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A Dimeric Structure of The Scorpion Toxin
BmK M1 at 1.4 A Resolution:
Non-proline cis Peptide Bond and
Its Inntrinsic Structural Elements’
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HE Xiao-Lin™, GUAN Rong-Jin", ZHANG Ying, WANG Da-Cheng™
(Center for Structural and Molecular Biology, Institute of Biophysics, The Chinese Academy of Sciences, Betjing 100101, China)

Abstract Non-proline cis peptide bond is rarely found in proteins. The recent surveys revealed that this unusual peptide configuration
is by no means a curiosity, but overwhelmingly occurs at functionally important sites. However one still doubts whether it is related to
crystal packing interactions, since all non-proline cis peptide bonds identified so far are from crystal structures. A toxin BmK M1 from
the scorpion Buthus martensii Karsch have been crystallized as a dimer in space group P2,2,2, with unit-cell dimensions a = 76.39 A,
b=52.77 A, ¢=27.12 A. This dimeric structure was solved by molecular replacement and refined to R=0.109 for all reflections at a
resolution of 1.4 A. The extensively refined structure definitely shows that the cis peptide bond Pro9-His10 equally occurs in both
molecule A and molecule B in the dimer. The observation manifested that this striking non-proline cis peptide is not related to crystal
packing, but caused by certain intrinsic factors. The detailed analyses and comparison with the structure of BmK M8, which is
homologous to M1 but has trans peptide bond 9-10, showed that the five-residue reverse (8 ~12) with a consensus sequence
(-KPXNC-) may be the intrinsic structural element for the cis form of this peptide bond. A pair of well organized main-chain hydrogen
bond between residues 10 in cis unit and 64 at C-terminus forms main tertiary interactions to stabilize this energetically unfavorable
peptide bond.
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structural model. However, this dogma for the peptide

1 Introduction

It is a general principle in protein science for
many years that the peptide bonds in protein structures
occur predominantly in the trans configuration due to
its double-bond character'. Especially, the non-proline
cis peptide (Xaa-non-Pro) in which the amide nitrogen
is provided by an amino acid rather than proline is
rarely found in protein structure.
occurrence of such cis peptide is usually considered as
a curiosity. Statistic analyses based on respective
32 539 and 153 209" peptide bonds showed that only
0.05% or 0.03% of all Xaa-nPro peptide bonds
occurred in the cis conformation. Correspondingly, in

The occasional

X-ray crystal structure analysis most refinement
programs widely used for many years (such as
X-PLOR, Brunger et al., 19921) allow only to build a
trans conformation of a Xaa-nPro bond into the

bond is gradually changed in recent years. A series of
surveys and analyses®™ °~7 based on more three-
dimensional structures at rather higher resolution
revealed that the non-Pro cis peptide bonds are by no
means a curiosity and overwhelmingly occur at
functional important site in protein structures.

Recently several reports from some proteins, such as
concanavalin A®, phosphoribosyltransferase®” and an
antibody CDR region™”, in which non-Pro cis peptide
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bonds were unequivocally identified, have showed that
the non-Pro cis peptide should be crucial structural
factors governing the certain functional performances.
However, what does one make of these peptide bonds
to be cis form? Investigations still doubt whether these
structures were forced into the high-energy cis
conformation by crystal packing interactions ',

because all non-Pro cis peptide bonds identified so far
are found in crystallographic conditions. Here we
report a dimeric structure of BmK M1, in which a cis
non-Pro peptide occurs in both monomers in an
asymmetric unit.

BmK M1 is an a-like neurotoxin acting on the
sodium channel "%  from the scorpion Buthus
martensii Karsch, which is composed of 64 residues
cross-linked by four disulfide bridges. Previously the
crystal structure of BmK M1 was determined as a
monomer in an asymmetric unit at 1.7 A resolution, in
which a non-Pro cis peptide bond was found between
residues Pro9 and His10™). Meanwhile several other
structures of BmK toxins, such as BmK M2, M4 and
M8, were also determined as monomers, in which
either cis or trans form of 9-10 peptide bond was
observed in the respective structures™ ™. In order to
investigate the possible influence of the crystal packing
on this unusual cis peptide bond a new crystal form
with two molecules of BmK M1 in the asymmetric
unit has been crystallized and the structure has been
determined at 1.4 A resolution. In this paper the
dimeric structure of BmK M1 and the cis peptide
bonds occurred in this structure as well as a possible
sequence motif related to the occurrence of this cis
peptide bond will be described.

2 Materials and methods

2.1 Crystallization and data collection

The purification of BmK M1 was described
carlier by Li et al. ™. The crystallization was
performed by hanging-drop vapor-diffusion method.
The protein sample was dissolved in 1.0 mmol/L
acetic acid at 20 g/L, and then mixed with equal
volume of reservoir solution containing 2.8 mol/L
NaH,PO, at pH 4.5. The drops were equilibrated
against the reservoir solution for about 15 days.
Crystals with dimensions of 1.0 mm x 0.3 mm X
0.1 mm were finally obtained. The preliminary X-ray
diffraction analysis showed the crystal form belonged
to the space group P2,2,2,. There are two molecules in

an asymmetric unit with a Matthews coefficient value
of 1.88 Dalton- A~

The crystals could well diffract to 1.8 A
resolution on a Mar-Research Image Plate area
detector with rotating anode Cu K« radiation. The data
set to 1.4 A resolution, which was used for the
structure determination, were collected with the
synchrotron radiation at Photon Factory in KEK of
Tsukuba, Japan (Beamline BL6A2, wavelength 1.0 A).
A total of 78 828 observations were recorded, which
were scaled and merged by the CCP4 package!” into a
set of 25 220 unique reflections with R, of 6.2%.
The completeness was 91.4% for the whole data set
(86.3% for the highest resolution shell 1.5~1.4 A).
2.2 Structure determination

The structure of BmK M1 in the new crystal form
was solved using the molecular replacement method
with the program AMoRe ", using the monomer
structure in space group P2,2,2 of BmK MI as a probe
(ISN1 in Protein Data Bank) M. All the water
molecules were discarded from ISN1 and the
temperature factors of the remaining atoms were set to
15.0 A% Using a Patterson cutoff radius of 18 A and
data in the resolution range of 10~3.5 A, a list of 99
rotation function peaks were obtained, with the top
peak having an AMoRe Correlation Coefficient (CC)
of 18.3, and the second peak having a CC of only 11.8.
The results clearly suggested that the top peak is a
correct solution. A translation function, using the data
in the same resolution range, proved that the top peak
of the rotation search gave a CC value of 40.3, and an
R factor of 50.2%, whereas the second peak gave only
a CC of 22.8 with an R factor of 54.6%. This solution
(. =46.92, B=41.13, y =164.52, x = 0.0852, y =
0.0562, z = 0.4480) was then fixed and the translation
function calculation was further performed to find the
second molecule. This process seemed straightforward
and only one solution made the CC rise. After
rigid-body refinement the final solutions for two
molecules in the asymmetric unit are: al =47.32, B1 =
42.14, y1 = 164.15, x1 = 0.0867, y1 = 0.0566, z1 =
0.4480; a2 = 70.49, B2 = 76.28, y2 = 23375, x2 =
0.4396, y2 =0.7517, 22 = 0.0629. They together gave a
CC of 64.1 and an R factor of 39.6%.
2.3 Crystallographic refinement

The structure was refined on a Silicon Graphics
O, workstation and modeled with the program O !,
The refinement was carried out against 95% of the
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data. The remaining 5% randomly selected from the
full data were used for cross-validation in which the
free R factor (Rgz.) was calculated to monitor the
progress of refinement™.

Program XPLOR 3.851 ¥ was used in initial
refinement. The model was first subjected to
rigid-body refinement for the data between 10 A and
3 A. Then simulated annealing with the slow-cooling
protocol provided in XPLOR was applied to the data
between 10 A and 1.8 A, which allowed the R value to
be dropped to 38.7% and Ry, to 32.3%. This process
was followed by minimization and B factor
refinements. Finally using all the data between 20 ~

12 A,

minimization gave an R of 15.9 and Ry, of 20.2, with

several cycles of model rebuilding and

120 water molecules incorporated.

The structural model was then further refined by
SHELXL 97 21, With all atoms having individual
isotropic temperature factors, the refinement preceded
to R=16.1%. When all atoms adopted anisotropic B
factors, the R value was lowered to 13.4% . Then
adding more waters and giving half occupancy to those
waters with high temperature factors reduced the R
value to 12.0%. Adding riding hydrogen atoms gave an
R factor value of 11.1% and further refinement
converged to an R value of 10.8% and R, of 15.9%.
Finally, a full-matrix least square minimization was
carried upon all the data including the 5% set-aside
data, giving a final R value of 10.9%.

2.4 Homologous sequence search

The non-Pro cis peptide bonds of BmK toxins
occur in a distinct five-residue reverse turn (8 ~12)
which has a conservative sequence in the same group
of toxins. For surveying whether this consensus
sequence occur also in other proteins, the program
BLASTp™ was used for the homologous search with
sequence data from all sequence database. The search
was performed on a remote server run by NIH (www.
ncbi.nlm.nih.gov/blast/).  The fragment sequence
(residues 6 ~14) of BmK M1, which contains the
consensus sequence (residues 8 ~12), was used as a
template to compare. The sequences found were
aligned based on the BLAST agrithrym. The sequence
comparison and the postscript figure of alignment were
prepared with ALSCRIPT™!.

3 Results and discussion

3.1 Quality of the model
The structure of BmK M1 in P2,2,2, space group

was refined to 1.4 A resolution with a final R factor of
0.109 for all data between 20 A and 1.4 A. The result
of refinement was summarized by the statistics in
Table 1. Electron density maps with high quality fit to
all residues very well. Figure 1 shows 2Fo-Fc maps
around the five-residue reverse turn (8~12), in which
a cis peptide bond appeared between residues 9 and
10. Ramachandran plot™ shows that 91.7% of the
non-glycine and non-proline residues fall in the core
region and the rest 8.3% fall in the allowed region. No
residues were found in the generously allowed region
or disallowed region. The upper limit of the error on
the atomic positions is estimated to be less than 0.10 A
by means of Luzzati plot?. A total of 3 alternative
conformations for the side-chains were modeled,
including Arg2 in molecule A and Val39 and Lys41 in
molecule B. The other residues all have definite
electron densities.

Table 1 Refinement statistics of the dimeric structure of

BmK M1
Resolution range 20.0~14 A
1/I(o) cutoff None
Number of reflections 25220
Completeness 91.0% (80.4%)
R 7.2% (25%)
Ry 0.109
R 0.159
R.M.S. deviation
Bond length 0.012 A
Bond angle 2.3°
Angle distance 0.030 A
Zero chiral volumes 0.128 A’
Non-zero chiral volumes 0.125 A®
Anti-bumping distance restraints 0.046 A
Rigid-body ADP components 0.004 A2
Similar ADP components 0.058 A2
Approximately isotropic ADPs 0.200 A2
Ramachadran plot
Core region 913 %
Allowed region 8.7%
Protein model
Protein atoms 1021
Solvent atoms 192

Values in parentheses refer to the outer resolution shell.
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Fig. 1 Electron density maps (2Fo-Fc, contoured at 20") around the five-residue (8~12)

reverse turn in molecule A (a) and molecule B (b) , respectively

3.2 Dimeric structure of BmK M1
There are two MI1 molecules, denoted as
molecule A and B respectively, in the asymmetric
units. These two molecules are related by a pseudo
2-fold axis of 168° to form a crystallographic dimer
(Figure 2a). In each monomer, the secondary structure
is dominated by one «-helix and a three-stranded
B-sheet that form the dense core of the molecule,
which is cross-linked by 4 disulfide bridges
(Cys12-Cys63, Cysl6-Cys36, Cys22-Cys46, Cys26-
Cys48). The rest of the protein is made up of loops and
turns joining the helix and (3-strands. The general fold
of the molecule is similar to the monomer structure
determined in space group P2,2,21, The only major
difference occurs in the loop 38 ~44, as indicated by
the overlapping of the main chains. In fact, this loop is
the most flexible part of the molecule as shown by the
relatively high temperature factors. This loop has been
proposed to be the characteristic of the Old World
toxins and may play a role in the functional
performance for the - and a-like toxins®l,

Till now, most of scorpion toxin structures, either
by crystallographic or NMR analysis, are in
monomeric forms.  During the purification and
characterization no aggregation was detected in
solution. Thus these dimer in the asymmetric unit
should be formed mainly due to the crystallization. It

was found that organic agents were needed in
crystallizing BmK M1. However, when less than 0.5%
alcohol added into the reservoir solution, the
precipitation of the protein became very difficult even
the concentration of precipitant was raised by 3 times.
This observation suggests that there is dimer-monomer
balance in solution, but packing interactions in
crystallization promoted a bias towards the dimeric
state. Actually the solved structure showed that the
interaction between the two monomers mainly
encompasses a 4 aromatic residue cluster (Figure 2b).
In addition, Glul5 is also essential for dimer
formation, because there are several hydrogen bonds
related with it (E15A OE1---A17B N, 2.88 A; E15B
OE1---A17A N, 2.86 A; E15A OE1---R18B N, 3.19 A;
E15B OE1---R18A N, 3.13 A). Furthermore, a pair of
hydrogen bonds between C-terminal residues and the
side chain of K28 (K28A NZ---H64B OXT, 2.91 A;
K28B NZ---H64A OXT, 2.86 A) also contribute to the
Obviously, the

stereochemical environment described above in the

dimer forming interactions.
present dimeric BmK M1 is completely different from
Therefore, the

present dimeric structure provided a chance to inspect

that in the monomeric structure M.

the possible influence of crystal packing on the cis
peptide bond.
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(a) Molecule A

Molecule B

(b)

Molecule B

Molecul

Fig. 2 Dimeric structure of BmK M1 (a) and intermolecular contacts on the dimer-

forming surface (b)
The five-residue reverse turn with the cis peptide bond is highlighted in green color. Arrows indicate the

location of the cis peptide bond 9-10 in respective monomer A and B. The figures were prepared with

MOLSCRIPT® and rendered by RASTER3D .

3.3 Non-proline cis peptide bond in the dimer
The non-proline cis peptide bond between
residues Pro9 and Hisl0 occurs equally in both
molecule A and B of the dimer. During refinement it
was impossible to restrain the w values of these
peptide bonds near +180°, whereas the w angles went
favorably towards 0° under rebuilding (Table 2). The
high-resolution 2Fo-Fc and Fo-Fc maps clearly
showed the cis configuration for these peptides in the
respective monomer A and B (Figure 3). In these cis

peptide bonds, the amide nitrogen is provided by an
amino acid (His10) rather than proline. Therefore they
belong to the non-proline cis peptide bond.

Compared with the cis peptide Pro9-His10
observed in the P2,2,2 monomeric structure, the w
values in the dimer structure have a small amount of
deviation (w, = —=11.6°, wz = —4.1°) from that in the
monomeric structure (w = 0°) (Table 2, Figure 4). The
present result showed that the geometry of the cis
peptide Pro9-His10 in the dimeric structure is basically
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the same as in the monomeric structure. The small
variation of the geometry may be due to the different
resolutions and refinement extent between the dimeric
structure (1.4 A) and monomeric structure (1.7 A).
Now there are three molecular structures from the
same BmK MI but in different crystal packing,
including two as monomers of the dimer in P2,2,2,
cells and one as an individual molecule in P2,2,2

lattice. The extensively refined structures at high
resolutions showed that the non-proline cis peptide
bond Pro9-His10 can occur in these structures with the
same geometric status. We therefore conclude that this
unusual non-proline cis peptide bond is not related to
crystal packing interactions, but caused by certain

intrinsic structural reasons.

Table 2 The main-chain conformation analyses of the reverse turn K8-RT in dimer and monomer of Bmk M1
and D8-RT in BmK M8

BmK M1 Mol A in dimer Mol B in dimer
& @i o & @i oy
Lys8 -117.7  156.7  166.0 -942 1413 166.6
Pro9 -584 1375 -1724 =577 136.0 1784
His10 -109.7 1140 -11.6 -111.8 107.1 —4.1
Asnll 58.0 48.1 175.7 61.0 45.1 -179.0
Cysl2 -123.3 1545 1746 -117.8 1479 1794

Monomer BmK M8
b @i o & @i o
-1163 161.0 1728 Asp8  -81.73 -162.8 1799
-60.2 136.6 -1789  Ser9 -75.11 -11.13 -1773
-120.0 106.8 —0.6 Glul0 -104.9 30.0 179.8
63.1 504 1799 Asnll 49.6 42.1 -1745
-1245  143.0 -179.5 Cysl2 -111.2 148.3 178.5

Data for M1 monomer and M8 were taken from 1SN1 and 1SBB in the Protein Data Bank.

The w values related to cis or irans peptide bond (9-10) are highlighted with boldface.

(a)

(b) 10B

- 10A

4 10B

Fig. 3 The stereo view of the 2Fo-Fc maps (contoured at 2¢") for the residues

9 and 10 in molecule A (a) and B (b) , respectively
These maps clearly show the cis configuration of the peptide bond Pro9-His10.

3.4 Intrinsic structures elements for the cis
peptide bond

Generally the cis geometric configuration is
determined by certain local structural elements. The
cts peptide bond Pro9-His10 occurs in a five-residue
reverse turn (RT) in BmK M1 (Figure 4). There are

several peculiarities in the constitution of this turn.

Firstly, the last residue, Cysl2, is identical in all
scorpion toxins including « and B- types. It covalently
links another identical residue Cys63 at the C-terminus
through a disulfide bridge. Secondly, the i+3 residue
Asn 11, is identical in all o and «-like toxins
(Figure 5).
structures™ ' showed that the position 8 is distinct,

Interestingly, the well determined
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where residue Lys 8 is conservatively occurred in cis
peptide-containing reverse turn (K8-RT), but Asp8 in
trans peptide-containing reverse turn (D8-RT) (Figure
4 and 5). Moreover, the local structures of K8-RT of
DS8-RT are also distinctive. The K8-RT (BmK M1) is
well stabilized by a couple of main-chain hydrogen
bonds between residues 8 and 12 (Figure 4). However,
a more complicated hydrogen bond network, including
a pair of H-bonds from the Glul0 side-chain and the
main-chain of residue 10 and 12, occurs in D8-RT
(BmK MS) (Figure 4). The geometry of K8-RT and
DS8-RT is also different. The striking distinctions of
residue 8 in both sequence and structure suggest that
the K8- or DS8-containing five-residue reverse turn
should be the intrinsic structural elements for the cis or
trans form of peptide bond 9-10. Most recently,

mutagenesis experiments and structural analyses have
identified that K8/D8 is really a structural switch for
cis/trans isomerization of the peptide bond 9-10, which

is related to the phylogenetic selectivity of BmK M1
for the sodium channels of mammal or insect® !,

It is also notable that a pair of well organized
main-chain H-bonds between residues 10 at the cis
bond and 64 at the C-terminus (Figure 4) are found in
all structures containing the cis peptide bond, but not
in that containing the trans peptide bond. Evidently
these tertiary interactions are the structural elements
for stabilizing the cis configuration, since it is
energetically unfavorable. In fact, in the structure of a
new toxin BmK M7 with longer C-terminal segment
the loss of these H-bonds induces the cis/trans
isomerization of this peptide bond ®. Moreover, the
conformation of the functionally important C-terminal
segment ® 7% is mediated by the cis peptide bond,
which provides a special way to reach a structural state
necessary for the functional performance through the

strained backbone geometry.

Fig. 4 The local structure of the five-residue (8~12) reverse turns and C-terminal residues in BmK M1-A
(K8-RT) with cis peptide bond 9-10 (a) and in BmK MS8 with trans peptide bond 9-10 (D8-RT) (b)
It is noticeable that K8-RT and D8-RT are distinctive in their geometry and contacts with C-terminal residues. The figures were

prepared with MOLSCRIPT®,
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Structural group [, “classical” alpha toxins

— g —(
20 30 40

AaHIl . VRDGYIV TYFCGR. NAYCNEECTKLKGESGYCQWASPYGNACYCYKLPDHVRT
BmK M8 . GRDAYTAIIS TYFCGS. NPYCN\IVCTENGAKSGYCQWAGRYGNACYCIDLPASERIE
Botll . VKDGTIV TYFCGR. NA. CNEECNKLKGESGYCQWASPYGNACYCYKVPDHVRTISG
Lgh Il . IRDGYIV TYFCGR. NAYCN]:hCTKLKGI:SGYCQWASPYG\JACYCYKLPDHVRTGP
AmmV | LKDGYII TFFCGR. NAYCDDECKKKGGESGYCQWASPYGNACWCYKLPDRVS IIKE
Bot XI . LKDGYIV TYFCGT. NAYCNEECVKLKGESGYCQWVGRYGNACWCYKLPDHVRTNQ
BsIVb  GVRDAYIA VYDCGS. NSYCNTECIKDGAESGHCEWLGKYGWACWCIKLPDKVP 1JHIPE.

Structural group [ll, alpha-like toxins

— y —

Yo 20 30 40 0

BmKMI . VRDAY T Al'{i VYHCAR. \hYCNDLCTKDGAKSGYCQWVGKYGNGCWCthl’DNVPl
BmK M2 . VRDAY T A VYLCAR. NEYCNDLCTKDGAKSGYCQWVGKYGNGCWCIELPDNVP I)&V )
BmK M4 . VRDAYIA VYHCAG. NEGCNKLCTDNGAESGYCQWGGRYGNACWCIKLPDDVP I VP KCH|
Lqhll . VRDGY I A['l§ VYHCFPGSSGCDTLCKEKGGTSGHCGFKVGHGLACWCNALPDNVG I V 1BK CHN]
Be M9 . ARDAY I A/{§ VYECYNKGSYCNELCTENGAESGYCQILGKYGNACWCIQLPDNVP Iji
Bot | . GRDAYTAJ§ VYECAQ. NSYCNDLCTKNGATSGYCQWLGKYGNACWCKDLPDNVP I} LK CHIg
Bot I . GRDAYTAUN VYECAK. NSYCNDLCTKNGAKSGYCQWLGRWGNACYCIDLPDKVP Ik L KCHIY
Bom Il . GRDGYTALN VYHCFPGSSGCDTLCKEKGATSH. CGFLPGSGVACWCDNLPNKVP I VG HKCH

Fig. 5 Amino acid sequences of some classical a toxins and «-like toxins
Those residues corresponding to the reverse turn with the trans or cis peptide bond 9-10 in classical a toxins and

a-like toxins,respectively, are highlighted by box.

3.5 Possible consensus sequences for the reverse
turn with the non-proline cis peptide bond

The above analyses and comparisons showed that
the sequence motif (-KPXNC-) (X could be any
residues) might be a consensus sequence for a
cis-containing five-residue reverse turn. In order to
know whether this sequence could be appeared in
other proteins, a search for identical sequence based on
the database in the SWISSPORT have been performed.
More than 18 local sequences identical to the sequence

motif (-KPXNC-) were found in different kinds of

BmK M1

BmK M2

BmK M4

Elongation factor 3
Predicted secreted protein
I-kappa-B kinase

Calcium/calmodulin-dependent protein kinase
Leishmania major Friedlin chromosome 1

Avian retrovirus polyprotein

RYK AVIR3 tyrosine-protein kinase transforming protein RYK
Protein-tyrosine kinase c-eyk precursor

Thyroid hormone receptor-associated protein, 240 kDa subunit
Contains similarity to pkinase C Pfam domain

Protein tyrosine kinase 13

Conserved helix-loop-helix ubiquitous kinase
P20 [Leucania separata nuclear polyhedrosis virus]
Contains similarity to fibronectin type lll domains

Tyrosine kinase receptor

Arabidopsis thaliana chromosome 1 BAC F25C20 sequence

proteins (Figure 6). One can assume that the local
structure determined by this unique sequence motif in
the proteins may take the same as the K8-RT reverse
turn with a cis peptide bond like in the BmK M1
structure. Unfortunately all these proteins have no
the

question whether the assumption described above is

structures available at the moment. Therefore,
correct is still open.

The coordinates and the structural factors have
been deposited into the PDB databank, with the
accession number of 1DJT and RCSB010142.

Fig. 6 Some protein sequence segments which show a local sequence

(-KPXNC-) identical to the consensus sequence for the cis peptide bond
9-10 in the toxin BmK M1
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