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We re port our prog ress in un der stand ing the struc ture-function re la tion ship of the
in ter ac tion be tween pro tein in hib i tors and sev eral serine pro teas es. Re cently, we
have de ter mined high res o lu tion so lu tion struc tures of two in hib i tors Apis mellifera
chymotrypsin in hib i tor-1 (AMCI-I) and Linum usitatissimum trypsin in hib i tor (LUTI)
in the free state and an ul tra high res o lu tion X-ray struc ture of BPTI. All three in hib i -
tors, de spite to tally dif fer ent scaf folds, con tain a sol vent ex posed loop of sim i lar con -
for ma tion which is highly com ple men tary to the en zyme ac tive site. Iso ther mal cal o -
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rim e try data show that the in ter ac tion be tween wild type BPTI and chymotrypsin is
en tropy driven and that the enthalpy com po nent op poses com plex for ma tion. Our re -
search is fo cused on ex ten sive mu ta gen e sis of the four po si tions from the pro te ase
bind ing loop of BPTI: P1, P1′, P3, and P4. We mu tated these res i dues to dif fer ent
amino ac ids and the vari ants were char ac ter ized by de ter mi na tion of the as so ci a tion
con stants, sta bil ity pa ram e ters and crys tal struc tures of pro te ase–in hib i tor com -
plexes. Ac com mo da tion of the P1 res i due in the S1 pocket of four pro teas es:
chymotrypsin, trypsin, neutrophil elastase and cathepsin G was probed with 18 P1
vari ants. High res o lu tion X-ray struc tures of ten com plexes be tween bo vine trypsin
and P1 vari ants of BPTI have been de ter mined and com pared with the cog nate P1 Lys
side chain. Mu ta tions of the wild type Ala16 (P1′) to larger side chains al ways caused a 
drop of the as so ci a tion con stant. Ac cord ing to the crys tal struc ture of the Leu16
BPTI–trypsin com plex, in tro duc tion of the larger res i due at the P1′ po si tion leads to
steric con flicts in the vi cin ity of the mu ta tion. Finally, mu ta tions at the P4 site al lowed
an im prove ment of the as so ci a tion with sev eral serine pro teas es in volved in blood
clot ting. Con versely, in tro duc tion of Ser, Val, and Phe in place of Gly12 (P4) had in -
vari ably a destabilizing ef fect on the com plex with these pro teas es.

Spe cific pro tein–pro tein rec og ni tion is of ut -
most im por tance in many bi o log i cal pro cesses 
(Jones & Thorn ton, 1996). For ma tion of spe -
cific com plexes be tween an ti gen and an ti -
body, hor mone and re cep tor, or en zyme and
in hib i tor are clas sic ex am ples of highly com -
ple men tary and spe cific in ter ac tions vi tal to
liv ing or gan isms. Serine pro teas es of the
chymotrypsin and subtilisin fam i lies and
their ca non i cal (or stan dard mech a nism) pro -
tein in hib i tors are the most in ten sively stud -
ied group of pro tein–pro tein com plexes. The
in hib i tors can be di vided into 18 fam i lies
(Laskowski & Qasim, 2000). Rep re sen ta tives
of dif fer ent fam i lies have to tally dif fer ent
folds, but the main chain con for ma tion of
their P3–P3′ seg ment (Pn,  Pn′ no ta tion ac -
cord ing to Schechter & Berger, 1967) is sim i -
lar (Apostoluk & Otlewski, 1998; Otlewski et
al., 1999; Bode & Huber, 2000). This so called
ca non i cal con for ma tion forms a loop of con -
vex shape which is able to rec og nize the con -
cave ac tive site of the cog nate en zyme. The
cen tral part of this ex tended loop con tains a
sol vent ex posed P1–P1′ pep tide bond, called
the re ac tive site, which is rec og nized by the
pro te ase in a sub strate-like man ner. Apart
from the P3–P3′ seg ment, also side chains
from the sur round ing res i dues and other
parts of the in hib i tor make nu mer ous van der
Waals con tacts and hy dro gen bonds with the
pro te ase. Sim i lar num ber of con tact ing res i -

dues — about 10–12 on the in hib i tor side and
20–25 on the en zyme side and sim i lar inter -
molecular con tact area of about 600–900 Å2

per in ter act ing pro tein char ac ter ize all pro te -
ase–in hib i tor com plexes. The in ter face is pre -
dom i nantly hy dro pho bic and de void of wa ter
mol e cules in its cen tral part. Nev er the less,
nu mer ous hy dro gen bonds and some times
also elec tro static in ter ac tions at the in ter -
face are formed. Of par tic u lar im por tance is
a short antiparallel β-sheet formed through
main chain–main chain hy dro gen bonds be -
tween res i dues P3 and P1 and the 214–216
seg ment of the en zyme. Other im por tant fea -
tures are: a short 2.7 Å con tact be tween P1
car bonyl car bon and the cat a lytic Ser195 Oγ

and two hy dro gen bonds formed be tween car -
bonyl ox y gen of P1 and Gly193/ Ser195
amides (the oxy anion bind ing hole). Shape
comple mentarity of in ter act ing ar eas to -
gether with the above men tioned hy dro gen
bonds en sure very sim i lar rec og ni tion of dif -
fer ent pro teas es and in hib i tors. The en -
zyme–in hib i tor in ter ac tion is par tic u larly
rigid and re sem bles the lock-and-key model
pro vid ing an ex tremely use ful model to study 
pro tein–pro tein rec og ni tion.
In this pa per we re view our re cent data on

struc ture and energetics of the in ter ac tion be -
tween sev eral serine pro teas es and bo vine
pan cre atic trypsin in hib i tor (BPTI). The re -
sults, taken to gether, pro vide a co her ent view
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of the role played by dif fer ent in hib i tor res i -
dues in en zyme rec og ni tion.

THREE-DIMENSIONAL STRUC TURES

Fig ure 1 shows some ex am ples of three-di -
men sional so lu tion struc tures for two ca non i -
cal in hib i tors which were de ter mined in our
lab o ra tory by 1H NMR spec tros copy: Apis

mellifera chymotrypsin in hib i tor-1 (AMCI-1)
(Cierpicki et al., 2000) and Linum usita -
tissimum trypsin in hib i tor (LUTI) (Cierpicki & 
Otlewski, 2000). Both pro teins ex hibit com -
pletely dif fer ent folds: AMCI-1 is a 56-residue
pro tein and its struc ture con sists of two ap -
prox i mately per pen dic u lar β-sheets and sev -
eral turns which form the scaf fold bear ing a
long loop which con tains the pro te ase bind ing
site. The over all ter tiary struc ture is main -
tained by five disulfide bonds and no hy dro -
pho bic core is pres ent. The or ga ni za tion of the 
sec ond ary struc ture el e ments in the
69-residue LUTI is com pletely dif fer ent. LUTI 
mol e cule has a clear hy dro pho bic core, a

mixed par al lel/antiparallel β-sheet, and a sin -
gle α-he lix.
Fig ure 2 shows the ter tiary fold of BPTI —

the pro tein which is the main ob ject of this pa -
per. Again, be sides the ca non i cal con for ma -
tion of the bind ing loop, the struc ture is com -
pletely dif fer ent from both LUTI and AMCI-1.
BPTI has a clear hy dro pho bic core, three
disulfide bonds, three-stranded β-sheet and
two short he li ces — an N-terminal 310 he lix

and a C-terminal α-he lix. The pre sented struc -
ture has been re cently de ter mined for a
Thr11Ala, Pro13Ala, Lys15Arg, Met52Leu
mu tant of BPTI at 0.86 Å res o lu tion us ing low 
tem per a ture syn chro tron data (Czapiñska et
al., 2000; and un pub lished data). The first
three mu ta tions seem to play a cru cial role in
the crys tal struc ture of the mu tant but have
prac ti cally no ef fect on the mo lec u lar struc -
ture in gen eral, and on the con for ma tion of
the bind ing loop in par tic u lar.
The mu tated pro tein forms very sta ble crys -

tals of a new tetragonal form. It grows on a
time scale of hours and yields dif frac tion data
of high res o lu tion and qual ity al low ing pre cise 
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Fig ure 1. Polypeptide back bone at oms of the 20 low est en ergy AMCI-1 (Cierpicki et al., 2000) and LUTI
(Cierpicki & Otlewski, 2000) struc tures. 

The light grey lines in di cate disulfide bridges. 



struc tural char ac ter iza tion of the en tire mol e -
cule. The Thr11Ala and, par tic u larly, the
Pro13Ala sub sti tu tions (the lat ter never ob -
served in BPTI-like pro teins) con trib ute to sta -
bi liz ing hy dro pho bic con tacts be tween sym -
me try-related mol e cules. Also, the Lys15Arg
sub sti tu tion, through for ma tion of elec tro -
static in ter ac tions be tween Arg15 and Cys38,
is a source of intermolecular con tacts, which
are fur ther sta bi lized by a closely lo cated sul -
fate ion. The two chiralities ob served for the
Cys14–Cys38 disulfide seem to be a con se -
quence of this elec tro static in ter ac tion and,
on the other hand, sug gest an in her ent con -
formational in sta bil ity of this bridge. The
struc ture pro vides new de tails (dou ble-con for -
ma tion of main-chain Leu29 and Gly56–
Gly57, high (20%) pro por tion of res i dues in
dou ble con for ma tion, cor re la tion of dis or der
on intermolecular scale, po si tions of hy dro -
gen at oms (also in wa ter mol e cules) and their
in volve ment in C–H…O and N–H…π hy dro -
gen bonds).

THER MO DY NAM ICS OF THE
PRO TE ASE–INHIBITOR IN TER AC TION

In re cent years with an ad vent of highly sen -
si tive iso ther mal ti tra tion cal o rim e try (ITC)
pre cise un der stand ing of enthalpic, entropic
and heat ca pac ity fac tors con trib ut ing to the
free en ergy change ac com pa ny ing pro -
tein–protein complexation re ac tion be came
pos si ble (Baker & Murphy, 1997). As an in tro -
duc tion to ther mo dy namic anal y sis of serine
pro te ase–pro tein in hib i tor in ter ac tion we per -
formed ca lo ri met ric mea sure ments on the
BPTI–bo vine chymotrypsin sys tem (Fig. 3)
for which X-ray crys tal struc ture is avail able
(Scheidig et al., 1997). ∆Cp,ass for the BPTI–
chymotrypsin com plex is in good agree ment
with the val ues cal cu lated from the change in
wa ter ac ces si ble sur face area dur ing com plex
for ma tion (Ta ble 1). Our data show that the
re ac tion is en tropy-driven, with an enthalpy
con tri bu tion op pos ing com plex for ma tion
(Fig. 4). The entropic con tri bu tion re sults
most prob a bly from the re lease of or dered wa -
ter from the hy dro pho bic pro tein–protein in -
ter face dur ing com plex for ma tion. The large
and pos i tive value of the enthalpy change is
dif fi cult to un der stand at pres ent (Ta ble 1). It
does not agree with the val ues cal cu lated from 
well-established the o ret i cal equa tions (Bardi
et al., 1997). The heat ca pac ity change is neg a -
tive and scales well with the ex tent of hy dro -
pho bic and hy dro philic sur face area bur ied
upon com plex for ma tion. Clearly, a deeper un -
der stand ing of serine pro te ase–protein in hib -
i tor in ter ac tion in terms of struc tural ther mo -
dy nam ics will re quire ca lo ri met ric anal y sis of
P1 mu tated in hib i tors in a broader pH range.

THE EF FECT OF THE P1 PO SI TION
ON THE IN TER AC TION WITH
PRO TEAS ES

A large part of the en zyme–inhibitor con -
tacts is made just by the P1 res i due, which
pen e trates deeply into the S1 spec i fic ity bind -
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Fig ure 2. Rib bon di a gram of Thr11Ala, Pro13Ala, 
Lys15Arg, Met52Leu BPTI, pdb code 1QLQ
(Czapinska et al., 2000). 

Po si tions Ala11, Ala13 and Arg15 are in di cated by
black solid lines.



ing pocket of the pro te ase. There fore, dock ing
of the P1 side chain in side the S1 bind ing
pocket of the en zyme plays a ma jor role in the
energetics of the rec og ni tion (Czapiñska &
Otlewski, 1999). Fig ure 5 pres ents as so ci a tion 
en ergy data which were de ter mined in our lab -
o ra tory with four dif fer ent pro teas es: bo vine
α-chymotrypsin, bo vine β-trypsin, hu man
neutro phil elastase (HNE) and hu man cathe -
psin G (Krowarsch et al., 1999; Polanowska et
al., 1998). What can be eas ily no ticed is the

huge dy namic range of Ka val ues from about 1 
× 109 for trypsin to about 5 × 105 for
chymotrypsin and elastase. The dy namic
range for cathepsin G is much smaller due to
low as so ci a tion con stants even for the op ti mal 
Lys and Phe side chains. The above bind ing
data cor re late well with sub strate spec i fic ity
in dexes for these pro teas es ex pressed in the
form of log (kcat/Km) (Krowarsch et al., 1999).
Sev eral con clu sions about the S1 spec i fic ity

can be drawn from the pre sented data.

Vol. 48 Struc ture-function of serine pro te ase—BPTI rec og ni tion 423

Fig ure 3. A typ i cal ca lo ri met ric iso ther mal ti tra -
tion mea sure ment for the in ter ac tion of α-chymo -
trypsin and BPTI. 

A. Ob served heat ef fect upon thirty in jec tions of BPTI
(1.33 × 10–4 M) to α-chymotrypsin (1.03 ×  10–3 M).
Both pro teins were in 50 mM so dium ac e tate, 20 mM
cal cium chlo ride, pH 4.8, 25°C. B. In te gra tion of the
peaks yields a heat per in jec tion. The solid line with (+)
sign shows the best fit ob tained us ing one-site model
(de ter mined stoichiometry value, n = 1.009). The ob -
served in jec tion heats were cor rected for the heat of di -
lu tion.

Ta ble 1. Com par i son of iso met ric ti tra tion
calorimetry ob served and struc ture-based pa ram -
e ters for BPTI bind ing to α-chymotrypsin. 

The measured pa ram e ters were ob tained as av er age
val ues from four ex per i ments at 25°C, 50 mM so dium
ac e tate, 20 mM cal cium chlo ride, pH 4.8. Er rors cal cu -
lated as av er age stan dard de vi a tion. Pa ram e ters were
cal cu lated ac cord ing to Bardi et al. (1997).

Com plex
pa ram e ter

α -Chymotrypsin–BPTI

Mea sured value Cal cu lated
value

∆ASA (Å2)

    Po lar –584

    Apolar –873

    To tal –1457

∆Cp,ass(cal K–1 mol–1)

    Po lar   152

    Apolar −393

    To tal −176 ± 50 −241

∆Hass (kcal mol–1)

    Po lar −18

    Apolar   7.4

    To tal   12.3 ± 0.5 −2.5

∆Sass (cal K–1 mol–1)

    Solv   61.7

    Conf −25.8

    Cratic −7.9

    To tal    61.7 ±3.3   28

∆Gass
 (kcal mol–1) − 6.1 ±0.07 −10.9

− 6.5 ±0.1*

*Value de ter mined us ing clas si cal method of as so ci a tion con -
stant de ter mi na tion based on the mea sure ment of re sid ual en -
zyme ac tiv ity.



Trypsin, due to the unique lo ca tion and ori en -
ta tion of Asp189 at the bot tom of a nar row

and deep pocket, is par tic u larly suited to in -
ter act with the ba sic side chains of Lys and
Arg. Sub sti tu tion of Lys15 with Gly re duces
by 70% the to tal as so ci a tion en ergy lead ing to
a huge nine or ders of mag ni tude de crease in
as so ci a tion con stant. The bind ing of other
side chains is much weaker. Phe, the next
stron gest binder, forms in ter ac tions that are
over 1 × 105-fold weaker than those of Lys. In -
ter ac tion of the hy dro pho bic ar o matic ring of
Phe with the hy dro pho bic walls of the S1
pocket par tially com pen sates for the lack of
an ion pair. This is also ev i dent in the case of
Leu and Trp. The po lar side chains of Ser,
Asn, His and Gln also bind rel a tively well,
prob a bly due to weak, wa ter-mediated hy dro -
gen bond ing in ter ac tions with Asp189.
β-branched side chains (Ile, Val and Thr) bind
par tic u larly weakly to the S1 pocket, due to
steric clashes with the at oms at the nar row en -
trance to the pocket. As ex pected, bind ing of

the neg a tively charged Asp is 350-fold weaker
then of the isosteric Asn. Sur pris ingly, Asp
still binds 5-fold better than Gly. From the en -
er getic point of view, an empty pocket pro -
duces the most del e te ri ous ef fect.

In or der to better un der stand the struc tural
fea tures of this in ter ac tion we have de ter -
mined 10 high res o lu tion X-ray struc tures of
the com plexes be tween bo vine β-trypsin and
BPTI vari ants with dif fer ent amino-acid res i -
dues at the P1 po si tion (Helland et al., 1999).
All P1 mu tant side chains could be ac com mo -
dated at the pri mary bind ing site, but, rel a tive 
to the P1 Lys, there were small lo cal changes
within the P1–S1 in ter ac tion site (Fig. 6).
These com prised: changes in the num ber and
dy nam ics of wa ter mol e cules, mul ti ple con for -
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Fig ure 4. Tem per a ture de pend ence of the ob -
served ther mo dy namic pa ram e ters for the bind -
ing of BPTI to α-chymotrypsin at 25°C, pH 4.8. (™)
Enthalpy change (∆Hass), (̃ ) free en ergy change
(∆Gass), (£) en tropy change (–T∆Sass).

Er ror bars rep re sent the av er age stan dard de vi a tion
from 4–6 ex per i ments, the slope of bro ken line ob -
tained by lin ear re gres sion yields the heat ca pac ity
change (∆Cp, ass = –176 ± 50 cal K–1 mol–1).

Fig ure 5. The –(∆Ga) val ues for the as so ci a tion of
18 P1 mu tants of BPTI with bo vine chymotrypsin
(CTp), hu man neutrophil elastase (HNE), bo vine
trypsin (BT) and hu man cathepsin G (CAT G) at pH 
8.3 and 25°C. 

The es ti mated val ues for Arg and Lys side chains based
on mea sure ments at pH 5.0 are marked with a dashed
line.



ma tions and non-optimal di hed ral an gles for
some of the P1 side chains and Ser190 and
Gln192 from the en zyme side, changes in tem -
per a ture fac tors of the pocket walls as well as
of the P1 side chains. Only bind ing of the cog -

nate Lys15 is char ac ter ized by al most op ti mal
di hed ral an gles, sat is fied hy dro gen bonds and 
low tem per a ture fac tors.
In ter ac tions within the large and hy dro pho -

bic pocket of chymotrypsin are not as com pli -
cated. En er getic ef fects ex pressed in ∆∆Gass
(= ∆Gass,Xaa –∆Gass,Gly, as so ci a tion free en -
ergy change re ferred to Gly) cor re late well
with the vol ume of the P1 side chain (cor re la -
tion co ef fi cient r = 0.84) or with its area (r =
0.83). There fore, we con clude that the hy dro -
pho bic ef fect is the driv ing force for the as so -
ci a tion re ac tion. Del e te ri ous ef fects can be no -
ticed in the case of po lar, neg a tively charged
(a 750-fold ef fect in Asp–Asn com par i son)
and β-branched (a 2200-fold ef fect in Ile–Leu
com par i son) side chains. Lys and Arg res i -
dues bind sur pris ingly well. This ef fect is ex -

plained by the con for ma tion of the P1 Lys in
the re cent struc ture of the BPTI-chymo -
trypsin com plex (Scheidig et al., 1997), where
it adopts a rather un usual con for ma tion with
its charged end form ing fa vour able in ter ac -
tions with car bonyl groups at the en trance to
the pocket. As in the case of trypsin, an empty
pocket (P1 Gly) rep re sents the worst case. In -
ter est ingly, if the trypsin-specific Lys/Arg
amino ac ids are elim i nated, the cor re la tion of
trypsin and chymotrypsin bind ing en er gies is
high (r = 0.72) (Fig. 7). This sug gests that both 

en zymes rec og nize non-cognate sub strates us -
ing sim i lar bind ing in ter ac tions within their
S1 pock ets.
The ma jor dif fer ence that dis tin guishes the

pocket of neutrophil elastase is its clear pref -
er ence for β-branched side chains of Val and
Ile (Ile is fa voured 3-fold over Leu, in con trast
to chymotrypsin). Bind ing of all other side
chains is much (104–105-fold) weaker. The
data are in agree ment with the struc tural or -
ga ni za tion of the neutrophil elastase pocket
which ex hib its a sig nif i cant de gree of flex i bil -
ity (Bode et al., 1989).
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Fig ure 6. The con for ma tion of P1 Lys (dark grey),
Met (light grey) and Gly (black) side chains of
three BPTI mu tants bound in the S1 pocket of bo -
vine chymotrypsin (Helland et al., 1999). 

The fig ure was made with the SYBYL soft ware (Tri -
pos). The chain P3–P3′ seg ment of BPTI is shown as
bold lines, the S1 pocket of bo vine chymotrypsin is
shown as thin lines.

Fig ure 7. Cor re la tion plot of as so ci a tion free en er -
gies of BPTI P1 mu tants to bo vine chymotrypsin
and trypsin.



PO SI TION P1′

The role of the S 1′ subsite in trypsin, chymo -
trypsin and plasmin has been ex am ined by
mea sur ing the as so ci a tion con stants with
seven (Gly, Ala, Ser, Val, Leu, Arg, and Trp)
dif fer ent P1′ mu tants of BPTI (Ta ble 2). The
ef fects of P1′ sub sti tu tions on the as so ci a tion
con stant are very large: over five or ders for
chymotrypsin and seven or ders of mag ni tude
for trypsin and plasmin. All mu tants showed a 
de crease of the as so ci a tion con stant to the
three pro teas es in the same or der:
Ala>Gly>Ser>Arg>Val>Leu>Trp. Ca lo ri met -

ric and cir cu lar dichroism meth ods showed
that none of the P1′ sub sti tu tions, ex cept for
the P1′–Val mu ta tion, leads to a desta -
bilization of the bind ing loop (Ta ble 2). The
X-ray struc ture of the com plex formed be -
tween bo vine β-trypsin and P1′–Leu BPTI
(Grzesiak et al., 2000a) showed that the
P1′–Leu sterically con flicts with the side
chain of P3′–Ile, which thereby is forced to ro -
tate by ap prox i mately 90°. Ile18 (P3′) in its
new ori en ta tion is, in turn, in ter act ing with
the Tyr39 side chain of trypsin. In tro duc tion
of a large side chain at the P1′ po si tion ap par -
ently leads to a cas cade of small al ter ations of

the trypsin–BPTI in ter face which seem to
destabilize the com plex by the less fa vour able
pack ing and tilt ing of the BPTI mol e cule by up 
to 15° com pared to the na tive trypsin–BPTI
com plex.

SPE CIFIC IN HIB I TORS — MU TA TIONS 
AT THE P3 AND P4 PO SI TIONS

A se ries of 12 BPTI vari ants mu tated in the
P3 and P4 po si tions and, ad di tion ally, con tain -
ing the Lys15Arg mu ta tion were con structed
to probe the role of sin gle amino-acid sub sti tu -

tions on bind ing to the fol low ing hu man pro -
teas es in volved in blood clot ting: plasmin,
plasma kallikrein, fac tors Xa and XIIa,
thrombin, pro tein C, and also to bo vine
trypsin (Grzesiak et al., 2000b). The mu tants
in hib ited these pro teas es by bind ing with as -
so ci a tion con stants rang ing from 103 to 1010

M–1 (Ta ble 3). The in hi bi tion of plasma
kallikrein, fac tors Xa and XIIa, thrombin and
pro tein C could be im proved by up to 2 or ders
of mag ni tude just by the Lys15Arg sub sti tu -
tion. The high est in crease in the as so ci a tion
con stant for P3 mu tant was mea sured for fac -
tor XIIa: Pro13Ser sub sti tu tion in creased the
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Ta ble 2. Ther mal de na tur ation pa ram e ters Tden for seven P1′ mu tants of BPTI and the as so ci a tion con -
stant val ues for the in ter ac tion of seven P1′  mu tants of BPTI with three serine pro teas es. 

P1′ vari ant Tden 
(°C)

Bo vine β-trypsin
Ka [M

–1]
α-Chymotrypsin
Ka [M

–1]
Hu man α-plasmin
Ka [M

–1]

Ala 83.6 1.3 × 1013 2.5 × 108 6.7 × 109

Arg 84.0 4.9 × 109 7.9 × 104 7.5 × 107

Gly 82.9 6.7 × 1011 1.8 × 107 5.0 × 108

Leu 83.4 3.7 × 107 1.8 × 104 1.0 × 104

Ser 82.4 7.8 × 1010 5.8 × 106 1.4 × 108

Trp 80.5 1.1 × 106 1.0 × 103 1.0 × 103

Val 63.8 3.8 × 107 2.9 × 103 8.3 × 106

The un fold ing ex per i ments were per formed on a Nano 5200 cal o rim e ter at a scan rate of 1.0 K/min and pro tein con cen tra -
tion of 100–200 µg/ml (to tal cell vol ume 323 µl). Pro tein scans were per formed in 10 mM glycine/HCl at pH 2.0. Mea sure -
ments were per formed in 100 mM Tris/Cl, 20 mM CaCl2, 0.05% Tri ton X-100, pH 8.3 at 298 K. The plasmin buffer conta-
 ined ad di tion ally 150 mM NaCl.



Kα value 58-fold. Sev eral other sub sti tu tions
at P3 re sulted in an about 10-fold in crease for
fac tor Xa, thrombin and pro tein C.
The cu mu la tive P3 and P1 ef fects on Kα val -

ues for the op ti mal mu tant, com pared with
wild type BPTI, were in the range 2.2-
(plasmin) to 4000-fold (fac tors XIIa and Xa).
The sub sti tu tions at the P4 site al ways caused
neg a tive ef fects (a de crease in the range from
over 1000- to 1.3-fold) on the as so ci a tion con -
stant with all the stud ied en zymes, in clud ing
trypsin. All P4 mu tants showed a very large
de crease of the de na tur ation tem per a ture
(about 22°C), sug gest ing that sub sti tu tion of
the wild type Gly12 res i due leads to a sig nif i -

cant change in the bind ing loop con for ma tion
(Grzesiak et al., 2000b).
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Ta ble 3. As so ci a tion con stants for BPTI mu tants and six  hu man pro teas es

BPTI mu tant α-Plasmin Plasma
kallikrein

Fac tor  Xa
Fac tor
XIIa

α-Thrombin Pro tein C Bo vine
β-trypsin

P4 P3 P2 P1 Ka (M
–1

) Ka (M
–1

) Ka (M
–1

) Ka (M
–1

) Ka (M
–1

) Ka (M
–1

) Ka (M
–1

)

G P C R 6.7 × 10
9

2.5 × 10
9 

1.4 × 10
6 

7.6 × 10
5
 4.6 × 10

5
 1.7 × 10

8
4.5 × 10

13

S P C R 1.0 × 109 ↓ 6.6 × 108 ↓ 1.1 × 106 ↓ 4.8 × 105 ↓ 1.3 × 105 ↓ 2.3 × 107 ↓ 3.5 × 1010 ↓

V P C R 1.3 × 10
7 
↓ 2.3 × 10

6 
↓ 2.3 × 10

5 
↓ 5.1 × 10

4 
↓ 7.0 × 10

4 
↓ 7.4 × 10

5 
↓ 1.0 × 10

10 
↓

F P C R 2.1 × 10
8 
↓ 6.6 × 10

6 
↓ 2.4 × 10

5 
↓ 5.0 × 10

4 
↓ 2.0 × 10

4 
↓ 4.1 × 10

6 
↓ 1.4 × 10

10 
↓

G G C R 2.3 × 10
9 
↓ 2.8 × 10

8 
↓ 2.2 × 10

5 
↓ 3.5 × 10

6  
↑ 4.1 × 10

4
 ↓ 2.7 × 10

8 
↑ >8 × 10

11
 -

G A C R 3.0 × 10
9 
↓ 8.9 × 10

8 
↓ 1.1 × 10

6 
↓ 8.9 × 10

6  
↑ 5.6 × 10

4  
↓ 2.3 × 10

7 
↓ >8 × 10

11
 -

G V C R 1.2 × 10
9 
↓ 1.4 × 10

9 
↓ 1.1 × 10

7 
↑ 1.5 × 10

6  
↑ 2.1 × 10

6
 ↑ 1.0 × 10

9 
↑ >8 × 10

11
 -

G I C R 6.8 × 10 
9
 - 5.4 × 10

9 
↑ 1.7 × 10

6 
↓ 1.7 × 10

5  
↓ 2.6 × 10

6
 ↑ 7.5 × 10

8 
↑ >8 × 10

11
 -

G F C R 6.6 × 10 9 - 7.5 × 108 ↓ 1.1 × 107 ↑ 1.0 × 107  ↑ 7.0 × 105 ↑ 3.4 × 108 ↑ >8 × 1011 -

G S C R 4.0 × 10
9 
↓ 3.7 × 10

8 
↓ 4.0 × 10

5 
↓ 4.4 × 10

7  
↑ 2.0 × 10

4
 ↓ 3.2 × 10

7 
↓ >8 × 10

11
 -

G D C R 6.5 × 109  - 7.8 × 107 ↓ 2.4 × 106 ↑ 1.3 × 107  ↑ 3.0 × 104 ↓ 4.7 × 107 ↓ >8 × 1011 -

G H C R 1.0 × 10
10 
↑ 5.7 × 10

8 
↓ 5.3 × 10

6 
↑ 1.9 × 10

7  
↑ 6.8 × 10

4
 ↓ 1.0 × 10

8 
↓ >8 × 10

11
 -

G R C R 1.2 × 10
10↑ ­2.1 × 10

9
↓ 1.4 × 10

6
 - 7.6 × 10

6  
↑ 3.5 × 10

5
 ↓ 5.8 × 10

8 
↑ >8 × 10

11
 -

In hi bi tion ef fects were com pared with the pseudo wild type BPTI (K15R, M52L). Ar row point ing down in di cates a de crease, 
and up – an in crease of the as so ci a tion con stant value upon mu ta tion. The mu tated po si tions in BPTI bind ing loop are
bolded. The con di tions were as fol lows: 100 mM Tris/Cl, 150 mM NaCl, 20 mM CaCl2, 0.05% Tri ton  X-100, pH 8.3 at 22°C.
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