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Peptide toxins found in a wide array of venoms block K*
channels, causing profound physiological and pathological
effects. Here we describe the first functional K* channel-block-
ing toxin domain in a mammalian protein. MMP23 (matrix
metalloprotease 23) contains a domain (MMP23,,) that is evo-
lutionarily related to peptide toxins from sea anemones.
MMP23..,, shows close structural similarity to the sea anemone
toxins BgK and ShK. Moreover, this domain blocks K* channels
in the nanomolar to low micromolar range (Kvl.6 > Kvl1.3 >
Kvl.1 = Kv3.2 > Kvl.4, in decreasing order of potency) while
sparing other K* channels (Kv1.2, Kv1.5, Kv1.7, and KCa3.1).
Full-length MMP23 suppresses K* channels by co-localizing
with and trapping MMP23 . ,-sensitive channels in the ER. Our
results provide clues to the structure and function of the vast
family of proteins that contain domains related to sea anemone
toxins. Evolutionary pressure to maintain a channel-modula-
tory function may contribute to the conservation of this domain
throughout the plant and animal kingdoms.

Mechanisms that fine tune the activity of potassium channels
are crucial to a cell's ability to integrate and respond to a plethora of
internal and external signals. Peptide toxins from venomous crea-
tures have served as vital tools to define the molecular mechanisms
underlying K* channel function (1, 2). It has been suggested that
toxins evolved from endogenous genes that function in normal
cellular pathways (3, 4). Indeed, venomous creatures possess tox-
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ins with homology to several proteins, including acetylcholinest-
erases (5), phospholipases (6, 7), nerve growth factor (8), endothe-
lins (9), Lynx-1 (10, 11), Kunitz-type serine protease inhibitors
(12), and the ion channel regulatory (ICR)° domains of cysteine-
rich secretory proteins (CRISPs) (3, 13, 14). Mammalian proteins
containing toxin-like domains (TxDs) that block K* channels
have not been characterized previously.

BgK, a 37-residue peptide toxin from the sea anemone Buno-
dosoma granulifera (15, 16), and ShK, a 35-residue peptide
toxin from the sea anemone Stichodactyla helianthus (17, 18)
are potent inhibitors of K" channels. The Simple Modular
Architecture Research Tool (SMART) (available on the World
Wide Web) predicts the existence of a large superfamily of
proteins that contain domains (referred to as ShKT domains in
the SMART data base) resembling these two toxins (Fig. 1A).
Many of these proteins (~70 proteins) are metallopeptidases,
whereas others are prolyl-4-hydroxylases, tyrosinases, peroxi-
dases, oxidoreductases, or proteins containing epidermal
growth factor-like domains, thrombospondin-type repeats, or
trypsin-like serine protease domains (Fig. 1B). The only human
protein containing a ShKT domain in the SMART data base is
MMP23 (matrix metalloprotease 23). Matrix metalloproteases
belong to the metzincin superfamily and play important roles in
tissue remodeling, development, and the immune response
(19).

MMP23 is expressed in many tissues and exists either as a
type Il transmembrane protein in ER/nuclear membranes or as
a secreted form following cleavage of the RRRRY motif just
N-terminal to the Zn>"-dependent metalloprotease domain
(20-23). The ShKT domain of MMP23 (MMP23, .,) lies
between the metalloprotease domain and an immunoglobulin-
like cell adhesion molecule (IgCAM) domain (Fig. 24). MMP23
has been implicated in prostate, brain, and breast cancer (24—
26). In humans, two related sequences, MMP23A (a pseudo-
gene) and MMP23B, are co-located on chromosome 1p36 (20).
We have investigated MMP23 to gain insight into the structure
and physiological functions of ShKT toxin domains and
describe the solution structure of the MMP23.;., , domain, its

® The abbreviations used are: ICR, ion channel regulatory; CRISP, cysteine-rich
secretory protein; TxD, toxin-like domain; Fmoc, N-(9-fluorenyl)methoxy-
carbonyl; IgCAM, immunoglobulin-like cell adhesion molecule; RP, reverse
phase; HPLC, high pressure liquid chromatography; NOE, nuclear Over-
hauser effect; ER, endoplasmic reticulum; r.m.s., root mean square; eGFP,
enhanced green fluorescent protein.
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FIGURE 1. The ShKT domain protein superfamily. A, distribution of ShKT
domains in the plant and animal kingdoms. Viridiplantae, Arabidopsis thali-
ana, Oryza sativa, and green alga Ostreococcus sp.; Protozoa, Cryptosporidium
parvum; Cnidaria, sea anemones, hydra, and jellyfish; Echinodermata, sea
urchin; Mollusca, includes bivalve clams and oysters; Ciona, sea squirt Ciona
intestinalis; Actinopterygii, includes zebrafish Danio rerio and pufferfish
Takifugu rubripes; Caenorhabditis, C. elegans and Caenorhabditis brigssae;
Rhabditida, rhabditid nematodes other than Caenorhabditis sp.; Ophidia,
snakes; Xenopus, Xenopus tropicalis; Aves, chicken Gallus gallus; Mammalia,
kingdom mammalia. Data were generated from the SMART data base at the
EMBL-Heidelberg. B, types of proteins containing ShKT domains. These
include zinc peptidases (Zn peptidase), animal peroxidases (An peroxidase),
coiled-coil regions (CC), tyrosinases, prolyl-4-hydroxylases (P4Ha), IgCAM
domains, sperm-coating glycoprotein domains (SCP), zinc metalloproteases
(ZnMet), thrombospondin type 1 repeats (TSPT), trypsin-like serine proteases
(TLSP), and epidermal growth factor-like domains (EGF).

structural similarity to the sea anemone toxins BgK and ShK,
and its functional role in blocking K" channels.

EXPERIMENTAL PROCEDURES

Synthesis and Purification of MMP23.,. ,—We synthesized
the 37-residue rat MMP23. , on Ramage™ resin using an
automated protocol. Fmoc-amino acids (Bachem AG) included
Arg(2,2,5,7,8-pentamethylchroman-6-sulfonyl), Asp(tributyl
ester), Cys(trityl), Gln(trityl), His(trityl), Lys(¢-butoxycar-
bonyl), Ser(t-butyl), Thr(z-butyl), Trp(¢-butoxycarbonyl), and
Tyr(t-butyl). Stepwise assembly was carried out on a 0.25-
mmol scale on a Symphony automated peptide synthesizer
using O-benzotriazole-N,N,N',N'-tetramethyluronium hexa-
fluorophosphate activation and standard Fmoc-solid phase
peptide synthesis methods. Following chain assembly, 800 mg
of resin was cleaved using reagent K/trifluoroacetic acid (1:9)
for 2 h at room temperature (27). Resin was filtered, and the
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peptide was precipitated using diethyl ether. The yield was 350
mg of peptide.

The peptide was prepurified to ~75% using preparative RP-
HPLC (Kromasil-C18 10u) and lyophilized. Purification of 250 mg
yielded 40 mg of semipure material, which was folded by dissolving
the reduced and prepurified peptide in DMSO and then diluting to
0.25 mg/ml with 10% DMSO, 10% isopropyl alcohol, 2 M guanidine
HCland adjusting the pH to 7.6 with NH,OH. The solution, which
remained clear during the pH adjustment, was then allowed to
oxidize overnight. Liquid chromatography-mass spectrometry
samples were taken at 2, 4, 6, and 24 h. Two peaks with the correct
mass formed initially, but with longer reaction times, one peak
became dominant. After 36 h, the folding was stopped by acidify-
ing the solution with HCI to a pH of 4.0. The solution was diluted
50% with H,O and filtered before preparative HPLC purification
over an reverse phase high performance liquid chromatography
C18 column using a gradient of 15—45% B in 45 min (buffers A and
B were 0.1% trifluoroacetic acid in H,O and acetonitrile, respec-
tively). Mass spectral analysis determined the (M + H) to be 4427,
consistent with the formation of three intramolecular disulfide
bonds. The final yield of 26 mg was at a purity of 95%.

NMR Spectroscopy—Synthetic MMP23.1., , (6 mg) was dis-
solved in 600 pl of H,O containing 6% *H,O, and the pH was
adjusted to 5.0. Two-dimensional homonuclear total correla-
tion (TOCSY) spectra with a spin-lock time of 70 ms, nuclear
Overhauser enhancement (NOESY) spectra with mixing times
of 250, 150, and 50 ms, and double quantum-filtered correlation
(DQF-COSY) spectra were acquired at 600 MHz on a Bruker
DRX-600 spectrometer. Spectra were acquired at 20 °C unless
otherwise stated and referenced to dioxane (3.75 ppm). TOCSY
and NOESY spectra were also collected at 5 °C. The water res-
onance was suppressed using the WATERGATE pulse
sequence (28, 29). A series of one-dimensional spectra over the
temperature range 5-25°C, at 5 °C intervals, was collected.
Amide exchange rates were monitored by dissolving freeze-
dried material in ?H,,O at pH 5.2 and then recording a series of
one-dimensional spectra, followed by 70-ms TOCSY, 50-ms
NOESY, and an exclusive correlation (E-COSY) spectra, all at
5°C. In addition, "H-"*C HSQC spectra for the assignment of
13C chemical shifts and a 'H-'">N HSQC spectrum for the
assignment of '°N chemical shifts (28, 30, 31) were collected at
20 °C on the Bruker DRX-600 and a Bruker Avance 500 spec-
trometer equipped with a TXI-cryoprobe, respectively. Diffu-
sion measurements were performed at 5 and 20 °C using a
pulsed field gradient longitudinal eddy-current delay pulse
sequence (31, 32) as implemented (33). Spectra were processed
using TOPSPIN (version 1.3, Bruker Biospin) and analyzed
using XEASY (version 1.3.13) (34).

Structural Constraints—>J, s coupling constants were
measured from DQF-COSY spectra at 600 MHz and then con-
verted to dihedral restraints as follows: *J; ;e > 8 Hz, ¢ =
—120 %+ 40°% /i < 6 Hz, ¢ = —60 =+ 30°. x* angles for some
residues were determined based on analysis of a short mixing
time (50 ms) NOESY spectrum. In addition, TALOS (35) was
used to predict torsion angle (¢ and i) restraints based on
chemical shifts. Predicted ¢ and i angles of residues that gave
good prediction scores (17 residues: 12—16, 22-25, and 27-34)
were constrained (range *= 40°) in structural calculations in
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YGCLDRLEFVCASWARRGFCDARRRLMKRLCPSSCDFC
YGCLDRLFV CASWARRGFCDARRRLMKRLCPSSCDFC
YGCLDRLEFVCASWARRGFCDARRRLMKRLCPSSCDEC
YGCLDRLFV CASWARRGFCDTRRRLMKRLCPSSCDFC
YGCLDRLEFVCTSWARRGFCDTRRRLMKRLCPSSCDEC
YGCLDRIFVCASWARKGFCDVRQRLMKRLCPRSCDFC
YGCLDRIFVCTSWARKGFCDVRQRLMKRLCPRSCDFC
YGCLDRLSVCPSWARRGFCDTRQKFMKKLCPHSCDEC
YGCLDRLFVCASWARKGYCDTRQRLMKRLCPSSCDFC
YGCKDRLFMCPLWARKGFCEKREKLMKKHCPFACDFEC
YGCRKDRLFMCPSWARKGFCEKRRKLMKKHCPSTCDEFC
ICCKDKYLVCASWAHKGYCDSRKRIMKKYCPYSCDFC
YGCLDKKRVCDPWARLGFCERRRSFMRKNCPRRCDLC
YGCMDKKRVCDPWARLGFCERRRSFMKKNCPQRCDLC
YGCLDRLF ICPAWARKGYCSSKRKLMQKHCPSSCDFC
YGCLDRLF ICPAWARKGYCDSKRRLMORHCPSSCDFC
TTCADSVSTCRSWAASGECSTNPGYMLLNCKLSCDVC
KSCKDRHDLCKFWSSIGECTSNKNWMEDHCPVSCDFEC
AECADSNGNCGVWMREGRCDTSKEFMEVMCAASCGIC
TICRDKLYSCKLWARQGFCEIRKDFMPTECPKSCKIC
APCEDSHSNCAAWAKANECNKNPNWMRPNCKKSCGTC

CLDRLFV--CASWARRGFCDARRRLMKRLCPS SCDFC
CRDWFKETA CRHAKSLGNCRTSQKYRAN-CAKTCELC

CIDRLFV----CASWARRGFCDARRRLMKRL ---CPSSCDFC
CLDRIFV---~-CTSWARKGFCDVRQRLMKRL ---CPRSCDFC
CRDWFKETA--CRHAKSLGNCRTSQKYRAN ----CAKTCELC
CIDTIPKSR--CTAFQ----CKHSMKYRLSF ---CRKTCGTC
CKDYLPKSE --CTQFR----CRTSMKYKYTN ---CKKTCGTC
CKDLIPVSE--CTDIR----CRTSMKYRLNL---CRKTCGSC
CKDNFAAAT - -CKHVKENKNC-GSQKYATN ----CAKTCGKC
CKDNEF SANT - -CKHVKANNNC-GSQKYATN ----CAKTCGKC
CEDKNLF ----CSYWAKIGECNSESKFMKIF ---CKASCGKC
CADYHYD ----CAAWARRGE CLKNKWMPEN ----CRRSCNTC
CEDADPK----CTEWAATGECATNAVWMMAN ---CRKSCHSC
CEDINDREAEY CRQWEQAGYCVSEEKTMKLY —--CRKTCNFC
CRDKFSK----CGVMASSGLCQSVAAS ———--- CARSCGSC
CRNIYKS----CDRWAVEDKCHTILTQTNFFDVNCAISCKMC
CPNNHSR~----CQEWADRGE CQKNPRYMLRN ---CKKSCKQC
CTIYNKLTN--CDSLLSS--CQDWIKSN----—-- CPS-CF-C
CTRENEFTN--CDSLVSS--CQDYMKSK---—-—- CPS-CF-C
CTRENKFTN--CNTMVSS --CQDYMKTN----—- CPS-CF-C
CIYYDEYFD--CDIQVHYLGCNHSTTILF --——- CKATCL-C
CQYQDLLSN--CDSLKNTAGCEHELLKEK - -~~~ CKATCL-C
CKYEDLYSN--CKSLKLTLTCKHQLVRDS - -——- CKASCN-C
CIYYDEYNN--CDTQVRKLYGCSHPAVQPF —-——- CKASCL-C

FIGURE 2. MMP23 aligned with sea anemone toxins, representative ShKT domains, and ICR domains of
CRISPs. A, schematic diagram of MMP23 showing MMP23+,, sandwiched between the metalloprotease and
IgCAM domains. A multiple protein sequence alignment of MMP23, s from diverse species is shown. Cysteine
residues are highlighted in yellow. Identical or synonymous sequences are highlighted in gray. The arrows
point to Asp®, Ser®?, and Ser®>. B, protein sequence alignment of human MMP23.,, and BgK. C, multiple
sequence alignment of representative ShKT domains together with the ICR domains of CRISPs. Cysteine resi-
dues are highlighted in yellow. Identical or synonymous sequences are highlighted in gray. Sea anemone toxins
include BgK (accession number P29186), ShK (accession number P29187), AeTX-K (accession number QOEAES5),
AsKS (accession number Q9TWG1), AeK (accession number P81897), and HmKT (accession number O16846).
NAS14-C. elegans, nematode astacin metalloprotease NAS14 (accession number Q19269). Tyr3-C. elegans, tyro-
sinase 3 (accession number Q19673). LGC-22-C. elegans, ligand-gated channel 22 (accession number
NP_500538). HMP2-Hydra, Hydra metalloprotease 2 (accession number AAD33860). MFAP2-human, microfibril
associated protein 2 (accession number P55001). MAB-7, male abnormal protein 7 (accession number
NP_508174). PMP1-Jellyfish, Podocoryne metalloproteinase 1 (58).

XPLOR. Two x' angles (Asp® and Phe®®) were constrained
in final structure calculations. The number of final dihedral
angle constraints is listed in supplemental Table S1, and
details have been deposited along with distance constraints
in BioMagResBank (36) as entry 15900. Because disulfide
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bonds for MMP23., , had not been
mapped, these were not included as
structural restraints in preliminary
calculations. Subsequently, disul-
fide bond connectivities were deter-
mined based on Cys,H*-CysyH?
and Cys,HP-CysgHP intercysteine
NOEs observed in NOESY spectra
(37) as well as Cys ,CP—Cys,CP and
Cys,S”-CysgS” intercysteine dis-
tance calculations in preliminary
structures (supplemental Table S4).
Disulfide bonding was determined
to be Cys>-Cys*’, Cys'>-Cys®,
Cys'?-Cys*, which is the same pat-
tern as in ShK and BgK. These were
added as restraints for final struc-
ture calculations. No hydrogen
bond restraints were included.
Structure Calculations—Intensi-
ties of NOE cross-peaks were mea-
sured in XEASY and -calibrated
using the CALIBA macro of the pro-
gram CYANA (version 1.0.6) (38).
NOEs providing no restraint or rep-
resenting fixed distances were
removed. The constraint list result-
ing from the CALIBA macro of
CYANA was used in XPLOR-NIH
to calculate a family of 200 struc-
tures using the simulated annealing
script (39). The 55 lowest energy
structures were then subjected to
energy minimization in water; dur-
ing this process, a box of water with
a periodic boundary of 18.856 A was
built around the peptide, and the
ensemble was energy-minimized
based on NOE and dihedral re-
straints and the geometry of the
bonds, angles, and impropers. From
this set of structures, final families
of 20 lowest energy structures were
chosen for analysis using PRO-
CHECK-NMR (40) and MOLMOL
(41). In all cases, the final structures
had no experimental distance viola-
tions of >0.2 A or dihedral angle
violations of >5°. The structures
have been deposited in the Protein
Data Bank (42) with code 2K72.
Structural figures were prepared
using the programs MOLMOL (41)

and PyMOL (DeLano Scientific, San Carlos, CA).

Cell Lines, Transfection, and Cell Culture—Stable cell lines
expressing K* channels (43) were used for electrophysiology.
Kvl.6 (in pcDNA3.1) was transiently transfected with
pEGFP-C1 in COS?7 cells for 24—30 h. COS7 cells were grown
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FIGURE 3. Evolutionary relationships of MMP23,,, with sea anemone toxins, ShKT domains, and ICR
domains of CRISPs. A phylogenetic tree (PHYLIP) was generated using the alignment in Fig. 2C and the
GeneBee Molecular Biology Servers Tree Top Phylogenetic tree prediction algorithm. In addition to the protein
sequences used in the multiple sequence alignment in Fig. 2C, two plant proteins are included in the phylo-
genetic tree: oxidoreductase, 20G-Fe(ll) oxygenase family protein from A.thaliana (accession number
NP_189490) and prolyl-4-hydroxylase a-subunit, O. sativa japonica group (accession number AAT77286).

to 60 —80% confluence in 6-well culture plates and were trans-
fected with 0.4-1 ug of DNA using Lipofectamine 2000
(Invitrogen) in Opti-MEM I medium as per the manufacturer’s
protocol. After 24 —30 h, transfection efficiency was assessed by
fluorescence microscopy (Olympus).

eGFP-MMP23 was generated using the following PCR prim-
ers: 5’ primer, 5'-CCCAAGCTTCCATGGGATGGCGAGCA-
TGTCTCCGTCCGGAGGCGTC-3'; 3’ primer, 5'-GATGGA-
TCCGAATTCTCAGCTCCTCACTCGGACCCTCCAGGA-
3'. Two-step PCR amplification was performed using rat
MMP23 cDNA as template (Open Biosystems). The 1200-bp
PCR product was inserted into pEGFP-C1 (Clontech) at 5’
HindlIII and 3" BamHI restriction sites. The ligated product was
transformed into XL1-blue Escherichia coli. The purified con-
struct was used for transient transfection after sequence con-
firmation. pEGFP-C1 or pEGFP-MMP23 along with hKv1.3 or
hKv1.6 ¢cDNA (in pcDNA3.1) were also co-transfected into
COS7 cells (ratio 8:1), which were then trypsinized after 24 h,
plated on coverslips, and followed by electrophysiological stud-
ies. Fluorescent cells were patch-clamped for outward potas-
sium currents. Stable cell lines expressing Kv1.2, Kv1.7, and
Kv1.3 were transfected with pEGFP-C1 or pEGFP-MMP23 for
suppression experiments. Expression of constructs in COS7
cells was confirmed by Western blot.

Electrophysiology—All experiments were conducted in the
whole-cell configuration of the patch clamp technique, as
described previously (1, 43, 44). Data acquisition and analysis
was performed using pClamp software.
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Immunostaining and Confocal
Microscopy—COS7 cells tran-
siently co-transfected with eGFP
or eGFP-MMP23 and hKvl.3, or
Kv1.2-expressing cells transfected

NAS14-CE

HMP2-Hydra with eGFP-C1 or eGFP-MMP23,
Tyr3-CE were allowed to stick to poly-L-ly-
LGC=-22-CE sine (Sigma)-coated coverslips for
PHP1-Jelly 1 h prior to fixing (2% paraformal-
20G-Fe(II}{(AT) dehyde (Sigma)) and permebiliza-
P4HA(a)(rice) tion (0.1% Triton X-100 in phos-
:::P2-hunan phate-buffered saline). Coverslips
ASKST were blocked overnight with 5%
fAek bovine serum albumin plus 5% goat
shk serum in phosphate-buffered saline.
AETX=K Cells were incubated with primary
HnKT rabbit polyclonal anti-Kv1.3 anti-
HAB~7-CE bodies (gift from Dr. Hans Gunther
"af"i'_' Knaus) (1:1000) for 2 h followed by
:;:Zii: secondary anti-rabbit IgG-Alexa
CRISP-1P 647 (Molecular Probes) for 1 h.
CRISP-4 For ER co-localization experiments,
CRISP-2 COS7 cells transfected with EGFP-
CRISP-3 C1 or eGFP-MMP23 were stained

with anti-SERCA2 monoclonal anti-
body (1:1000; Molecular Probes)
and secondary anti-mouse IgG-Al-
exa 647 (1:1000; Molecular Probes).
Nonspecific rabbit IgG controls
were performed for each experi-
ment. All incubations were performed in the dark. Cells were
imaged by confocal microscopy (LSM Zeiss Meta 2). Images
were analyzed for co-localization using LSM 510 software (1 =
3 independent experiments; 20 —30 cells were imaged for quan-
tification of co-localization).

For flow cytometric studies to determine surface Kv1.3 chan-
nels using ShK-F6CA, the MMP23 construct from pEGFP-C1 was
subcloned into pdsRED-C1 monomer (Clontech) at 5" HindIII
and 3’ BamHI restriction sites. We then co-transfected COS7 cells
with human Kv1.3 and pDsRED-C1 (Clontech) or pDsRED-
MMP23 for 30 h. Cells were trypsinized and incubated with 10 nm
ShK-F6CA (44) in phosphate-buffered saline plus 2% goat serum
for 30 min and were then washed three times with phosphate-
buffered saline plus 2% goat serum. The intensity of ShK-F6CA
staining (a measure of Kv1.3 cell surface expression) was deter-
mined by flow cytometric analysis (FACSCalibur flow cytometer
and BD CellQuest Pro software, BD Biosciences). The D value, a
measure of the difference in mean fluorescence intensities (MFI)
of stained and unstained cells, was calculated as follows.

D= (MHStained cells MF'Unstained cells)/MFIUnstained cells (Eq 1

RESULTS

Phylogenetic Relatedness of ShKT Domain-containing Pro-
teins—The MMP23 ShKT domains (henceforth referred to as
MMP23,,,) from humans to hydra exhibit remarkable
sequence conservation with no gaps or insertions in the domain
(Fig. 24). We compared the MMP23. , sequence with that of
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folding of the peptide (18, 51, 52).
Lys®? and Arg>? at the equivalent
position in MMP23 1, s from sea
anemone, hydra, rat, mouse, and
puffer fish (Fig. 2A) could form a
salt bridge with the aspartate.
Other MMP23, s contain Ser®?
(Fig. 2A), and in these domains,
Asp® may make hydrogen bonding
interactions with the side chain
hydroxyl or the peptide backbone.

In the multiple sequence align-
ment, most proteins, with the

exception of the three snake
CRISPs, contain a serine or threo-
nine at position 33 (Fig. 2C).

All sea anemone toxins contain
a lysine residue (Lys*® in BgK,
Lys?? in ShK) that occludes the K*
channel pore (16, 51-54). Replace-
ment of this residue with alanine
abolishes K* channel blocking ac-
tivity, whereas replacement with
shorter or longer chained positively

charged residues retains activity,
albeit with lower potency (51-54).
Four MMP23. s (opossum, chicken,

A sl
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zebra finch, stickleback fish) con-
tain lysine at the corresponding
position, whereas other vertebrate
MMP23,, s contain arginine (Fig.
2A). Interestingly, ICR domains of
three snake CRISPs (natrin, triflin,
and stecrisp) possess the critical
pore-occluding lysine (Fig. 2C), and
natrin has been reported to block
the voltage-gated Kv1.3 channel

m/z

sea anemone toxins as well as representative members of the
ShKT domain family from worms, cnidarians, and plants
(Fig. 2, B and C). We included in the sequence alignment a
second human protein, microfibril associated protein MFAP2,
with an ShKT domain that is not mentioned in the SMART data
base (45). Because the ICR domains of CRISPs share structural
similarity with ShKT domains (46 —50), we also included snake
and human ICR domain sequences.

When compared with sea anemone toxins, MMP23,, s
appear most similar to BgK with identical or equivalent substi-
tutions at 14 of 36 positions (Fig. 2B). Asp® is conserved in all
members of the ShKT domain family but is absent in the ICR
domains of CRISPs (Fig. 2C). In ShK, the carboxylate of this
aspartate (Asp® in ShK) forms a salt bridge with the e-ammo-
nium group of Lys®’, and this salt bridge is necessary for proper
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FIGURE 4. Synthesis of MMP23.,, peptide. A, RP-HPLC profile after 24 h of oxidative folding. A gradient of
5-95% B in 45 min was used (1.5 ml/min), where A is 0.1% trifluoroacetic acid in water and B is 0.1% trifluoro-
acetic acid in acetonitrile. Peak 3 is MMP23,,. B, purified MMP23+, 5 RP-HPLC profile with the same gradient
parameters. Peak 4 is the correctly folded material. C, electrospray mass spectrum of MMP23,, withM + 5 =
885,M + 4 = 1108, M + 3 = 1475,and M + 2 = 2213 peaks indicated. AU, absorbance units.

(46). The ICR domains of the four
mammalian CRISP proteins contain
Thr, Leu, or Ala at the correspond-
ing position (Fig. 2C) and therefore
may not block K™ channels. One of
these, CRISP-2/Tpx-1, has been
reported to block ryanodine receptors (13).

A phylogenetic tree based on the multiple sequence align-
ment of representative proteins from the ShKT domain family
and generated with the PHYLIP program (available at the
GeneBee Web site) places the MMP23, s, the sea anemone
toxins and the ICR-CRISP domains in distinct but related
clades (Fig. 3). MMP23 1, s also show phylogenetic relatedness
to ShKT domains in MFAP2 (45); Caenorhabditis elegans pro-
teins (astacin metalloprotease NAS14, tyrosinase Tyr3, ligand-
gated channel 1gc22, and Mab7 (56)) hydra and jellyfish astacin
metalloproteases (HMP2 and PMP1 (57, 58)); and plant oxi-
doreductases (20G-Fe(ll)) and prolyl-4-hydroxylases (Fig. 3).
TxDs in MMP23 and ICR domains of CRISPs are each encoded by
a single exon (supplemental Fig. S1), raising the possibility that an
ancient exon gave rise to these domains. Sea anemones may have
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FIGURE 5. Structure of MMP23,, . A, stereo views of closest to average structure of MMP23, in ribbon form
showing secondary structure. N and C, N and C termini, respectively. B, family of 20 final structures superim-
posed over backbone heavy atoms (N, C%, C') over all residues with disulfide bonds shown in orange.

co-opted and modified this exon to generate potent K* channel-
blocking toxins.

Synthesis of MMP23,,,—We synthesized the 37-residue
MMP23. , on Ramage™ amide resin with an automated
Fmoc/tert-butyl protocol. Following cleavage and deprotec-
tion, 36 h was allowed for folding and oxidative formation of
three disulfide bonds under conditions similar to those used for
ShK. Folding proceeded smoothly to a major product that was
homogeneous by analytical RP-HPLC (Fig. 4). Electrospray ion-
ization mass spectral analysis yielded an (M + H) of 4427.33,
consistent with the theoretical value following formation of
three disulfide bonds (Fig. 4).

Solution Structure of MMP23,, ,—Details of the solution
structure of MMP23.,, are provided in the supplemental
material (supplemental Figs. S2—S6). A summary of experimen-
tal constraints and structural statistics for MMP23.1., is given
in supplemental Tables S1-S4. The angular order parameters
for @ and s angles in the final ensemble of 20 structures were
both >0.8 for residues 4-36. The mean pairwise r.m.s. devia-
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N tion over the backbone heavy
g atoms of residues 4-36 in this
family of structures was 0.75 A.
Three short a-helices encompass-
ing residues 10-14, 23-29, and
31-34 characterize the closest to
average structure of MMP23, .
Hydrogen bonds between Ala'*
NH and Cys'® O, Lys'® NH and
Trp'? O, and Leu®® NH and Arg®* O
were observed in all 20 structures.
The presence of medium-range
d (i + 3) and d(i)i + 4) NOEs
in these regions supports the helices
observed. The conserved Asp® is
close to the guanidinium group of
Arg®?, suggesting that a salt bridge
or hydrogen bond may form be-
tween these two residues, as it does
in sea anemone toxins. A stereo
view of the closest to average struc-
ture of MMP23,, is presented in
Fig. 5A. The family of 20 final
structures superimposed over the
backbone heavy atoms (N, C%, C’)
of all residues is shown in Fig. 5B.

MMP23 ., Shares Structural
Similarity with BgK and ShK—Fig.
6A compares the closest to average
structure of MMP23. , with those
of BgK and ShK. The location of
several charged side chains on the
molecular surface of MMP23, is
highlighted in Fig. 6B. The back-
bone heavy atoms of the final 20
structures of MMP23.. , are super-
imposed over the final ensembles of
BgK and ShK structures in Fig. 6, C
and D, and the pairwise r.m.s. devi-
ation values over the backbone heavy atoms between the struc-
tures of MMP23., 5, BgK, and ShK are shown in Table 1.
MMP23, 5 shares greater structural similarity with BgK (r.m.s.
deviation 2.28 A) than ShK (2.77 A). In fact, the structural sim-
ilarity between MMP23 1, , and BgK is greater than that of BgK
and ShK (r.m.s. deviation 2.78 A). MMP23., ;,, BgK and ShK
have a turn involving the fifth cysteine residue (Cys®* in
MMP23.., ); this is followed by a short a-helix (residues
31-34) in MMP23.. , and BgK but not in ShK. The main dif-
ferences between MMP23. , and BgK are in the length of the
first two helices, with the first helix in MMP23., , being shorter
and the second longer than in BgK.

MMP23, , Exhibits Greater Structural Similarity to BgK
Than the CRISP-ICR Domains—W'e compared the structure of
MMP23,., , with that of the CRISP-ICR domains (13, 46 -50)
based on a backbone alignment of matching residues in a mul-
tiple alignment (Fig. 7 and Table 1). The ICR domains of snake
(stecrisp, natrin, triflin, and pseudechetoxin) and human
(CRISP-2/Tpx-1) CRISPs showed considerable structural sim-
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ilarity (Fig. 7A). Among the snake N
proteins, the pairwise r.m.s. devia- A
tion values over the backbone heavy
atoms ranged from 0.52 to 0.98 A,
and between the snake proteins and
human CRISP-2/Tpx-1, the r.m.s.
deviation was 0.98-1.32 A (Table
1). Comparing the ICR domain
structure of stecrisp as a represent-
ative of the CRISPs with the closest
to average structure of MMP23.
(Fig. 7B), the main differences were
in the first and third loops (cor-
responding to residues 4-9 and
24-28 of MMP23..,), possibly
because MMP23, , has two fewer
residues in the first loop and two
more in the third loop (Fig. 2, B and
C). Compared with BgK, the back-
bone of MMP23,,,, aligned rela-
tively well throughout, with the
exception of the N-terminal region
(Fig. 7C). The pairwise r.m.s. devia-
tion values between the five ICR
domains and MMP23,, ranged
from 2.98 to 3.07 A. These ICR
domains of CRISPs also showed less
structural similarity to the sea
anemone toxins BgK (r.m.s. devia-
tions 2.97-3.09 A) and ShK (r.m.s.
deviations 3.53—3.79 A) (Fig. 7 and
Table 1). These structural results,
together with the phylogenetic data
demonstrate that MMP231, ;s and
sea anemone toxins share a closer
relationship with each other than
with ICR domains of CRISPs.
MMP23,. , Blocks Potassium
Channels—BgK and ShK block
Kvl.1, Kv1.3, Kv1.4, Kvl.6, Kv3.2,
and KCa3.1 channels (15, 16,
51-55). We examined whether
MMP23.., also blocked these
channels. The human Kv1.6 chan-
nel expressed in COS7 cells was
blocked by MMP23 ., with a Hill
coefficient approximating unity and
an IC,, value of 370 nm (Fig. 8, A, C,
and D). MMP23.. , also blocked
Kv1.3 stably expressed in 1929
fibroblasts (Fig. 8, B—D) and the
Kv1l.3 channel in human T cells
(data not shown) with an IC,, value
of 2.7 um. A functional dyad com-
posed of a critical lysine and an aro-
matic residue separated by 5-7 A is
present in many K* channel-block-
ing toxins (16), and the presence of
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TABLE 1

Pairwise r.m.s. deviation over the backbone heavy atoms (N, C*, C’)
of MMP23.,,, BgK, and ICR domains of CRISP proteins

Proteins shown are as follows: 1, stecrisp (Protein Data Bank code 1RC9); 2,
MMP23,,; 3, natrin (Protein Data Bank code 1XTA); 4, pseudechetoxin (Protein
Data Bank code 2DDA); 5, CRISP2/Tpx-1 (Protein Data Bank code 2A05); 6, BgK
(Protein Data Bank code 1BGK); 7, ShK (Protein Data Bank code 1ROO); 8, triflin
(Protein Data Bank code 1WVR). A total of 30 residues were used in the alignment
to generate the r.m.s. deviation values. The residues used in the analysis include the
following: stecrisp (184—189, 192-196, and 201-215), MMP23., (4-9, 10-14,
19-27,30—34, and 36), Natrin (184 -189, 192-196, and 201-215), pseudechetoxin
(174179, 182-186, and 191-205), triflin (184-189, 192-196, and 201-215),
CRISP2/Tpx-1 (206-211, 214-218, and 223-237), BgK (3-8,11-15, 20-28,
30-34, and 36), ShK (4-9, 12-25, 28 -32, and 34).

1 2 3 4 5 6 7 8

1 3.07 0.77 0.82 113 3.09 3.79 0.52
2 3.07 3.06 2.98 3.05 2.28 2.77 2.99
3 0.77 3.06 0.75 1.07 3.11 3.57 0.81
4 0.82 2.98 0.75 1.32 2.97 3.53 0.98
5 113 3.05 1.07 1.32 3.08 3.60 0.98
6 3.09 2.28 3.11 2.97 3.08 2.78 3.06
7 3.79 2.77 3.57 3.53 3.60 2.78 3.71
8 0.52 2.99 0.81 0.98 0.98 3.06 3.71

Arg®* and Leu®” in place of this dyad in MMP23 ., , may con-
tribute to its lower potency. However, the introduction of the
dyad into MMP23., (Arg**-Leu®® — Lys**-Tyr*®) did not
improve potency of MMP23 . , for Kv1.3 (IC,, 2.7 = 0.5 um).
MMP23, , exhibited lower affinity for Kv1.1, Kv3.2,and Kv1.4,
whereas Kv1.5, Kv1.7, and KCa3.1 were unaffected by a 100 um
concentration of the peptide (Fig. 8, B-D).

Scorpion and sea anemone peptide toxins interact with a
binding site in the outer vestibule of K* channels (1, 2, 52, 53).
Toxin affinity for the binding site in Kv1.3 can be decreased
either by titrating His*** at the entrance to the pore by lowering
the external pH to 6.0 or by occupying the potassium-binding
site in the ion selectivity filter by increasing the external K™
concentration (1, 52, 53). Both of these manipulations destabi-
lize the toxin channel interaction via electrostatic repulsion of
the pore-occluding lysine (Lys*” in kaliotoxin and Lys** in ShK)
(1, 52, 53). We applied both of these tests to MMP23 .
Increasing external K" concentration or pH titration of His***
in Kv1.3 both significantly decreased MMP23, ;s affinity for
the channel (data not shown). These results suggest that
MMP23...;, interacts with the external vestibule of Kv1.3.

Full-length MMP23 Suppresses K* Channels—Because
MMP23,, , lies between the metalloprotease and the IgCAM
domains in MMP23, it may not be optimally positioned in the
full-length protein to block K* channels. To test whether
MMP23,., retained K* channel-blocking activity in full-
length MMP23, N-terminal eGFP-tagged MMP23 (eGFP-
MMP23) or eGFP was co-expressed in mammalian cells with
MMP23, »-sensitive or -resistant channels. Confocal micros-
copy and patch clamp experiments were performed 30 h later.
eGFP-MMP23 co-localized with MMP23 . ,-sensitive Kv1.3
channels (Fig. 9, A and B). In contrast, MMP23 did not co-

localize with MMP23, p-resistant Kv1.2 channels (Fig. 9, A
and B). eGFP did not co-localize with either channel (Fig. 9, A
and B). These results suggest that MMP23 ., 1, is required for
MMP23 channel co-localization, although other domains in
MMP23 may also contribute.

Published cell fractionation and confocal studies demon-
strate that full-length MMP23 is an intracellular protein that is
expressed primarily in ER/Golgi membranes (21, 22). We veri-
fied these results in our system by demonstrating that eGFP-
MMP23, but not eGFP, co-localized with the ER membrane
marker SERCA-2 (Fig. 9C). Because MMP23 is a type II trans-
membrane ER protein (21, 22), MMP23.. , will lie within the
ER lumen, where it has the potential to bind to the outer vesti-
bule of TxD-sensitive channels (Fig. 104). Once compartmen-
talized with a MMP23 .. ,,-sensitive channel, the diffusion of
MMP23 away from the channel is likely to be constrained by the
ER membrane. Such an interaction might trap MMP23, -
sensitive channels in the ER and thereby decrease surface chan-
nel expression. In contrast, MMP23, ,-resistant channels
should be unaffected.

We performed two types of experiments to test for ER trap-
ping. First, we performed whole-cell patch clamp experiments
on cells co-expressing MMP23 and either MMP23.;., ,-sensitive
or -resistant channels. MMP23 suppressed MMP23, ,,-sensi-
tive Kv1.6 and Kv1.3 currents but had no effect on MMP23. ;-
resistant Kv1.2 and Kv1.7 currents (Fig. 10B). These results
indicate that fewer functional Kv1.3 channels are expressed in
the surface cell membrane. Second, we used fluoresceinated
ShK (ShK-F6CA) in flow cytometry experiments to measure
cell surface protein expression of Kv1.3 in COS7 cells express-
ing Kvl.3 and either pDSRED-MMP23 or the control
pDSRED-C1 monomer. ShK-F6CA (44) is a highly specific
Kv1.3 inhibitor that blocks the channel (IC;, value 48 pm)
56,000-fold more potently than MMP23, . The intensity of
ShK-F6CA staining reflects the number of Kv1.3 tetramers on
the cell surface because the peptide binds to the channel tet-
ramer (44). Cell surface Kv1.3 expression was significantly
lower in pDSRED-MMP23-expressing cells compared with
pDSRED-C1-expressing controls (Fig. 10C). Taken together,
these results suggest that MMP23 reduces surface expression of
MMP23.;., ,-sensitive Kv1.6 and Kv1.3 channels via intracellu-
lar trapping.

DISCUSSION

K™ channels constitute the most abundant and diverse fam-
ily of ion channels, and they regulate a myriad of functions in
both excitable and non-excitable cells. Peptide toxins have
helped to define the molecular mechanisms underlying K*
channel function and to determine the relationship between
K™ currents in native tissues and specific genes. The cnidarian

FIGURE 6. Comparison of structures of MMP23.,, and sea anemone K* channel blockers. A, closest to average structure of MMP23, displayed in ribbon
form using MolMol to depict the secondary structure and compared with that of BgK (Protein Data Bank 1BGK) and ShK (Protein Data Bank TROO). Nand C, N
and C termini, respectively. B, surface representation of MMP23+, ; generated using PyMOL. The surface is colored with basic residues in blue (Arg in dark blue
and Lys in light blue) and acidic residues in red. The two views are related by a 180° rotation about the vertical axis. C, stereo view of MMP23,; (black)
superimposed with BgK (blue) over backbone heavy atoms over aligned and well defined residues (residues 4 -9, 10-28, and 30-36 for MMP23,, with residues
3-8, 11-29,and 30-36 for BgK) (group global r.m.s. deviation 2.13 A). D, stereo view of MMP23,  (black) superimposed with ShK (purple) over backbone heavy
atoms (residues 4-9, 10-14, and 19-36 for MMP23,, with residues 4-9, 12-16, and 17-34 of ShK) (group global r.m.s. deviation 2.67 A). Group global r.m.s.
deviations are calculated from average pairwise r.m.s. deviations between each ensemble of final structures.

asEve

MARCH 19, 2010+ VOLUME 285-NUMBER 12

JOURNAL OF BIOLOGICAL CHEMISTRY 9131



MMP23 Regulation of Potassium Channels by a Toxin Domain

A

FIGURE 7. Comparison with CRISP domain structures. A, superposition of CRISP domains: stecrisp (yellow)
(Protein Data Bank code 1RC9), natrin (red) (Protein Data Bank code 1XTA), triflin (purple) (Protein Data Bank
code TWVR), CRISP-2/Tpx-1 (violet) (Protein Data Bank code 2A05), and PsTx (green) (Protein Data Bank code
2DDA). N and C, N and C termini, respectively. B, superposition of closest to average structure of MMP23,,
(light blue) and stecrisp (yellow) (global r.m.s. deviation 3.07 A). C, superposition of closest to average structure
of MMP23.,, (light blue) and BgK (gray) (global r.m.s. deviation 2.28 A). In all cases, structures were superim-
posed over backbone heavy atoms.

proteins are metallopeptidases be-
longing to the astacin/adamalysin
family in C. elegans (Fig. 1). The
three-dimensional structures and
biological activities of these putative
channel-blocking domains have not
been determined. Because MMP23
is the only protein in humans iden-
tified by the SMART data base to
contain such a domain, we have
investigated the structure and phys-
iological function of this domain.

MMP23.1, s from diverse species
exhibit a high degree of sequence
conservation (Fig. 2A). They are
evolutionarily related to the sea
anemone toxins and to TxDs in a
number of worm, cnidarian, and
plant proteins and the ICR do-
mains of snake and human CRISPs
(Fig. 2C). Interestingly, we have
found a second human protein
(MFAP2), not included in the
SMART data base, that contains a
ShKT domain phylogenetically
related to MMP23 1. . MFAP2 is
a matrix protein, which, like
MMP23, is located on human
chromosome 1p36 (45). The evolu-
tionary relatedness of MMP23 1, s
is supported by the similarity
of their three-dimensional struc-
tures. MMP231,, and the sea
anemone toxins share greater struc-
tural similarity with each other than
with ICR domains; the structure of
MMP23.., , is most similar to that
of BgK (Figs. 5-7 and Table 1).

MMP23, s and ICR domains
are each encoded by a single exon
(supplemental Fig. S1), suggesting
that these two related structural
motifs possibly arose from an
ancient exon. In venomous crea-
tures, this ancient module may have
been modified to give rise to potent
ion channel blockers, whereas the
incorporation of this exon into plant
oxidoreductases and prolyl hydrox-
ylases and into worm astacin-like
metalloproteases and trypsin-like
serine proteases produced enzymes
with potential channel-modulatory
activity.

toxins ShK and BgK are potent inhibitors of voltage-gated and A lysine residue in sea anemone toxins (BgK>*, ShK??) pro-
calcium-activated K* channels (15, 16, 51-55). SMART has trudes into and plugs the K™ channel pore (15, 16, 51-55).
identified domains in a vast number of proteins that resemble ~MMP23., ;s in opossum, chicken, zebra finch, and stickleback
ShK and BgK (see the SMART Web site). A majority of these fish contain lysine at the corresponding position and should
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MMP23. ,-resistant ones. These
results indicate that MMP23.
within the full-length MMP23
protein has sufficient accessibility
to bind to and block K™ channels.
Third, MMP23 decreases cell sur-
face expression of MMP23 -
sensitive Kv1.3 channels.

It has been suggested previously
that the preponderance of Kvl
channel heterotetramers in many
tissues is the result of Kvl homotet-
ramers being retained in the ER by
an unknown protein containing a
TxD that binds to a trafficking
determinant in the outer vestibule
of the channel (59-61). Vacher et
al. (61) provided support for this
idea by showing that heterologously
overexpressed, ER-luminal dendro-
toxin competed with the TxD-con-
taining ER protein for toxin-sensi-
tive Kvl.l homotetramers and
allowed these channels to escape the
ER and migrate to the plasma mem-
brane. MMP23 fits the criteria for
this ER protein because it contains a
TxD that can trap sensitive Kvl
channels intracellularly. MMP23 is

Em el e a e a a ea
102 10t 100 107 102 103

KCa3.1

expressed in many tissues (lung,

>100

MMP23 1,p (HM)

FIGURE 8. MMP23., , blocks Kv1.3 channels. A, whole-cell patch clamp Kv1.6 current trace showing dose-de-
pendent block of Kv1.6 channels by MMP23, 5. B, whole-cell patch clamp Kv1.3 current trace showing dose-
dependent block of Kv1.3 channels by MMP23+, . C, dose-response curves for Kv1.3,Kv1.6,and Kv1.1 channels
blocked by MMP23.,,; n = 3-5 for each data point. D, table showing ICs, values =+ S.D. for respective channel

block; n = 4-5 for each value.

block K* channels. We have shown that rat MMP23.._, contain-
ing an arginine at the equivalent position blocks Kv channels
(Kvl.6 > Kv1.3 > Kv1.1 = Kv3.2 > Kv1.4, in decreasing potency)
in the nanomolar to low micromolar range but has no effect on
Kv1.2,Kv1.5,Kv1.7,and KCa3.1 at 100 M concentration. The ICR
domain of the snake protein natrin contains the critical pore-plug-
ging lysine, and natrin has been reported to block Kv1.3 (46). The
ICR domains of the four mammalian CRISPs lack the pore-oc-
cluding lysine and therefore may not block K* channels; CRISP-
2/Tpx-1 blocks ryanodine receptors (13).

Full-length MMP23 has been reported previously to be
expressed mainly in ER/Golgi membranes (21, 22). We con-
firmed these results by demonstrating that MMP23 co-local-
izes with the ER membrane marker SERCA-2 in COS7 cells.
Because MMP23 is a type II transmembrane protein,
MMP23.,, will lie within the ER lumen and could snare and
trap MMP23.;. ,-sensitive channels in the ER. Three lines of
evidence support this idea. First, MMP23 compartmental-
izes with MMP23.;., ,-sensitive Kv1.3 channels but not with
MMP23 ., ,-resistant Kv1.2 channels. Second, MMP23
suppresses MMP23., ,-sensitive channels while sparing
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heart, uterus, placenta, ovary, testis
seminiferous tubules, prostate, intes-
tine, colon, pancreatic islets, cingulate
cortex, adrenal cortex, osteoblasts,
chondroblasts, cartilage, synovium,
natural killer cells, dendritic cells,
and tendons) (20, 23, 63—-66) (see
the BioGPS Web site) that overlap with the tissue expression of
MMP23-sensitive K channels. Therefore, there is a reasonable
likelihood that MMP23 will modulate K™ channels i vivo.
Our results for MMP23 help shed light on the vast family
of proteins containing ShKT domains. Most of these pro-
teins are found in C. elegans, many with multiple repeats of
the domain in a single protein (Fig. 1). The ShKT domain in
Mab?7 is required for Mab7-mediated regulation of morpho-
genesis of sensory rays of the male C. elegans (56). The rays
of Mab7-deficient males are virtually all malformed (56).
Full-length Mab7, but not deletion constructs lacking the
ShKT domain, rescues the abnormal phenotype (56).
Because the C. elegans genome contains almost as many K™
channel genes (~70) as humans, modulation of worm ion
channels by the Mab7-ShKT domain could contribute to its
role in morphogenesis. However, Mab7 lacks the critical
pore-blocking positively charged residue, and a Mab7 hybrid
construct containing the ShK toxin sequence in place of the
TxD was not able to rescue the mutant ray phenotype (56).
These findings suggest that the ShKT domain in Mab7 may
not be involved in K™ channel modulation, although modu-

JOURNAL OF BIOLOGICAL CHEMISTRY 9133



MMP23 Regulation of Potassium Channels by a Toxin Domain

A eGFP Kv1.3 Overlay eGFP Kv1.2 Overlay

eGFP
eGFP

eGFP-MMP23
eGFP-MMP23

ns
0y ———
5 -
£ 15 2 15
N ©
-— N
g 5
§ 104 8 104
S 5 3. | L
- — 2]
oldl 0 .
¢GFP eGFP-MMP23 ¢GFP eGFP-MMP23
C SERCA-2
eGFPMMP23 SERCA-2  Overlay £ 25 5 adasad
% 20 1
N
w© 15 1
Q
2 10 1
o
°\° 5 1 S—p—
0

eGFP eGFP-MMP23

FIGURE 9. MMP23 colocalizes with Kv1.3 in the ER. MMP23 co-localizes with MMP23+,-sensitive Kv1 channels and with ER marker SERCA-2. A, eGFP-MMP23
(green) co-localizes with Kv1.3 channels (red) but not with Kv1.2 (red); eGFP did not co-localize with either channel. B, quantification of co-localization between
eGFP or eGFP-MMP23 with Kv1.3 or Kv1.2 (white bar, n = 25 cells; black bar, n = 30 cells) (¥, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant).
C, eGFP-MMP23 (green) co-localizes with ER membrane marker SERCA-2 (red). Areas of co-localization are shown in yellow in the overlay image. eGFP does not
co-localize with SERCA-2. N, nucleus.

lation of other types of ion channels cannot be excluded. In summary, we have defined a novel channel-regulatory
Astacin-like metalloproteases in Hydra vulgaris (HMP2) and  role for a metalloprotease and characterized the first func-
jellyfish (PMP1) possess ShKT domains that contain the crit-  tional K* channel-blocking toxin domain in a mammalian
ical pore-occluding lysine required for K™ channel block, protein. Our results provide insight into the structure and
and both of these proteins play critical roles in foot morpho- function of the ShKT-containing protein superfamily. It is
genesis (57, 58). tempting to speculate that the TxDs in each of these proteins
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FIGURE 10. Full-length MMP23 suppresses Kv1 channels by decreasing
cell surface expression. A, proposed orientation of MMP23 and Kv1 chan-
nels in the ER. The crystal structure of Kv1.2 (Protein Data Bank code 2a79)
was used in this diagram because it is the only mammalian Kv1 channel for
which a three-dimensional structure has been determined (62). Further-
more, its topology, particularly in the external vestibule where toxins
bind, is similar to that of other Kv1 channels. In our depiction of MMP23,
the transmembrane segment traverses the ER membrane; the metallopro-
tease domain (portrayed by the MMP3 catalytic domain structure, Protein
Data Bank code 2jnp) lies within the ER lumen; and MMP23.,, is posi-
tioned in close proximity to the outer vestibule of the Kv1 channel.
B, Kv1.6, Kv1.3,Kv1.2, and Kv1.7 current densities in the presence of eGFP
(control) or eGFP-MMP23. Kv1.3 and Kv1.2 were stably expressed in L929-
fibroblasts, whereas Kv1.6 and Kv1.7 were transiently expressed in COS7
cells. Scatter diagrams represent pooled data from 3-4 independent
experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant).
C, pDSRED-MMP23 reduced ShK-F6CA staining of cell surface Kv1.3 chan-
nels as compared with pDSRED-C1 monomer in COS7 cells. The D value is
a measure of the difference in fluorescence intensities of stained and
unstained cells (n = 5 experiments, p < 0.05).

asEve
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regulate different types of ion channels and that the evolu-
tionary pressure to maintain channel-modulatory activity
underlies the conservation of this domain throughout the
plant and animal kingdoms.
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