the most effective synthetic substrates of

enteropeptidase, which contain four negatively charged

amino acid residues at positions P2�P5 ((5�7)·

106 M–1·min–1) are nevertheless significantly lower than

the standard values of this parameter determined for good

peptide substrates of serine proteinases (~108�109 M–1·

min–1 [25]). Only in the case of its physiological sub�

strate, trypsinogen, enteropeptidase realizes the entire

reserve of hydrolysis efficiency: kcat/Km for trypsinogen

activation is 3·108 M–1·min–1 [10, 23]. As we showed ear�

lier [7, 9, 10], this process requires the involvement of one

more secondary substrate�binding site (SII), which inter�

acts solely with trypsinogen and is located in the region

118�465 in the heavy chain of the enzyme.
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