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bstract

Snake venoms contain several trypsin-like enzymes with equivalent physicochemical characteristics and similar inhibition profiles
ather difficult to separate by classical purification procedures and therefore constitute a good model for affinity chromatography ana
f these trypsin homologues present fibrinogenase activity, mimicking one or more features of the central mammalian coagulatio

hrombin. It was previously demonstrated that a number of amidine derivatives are able to interact specifically with some of th
roteases. To understand the enzyme–sorbent interactions we have investigated the ability of two commercially available benzami
atrices to purify thrombin-like serine proteases (TLSP) with similar biological properties from two snake venoms (Bothrops jararacuss
ndLachesis muta rhombeata). Curiously, each sorbent retained a single but distinct TLSP from each venom with high yield. Mo
odeling analysis suggested that hydrophobic interactions within a specific region on the surface of these enzymes could be g

xplain this exquisite specificity. In addition, it was demonstrated that a specific tandem alignment of the two benzamidine sorbe
he purification of three other enzymes fromB. jararacussuvenom.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Thrombin-like serine proteases (TLSPs) isolated from
nake venoms encompass a group of enzymes responsible
or many important coagulation disorders in the envenomed
ictims [1]. These venom serine proteases are denominated
thrombin-like” because, like the mammalian enzyme, they
re able to clot fibrinogen although they do not display sev-

∗ Corresponding author. Fax: +55 21 25903495.
E-mail address:dsimone@ioc.fiocruz.br (S.G. De-Simone).

eral of the remaining thrombin activities. TLSPs have g
biotechnological interest as thrombolytic agents and as
nostic tools for coagulation disorders. The purification
these biomolecules has generally involved a combina
of different steps, in particular, precipitation using salts
chromatographic procedures[2–5]. Each step has relative
low specificity and therefore affinity chromatography co
be employed to circumvent this limitation since it is one
the most selective protein separation methods. Although
only been used occasionally as an intermediary techniqu
isolating venom proteases, it has been extensively used
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large scale to remove remaining impurities of samples[6–9]
and, more recently, it has been coupled to other methods to
improve qualitative and quantitative proteomic recovery stud-
ies[10–12]. In addition to its technological interest, affinity
chromatography is also an excellent instrument for under-
standing the mechanisms underlying enzyme and inhibitor
interaction.

Benzamidine is a competitive inhibitor and its deriva-
tives are known to inhibit trypsin-like proteases primar-
ily through the interaction between the amidine moiety
and an aspartate residue (D189, in trypsinogen numeration)
in the enzyme’s specificity pocket known as the S1 sub-
site [13,14]. Consequently, amidine derivatives, such asp-
aminobenzamidine (PABA), have been prepared in different
supports[15,16]and used as affinity ligands for the removal
of proteases and the purification of trypsin and trypsin-like
proteases such as thrombin[17,18], thrombin-like proteins
[19], plasmin[20,21], urokinase[22], enterokinase[23,24],
fibrinogen-clotting enzymes[25], acrosin[26,27], kallikrein
[28], collagenase[29], clostripain[30] and parasite proteases
[6–8].

The purpose of this study was to investigate qualitative
and quantitatively the ability of two commercially available
amidine derivatives resins to purify TLSPs from venoms of
two important snakes widely distributed in South America.
Snakes of theBothropsgenus are responsible for high fre-
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(PVDF) membrane was from Bio-Rad, sequence reagents
from Shimadzu (Kyoto, Japan) and all other chemicals were
of reagent grade.

2.2. Chromatographic assay

Chromatographic assays were performed on two com-
mercial supports (Si-PABA and Am-PABA) grafted with the
same amidine derivative but differing in the ligand coupling
method reported by the manufacturer. Am-PABA contains
p-aminobenzamidine covalently attached to Sepharose 6B
by the epoxy coupling method and presents a spacer arm of
12 atoms [1,4,bis(2,3-epoxypropyl)butane][32] while the Si-
PABA presents the inhibitor coupled to agarose through the
CNBr method and carries a spacer arm of eight atoms (glycyl-
glycine)[33]. The same amount (500 mg) of each venom (B.
jararacussuandL.m. rhombeata) was dissolved separately in
water (6.0 mL), centrifuged (10,000×g, 60 min, 15◦C) and
the supernatant buffer exchanged against 50 mM Tris–HCl
buffer, pH 7.5, containing 0.5 M NaCl using Centricon-
P10 filters. After filtration on 0.22�m filters, a half (about
250 mg) of each venom was applied separately to each col-
umn (3 mL packed resin) or to both columns mounted in
tandem (Si-PABA followed by Am-PABA). All columns
were previously equilibrated with 50 mM Tris–HCl, 0.5 M
NaCl, pH 7.5 and after sample application, the columns were
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uency (≥90%) of snake bite events in Brazil, while t
achesisgenus represents the most important vipers o
mazon region[31]. We have shown that the two analog
ommercial affinity columns used in our study present
inct binding specificities and this was sufficient to iden
nd purify in a high yield two related TLSPs. An investigat
f the possible reasons supporting this amazing spec
as carried out at the atomic level with molecular mode

n addition, it was demonstrated that the tandem alignme
he two columns, in a definite order, allows the purificatio
hree other different proteins from theBothrops jararacuss
enom.

. Experimental

.1. Materials

B. jararacussuand Lachesis muta rhombeatavenoms
ere obtained from Institute Vital Brazil serpentarium. C

ricon P10 and high performance liquid chromatogra
HPLC) filters were purchased from Amicon (CA, US
nd benzamidine Sepharose 6B (Am-PABA, Lot 2541
esin from Amersham Biosciences (New Jersey, US
-Aminobenzamidine-agarose (Si-PABA, Lot 96H953
ow range molecular weight markers,�-N-benzoyl-dl-
rginine-p-nitroanilide (BApNA) and 4-aminobenzamidi
ydrochloride were from Sigma–Aldrich Quı́mica (Brasil)
tandard molecular weight markers were from Biolabs
ratories (New England, UK). Polyvinylidene difluori
xhaustively washed in the same buffer. Those mount
andem were disconnected and eluted separately. Elut
ound protein from columns was routinely carried out w
mM HCl, pH 3.0, containing 0.5 M NaCl at a flow ra
f 1 mL min−1 and room temperature (25◦C). The protein
ontent of the fractions was monitored by the absorb
hange at 280 nm and the concentration estimated ac
ng to Lowry’s method[34], sing bovine serum albumin a
tandard.

.3. Sodium dodecyl sulphate polyacrylamide gel
lectrophoresis (SDS-PAGE)

SDS-PAGE was performed using 12% polyacrylam
els in Laemmli buffers[35] under reductive condition
he gels were Comassie blue G-250 or silver sta
Bio-Rad Laboratories, CA, USA). Rabbit muscle fructo
-phosphate kinase (84.0 kDa), bovine serum albu
66.2 kDa), chicken egg ovalbumin (45.0 kDa) and bo
rythrocyte carbonic anhydrase (29.0 kDa) were use
olecular weight markers.

.4. Sequence analysis

NH2-terminal amino acid sequence of peptide sam
as determined by automated Edman degradation us
as-phase protein microsequencer (Model PSQ-1; Shim
yoto, Japan). N-terminal sequence analysis of the pr
as performed on samples electrotransferred on PVDF m
ranes after SDS-PAGE and treated with 5�L of the mixture
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of 0.6% tri-n-butylphosphine and 1.2�L of 4-vinylpyridine
in 80% isopropanol for simultaneous reduction and alkyla-
tion.

2.5. Enzymatic assays

Amidolytic activity assays were measured with BApNA as
a substrate[36]. Briefly, upon addition of enzymes (1.0�g),
substrate digestion was followed by measuring the change in
absorbance at 410 nm (BApNA). The substrate was digested
in 50 mM Tris–HCl, pH 8.0, at 25◦C for 30 min. The activity
was calculated using a molar absorption of 8800 M−1 cm−1

[37].

2.6. Inhibition of B. jararacussu TLSP by benzamidine
and p-aminobenzamidine

The initial rates of enzyme-catalyzed BApNA hydrol-
ysis were estimated from reaction progress curves at
37◦C measured by the change in absorbance at 410 nm
read in a microplate spectrophotometer (SPECTRAmax
PLUS384, Molecular Devices, CA). Reaction mixtures
(200�L) consisting of 100�L 2 × buffer (100 mM Tris–HCl
pH 8.0) + 40�L substrate solution + 40�L inhibitor solution
were distributed as serial substrate dilutions in 96-well plates.
The later were then pre-incubated at 37◦C prior to triggering
r -
i 3 to
2 ed
f ne.
A con-
c the
c sti-
m
m

2
l

bin-
l
c e”
o or-
b led
a four
( cer
a utral
m ity
s larity
b ; (ii)
p bin
i
A ps of
c d to
o ted
a onfor-

mation at the enzyme active site. For the steepest descent
procedure, only enzyme atoms at 2.0Å distance from any
atom of the ligand were allowed to move along the mini-
mization, while enzyme atoms at 6.0Å radius from ligand
atoms were restricted to contribute for energy evaluations
during the minimization, but not allowed to move. For the
conjugated gradient part of the minimization schedule, these
distances were extended to 6.0 and 12.0Å, respectively.

2.8. Docking

The structures minimized as described in later section
were used as inputs with optimized geometries for the pro-
gram FlexX. This program is an efficient flexible docking
method that uses an incremental construction algorithm to
place ligands into an active site[40]. Briefly, the ligand is con-
structed using an incremental approach in which a base frag-
ment (the ligand core) is automatically selected and is placed
into the active site (user-defined) followed by the attachment
of other remaining ligand fragments, until reconstruction of
the whole molecule is completed. In particular, the confor-
mational flexibility of the ligand is covered by generating
multiple conformations for each fragment and including all
in the ligand building steps. Ligands were extracted from the
minimized structures and the “active-site” for ligand docking
was constituted by receptor atoms 6.5Å away from any lig-
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eactions by the addition of 20�L enzyme solution contain
ng 1�g protein. Substrate concentrations ranged from 9
500�M BApNA whereas inhibitor concentrations rang

rom 10 to 1000�M p-aminobenzamidine or benzamidi
t least three inhibitor concentrations and five substrate
entrations per inhibitor concentration (in addition to
ontrol without inhibitor) were assayed. In order to e
ate inhibition constants (Ki ) it was employed the “KM,app
ethod” as previously described[38].

.7. Modeling the “active” part of the immobilized
igands

Based on the docked complex between a throm
ike enzyme fromLachesis muta muta(Lmm-TLE) and 4-
arboethoxybenzamidine[39] we have modeled the “activ
r functional portion of the ligand immobilized on the s
ents studied in this work. The “active” portion was mode
s the 4-aminobenzamidine core attached to the first
Am-PABA) or five atoms (Si-PABA) donated by the spa
rm, in which the terminal group was truncated as a ne
ethyl group. The size of the “active” portion of the affin

orbent was selected based on: (i) the degree of simi
etween the ligands/spacers immobilized on the resins
rior knowledge about the conformation of bound throm

nhibitors and (iii) previous data obtained by our group[39].
hundred steps of steepest descent followed by 1000 ste

onjugated gradient energy minimization were performe
ptimize the geometry of the Lmm-TLE ligands, construc
s described above, already docked in a reasonable c
nd atom. None restriction was done for positioning liga
nd other program parameters were default. Along with
coring functions implemented in FlexX, functional for
ncluded in CS-Score module were used to create a cons
core and rank the top 15 more stable configurations o
nds docked at Lmm-TLE. From these, two configuration
ach ligand were chosen for the subsequent detailed stud
ere minimized according to the previously described

ocol. In addition to a favorable score, configurations tha
etain the ubiquitous salt bridge between the D189 carb
ate and the amidinium group of S1-directed inhibitors w
referred over configurations that did not. All calculati
ere performed using Sybyl v6.8 molecular modeling p
ge (Tripos Inc., Illinois, USA) running on the SGI Orig
000 server installed at the Scientific Computation Prog

rom Oswaldo Cruz Foundation (PROCC-FIOCRUZ).

. Results and discussion

.1. Purification of fibrinogenases

Both B. jararacussuand L. m. rhombeatavenoms ar
sed as immunogens to obtain bothropic and lachetic h
ntivenom products widely used to protect patients durin
nvenomation accident[31]. Serine proteases are among
enom components causing the most deleterious effec
nvenomed victims. These enzymes interfere with spe
oints of the coagulation cascade of vertebrates, impa
lood clotting and inducing hemorrhagic disorders along
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cardiovascular failure. Therefore, in order to investigate the
properties of different benzamidine derivatives to purify or
remove this interesting group of proteases, the venom was
fractioned using identical chromatographic conditions on two
commercial supports (Si-PABA and Am-PABA) grafted with
the same amidine. A schematic representation of the mul-
tiple venom proteins isolation using the two benzamidine
sorbents mounted in tandem is shown inFig. 1. As seen
in the Fig. 1a the Si-PABA sorbent retained a single broad
band with 48–52 kDa from theB. jararacussuvenom (BJ-48)
while no band from theL. m. rhombeatavenom was retained
(Fig. 1b). On the other hand when theB. jararacussuvenom
is fractioned first by Am-PABA, a total of four proteins (48,
32, 18 and 6–8 kDa) are retained by this column (data not
shown). As expected, when the Am-PABA is connected after
the Si-PABA column, it does not retain the 48–52 kDa pro-
tein but retains the three other bands from the venom ofB.
jararacussu(Fig. 1e). In addition, this same sorbent is able to
adsorb a single broad band with 45–47 kDa from the venom
of L. m. rhombeata(LMR-47, Fig. 1f). Therefore, the align-
ment of Si-PABA followed by Am-PABA has the advantage
to purify the BJ-48 and isolate the three other proteins on the
subsequent column in a single step of fractionation.

The BJ-48 presented as its N-terminal the sequence
VVGGDXIPQVPFLAF , whereas the LMR-47 the sequence
VIGGDEXNINEHRFLVALYDGLSGT . Both proteins are
s erized
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Fig. 1. Schematic representation of the multiple venom proteins isolation
using the two benzamidine sorbents mounted in tandem. Venoms were
applied on Si-PABA column and the non-adsorbed proteins were passed
through the Am-PABA column. After exhaustively washing with the equi-
librating buffer (50 mM Tris–HCl, 0.5 M NaCl, pH 7.5), the two columns
were disconnected and the retained proteins eluted with 1 mM Tris–HCl
buffer, pH 3.0, containing 0.5 M NaCl. The proteins were analyzed by SDS-
polyacrylamide gel electrophoresis (12%). Lanes: (a)B. jararacussuprotein
retained by Si-PABA column; (b) Si-PABA column eluate; (c and g) total
B. jararacussuvenom proteins; (d and h) totalL. m. rhombeatavenom pro-
teins; (e)B. jararacussuproteins retained by Am-PABA column; (f)L. m.
rhombeata proteinretained by Am-PABA column. Rabbit muscle fructose-
6-phosphate kinase (84 kDa), bovine serum albumin (66 kDa), chicken egg
ovalbumin (45 kDa) and bovine erythrocyte carbonic anhydrase (29 kDa)
were used as molecular weight markers.

3.2. Studies of sorbent binding specificity

In order to evaluate the properties of both sorbents we have
investigated the effect of the ionic strength, temperature and
the amino acid competitor arginine on the elution of theB.
jararacussu48 kDa protein from Si-PABA. Elution of BJ-48
with buffer solutions bearing increasing salt concentration is

T
P ps jararacussu(BJ-48) andLachesis muta rhombeata(LMR-47) venoms

P midolytic activity Purification (fold) Yield (%)

l (units) Specifica (units/mg)

B .454 0.101 1.00 100
1 0.297 2.92 76.2

L 570 0.060 1.00 100
0 0.180 3.00 62.5

rginine-p-nitroanilide hydrolyzed per minute, at 25◦C in 50 mM Tris–HCl, pH 8.0
b

erine proteinases and had been previously charact
y us using different approaches[36,41]. LMR-47 is also
robably identical to the reported 41–47 kDa SDS-PA
igrating species that was characterized as a thrombin
nzyme/gyroxin analogue from the venom ofL. muta muta

42]. The 18 kDa protein (NEDEQTRVPKEKFCLSSK-
YTKW ) was also identified as a segment from a se
rotease, however the 32 kDa protein (NNCPQDWLPM-
GLCYKIF DE ) presented high similarity with a recen

dentified galactose-binding protein fromB. jararacussu
enom[43]. Data listed inTable 1demonstrate that the affi
ty approach used here to purify the LMR-47 protein
wo times superior in recuperations and faster than that
reviously by means of an isoelectrofocusing prepar
ethod[36]. In addition, these results showed that des
oth enzymes belong to the serine proteinase class an
ssociated with similar biological functions they prese
elective binding to the two sorbents.

able 1
urification of fibrinogenases (thrombin-like serine proteases) fromBothro

rotease Step Total protein A

(mg) (%) Tota

J-48 Centricon-P10 248 100 1
Si-PABA 6.5 2.6 0.11

MR-47 Centricon-P10 246 100 1.
Am-PABA 5.3 2.0 0.10

a One unity of amidolytic activity stands for 1�mol of �-N-benzoyl-dl-a
uffer.
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Fig. 2. Physicochemical properties of BJ-48 interaction withp-
aminobenzamidine-agarose (Si-PABA). (A) Elution of BJ-48 adsorbed to
Si-PABA resin (3 mL gel) by NaCl at various concentrations prepared in
50 mM Tris–HCl, pH 7.0, at a flow rate of 1 mL min−1 and 25◦C followed
by 1 mM HCl, pH 3.0, containing 0.5 M NaCl. (B) Elution of BJ-48 by argi-
nine (0.5 M) prepared in 50 mM Tris–HCl, 0.5 M NaCl, pH 7.0, at a flow
rate of 1 mL min−1 and 25◦C followed by 1 mM HCl, pH 3.0, containing
0.5 M NaCl.

presented inFig. 2A. BJ-48 is adsorbed at low ionic strength
and cannot be desorbed by increasing the ionic strength of the
eluent. This result is identical to that obtained by others[17]
using bovine trypsin on dextran-coated silica supports. This
observation indicates that the interaction between the pro-
teins and the support functionalized with Si-PABA is highly
specific and cannot be disrupted by high ionic strengths as
would be expected if the interaction of the enzyme with the
sorbent was solely due to the salt bridge between D189 and
the positively charged amidine function[44].

Regarding the binding of snake proteins at different tem-
peratures, we conducted one additional experiment at 6◦C.
Neither qualitative nor quantitative difference was observed
within the BJ-48 purification either if the purification exper-
iments were developed in a cold room at 6◦C or at room
temperature (25◦C, data not shown). Trypsin has been puri-
fied withm- orp-aminobenzamidine agarose at 6◦C because
of the limitation of using agarose at high flow-rates and
the tendency of trypsin to undergo autodegradation during
purification. This is a fact not normally observed with the
BJ-48 and LMR-47 proteins. As expected, BJ-48 desorption
from the stationary phase took place by the competitor argi-
nine (Fig. 2B). BJ-48 molecules adsorbed on Si-PABA were
eluted with 0.5 M arginine solution, indicating that probably
the same type of interactions occurred between the BJ-48
and the competing amino acid. Thus, the results described
h cifi-
c nd
L wo
s urs

by the competitor amino acid arginine and was temperature
independent.

3.3. Computer-aided evaluation of the interaction
between Lmm-TLE and the functional portion of
sorbents at the atomic level

Evidence has accumulated in our lab that has allowed us to
safely presume that the 45–47 kDa species isolated fromL.m.
rhombeatavenom using chromatography on Am-PABA resin
is virtually identical to the ortologue fromL. m. mutavenom
that had it primary structure determined[36,45]. In fact, the
very existence of these subspecies seems not to be a consensus
among herpetologists[46]. Therefore, we employed a model
of Lmm-TLE previously obtained by our group[39] to study
the interaction of the ligands immobilized on the resins with
one of the proteins they bind specifically (LMR-47). Since
both resins are claimed to bep-aminobenzamidine by their
respective suppliers these were expected to present similar
properties. Nevertheless, these sorbents presented striking
distinct selectivity for the snake venoms proteins they are
able to bind. One possible explanation for this observation
could be based in possible differences in the affinity constants
presented by the distinct enzymes forp-aminobenzamidine.
However, inhibition data listed inTable 2show that BJ-48
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erein clearly show that the BJ-48 protein adsorb spe
ally to the Si-PABA since: (i) the two TLSPs (BJ-48 a
MR-47) present distinct affinity and behavior in the t
orbents and (ii) the elution of BJ-48 from Si-PABA occ
inds to this S1-directed inhibitor with comparable stren
o Lmm-TLE/LMR-47. In addition, both enzymes fav
lmost to the same extent, the presence of the amino gro
osition 4 of the benzamidine ring in order to increase b

ng affinity. This indicates that the S1 binding pocket of th
nzymes is indeed very similar. These data encouraged
ssume that the distinct binding specificities shown by
ommercial affinity sorbents based onp-aminobenzamidin
ave necessarily to be explained by the different spacer
sed to couple thep-aminobenzamidine moieties to the in
olymeric support (Fig. 3). Hence, we have isolated and c
tructed a model for the putative “active” part of the Si-PA
nd Am-PABA resins and examined their most probable b

ng mode to Lmm-TLE.
Analysis of the top 15 configurations furnished by Fle

or each ligand docked on Lmm-TLE suggested that t
ould be gathered into two groups. For the ligand represe

able 2
omparison of inhibition constants (Ki ) of S1-directed inhibitors o

hrombin-like serine proteases (TLSPs) fromBothrops jararacussu(BJ-48)
ndLachesis muta muta(Lmm-TLE) venoms

1-directed inhibitor Ki (�M)

BJ-48a Lmm-TLEb

enzamidine 110.8± 0.3 53.7± 0.1
-Aminobenzamidine 17.0± 0.3 13.3± 0.4
a Inhibition was observed over reaction progress curves for�-N-
enzoyl-dl-arginine-p-nitroanilide (BApNA) hydrolysis at 37◦C in 50 mM
ris–HCl, pH 8.0. Values shown along with standard errors.
b Constants at 25◦C using BapNA as substrate[45]. Values are shown a
eans± standard deviations.
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Fig. 3. Chemical structures of thep-aminobenzamidine ligands immobilized on commercial resins. The Si-PABA adsorbent was obtained by the manufacturing
through the attachment of glycyl-glycine to the CNBr activated agarose followed by EDAC condensation withp-aminobenzamidine. The Am-PABA was obtained
by the reaction of sepharose with 1,4 bis(2,3 epoxypropoxy/butane bis-oxirane) followed by epoxy opening withp-aminobenzamidine. R = cross-linked agarose.

Fig. 4. Analysis of possible binding modes for the resin surrogates on the previously proposedLachesis muta mutathrombin-like enzyme (Lmm-TLE) model
[39]. (A) Two major groups of Am-PABA surrogate configurations: left—residues making contacts (4.5Å radius) with 13th ranked configuration (yellow,
Am-13); right—fifth ranked configuration (green, Am-5) and contacting enzyme residues. (B) Two classes of Si-PABA surrogate configurations: left—residues
in contact distance from the seventh ranked configuration (yellow, Si-7); right—residues interacting with the second ranked configuration (green, Si-2). Other
configurations inside each class are colored white. Enzyme residues are colored according to CPK code (oxygen: red, carbon: gray, nitrogen: blue and sulfur:
yellow).
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the Am-PABA “active” part, one kind of configuration, rep-
resented by the third ranked conformer was characterized
by: (i) a hydrogen bond between thep-aminobenzamidine
NH (acceptor) and OH from S195 (donor); (ii) the projection
of the terminal methoxyl group to the lipophilic region com-
posed by W215, F214, Y228 and V227; and (iii) a polar inter-
action between the side chain hydroxyl and H57 (Fig. 4A).
The flexibility furnished by the three freely rotable bonds in
the side chain from this ligand result in a number of vari-
ations of this archetypal binding mode. In one of these, an
additional stabilizing hydrogen bond between the hydroxyl
moiety and H57 could be attained (Fig. 4A, right panel). This
later configuration (fifth in rank, Am-5) was selected for fur-
ther energy minimization and detailed analysis. The second
selected configuration (13th in rank, Am-13) differs from the
first in that the directionality of the hydrogen bond between
the NH and S195 was inverted as well as methoxyl points to
the S1′ subsite and makes a hydrogen bond with H57 while
the hydroxyl points to the solvent (Fig. 4A, left panel). In
the case of the ligand mimicking the Si-PABA sorbent, the
glycyl-glycine side chain brought by the spacer arm makes a
beta-sheet with the polypeptide segment from residues 192

through 194, as exemplified by the second ranked configura-
tion (Si-2). The first carbonyl (counting from the benzamidine
ring) makes a hydrogen bond with the backbones of R193
and D194, in addition to the OH from S195 (Fig. 4B, right
panel). The second carbonyl makes a hydrogen bond with
R60, which delimits the S1′ subsite walls, while the termi-
nal methyl points to the hydrophobic S1′ floor, composed
by L41 and C42. A variant of this configuration (seventh in
rank, Si-7), in which the second carbonyl is inverted, makes
a hydrogen bond with NH of R193 backbone (Fig. 4B, left
panel).

We decided to inspect in detail at least two configurations
of each resin surrogate because we felt that a premature deci-
sion about which binding mode would be more favorable
could be misleading. Analysis of the final minimized config-
urations of the Am-PABA resin surrogate showed that both
would represent equally acceptable binding modes for this
ligand. Am-5 differs from Am-13 mainly in the fact that the
methoxyl group in the former is oriented to S2/S3 subsites
making additional van der Waals (vdW) contacts with W99
and R174, whereas this moiety in Am-13 is facing the S1′
subsite, promoting two hydrogen bonds with the OH from

F
t
n

ig. 5. Analysis of the minimized structures for the complexes betweenLachesis
heir most likely binding modes: (A) Am-5; (B) Am-13 and (C) Si-7. Enzyme r
itrogen: blue and sulfur: yellow).
muta mutathrombin-like enzyme (Lmm-TLE) and the resin surrogates on
esidues and ligands colored according to CPK code (oxygen: red, carbon: gray,
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S195, one through methoxyl oxygen as an acceptor and the
other through the adjoining OH as a donor (Fig. 5A). This
moiety in Am-13 is oriented to H57, but makes no hydro-
gen bond since the appropriate geometry cannot be achieved
due to steric restrictions (Fig. 5B). Am-13 also makes vdW
contacts with the R193 backbone atoms, while Am-5 does
so with C191 backbone. Although the amidinium group is
fixed in the face to face salt bridge with D189 carboxy-
late, the aromatic ring of one ligand is torsioned near 30◦
in relation to the other. The two studied configurations of
the Si-PABA surrogate are almost identical, differing only
in theφ dihedral of glycyl-glycine. In Si-7 the terminal car-
bonyl makes a hydrogen bond with NH from R193 backbone
(Fig. 5C). Si-2 makes additional contacts with the guanidine
group of R60 and the F214 backbone. Due to the better beta-
sheet that can be accommodated by the Si-7 configuration
we felt comfortable to propose that this configuration would
represent the most probable binding mode for the Si-PABA
surrogate.

A comparison between the binding mode of the Si-PABA
surrogate ligand and the two possible binding modes for
Am-PABA (Am-5 and Am-13) turns possible to speculate
about why should LMR-47/Lmm-TLE bind to the later resin
and not to the former. Si-PABA makes exclusive vdW inter-
actions with L41 and C42 in S1′, C58 in S3, A221 and
D194 while Am-5 makes exclusive contacts with R174 guani-
d 193
b to
m onds
m gen
b d that
L se
i elec-
t nds
c ato-
g

F Si-
P -
T m-13:
r 1.4
p 3
a

Fig. 7. Lipophilic potential of theLachesismutamutathrombin-like enzyme
(Lmm-TLE) molecular surface in complex with the most likely binding-
mode for the Am-PABA surrogate. High lipophilic areas are shaded in brown
while high hydrophilic regions are shown in bluish tones (a lipophilicity scale
is shown at left). Ligand is shown as CPK colored sticks with hydrogen
bonds represented as dashed lines. The enzyme residue responsible for the
high lipophilicity of the pocket receiving the methoxyl moiety of the ligand
is detached.

361–367Å2 for the Am-PABA surrogate in the two possi-
ble conformations. The answer to this apparent contradiction
must come from an unequal contribution of one of the inter-
actions made by these ligands. The most peculiar contacts
of the three analyzed complexes is the hydrophobic interac-
tion of Am-PABA with the S3/S2 lipophilic patch, as can be
observed in the binding mode represented by Am-5 configu-
ration (Fig. 7). The importance of this interaction in defining
the striking preference of LMR-47 for Am-PABA is in accor-
dance to results recently obtained by us, which demonstrate
the importance of the lipophilic potential to achieve high
binding affinity to the S1 subsite of trypsin-like serine pro-
teases[39].

3.4. Coupling of the two derivative columns to purify
specific proteins

Our results indicated that the two columns possess dis-
tinct adsorptive capacity of venom proteins in spite of bovine
trypsin and human plasmin being similarly retained by both
columns (data not shown). Thus, in order to improve the
purification process of these thrombin-like serine proteinases,
the two columns were combined in tandem (using the same
equilibrating buffer) as showed in theFig. 1 (Si-PABA fol-
lowed by Am-PABA). Using this procedure the BJ-48 kDa
p ins)
i gh
c and
1 n of
t BA)
w ther
s tog-
r the
L nts.
inium group, W99 side chain, F214 backbone and R
ackbone (Fig. 6). The Si-PABA surrogate ligand is able
ake a total of three hydrogen bonds in addition to the b
ade by the amidinium moiety. Am-5 makes two hydro
onds and Am-13 makes only one. Since we have showe
MR-47 is able to bind only to Am-PABA, none of the

nteractions can be invoked to explain the observed s
ivity. Equivalently, the total contact area of these liga
annot be summoned to explain the observed chrom
raphic behavior since Si-PABA has 380Å2 compared to

ig. 6. Superposition of the putative binding modes of Am-PABA and
ABA surrogates over theLachesismutamutathrombin-like enzyme (Lmm
LE) molecular surface. Ligands are shown as sticks (Am-5: orange, A
ed and Si-7: cyan). Enzyme surface (green) was calculated using aÅ
robe radius. Location of specificity pockets known as S1, S1′, S2 and S
re indicated.
rotein was obtained in high yield (2% of all venom prote
n the first column (Si-PABA), while the second flow-throu
olumn was devoid of this enzyme and contained the 32
8 kDa proteins. This approach facilitated the fractionatio

hese additional proteins by the second column (Am-PA
hich could be easily purified to homogeneity using a fur
tep of anion exchange high performance liquid chroma
aphy [data not shown]. The experiments carried out with
achesisvenom demonstrated the specificity of the sorbe



S.G. De-Simone et al. / J. Chromatogr. B 822 (2005) 1–9 9

4. Conclusion

We have demonstrated that similar commercial amidine
derivatives supports display a strict selectivity and this could
be used to purify serine proteases from snake venom with
similar biological properties, in particular the BJ-48 fromB.
jararacussuand the LMR-47 fromL. m. rhombeatavenom.
This specificity is probably due to the distinct chemical struc-
tures of the PABA spacer from the different sorbents, which
contribute with dissimilar hydrophobic contacts to substrate
binding clefts of the enzymes. The later translates into the
particular chromatographic behavior observed, where BJ-48
elutes as single band from the Si-PABA sorbent while LMR-
47 is exclusively adsorbed by the Am-PABA sorbent. Thus,
individually the columns promote the purification of both
proteins in a high yield and when aligned in tandem the iso-
lation of other three proteins fromB. jararacussuvenom is
possible.

Acknowledgments

Conselho Nacional de Desenvolvimento Cientı́fico e Tec-
nológico (CNPq/MCT-Brazil) and FIOCRUZ for financial
support. FPSJr is a CNPq-Post-graduate Fellowship recipi-
ent.

R

.R.

99.
,

, E.

ki,
io-

eire,
787

173.
one,

590.
[
[ lec-

[ R.J.

[13] M. Mares-Guia, E. Shaw, J. Biol. Chem. 240 (1965) 1579.
[14] H.F. Hixon, A.H. Nishikawa, Arch. Biochem. Biophys. 154 (1973)

501.
[15] M. Ellouali, S. Khamlichi, J. Jozefonvicz, D. Muller, J. Chromatogr.

548 (1991) 255.
[16] K. Nakamura, T. Suzuki, M. Hasegawa, Y. Kato, H. Sasaki, K.

Inouye, J. Chromatogr. A 1009 (2003) 133.
[17] K. Mizuno, K.T. Nakamura, K. Takada, S. Sakakibara, H. Matsuo,

Biochem. Biophys. Res. Commun. 144 (1987) 807.
[18] G. Schmer, Hoppe-Seyler’s Z. Physiol. Chem. 353 (1972) 810.
[19] W.H. Holleman, L.J. Weiss, J. Biol. Chem. 251 (1976) 1663.
[20] S.S. Husein, Arch. Biochem. Biophys. 285 (1991) 373.
[21] M.S. Runge, C. Bode, G.R. Matsueda, E. Haber, Proc. Natl. Acad.

Sci. U.S.A. 84 (1987) 7659.
[22] T. Someno, T. Saino, K. Katoh, H. Miyazaki, S. Ishii, J. Biochem.

97 (1985) 1493.
[23] A. Kanamori, N. Seno, I. Matsumoto, J. Chromatogr. 363 (1986)

231.
[24] D. Grant, A. Magge, J. Hermon-Tayler, Eur. J. Biochem. 88 (1978)

183.
[25] M.L. Bender, M. Beuge-Canton, R. Blakeley, L. Brubacher, J. Feder,

C. Gunter, F. Kezdy, J. Kilheffer Jr., T. Marshall, C. Miller, R.
Roeske, J. Stoors, J. Am. Chem. Soc. 88 (1966) 5890.

[26] C.R. Brown, J. Reprod. Fertil. 69 (1983) 289.
[27] A.J. Adeniran, T. Shoshani, M. Minuth, J.A. Award, J.B. Elce, R.A.

Johnson, Biol. Reprod. 52 (1995) 490.
[28] J.P. Girolami, C. Pecher, J.L. Bascands, G. Cabos, A. Adam, J.M.

Suc, Prep. Biochem. 19 (1989) 75.
[29] M. Kroger, H. Tschesche, Gene 196 (1997) 875.
[30] N.E. Labrou, D.J. Rigden, Eur. J. Biochem. 271 (2004) 983.
[31] B. Lomonte, Toxicon 23 (1985) 173.
[ Bio-

[ tion

[ em.

[
[ con

[ ys.

[ . 27

[ 004)

[ enet.

[ I.L.

[ J.

[ . 21

[ 54.
[ ard-

[ .
eferences

[1] H.C. Castro, R.B. Zingali, M.G. Albuquerque, M. Pujol-Luz, C
Rodrigues, Cell. Mol. Life Sci. 61 (2004) 1.

[2] S.Y. Cho, B.-S. Hahn, K.Y. Yang, Y.S. Kim, Toxicon 39 (2001) 4
[3] Y. Jin, Q.-M. Lu, J.-F. Wei, D.-S. Li, W.-Y. Wang, Y.-L. Xiong

Toxicon 39 (2001) 1203.
[4] S.M.T. Serrano, C.A.M. Sampaio, R. Mentele, A.C.M. Camargo

Fink, Thromb. Haemost. 83 (2000) 438.
[5] S. Nishida, Y. Fujimura, S. Miura, Y. Ozaki, Y. Usami, M. Suzu

K. Titani, E. Yoshida, M. Sugimoto, A. Yoshioka, H. Fukui, B
chemistry 33 (1994) 1843.

[6] S.S.M. Junior, C.O.A. Vianna, I. Ennes, S.A. Gomes, M.S. Fr
E.D. Silva, S.G. De-Simone, M.T.B. Moraes, J. Chromatogr. B
(2003) 303.

[7] R.E. Silva-Lopez, S.G. De-Simone, Exp. Parasitol. 107 (2004)
[8] R.E. Silva-Lopez, J.A. Morgado-Diaz, C.R. Alves, S.G. De-Sim

Parasitol. Res. 93 (2004) 328.
[9] R.E. Silva-Lopez, S.G. De-Simone, Z. Naturforsch. 59C (2004)
10] W.C. Lee, K.H. Lee, Anal. Biochem. 324 (2004) 1.
11] J.V. Coumans, I. Humphery-Smith, C.G. dos Remedios, E

trophoresis 18 (1997) 1079.
12] R.K. Rasmussen, H. Ji, J.S. Eddes, R.L. Moritz, G.E. Reis,

Simpson, D.S. Dorow, Electrophoresis 19 (1998) 809.
32] Benzamidine Sepharose 4 Fast Flow Instruction, Amersham
sciences (2000).

33] Bulletin A7155, p-Aminobenzamidine-agarose, Sigma Produc
Department.

34] O.H. Lowry, N.J. Rosebrough, L.A. Farr, R.J. Randall, J. Biol. Ch
193 (1951) 265.

35] U.K. Laemmli, Nature 227 (1970) 680.
36] A.S. Aguiar, C.R. Alves, A. Melgarejo, S.G. De-Simone, Toxi

34 (1996) 555.
37] B.F. Earlanger, N. Kokowsky, W. Cohen, Arch. Biochem. Bioph

95 (1961) 271.
38] T. Kakkar, H. Boxenbaum, M. Mayersohn, Drug Metab. Dispos

(1999) 756.
39] F.P. Silva Jr., S.G. De-Simone, Bioorg. Med. Chem. 12 (2

2571.
40] B. Kramer, M. Rarey, T. Lengauer, Proteins: Struct. Funct. G

Suppl. 1 (1997) 221.
41] F.P. Silva Jr., H.L.M. Guedes, C. Oliveira, S.C. Bourguignon,

Torriani, S.G. De-Simone, FEBS J., submitted for publication.
42] A.M.V. Silveira, A. Magalh̃aes, C.R. Diniz, E.B. De Oliveira, Int.

Biochem. 21 (1989) 863.
43] D.D. de-Carvalho, S. Marangoni, J.C. Novello, J. Prot. Chem

(2002) 43.
44] R. Talhout, J.B.F.M. Engberts, Eur. J. Biochem. 268 (2001) 15
45] A. Magalh̃aes, B.C.B. Da Fonseca, C.R. Diniz, J. Gilroy, M. Rich

son, FEBS Lett. 329 (1993) 116.
46] K.R. Zamudio, H.W. Greene, Biol. J. Linn. Soc. 62 (1997) 421


	Biochemical and molecular modeling analysis of the ability of two p-aminobenzamidine-based sorbents to selectively purify serine proteases (fibrinogenases) from snake venoms
	Introduction
	Experimental
	Materials
	Chromatographic assay
	Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
	Sequence analysis
	Enzymatic assays
	Inhibition of B. jararacussu TLSP by benzamidine and p-aminobenzamidine
	Modeling the "active" part of the immobilized ligands
	Docking

	Results and discussion
	Purification of fibrinogenases
	Studies of sorbent binding specificity
	Computer-aided evaluation of the interaction between Lmm-TLE and the functional portion of sorbents at the atomic level
	Coupling of the two derivative columns to purify specific proteins

	Conclusion
	Acknowledgments
	References


