
Structural Rearrangements 
Underlying K+-channel 

Site-directed spin labeling and electron 
paramagnetic resonance (EPR) spectroscopy 
are ideally suited to probe the structural dy- 
namics of membrane proteins (8). This ap- 
proach, applied to KcsA channels (9), shows 

- - 

gating-related conformational changes in res- 
Activation Gating idues lining the permeation pathway along 

TM2 (structurally equivalent to S6). Those 
Eduardo Perozo,* D. Marien Cortes, Luis C. Cuello changes suggest that channel opening is as- 

sociated with a widening of the internal ves- 
The intramembrane molecular events underlying activation gating in the Strep- tibule of the channel. Here we have studied 
tomyces K' channel were investigated by site-directed spin-labeling methods and trends and periodicity changes in the EPR 
electron paramagnetic resonance spectroscopy. A comparison of the dosed and signal from a large set of residues in KcsA to 
open conformations of the channel revealed periodic changes in spin-label mobility gain information about the global structural 
and intersubunit spin-spin interaction consistent with rigid-body movements of the changes that underlie pH-dependent gating. 
two transmembrane helices TM1 and TM2. These changes involve translations and 
counterclockwise rotations of both helices relative to the center of symmetry of Functional Role of the C-Terminus 
the channel The movement of TM2 increases the diameter of the permeation We analyzed the functional role of the C-termi- 
pathway alongthe point of convergence of the four subunits, thus opening the pore. nus of KcsA by looking at the effect of specific 
Although the extracellular residues flanking the selectivity filter remained immo- cytoplasmic deletions on the ability of the chan- 
bile during gating, small movements were detected at  the C-terminal end of the nel to gate in a pH-dependent manner. We 
pore helix, with possible implications to the gating mechanism. compared two deletion constructs, A140-160 

and A125-160 (lo), with control constructs 
The functional behavior of ion channels is gate to physically occlude the pore in a revers- having the His, tag at either end of the molecule 
based on two fundamental processes: perme- ible manner. Evidence from kinetic studies of by measuring Ba2+-sensitive ',Rb+ uptake in 
ation and gating (1). Permeation is responsi- K+-channel blockade by quaternary ammonium proteoliposomes (4) (Fig. 1A). It is expected 
ble for the selective and efficient transloca- ions (6) suggests that in voltagedependent that if the gate of the channel is indeed mostly 
tion of ions across the membrane, whereas channels both open-channel block and ion-trap- intracellular, deletions at the C-terminus should 
gating tightly controls access of ions to the ping effects are associated with changes at the render the channel permanently open, uncou- 
permeation pathway, effectively determining intracellular end of the molecule. Cysteine scan- pling proton biding from ion conduction. In 
channel activity. ning experiments in Shaker K+ channels have the absence of most of the C-terminus (A125- 

Recently, in what can be considered a de- demonstrated statedependent cysteine reactivi- 160), 86Rb+ influx is only partially uncoupled 
fining moment for ion-channel research, the ty at the C-terminal end of the S6 transmem- from proton binding (Fig. 1B). The channel can 
crystal structure of KcsA, a potassium channel brane segment (7), consistent with the move- still close at neutral pH but to about 50% of 
from Streptomyces lividans (2) was determined ment of a putative gate in or around this region control, as if the main gating transition were 
at 3.2 A (3). The structure revealed a tetrameric of the molecule. still present and the C-terminal deletion affected 
complex with a centrally located pore formed 
by the apposition of individual subunits, each 
with two transmembrane helices (TM1 and A 1 2 3 4  B -rtf- qfL lw y- 
TM2) flanking a "selectivity filter" (3). Func- 

--- 
- 3-5 d-5 .I + a-L- 

tional characterization of KcsA in planar lipid - - - 
bilayers demonstrated a K+-selective channel - - 120 
of 140 pS with very short open times and at 
least two subconductance states (2, 4). KcsA is E 2 100 
mostly closed at neutral pH, but it can be sta- C - c 
bilized in the open state at low extracellular pH +n 

80 
[(4), but see (5)], a finding that has opened the & 1.0 

door to high-resolution structural studies of the $ 0 8  AIULlm sz 60 . A 1 2 5 1 m  
gating mechanism. Although the proton-depen- f 0 6  a, 
dent events that trigger channel opening are not b 40 

' 0 4  
[IJ 

understood, experiments with vectorially recon- - 
0 .- 

stituted KcsA suggest that these events occur on 5 0 2  2 20 
the extracellular side of the molecule (4). E 

0 0  
This article deals with two fundamental I so rL!l Temperature 60 70 80 ("C) 90 100 0 

questions concerning activation gating in ion Control 1 Control 2 A 140-160 A 125-160 
EhvmoWp.in 

(i) the location of the gate that opens Fig. 1. pH-dependent gating and functional role of cytoplasmic regions of Kcsk (A) SDS-polyacrylamide 
and the permeation pathway, and the gel of each construct showing the relative migration of the tetrameric form of the channel Lane 1, 
type of n~~~ecular  mwements that allow the control 1 KcsA with an N-terminal His, tag; lane 2, control 2 KcsA with a C-terminal His, tag; lane 3, 

construct A140-160; lane 4, construct A125-160 (obtained by proteolytic treatment of KcsA with 
chymotrypsin). Protein standards (kD) are 158, 116,98,66, 57, and 43. (B) Ba2+-sensitive 86Rb+ influx 

Department of ~olecular Physiology and Biological at neutral and acidic pH. Data for each construct are normalized to the maximal 86Rb+ uptake (pH 4.0) 
Physics and Center-for Structural Biology, University and are shown as the mean + SD for five independent measurements. (C) Tetrameric stability of KcsA 
of Virginia Health Sciences Center, Charlottesville, VA and deletion mutants at pH 7. Each construct was solubilized in 0.3 mM DDM, incubated at different 
22906-001 1, USA. temperatures for 30 min, and separated on a 15% polyacrylamide gel The intensity of the oligomer and 
*To whom correspondence should be addressed. E- monomer band was quantified densitometrically. The approximate midpoints of each melting curve are 
mail: eperozo@virginia.edu 76OC (control I), 74OC (A140-160), and 70°C (A125-160). 
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the stability of the closed state. These effects 
appear to be restricted to the region between 
residues 125 and 140 of the C-terminus, be- 
cause construct A140-160 behaved like the 
control channel (Fig. 1B). 

These results suggest that the C-terminus 
cannot be the primary gate of KcsA, because 
in its absence the channel is still able to 
partially regulate a Ba2+-sensitive *"Rb+ in- 
flux in a pH-dependent manner. It appears 
unlikely, therefore, that gating in KcsA oc- 
curs as a consequence of conformational re- 
arrangements of a cytoplasmic "plug," al- 
though the functional effects of deleting the 
C-terminus may suggest a close interaction 
with the membrane-embedded regions of the 
channel. In fact, data from site-directed spin- 
labeling studies (11) indicate that residues 
- 125 to 145 may form an intracellular heli- 
cal bundle immediately adjacent to the "in- 
verted teepee" formed by TM2, similar to what 
is found in the cytoplasmic region of the mech- 
anosensitive channel MscL from Mycobacteri- 
urn tuberculosis (12). These two structures 
might be physically coupled, and deletion of the 
C-terminus could lead to an increase in the 
motional freedom of the TM2 helices (13), 
which explains the increase in channel activity 
at neutral pH. Thermal denaturation experi- 
ments of the deletion constructs tend to suppo? 
this statement, as Fig. 1C demonstrates a small 
but significant shift in the midpoint of the de- 
naturation curve, from about 76OC in the con- 
trol KcsA to about 70°C in 8125-160 and 
about 74OC in 8140-160. 

Rigid-Body Movements of 
Transmembrane Helices 
At a basic level, activation gating could involve 
rigid-body movements through the tilting or 
twisting of secondary structure elements or do- 
mains, as has been shown for gap junctions, 
acetylcholine receptors (14), and rhodopsin 
(15). Alternatively, they could also require sec- 
ondary structure transitions like those suggested 
for the conformational changes in the S4 seg- 
ment in voltage-dependent channels (16). We 
studied the pH dependence of the secondary 
structure content of KcsA by circular dichroism 
(CD) spectroscopy (17). Table 1 shows the 
results of these experiments obtained for pH 
values between 3.0 and 7.0. At neutral pH, the 
current data matched earlier determinations 
with CD spectroscopy (18) and were close to 
those obtained by Fourier transform infrared 
spectroscopy (19). At lower pH values there 
appeared to be no significant changes in the 
secondary structure content of KcsA, which 
clearly shows that channel opening must be 
coupled to the motion of entire domains or 
secondary structure elements.. 

We then compared the EPR spectral prop- 
erties of spin-labeled cysteine mutants deter- 
mined at either neutral or acidic pH for more 
than 60 cysteine mutants (20). Three regions of 

the channel were studied: the two transmem- 
brane helices TMl (residues 26 to 50) and TM2 
(residues 90 to 120) and the regions immedi- 
ately flanking the narrow portion of the selec- 
tivity filter (Fig. 2A). Two structural parameters 
were analyzed: probe mobility (Fig. 2B, AHo) 
and the R parameter. Mobility changes (AAHo) 
are an indication of rearrangements in tertiary 
or quaternary contacts; positive AAHo values 
suggest increased steric contacts and negative 
AAHo values imply increased motional free- 
dom (21). The fl parameter reports on changes 
in intersubunit probe-to-probe proximity and is 
obtained from the ratio of the normalized am- 
plitude of spectra (Fig. 2B, A) in the open and 
closed conformations (21). R values lower than 
1 indicate that the spin-labeled residues move 
closer to the fourfold axis of symmetry in the 
open conformation. R values larger than 1 re- 
flect motion away from the symmetry axis. 
Specific examples of changes in spectral line 
shape due to changes in mobility or interprobe 
proximity are illustrated in Fig. 2C. 

The result of the analysis of TMl and TM2 
spectral data sets obtained in the closed or open 
conformation is shown in Fig. 3. Because TM1 
is located in the periphery of KcsA and less than 
half of the helix is involved in tertiary contacts, 
AAHo should be a very sensitive indicator of 
helix tilting and rotation (Fig. 3A, left). Indeed, 
changes in TM1 AAHo show evidence of a 
strongly periodic behavior, where pockets of 
residues experience enhanced tertiary contacts 
alternating with residues that show an increase 
in motional freedom. The power spectrum ob- 
tained from the TMl AAHo profile (22) dis- 
plays a large peak centered at 108' (Fig. 3B). 
This is a clear indication of a-helical periodicity 
and suggests that the movement of TM1 occurs 
as a rigid body (23). The R profile also shows 
considerable changes upon channel gating, 
mostly at the N-terminal half of the helii (Fig. 
3A, right). The fact that some residues in TMl 
(28, 29, 35,46) show R values <1 and others 
(27,3 1,33,43,44) have 0 values > 1 indicates 
that TM1 rotates along its helical axis when 

Table 1. pH dependence of secondary structure content in KcsA. KcsA was solubilized in DDM. Values 
represent mean 2 SD of at least three independent measurements. 

pH 7.0 pH 6.0 pH 5.0 pH 4.0 pH 3.0 

a helix 66.6 2 0.93 66.7 2 0.63 65.3 + 1.3 67.7 ? 1.9 71.1 ? 0.95 
p sheet 10.0 + 3.3 9.0 + 4.2 7.2 2 2.9 9.1 ? 4.0 8.2 2 3.2 
p turn 11.5 2 3.9 9.7 ? 6.2 15.2 2 5.0 13.2 2 4.8 14.3 + 5.2 
Other 10.3 ? 4.2 10.3 ? 5.4 15.1 + 3.7 11.4 2 3.2 10.2 2 5.7 

Fig. 2. (A) Molecular model of A 
KcsA (minus two subunits) high- 
lighting the position of mutated 
residues: blue, TM1; red, TMZ; 
green, external and internal res- 
idues flanking the selectivity fil- TM 

ter. Yellow spheres represent the 
a-carbons of the spin-labeled 
residues. (B) Measurement of 
structural parameters from spec- 
tral line shapes. An X-band CW- 
EPR spectrum is shown with 
scales indicating measurement C Coupling 
of the amplitude of the normal- 
ized central resonance line, M = 
0 (A). The Cl parameter isppgr- 4 ~ 2 8 ~ - S L   LO^ R < o 4 AAHO Rl17CCL > o 
ationally defined as R = A*IAO, 
were A* is the amplitude of M = 
0, measured at low pH, and A" is 
the amplitude of M = 0 at neu- 4 YWC-SL d7 
tral pH. It is plotted as log Cl to L q R - 0  

show + polarity in the changes. / 
All data are normalized to the 
total number of spins in the 
sample using the peak-to-peak 4 LogR>O + 
value of the double integral of 
the spectra. Also indicated is the 
measurement of the mobility 

pH 7.0 
parameter (AHo) as the peak-to- (closed state) 
peak width of M = 0. (C) Exam- p~ 3.5 

ples of changes in spectral line (Open state) 

shapes depicting changes in di- 
1 

polar spin-spin coupling (left, R parameter) and probe mobility (right, AAHo). Black spectra were 
taken at pH 7.2, where the channel is mostly closed; red spectra were obtained at pH 3.5, which 
favors the open conformation. Scan width is 100 C except for the marked spectra (150 C). 
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going from the closed to the open conformation. 
Additionally. the largest changes in Cl occur at 
the N-terminal half of TM 1. which implies that 
this segment also tilts toward the symmetry axis 
during gating. We estimated the direction of 
helical rotation by calculating the mobility mo- 
ment of TMl (24) in the closed and open con- 
formations (Fig. 3C). This vector points to the 

direction of maximal motional freedom of the 
helix. Taking residue W'6 (25) as reference (6 = 

0), and viewed from the extracellular surface of 
the channel, we found a net counterclockwise 
rotation A6 of about 2 lo. This determination 
cannot be directly translated into a physical 
rotation angle because precise interspin distanc- 
es should be used for this purpose (26). How- 

ever, it does provide a reliable determination of 
the direction of rotation along the TM1 helical 
axis. 

An examination of the structural rearrange- 
ments in TM2 demonstrates a more dramatic set 
of changes in both probe mobility and spin-spin 
coupling than those observed in TM1. The 
AAHo plot shows strongly periodic behavior 
(Fig. 3D, left), with large mobility changes 
through most of TM2 and a gradual decrease in 
the magnitude of the change near the N-termi- 
nus of the helix. As with TMI, this pattern is 

TMI Helix 
FASTER 4- -b S L O M R  CLOSER 4- -b FARTHER 

52 --- 
50 - I -- -" 

-04  - 0 2  0 0  0 2  0 4  

log R 

indicative of rotational motions along the helical 
axis of TM2. The profile for the interspin prox- 
imity changes, on the other hand, shows !2 
values >I  for most of the TM2 residues, an 
indication of movement away from the symme- 
try axis (Fig. 3D, right). However, it also shows 
a number of residues with C l  values < I  (96, 
100, 109, 117) and thus moving closer to the Angular Frequency (0) 

symmetry axis. This Cl profile can be explained 
only by postulating that TM2 undergoes rotation 
and translation movements when going from the 
closed to the open state. This rearrangement of 
TM2 also occurs in the form of a rigid-body 
movement, because the power spectrum of the 
0 parameter profile shows a sharp and unam- 
biguous peak centered at 91' (Fig. 3E). The 
direction of helical rotation also occurs in a 
counterclockwise manner, with A0 = 20°, 
viewed from the extracellular face of the chan- 
nel (Fig. 3F). 

AAHo (Gauss) 

TM2 Helix 
Conformational Stability Near the 
Selectivity Filter 

FASTER 4- + S L O M R  CLOSER c 4 FARTHER 

In an attempt to define the types of molecular 
movements near the selectivity filter during ac- 
tivation gating, we placed spin labels in regions 
immediately flanking the Kt-channel signature 
sequence TVGYGD (Fig. 4). These labeled res- 
idues can be classified as external (residues 8 1, 
82, and 83) and internal (residues 72, 73, and 
74) relative to the ion binding sites of the selec- 
tivity filter. We found no significant change in 
either probe mobility or spin-spin interaction at 
the external side of the selectivity filter. This 
was true even for residue Yg2. which showed 

Angular Frequency (a) 

A 
FASTER* &SLOWER 

I3 
CLOSER C +FARTHER AAHo (Gauss) 

Fig. 3. Conformational rearrangements in TMI and TM2. (A and D) Profile of changes in structural 
parameters associated with probe mobility (left, AAHo) and spin-spin dipolar coupling (right, R 
parameter). Numbers in the center correspond to residue positions. Negative values of AAHo indicate 
an increase in the motional freedom of the label, and positive values imply motional restrictions. For 
R < 1 (log R < O), the spin labels are closer together relative to the fourfold axis of symmetry; for R > 
1 (log > 0), the labels go away from each other and farther apart from the symmetry axis. Except 
for specific cases, data are derived from a single purification-labeling run. (0) Fourier transform power 
spectra of the mobility parameter AAHo. Peak angular frequency is 108" and the a periodicity index 
(aPI) = 3.21. The R parameter profile for TMI does not show as strong a peak near 100" (aPI = 1.73) 
mostly because the intersubunit TMI cross distances are near the limits of detection for room 
temperature dipolar coupling broadening (about 15 A). (C) Changes in mobility moment upon channel 
gating. Each vector is the sum of individual AAHo values calculated relative to residue WZ6 viewed from 
the extracellular face of the channel. (E) Fourier transform power spectra of the proximity parameter a. 
The calculated peak angular frequency is 91" with aPI = 3.71. (F) Changes in dipolar coupling moment 
upon channel gating. Each vector is the sum of individual spectral amplitudes normalized to the total 
number of spins in the sample, calculated relative to residue LgO. 

! . , I , ,  1 
-3 -2 -1 0 1 2 3 -04 -02 00 02 0.4 

AAHO log n 
Fig. 4. Conformational rearrangements in 
residues flanking the selectivity filter. (A) 
Profile of changes in the mobility parameter 
(AAHo). (0) Profile of changes in dipolar cou- 
pling (R parameter). 
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strong line shape broadening due to spin- during gating; however, the conformation of the at the core of the TM2 bundle. In each case, the 
spin interaction and should be very sensi- lower portion of the selectivity filter can be spectral properties showed a gradual change 
tive to any type of conformational change modified by movement of the pore helix. with pH, which could be fitted with a simple 
(see Fig. 2C). In contrast, residues on the protonation model (Fig. 5D). Most of the con- 
internal side of the selectivity filter reported PH Dependence of Helical Movements formational changes occur within a narrow pH 
changes in both AAHo and R parameters What is the relationship of these helical move- range (pH 4 to 6), with virtually no spectral 
upon channel opening. Residue T7' dis- ments to pH-dependent channel opening? Do changes detected for pH values lower than 4. 
played increased steric contacts while mov- the changes in each helix reflect the same glob- When normalized, all the pH dependencies ob- 
ing away from the symmetry axis. Residues a1 conformational change? We studied the pH tained from either changes in probe mobility 
A73 and T74, on the other hand, increase dependence of the conformational rearrange- (AAHo) or spin-spin interactions (R) fall on the 
their motional freedom while moving to- ments in TM1 and TM2 and compared it with same curve, a clear indication that these spin 
ward the symmetry axis of the channel. the pH dependence of channel activation, as labels report on the same global conformational 
Although these findings are inconclusive in measured from radiotracer uptake experiments. change. 
the absence of a systematic study of the We chose three sites to follow the helical move- Superimposed on this plot is the pH depen- 
entire P-loop region, one interpretation is that ments (Fig. 5, A to C): residue A2' at the dence of the Baz+-sensitive 86Rb+ influx of 
most of the selectivity filter remains immobile N-terminus of TMI and residues A''' and G'I6 KcsA (dotted line). Moving from neutral to 

acidic pH, the curve representing the conforma- 

Fig 5. pH dependence of tional changes precedes the channel activity 
conformational changes curve by about 1.5 pH units. This is, in fact, the 
in trammembrane heli- expected behavior for these two types of mea- 
ces. EPR spectra were surements if we assume that channel opening is 
obtained after equilibra- somehow coupled to rearrangements in TMI 
tion at pH 7.0 (black), 6.0 
(red), 5.0 (sreen), 4.0 

and TM2. Radiotracer fluxes can be detected 

(blue), and 3.0 (cyan) by only when the four subunits are in the correct 
1:10 dilution in citrate "active" conformation, but spectroscopic mea- 
phosphate buffer (50 surements continuously report on the whole 
mM), f o U d  by a 15- population of subunits. However, at steady 
min centrifugation in an state, we cannot distinguish whether coupling 
Airfuge. AU spectral line 
shapes were reversible 

between the TM1 and TM2 movements and ion 

ceding a final, concerted pore opening (28). 
after a return to pH 7.0. flux is direct (27) or an intermediate step pre- 

In each case, spectra 
have been normalized to 
the amplitude of the Structural Context of the 
central resonance line (M Conformational Changes 
= 0). (A) Position AZ8 at Conformational changes derived from EPR line 
the N-terminus of TM1. , - 

(0 and C) Positiom Alo8 L_ 
shapes can be mapped onto the KcsA crystal 

and C116, both at the n a m  port~on ot the TMZ bundle. [ structure (Fig. 6). Colors were mapped on a 
parameters. Continuous line is a best fit to the data according to the equation I ,  = 141 + exp 2.3(~H - surface representation of the channel as a grad- 
pKa)], where I, is the relative intensity of the structural parameter (either or AAHo) and pKa = 52. ed spectrum where red and blue represent two 

Fig. 6. EPR-demmbd 
mnformatiaral- 
mappedorrtotheKcsA 
w-Mdec- 
ubr nafaces (33) were 
generated fa the entke 
dranel (A), the exter- 
nal helices (M1 I& 
dues 26 to 51) (B), the 
M helioes {TMZ 
resiaRs 90 to 120) (C), 
adthesebedivityfitter 
and pore helix (residws 
58 to 87) (D). Ead~ one 
i s h w i t h a t r a d n g  
of the baddKme (left). 
The cdor specburn is 
thesaneforaufigum 
andwascdcubted* 
bdlyfrcnntheentireset 

ofdatah(0)ar-d (C),dashedlines~ndgesofresiaRswithflvalues >I, representirlg 
~ a w a y f r o m t h e s y m m e a y r o d s S d i d l i n e r s h o w ~ ~ w i t h f l M L u e s  
>l~~ofresidwsmovingdc&erbea&otherandm~yfranthesymmetryQds.  
Amrwsin(B)to(D)skythediiofthemov#nenrrorrotationS 

nal f 
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wnformational extremes for AAHo or R at 
each position and white represents no detected 
change (or no data). 

The overall distribution and relative magni- 
tude of these changes are shown in Fig. 6A for 
the whole channel surface. When individual 
regions of the channel are analyzed separately, 
clear patterns of motion start to emerge (Fig. 6, 
B and C). Particularly interesting are two adja- 
cent ridges of residues observed for the spin- 
spin interaction data in both transmembrane 
segments. The shape and extent of these ridges 
are consequences of the types and magnitudes 
of the rotations and translations undergone by 
each helix when the channel gates. In the R 
map, the best defined ridge corresponds to R 
values >1 or positions that move away fiom 
the symmetry axis (dashed lines). It extends 
through most of the inner face of TM1 but 
wraps around the entire helix in TM2. The 
second ridge includes residues with R val- 
ues < 1, thus moving toward the symmetry axis 
(solid lines). When AAHo values are mapped 
on the structure, both ridges are remarkably 
well reproduced in TM1 but are not well de- 
fined in TM2, an expected consequence of the 
extensive network of tertiary and quaternary 
contacts of the inner bundle. 

The dramatic contrast between the confor- 
mational stability found in the external vesti- 
bule of the channel and the changes occurring at 
the base of the selectivity filter is shown in Fig. 
6D. The current data demonstrate the intrinsic 
rigidity of the external vestibule and make it 
unlikely that the outer regions of the pore par- 
ticipate in the gating of KcsA. These findings 
help rationalize experiments in K+ channels 
showing that there appear to be very small 
gating effects due to the binding scorpion toxins 
(29) despite the tight interaction between these 
molecules. 

On the Mechanism of Activation 
Gating 
The nature and location of the observed confor- 
mational rearrangements in KcsA establish a 
specific set of constraints for a molecular de- 
scription of gating. Based on energetic consid- 
erations alone, only a 5-kT change in the per- 

Fig. 7. A molecular mech- 
anism of activation gating 
in KcsA. Model is viewed 
from the extracellular side 
of the membrane. TMls 
are represented by blue 
cylinders; TM2s are red. Ini- 
tiated by a proton-depen- 
dent step, TM2 rotates in a 
counterclockwise direction 
and awav from the perme- 

meation energy barrier is enough to functional- 
ly close an ion channel (30). Although this 
could be achieved with small perturbations in 
the structure of the selectivity filter, the magni- 
tude of the changes observed in the TM2 bun- 
dle and those necessary to explain ion trapping 
and open-channel block effects (6, 7) suggest a 
more complicated mechanism. 

The general conformational rearrangements 
that might take place in the transmembrane 
helices during the opening of KcsA are sum- 
marized as a cartoon in Fig. 7. In this extracel- 
lular view, we suggest that through a pH-de- 
pendent mechanism in the external side of the 
channel. TM2 rotates in a wunterclockwise 
direction while swinging away fiom the perme- 
ation pathway, thus increasing the diameter of 
the inner vestibule. Either simultaneously or as 
a consequence of the movement of TM2, TMl 
would also rotate in a counterclockwise direc- 
tion with a small tilt toward the permeation 
pathway, perhaps filling spaces left open by the 
movement of TM2. Because under the current 
experimental conditions changes in spin-spin 
interactions are measured only in the plane of 
the membrane, consideration should be given to 
more pronounced helical tilts than those sug- 
gested by the current data set. 

Assuming that the key conformational 
change during gating does occur along TM2, is 
the narrowest portion of the TM2 bundle a large 
enough energetic barrier to impede the passage 
of permeant ions? Evidence accumulated h m  
cysteine reactivity experiments indicates that 
the closed pore limits the accessibility to MTS 
reagents (minimal radius 3 to 3.2 A) and Cd2+ 
(crystal radius 1.71 A) very effectively (31). 
Because of the hydrophobic lining at the inner 
vestibule of K+ channels, it is unlikely that a 
permeant ion will shed its hydration shell. It 
would be unable to establish energetically fa- 
vorable interactions with this region of the pore. 
Consequently, the TM2 bundle becomes a rea- 
sonable barrier to the passage of ions, because a 
physical opening of 3 to 4 A appears to be small 
enough to prevent entry of hydrated cations into 
the channel vestibule. 

As expected, this initial model leaves sev- 
eral important questions unanswered. Perhaps 

ation pathway, opening CM OW 
the channel In the channel 
periphery, TM1 mirrors the rotation of TM2 but tilts inward toward the permeation pathway. Note, 
however, that for illustration purposes the movements depicted here are much larger than expected and 
constitute a simplified representation of rigid-body movements compatible with the current set of data. 
The actual magnitude of these changes remains to  be determined. 

the most important one relates to the actual role 
of the pore transitions and its interplay with the 
larger changes observed for TMl and TM2. , 

The types of movements detected at the base of 
the pore helix might lend structural support to 
the description of subconductance states repre- 
senting partial openings in transit toward the 
Mly open conformation (32). However, it is 
also possible that these selectivity changes and 
subconductance states are a direct consequence 
of intermediate states populated during opening 
of the TM2 bundle. 
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SHRIMP Uranium-Lead Dating of 
Diagenetic Xenotime in 

Siliciclastic Sedimentary Rocks 
Neal J. McNaughton, Birger Rasmussen, Ian R. Fletcher 

Diagenetic xenotime is common in siliciclastic sedimentary rocks, where it 
starts t o  form on detrital zircon shortly after sediment deposition. I t  is 
possible to  estimate the age of sedimentary rocks by in situ uranium-lead 
analysis of that xenotime. Two Proterozoic sandstone units from north- 
western Australia, previously constrained to  the age interval of 1790 to  750 
million years ago, have diagenetic xenotime ages of 1704 i 7 and 1704 i 
14 million years ago. This method has potential for dating sedimentary 
sequences of all ages but should be especially valuable for refining the 
Precambrian time scale. 

It is difficult to date siliciclastic sedimentary sic dating of sediment deposition is not possi- 
rocks unless they contain fossils for biostrati- ble. but dating early diagenetic minerals can 
graphic division or interbedded volcanic rocks provide close constraints. Several such minerals 
suitable for radiometric dating. Direct radiomet- have been investigated and used for dating ( I ) ;  

but none have been found to be routinely ap- 
plicable over a broad time span. The recent 
identification of xenotime as an early diagenetic 
precipitate may provide an alternative; because 
the mineral is common in siliciclastic sedimen- 
tal-y rocks of all ages (Table l), generally has 
high U contents, and retains radiogenic Pb. The 
mineral is a trace constituent in many litholo- 
gies. ranging from shales to conglomerates, de- 
posited in flm-ial to marine en\-ironments (2). 
Most xenotime overgrowths consist of small 
(typically <3 ynl but can be as large as 30 km) 
pyramid-shaped crystals attached to the round- 
ed surfaces of detrital zircon grains (Fig. 1). The 
euhedral shape of many xenotime overgrowths 
strongly implies that the mineral fonned after 
sediment deposition. Petrographic textures con- 
sistently show that xenotime is engulfed by 
other diagenetic cements and is clearly one of 
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