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The solution structure of mamba intestinal toxin 1 (MIT1), isolated from
Dendroaspis polylepis polylepis venom, has been determined. This molecule
is a cysteine-rich polypeptide exhibiting no recognised family member-
ship. Resistance to MIT1 to classical speci®c endoproteases produced con-
tradictory NMR and biochemical information concerning disulphide-
bridge topology. We have used distance restraints allowing ambiguous
partners between S atoms in combination with NMR-derived structural
information, to correctly determine the disulphide-bridge topology. The
resultant solution structure of MIT1, determined to a resolution of 0.5 AÊ ,
reveals an unexpectedly similar global fold with respect to colipase, a
protein involved in fatty acid digestion. Colipase exhibits an analogous
resistance to endoprotease activity, indicating for the ®rst time the poss-
ible topological origins of this biochemical property. The biochemical and
structural homology permitted us to propose a mechanically related
digestive function for MIT1 and provides novel information concerning
snake venom protein evolution.
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Introduction

Among snake venom proteins, many com-
pounds have been isolated with pronounced phar-
macological function (Harvey, 1991). These toxins
act diversely to immobilise prey; either by blocking
the central and peripheral nervous systems, affect-
ing various types of muscles, or by perturbing
blood coagulation (MeÂnez et al., 1992). It has also

been noted that many snake venoms possess enzy-
matic activity closely related to that of digestive
proteins (Kochva, 1987; Housset & Fontecilla-
Camps, 1996). These enzymes cause tissue damage,
thereby facilitating toxin diffusion and preparing
prey for digestion. In addition to these recognised
toxin and enzyme families, another type of protein
has been isolated from Dendroaspis polylepis
polylepis venom: MIT1 (mamba intestinal toxin 1),
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containing 80 residues and ®ve disulphide-bridges.
On the basis of sequence similarity, this new
protein does not belong to any class of protein so
far isolated from snake venom (H.S. et al., unpub-
lished results). MIT1 is relatively abundant (3.2%
of the dry venom) and has been shown to contract
intestinal; smooth muscle (Schweitz et al., 1990).
Despite this common particularity with other toxic
components of snake venom, the protein is not
toxic and its function and contribution to enveno-
mation are not known. In order to clarify the role
of MIT1, we have investigated its solution struc-
ture using 2D homonuclear NMR. Indeed, the
relatively high proportion of disulphide-bridges
present in this protein confers a particular import-
ance on this topological information for accurate
3D structure determination. For this reason, we
have concentrated our efforts on the unambiguous
determination of the disulphide-bridge pattern
(945 are theoretically available), using a recently
proposed protocol exploiting ¯oating distance
constraints between cysteine S atoms and based
only on NMR-derived data (Nilges, 1995).

Results

NMR data analysis and secondary
structure determination

Sequence-speci®c resonance assignments were
performed according to standard procedures
(WuÈ thrich, 1986) using the set of spectra acquired
at 32�C (Figure 1(a)). In the case of ambiguities
caused by spectral overlap or coincidence with the
water signal, spectra acquired at 25 and 40�C were
used for assignment. Previous sequence-speci®c
resonance assignments were veri®ed with 2D het-
eronuclear scalar correlation spectra (13C-HSQC

and 13C-HSQC-TOCSY, Figure 1(b)) by comparison
with characteristic 13C chemical shift ranges
(Wishart & Sykes, 1994). Virtually complete reson-
ance assignments were obtained for 1H, aromatic
and aliphatic 13C, except for residues 1 and 57,
where fast exchange rates with water precluded
amide proton assignment. Cysteine 13Cb chemical
shift between 37.3 and 48.6 ppm indicated the
presence of the ®ve disulphide-bridges. Apart from
Pro49, which occurred in cis conformation, the ®ve
other Pro residues were found to be in a trans
conformation, as deduced from the presence of
strong characteristic sequential NOEs.

Elements of secondary structure were identi®ed
from the intensity of the sequential NOEs, the
3JHNHa coupling constants, slowly exchanging
amide protons and chemical shift index (Wishart &
Sykes, 1994; Figure 2(a)). According to these cri-
teria, six extended strands were identi®ed which,
from the pattern of long-range NOEs (Figure 2(b))
and slowly exchanging amide protons, form two
triple-stranded antiparallel b-sheets. Analysis of
the 3JHNHa coupling constants and the slowly
exchanging amide protons indicated that the short
two-residue strand (Ala6-Cys7) seems to be less
stable than the ®ve others. The 310 helix-typical
{i}Ha-{i � 2}HN NOEs were observed for residues
10/12, 11/13 and a slowly exchanging Cys13
amide proton, suggesting the presence of a single
helical turn (spectral overlap preclude the obser-
vation of {10}Ha-{13}HN).

Classical biochemical studies of the disulphide
bridge arrangement

MIT1 measured by ESIMS yielded an average
mass of 8506.4(�1) Da. The measured mass was

Figure 1. NMR spectra of MIT1. (a) Fingerprint region of a NOESY spectrum with a mixing time of 100 ms. HNHa

dipolar correlations are labelled for the ten cysteine residues. The assignment pathway from residues 17 to 23 is dis-
played. (b) 13C-1H correlation spectroscopy. Each intense Ca-Ha correlation is labelled with its residue name; serine
methylene protons are labelled with b and proline d methylene with d. Spectra were acquired at 600 MHz with a
2 mM MIT1 sample and recorded at 32�C in 25 mM sodium acetate buffer (pH 4.5).
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10 Da less than the mass deduced from the
sequence (8517.2 Da), indicating that the ten
cysteine residues are probably involved in disul-
phide-bridges. No incorporation of 4-vinylpyridine

(4-VP) was observed after alkylation of the native
protein, indicating that all S-S bridges are formed.
To locate these disulphide-bridges, MIT1 was
hydrolysed by trypsin. Peptides were separated by
rp-HPLC, collected, and their masses were
measured by ESIMS and MALDIMS. The masses
of peptides 16-26 and 30-54 measured by ESIMS
were 1179.3 and 2608.6 Da, but the masses calcu-
lated from the sequence were 1181.5 Da and
2611.9 Da, suggesting that for each peptide the
two cysteine residues are linked by a disulphide-
bridge, and implying the presence of bridges
18-19 and 31-41. This was de®nitely demonstrated
by on-probe reduction with tris(2-carboxyethyl)-
phosphine (TCEP) since a shift of 2 Da
was observed. By sequence comparison, a third
peak at m/z � 1368.5 Da was assigned to peptide
(77-80) linked by an S-S bridge to peptide 1-9.
Upon reduction with TCEP, the initial peak at
1368.5 Da was converted into two new ion signals
m/z � 450.6 and 920.5 Da and, therefore, the initial
dipeptides were linked by Cys7 and Cys77. How-
ever, all UV chromatograms (peptic, tryptic as
well as V8) showed major peaks corresponding
approximately to the retention time of the native
protein. These components were analysed by
MALDIMS and their masses indicate that the
major part of the initial sample was not degraded
even after 48 hours exposure and consequently
presented a resistance to proteolysis. Thus, despite
endoprotease resistance, a low proportion of frag-
ments puri®ed after trypsin proteolysis permitted
unambiguous identi®cation of three of the ®ve
disulphide bridges (18-19, 31-41 and 7-77).

Ambiguous constraints for determination of
S-S bridging pattern

Initial structure calculations performed using
NMR data (NOE and dihedrals restraints are sum-
marised in Table 1) in combination with inter-sul-
phur constraints identi®ed by mass spectrometry
resulted in highly strained structures, revealing a
clear contradiction between measured dipole inter-
actions and these three disulphide bonds. The most
probably explanation of this apparent contradiction
between information derived from two classical
methods is that the experimental results did not
derive from the same form of the protein. We
therefore attempted to determine the global fold
using only NMR-derived data without any disul-
phide-bridge restraints, in order to obtain the dis-
ulphide-bridge pattern independently. Analysis of
the position of the cysteine side-chain strongly
suggested the existence of a disulphide bond
between Cys18 and Cys59. Other S atoms are
arranged in two distinct clusters. The spatial proxi-
mity of the four cysteine residues in each cluster,
and the steric hindrance of the protonated S atoms,
renders the direct determination of the cysteine
connectivity virtually impossible without propos-
ing explicit partners in the calculation.

Figure 2. Summary of NMR restraints. (a) Secondary
structure of MIT1: summary of sequential NOEs, slowly
exchanging amide protons, vicinal backbone HNHa

coupling constants (3JaN) and consensus chemical shifts
indices (Wishart & Sykes, 1994). The relative strengths
of the NOEs , categorised as strong, medium or weak,
by cross-peak intensity, are indicated by the width of
the horizontal bars. Values of 3JaN > 8 Hz or <5.5 Hz are
denoted by ®lled and open squares, respectively. Back-
bone amide protons that were observable more than
two or 12 hours after transfer of the protein sample
from H2O to 2H2O are marked by open or ®lled circles,
respectively. Positive or negative consensus chemical
shift indices for 13Ca, 13Cb and 1Ha are denoted by ®lled
rectangles above or below the axis, respectively.
Corresponding secondary structure is depicted below.
(b) Matrix representation of the NOE restraints versus
the MIT1 sequence.
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In order to obtain the complete disulphide pat-
tern, a more complex calculation involving the use
of ambiguous distance constraints between
cysteine S atoms was performed. The existence of
the disulphide-bridge between residues 18 and 59
was con®rmed by the results of calculation (SSI),
starting from random conformations and using
ambiguous distance restraints between each of the
ten cysteine S atoms. Among the 77 calculated
structures, 15 were characterised by low exper-
imental energy (Eexp < 50 kcal/mol). As ambiguous
restraints are comparable to overlapped NOEs, this
type of restraint can be satis®ed by more than two
Sg atoms (see equation (1) in Methods) a situation
that is obviously unphysical and can be rejected
(Nilges, 1995). Physically signi®cant structures all
contained the 18-59 bridge and two separate clus-
ters of four cysteine residues in the two halves of
the molecule. A completely unambiguous assign-
ment of the disulphide-bridge partners in each
cluster from a calculation starting from random
Cartesian coordinates would require sampling a
prohibitively large ensemble. We therefore used

this structural ensemble as an initial coordinate set
for the more ef®cient calculation (SSII), which has
a reduced sampling radius and does not allow
complete refolding of the molecule (Blackledge
et al., 1995). We also introduced the unambigu-
ously assigned bridge 18-59 and ambiguous
restraints only between the four S atoms of each
cluster.

Based on nine reference structures, 90 new
structures were calculated with such ambiguous
restraints. Analysis of distances between S atoms
over the ensemble allowed us to assign the
disulphide topology (Figure 3). Only average
distances between pairs 7-19, 13-31, 41-67 and
61-77 are below 2 AÊ . Moreover, only four calcu-
lated structures are characterised by different
topologies: one was obviously unphysical, two
were characterised by high experimental and
physical energy. The remaining structure (charac-
terised by topologies 41-77 and 61-67 in the
C-terminal part) possessed close contacts (Cys67-
Hb/Cys61-Hb 2.5 AÊ , Cys67-Hb/Pro43-Hb 2.5 AÊ

and Cys41-Hb/Cys61-Ha 2.9 AÊ ) with no corre-
sponding observable NOE cross-peak. All these
cases were therefore rejected. The calculations thus
converged to a well-de®ned minimum with a stat-
istically and energetically favourable disulphide-
binding pattern.

Specific disulphide-bridge reduction and
biochemical investigation of the major from

In order to verify the disulphide topology
proposed above, in contradiction to that detected
by classical enzyme proteolysis (vide supra), a new
strategy was designed to produce and separate
partially reduced and alkylated proteins using the

Figure 3. NMR determination of the disulphide-bridge
topology. Distribution of the distances between the
N-terminal and C-terminal cysteine S atoms for the SSII
structure ensemble. The x-axis corresponds to each of
the 90 conformers of the SSII ensemble. The y-axis corre-
sponds to the distance (from 1 to 8 AÊ ) between S atoms
of the cysteine residues labelled in the graph title.
Normal S-S distances for a disulphide-bridge (2.02 AÊ )
are shown as horizontal lines. Stars correspond to the
four exceptions (see Results).

Table 1. Summary of constraints and statistics for Dis-
cover structure calculations on MIT1 in solution

Constraints for structure calculations
Total NOE restraints 687

Intra-residue 154
Sequential (ji ÿ jj � 1) 217
Short range (1 < ji ÿ jj4 4) 77
Long range (ji ÿ jj > 4) 239

Hydrogen bond constraints 17
Dihedral angle constraints
f 30
w1 22

Experimental statisticsa

Number of experimental violations
Distances >0.1 AÊ 13.4 � 2.6
Distances >0.3 AÊ 0.46 � 0.6
Dihedrals >1� 5.34 � 1.76
Dihedrals >3� 0.205 � 0.469

Energetic statisticsa,b

Bond 13.9 � 0.8
Angle 107 � 6
Dihedral 106 � 5
Put-of-plane 3.08 � 0.53
H bond ÿ32.8 � 2.0
VDW ÿ207 � 8
Electrostatic ÿ884 � 16
Total ÿ893 � 16
Experimental 29.0 � 3.2

Structural statisticsa

BBc,d 0.813 � 0.149
BB central coree 0.494 � 0.071
Heavyd 1.29 � 0.14
Heavy central coree 0.880 � 0.065

PROCHECK50

Residues in most favourable regionsf (%) 75.1 � 4.35
Residues in allowed regionsf (%) 23.2 � 4.24

a Average values for the rMD stage 39 structures ensemble.
b In kcal molÿ1

c Backbone atoms correspond to N, Ca, C.
d R.m.s.d. values (in AÊ ) from residues 6 to 79.
e R.m.s.d. values (in AÊ ) from residues: 6 to 10, 16 to 12, 29 to

43, 57 to 69 and 75 to 79.
f Average values from residues 6 to 79 for the rMD stage 39

structures.
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water-soluble reduction agent TCEP (Gray, 1993).
MALDI mass spectra measurements performed on
partially reduced and alkylated MIT1 after reaction
with an excess of 4-VP yielded a mass that
is 420 Da higher than the mass of MIT1
(8510(�3) Da). This mass difference corresponds to
the incorporation of four moles of the alkylating
agent (105 Da) per mole of MIT1, implying two
broken disulphide-bridges. To obtain more
detailed information as to the origin of these mass
difference, modi®ed MIT1 was digested with tryp-
sin and peptide mixtures were subsequently separ-
ated by rp-HPLC. The relevant peptides were
measured by MALDIMS and submitted to Edman
degradation. The location of the 4VP-Cys and of
the diPTH-Cys has allowed us to assign two disul-
phide-bridges, 7-19 and 61-77. Two other peptide
bonds were localised by measurement of mass of
the peptide obtained by thermolysin hydrolysis at
65�C. The S-S bridges were located between
cysteine residues 13 and 31, and 41 and 67. In both
these experiments, mass spectra as well as UV
chromatograms show that all the protein had been
digested, con®rming the presence of a major form
(approximately 95%) and a minor form with two
sets of S-S bridges and retrospectively con®rmed
that those obtained by NMR correspond to the
major form.

Determination and statistical analysis of the
tertiary structure

To re®ne our structures, we added this infor-
mation as ®ve covalent bonds during the ®nal cal-
culations (SAI, SAII and rMD). Based on low
experimental values, we selected 46 structures for
the rMD re®nement stage (with complete AMBER4
force-®eld) from an SAII ensemble of 110 confor-
mers. After this stage, seven structures with higher
physical energy were discarded, leaving a repre-
sentative ensemble of 39 structures. Figure 5(a)
shows the superposition on the mean structure of
the ensemble backbone atoms and cysteine side-
chain atoms for residues 6 to 79. MIT1 is a ¯at-
tened protein (35 AÊ � 25 AÊ � 15 AÊ ), with most
residues in the b-sheet region of the Ramachandran
plot (Figure 6). The central core is composed of
two successive, similar, three-strand b-sheets (with
a �2x, ÿ 1 topology (Richardson, 1981); strands
6-7, 17-21, 29-33, 40-41, 65-71 and 74-79), which
confer an obvious symmetry on the protein. Four
®ngers of varying length that protrude from the
central core connect the secondary elements to
each other.

The re®ned solution structure presents satisfac-
tory resolution as judged by the rmsd of the back-
bone (C0, Ca, N) and heavy atoms with respect to
the mean structure (Table 1 and Figure 5(a)). In
general, the central core backbone atoms are very
well de®ned with backbone rmsd of less than
0.6 AÊ . The extremities of the four protruding ®n-
gers were less well de®ned as judged by a higher
rmsd value (Figure 4(b) and (c)). According to the

PROCHECK (Laskowski et al., 1996) analysis of the
family of 39 structures, 75% of the structure resi-
dues have their backbone conformation in the
most favoured regions of the Ramachandran plot
(Figure 6). In fact, only the Lys73 backbone confor-
mation systematically sampled a disallowed
region. Lys73 occupied the third position of the
b-turn at the top of the fourth ®nger and is fully
solvent-exposed. Spectral overlap precludes quanti-
®cation of most sequential NOEs that could resolve
this unfavourable conformation.

Analysis of the side-chain conformations
indicated that disulphide-bridges 18-59 and
61-77 occurred predominantly in a left-handed
conformation (w3 � ÿ89.7(�4.3)�, 74%; w3 �
ÿ87.9(�4.2)�, 77%, respectively) 41-67 in predomi-
nantly right-handed (w3 � �92.5(�5.0)�, 74%) while
other disulphide-bridges were less well de®ned.
The location of Phe50 side-chain just above Gly52
causes ring current effects that explain the unusual
proton chemical shifts of Gly52 HN and Gly52 Ha1

(respectively 4.75 and 2.69 ppm), The Gln12 side-
chain caps Arg9, which stabilises the helix turn by
hydrogen bonding between Gln12 Oe and the Arg9

Figure 4. Correlation between the number of NOEs
and the rmsd value. (a) Number of NOEs per residues
used in the ®nal round of the structure calculation.
NOEs are grouped into intra-residue (IR), sequential
i ÿ j � 1 (SR); medium-range i ÿ j < 5 (MR); and long-
range i ÿ j 5 5 (LR). (b) and (c) Average rmsd values
for the N, Ca & C0 (b) atoms heavy atoms (c) for the 39
®nal structures.
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amide proton. The Arg54 side-chain is totally bur-
ied and interacts with the carbonyl group of His46
(via amino groups) and the carboxyl group of
Asp10 (via He, see Figure 5(b)). As the core of the
protein is composed of few hydrophobic buried
side-chains (20-21,65), the packing and the stability
seem to be due to disulphide and ionic-bridges
rather than true hydrophobic interactions.

Structural homology with colipase

Comparison of our structure with available
databases using the program Dali (Holm &
Sander, 1993) revealed that MIT1 is a very close
structural homologue of pig colipase (van
Tilbeurgh et al., 1992, 1993; Breg et al., 1995;
Egloff et al., 1995a,b; Hermoso et al., 1996; and

Figure 5. Solution structure of MIT1. (a) Backbone and disulphide-bridge heavy atoms from residues 5 to 80 of the
39 NMR conformers (calculations rMD, Table 1). N, C and Ca atoms from residues 6 to 79 of each structure were
superimposed on the average structure atoms. Central core residue backbone atoms (5 to 10, 16 to 21, 29 to 43, 57 to
69 and 75 to 80) are displayed in blue, extremity residue backbone atoms of each ®nger (11 to 15, 22 to 28, 44 to 56
and 70 to 74) are displayed in red, and disulphide-bridges in yellow. (b) Stereo view of the conformer closest to the
mean structure of the 39 conformers shown in (a). The following colours were used for the side-chains: blue, Arg and
Lys; red, Glu and Asp; yellow, Ala, Cys, Ile, Leu, Met, Phe, Pro, Trp and Val; grey, Asn, Gln, Ser, Thr and His.
Buried side-chains of the inner ionic bridge; Asp10 and Arg54 are displayed with a thicker stick and are labelled. The
His46 O atom is labelled.
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see Figure 7). Colipase is a 90 amino acid residue
protein of the pancreatic secretion involved in the
digestion of fatty acids. It acts as a cofactor by
speci®cally restoring the activity of pancreatic

lipase inhibited by bile salt. This cofactor anchors
pancreatic lipase to the lipid/water interface.
With speci®c contact, colipase stabilises the open
conformation of lipase, thereby facilitating
hydrolysis of triglyceride (Lowe, 1997). Colipase
is abundant among mammals, and has been
detected in some bird and ®sh species (Bosc-
Bierne et al., 1984; Sternby et al., 1984), but until
now has not been reported in the reptilian class.

Both structures contain a well-de®ned central
b-sheet region held together by disulphide-
bridges, from which protrude four ®ngers. These
two proteins possess identical disulphide-bridge
patterns and similar secondary structure motifs
(see Figure 8(a)), consisting mainly of two three-
stranded inverse b-sheets. In both cases, the ®rst
strand of b-sheet I is composed of only two resi-
dues and is partially disordered in both NMR
ensembles (our results; Breg et al., 1995). The
®ve other strands (bI-2 to bII-3) are equivalent
in the two structures. We note that most of the
b-turns are conserved, particularly the type II
b-turn (36-39, 39-42); and a 310 helical turn at
residues 10 to 12 and 15 to 17. Both the N-term-

Figure 6. Ramachandran plot for the 39 ®nal struc-
tures of MIT1. Each open square represents the back-
bone conformation of structures residues (6 to 79) for
the 39 MIT1 ®nal structures. Only Lys73 sampled the
disallowed region (PROCHECK-NMR; Laskowski et al.,
1996).

Figure 7. Superimposition of colipase MIT1. The two
average structures were superimposed on 61% of their
backbone atoms (5 to 10, 13-14, 18 to 22, 27 to 44, 57 to
68 and 75 to 80: MIT1 residue numbering is used for the
superimposition) with rmsd of 1.3 AÊ . The colipase back-
bone is shown in green (from residues 15 to 90) and in
MIT1 in purple (from residues 5 to 80).

Figure 8. Comparison of the secondary and primary
structures. (a) Ribbon diagram of MIT1 and colipase sec-
ondary structural elements (MOLSCRIPT; Kraulis, 1991).
Helices in red, strands in green and b-turns in blue.
(b) sequence alignment of pig colipase and MIT1. Red,
sequence identity; green, sequence similarly. o and *,
labelled colipase residue involved in lipids and lipase
interactions, respectively.
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inal part and the extremity of the four ®ngers of
the two structural homologues appear to be dis-
ordered in the NMR ensemble (our results and
colipase solution structures) and show an
increased B-factor for the colipase crystallo-
graphic structures. Because of the number of del-
etions or insertions in the ®ngers, their
superimposition is more dif®cult to interpret. In
fact, the four ®ngers protrude in the same direc-
tion but differ in length; ®ngers I and II are
longer by one residue in MIT1, ®nger III
possesses six residues more than the third coli-
pase ®nger, and the last one is shortened by
eight residues in MIT1 (see Figure 8(a) and (b)).

On the basis of structural homology, we have
aligned the sequence of the two proteins and
found only 14 residues strictly conserved (see
Figure 8(b)). Despite this weak sequence identity,
the ten cysteine residues are well aligned and the
disulphide patterns are the same. It is interesting
to note that a well-conserved motif among
colipase sequences, (50)YxxYYxCPC(58), is
replaced by a homologous sequence in MIT1,
(50)FxxxxxHHxCPC(61). Moreover, in spite of an
insertion of three residues between Phe50 and
His56 in MIT1 versus colipase, different side-chain
orientations allow the aromatic ring of MIT1
(Phe50) and of its colipase homologue (Tyr50) to
be structurally equivalent. Finally, it appears that
most of the hydrophobic residues in the ®ngers
(I to III) involved in the interaction between
colipase and lipids (Cozzone et al., 1981; van
Tilbeurgh et al., 1993; Egloff et al., 1995a;
Hermoso et al., 1997) are conserved in MIT1 or
replaced by residues with close physico-chemical
properties (see Figure 8(b)). In both cases, most
of the hydrophobic residues are partially or com-
pletely solvent-exposed. In contrast, none of the
charged groups involved in the interaction
between colipase and lipase (van Tilbeurgh et al.,
1992, 1993; Egloff et al., 1995a,b; Hermoso et al.,
1996; Lowe, 1997) are conserved in MIT1 (see
Figure 8(b)). Consequently, despite the fact that
the two proteins are close structural homologues,
their electrostatic surfaces are dissimilar (see
Figure 9). A particular feature of MIT1 is a posi-
tively charged face and, on the opposite face, a
negatively charged pocket (Val21 O, Thr32 Og,
Pro33 O, Glu39 Oe).

Colipase digestion

In view of this obvious structural homology, we
have tested the biochemical properties of colipase.
Analogous tryptic and peptic digestion was per-
formed on porcine colipase, again under conditions
that should preserve existing disulphide-bridges,
in order to determine whether this protein also
presents protease resistance. All the results
obtained in this study are comparable to those
obtained with MIT1, con®rming analogous resist-
ance.

Discussion

NMR determination of disulphide
bridge topology

The correct assignment of disulphide-bridges is
of fundamental importance for successful struc-
ture determination of cysteine-rich proteins by
NMR. In the absence of direct chemical shift or
scalar coupling evidence, and in view of the fact
that no individual interproton distance provides
unambiguous evidence for the identi®cation of
disulphide-bond partners (Klaus et al., 1993), it is
often necessary to resort to biochemical tech-
niques to determine the assignment. The case of
MIT1 is particularly complex, given the compara-
tively large number of unassigned disulphide-
bridges present in the protein (ten cysteine resi-
dues out of a total of 80 residues), and the high
resistance of the protein to classical speci®c endo-
proteases. We therefore decided to employ a
more robust method based on the use of a ¯oat-
ing assignment of disulphide-bond partners,
whose assignment is determined only by the
NOE-derived distance dataset. This method, pro-
posed and demonstrated on model systems
(Nilges, 1995), allowed us to unambiguously
assign all ®ve bonds and con®dently propose the
most probable topology from the 945 possible
combinations. To our knowledge, this is the most
complex system for which the method has been
applied, and the ®rst time that the method has
been used to resolve a real experimental problem.

Figure 9. Electrostatic potentials map of colipase and
MIT1. (a) and (b) The exposed surface of colipase,
(c) and (d) were coloured with the electrostatic potential
(Gilson et al., 1987) by linear interpolation between red
(f(r) < ÿ3 kT, negative), white (f(r � 0 kT, neutral) and
blue (f(r) > 3 kT, positive). (a) and (c) Surfaces were
displayed with the same orientation as Figure 5. (b) and
(d) Representations were turned by 180� with respect to
the vertical axis.
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Protease resistance

We have shown that MIT1 exhibits high resist-
ance to digestion by commonly used speci®c endo-
proteases. This resistance is unusual, as many
other toxins are degraded under similar conditions
(Kolbe et al., 1993; Gasparini et al., 1994; Chung
et al., 1995; Olamendi-Portugal et al., 1996; Calvette
et al., 1997). It is even resistant to high proteolytic
enzyme concentrations under conditions that can
unfold other types of proteins (2 M urea, or after
preheating at 60�C). As for MIT1, biochemical
investigation of colipase cysteine topology with
endoproteases (Erlanson et al., 1974) led to a disul-
phide-bridge pattern in contradiction with the
high-resolution structure. We have shown that
colipase displayed a similar resistance to classical
endoproteases. This is probably because colipase
must coexist in a protease environment containing
trypsin, chymotrypsin and elastase. The structural
homology of MIT1 and colipase indicates that the
resistance of MIT1 to proteases has similar topolo-
gical origins. As these proteins are two close struc-
tural homologues and display the same kind of
unusual behaviour in the presence of endopro-
teases, this suggests that the contradiction between
structural and biochemical data can be attributed
to a speci®c tertiary fold rather than an experimen-
tal artefact. This conclusion is reinforced by the
fact that all biochemical results are reproducible,
and the absence of systematic violations during the
structural calculation. Possible explanations for the
erroneous assignment of disulphide-bridges may
be the presence of a small proportion of protein
with a different disulphide-bridge topology that is
not enzyme-resistant or a rearrangement of the di-
sulphide-bridges in the presence of the protease.
This latter possibility has been excluded by peptic
and tryptic digestions performed under conditions
that should have preserved existing disulphide-
bridges, and which provided results comparable to
those obtained at higher pH values.

Function of MIT1

Despite a very limited sequence identity (14/80),
it is still possible to superimpose more than 60%
of the backbone atoms of the average solution
structures of the two proteins to an rmsd of 1.3 AÊ

(1.4 to 1.5 AÊ with the crystallographic structure of
colipase complexed with lipase). The absence of
conservation of the charge distribution on the elec-
trostatic surface makes it unlikely that MIT1 and
colipase share a common physiological partner. As
expected, no clear activity of MIT1 on lipase was
detected, and colipase failed to contract or to relax
ileum smooth muscle (data not shown). As most of
the hydrophobic surface amino acid residues
involved in colipase/lipid interaction seem to be
conserved, MIT1 may be able to interact with
lipids, which may in turn be responsible for an
MIT1 activity on the membrane of intestinal
smooth muscle cells.

Like colipase, MIT1 is resistant to classical diges-
tive enzymes such as trypsin, pepsin and carboxy-
peptidase Y. As MIT1 is relatively abundant in
snake venom, it may be that after the mamba has
killed its prey (due to the action of other mamba
toxins) and has ingested it, a non-negligible
amount of ``intact'' MIT1 arrives with the rest of
the prey in the mamba intestine and plays a role in
intestinal contraction favouring the overall diges-
tive process.

Molecular evolution

Homologies between proteins of the pancreatic
exocrine secretion and other proteins contained in
snake venom have been observed in the past. This
has led to the hypothesis that the venom glands of
serpents are relatively new structures that probably
appeared about 150 to 200 million years ago. They
may have been shaped after another exocrine
gland that is evolutionarily much older, i.e. the
pancreas (Kochva, 1987). According to this hypoth-
esis, we propose that colipase and MIT1, which
possess structural and biochemical homology, have
a pancreatic common ancestor. Structural simi-
larities between colipase and components of a
snake toxin family have been proposed (van
Tilbeurgh et al., 1992). Proteins of this family,
which includes curaremimetic toxins (Hatanaka
et al., 1994), neuronal toxins (Oswald et al., 1991),
muscarinic toxins (Ducancel et al., 1991), cytotoxins
(Rees et al., 1987), fasciculins (Le Du et al., 1992)
and calciseptins (De Weille et al., 1991), express
diverse functions, but conserve the same overall
structure: the ``three-®nger fold''. This intriguing
observation led to the hypothesis that colipase has
evolutionary relationships with this snake toxin
family; however, a detailed topological comparison
reveals fundamental differences between the two
types of molecule and, until now, there lacked bio-
chemical support for such hypothesis (MeÂnez,
1995; Housset & Fontecilla-Camps, 1996). The
recognition of a close structural homologue of coli-
pase in snake venom could be the ®rst biochemical
evidence for such a hypothesis (see Figure 10(b)).
Moreover, it is interesting to note that protein CM2
(Joubert et al., 1982), which is related to another
snake toxin family, disintegrin, displays 29%
sequence identity with colipase (see Figure 10(a)).
Based on this sequence homology, one, may
propose that disintegrins could be related to
colipase through evolution (see Figure 10(b)).

Recent studies revealed that to acquire veno-
mous function, a few cysteine-rich structural motifs
with unrelated functions had been selected by
nature (Ohno et al., 1998). These highly stable
architectures have been exploited to express differ-
ent functions on the surface of the molecule. The
evolutionary mechanisms that govern this general
principle of functional diversity associated with
structural economy remains unknown (Ohno et al.,
1998). The particular relationship between snake
venoms glands and the pancreas (Kochva, 1987)
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could explain that a number of these stable
structural motifs correspond to secreted pancreatic

proteins. A particularly well-known case is that of
secretory phospholipase A2 (sPLA2, Lambeau et al.,
1997). Structural homologues of pancreatic sPLA2

are present in snake venoms; some of them have
acquired toxic function with different types of
toxicity (Lambeau et al., 1989, 1997). Pancreatic and
venom sPLA2 can even share the same membrane
receptors (Lambeau et al., 1994). Another example
is the high degree of structural homology between
the trypsin inhibitory protein and BPTI and the
snake dendrotoxins (Lancelin et al., 1994) that
block voltage-sensitive K� channels (Halliwell et al.,
1986) to calcicludine (Schweitz et al., 1994), which
blocks voltage-sensitive Ca2� channels. In MIT1,
the colipase scaffold has been well conserved; in
particular, the disulphide-bond pattern, hydro-
phobic surface residues, and resistance to protease
have been retained (see Figures 7 and 8). Like
BPTI/dendrotoxins homologues, speci®c modi®-
cations of these surfaces charges (see Figure 9)
would then have allowed MIT1 to acquire a new
function in snake venom. So the existence of this
new architecture suggests that, as for other selected
motifs, there might be other structural analogues
of colipase in snake venoms with other types of
toxicity.

Conclusion

The solution conformation of MIT1 has been
determined using NMR spectroscopy and structure
calculations. MIT1 is a cysteine-rich protein found
in black mamba venom, for which no sequence
homology has been recognised, and which belongs
to no recognised family proteins. The protein is
highly resistant to classical speci®c endoproteases,
a characteristic that forced us to use more complex
methods to resolve the important problem of disul-
phide-bridge assignment. The use of ¯oating
assignment for the S-S bonds during the simulated
annealing calculation has allowed us to unambigu-
ously assign the correct disulphide-bridge topology
from the 945 possible combinations. This result
permitted us to recognise the homology of this
snake venom protein with mammalian pancreatic
colipase and has allowed us to propose hypothesis
for the possible origin and function of this protein.

Methods

Sample

Because of the lack of information on the topology of
the disulphide-bridges, we preferred working on the
extracted protein of natural venom rather than a syn-
thetic one, to avoid any non-native disulphide-bridge
arrangement errors during synthesis. MIT1 was puri®ed
from Dendroaspis polylepis polylepis as described
(Schweitz et al., 1990; MIT1 corresponds to fraction G4 in
that work). MIT1 displays 96% sequence identity with
another protein puri®ed in 1980 from black mamba
venom (Joubert & Strydom, 1980); we assumed that
these two proteins corresponded to the same component
of the venom.

Figure 10. Molecular evolution of snake toxins.
(a) Sequence alignment of pig colipase with some disin-
tegrins: red, sequence identity; green, sequence simi-
larity. Col, pig colipase; CM2, disintegrin from Bitis
arietans (SWISS-PROT accession number P17497); ACU,
metalloproteinase disintegrin-like protein from Agkistro-
don contortrix laticinctus (EMBL accession number
U86634); JAC, jarahagin-C protein from Bothrops jararaca
(PIR accession number JC2245); HAL, prepro-halystatin
3 from Gloydius halys (EMBL accession number D28871);
KIS, disintegrin kistrin from Agkistrodon rhodostoma
(PDB accession number 1KST); FVL, ¯avoridin from Tri-
meresurus ¯avoviridis (PDB accession number 1RVL).
(b) Proposed evolution of three families of snake venom
proteins, The colipase scaffold is very well conserved in
the MIT1 structure and is related to disintegrin and
three-®nger toxin motifs. Only residues 25 to 90 are
shown for colipase as the pancreatic ancestor. Only resi-
dues 15 to 80 are shown for MIT1. As the CM2 structure
has not been determined, kistrin (residues 12 to 59;
Alder et al., 1991) was chosen to represent the disinte-
grin scaffold (based on sequence homology; Joubert et al.,
1982.). Erabutoxin b (residues 1 to 62; Rees et al., 1987)
represents the three-®nger toxin architecture (based on
structure homology as shown by van Tilbeurgh et al.
(1992) and discussed by Housset & Fontecilla-Camps
(1996) and MeÂnez (1995)).
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Biochemical investigations

In the ®rst set of experiments, native MIT1 was
digested with trypsin (10 mM NH4HCO3 (pH 7.2) at
37�C, pH 7.2 for 18 hours with substrate to enzyme ratio
(E/S) 1/100 (w/w) or at pH 6.5 for two hours with E/
S � 1/10, w/w) and with Staphylococcus aureus V8 pro-
teinase (50 mM NH4HCO3 (pH 7.2) for six hours at
37�C, E/S � 1/100, w/w). For the peptic hydrolysis
reactions, 400 ml of immobilised pepsin (Pierce Chemical
Company, Rockford, USA) was deposited into the ®lter
cup of an Ultrafree-MC ®lter (30,000 Da cut-off) and
washed three times with 200 ml of HCl (pH 1.9) to elim-
inate possible contamination. Dissolved MIT1 (4 nmol)
was digested with immobilised pepsin for two to 30
minutes at 37�C at pH 1.9 with E/S � 50/1, w/w. The
reactions were stopped by high-speed centrifugation at
12,000 g and the released peptides were puri®ed by rp-
HPLC (Brownlee, C18, 5 mm, 2.1 mm � 100 mm). Absor-
bance was monitored at 214 nm. Elution was performed
isocratically for two minutes at 100% solvent A (water
containing 0.1% (v/v) TFA), then a linear gradient was
run from 0 to 50% solvent B (acetonitrile/water, 90/10
(v/v) containing 0.08% TFA) over 40 minutes with a
¯ow-rate of 0.2 ml/minute, then from 50% to 100% sol-
vent B over ®ve minutes. The peptide sequences of MIT1
peptides were obtained using an Applied Biosystems
sequenator (477A) coupled to an on-line PTH-amino acid
analyser (120A). All sequencing reagents were obtained
from Applied Biosystems.

In a second set of experiments, MIT1 was dissolved in
90 ml of water containing 0.1% TFA, followed by the
addition of 10 ml of a TCEP solution (100 mg/ml). After
reduction for six minutes at 55�C, the reactions were
quenched by injection of the mixture onto the rp-HPLC
column and the TCEP was eluted using water containing
0.1% TFA. In order to modify the free thiol groups, the
column was rapidly ¯ushed with 10 mM acetate buffer
(pH 7.5). Then 100 ml of 50 mM 4-vinylpyridine was
injected onto the column in excess relative to total SH
and the reaction was allowed to proceed for 15 minutes
on the column (Gray, 1993). The alkylated proteins were
measured and submitted to a tryptic digest. To circum-
vent the protease-resistance, proteolysis of MIT1 was
performed at high temperature with thermolysin
(10 mM NH4HCO3 (pH 7.0) for one hour at 65�C, E/
S � 1/10, w/w). The released peptides were separated
as described above.

Mass spectrometry

Electrospray ionisation mass spectrometry (ESIMS)
was performed using a SCIEX API III� triple quadruple
mass spectrometer (Perkin-Elmer Sciex Instruments,
Thornhill, Canada) equipped with a nebuliser-assisted
electrospray (ionspray) source. Calibration was per-
formed in positive mode using poly(propylene glycol)
ions. Mass spectra were analysed using a Quadra 950
data system (Apple Computer Inc., Cuppertino, USA).
MacBioSpec software (Perkin-Elmer Sciex) was used to
calculate the mass of the protein and peptides from their
sequence.

Matrix assisted laser desorption ionization mass spec-
trometry (MALDIMS) spectra were recorded on a Voya-
ger Elite XL instrument from Perseptive Biosystems
(Framingham, USA). 2,5-Dihydrobenzoic acid dissolved
in 50% acetonitrile solution was used as the matrix: 1 ml
of the protein or peptide mixture (1 to 5 pmol/ml) was

mixed with 1 ml of the matrix solution; 1 ml of this mix-
ture was deposited on the target and dried.

NMR analysis

NMR experiments were recorded at 600 MHz 1H-fre-
quency on a Bruker AMX 600 NMR spectrometer.
Assignments were made at 25, 32 and 40�C at pH 4.5 in
90% 1H2O/10% 2H2O or 99% 2H2O, using a 2 mM
sample. Spectra used for resonance assignments included
the 2D experiments DQF-COSY (Rance et al., 1983), clean
TOCSY (Griesinger et al., 1988), 13C-HSQC (Bodenhausen
& Ruben, 1980), 13C-HSQC-TOCSY (Medvedeva et al.,
1993) and NOESY (Kumar et al., 1980) with 100, 150 and
200 ms mixing time. (Assignments at 32�C are available
as Supplementary Material.) Slowly exchanging amide
protons were identi®ed in a series of experiments after
dissolution in 2H2O.

3JHNHa scalar coupling constants were measured from
DQF-COSY after deconvolution to avoid overestimation
due to linewidth (SchwoÈbel, 1997). Backbone f angles
were constrained to ÿ80� < f < ÿ40�, ÿ160� < f < ÿ80�
and ÿ140� < f < ÿ100� for small (<5.5 Hz), large (>8 Hz)
and very large (>9 Hz) 3JHNHa couplings, respectively.
3JHaHb couplings qualitatively measured from DQF-
COSY spectra and NOE data yielded stereospeci®c
assignments for b-protons (Red®eld, 1993). w1 angles
were constrained in structure calculation with a precision
of �30�.

Peak volumes for NOESY experiments with 50 and
100 ms mixing time were integrated using Felix (10/95,
MSI), and calibrated using several known distances
between backbone protons in well-identi®ed b-sheet
stands (WuÈ thrich, 1986). Distances were constrained in
the structure calculation with a precision of �20% of the
corresponding measured NOE peak volume. A set of
unambiguously assigned NOE cross-peaks was used to
determine preliminary structures. The determination of
the global fold served to assign ambiguous distance
restraints. Classical corrections were applied for pseu-
doatoms (WuÈ thrich et al., 1983; Fletcher et al., 1996).
A correction of 0.5 AÊ was added to the upper limit in
case of weakly overlapping NOE cross-peaks. Lower
limits were conserved only for HN, Ha and Hb where
neither residue displayed evidence of obvious dynamic
processes (disordered residues, large linewidth). Based
on the presence of 17 hydrogen bonds N-O (2.7 to
3.2 AÊ ), NH to O (1.7 to 2.2 AÊ ) distance constraints
(Sunnerhagen et al., 1997) were added for structure cal-
culation. The criterion for a hydrogen bond was signi®-
cant amide exchange protection and evidence of an
acceptor in previously calculated structures identi®ed
with the program STRIDE (Frishan & Argos, 1995).

Determination of the protein fold

Structure calculations were performed using DIS-
COVER interfaced to the InsightII program for the visu-
alisation and result analysis (version 10/95, MSI). The
AMBER4 covalent force-®eld was used for all calcu-
lations for the simulated annealing (SA) protocols, in
which a simple quartic non-bond term was employed
(Blackledge et al., 1995). All o dihedrals were forced to
trans except that preceding Pro49, as these was strong
evidence from the NOE data that this peptide bond was
in the cis conformation.

The global fold of the protein was determined using a
60 ps SA protocol (call SAI) at a nominal temperature of
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1000 K starting from randomised initial coordinates and
containing 10 ps of slow cooling to 100 K. Experimental
distances restraints were scaled to a maximum of 50 kcal
molÿ1 AÊ ÿ2 (200 kcal molÿ1 AÊ ÿ2 for dihedral restraints)
during the ®rst 30 ps. The molecule was then minimised
in the complete AMBER force-®eld. Determination of the
global fold structural ensemble was used as starting
coordinate for a second SA protocol (calculation called
SAII) starting with a 5 ps scaling period at 2000 K fol-
lowed by 2 ps of sampling before smoothly cooling to
100 K over 11 ps. The structures were minimised as in
SAI.

NMR determination of the disulphide-bridge pattern

The disulphide covalent bond introduces a ®xed dis-
tance of 2.02 AÊ between two sulphur atoms that may be
far apart in the primary sequence. Because of steric
repulsion, cysteine side-chain dihedral angles are
restrained around 90� for the Sg-Sg bonds and 103� for
the Cb-Sg bonds (Heck et al., 1994). Knowledge of the dis-
ulphide-bridge pattern therefore considerably restricts
the conformational space accessible to the polypeptide
chain.

In order to include the existence of ®ve disulphide-
bridges as structural information, we used ambiguous
restraints (from 0 to 2.02 AÊ , 100 kcal molÿ1 AÊ ÿ2 as force
constant) between one speci®c Cys Sg and other possible
Cys Sg, as proposed by Nilges (1995). The constraints
were applied using the algorithm available in the Dis-
cover package for the interpretation of overlapped NOE
cross-peaks and, according to equation (1), each ambigu-
ous restraint forces a given Cys Sg atom to be close to at
least one of the N other Cys Sg atoms:

reffective � 1

N

X
i 6�j

1

�rSiÿSj
�6

0@ 1A0@ 1Aÿ1
6

FNOE overlapped � 0; if reffective < ru

or:

FNOE overlapped � ku�reffective ÿ ru�2; if reffective5ru

�1�

As Discover allows the use of only ambiguous
restraints between H atoms, we have modi®ed the
AMBER4 force-®eld library to include a modi®ed
cysteine residue, with an otherwise transparent Hg pro-
ton superposed on the Sg atom. The lower ambiguous
distance restraints are set to 0 but, because of steric
repulsion, two Cys Sg atoms could not be closer than
1.66 AÊ . We added this ambiguous information to pre-
viously identi®ed NMR restraints to generate structures
with a modi®ed version of previous SA protocols, fol-
lowed by minimisation with a simple quartic non-bond
term used in the sampling period to avoid electrostatic
repulsion between cysteine S atoms.

In the ®rst calculation (called SSI), with the SA proto-
col starting from randomised initial coordinates, ambigu-
ous restraints were applied between all cysteine S atoms.
Among the 77 structures calculated, nine were selected
and were used as starting coordinates for the second SA
protocol, which produced 90 new structures. In this cal-
culation (called SSII), we introduced the unambiguously
assigned bridge 18-59 and ambiguous restraints only
between the four S atoms each cluster (7,13,19,31 and
41,61,67,77). SSI and SSII are the counter parts of SAI

and SAII with suitable modi®cation for introducing
ambiguous S-S restraints.

Structure refinement

Determination of the disulphide-bridge pattern
allowed us to introduce corresponding covalent
restraints, 2.0 to 2.1 AÊ for d(Sg-Sg) and 3.03 to 3.1 AÊ for
d(Cb,Sg). Final structures were calculated using the two-
stage simulated annealing protocol described above (SAI
to SAII). In all, 46 structures were selected on the basis
of low experimental energies, which were then re®ned
using a restrained molecular dynamic protocol
(Blackledge et al., 1995; calculated rMD). In this stage,
the use of the complete force-®eld led to a physically
more viable structure. The effects of solvent were simu-
lated implicitly using distance-dependent (Brooks et al.,
1983; Weiner et al., 1984) and reduced charges on the
polar side-chains except for Asp10 and Arg54 as these
side-chains were completely buried. The weight of the
experimental constraints was reduced by a factor of 2.
After equilibration, the temperature was regulated using
weak coupling to a thermal bath (Berendsen et al., 1984).
The molecule was allowed to evolve at 750 K for 10 ps,
then it was slowly cooled to 300 K over a period of 5 ps,
where a further 12 ps of restrained dynamics was per-
formed. Finally, the structure was minimised using a
conjugate gradient algorithm.

In all, 39 ®nal structures were selected on the basis of
the experimental and physical energy function. The qual-
ity of the structure was investigated using PROCHECK-
NMR (Laskowski et al., 1996). The ®nal MIT1 structures
have been deposited in the Brookhaven protein data
bank (PDB, accession code 1imt). Colipase structures
were taken from the PDB, accession codes 1lpa, 1lpb,
1eth, 1pcn and 1pco.

Calculation of electrostatic surfaces

As the mobility of solvent-exposed side-chains can sig-
ni®cantly alter the electrostatic surface, the charge distri-
bution has been determined for a series of structures.
After calculating an electrostatic grid for the individual
structures, the mean of each grid value is taken to rep-
resent the conformational average, whose surface gives a
more realistic representation of the effective encounter
surface of the molecule than any individual conformer.
The electrostatic grids were calculated with the program
DelPhi (Gilson et al., 1987), implemented in the MSI
package, as described (Blackledge et al., 1996). Dielectric
constants of 80 and 4 were used to represent the solvent
and the proteins interior, respectively. An ionic strength
of 0.145 M was assumed for the solvent and the Stern
layer was taken to be 2.0 AÊ . Charges were taken from
the AMBER4 force-®eld. Using focusing calculations of
the 65 � 49 � 37 points matrix, the ®nal resolution
achieved was 0. 7 AÊ per grid point. The charged exterior
of the protein was visualised by projecting the grid
values onto a Connolly solvent-accessibility surface.
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