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ABSTRACT: Cysteine-rich secretory proteins (CRISPs) are widespread in snake venoms. Some members
of these CRISPs recently have been found to block L-type Ca2+ channels or cyclic nucleotide-gated ion
(CNG) channels. Here, natrin purified fromNaja atravenom, a member of the CRISP family, can induce
a further contractile response in the endothelium-denuded thoracic aorta of mouse which has been contracted
by a high-K+ solution. Further experiments show it can block the high-conductance calcium-activated
potassium (BKCa) channel in a concentration-dependent manner with an IC50 of 34.4 nM and a Hill
coefficient of 1.02, which suggests that only a single natrin molecule is required to bind an ion channel
to block BKCa current. The crystal structure of natrin displaying two domains in tandem shows its cysteine-
rich domain (CRD) has relatively independent flexibility, especially for the C-terminal long loop (loop I)
of CRD to participate in the interface of two domains. On the basis of previous studies of CNG channel
and L-Ca2+ channel blockers, and the sequence and structural comparison of natrin and stecrisp, the
deviation of the vital loop I of CRD is suggested to contribute to different effects of some CRISPs in
protein-protein interaction.

Potassium channels (K+ channels) are present widely in
both excitable and nonexcitable cells and take part in many
critical physiological processes, such as regulating neu-
rotransmitter release, heart rate, insulin secretion, neuronal
excitability, epithelial electrolyte transport, and smooth
muscle contraction (1-3). The calcium-activated potassium
(KCa) channel superfamily is a diverse class of K+ channels,
characterized by their dependence on the intracellular
concentration of Ca2+ ions ([Ca2+]i).1 According to their
different single-channel conductance, pharmacological, and
voltage sensitivities, this superfamily has been further
subdivided into three distinct categories: high-conductance

(100-250 pS, BKCa), intermediate-conductance (20-80 pS,
IKCa), and low-conductance (5-20 pS, SKCa) calcium-
activated K+ channels (4). BKCa channels, which are of
particular interest because of their large channel conductance
and their expression in a range of excitable cell types, e.g.,
smooth muscle cells, can be activated by local Ca2+ transients
(Ca2+ sparks) that are released through ryanodine receptors
in the sarcoplasmic reticulum (5, 6). Physiological activation
of vascular BKCa channels may be an important buffering
mechanism for counteracting vessel depolarization and
constriction in response to some vasoconstrictors and to
increased intravascular pressure (7, 8). Because of their
central role in regulating cell activity, modulation of BKCa

channels is potentially useful for the treatment of a variety
of disease states associated with both the central nervous
system and smooth muscle function.

R-Subunits of BKCa channel construct the functional K+-
conducting pore, as a homotetramer (9). Its N-terminal region
is a pattern of six transmembrane segments (segments S1-
S6) with a pore region between S5 and S6. The C-terminal
portion of this pore region forms the ion selectivity filter of
K+ channels as identified in the crystal structure of KcsA, a
small bacterial K+ channel protein (10, 11). In a manner
different from that of Kv channels, however, a large
C-terminal domain (∼800 residues) plays a role in calcium
sensing and acts as a partner for protein-protein interactions.
In recent years, many peptides, including charybdotoxin
(ChTX), kaliotoxin, and BmBKTx1, isolated from scorpion
venoms, have been identified to be potent inhibitors of BKCa

channels, blocking the passage of K+ ions by binding at the
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pore entryway on the extracellular side of the channel (12-
15).

We have previously identified a 25 kDa toxin protein,
natrin, purified fromNaja atra venom, as a member of the
cysteine-rich secretory protein (CRISP) family (16). CRISPs
in the vertebrates are characterized by the 16 strictly
conserved cysteines that form eight disulfide bonds and show
apparent homogeneity with 35-85% sequence identity.
Recently, in snake venoms, blocking effects on ion channels
have also been found; pseudechetoxin (PsTx) fromPseudechis
australisand pseudecin fromPseudechis porphyriacuscan
block cyclic nucleotide-gated ion (CNG) channels, and some
venom toxins, for example, ablomin fromAgkistrodon
blomhoffi, can inhibit the contraction of smooth muscle (17-
19). In another kind of reptile venom, helothermine (HLTx)
from Mexican beaded lizard has been reported to alter the
voltage-gated calcium channel and voltage-gated potassium
channel (20, 21). To elucidate the structural basis of the
functions in CRISPs, the structure of stecrisp fromTrim-
eresurus stejnegerivenom has been reported (22). Its crystal
structure is separated into three regions, an N-terminal
pathogenesis-related protein of the group 1 (PR-1) domain,
a C-terminal cysteine-rich domain (CRD), and a hinge region
linking the two motifs. Interestingly, CRD is structurally
similar with two K+ channel blockers, ShK fromSticho-
dacryla helianthusand BgK fromBunodosoma granulifera,
suggesting this domain may be related to the interaction with
ion channels (23, 24). But so far, whether stecrisp can act
on K+ channels has yet to be reported.

The results of this paper show that natrin also has a
blocking effect, however, on the BKCa channel, a new type
of ion channel apart from those influenced by its homologues.
The interdomain motion first is observed in natrin crystal
with relatively independent flexibility of CRD. A vital
segment described in the studies of CNG channel and L-type
Ca2+ channel blockers in CRISPs lies in loop I of CRD in
the structural model of natrin and stecrisp. This loop
participates in the interface of two domains and is flexible
for modulating the interdomain motion. By alignment, this
flexible loop is also a prominent variable in the primary
sequences of CRISPs and displays more deviation, which
implies it may play a vital role in some protein-protein
interactions as a potentially functional site.

MATERIALS AND METHODS

Drugs. Charybdotoxin (ChTX), 4-aminopyridine (4-AP),
type IA collagenase, papain, albumin bovine V, aspartic acid,
Na2ATP, N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic
acid (HEPES), and ethylene glycol bis(2-aminoethyl)-
N,N,N′,N′-tetraacetic acid (EGTA) (Sigma Chemical Co., St.
Louis, MO) and 1,4-dithiothreitol (DTT) (Promega, St. Louis,
MO) were dissolved in a bath solution or a Ca2+-free
physiological salt solution (PSS). All concentrations are the
final molar concentrations in the organ chambers.

Natrin Preparation. Natrin was purified as described
previously (16). The purity of the protein was identified by
mass spectrometry and SDS-PAGE. After being dissolved
in the external solution, the protein was perfused in the bath
at concentrations ranging between 1 nM and 1µM.

Isolated Thoracic Aortic Strip Segment and Tension
Measurement.The isolated thoracic aortic strip segment and

tension measurement were the same as those described
previously (25). Briefly, male white mice were anesthetized
with an intraperitoneal injection of sodium pentobarbital (150
mg/kg) together with sodium heparin (100 IU/kg, ip) to
prevent intravascular coagulation. At room temperature (22-
25 °C), thoracic aorta of mouse was quickly dissected free
and placed in Krebs Henseleit solution containing 118 mM
NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2
mM MgSO4‚7H2O, 25.2 mM NaHCO3, and 11.1 mM glucose
(pH 7.4 with NaOH). With a dissecting microscope, adhering
perivascular tissue was carefully removed, and the descend-
ing thoracic aorta was cut into 2 mm long rings. The
endothelium was removed with a wooden stick. The vessels
were mounted onto two thin stainless steel holders in 2 mL
organ baths containing Krebs Henseleit solution at 37°C,
and continuously bubbled with a gas mixture of 95% O2 and
5% CO2 to maintain a pH of 7.4. A movable device allowed
the application of a passive tension of 500-550 mg, which
was determined to be the optimal resting tension for obtaining
the maximal active tension induced by a 60 mM K+ solution
containing 58 mM NaCl, 64.7 mM KCl, 2.5 mM CaCl2, 1.2
mM KH2PO4, 1.2 mM MgSO4‚7H2O, 25.2 mM NaHCO3,
and 11.1 mM glucose (pH 7.4 with NaOH). The isometric
tension was recorded on a polygraph (Biolap 420). After an
equilibration period of 1 h, the contractile function of vessel
was tested twice by replacing the Krebs Henseleit solution
with a 60 mM K+ solution. After washout, the vessels were
treated with 1µM natrin or contracted with a 60 mM K+

solution again.
Cell Isolation, Electrophysiological Measurements, and

Data Analysis.The thoracic aortic segments obtained as
described above were placed in an ice-cold Ca2+-free
physiological salt solution (PSS) containing 55 mM NaCl,
80 mM sodium glutamate, 5.6 mM KCl, 10 mM HEPES, 2
mM MgCl2, and 10 mM glucose (pH 7.4 adjusted with
NaOH) and washed twice. With a dissecting microscope,
adhering perivascular tissue was carefully removed and the
vessel was opened longitudinally. The smooth muscle layer
was obtained by tearing out adherent adventitia. Then this
tissue was cut into small fragments, and incubated in plastic
tube with 1 mL of Ca2+-free PSS containing 20 mg/mL type
IA collagenase, 0.5 mg/mL papain, 10 mg/mL albumin
bovine V, and 1.75 mg/mL DTT at 37°C for 36-39 min.
After digestion, tissue masses were transferred to another
plastic tube containing Ca2+-free PSS with a wide-pore
Pasteur pipet, and washed twice in this solution for 10 min
each. Then, VSMCs were dispersed by gentle trituration with
a slender Pasteur pipet; the cell suspension was transferred
to the cell chamber, and well-attached VSMCs were selected
for experiments.

Whole-cell currents were recorded by using an Axopatch
200B patch clamp amplifier (Axon Instruments, Foster City,
CA) in voltage-clamp mode, controlled by the Igor Pro
software package (WaveMetrics, Lake Oswego, OR). Patch
pipets (resistance of 3-5 MΩ) were filled with an internal
pipet solution containing 140 mmol/L KCl, 1 mmol/L MgCl2,
10 mmol/L HEPES, 5 mmol/L EGTA, and 5 mmol/L Na2-
ATP (pH 7.2 with KOH). Micropipets were obtained from
the Shanghai Brain Research Institute of the Chinese
Academy of Sciences, and pulled with a micropipet puller
(P-97, Sutter Instruments, Novato, CA). After gigaohm seals
were obtained, the membrane was ruptured with a 5 mspulse
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to 1.3 VDC. Series resistance was typically compensated by
70%. The cells were held at-60 mV, and voltage steps
ranging from-60 to 60 mV were applied for 200 ms in 10
mV step increments. All macroscopic currents were sampled
at 50 kHz and filtered at 5 kHz, and data were analyzed
with Igor Pro. Whole-cell current was normalized to cell
capacitance and was expressed as picoamperes per picofarad
(pA/pF). Changes in the BKCa current were detected in the
absence and presence of natrin or ChTX. The bath solution
contained 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1
mM MgCl2, 0.1 mM CdCl2, 10 mM Na-HEPES, 10 mM
glucose, and 1 mM 4-AP (pH 7.2 with NaOH), and all
experiments were performed at room temperature (22-25
°C). The bath chamber (2.5 mL) was superfused with a drug-
containing or natrin toxin-containing solution at a rate of 4
mL/min. In natrin concentration-response experiments,
every concentration (1 nM, 10 nM, 100 nM, and 1µM) was
repeated in 3-10 different cells.

Results of data analysis were expressed as means( the
standard error. The paired Student’st-tests were used to
compare results in treated and untreated cells. Differences
are considered to be significant whenP < 0.05. In electro-
physiological experiments,n represents the number of cells.

Crystallization, Data Collection, and Processing. Natrin
was purified fromN. atra venom, and crystal growth, data
collection, and data processing were as previously described
(16). The crystals belong to space groupP212121 with the
following cell dimensions:a ) 101.68 Å,b ) 90.75 Å,
andc ) 91.55 Å.

Model Building and Refinement. The crystal structure of
natrin was determined by molecular replacement using
AMoRe (26). The solution of a trimer in an asymmetric unit
was found with a correlation coefficient (CC) of 43.4 and
anR-factor of 42.9% for data between 15.0 and 3.5 Å using
PDB entry 1RC9 (22). At the beginning of the refinement,
residues with unclear side chain electron density were
mutated to alanines and water molecules were not included
in the model. The refinement was initially carried out in a
resolution range of 15-3.5 Å using the rigid body refinement
in CNS (27). The model was examined and corrected
manually by inspection of 2Fo - Fc andFo - Fc electron
density maps using O (28). The model was then refined by
simulated annealing and conjugate gradient methods, fol-
lowed by temperature factor refinement. When theR-factor
reached∼25%, water molecules were added to the model
according to the electron density maps, cycled with further
refinements. The final model exhibited a crystallographic
R-factor of 20.6% for all data with a 2σ cutoff in the
resolution range of 8.0-2.4 Å, excluding the 5% randomly
distributed reflections used to calculate the freeR-factor,
which dropped to a final value of 23.5%. The overall
assessment of model quality was performed using
PROCHECK (29), and the atomic coordinates have been
deposited in the Protein Data Bank as entry 1XX5.

RESULTS

Effects of Natrin on Mouse Thoracic Aortic Contraction.
We examined the effects of natrin on endothelium-denuded
mouse thoracic aortic rings. Natrin (1µM), the 25 kDa
protein purified fromN. atravenom, did not affect the basal
tension of the denuded thoracic aortic rings in normal Krebs

Henseleit solution (n ) 5 rings from 5 mice; Figure 1A),
but in another group, after the denuded thoracic aortic rings
had been contracted with a 60 mM K+ solution for∼15 min,
1 µM natrin added to the organ bath induced a further
contractile response and the percent response to 60 mM K+

solution-induced contraction was 23.8( 1.6% (n ) 15 rings
from 10 mice; Figure 1B). On the other hand, some other
rings were first contracted with a 60 mM K+ solution. After
repeated washing and another equilibration with Krebs
Henseleit solution in these rings for 30 min, the rings were
treated with 1µM natrin for ∼10 min, and then contracted
with a 60 mM K+ solution with 1µM natrin again (Figure
1C). The contractile force was significantly stronger in natrin-
treated rings than that in the rings only contracted with a 60
mM K+ solution (378( 24 mg vs 310( 23 mg, n ) 8
rings from 4 mice,P < 0.01; Figure 1C), and the percent
was 23.1( 2.3%. This percent was very consistent with the
result of the contractile response induced by natrin after the
rings were contracted with a 60 mM K+ solution for∼15
min.

Effect of Natrin on BKCa Currents in Mouse Vascular
Smooth Muscle Cells.In the whole-cell voltage clamp
experiment, natrin was found to inhibit BKCa currents in the
isolated mouse vascular smooth muscle cells. Voltage-
dependent macroscopic outward currents were recorded with
a holding potential of-60 mV and an external solution
containing 0.1 mM CdCl2 which blocks Ca2+ currents
completely, and the BKCa currents were isolated by adding
1 mM 4-AP to inhibit voltage-gated potassium channels in
a bath solution. Furthermore, this kind of BKCa current was
also identified by some BKCa channel blockers, TEA and
ChTX according to published methods (30, 31). TEA (1
mM), an inhibitor of BKCa channels, significantly suppressed
the BKCa currents (from 1009( 134 to 341( 20 pA, at 60
mV, n ) 6 cells,P < 0.05; Figure 2A). Similar results were
also observed with 100 nM ChTX, a synthetic peptide toxin
that more selectively blocks BKCa channels (from 973( 142
to 291( 36 pA, at 60 mV,n ) 3 cells,P < 0.05; Figure
2A). As in BKCa channel antagonists, externally applying
100 nM natrin strikingly reduced BKCa currents evoked by
a depolarizing pulse from-60 to 60 mV with a-60 mV
holding potential (from 951( 150 to 373( 53 pA, at 60
mV, n ) 4 cells,P < 0.05; Figure 2B).

FIGURE 1: Natrin specifically inhibited high-K+ solution-induced
contraction in isolated thoracic aorta. (A) Natrin (1µM) was added
to the bath and could not affect the basal tension of the isolated
thoracic aortic rings (n ) 5 rings from 5 mice). (B) After the rings
were exposed to a 60 mM K+ solution for∼15 min, 1µM natrin
could induce a further contraction. The percent response to a 60
mM K+ solution was 23.8( 1.6% (n ) 15 rings from 10 mice).
(C) The rings were pretreated with 1µM natrin for ∼10 min and
then contracted with a 60 mM K+ solution for ∼15 min. The
contractile response treated by natrin was significantly higher than
the untreated response (378( 24 mg vs 310( 23 mg,n ) 8 rings
from 4 mice,P < 0.01). The percent response of treated rings to
untreated rings was 23.1( 2.3%.
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Concentration Dependence of the Natrin Inhibiting Effect.
To determine the dose dependence property of natrin on BKCa

currents, we measured BKCa currents at a membrane potential
of 60 mV following the evocation of a depolarizing pulse
using a concentration gradient from 1 nM to 1µM narin in
the bath. The plot of the natrin blocking percentage against
the concentrations (Figure 3) showed the inhibition of the
BKCa current by the natrin toxin was concentration-depend-
ent. The current traces were tested on vascular smooth muscle
cells held at-60 mV, and the concentration-response curve

could be fitted well using a logistic equation. IC50 was
calculated to be 34.4 nM; the Hill coefficient was 1.02, and
the estimated maximal block ratio to the BKCa currents
(Blockmax) was 0.69. In this fit, the squared coefficient of
multiple correlation (R2) was 0.9859, and the adjustedR2

was 0.9829.
Solution Structure and Quality of the Model.By molecular

replacement, the trimer model of natrin in an asymmetric
unit has been determined, despite it being present as a
monomer in solution (data not shown). The final model has
a crystallographicR-factor of 20.6% and a freeR-factor of
23.5% (Table 1). The model has good stereochemistry;
89.4% of the main chain torsion angles lie within the most

FIGURE 2: Effects of ChTX, TEA, and natrin on BKCa currents in vascular smooth muscle cells of mouse. (A) Current-voltage relationship
(I-V) recorded at 60 mV with a-60 mV holding potential in the presence of 100 nM ChTX (1) (n ) 3 cells) and 1 mM TEA (2) (n )
6 cells). (B) Current traces and current-voltage relationship (I-V) recorded at 60 mV with a-60 mV holding potential in the presence of
100 nM natrin (n ) 4 cells).

FIGURE 3: Concentration-response curve for the blockade of
current (I) by natrin toxin. Experimental points were obtained at
60 mV with a-60 mV holding potential. The data were best fitted
according to the logistic equation (Icontrol - Inatrin)/Icontrol ) Blockmax-
[Cn/(Cn + IC50

n)], whereC is the concentration of natrin, IC50 is a
half-inhibiting concentration value (IC50 ) 34.4 nM), Blockmax )
0.69, andn is the Hill coefficient (1.02). Values of (Icontrol - Inatrin)/
Icontrol were averaged over 3-10 cells.

Table 1: Refinement Statistics

resolution range (Å) 8-2.4
no. of reflectionsa 32156
completenessb (%) 98.1 (95.0)
Rfactor

c (%) 20.6 (24.0)
Rfree

d (%) 23.5 (28.0)
no. of protein/solvent atoms 5084/426
meanB-factor for protein (Å2) 40.30
rmsd for bond distances (Å) 0.006
rmsd for bond angles (deg) 1.2

a Observed reflections (|Fobs|/δ|Fobs| > 2.0) were used for refinement.
b Values in parentheses correspond to the last resolution shell from 2.40
to 2.51 Å. c R-factor ) ∑j||Fobs(j)| - |Fcal(j)||/∑j|Fobs(j)|, whereFobs

andFcal are the observed and calculated structure factors for reflection
j, respectively.d The freeR-factor was calculated using 5% of the
recorded data which were omitted from refinement.
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favored regions of the Ramachandran plot, with a further
15.1% in the generously allowed regions and no residues in
the disallowed regions (29).

The final 2Fo - Fc electron density map shows good
density for almost all of the polypeptide chains. In the final
model, there are 644 amino acid residues that belong to three
molecules, A (residues 6-221), B (residues 6-221), and C
(residues 10-221), two ethanol molecules, and 424 water
molecules in the asymmetric unit. There was no interpretable
density for residues 1-5 of molecules A and B or residues
1-9 of molecule C. Furthermore, densities of side chains
of some surface residues are also not discernible: Gln154
and Lys197 (molecule A), Lys13, Gln154, and Lys156
(molecule B), and Lys13, Asn82, Gln154, and Lys156
(molecule C). Most of them are located in flexible loop
regions. Consistently, thermal motion factors of these
residues in loops (81-85, 107-109, 135-139, and 152-
155) are relatively high, and great deviations are observed
in these loops (81-85, 107-109, and 135-139) when the
CR atoms of the N-terminal domain in the three molecules
are superimposed.

OVerall Crystallographic Structure. The overall structure
of natrin resembles that of stecrisp with two structurally
separate domains, the N-terminalR/â/R-sandwich motif
(PR-1 domain) (residues 1-160) and the C-terminal cysteine-
rich domain (CRD) (residues 183-221) linked by a compact
hinge region (residues 161-182). The same disulfide bridges
formed by the 16 characteristic cysteines are also present in
natrin, with three in the PR-1 domain, three in CRD, and
two in the hinge region, as well as those in stecrisp (Figure
4). This three-region architecture of natrin is stabilized by
hydrogen bonding interactions between the PR-1 domain
(residues 32-36) and the hinge, together with the hydro-
phobic packing interactions formed by residues T180 and
P182 (in the hinge region), L37, I71, Y122, and P149 (in

the PR-1 domain), and Y186, I220, and I221 (in CRD, Figure
5C).

In the crystallographic trimer model, the PR-1 domain of
one molecule is packing against the CRD of the adjacent
molecule by both hydrogen bonding and hydrophobic
interactions (Figure 5A). There is not a strict 3-fold symmetry
in the trimer, mainly due to the different conformation of
molecule C. Molecules A and B are similar, and the rms
deviation (rmsd) in the superimposed 216 CR positions is
0.36 Å. However, molecule C is quite distinct, with a rmsd
of 0.67 Å in 212 CR positions aligned with molecule A and
a rmsd of 0.88 Å in 212 CR positions aligned with molecule
B. As shown in Figure 5B, these differences apparently arise
from the change in the relative orientation of the PR-1
domain and CRD. Protein Domain Motion Analysis (Dyn-
Dom) provides an automatic procedure for analyzing protein
conformational changes and can detail the relative motion
between the two domains (32). The result of the analysis
showed that the rotation angles are 7.4° between molecules
A and C and 9.4° between molecules B and C (Figure 5B).
The program also determines that the motion of two domains
is attributed to a change in some dihedral angles in the
hinge: ∆Ψ between residues 182 and 183 is 13.5°, and∆Ψ
between residues 183 and 184 is 11.4° (A/C); ∆Ψ between
residues 182 and 183 is 15.1°, and ∆Ψ between residues
183 and 184 is 18.6° (B/C).

Analysis of the interdomain interface indicates that the
relative rotation should be constrained by the weak hydro-
phobic interactions at the interface of two domains (as
mentioned above), some long-range hydrogen bonds between
Y186 and Y125, Y186, and Q123, and the spatial hindrance
between T190 and F153 (Figure 5C).

Comparison with the Crystal Structure of Stecrisp.Su-
perposition of the overall crystallographic structures of natrin
and stecrisp shows that the aligned rmsd is 1.3 Å. The major

FIGURE 4: Sequence alignment of ion channel blockers in the CRISP family: ablomin (L-Ca2+ channel), HLTx (Kv channels), PsTx (CNG
channels), and pseudecin (CNG channels). Gene accession codes are given: AAP85301 for natrin, AAQ98964 for stecrisp, Q8JI40 for
ablomin, U13619 for HLTx, AY072695 for PsTx, and AY072696 for pseudecin. The indication at the top of the alignment is the DSSP
assigned secondary structure of natrin: helix (R1-R8), residues 12-28, 43-53, 63-66, 87-98, 114-119, 192-198, 204-210, and 212-
216; â-sheet (â1-â10), residues 40 and 41, 67 and 68, 71 and 72, 74-80, 100 and 101, 105 and 106, 126-132, 141-148, 175 and 176,
and 178 and 179. The residues identical to ablomin are shaded. Gaps (-) have been inserted to maximize the level of identity. All cysteine
residues are shown in reversed character. Digits under each column indicate eight disulfide bridges in the natrin structure [(1) Cys56-
Cys134, (2) Cys73-Cys148, (3) Cys129-Cys145, (4) Cys167-Cys174, (5) Cys170-Cys179, (6) Cys183-Cys216, (7) Cys192-Cys210,
and (8) Cys201-Cys214]. Numbers at the end of each sequence are level of identity (%) vs natrin. The potentially functional residues are
denoted with dots, which have been suggested in previous studies. A segment of residues 184-191 indicated by a thick line is highly
variable in these proteins.
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difference is induced by the change of the relative orientation
of two domains, which is similar to the conformational
change observed in the natrin trimer. The angle deviation of
these two domains between natrin and stecrisp is 16.7°
(Figure 5B). When they are superposed with the individual
domains, the aligned rmsd’s are 0.27 Å in the hinge region,

0.5 Å in the PR-1 domain, and 1.2 Å in CRD. There is no
obvious deviation in the hinge region consisting of the highly
conservative residues. In the PR-1 domain, the prominent
deviation is mainly located in the flexible loops. In CRD, it
is apparent that a large deviation exists in two solvent-
exposed loops: (i) a long loop comprised of residues 183-
191 (loop I) and (ii) a small loop of residues 217-221 (loop
III) (Figure 5D). The long loop consists of significantly
variable residues and participates in the interface between
the PR-1 domain and CRD only by weak interactions. As a
result, this loop is flexible in undergoing conformational
change for deduction of the interdomain motion as described
before. After the CRD of natrin is superimposed on that of
stecrisp, the deviation in CA atoms is 2.0, 1.5, and 1.0 Å in
the three variable residues (R185I, E186Y, and F189L,
respectively) in loop I (Figure 5D). In addition to the long
loop, a short loop (loop III) with relatively conservative
residues is also found to undergo a conformational change,
especially for residue 217. Lys217 of natrin has the opposite
charge of Glu217 of stecrisp and flips out directly, inducing
a different orientation of this side chain. The conformational
change in loop I is restrained by loop III by hydrogen
bonding and a disulfide bonding interaction between both
loops.

DISCUSSION

A NoVel BKCa Channel Blocker.Recently, some proteins
of CRISPs in the snake venom have been found to act on
L-type Ca2+ channels or CNG channels. But so far, snake
toxins in CRISPs have still not been reported to interact with
K+ channels. Here, natrin purified fromN. atravenom, as a
member of the CRISP family, was first shown to block BKCa

channels in CRISPs. In the isolated vessel of mouse, 1µM
natrin could induce a further contractile tone in the denuded
thoracic aorta, which was contracted with 60 mM K+ solution
before or after, without affecting basal tension (Figure 1).
These results are different from the study of other proteins
of CRISPs in snake venoms: ablomin, trifling, and latisemin
which can block vascular smooth muscle contraction induced
by a 60 mM K+ solution maybe by inhibiting L-type Ca2+

channels (19). As we know, a 60 mM K+ solution can alter
K+ equilibrium potential to induce depolarization which
activates voltage-gated Ca2+ channels and causes an increase
in the [Ca2+]i in VSMCs (33). If the drug can block voltage-
gated Ca2+ channels, vascular smooth muscle contraction
induced by a 60 mM K+ solution will be potential. Because
of this relationship, the probable effect of natrin to inhibit
voltage-gated Ca2+ channel can be eliminated. On the other
hand, the increase in [Ca2+]i can activate BKCa channels
sharply to repolarize, reducing [Ca2+]i (34). When the drug
can block BKCa channels, this repolarization induced by BKCa

channels will be canceled and [Ca2+]i in VSMCs will
sequentially increase, inducing a further contractile response
in the vessel. In the membrane of VSMCs, three types of
KCa channels (BKCa, IKCa, and SKCa) are coexistent and all
sensitive to an increase in [Ca2+]i, but only the BKCa channel
is also sensitive to voltage and is expressed abundantly in
VSMCs. So, we used whole-cell voltage clamp to activate
BKCa currents on a single VSMC and found natrin could
block BKCa currents with high affinity (IC50 ) 34.4 nM).
This finding has also further explained natrin-induced
contraction of isolated vessels in a 60 mM K+ solution.

FIGURE 5: Structural analysis of natrin. (A) The trimer model of
natrin (PDB entry 1XX5) is indicated, each molecule of which is
composed of two domains: PR-1 domain (green) and CRD (cyan).
(B) The models were superimposed with the secondary structure
of the PR-1 domain using O. Molecules A-C of natrin and stecrisp
are colored blue, green, cyan, and orange, respectively. They display
a rotation of CRD around the PR-1 domain. Loops of residues 81-
85, 107-109, and 135-139 are flexible and show apparent
deviations. (C) The hydrophobic interactions stabilize the linkage
of CRD (red) and the PR-1 domain (blue) in natrin. The highlighted
residues include Leu37, Ile71, Tyr122, and Pro149 in the PR-1
domain and Pro182, Try186, Ile220, and Ile221 in CRD. Two
disulfide bridges sustaining the hinge region are colored orange.
In addition, there are long-range hydrogen bonds between Tyr186
and Tyr125 and between Tyr186 and Gln123 mediated with two
water molecules shown as cyan spheres, and the spatial hindrance
between T190 and F153 at this interface. (D) The CRD in molecule
A of natrin (cyan) is superimposed with the CRD of stecrisp (wheat,
PDB entry 1RC9). The six cysteine residues form three disulfide
bonds (orange in CRD; numbers 6-8 indicating disulfide bridges).
The potential functional loop (residues 184-189) and residue 217
are depicted in stick representation and labeled in natrin and stecrisp.
All figures were prepared with PyMOL (www.pymol.org).
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However, at the rest state of the membrane potential of
VSMCs, BKCa channels which are almost not open hardly
contribute to rest membrane potential. Thus, natrin could not
affect the basal tension of the denuded thoracic aorta. As a
blocker of BKCa channels of VSMCs, natrin may induce
hypertension when it is injected into a person’s blood, which
probably is related to some cardiovascular sickness.

In concentration-response experiments, the curve was
fitted by using a Hill coefficientn of 1.02, suggesting that
only a single natrin molecule must bind to a BKCa channel
to block its current. It is consistent with its biological unit
as the monomer in solution (data not shown), though there
is a trimer in an asymmetric unit of its crystal. Similar results
which show that PsTx toxin can interact with CNG channels
in the molar ratio of 1:1 have been reported (17). With the
apparently high molecular mass relative to those of most
known peptide blockers, CRISPs are likely to compose a
distinct class of ion channel blockers.

Though natrin’s effect on BKCa channels has been well
proven, whether natrin can affect some other kinds of ion
channels is still unclear. In previous studies, some proteins
of CRISPs in the snake venom, e.g., HLTx and ablomin,
can act on different ion channels (21, 22, 35). Therefore,
subsequent studies of natrin will be emphasized on other
targets.

Domain Motion in Natrin.We determined the structure
of natrin and further analyzed the structural relationship of
the two domains. The results show the packing interface of
two domains is too weak to restrain completely the relative
position of two domains. It is clear that CRD can rotate
around the PR-1 domain by the change of some dihedral
angles in the hinge (residues 182-184) in the trimer model.
But this behavior cannot be observed in the crystal of setcrisp
because there is only one molecule in an asymmetric unit.
A great deal of data of interdomain’s motion described before
came from X-ray structures of particular proteins under
different conditions, e.g., environmental change (varying pH
and temperature levels), and binding interactions between
proteins, nucleic acids, ligands, and small molecules. How-
ever, this motion can be observed under the same conditions
in the natrin crystal. It is well-known that the interdomain
motion plays an important role in a variety of biological
phenomena such as catalysis, transport, formation of large
assemblies, and cellular locomotion (36, 37). It has been
reported that this motion in the solution only spends a small
amount of energy (38). This interdomain motion in the natrin
crystal structure implies that this CRD may be relatively
flexible in the solvent and serve as an independent protein-
protein interaction module.

Potential Functional Residues in CRD.According to
previous studies of PsTx and pseudecin that can block CNG
channels with different affinity, two adjacent critical residues
(Lys174 and Arg175) in PsTx were suggested to interact with
CNG channels (18, 35). Other studies of ablomin, triflin,
latismin, Glu186, and Phe189 were thought to be potential
functional residues contributing to the inhibition of smooth
muscle contraction likely by blocking L-type Ca2+ channels
(19, 35, 39). On the basis of structural models of natrin and
stecrisp, these critically functional residues lie in exposed
solvent loop I of CRD, which can participate in a smooth
interface in which the side chains do not interdigitate. As
determined by alignment, this loop is hypervariable in their

primary sequence among these highly homologous CRISPs
and undergoes conformational change for these variable
residues between the superposed structures of the CRD in
natrin and stecrisp, which suggests that there may be different
extents of deviation in loop I in these proteins (Figures 4
and 5D). Interestingly, this loop of a molecule interacts with
other packing molecules in both natrin and strecrisp crystal,
which further shows this loop easily interacts with other
proteins. Thus, the deviation and variable residues in loop I
may contribute to different effects of some proteins of
CRISPs on protein-protein interaction, although other
regions may also provide additional interactions. By struc-
tural alignment with ShK and BgK K+ channel blocker toxins
from sea anemone, this CRD of natrin also displays a striking
homology with them, as well as that of stecrisp described
previously (22). According to some binding studies of ShK
and BgK, a functional dyad including a positive residue and
a hydrophobic residue of the aromatic ring can interact with
K+ channels. Furthermore, the dyads of both toxins lying in
the same helix display a similar spatial organization of the
side chains (23). Though the CRD of natrin shares a similar
folding pattern with BgK and ShK toxins, the dyad has been
variable in the appropriate position of the CRD of natrin.
This implies it may participate in another interaction with
channels, differing from the ShK and BgK channels.
However, at present, we still lack the direct evidence for
the role of the CRD of natrin in interacting with BKCa

channels. Identification of the binding site in natrin needs
further investigation.
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SUPPORTING INFORMATION AVAILABLE

Homogeneity, molecular weight, and biological unit in
solution of natrin demonstrated by SDS-PAGE, mass
spectrometry, and size exclusion chromatography and inter-
action between the two molecules of the trimer in the natrin
crystal. This material is available free of charge via the
Internet at http://pubs.acs.org.
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