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ABSTRACT. Natural homologues of cobra cardiotoxins (CTXs) were classified into two structural subclasses
of group | and Il based on the amino acid sequence and circular dichroism analysis, but the exact differences
in their three-dimensional structures and biological significance remain elusive. We show by circular
dichroism, NMR spectroscopic, and X-ray crystallographic analyses of a newly purified group | CTX A6
from eastern Taiwan cobr&gja atrag) venoms that its loop | conformation adopts a type Vla turn with

a cis peptide bond located between two proline residues of PPxY. A similar “banana-twisted” conformation
can be observed in other group | CTXs and also in cyclolinopeptide A and its analogues. By binding to
the membrane environment, group | CTX undergoes a conformational change to adopt a more extended
hydrophobic domain witl#-sheet twisting closer to the one adopted by group Il CTX. This result resolves

a discrepancy in the CTX structural difference reported previously between solution as well as crystal
state and shows that, in addition to the hydrophobicity, the exact loop | conformation also plays an important
role in CTX—membrane interaction. Potential protein targets of group | CTXs after cell internalization
are also discussed on the basis of the determined loop | conformation.

Cardiotoxins (CTXs), the major toxin component that  Evidence based on the structuifeinction correlation
constitutes~50% of total cobra venom, are glisheet, basic  studies indeed indicates the diversity of CTX. First, on the
polypeptides of 6662 amino acid residues with a three- basis of the interaction strength of CTX with zwitterionic
fingered loop folding topology 1). Because of the am-  sphingomyelin vesicles, CTX of two types, P and S, can be
phiphilic property of CTX molecules and the well-established classified according to the hydrophobicity of the amino acids
CTX action that causes systolic heart arrest by depolarizing near the tip of loop Il and the availability of Pro30 in that
cardiomyocytes, the previous study of its structtinction region 6). Second, depending on the presence of specific
relationship has been mainly devoted to identifying the basic amino acid residues, CTX can also be classified
biological target responsible for the CTX-induced extra according to their glycosaminoglycan binding ability respon-
conductance of cell membrane.(We have recently shown  sible for its cell retention behavio?). Finally, comparative
that membrane lipid-induced oligomerization of CTX, fol- analysis of CTX using circular dichroism (CD), immunologi-
lowed by membrane pore formatioB)( is the most likely  cal techniques, and secondary structure prediction indicates
mechanism responsible for the CTX-induced influx of the presence of two other structural subclasses, i.e., groups
extracellular calcium. For the CTX-induced tissue degenera-| and || (8). Alignment of amino acid sequences of studied
tion (4), integrin may also be involved in the proces§.(  CTXs indicates that all group | CTXs, including toxin(Ty)

The complex mechanism of the CTX-induced toxicity from Naja nigricollis, consist of a conserved sequence of
indicates the presence of biological subclasses. LIPPF near the tip of loop | (Table 1; see also réfs21).
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Table 1: Sequences of CTX Homologues with Three-Dimensional Structures Determined by NMR and/or X-ray Analysis

Class CTX 10 20 30 40 50 60 Method pH Temp. Code Reference
A6 LKC NQLIPPF YKTCAAGKNL CYKMFMVAAP KVPVKRGCID VCPKSSLLVK YVCCNTDRCN  X-ray (1.6 A) 6.8 110K’ 1UG4 This work
I Ml LKC NQLIPPF WKTCPKGKNL CYKMTMRAAP MVPVKRGCID VCPKSSLLIK YMCCNTNKCN NMR 3.6 318K 2CCX O'Connell et. al. (9)
M2 LKC NQLIPPF WKTCPKGKNL CYKMTMRGAS KVPVKRGCID VCPKSSLLIK YMCCNTDKCN NMR 3.6 318K Otting et. al. (10)°

Ty LKC NQLIPPF WKTCPKGKNL CYKMTMRAAP MVPVKRGCID VCPKSSLLIK YMCCNTDKCN X-ray (1.55A) 4.5 298K' 1TGX Bilwes ef. al. n

NMR 3.5 318K 1CXO Gilquin er. al (12).
M4' LKC NRLIPPF WKTCPEGKNL CYKMTMRLAP KVPVKRGCID VCPKSSLLIK YMCCNTNKCN

Al LKC NKLIPIA SKTCPAGKNL CYEKMFMMSDL TIPVKRGCID VCPKNSLLVK YVCCNTDRCN NMR 5.6 300K 2CDX Jahnke et. al (13).
A2 LKC NEKLVPLF YKTCPAGENL CYEMFMVSNL TVPVKRGCID VCPENSALVK YVCCNTDRCN NMR 3.0 293K 1CRF Bhaskaran et. al. (14)
A4 REKC NELVPLF YKTCPAGENL CYKMFMVSNL TVPVERGCID VCPENSALVK YVCCNTDRCN NMR 3.0 293K 1KBT .Tang et al (15).
A4b LEC NELVPLF YKTCPAGENL CYKMFMVSNK MVPVERGCID VCPESSLLVK YVCCNTDRCN NMR 3.13 298K 1CHV .Tayaraman et. al. (16)
I M3 LKC NELIPIA YKTCPEGENL CYEMMLASKK MVPVERGCIN VCPENSALVK YVCCSTDRCN X-ray (Z.SA) 7.2 277K 1CDT Rees et. al (17).
(02 LEKC KKLVPLF SKTCPAGENL CYEMFMVAAP HVEVERGCID VCPESSLLVK YVCCNTDECN NMR 5.0 300K 1CB9 Dementieva etal. (18)
A3 LKC NELVPLF YKTCPAGENL CYEMFMVATP KVEVERGCID VCPEKSSLLVK YVCCNTDRCN X—ray(l.gA) 4.6 110K' 1HOJ Forouhar er. Al (3
NMR 6.0 300K 1102 Sue et al (19).
A5 LECHNTQLPFI YKTCPEGENL CFEATLEKKFPLKFEVERGCAD NCPENSALLK YVCCSTDECN Xeray (2.19A) 85 298K’ 1KXI Sun et. al. (20)
NMR 3.7 318K 1CVO Singhal er. al. (21)

* The NMR structures of CTX A6, M2, and M3 have not been determined yet; the information we used was the chemical shift assignments
determined by O’Connell et al9) and this work.$ The temperature of the X-ray is the data collection temperatliighe structure of CTX M4
has not been determined yet.

similarity with cyclolinopeptide A (CLA) and its analogues The spectra were measured at least five times on newly
(25, 26); these compounds mediate its immunosuppressive prepared samples, and results were averaged; baseline
activity through a cyclophilin-dependent calcineurin inactiva- correction was carried out for each sample. The CD signal

tion (27). is reported as molar ellipticityd], calculated from the
relationship P] = Oand(Ic) in which O, is the observed
EXPERIMENTAL PROCEDURES ellipticity (millidegrees),c is the concentration (molarity),

Materials.CTXs were purified by applying crude venoms andl is the length of the optical path (centimeters).

(Naja atra purchased from Snake Education Farm, Tainan, = Vesicle PreparationDOPS were dissolved in 10 mM Tris-
Taiwan:Naja mossambicandNaja nigricollis from Sigma ~ HC! (PH 7.4). Small unilamellar vesicles (SUV) were
Chemical, St. Louis, MO) to a SP-Sephadex C-25 ion- prepareq through ultrgsonlc irradiation of the lipid suspension
exchange column chromatograph (Amersham Pharmaciafqr 10 min. Large vesicles were remqved through ultracen-
Biotech Limited) followed by HPLC on a reverse-phase C-18 'ifugation (Beckman model LE-80, with a type 75TI rotor)
(10 mm) column (NACALAI COSMOSIL AR-300) as ©f the sample (60000 rpm for 1 h). The final SUV
described previoushygj. The purity of all toxins was verified ~ concentration was determined through a phosphate assay of
by SDS-PAGE, MS, and HPLC. The concentrations of (1€ lipid headgroup phosphat29).
CTXs were estimated from their absorbance maxima at 274 CD Spectroscopy with Lipid TitrationThe SUV stock
nm (molar extinction coefficientg?’* = 3293.4 crd mol! solution was prepared at a high concentration (5 mM) to
for CTX A1, 3298.8 crA mol~! for CTX M5, 4692.8 cri eliminate a dilution factor. The titration molar ratid )
mol~ for CTX A2—A4, Adb, and A6, 8629 cimol for equals [lipid]/[protein]. Each CD spectrum was normalized
CTX M1, M2, and Ty, 4682 cm mol~ for CTX M3, 4687.4 according to an individual dilution factor.
cn? mol~* for CTX M4, and 3309.6 cfhmol™* for CTX Crystallization and Diffraction Data CollectionWe
A5) (28). Dioleoylphosphatidylserine (DOPS, Avanti Polar achieved protein crystallization by the hanging-drop vapor-
Lipids, Birmingham, AL) was used without further purifica-  diffusion method at 291 K using screen kits (Hampton
tion. All other chemical reagents were obtained from Sigma Research Crystal Screen8p). Small crystals were obtained
or Merck. from one condition using sodium formate as a precipitant
HPLC—MS. The crude venoms of Taiwan cobra were within 5 days of the initial screening. This condition was
injected into a LG-MS system directly after eliminating the  further refined to produce larger CTX A6 crystals using 2
insoluble part by centrifugation. The HPLC column that was «L hanging drops containing equal volumes of protein
used was the same as that mentioned above; at the end o$olution (10.0 mg/mL) and a reservoir solution containing
the column, the effluent was divided into two flow paths: sodium formate (2.2 M) and MES buffer (50 mM) at pH
one was injected into a mass spectrometer (MICROMASS 6.0. The crystals that reached a terminal size of 0.3 rim
QUATTRO LC TANDER, Micromass UK Ltd.) and the 0.25 mmx 0.06 mm in 2 weeks were used for experimental
other passed through a UV detector monitoring the effluent data collection.

at 215 nm (Agilent 1100, Agilent Ltd.). The protein crystals were initially screened and character
Circular Dichroism CD spectra were recorded on an ized at protein crystallographic beamline BL17B2 equipped
AVIV circular dichroism spectrometer (model 62ADS), with animaging plate detector (Raxis-t, Rigaku/MSC)
interfaced with a computer. All CD spectra were measured at Taiwan's synchrotron (NSRRC). Data collection was
with CTX (20 uM) in silica cells (path length of 1.0 mm). completed at PX beamline BL12B2 equipped with a CCD
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Table 2: Crystal Diffraction and Structural Statistics of CTX?A6 Ya'UeS were first restra_ined t020.0 And were refined only
crvetal data in the last cycles of refinement. After rigid-body refinement,
ywave|ength &) 1.00 (SPring-8, BL12B2) the solution was refined to an initi&-factor of 0.335 and
temperature (K) 110 Riee Of 0.341 in the resolution range of 23.6 A. This
resolution range (A) 251.6 refinement was followed by simulated annealing with a slow
ﬁgag‘?l?r:%“u% eflections R%iza? cooling protocol provided in CNS, applied to data between
completeness (%) (outermost shell) 95.6 (81.6) 25.0 and 1.6 A. A starting temperature of 2590 K was
/0y (outermost shell) 15.1 (3.5) gradually decreased to 300 K in 25 K steps using a time
z‘s’ega%/e redundancy . ;1254 6 step of 0.5 fs between energy calculations. For this resolution
m(}gagciot)y 0‘_681 -6) range, theR-factor was decreased to 0.318 dRid. to 0.324.
unit cell parameters a=239.62Ab=39.62A, Throughout the refinement, the composite omit maps with
 molecul o C=1153-57 Ay =120 2F, — F. coefficients were calculated with CNS and
ago; 0T MolecL los per asymmetric uni visualized using O version 7.8¢), and the model was built
initial model (%) (25-1.6 A) R = 33.5,Ryee = 34.1 and adjusted iteratively as required. In later stages of the
model after refinement (%) (251.6 A)  R® = 23.9,Ryee = 28.0 refinement, a bulk solvent correction was applied and
:m:g ;g: gggg '::%teh: ((di) | 000 individual B-factors were adjusted with @factor of 0.265
total no. of aminogacid res%dues 60 and anRyee 0of 0.291. The PICKWATER subroutine from
total no. of protein atoms (non-hydrogen) 461 CNS served to define peaks in difference maps ¢8toff
total no. of water molecules 36 level), to locate water molecules; a water molecule was

aReflections of a & cutoff were applied in generating the statistics. accepted if the identified peak correlated with a separate peak
®Rym= Yni[lli(h) — D)W InXili(h)], wherel; is theith measurement  in the correspondingR, — F. electron density map, and if
and [I(h)Lis the weighted mean of all measurementsl(®). °R = one or more hydrogen bonds (3:2.3 A) were identifiable.
24lFo = Foll3:Fo whereF, andF are the observed and caleulated 5, o pagis”of this criterion, 36 water molecules were
structure factor amplitudes of reflectidm respectively. X !
located. The protein model and water molecules were then

] . . Subjected to another run of positional, simulated annealing
detector (Quantum-4R, ADSC) using synchrotron radiation 5,4 individualB-factor refinement.

as a source of X-rays with awavelength' of 1.0 A at SPring-8 The final model of CTXA6 contains 461 non-hydrogen
in Ja_pan. The_ c_rystal was transferred into a cryoprotectantprotein atoms and 36 solvent molecules (PDB entry 1UG4).
solution containing glycerol (15%) and mounted on a glass o gata between 25.0 and 1.6 A resolution, the resulting
loop (0.2-0.3 mm, Hampton Research Co.). A T8ata 4 Model had a finaR-factor of 23.9% and aRe. of 28.1%

set (T oscillation frame, each exposed for 40 s) t0 1.6 A (Tapie 2). The correctness of stereochemistry of the model
resolution was collected using a distance from the crystal to o< verified using PROCHECK3Y), calculations of rms
detector of 120 mm at 110 K. The data were indexed, yeyiations from ideal values for bonds, angles, dihedral
integrated, and scaled usiktKL2000(31). Analysis of the angles, and improper angles performed in CNS. For all
diffraction pattern indicates that crystals belong to space . iteria used by PROCHECK, the model was flagged as
group F'§32 with the 'golloiwng unit gell dimensionsa = being better than or within good regions. The calculations
39.62 A,b = 390'62 ,€ = 153.57 A, andy = 120°. The 554 showed satisfactory stereochemistry with rms deviations
data setis 95.6% complete with an internal agreem®(tX  rom ideality 38) in bond lengths of 0.005 A and angles of
of 7.2%. Assuming one molecule per asymmetric unit, the 1 422 |4 a Ramachandran ploBY), 98.0% of residue
Matthew’s coefficient is estimated to be 1.74Ba’*, which  ineqdral angles are in the most favored and additionally

corresponds to a solvent content of 29.138)( The low ~ 4owed regions, and no main chain dihedral angle is
solvent content explains the good quality of crystal diffraction jpserved in disallowed regions.

beyond 1.6 A resolution. Details of data statistics are given NMR SpectroscopCTX A6 was dissolved in a 90%,8)/
in Table 2. 10% DO mixture or 100% BO to a final concentration of
Crystal Structure Determination and Refinemeiihe 2 mM for two-dimensional'H TOCSY, NOESY, and
method of solution of the crystal structure of CTXA6 was ROESY NMR experiments. For tHéC—H HSQC NMR
molecular replacemen8®) using theToxiny (N. nigricollis) experiment, CTX A6 (4 mM in 100% fD) was used to
monomer structure (PDB entry 1TGX), of which noncon- improve the signal-to-noise ratio. The pH of the sample was
served residues were altered to alanines as a search modegontrolled at 3.6+ 0.01 with NaOD and DCI. We performed
using CNS version 1.13@). The rotation and translation  an NMR study at this specific pH because the previous NMR
function searches were calculated using data in the range ofstudy of other group | CTX homologues, i.ey nd CTX
15-3.5 A resolution and a Patterson radius of 25 A, and M1, was performed at pH 3-53.6, and T and CTX M1
gave a unique solution with a large correlation between were suggested to adopt an tlins-Pro conformation at the
observed amplitudes for the crystal and calculated amplitudesioop | region. In contrast, the X-ray structure ofy T
for the model. determined at pH 4.5 was shown to adomisPro peptide
Further crystallographic refinement was carried out using conformation between two proline residues of PPxY near
CNS version 1.1. Throughout the refinement, a random the region. A comparison of the NMR structure of CTX A6
selection (10%) of the data was set aside as a “free datadetermined at pH 3.6 with its X-ray structure determined at
set”, and the model was refined against the data With pH 6.0 could then help us resolve the discrepancy of
20, (working data set) 35). The protein model obtained  structural differences inybetween the solution and crystal
through molecular replacement was initially refined using state. With the exception of the residue at position 11 (Tyr
the data from 25.0 to 1.6 A resolution. The individul vs Trp), the amino acid sequences of CTX A6 andare
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Ficure 1: Comparisons of CTX homologues identified in Taiwan cobra venom of eastern and western origin. C18 reverse-phase (top
panels) and Mono-S cation-exchange (bottom panels) HPLC chromatographyatra venoms collected from cobra caught in the wild
exhibit distinct CTX compositions.

essentially the same. There was no indication of protein two methylene protons enabled distance calibration.

aggregation or degradation as judged from the qualityHof Molecular Modeling The modeling of the WW domain
NMR spectra during the experiments (up to 318 K for 1 CcTX A6 complex for both group | and Il was performed on
week) and the period of sample storage (several months athe basis of the structure of a WW domain-containing
253 K) The pH measurement of the sample after acquisition fragment of dystrophin in Comp|ex Wiyﬁ.dystrogwcan 43)

of Spectra showed the pH variation to be smaller than 0.1. The Comp|ex structure (PDB entry 1EG4) provided alo A
The pH of samples containing 100%® was corrected  hjgh-resolution view of the WW domain with the PPxY

according to the isotopic effect as pd pH* + 0.4. peptide (where x represents any amino acid). The PPxY
All NMR experiments were carried out on a BRUKER  bjinding motif of 3-dystroglycan was replaced with CTX A6
Advance 500 spectrometer equippedhwé 5 mmtriple- loop | residues (FPoF10Y11), and the potential energy was

resonance probe. Two-dimensiofiel COSY, DQF-COSY,  minimized with the cvff force field in the “Discover” module
TOCSY (mixing periodrm = 90 ms), NOESY {n = 60, of Insight II. The structure of group Il of CTX A6 with a
100, and 200 ms), and ROESY(= 90 ms) spectra were  trans conformation between two proline residues of loop |

obtained at 318 K as described previously. Either a pulsed-was adapted from the NMR structure of CTX M1 with a
field gradient with the 3-9-19 WATERGATE sequence or sypstituted residue (Tyr 11 for Trp)

presaturation was used to suppress the water sigHhal.
chemical shifts were referenced to 2,2-dimethyl-2-silapen-
tane-1-sulfonate (DSS) at 0.015 ppm, &€ chemical shifts
were indirectly referenced according to a conserisuatio

The SH3 domainrCTX A6 complex was modeled on the
basis of the solution structure ofSrc SH3 in complex with
a class Il peptide of AFAPPLPRR by multidimensional NMR
. . spectroscopy4d). It showed a typical complex structure of
(1.3C/1H) of 0.251 449 530. Speqtra were typ|pally acquired e 53 domain and class | peptide of PxxP@DB entry
W't.h 20.48 complgx dat'a pomts n t.hgdlmensm.n and 512 1PRL). By swapping the SH3 binding motif coordinates with
points in thet; dimension with a time-proportional phase those of residues A29K35 of CTX. we were able to
Increment (TPPI) m_e_thod. Data_processmg was perfOrmedgenerate a new structure of CTX A6 suitable for binding to
on a workstation (Silicon Graphics 02) with XWINNMR. c-Src SH3. Pro30, Pro33, and Arg36 of CTX A6 can be
"H NMR spectra were assigned using standard methodspseryed to interact with the aromatic rich and negatively

(40, 41). The scalar-coupled spin systems were firstidentified .5 0eq areas without serious steric hindrance between CTX
in TOCSY and DQF-COSY spectra; the sequential con- AB a%dc-Src SH3.

nectivity was then determined using NOESY and ROESY
experiments. The NOESY spectra withhgof 100 ms (Ty RESULTS
paper) were used for NOE distance estimation because some
NOEs were too weak to be correctly evaluated in terms of CTX Purification and DistributionShown in Figure 1 are
distance when using NOESY spectra withrmof 60 ms the representative elution profiles of cobra venoms collected
(10). The relationship between NOE intensity angwas at indicated geographic locations of Taiwan using either
still linear under 100 ms; we also used ROESY with a mixing cationic exchange or a reverse-phase HPLC column. All the
period of 90 ms to eliminate the possibility of spin diffusion cobras were caught in the wild by a local office and kept at
(42). A natural abundancéH—C HSQC spectrum was the Taipei Zoo. The amino acid sequences (Table 1) were
recorded to resolve thezGnd G resonances of prolines.  confirmed by mass spectrometer analysis by matching with
Signals present for both NOESY;{ = 100 ms) and the available NCBI Entrez protein data bank and by the same
ROESY m = 90 ms) spectra were recognized as real elution position using the CTX stocks in the laboratory. Both
structural constraints. A i9dependence was used for NOE. analytical methods show the presence of group | CTX A6
When the NOE was applied to degenerate protons, a rangefor venoms of eastern origin, but there is no detectable CTX
was given to account for the possibility that these degenerateA6 for venoms of western origin. In contrast, the detected
protons would contribute equally or disparately to the CTX fractions for venoms of western origin are all group Il
observed NOE. Reference to a distance of 1.75 A betweenCTX, including CTX A1-A5, as identified from known
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Ficure 2: CD spectra of CTX isolated frorN. atra, N. mossa-
mbique andN. nigricollis venom: (A) group | CTX, (B) group Il
CTX, (C) averaged CD spectra of group | CTXs and CTX A6, and
(D) averaged CD spectra of the two group CTXs. Classes are
defined according to re8 and Table 1.

CTX standards and mass spectra. Other than CTX A2 and
A4, other group Il CTXs (A1, A3, and A5) can be observed

in venoms of eastern origin. In general, the expression levels
of CTX detected in venoms of eastern origin are conserved, A28

. . L Ficure 3: Comparison of chemical shift variation of NH (A) and
with fractions of CTX A1, A3, A5, and A6 falling in a range aH (B) between group | and Il CTXs as indicated by the standard

of the detected CTX, 35, 25, 7, and 32%%), respectively.  deviation (top panel), the difference between group Il and | CTXs
For CTX identified in venoms of western origin, one can (middle panel), and the averaged chemical shift of group | and Il

further classify the venoms into two subtypes according to CTXs (bottom panel). The analyzed chemical shift data were all
the quantity of observed CTX homologues (data not shown). 2vailable, including those for CTX M1, M2,yT and A6 of group

A V. th hic | L highl lated I and CTX Al—-A4, Adb, M3, and O2 of group Il. (C) Hot spot of
pparently, the geographic location in a highly populated chemical shift variation sites, with CTX A6 taken as the model.

western area is not an important factor in forming the Residues with a chemical shift variation 80.35 ppm (for NH)
subgroup because both subgroups can be identified for venonor >0.29 ppm (foraH) are colored black; also shown are four

Samp|es collected in northern and southern Taiwan. disulfide linkages in CTX. The two disulfide bonds (€821 and

. . . . . C14-C38) connected to loop | are colored dark gray and the other
Circular Dichroism AnalysisWe classify CTX A6 as & g light g)ray. P8 and P9 pgsitions are depicteo?atythe left side of
group | CTX not only because of its primary sequence of the molecule.

LIPPF at the loop | region being identical to that of other

group | CTXs but also because of its characteristic secondaryof proteins containing Trp have been suggested to give a
structure as detected in circular dichroism (CD) spectra. We negative signal near 220 n5g, 46).

obtained CD spectra from our own CTX stock and confirm  Despite the fact that group | and 1l CTXs are both three-
a previous conclusion that CD spectra of group | CTXs have fingered toxins with a similar extent of antiparalfg@lsheet

a more intense positive band at 192.5 nm, but lack a broadstructure, it is intriguing to see that their representative CD
positive band near 225 nm for group Il CTXs (Figure 2). spectra differ significantly. Previous analysis of the 225 nm
Unlike those of most group | CTXs, the negative trough near CD band of elapid three-fingered toxin indicated that the
220 nm is significantly smaller for CTX A6. This condition intensity of this CD band is sensitive to conformational
is consistent with the observation that the amino acid residuechange associated with the disulfide bo8gd47). A much

at position 11 is Tyr, instead of Trp, for CTX A6. CD spectra weaker positive band at 192.5 nm was interpreted as
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Table 3: *H Chemical Shifts of CTX A6 at pH 3.6 and 318K

3INH-at NH aH BH yH others
L1 4.176 1.827/1.601 1.520 O0CHjs, 0.840/0.784
K2 10.2 8.524 5.473 1.540 1.484/1.433 OH; €H, 2.904;eNH;
C3 9.85 8.583 5.159 2.975/2.614
N4 8.79 9.719 5.467 2.694/2.259 yNH,, 6.878/6.392
Q5 8.84 7.893 4.851 2.164 1.941 ONH,
L6 8.684 4.429 1.817 1.603 O0CHa, 0.864/0.826
17 9.14 6.813 4.665 1.895 1.341 O0CHjs, 0.858
CHs, 0.981
P8 1.594 2.005/1.853 OH, 3.719/3.585
P9 4.290 2.370/2.005 1.788/1.232 O0H, 3.337/3.143
F10 8.841 4.136 3.480 3,4,5H, 7.345; 2,6H, 7.145
Y11 8.79 7.423 5.451 3.315/2.554 aromatic H, 6.846
K12 8.815 4.549 1.713 1.327/1.169 OH; eH, 3.038:eNH,
T13 8.11 8.637 4.648 4.059 GHL.274
Cl14 7.02 8.915 4.774 3.540/2.834
Al15 5.87 8.506 4.290 C4l11.455
Al6 6.03 8.204 4.103 CH1.379
G17 9.75 8.617 4.255/3.666
K18 8.87 7.708 4.243 2.117 1.366/1.115 O0H, 1.591/1.414¢H, 2.956
N19 8.79 7.740 4.906 2.999/2.658 yNHy, 7.377/6.846
L20 8.77 8.190 4.816 1.643 1.520 O0CHa, 0.863/0.747
Cc21 8.88 8.934 6.072 3.068/2.994
Y22 9.32 9.187 6.121 3.138/3.009 2,6H, 6.720; 3,5H, 6.628
K23 8.79 9.099 4.799 1.836/1.731 1.495/1.425 OH, 1.684;¢H, 2.915;eNH
M24 8.82 8.248 5.261 1.428 1.758/1.647 €CH;3
F25 9.33 8.962 4.975 2.912 4H, 7.209; 3,5H, 7.082; 2,6H, 6.873
M26 8.92 9.406 5.070 2.312/2.002 2.800/2.623 eCH;3
V27 5.83 8.168 3.613 1.999 0.984/0.941
A28 6.03 8.171 4.247 C§l1.420
A29 8.84 7.690 4.875 C411.289
P30 4.266 1.782/1.729 3.596
K31 7.38 8.101 4.113 1.929/1.767 1.382/1.295 OH, 1.612;eH, 2.940;eNH
V32 7.465 4.552 2.150 0.903
P33 4.409 1.696 2.063/1.836 O0H, 3.930/3.820
V34 8.80 8.758 4.172 2.048 1.011
K35 7.346 4.561 2.057 1.677/1.555 O0H, 1.906/1.821¢H, 3.057;eNH;
R36 8.76 8.228 4.477 1.690/1.486 1.326 OH, 2.806/2.682; NH, 8.347
G37 6.934 4.277/4.159
C38 8.78 8.656 5.919 3.561/2.905
139 5.94 9.748 4.406 1.684 1.606/1.379 O0CHa, 0.361
CHs, 0.511
D40 8.73 8.506 4.886 2.809
V41 9.27 7.573 4.043 1.744 0.748
C42 8.705 4.499 3.071/2.763
P43 4.054 1.698/0.195 1.245/0.704 OH, 3.937/2.542
K44 8.63 7.793 4.193 1.811 1.716/1.554 OH; eH, 3.037;eNH;
S45 6.42 8.422 4.785 4.432/4.044
S46 9.99 9.338 4.975 4.431/3.977
L47 6.04 8.154 4.198 1.744 1.628 O0CHjs, 0.958/0.926
L48 7.966 4.533 1.721 1.650 O0CHj3, 0.947/0.878
V49 9.98 7.404 4.716 1.885 0.864/0.734
K50 9.99 8.583 4,728 1.661 1.316/1.085 OH; eH, 2.839;eNH,
Y51 8.95 8.189 5.287 2.795/2.650 2,6H,6.777; 3,5H, 6.615
V52 8.83 8.864 4.523 2.038 1.126/1.047
C53 10.31 9.215 5.821 3.808/3.044
Ch4 6.73 9.203 5.092 3.637/3.449
N55 8.88 8.547 5.132 3.355/2.659 yNH,, 6.674/7.432
T56 8.74 7.532 4.697 4.292 GHL.211
D57 8.127 4.839 2.565/2.394
R58 5.88 9.634 3.457 2.217/1.783 1.490/0.986 OH, 2.894/2.630; NH
C5H9 7.32 7.545 4.469 3.634/3.377
N60 8.77 9.006 4.390 2.741/2.306 yNH,, 7.766/7.570

aValues were calibrated with respect to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at 0.0 ppm.

indicating a different degree ¢f-sheet twisting. As there  two aforementioned interpretations on the observed CD
are four disulfide bonds located near the core of the three-spectra for the two groups of CTX molecules are not
fingered CTX toxin to tighten the large triple-stranded, mutually exclusive. On the basis of available extensive data
antiparallels-sheet and short double-stranggdheet (see,  for the proton NMR chemical shifts for both group | and I
for instance, Figure 3), significant modification of the CTXs (Table 1; see also Table 3), it would be interesting to
dihedral angle in the disulfide bond would result in a examine whether such an interpretation might be supported
structural alteration of thg-sheet twisting. Therefore, the through NMR data.
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(A)

(B)

Ficure 4: X-ray structure of CTX A6. (A) Crystal packing of CTX A6. At the left is the packing between two layers of five CTX A6
monomers. The packing between two layers of three CTX A6 monomers is shown in the middle and right panels to illustrate packing of
the two types: one is core region inward (middle) and the other core region outward (right). (B) Top view of packing of these two types:
core region inward (left) and core region outward (right). The dark lines indicaig-then composed of A15K18 just on top of the core

region. (C) Stereoview of thi2F, — F.| electron density map of the loop | region (residuesl® were omitted while the map was
calculated).

NMR Chemical Shift AnalysiBigure 3 shows a statistical ~ disulfide bonds connecting the two regions. In fact, the two
analysis of the chemical shift differences between group | designated disulfide bonds are located near the hydrophobic
and Il CTX for both NH andaH of the CTX polypeptide core centered at Gly37 and Tyr22. It suggests that a delicate
main chain. As illustrated in the schematic CTX structure difference in the hydrophobic packing near the region might
diagram, the most significant difference in chemical shift exist between group | and Il CTXs. The interpretation also
between the two homologous groups is located at loop | provides a possible explanation for the chemical shift
(amino acids 3-12) and the antiparall¢i-sheet (amino acid  difference detected at Gly37. The difference is likely also
positions 49, 51, and 53) regions. The chemical shift significant as the standard deviation of the analyzed chemical
difference observed in the loop | region is easily understood shift difference is smaller than those detected near the tip of
since the overall conformations of loop | between group | loop Il. Taken together, the available data are consistent with
and Il CTXs are indeed different as we will demonstrate by a model to suggest that the loop | conformational difference
using the X-ray and NMR method in the following sections. between group | and Il CTXs plays a dominant role in
Other chemical shift differences observed within the anti- triggering an overall conformational change at both the
parallel 3-sheet region are more intriguing. Since Cys3  hydrophobic core and the antiparall8tsheet region as
Cys21 and Cys14Cys38 disulfide bonds connect the two detected by both CD and NMR chemical shift analysis.
regions, we suggest that their difference might be an indirect X-ray Crystal Structure of CTX A6To obtain more
effect of the conformational difference in the loop | region detailed information about the exact conformational differ-
between the two CTX groups. More specifically, we propose ence between CTXs of the two groups, we grew a CTX A6
that the twisting of the antiparallg@-sheet, as reflected by  crystal and determined its structure at 1.6 A resolution. As
the observed difference in both CD and NMR spectra, is shown in Figure 4, the crystal packing of CTX A6 molecules
significantly perturbed due to the conformational change in exhibits a trimeric structure similar to that of other group |



Group | CTX Solution and Crystal Structure Biochemistry, Vol. 44, No. 20, 2005421

appears that CTX molecules are interconnected through loop
I in a delicate manner with the hydrophobic core and anionic
binding pocket.

Structural Comparison between the Solution and Crystal
State.The loop | conformation of CTX A6 adopts a type
Vla turn (60) with a cis peptide bond between the two
prolines of the conserved LIPPF sequence. Such a conforma-
tion of the banana-twisted type is reported for the crystal
structure of other group | CTXs of toxip. As the amino
acid sequences of all available group | CTXs are conserved
in the loop | region, it is surprising to find that the NMR
solution structures for toxip and CTX M1 were previously
reported to adopt a more extended loop | conformation with
a trans peptide bond between the two proline amino acid
residues. Such a discrepancy does not exist for other CTX
molecules, such as group Il CTX A3 and A5, with the X-ray
and NMR structures both known (Figure 6). Previous studies
of the structure-function relationship on the cytotoxicity of
CTX by chemical modification indicate that the amino acid
residues located in loop | play a crucial role in the action of
CTX toward many cells, including cardiomyocytels b1,

52). It is therefore important to establish whether the crystal

(A) convexside concave side

(C) ‘| c14 , and solution structures of group | CTXs such as toxiar
S"' s c2138 c3 CTX A6 are distinct.
\ c38 N oo s First, we examine Fhe molecular packing_of CTX A6 i_n
38N . CB{E the crystal to determine v_vhether there |s_d|rect interaction
23’4"//\%380 N\ 22N)2.93370¢ between CTX molecules in the loop | region. As shown in
S T, =y (220 L G37 panels A and B of Figure 4, two orientations of trimeric CTX
3-033‘:"3-25 v22 I o 31837 with either an inward or outward tight turn formed by the
272:3:21 -7 K23_;' Y22 amino acid residues from Alal5 to Lys18 can be seen as
35€N_' 22(5@ - - NN\ alternatively stacking into two layers. The three-fingered
=N loops of the CTX trimer with an inward tight turn are packing
K35 against each other. Further scrutiny of the molecular interac-

FicURE 5: Convex side and concave side of CTX A6. (A) Surface tion reveals a hydrophobic interaction involving mainly the
of electrostatic potential of CTX A6. (B) Convex side and concave loop Il region. The loop | region is surrounded by water

side views of the CTX A6 backbone, in which all positively charged : e .
residues are shown as stick models; also shown are C38 and Yzéﬂmecu'es of hydration to a significant extent. There is no

on the convex side and G37, Y22, and C3 on the concave side. (C)@vidence that the loop | conformations of group | CTX A6
Enlarged view of the core region. Also shown are two water and toxiny determined by X-ray diffraction are dominated
molecules supposed to form a water network with the core region by the crystal packing.
of the CTX A6 convex side, with distances between related atoms Second, we test whether NMR data obtained for a solution
In angstroms. . .. . .

state might be misinterpreted as an unambiguous interpreta-

tion of NMR data for the prolinepeptide bond to adopt a
CTXs of toxin y (11). Two potential glycosaminoglycan cis or trans conformation based simply %th NMR spectra
binding pockets located at the respective convex and concavas known to be difficult. Recent advances in multinuclei
sides of the slightly curved CTX molecule, as illustrated in NMR spectroscopy have shown that t8€ NMR chemical
Figure 5, emphasize the importance of the charge distributionshift can assist in resolving this difficulty because a chemical
of CTX homologues in modulating CTX function. Upon  shift plot of 13C; versus*C, resonance reveals that trans
inspection of the hydrophobic core located near Gly37 at and cis Xaa Pro bonds are located in distinct regions divided
the concave side, one can see that both the carbonyl andy the diagonal line of the plo6@). As shown in Figure 7,
NH groups of Gly37 form hydrogen bonds with the main Pro9 in both CTX A6 and toxiy molecule is the only amino
chain of Tyr22. As the neighboring residue of Cys21 is acid residue showing a distintC NMR chemical shift that
covalently connected to Cys3 near the N-terminal end of loop can be classified as a cis peptide bond conformation.
| through the disulfide bond, any significant conformational ~ With the known loop | conformation determined through
alteration occurring in the loop | region also affects the X-ray diffraction, we inspect whether the detectaltleNMR
hydrophobic packing near Gly37. When the molecule is NOE can be consistently interpreted to adopt a type Vla turn
flipped to the convex side, there is an anionic binding pocket for loop | in the solution state. As shown in Figure 8, the
with an extensive water network to connect the side chain banana-twisted conformation, but not the more extended
of Tyr22, Lys35, and the main chain of Cys38. Again, Cys38 loop, predicts detectable NOEs for the side chain protons of
is connected to Cysl14 at the other end of loop | through a Phel0 with lle7oaH and Leu6oH, respectively. The presence
disulfide bond. As anionic ligands such as heparan sulfate of a detectable NOE cross-peak between Fidé&nd Pro9
or nucleotide triphosphate are known to interact with CTX aH is also consistent with this interpretation. Unfortunately,
at the aforementioned anionic binding pockés,(49), it as in previous work onyand CTX M1 @, 12), we could
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FIGURE 7: Plot of 3C; vs 13C, of all prolines in CTX A6 and 7.

The dashed line is a criteriolA®Cs — 13C, = 8 ppm) for
identifying the cis conformation of proline. Filled and empty
symbols represent data for A6 angt,Trespectively. The symbols
are defined as follows: circles for P8, triangles for P9, diamonds
for P15, stars for P30, pentagons for P33, and squares for P43.
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Ficure 8: Cis and trans conformations of loop | of CTX. We take
CTX A6 and CTX M1 conformations as examples of cis and trans
conformations of CTX, respectively. In panel A are views of the
relative position of the side chain of Q5: in the cis conformation,
the terminal NH group of the side chain of Q5 can form a H-bond
f with the backbone, but this H-bond cannot be formed in the trans
conformation of CTX. Also shown are those most significant
distance variations listed in Table 2: B#—P8H, |7 aH—F10

€H, and L6 aH—F10 6H distances are connected by solid gray
lines, and the hydrogen bond related to F10 NH is plotted as a
dashed line (F10 NHI7 O in A6 and F10 NH-P8 O in M1). In

. . o panel B, the inverted loop | conformation is shown to illustrate the
not observe ProBH in CTX A6; therefore, the NOE criteria gitference in the loop | conformation: the peptide bond between

for the cis peptide conformation are not available. Finally, P8 and P9 is cis in A6 but trans in M1.
we identify a detectable NOE between Gip8 and Tyrl1l
oH. With the type Vla turn conformation, it would imply  experimental pH conditions, i.e., pH 3.6 and 6.0, respectively.
that the side chain of GIn5 also forms a hydrogen bond with In fact, we also performed a similar NMR study of both CTX
the carbonyl group of lle7 to stabilize the turn in the solution A6 and Ty at pH 6.0, showing the same loop | conformation
state. We therefore conclude that the loop | conformation of based on chemical shift analysis (data not shown).
group | CTXs adopts a type Vla turn in both crystalline and  Lipid-Induced Conformational ChangAfter establishing
solution states. that the preferred loop | conformations of group | and I
We emphasize that the structural discrepancyjo&iithe CTXs are different and adopt a banana-twisted and extended-
loop | region between the solution and crystalline state is loop shape, respectively, we address the question of their
not due to the different pH condition, i.e., pH 3.5 and 4.5, potential biological significance. Both computer simulation
respectively, used in those studies. First, there are no titratableand binding measurements indicate that the presence of a
amino acid residues within the studied pH range near the cis peptide bond in loop | makes it less favorable for its
loop | region of Ty. Second, we could observe consistent interaction with lipid bilayers 18, 54). Using CD spectra,
NMR and X-ray structure of CTX A6 despite their different we show in Figure 9 that group | CTXs are transformed into

Ficure 6: Convex side view and loop | conformation of CTX.
(A) Superposition comparison between the X-ray three-dimensional
structures of CTX A6 (green) andyT(red). (B) Superposition
comparison between X-ray (blue) and NMR (pink) structures o
class | CTX Ty. (C) Superposition comparison between X-ray
(magenta) and NMR (cyan) structures of class Il CTX A3. The
most significant difference is at loop |, namely, the cis and trans
conformations of the P8P9 peptide bond of class | and Il CTXs.



Group | CTX Solution and Crystal Structure Biochemistry, Vol. 44, No. 20, 2005423

-------- CTX only Despite the fact that severe gangrene and inflammation
— DOPS/CTX=6/1 of skin are the most obvious symptoms of victims that
T T survive cobra bites, there is little research about the detailed
molecular mechanism. The suggestion that bacterial con-
tamination of the wounded area is the major contributor of
the effect lacks experimental support because there is no
evidence for the presence of identifiable bacteria in large
amounts or of a special type in the cobra fab@)( Since
integrins, glycosaminoglycans, and its binding protein are
known to be involved with wound healing and inflammation,
it would be interesting to discover whether the establishment
of CTX as a GAG- and integrin-binding toxin might help in
understanding the CTX-induced severe tissue degeneration
0% 70 255 750 185 2i0 255 240 185 210 235 230 185 210 235 240 and inflammation. We point out that CTXs, althQUQh la-'Cking-
Wavelength (nm) RGD sequence, have recently been shown to bind to integrin
Ficure 9: CD spectra of class | CTXs with varied ratios of DOPS. avpi3 with dec_reasmg Specificity: .CTX AS CTX A3 >
The dotted, dashed, and solid lines indicate the CD spectra of pureC TX A6 (5). Since the structural differences between CTX
CTX, a 2/1 DOPS/CTX mixture, and a 6/1 DOPS/CTX mixture, A6 and A3 (Table 1) are located mainly in the loop | region,
respectively. The arrows indicate the appearance of a hump2i our results also provide a structural explanation for the
nm. observed specificity of the CTXintegrin interaction.
Potential Targets of Group | CTXs As #mled by

a conformation similar to that of group Il CTXs upon binding Bicinformatics AnalysisCyclolinopeptide A (CLA) is a
naturally occurring cyclic nonapeptide isolated from linseed.

to negatively charged membranes of DOPS as indicated by : e ; . o
the decreased intensity of the CD band at 192.5 nm and the! he presence of a pair of cis-linked proline residues indicates

increased intensity at 225 nm. Unfortunately, the binding of that CLA might resemble cyclosporine or tacrolimus (FK
CTX to negatively charged vesicle also induces significant 208; @ macrolide lactone antibiotic) in targeting the cyclo-
aggregation of the sample at high CTX concentrations. It is Philin or the peptidyl-prolykcis—transisomerase (PPlases)
not possible to perform a NMR study to provide additional f@mily (58—60). CLA has been shown to mediate its
experimental data to support the conclusion at present.mmunosuppressive activity through cyclophilin-dependent
Nevertheless, the interpretation is consistent with the previousCa/cineurin phosphatase inactivatiofl). Moreover, an
observation that the cis peptide bond in loop | is less likely Immunosuppressive drug of this type works mainly by
to interact with the lipid bilayer. Potential protein targets of Plocking intracellular signaling pathways critical for the
group | CTXs after cell internalization are therefore discussed
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production of cytokines by lymphocytes. Considering that

on the basis of the structural similarity of the determined CTX can also be internalized into the cytoplasmic environ-

loop | conformation with other protein molecules. ment, an interesting hypothesis i; to test whether group |
CTXs can not only be conformational analogues of CLA

DISCUSSION but also find future application in understanding the mech-
anism of skin disorder.

Toxicity and Immunogenecity of Cobra Venoms from  We show in Figure 10 that a type Vla turn with a cis
Different Geographic LocationsThe major symptom of a  peptide bond between the two proline residues of CTX A6
victim of cobra snakebite, if not death from the action of is a dominant structural feature of the other well-character-
neurotoxin or CTX, is severe tissue necrosis and inflamma- ized bioactive polypeptides of cyclolinopeptide A [cyclo-
tion of skin (65). The symptoms and lethal potency induced (Pro-Pro-Phe-Phe-Leu-lle-lle-Leu-Val)] and its analogues.
by venoms collected at separate geographic locations varyNot only is a type Vla turn with both a cis Pré’ro
significantly (5). For instance, not only is the specific conformation and one to four hydrogen bond across the turn
toxicity of cobra venoms collected from western Taiwan present for both compounds, but a similar conserved
approximately twice as potent as that collected from easternhydrophobic residue flanking the two prolines is also readily
Taiwan, but one can also detect a significant difference in detectable. For instance, the two hydrophobic residues (Leu
the neutralization titer of the antibody produced by venoms and Val) immediately precedingis-Pro for CLA are
from the two regions. As diverse CTXs of up to ap- substituted with well-conserved Leu and lle residues, re-
proximately six or seven homologues are known to be presentspectively. Similarly, the two hydrophobic residues (Phe and
in cobra venom Z2), it is of interest to see whether the Phe) immediately following the second Pro for CLA are
expression levels of various CTXs differ for cobra venoms substituted with Phe and Trp, respectively (Tyr). As the
collected from separate geographic locations. Relative pro-conserved loop region of group | CTXs is fully exposed to
portions of toxins in expressed venoms are suggested to varthe water environment and accessible to the interaction of
significantly for snakes of the same species but from separateother molecules, our results indicate that group | CTXs might
geographic locations5@). As group | CTX A6 can be  share a similar molecular target with CLA.
observed in only eastern cobra and as an antiserum directed Loop | of CTX A6 has a consensus sequence of PPxY
against group | CTXs has been shown to exhibit low cross- known to interact with the class | WW domain. WW domains
reactivity with group Il CTXs 8), our result provides a likely  are the smallest, naturally occurring protein modules com-
explanation of the different immunogenecities between posed of approximately 40 amino acids. They are found in
eastern and western cobra venom. many different proteins and are implicated in several human
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Ficure 10: (A) Comparison of the conformation of cyclolinopep-
tide A and loop | of group | CTXs. Green and dotted lines represent
the type Vla turn residues and the H-bond, respectively. (B)
Comparison of the conformation of the SH3 domain-binding ligand
and loop Il of CTX. The right panel shows a plotBffactor against
amino acid residual positions of CTX A6. The amino acid residues
with maximalB-factors are found to be located in the regions with
the conserved sequence of the SH3 domain. (C) Models of the CTX
A6—WW domain (left) and CTX A6-SH3 domain (right) com-
plexes based on the structures of the dystrophin WW @8dc
SH3 domain. Molecular surfaces of WW and SH3 domains are
colored as electrostatic potential with DelPhi, and CTX A6 is
represented in stick and ribbon format.

A6/ SH3 domain

Chen et al.

between CTX A6 and the WW domain. Arg58 and Arg36
of CTX A6 interact with the side chain of Glu72 and the
carbonyl group of 1le65 of dystrophin, respectively.

A similar approach can also be studied to understand the
interaction between group | CTXs and the SH3 binding
domain (Figure 10C, right panel). The observed high
B-factors for loop Il of the CTX A6 crystal structure (Figure
10B, right panel) suggest that the conformation of CTX A6
near the tip of loop Il is flexible. A simple reorientation of
the Pro33 conformation at loop Il of CTX A6 (Figure 10B,
middle panel) immediately restores it to the conformation
of the SH3-bound ligand. In fact, a computer docking
experiment shows no serious steric hindrance between CTX
A6 and the SH3 domain. We conclude that group | CTXs
can indeed serve as potential ligands for Pro-rich ligands. A
future experimental approach to test the hypothesis based
on a molecular modeling approach would be interesting in
determining whether a specific type of SH3 domain could
serve as a specific biological target for its action. For
instance, our preliminary binding study using a fluorescence
spectroscopic method indicates that a weak interaction can
be detected between CTX A6 and Grb2 (growth factor
receptor-bound protein 2), but not between CTX A6 and
BTK (Bruton’s tyrosine kinase).

In summary, we present a three-dimensional X-ray crystal
structure of a newly purified CTX A6 from the cobra venom
of eastern Taiwan and show that its loop | conformation
adopts a type Vla turn with a cis peptide bond located
between two proline residues of PPxY. Comparative NMR
and CD spectroscopic investigations reveal that such a
conformation should prevail in all group | CTXs in both the
solution and crystal state. Binding of group | CTXs to the
membrane environment, however, induces a structural change
of CTX with a new conformation similar to that of group I
CTXs. Finally, the loop | conformation of group | CTXs
sheds new light on identifying a potential protein target in
understanding the action mechanism of CTX-induced severe
tissue necrosis and inflammation.
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cular dystrophy, Alzheimer’'s disease, and Huntington’s
disease. WW domains resemble SH3 domains functionally
because of their affinity for proline-rich ligands. The SH3
domain mediates binding to proline-rich sequences with the
minimum consensus residues of PxxP. Interestingly, with the
availability of PxxPxt+ class Il ligand consensus sequence
in CTX A6 at the functionally important loop Il region, it is
also a potential ligand for the SH3 domain (Figure 10B).
By using a computer docking method, we show in Figure
10C (left panel) that the cis conformation of loop | can indeed
bind well to a WW domain (dystrophin). In the case of
B-dystroglycan-dystrophin interaction, the hydroxyl group
of tyrosine forms a hydrogen bond with His of dystrophin
and ring stacking occurred between Propedlystroglycan
and Tyr of dystrophin. In the cis conformation of loop I, the
Phe residue instead of Pro creates the ring stacking with Tyr
of dystrophin. There are two additional interaction sites
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