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Abstract. Aqueous exposure of critical residues in the Key words: Sodium channel — Selectivity filter — Te-
selectivity region of voltage gated Nachannels was trodotoxin — Saxitoxin — Surface charge — Site-
studied by cysteine-scanning mutagenesis at thredirected mutagenesis — Pore

positions in each of the SS2 segments of domains llI

(D3) and IV (D4) of the human heart Nahannel. lonic )

currents were modified by charged cysteine-specificntroduction

methanethiosulfonate (MTS) reagents, (2-aminoethyl)-

methanethiosulfonate (MTSEA and (2-sulfonato- The relationship between the guanidinium toxin receptor
ethyl)methanethiosulfonate (MTSESin all six of the  and the selectivity filter of Nachannels has been con-
Cys-substituted channels, including T#p Cys substitu-  troversial. Earlier studies of low pH effects and perme-
tions at homologous positions in D3 and D4 that wereability to guanidinium ions support a model (Hille,
predicted in secondary structure models to have buried975), in which tetrodotoxin (TTX) and saxitoxin (STX)
side chains. Furthermore, in the absence of MTS modimolecules plug their guanidinium groups into the “se-
fication, each of the Cys mutants showed a reduction idectivity filter” that is formed in part by an acid group
tetrodotoxin (TTX) block by a factor >£0 Cysteine  (Hille, 1971; Hille, 1972). However, treatment of Na
substitution without MTS modification abolished the al- channels with trimethyloxonium (TMO), a carboxyl-
kali metal ion selectivity in K1418C (D3), but not in medifying reagent, eliminated TTX and STX sensitivity,
A1720C (the corresponding position in D4) suggestingr_equced single channel conductance, b_ut left ionic sglec-
that the lysine but not the alanine side chains contributdiVity and H'-block unchanged (Spalding, 1980; Sig-
to selectivity even though both were exposed. NeithedVorth & Spalding, 1980; Worley, French & Krueger,
position responded to MTSESsuggesting that these 1986), suggesting that different carboxyls control toxin
residues occupy either a size- or charge-restricted regioflock and selectivity. _ .

of the pore. By contrast, MTSESnarkedly increased, Examination of the amino acid sequence of cloned
and MTSEA markedly decreased conductance ofNa" channels led to the proposal that the regions between
D1713C (D4) suggesting that the acidic side chain ofydrophobic segments S5 and S6 are involved in ion
Asp'”*3 acts electrostatically in an unrestricted region. S€lectivity and binding with guanidinium toxins, tetro-
These results suggest that E§* lies in a restricted dotoxin (TTX) and saxitoxin (STX) based on the pres-

region favorable to cations, whereas A§Jis ata more ~ €nce of negativel_y charged residues and the predicted
peripheral location in the Nachannel pore. extracellular location (Noda et al., 1984; Guy & Seethar-

amulu, 1986). Mutational studies have shown that some
of the residues in the short segments SS2 (Fig. 1) within
the S5-S6 linkers are critical for guanidinium toxin
* Present addresdDepartment of Pharmacology, University of Wash- bIOCk, (NOda etal, ,1989; Terlap ,et al., ,1991; Kontis &
ington, Seattle, WA 98195 Goldin, 1993) and ionic selectivity (Heinemann et al.,
199%). Furthermore, a cysteine residue in the SS2 of
Correspondence tdG.E. Kirsch domain | (D1) has been shown to be the molecular de-
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terminant of the 18-10°-fold differences in sensitivity to  the codon for Let’® After one site in each domain had been engi-
block by TTX. STX. and group 1IB divalent cations be- neered and amplified, the resultant PCR product became the template
tween cardiac muscle Nachannels (Brown Lee & for PCR of the other pore-flanking site. The mutated cassettes were

. . . . ligated into hH1a cDNA at natural cloning sites also encompassed in
Powell, 1981; Frelin et al, 1986)’ and their brain or the PCR productNdd and BsEll for D3 and BsEll and Sfil for D4.

skeletal muscle counterparts that have an aromatic SUliecombinant clones were screened by double-stranded sequence analy
stitution at the critical position (Satin et al., 1992; BackX sis of each entire ligated cassette for confirmation that only bases
etal., 1992; Heinemann, Terlau & Imoto, 139Zhen et  directed by the mutational oligonucleotides had been changed. The
al., 1992)_ The results of the mutational analysis havepoint mutation, C373Y of D1 (Kirsch et al., 1994), was incorporated
been incorporated into a model of the Nzhannel pore into both of D3 and D4 silent site constructs by the ligation ofXihel

in which an antiparalleB-hairpin structure (Fig. 1) has andEcadRl restriction fragment. These full-length, C373YTyr cDNAs

b d f he bindi K f with the new sites were transcribed and expression of their cRNA in
een proposed to form the binding pocket o gua'oocytes confirmed a Cys373Y hH1la phenotype prior to the construc-

nidinium toxins (Lipkind & Fozzard, 1994). In this ton of each cysteine mutant.

model, D1 and D2 are symmetrically arranged with three  The silent site constructs were used as templates for each of the
residues in the SS2 pointing their side chains toward theysteine mutations of SS2 residues of the D3 and D4 pore regions.
tunnel; D3 and D4 are symmetrically arranged with only Similar oligonucleotide-directed PCR protocols were used for the con-

two residues in the SS2 directing their side chains toward;truction of each cysteine mutant. The mutated cassettes were digeste
the tunnel with the silent restriction site enzymes and ligated into the respective

. . . . _silent sites of hH1la cDNA. Mutations were verified by sequence
The goal of this study was to identify exposed side ;payysis of the entire ligated segment.

chains in the selectivity region and the guanidinium toxin
binding pocket of the Nachannel by the substituted
cysteine accessibility method (Akabas et al., 1992). WeRNA TRANSCRIPTION AND OOCYTE INJECTION
selected the cardiac Nahannel isoform to generalize _ _
the functional significance of conserved residues previ®> rg of hHla Na channel cysteine mutant DNA template were lin-
ously probed in neuronal (Terlau et al., 1991) and Skel_earized withHindlll in preparation for in vitro transcribed capped

. . . . cRNA with T7 polymerase as previously reported (Hartmann et al.,
etal muscle (%Z'Garw etal., 1996; Chiamvimonvat et 1994; Drewe, Hartmann & Kirsch, 1994). Stage V or VI oocytes were

al., 199@,b) Na" channels. Since the cysteine at posi- gefoliiculated enzymatically, injected with 50 nl of cRNA solutions at
tion 373 of human heart (hH1la) Nahannel can be an appropriate concentration. Most experiments were done on the 4th—
modified by cysteine-specific methanethiosulfonateéth day after injection. Cells with expression level, judged by the
(MTS) derivatives (Kirsch, Alam & Hartmann, 1994), it maximum peak current amplitude, in the range of 2% were used

was substituted by a tyrosine, the equivalent residue irflor most experiments. For experiments after cysteine-modifying re-

the skeletal muscle isoform. The C373Y mutant wa agents treatment, the expression level was adjusted upward by increas
’ ing the amount of injected cRNA to allow residual currents in the range

then used as the control channel. The study focuses of_s WA

the SS2 segments of D3 and D4 that have been suggested

to provide structural determinants of the selectivity filter

of the N& channel (Heinemann et al., 1992 A brief =~ ELECTROPHYSIOLOGY

report of this work has appeared in abstract form (Chen,

Hartmann & Kirsch, 1995). Whole oocyte current was recorded by two-electrode voltage clamp
using OC-725B (Warner Instrument, Hamden, CT). Beveled micro-
electrode tips were filled with a solution of 0.3% low melting point

Materials and Methods agarose in 31 KCl then backfilled with 3w KCI. Electrode resistance
was in the range of 0.20.5m(). Under these conditions step changes
in membrane potential had a rise time of approximately 1 msec. The

CoNSTRUCTION OFCYSTEINE MUTANT cDNAS holding current at =100 mV was usually in the range of —~0.B€.25
wA. When the holding current exceeded —Q.A at =100 mV, the cell

To expedite the construction of pore region cysteine mutants, hHla wawas discarded. The bath solution for MTS compound modification

first engineered with unique silent restriction sites flanking each regionexperiments consisted of (m NaCl 120, MgC} 2, CaC}, 1, and

of domain 1ll and IV (D3 and D4). The sites were placed into the HEPES 10, pH 7.2. Two MTS compounds were used in this study: the

cDNA, as were the cysteine mutations, via a modified megaprimerbromide salt of a positively charged compound, (2-amino-

polymerase chain reaction (PCR) mutagenesis technique (Aiyar & Leisethyl)methanethiosulfonate hydrobromide (MTSEAand the sodium

1993) used previously for the construction of other hHla mutantssalt of a negatively charged compound, sodium (2-sulfonato-

(Hartmann et al., 1994; Kirsch et al., 1994). With these silent sites, theethyl)methanethiosulfonate (MTSES Both compounds were synthe-

new restriction fragments were considerably smaller than fragments o$ized as previously described (Kirsch et al., 1994). Since the MTS

hH1a’s natural sites, thus reducing the chance of PCR-induced uneompounds are unstable in aqueous solution, they were dissolved in 5

wanted mismatches found in larger PCR products. 010 ml aliquot of bath solution immediately before application. The

In the pore region of D3, mutational primers incorporatedsi concentration was 2 m for MTSEA® and 305 mv for MTSES'.

site into hH1a cDNA by changing the codons for 2% and Led®2® If the MTS compound solutions are applied several minutes after its

and aBcll site by changing the codon for V4f”. For the pore region  preparation or if the perfusion rate is not fast enough, the effects of the

of D4, mutational primers placed @naBl site into hH1la cDNA by MTS compound solutions are very different from those of freshly pre-
mutating the codons for T¥##8%and Val®®*and aBfrl site by mutating  pared and rapidly applied MTS compound solutions. Instead of irre-
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versible effects, a reversible block on some mutants was observedYa", K*, Rb", Cs", and NH," are in the ratio of 1.02:1.00:0.99:0.98:
which was probably caused by hydrolyzed products of MTS com-0.97:0.97 (Hille, 1972). For dose-response measurement, the fractional
pounds. To avoid these problems, the freshly prepared MTS comeurrent ) vs.dose were fitted with the Langmuir adsorption isotherm:
pound solutions were applied directly into the chamber with a 1-ml

dropper, immediately after the perfusion (23 ml/min) was switched y = 1/(1 + ([toxin]/Kd)). ?3)

off, and the chamber solution was exchanged with fresh MTS com-

pound solution using the droppef3 times within one min. Washout  The IC,, equals Kd in this 1:1 binding model. Data were expressed as
of MTS compound solution was done by switching on the bath perfu-mean +sp unless otherwise indicated. Statistical significance of the
sion again. This method is better than gravity perfusion that has deadifference between mearB € 0.05) was determined using ANOVA to
space delay and short perfusion duration problems. The time course afompare each mutant channel with the control channel. Molecular di-
the effects resulted from MTS compound treatment was monitored bymensions were calculated using INSIGHT Il software (Biosym, San
0.05-Hz test pulses of 16 msec stepped from =100 mV to 3320 Diego, CA).

mV dependent on proper current amplitudes. In some cases, a series of

test potentials were applied before and after MTS compound treatment

so that the current-voltage relation and the reversal potential could bResuylts

obtained.

For ionic selectivity experiments, test solutions of various cationsA hown in Eig. 2. four mutations were made in th
were prepared by equimolar substitution of other cations fdridiain S Sho g. A fou utations were made e

the control bath solution. The experiments were done in a paired manS€gment SS2 of domain 11l (D3) from the control mutant
ner. The current-voltage relation was obtained irf Kath first, then ~ C373Y: K1418C, G1419C, W1420C, and M1421C. To
the solution was switched to a different cation bath solution. After asimplify the wording, C373Y + K1418C is designated as
steady state was achieved in the different cation solution, the currentK 1418C and so on. The expression level of G1419C was
\éoltige rilatiog l\)/vaﬁ obt:inr(]ed. Thlen the bath soéution W'cfls SWitcEerO low (< 0.05uA, n = 10-12 oocytes in each of three
ack to the Na bath, and the cycle was repeated again for another j.
cation. The permeability ratio was calculated from difference betweendlfferent ba.tCheS) to test the effects .Of blOCkerS.'. Fou.r
the reversal potentials obtained in the test cation solution and in contropther mutations were mad_e at the equivalent positions in
Na" solution obtained immediately before. TTX and STX (Calbio- the segment SS2 of domain IV (D4): A1710C, G1711C,
chem, San Diego, CA) stock solutions were diluted to various concenW1712C, and D1713C. There was no detectable expres-
trations in Nd bath solution immediately before use. The dose- sion of ionic current for G1711n(= 9-12 oocytes in
response relationship was obtained by perfusion of toxin solutions fromegch of three different batches). All the analyses were
low concentration to high concentration in a cumulative manner. Thedone with the remaining six mutant channels as well as

effects were monitored by 0.05-Hz test pulses until a steady-state re, e .
) 4 P y the control channel. The accessibility of these substitute
sponse was obtained for each dose. Data were low-pass filtered at

kHz (4-pole Bessel filter, Ithaca 4302, Ithaca, NY), then digitized at 25 cysteines to eXtraC?"u'arly applled, posmvely c_:harged
kHz. Linear leakage and capacitative currents were subtracted digitalyM T S-ethylammonium (MTSEA) and negatlyely
using a P/4 correction method. All electrophysiological measurementcharged MTS-ethylsulfonate (MTSESwas examined

were made at room temperature (225°C). first.

DATA ANALYSIS ErFecTs OFCATIONIC MODIFIERS ONNA™ CURRENT

Reversal potentiaM,,) was obtained by least-squares curve fitting the .

current-voltage relationship with the equation: AS reported previously, MTSEA(aS well as the nega-
tively charged MTSES slightly reduced the current am-

I'= Grax® (V= Vie) X (1 = (1/(1 +V7VO-Dhyy), (1)  plitude of the control mutant C373Y (<15% reduction,

For some mutant channels, e.g., CY + K1418C, ¥g, is near zero Kirsch et al., 1994; Fig. A). This small reduction was
and can be obtained easily 9 o Yconsidered to be a nonspecific effect of MTS compounds
y. For other mutant channels, e.g., C373Y, . . .
theV,, is at a very positive potential where the capacitative current isand established a control level for the |nt_erpr_etat|on of
usually much larger than ionic current and it can only be estimated bythe results of other mutants. As shown in FiA-Z,
extrapolation from the curve fitted with the data obtained at less posicurrents in all three of the SS2/D3 mutants, K1418C,
tive potentials. The percent change in current amplitude after MTSW1420C, and M1421C, were marked|y reduced by satu-
compound treatment was calculated by the equatiope(urs¥  rating concentrations (Kirsch et al., 1994; Pascual et al.,
lpetore MTsx X 100 — 100. The conductance was calculated from the 1995) of MTSEA (2 mM) in a manner consistent with a
equationg = 1/(V - V), in which V,., was a mean of pooled data. e
The percent change in conductance after MTS compound treatmen(fov""k:"n_t modification of an exposed SUIfhydryl group.
was calculated by the equatio,fe, yrexGoerore ) X 100 — 100. The residual currents after MTSEAreatment were 17 +

The permeability raticyP,, was calculated by modified Goldman- 3% ( = 18), 27 + 11% ( = 12), and 49 + 10%r( =

Hodgkin-Katz equation: 16) of the pretreatment level for M1421C, W1420C, and
. . K1418C, respectively (Fig.A). Since a steady state was
Vievs ™ Vievna = 58.78 10do (PISVPr[NaT]), @ not reached for K1418C (Fig.Q, at least part of the

in which Srepresents a substitute monovalent cation and the tempera':eSIduaI Current. may C_Ome from unmodified channels.
ture was 23°C. [g represents ionic activity that is the product of Thus, all three side chains appear to be exposed to attacl
concentration and activity coefficient. The activity coefficients for,Li by hydrophilic reagents. Furthermore, the effect at each
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A n = 12), in a rapid mannerty, < 10 sec,n = 12),
Dommain 1 881 552 similar to its effect on the corresponding M1421C of D3.
o H1a FDSFAWAFLALFRLMTODCWERL 355-377 Also, A1710C is blocked (residual current, 77 + 686+
rBII FDTFSWAFLSLFRLMTQDFWENL 367-389 7 after treatment) with a slow onséf,{= 165 + 56 sec,
TSkl YDTFSWAFLALFRLMTQDYWENL 383-405 n = 7), similar to its D3 counterpart. However,
Domain II W1712C (Fig. £ and Fig. 4, unlike its counterpart
hiila MMDFFHAFLIIFRILCGEWIETM = 881-903 (W1420C) in D3, is not significantly different (residual
rBII MHDFFHSFLIVFRVLCGEWIETM 925-947
SkM1 MNDFFHSFLIVFRILCGEWIETM 738-760 current, 93 £ 29%n = 12 after treatment) from control
) (Fig. 4A) in its response to MTSEA By itself, this re-
Domain Il FDNVGAGYLALLQVATFEGWMDT 1401-1423 sult suggests that the side-chain either is not exposed or
rBII FDNVGLGYLSLLQVATFKGWMDI ~ 1405-1427 that MTSEA' is excluded because of its size or charge
xSkl YDNVGLGYLSLLQVATFRGWMDI  1220-1242 distribution. To address this point we tested whether
Domain IV W1712C could be blocked by externalZron the basis
hl;ﬁ ggggﬁiﬂigtggggﬁgﬁt iggg-i%g that Zrf* is a smaller probe with higher charge density
T - . .
rSkML FETFGNSTICLFEITTSAGWDGL 1512-1534 than MTSEA, and because an exposed cysteine in D1 of

the wild-type hH1a makes the channel highly sensitive to
Zn** block (ICs, = 30 wm at test potential —10 mV,
B Kirsch et al., 1994). We found that the W1712C mutant

R IR Tn R also was sensitive to Zfi block with 1C;, = 310 + 70
L E I pM (n = 7, test potential +10 mV). The control C373Y
¥ ‘%Q: ?‘,Iq 15 channel, in contrast, was relatively insensitive G-
371 Q E G 897 3.5+ 1.7 mm, n = 5, test potential +10 mV). These
TR/ STX results indicate that the W1712C side chain is exposed
v i even though it is apparently not accessible to MTSEA
I L I Vv
T g/’ \D A
T M T
s_w—" ~u_F EFFECTS OFANIONIC MODIFIERS ONNA™ CURRENT
1710 P1 S U 1418

Block of Na" currents by modifiers that add a positive

quence alignment of the SS1-SS2 regions (Guy & Conti, 1990) of th charge act via eleCtrOSta'.u.C repulsion as .We“ as steric
four domains in human heart (hH1a), rat brain (Noda et al., 1986), anjaCtorS' .By contrast, addltlon, of a negatively chargeq
rat skeletal muscle (Trimmer et al., 1989)Nehannel isoforms. Resi-  9rOup might be expected to either reduce current ampli-
dues important for TTX/STX binding are bold-faced. Residues thattude if the site of action is in a narrow region of the pore
have been suggested to be selectivity determinants are underl)ed. (where steric hindrance is important, or enhance current
Sequence apposition of SS1-SS2 regions in hHI'acNannel accord-  amplitude if the site is in a wide region where electro-
B ot kmae o s oG allracton of permeant catons s a facta. AS
toward aqueous poregare marked by aprrows. Residuez that have beg?.Iown in Fig. 3 both effects were Obseryeq using
substituted with Cys in this study are bold-faced. . TSES depending on Whether t'h'e Cys substitution was
in D3 or the corresponding position in D4. Thus, both
D1713C (in D4) and M1421C (in D3) could be attacked
site occurred with different ON rates. For M1421C andby MTSES (Fig. 3A andD) but the effects were oppo-
W1420C, respectively, block reached a steady state isite one another: M1421C currents were blocked (re-
less than 20 sec (half effect timig,, < 10 secnh = 18)  sidual current, 55 + 8% = 12), whereas for D1713C,
and in about 2 mint(, = 36 + 15 sech = 12). By  the amplitude of current increased by 27 + 986 17)
contrast, for K1418C block did not reach a steady statafter MTSES treatment (Fig. B).
during the 7-min applicatiorty, = 77 + 66 secn = 11). The other important result obtained with MTSES
Complete exchange of the bathing solution requiredshown in the comparison of FigsEzand E. Although
about 15 sec, which was too slow to precisely quantifythe positively charged MTS compound was ineffective in
MTSEA" kinetics, but the differences in onset of the W1712C (Fig. E), MTSES, substantially reduced the
effect were very consistent and large enough to be clagnagnitude of the currents. In agreement with its in-
sified as fast (for M1421C), medium (for W1420C), and creased sensitivity to Zfi block, the MTSES response
slow (for K1418C). indicates that the residue must be exposed and readily
We next tested whether residues in SS2/D4 show accessible to both positive and negatively charged sulf-
pattern of exposure to MTSEsimilar to their D3 coun-  hydryl reagents. Furthermore, as shown in Figsad
terparts. As shown in Fig.l2 MTSEA" blocks D1713C 3B, the Trp of D3 is equally accessible to either
(residual current after MTSEAtreatment was 51 + 3%, MTSEA' or MTSES. Thus Cys substitutions at both of

Fig. 1. The SS1-SS2 regions of Na&hannels. &) Amino acid se-
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Fig. 2. Representative results of MTSEAreat-
ment. The current amplitudes were monitored by
0.05 Hz test pulses. The test potential is marked at
the upper right corner of each panel. The current
amplitudes were normalized to the pretreatment
level. The percent current remained after the treat-
ment is marked at the end of each trace. The period
of MTSEA" treatment (2 ma) is marked by a hori-
zontal bar. The scale bars for the representative cur-
rent traces in each panel arquA and 2 msec.

the internally homologous Trp positions appear to beupon replacement of external Nins with test cations.
A permeability ratio P4P,, Table 2) was calculated

accessible to MTS modification.
Finally, Fig. 3 andF shows that MTSEShad no

from the modified Goldman-Hodgkin-Katz equation as

effect on either K1418C in D3 or A1710C, the corre- described in experimental procedures. The ionic se-
sponding residue in D4, even though they are accessiblguence for control (C373Y) is the same as that of wild
to MTSEA". Since the volume occupied by an MTSES type (Table 3), indicating that Cy& is not involved in

molecule (93.9 A) is about 40% larger than that ofjon selectivity. The sequence of permeability ratio for
MTSEA" (67.2 A) this result is consistent with the no- c373Y is Li* > Na* > K* > Rb* = Cs" (Table 3), cor-

tion that these residues are located near the selectivitiesponding to Eisenman sequence X! (Hille, 1992).
filter (Heinemann et al., 1991.

EFFecTs oFCYs SUBSTITUTION AND MTS REAGENTS ON

ION SELECTIVITY

We used changes in the permeability sequence as ar

indicator of mutation-induced changes in the selectivity.

As shown in Table 3 before MTS reagent treatment, the

greatest effect was observed in K1418C where the per-
meability sequence was altered such that the channel
lon selectivity in unmodified channels was evaluated bybecame nonselective amongst alkali metal cations and
measuring the changes in reversal potential (Table 13howed the highest permeability to ammonium, the larg-
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est cation tested. By contrast, the other two D3 mutablocked and the remaining current was from unmodified
tions, W1420C and M1421C, retain Eisenman sequencehannels. The lack of effects on ion selectivity after
Xl. In domain IV (Table 3) before MTS treatment, all MTSES treatment (Table 2) is consistent with the pre-
three mutants, A1710C, W1712C, and D1713C, retairvious interpretation that this reagent could not reach
Eisenman sequence Xl. The results strongly support th&1418C.

suggestion that Ly4'® is located near the selectivity

filter of Na" channels (Heinemann et al.,, 1992and  Errects oFCysTEINE SUBSTITUTION ON TTX AND

suggest that the other five residues are not involved insTx BLock

ion selectivity.

The cysteine side chain after MTSE#odification ~We next addressed the question of whether MTS-
closely resembles that of lysine in terms of size andaccessible cysteines can alter block of the channel by
charge. We hypothesized that MTSEAreatment of guanidinium toxins. Figure 5 shows the dose-response
K1418C channels might reverse the mutation-inducedelationships of TTX and STX for the control and the six
changes in selectivity, but found that the permeabilitymutants. To make the comparison easier, thg, ifata
ratios were unchanged (Table 2) by either MTSE®X  were converted tdAG (Fig. 5C). The physical meaning
MTSES. The failure of MTSEA to restore selectivity of AAG is the difference in the apparent free energies of
suggests that MTS-modified channels were completelthe toxin dissociation reactions between control C373Y
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A MTSEA" B MTSES
- C313Y
m
CY+M1421C
CY+W1420C
CY+G1419C Fig. 4. Percent change in current amplitude after
CY+K1418C MTSEA" and MTSES treatments. The percent
v change was calculated as described in experimental
CY+DI713C procedures. Data are presented as mesmaf 6—-17
cells. The test potential ranges from -20 to 0 mV
CY+wiT2C depending on the proper current level for each mu-
CY+G1711C tant. * indicates significant difference from C373Y
L CY+A1710C (P < 0.05). n.e. indicates no expression of ionic cur-
L rent.
-100 -75 -50 -25 0 -100 -75 -50 -25 0 25
% Change in Current Amplitude % Change in Current Amplitude

Table 1. Reversal potentials measured in*Nanger solution

Mutant Untreated + MTSEA(2 mm) + MTSES (3-5 mv)
C373Y 45 + 90 =10)
Domain 3
CY + K1418C -49+ 3.6 = 337 7.1+ 236 = 10) -7.1+ 1.30=8)
CY + W1420C 24 £ 6f = 11y 17 + 8( = 11) 19 + 60O =8)
CY + M1421C 53 + 66 =23) 43 + 7 =2) 45 +120=2)
Domain 4
CY + A1710C 55 161 = 3) 34260=1) 49 +116=2)
CY + W1712C 34 £ 9fi=4) 30 + 80 =3) -2.3+ 230=23)p
CY + D1713C 67 = 5 =3)7 68 240 =2) 53 + 41 =3)P

Data are presented as meas(mV).
#indicates significant difference from C373P  0.05).
Pindicates significant difference from untreated ceRs<(0.05).

and a Cys mutant channels. A high®AG value indi- responses to STX block however was markedly different
cates that the apparent toxin affinity of the mutant isfrom that of TTX block: A1710C and W1712C reduced
lower than that of the control. All six mutants had lower STX sensitivity by 10-fold or less, whereas D1713C re-
apparent affinities to TTX than the control, with the larg- duced sensitivity by at least 4@old. These results sup-
est reductions (three orders of magnitude) occurring irport the suggestion that the negative charge of'Asp
the D3 mutants, K1418C and W1420C (Fig)5 These may interact with the positive charge of the 1,2,3-
results are consistent with the notion that the effects oguanidinium group of STX (Lipkind & Fozzard, 1994).
TTX block extend over several residues in this region ofSince the G-OH group of TTX molecule is at a position
the pore (Terlau et al., 1991). It should be noted how-equivalent to the 1,2,3-guanidinium group of STX (Yang
ever that the D3 residues were not equally effective in& Kao, 1992) and Gketo derivative of TTX is less
reducing TTX block; M1421C caused less than a 10-foldpotent than TTX (Kao, 1982), thegOH group of TTX
reduction whereas at the adjacent position W1420Gnolecule may interact with the carboxyl group of
caused 18fold reduction. A similar pattern of reduced Asp'’*3*through hydrogen bonding. This is supported by
STX sensitivity was observed in D3 such that K1418Cthe observation thaAAG of TTX for D1713C is 2.52
and W1420C showed %dold reduction in sensitivity ~Kcal/mol (Fig. ), a value that is within range of hy-
whereas M1421C showed no change compared with cordrogen bond strength (21 10 Kcal/mol; Creighton,
trol channels. These results suggest that the binding det993).
terminants for the two toxins were very similar in D3. We next asked whether toxin block was altered after
As shown in Fig. &, the pattern of effects was MTS treatments at exposed residues. Based on the
different in D4 where all three residues produced similarreadily interpretable effects of charge modification at
10°-fold reductions in TTX sensitivity. The pattern of D1713C and the profound effects of this mutation on
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Table 2. Permeability RatidPy/Py,
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Li* K* NH; Rb* (04
Untreated cells
C373Y 1.43+0.38 (4) 0.13 +0.03 (4) 0.29+0.14 (3) ) )
Domain 3
CY + K1418C 1.22+0.22 (4) 1.15 +0.20(6) 1.64 +0.23 (6) 1.15+0.1%(6) 0.95 + 0.08(8)
CY + W1420 1.22+0.08 (4) 0.23 +0.05(3) 0.53+0.09 (4) %) [0}
CY + M1421C 1.08+£0.10 (3) 0.058 + 0.01@) 0.23+0.09 (3) 1) [}
Domain 4
CY + Al1710C 2.00+0.28 (3) 0.044 + 0.00@) 0.18+0.03 (2) [) )
CY + W1712 0.94+0.13 (3) 0.17 +0.06 (3) 0.41+0.11 (3) ) o
CY + D1713C 1.03+0.28 (2) 0.037 + 0.00@) 0.11+0.02 (2) [4) [}
MTSEA*-treated cells
CY + K1418C 0.96 £0.01 (2) 1.19 +0.01 (2) 1.63+0.06 (2) 1.16 £0.01 (2) 0.99+0.01 (2)
CY + W1420 1.23+0.17 (5) 0.34 +0.04(3) 0.86+0.28 (3) ) ®
CY + M1421C 0.67 £0.16(2) ) 0.28+0.11 (2) ) ®
CY + A1710C 2.20 (2) 0.089 (1) 0.23(1) ® )
CY + W1712 0.92+0.18 (2) 0.16 +0.01 (2) 0.34£0.09 (2) ¢ )
CY + D1713C 0.67+0.41 (2) ® 0.15 (1) ® )
MTSES treated cells
CY + K1418C 0.98 (1) 1.15 +0.02 (2) 1.68 (1) 1.10+0.04 (2) 0.99+0.04 (2)
CY + W1420 1.31+0.20 (3) 0.28 +0.08 (3) 0.73 = 0°0R) ) )
CY + M1421C 0.95+0.04 (2) 0.083+£0.024 (2) 0.26+0.12 (2) [4) [}
CY + A1710C 1.86 (1) ) 0.26 (1) ) o
CY + W1712 () [1) () [1) )
CY + D1713C 1.01+0.01 (3) ] 0.25+0.09 (3) ] [0)

Data are presented as mearsc(n).
¢ indicates that this cation carried no or barely detectable inward current.
2indicates significant difference from C373¥  0.05).

bindicates significant difference from untreated ceRs<(0.05).

Table 3. Effects of ion substitution on peak current ratios in normal and mu-

tant channels

Controls
WT
C373Y
Domain 3
CY + K1418C
CY + W1420C
CY + M1421C
Domain 4
CY + Al1710C
CY + W1712C
CY + D1713C

Na" > Li* > NH; > K* = Rb" = Cs" = C&" = B&®*
Nd > Li* > NH; = K* = Rb" = Cs" = C&* = Ba®*

NH, > K" = Rb" > Cs" = C&* = Na" > Li* > B&*
N4 = Li* > NH; > K* [D (RB", C&*, B&)
N& > Li* > NHj > K* > 0 (Rb, Cs’, C&", B&")

L > Na* > NH} > K* > 0 (Rb', Cs", C&*, B&")
N& > Li* > NH} > K* > 0 (Rb', Cs", C&*, B&")
N4 > Li* > NH} > K* > 0 (Rb', Cs', C&*, B&")

MTSEA" or MTSES treatments did not affect the sequence of peak current
amplitude ratios in any of the mutants tested (MTSESted W1712C could not

be tested because of the low level of residual current).

toxin block we tested the effects of MTSES&nd

ther reduction of toxin sensitivity. Unexpectedly, both

MTSEA" treatment of D1713C on toxin block of the modifiers further reduced toxin block of residual current
residual currents. We hypothesized that if toxin block(Fig. 6) and the effect of MTSESwvas even greater than

required a negative charge at this site, then MTSESthat of MTSEA". These results suggest that charge alone
modified channels would show a partial restoration,does not predict toxin block at this site but rather steric
whereas MTSEA modified channels would show a fur- effects may be important as well in view of the fact that
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A Control MTSEA" MTSES”
4 1.0 ® cy
2 O CY+K1418C X0 o 2
B CY+D1713C A
E ¢ & CY+W1420C SIX @ "
:E 05 O cy+M1421C
a B CY+Al710C 1.0 4
g o * A cy+wi712C
= @ CY+D1713C =
~ 00 T T T T T o
10t 100 100 102 10° 10¢ =
B TTX (nM) =
$ 1.0 . g
¢
< ¢ £ 05 -
] 3
g 0.5 Q
S g
2 B
= ©
é 00 T T T T T M
10 100 10! 102 103 104
STX (nM
C (M)
Domain I ] : : : ’ 0.0 - ' ' J
1 2 103 104
CY+K1418C 10 10
CY+W1420C TTX or STX (nM)
cY+M1421C  J——— 3
Domain IV Fig. 6. The effects of MTSEA and MTSES on the dose-response
CY+AITIOC relationships of TTX and STX for D1713C. TheJgof TTX was 166
+6m (OmV;n = 3),602+84m (0 mV;n = 3), and >10um (0
I
CY+w1712C mV; n = 4) for untreated, MTSEAtreated, and MTSEStreated
CY+D1713C cells, respectively. The I& of STX was >10um for all three types of
cells. The symbols represent means and the error bars represent star
dard deviations. The smooth curves are least squares fit of the data with
AAG (Kcal/mol) 1:1 binding model.

Fig. 5. Dose-response relationship and relative binding affinity of TTX
and STX. A andB) The symbols represent means obtained from 3—-6 Fozzard, 1994)_ Using MTS reagents as probes we

cells and the error bars represent standard deviations. The smoo%und instead that the side chains of all six substituted
curves are least-squares fit of the data with 1:1 binding model as

described in experimental procedureS) The difference between the cysteines were exposed. Assuming that the structure of

IC, for each cysteine mutant and that for the control is expressed ath€ Polypeptide backbone is ma;imain_ed in the CyStein_e
AAG according to the equatiohkAG = -RT In(IC4, for C373Y/IC,, ~ Mutants, we conclude that all six residues extend their

for Cys mutanjt in whichR = 1.987 cal K* mol* andT = 296°K.  side chains toward the spatially constrained aqueous
The mean values of the Igs for C373Y were used in these calcula- pore. Our assumption that the mutations did not cause
tions. The bars represent means and the error bars represent standgjfintended changes in higher order structure was sup-
deviations. ported by the observation that the gating in the mutant

channels was unaffected. Further analysis of the mutatec

MTSES introduces a bulkier groug b1 A2 larger than channels revealed qualitatively different effects of

the side chain of Met) than MTSEAB1 A2 larger than MTSES on th_e homqlogous re_sidues I\_/I14_21_C and
the side chain of Met). D1713C, quantitative differences in the toxin-binding af-

finity between the homologous residues W1420C and

W1712C, and substantial differences in ion selectivity
Discussion between homologous residues K1418C and A1710C.

These results are consistent with the notion that homolo-
We substituted Cys residues at three corresponding logous residues in the SS2 of D3 and D4 are not symmetri-
in the SS2 pore-forming regions of domains D3 and D4.cally arranged. In addition, our results suggest that
Only two of the three residues in each domain wereLys***®is an exposed residue of the selectivity filter, that
predicted to be exposed by a model of the TTX bindingAsp**3acts electrostatically to potentiate cation conduc-
site in which corresponding residues in different domaingion, and that steric factors in the SS2-lining region are
occupy equivalent positions in hairpin loops (Lipkind & critical for guanidinium toxin affinity.
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Our results are readily comparable with those re-lectivity sequence (Table 2). By contrast, the homolo-
ported recently in studies of the skeletal muscle Na changous substitution of A1710C in D4 produced little
nel isoform (Peez-Garéa et al., 1996 and Chiamvimon- change in selectivity, suggesting that it is not part of the
vat et al., 1998,b) in which the accessibility of substi- selectivity filter, consistent with the earlier interpretation
tuted cysteine side-chains was probed with MTSof Heinemann et al. (1992 in rat brain Na channels and
reagents, TTX and Cd. Paez-Garta et al. (1996) the recent results of Chiamvimonvat et al. (18P rat
also identified as being exposed all six of the residueskeletal muscle Na channels. However, Chiamvimonvat
reported here and obtained similar reductions inet al. (199®) suggest that residues corresponding to
TTX block in mutant channels not treated with W1712 and D1713 in D4 also may be part of the selec-
MTSEA". Particularly revealing is a comparison of the tivity filter because of the increaseg/Iy, and Ka/lna
results obtained in K1418C (D3) and A1710C (D4) with Of the Cys mutants. Our results differ in that we find
their counterparts in the skeletal muscle channel. wadittle or no change in permeability ratios (Table 2) for
found that the small positively charged MTSEreagent t_hese two mutations based on whole-cell, reversal poten-
was an effective blocker of these mutants but the largefi@l measurements. More complete patch-clamp mea-
negatively charged MTSESwas not. Similarly in the surements of reversal pqtentials may be necessary to de
skeletal muscle channel the analogous mutations did€rmine whether these differences are methodological or
criminated between MTSERand its slightly larger ana- €@l distinctions between channel isoforms.
logue MTSET such that only the smaller reagent was
efiective. The similarity between these findings furthiarSTRUCTURAL FEATURES OF THEPORE REVEALED BY
reinf_orces the_ notion that these residues are located iN MTS Compounps
restricted region of the pore and that this structure is

COHSSL\;GrdeISILI{as” Bli?f:rh?rg?r?l?iiose obtained by rBe All six substituted cysteines in the SS2 of D3 and D4
Y could be modified by MTSEA and/or MTSES in this

Garca et al. (1996) in two regards. A relatively minor ) :
. ) ) 4 . study (Table 4); but show different patterns of response.
difference is that in our experiments W1712C (D3) did Met™*2 and Asp”*3are at homologous positions in the

not respond to MTSEA although it was blocked by sequence alignment; however, the effects of MTSES

Zn*"and MTSES, whereas in the skeletal muscle Chan'treatment on M1421C and D1713C are remarkably dif-
nel all of the Cd"-sensitive mutants including the one ferent in two aspects. First, the modification rate for

Co”espfjnding to W1712C also were responsive either tq11451¢ was much slower than that for either D1713C
MTSEA" or MTSET". We have no explanation for this . \y1712C (Fig. 3). Second, the macroscopic conduc-

discrepancy other than to note that our experiments Withance of M1421C was decreased, but that of D1713C was
MTSEA" for this mutant gave an unusually high amountincreased by MTSES A simple interpretation of the

of variability (Fig. 4A) and the positive response ob- first result is that Met*?tis deeper and, therefore, less
served in the skeletal muscle channel were modest relgsccessible than AP resulting in a slower rate of
tive to most of the other positions tested. Moreover,MTSES reaction in M1421C relative to that in D1713C.
since W1712C was sensitive to MTSE&nd corre-  However, this kinetic difference apparently depends on
sponding mutants in both channels were sensitive tghe charge of the MTS reagent since the onset of
Zn?*, there is no disagreement about side chain exposurg TSEA" was the same in both M1421C and D1713C
A more serious discrepancy is that we saw markedFig. 2). We speculate that the apparent rate of the MTS
changes in permeability sequence in K1418C such thateaction may be strongly influenced by the presence of
all the group IA monovalent cations had equal perme-nearby charged groups (e.g., A%’ in the case of
ability and NH,” became the most permeant ion (TableM1421C) and therefore not a reliable indicator of the
2). This result agrees with a previous report (Heinemanrdepth of the Cys in the pore. A stronger argument for
et al., 199D) that showed drastically altered ion selec- placing the SS2 region of D4 at a shallower depth than
tivity upon mutation of the homologous Lys in rat brain D3 is to compare the maximum reduction in conductance
Na channels, but is at odds with iee-Garéa et al.  resulting from saturating levels of MTSEAFigs. 2 and
(1996) who noted that all the Cys-substituted channelglA). We found that the reduction was significantly
including the one corresponding to K1418C are selectivegreater for Cys substitutions in D3 than for homologous
for Na" over other cations. A recent reexamination of substitutions in D4. Assuming that the MTSEAffect
monovalent ion selectivity in the skeletal muscle channels due to obstruction of the pore, such a result would be
(Chiamvimonvat et al., 199 reported changes in peak expected if D3 occupied a deeper and more constricted
current ratios if K1237C, similar to our results in the region of the pore than D4. Chiamvimonvat et al.
corresponding mutant K1418C (Table 3). Our results(1996a) argue that D4 is actually the deepest region on
show that of the six residues in D3—4 only the mutationthe basis of greater electrical distance estimated from the
corresponding to K1418C in D3 caused a change in sevoltage dependence of €dblock. It should be noted,
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Table 4. Summary of results

Domain Il Domain IV

Amino acid K G w M A G W D
Residue no. 1418 1419 1420 1421 1710 1711 1712 1713
Prediction Exposed Buried Buried Exposed Exposed Buried Buried Exposed
MTSEA* - n.d. - - - n.d. N.E. -

rate slow n.d. interm fast slow n.d. N.E. fast
MTSES N.E. n.d. - - N.E. n.d. - +

rate N.E. n.d. slow slow N.E. n.d. interm fast
Selectivity

P«/Pya ++ n.d. + - - n.d. N.E. -
TTX block — n.d. — - - n.d. - -

Amino acid abbreviationsK, lysine; G, glycine; W, tryptophan;M, methionine;A, alanine;D, aspartateC,
cysteine;Y, tyrosine; E, glutamate.

Prediction, side chain aqueous accessibility according to (Lipkind & Fozzard, 1994).

MTSEA", MTSES; effect on ionic currentsn.d. = not determined because of barely detectable current; N.E.
= No Effect; — = decrease in current amplitude;= increase in current amplitude. rate, time course of MTS
effects on ionic current.

Selectivity R/Py, from reversal potential, + means reduced discrimination relative to WT.

TTX block, in non-MTS treated cells, — means reduced affinity.

however, that this conclusion leads to some apparentys (179.0 A% is larger than that from Met to MTSES
discrepancies. For instance, A1529C (D4) was found tanodified Cys (50.9 A%), but this increase in size did not
be accessible to MTSEAvhereas the shallower D400C impose much physical hindrance for ionic current, con-
(D1) was not. Conversely, the deeper position G1530Gsistent with the notion that ASp'3is near the exterior
(D4), was accessible to MTSETbut the shallower po- rim of the narrow region. Neutralization of the corre-
sitions D400C (D1) and K1237C (D3) were not. Fur- sponding Asp in rat brain Nachannels, D1717N and
thermore, the fact that the apparent?Cdiffinity in dif- D1717Q, reduced single channel conductance to 57%
ferent Cys mutants varied 35,000-fold (1040 to 008 and 43% of the wide type, respectively (Terlau et al.,
Chiamvimonvat et al., 192 suggests that a single cys- 1991). These results are consistent with our interpreta-
teinyl side chain is insufficient to form a Gtibinding  tion that steric effects on ion conduction are smaller than
site and that nearby residues also can influence the olsharge effects at this position.
served electrical distances. To understand the implications of an exposed car-
The second of our results was that MTSE®lec-  boxylic acid side chain near the mouth of the channel, we
tively increased currents in D1713C but reduced currenthave calculated the electrostatic effect of the negative
in the homologous M1421C substitution in D3. The in- charge contributed by ASp° if it were to act by a
creased amplitude of current in D1713C obtained by atsimple surface charge mechanism. The actual situation
taching a negatively charged group, and the decreasezmbuld be more complicated by factors such as the dielec-
amplitude obtained by attaching a positively chargedtric geometry of this region of the channel (Cai & Jordan,
group suggest that the Asp residue can increase the locab90). However, as a first approximation, the effects can
concentration of N&ions by an electrostatic effect and is be estimated by calculating the increase in conductance
suggestive of a more exterior location of this residueresulting from the addition of a single charge to different
compared with M1421C. Our results however, do notnumbers of original charges. We assumed that the nega-
provide evidence concerning the mechanism wherebyive surface charges are located at the exterior rim of the
negative surface charge contributed by ASp affects  entrance to the restricted, tunnel region. The distance
ion conductance in the pore. We have used a simpldetween each negative surface charge and the centra
electrostatic model to describe this effect but cannot rulexis of the pore is assumed to be 6 A, based on the model
out the possibility of a more complicated mechanismof Hille (1975). The surface potential at the center of the
(Dani, 1986; Kienker et al., 1994). constriction entrance can be calculated as the sum of the
The existence of fixed negative charges near theCoulombic potentials generated by all the surface
pore entrance has been suggested from the study @harges. Under these assumptions, the surface potentic
single channel conductance in different ionic strength($g) at the center of the exterior rim is:
conditions (Green et al., 1987). Our result provides evi-, _ _
dence for the involvement of a specific amino acid resi-d)S = “neldme,cq(6 A),
due. The size increase from Asp to MTSHES8odified in whichnis the number of surface chargesis dielec-
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tric constant of water 78.54; ang is vacuum permit- an area of 3.1 x 5.1 A in which one of the six oxygen
tivity. The result isb, = —n30.5 mV. The surface con- atoms is contributed by a negatively charged carboxylate
centration of N& can be calculated from the Boltzmann group (Hille, 1971; Hille, 1972). The latter is probably
equation: provided by Asp’?in the SS2 of D1, based on the ob-
C. = C. . gl-76bs/kT) servation that a neutralizing mutation, D384N, in rat
s bulk ’ brain N& channels completely prevented ion conduction
inwhichz = 1,C,,x = 120 mv, and T= 296°K. The (Terlau et al., 1991; Pusch et al., 1991) but a similar
results are 120 m, 396 mv, 1.31m, 4.33Mm, and 14.3v mutation, E942Q), at the equivalent position in D2 did not
for n = 0 to 4, respectively. Under the approximation affect selectivity and reduced conductance to a much
that the Na channel is a singly occupied pore, the con-lesser extent (Kontis & Goldin, 1993; Terlau et al.,
ductance-concentration relation can be described by th£991). However, a modification of Hille’s model is nec-

Michaelis-Menten equation: essary to account for the observation that dramatic
_ J(L+KC changes in ion selectivity that result from mutations
9= Oma Na>s/» K1418C (Table 3) and K1422E in a previous study

in which g,,,., is the saturation conductance aKg, is  (Heinemann et al., 198 We propose that a hydrogen
the half-saturation concentration of NgGreen & atom from the ionized amine group of Lys® replaces
Andersen, 1991). The values@y,,andK,, (45 pSand one of the six oxygens in the filter. A distance of 5.1 A
1.5m, respectively) are adopted from those estimated iris too long to allow hydrogen bond formation between
canine brain Nachannels (Green et al., 1987). The cal- the acid group and the amine group, but would permit a
culated conductances (in pS) are 3.3, 9.4, 21.0, 33.4, anda” ion and one water molecule to be accommodated
40.7 forn = 0to 4, respectively. The percent increase inwithin the selectivity filter, such that the Néon directly
conductance by adding one more surface charge is 182%pntacts the oxygen of the carboxylate group and the
123%, 59%, and 22% far = O to 3, respectively. The water molecule directly contacts the hydrogen of
59% increase in conductance by increasing the numbarys'#'® Based on a simplified assumption that the dis-
of surface charge from 2 to 3 is similar to the observedtance between the oppositely charged centers 6fad
55% increase in conductance obtained by MTSE&at- -COO is 2 A, the Coulombic potential energy can be
ment of D1713C. This result is consistent with the pres-estimated as —166 Kcal/mol, a value that is much |arger
ence of three negative surface charges near the entranggan the —105 Kcal/mol hydration energy of Neille,

of the N& channel pore. Additional charges may be sup-1992). Therefore the carboxylate group at the narrowest
plied by GIF’S, GIu*®* (Terlau et al., 1991; Chiamvi- part of the pore may provide an energy minimum for
monvat et al., 1998. The involvement of multiple car- Ng* The positive change of LY&¥may destabilize the
boxylate groups is also apparent from the observationrong attraction between Kand ~COO to accelerate
that the carboxyl-modifying reagent TMO reduces theng+ fiux, although the electrostatic repulsion between
unitary conductance of cardiac Nahannels to produce N4 and the ionized amine group is attenuated by greater

three discrete levels without transitions between 'evel%istance and the dielectric properties of the intervening
(Dudley & Baumgarten, 1993). If any one of the three  ser molecule. In the mutant K1418C channel, the se-
acid residues is modified by TMO, the other two CannOtIectivity filter may be expanded from 5.1 A to 8.5 A

be reached; the conductances of the channels modified Bbcause of the shorter side chain of Cys. This enlarged
different acid residues are slightly different. As Bgof filter loses its selectivity among alkali metal cations, be-

cations can be elevated by the fixed charges,agef cause it can accommodate two water molecules as well

. . o )
monovalent anions will be reduced_ to 2'8/)@‘;“* N asthe permeant ion at the cross section, and the permear
the area of the external mouth. This provides an expla:

nation for why K1418C and A1710C could not be modi- lon is separated from the ~COQy a water molecule.

fied by MTSES and why W1420C and M1421C were ;he_%oggmb'c z“traci!"lrl‘ bettt""ee”ttzebpetrﬁ‘ef‘”t ion d‘?‘”d
modified by MTSES but with slow kinetics. The area € IS substantially attenuated by the farger dis-

below the exterior rim of the narrow region of the pore tance and the dielectric property of the intervening water

excludes anions, possibly because of the electrostatic rér_]o!ecule, thereforg, the. apparent d'ffefe"‘c.e in size of the
901 various cations is diminished. Ammonium is much more

B L S e o ba, Permeable than other alkall metal cations in K1415C

because its tetrahedral structure will allow two of its four
hydrogen atoms to interact with two sides of the long
dimension through intervening water molecules, while
the other two hydrogen atoms may interact directly with
In Hille’s model of the selectivity filter, the narrowest oxygen atoms at two sides of the short dimension of the

part of the pore is surrounded by six oxygen atoms withselectivity filter. The oxygen atoms may be provided by

respectively).

ION SELECTIVITY
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carbonyl groups at the polypeptide backbone, which cari,2,3-guanidinium group of STX is biologically active,
form hydrogen bonds with ammonium ions. but it has been proposed that 1,2,3-guanidinium group of
STX interacts with the AsP*®in D4 via electrostatic
attraction, based on previous mutational studies (Lipkind
TTX/STX RECEPTOR & Fozzard, 1994). Our results support this suggestion by
showing that in D1713C thAAG of STX is not only
The effects of the mutation K1418C on both ionic selec-much larger than that of TTX, but is also significantly
tivity and guanidinium toxin binding affinities support larger than theAAGs of TTX and STX for K1418C.
the notion that TTX and STX plug their guanidinium We propose that the {hydroxyl group of TTX interacts
groups into the selectivity filter of Nachannels (Hille,  with Asp'’*3through hydrogen bonds, because MG
1975). Our explanation for the mechanism of elimina-of TTX for D1713C is within the range of hydrogen
tion of ionic selectivity in K1418C can also be applied to bond energy. The interaction between a guanidinium
the reduction in TTX and STX block of K1418C. When group and a carboxyl group usually consists of not only
the selectivity filter is enlarged, the positively charged electrostatic attractions but also hydrogen bonds (Creigh-
guanidinium group can carry two water molecules at theton, 1993), thus, elimination of the carboxyl group in
cross section and cannot contact the acid group. ThuB1713C destabilizes STX more than TTX. Because
the electrostatic attraction between the guanidiniumAsp'’*? is probably situated just inside the region of
group and the acid group is attenuated by the greatevoltage drop in the pore (Chiamvimonvat et al., 1896
distance between the centers of opposite charge, as welhd interacts most strongly with STX (Fig. 6; Terlau et
as the large dielectric constant of water molecule. Theal., 1991) it may be responsible for the extra voltage
idea of multiple negative charges provides an explanadependence of block by the divalent STX compared with
tion of the differential effects of TMO on ion selectivity the monovalent TTX molecules (Satin et al., 1994).
and toxin binding affinity (Spalding, 1980). We have The large change in toxin block in W1420C and
suggested that three exposed, carboxylates at’&lu aqueous exposure of this side chain suggests thaf*rp
GIu®®?, and Asp’*3 can be modified by TMO, but that might interact directly with toxin. But in the absence of
the two deep acid residues, Aépand GIF%8 cannot be additional data the mechanism is unclear. Replacement
reached. Previous mutational studies have shown thaif the aromatic Trp residue with Cys would eliminate the
neutralization of any one of the four acid residues in thepossibility of cationsr interactions (Kumpf & Dough-
SS2 segments of D1 and D2 abolished the sensitivity teerty, 1993; Burley & Petsko, 1996), but the large volume
TTX and STX (Noda et al., 1989; Terlau et al., 1991; change and the reduced hydrophobicity resulting from
Kontis & Goldin, 1993), suggesting that these acidicthis substitution might play important roles in the inhi-
residues are involved in direct interaction with TTX and bition of toxin binding. Additional side chain substitu-
STX. Once an exterior carboxylate is modified by TMO, tions would help clarify the functional role of the ex-
the toxin binding affinities are eliminated but the ionic posed Trp side chains in the pore.
selectivity and H-block, which are determined by The combination of side-chain specific modifiers
Asp®’? of D1 according to our model, remain the same.and site-directed mutagenesis promises useful insights tc
The conductance decrease by TMO maodification (Sig-structure-function relationships in ion channel that are
worth & Spalding, 1980; Worley Il et al., 1986) may be not available using either technique separately. The re-
mainly due to neutralization of one negative charge neasults obtained from our combined approach suggest spe-
the mouth and consequent decrease in local concentraific modifications of the conventional models of pore
tion of Na' ions. structure/function and may serve as the basis for addi-
The structural differences between TTX and STXtional tests of the molecular basis of toxin binding and
have provided some useful information about the strucion selectivity.
ture of Na channel pores. TTX contains only one posi-
tively charged guanidinium group while STX contains We thank Wei-Qiang Dong for oocyte preparation and cRNA injection.
two. These two toxin molecules can be aligned by threé/\(e are also grateful to Dr. Kizhake Soman for ca]culating molecular
stereospecifically similar and biologically active groups: @mensions. We also thank Dr. A.M. Brown for his support and en-
LT couragement. This work was supported by National Institutes of
the 1,2,3-guanidinium group, theg,@_”q Go hydroxyl Health grant NS29473 to G.E.K. and by a grant-in-aid from the Ameri-
groups of TTX; and the 7,8,9-guanidinium group and thecan Heart Association (Texas Affiliate) to H.A.M.
two C;, hydroxyl groups of STX (Yang & Kao, 1992).
When the two molecules are aligned, the 1,2,3-
guanidinium group of STX is at the equivalent position
as the G hydroxyl group of TTX. A structure-activity Aiyar, A., Leis, J. 1993. Modification of the megaprimer method of
study of TTX has shown that{hydroxyl group is mod- PCR mutagenesis: Improved amplification of the final product.
erately active (Kao, 1982). It is still unknown if the  Biotechniques4:366-369
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