
18. S. C. Gill, S. E. Weitzel, P. H. von Hippel, J. Mol. 
Biol. 220, 307 (1 991). 

19. A rapid procedure called "equilibrium filtration" 
was developed to assess theophylline binding by 
oligonucleotides. These assays were performed 
by the addition of r4C]theophylline and RNA at 
indicated concentrations to a 150-pl reaction mix- 
ture containing 100 mM Hepes (pH 7.3), 5 mM 
MgCI,, and 50 mM NaCI. Each binding mixture 
was incubated for 5 min at 25°C. The mixture was 
then placed in a Microcon 10 filtration device 
(Amicon) and centrifuged for 4 min at 13,00Og, 
allowing 40 +I of solution to flow through the 
membrane. Similar to equilibrium dialysis, the 
solution that remained above the molecular- 
weight cutoff membrane contains free theophyl- 
line, free RNA, and RNA-bound theophylline, and 
the filtrate contains only free theophylline at an 
equivalent concentration to the free theophylline 

in the initial solution. A 25-+I sample was removed 
from each side of the filter, and the radioactivity 
was determined by scintillation counting. Bound 
theophylline was determined by the difference 
between the theophylline concentration of the 
filtrate and the theophylline concentration of the 
retentate. Data were fit by a least squares analysis 
to a standard quadratic binding equation (18) for 
the observed 1 : I  stoichiometry. Equilibrium dial- 
ysis was also used to measure binding of theo- 
phylline and yielded dissociation constants within 
a factor of 2 of those obtained by equilibrium 
filtration. 

20. Equilibrium filtration assays were performed by 
the addition of various concentrations of the po- 
tential competitor to l +M [14C]theophylline and 
3.3 +M TCT8-4 RNA in a 150-+I reaction mixture 
containing 100 mM Hepes (pH 7.3), 5 mM MgCI,, 
and 50 mM NaCI. Competition data were fit by a 

Channel-Like Function of the Na,K Pump Probed at 
Microsecond Resolution in Giant  em brane Patches 

Donald W. Hilgemann 
Ion transporters can be thought of as ion channels that open and close only at one end 
at a time. As in real channels, ions may cross through an electrical field as they diffuse into 
and bind within the transporter pore, thereby generating electrical current. Extracellular 
sodium binding by the sodium potassium (Na,K) pump is associated with ultrafast charge 
movements in giant cardiac membrane patches. The charge movements are complete 
within 4 microseconds. They occur only when binding sites are open to the extracellular 
side, and they are abolished by ouabain and by the removal of extracellular sodium. Fast 
extracellular ion binding may be the exclusive source of Na,K pump electrogenicity. 

T h e  adenosine tri~hosphate (ATP)-driv- 
en Na,K pump, or Na,K adenosine triphos- 
phatase, extrudes three Na ions in ex- 
change for two K ions and therefore gener- 
ates an electrical current (I) (Fig. 1A). 
Recently, it was proposed that the immedi- 
ate source of electrogenicity in the Na,K 
pump cycle is the binding and dissociation 
of Na from an "access channel" open to the 
extracellular side (2) (step 4 of Fig. 1A). 
This proposal explains neatly why changes 
of extracellular Na and membrane potential 
appear equivalent in Na flux studies (2) and 
why extracellular Na inhibits pump activity 
in a voltage-dependent manner (3,4). How- 
ever, important kinetic predictions have not 
been verified. Most importantly, when bind- 
ing sites are open to the extracellular side 
("E," conformation), it should be possible to 
record ultrafast charge movements related to 
Na binding and dissociation. Similar propos- 
als and considerations apply equally to a 
number of other transporters (5). 

The giant cardiac membrane patch tech- 
nique (6) is well suited to test such predic- 
tions, because it allows a fast (4 ps) voltage 
clamp of a large membrane area (-10 pF) 
with -1000 Na,K pump sites per square 
micrometer. To facilitate both the identifi- 
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cation and quantification of fast charge 
movements, charge transfer per se is record- 
ed directly through an integrating patch- 
clamp amplifier. The charge transfer signals 
thus represent the time integral of mem- 
brane current, and membrane current is 
their first derivative. The protocols used 
may be derived from Fig. lA, which illus- 
trates the simplest possible access-channel 
model of the Na,K pump; Fig. 1B illustrates 
a refined model of Na release that will be 
outlined with experimental results. 

The charge movements (7) are recorded 
in the absence of K to prevent pump cycling 
(that is, steps 5 to 8 in Fig. 1A). In the 
additional absence of cvtovlasmic Na and , . 
ATP, the pump orients to a configuration 
with empty binding sites open to the cyto- 
plasmic side ("El" conformation). Voltage 
pulses are first applied under this base line 
condition, whereby transitions to the other 
illustrated pump states are not possible. 
Either Na or ATP can be avvlied individ- 

& .  

ually to the cytoplasmic side without any 
clear changes of base line signals, indicating 
that cytoplasmic Na binding (step 1) is not 
strongly electrogenic (8, 9). When Na and 
ATP are applied together, however, the 
pump is phosphorylated and the transporter 
pore closes from the cytoplasmic side, there- 
by "occluding" Na within the pump (step 2). 
The subsequent reactions (steps 3 and 4) 

standard competition equation and fitting proce- 
dure (18) with a 1 :1 stoichiometry of competitor to 
RNA. A K, of 0.45 pM for theophylline binding to 
RNA was used. 
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include electrogenic steps (9), and they can 
then be driven back and forth by changes of 
membrane potential (dotted field). The cor- 
responding charge movements (3, 10) are 
isolated by the subtraction of records in the 
absence of cytoplasmic Na, ATP, or both 
from records in the presence of cytoplasmic 
Na and ATP (I I). 

Typical Na,K pump charge movements 
are shown in Fig. 2A, with the use of 
voltage steps from 0 mV to the different 
indicated potentials (-250 to + 150 mV in 
50-mV intervals; 10 mM cytoplasmic Na, 
120 mM extracellular Na, no other mono- 
valent cations, 0.4 mM ATP) with subtrac- 
tion of the base line signals without ATP 
(12). Slow components over 2 to 6 ms 
(QslOw) dominate the records, and fast com- 
ponents (Qf,,,) appear as initial charge 
jumps in the first 100 ps during voltage 
steps. The QslOw components can all be 
fitted to single exponential functions that 
are plotted with each record as a dashed 
line. The exponentials are hardly visible 
outside signal noise, suggesting that the 
time course of individual QsIOw components 
may be determined by a single reaction. 
The rate constants of Qsl0, ("kslOw"; Fig. 
2B) decrease to a minimum at positive 
potentials [as in (3, lo)], -400 s-' in these 
records at 37°C. They appear to saturate 
toward a maximal value with hyperpolariza- 
tion, and their voltage dependence can be 
described by a Boltzmann function (mid- 
point, - 170 mV; slope, 0.74, appropriate 
for movement of one charge through 74% of 
the membrane field). Complete saturation at 
negative potentials was found when the 
initial rates were examined from -50 to 
-400 mV during 0.4-ms voltage pulses. The 
rate of QslOw (as well as its magnitude) 
already reaches a maximum value at - 150 
mV when extracellular Na is increased to 
180 mM. 

The fact that the reaction rates of QsIOw 
saturate at both extremes of potential and 
are dependent on extracellular Na suggests 
that a fast, electrogenic Na binding reac- 
tion may be "sandwiched" between (that is, 
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in series with) two voltage-independent 
processes. This order is accounted for in the 
model of Fig. 1B [refined from an "electro- 
static" model (13)] by the assumption that 
the Na bindine sites oven to the extracel- " 
lular side in two voltage-independent steps. 
First, binding sites open to form a channel- 
like pathway (E2P3N) through which the 
first of the three Na ions can escape in the 
major electrogenic event (1 4). Then, bind- 
ing sites open wider in the second reaction, 
causing membrane potential to shift across 
both the bound ions and binding sites. 
Assuming that binding site charge is close 
to - 2 (9) ,  this reaction is electroneutral. 
The last two Na ions can then dissociate 
from the E2P2N state in reactions that are 
only weakly voltage-dependent. 

The amplitudes of Q,,,, charge move- 
ments are nearly equal for voltage steps 
away from 0 mV ("on" direction) and back 
to 0 mV ("off' direction; Fig. 2B) (Boltz- 
mann midpoint, -45 mV; slope, 0.67). 
The near equality of on and off charge 
movements over the large voltage range of 
these exveriments clearlv contradicts the 
simple access-channel model illustrated in 
Fig. 1A. If the entire E, pump existed as an 
access channel, a discrepancy between on 
and off charge movements would develop 
with increasingly more negative voltage 
steps. At very negative potentials, Na 
would occuvv all channel sites in a fast . , 
initial charge jump, thereby precluding any 
slow charge movement during subsequent 
reactions affecting binding site availability. 
During the corresponding depolarizing step, 
all charge movement would occur exclu- 
sively in a slow phase as binding sites open 
and Na dissociates. 

The refined model accounts readily for 
the results by assuming that the channel- 
like state (E2P3N) is a transitional, high- 
energy state with a very short "open time" 
(transition rates b and c >> a and d). 
E2P3N then never accumulates to a signif- 
icant extent and cannot support a signifi- 
cant fast charge movement. With strong 
depolarization, the electrogenic release of 
Na from the E2P3N state is rate-limited by 
the voltage-independent transition, a, from 
the E,P3N state. With strong hyperpolar- 
ization, the electrogenic binding of Na is 
rate-limited by the voltage-independent 
transition, d, from the E2P2N state to the 
E2P3N state. The fast charge movements 
that are observed probably reflect the weakly 
voltage-dependent binding and unbinding of 
Na to and from the E2P2N state (Fig. 3). 

In Fig. 3, the .fast charge movements 
observed (Qf,,,) are examined at 4-ps reso- 
lution. Before the records in Fig. 3A were 
taken, a pre-pulse to + 100 mV was applied 
for 10 ms, and then the indicated protocol 
of 50-ps voltage steps to more negative 
potentials was applied. First, voltage steps 

were applied in increasing magnitude from removal of cytoplasmic ATP. The charge 
+50 to -200 mV; then, a capacitance reset transfer reactions are entirely complete 
was performed at the arrow, and the same within the 4-ps resolution of the present 
steps were applied in reverse order. Identi- instrumentation (Fig. 3B). The voltage de- 
cal results were obtained by the subtraction pendence of the fast charge movements 
of the base line records after the removal of (Fig. 3C) is remarkably shallow (Boltzmann 
cytoplasmic Na (as in Fig. 3A) or after the slope, 0.26), and results are similar when 

Fig. 1. Possible sources of electrogenicity in the A 
Na,K pump cycle. The pump cartoons are all 
oriented with the extracellular side pointing up- 
ward. Filled circles represent Na ions, open 
circles represent K ions, and P represents the E2 

covalently bound phosphate that is donated by 
ATP upon phosphorylation. (A) Access channel 
model of the pump cycle in which both Na (2) 
and K (18) pass through a channel-like structure E, 
upon binding. The numbers 1 to 8 indicate the 
major steps in the pump cycle. Ion binding 
reactions, which are assumed to be extremely 
fast in relation to other steps, are represented by 
double-headed arrows. In this report, the terms 
El and E, designate states with binding sites 
open to the cytoplasmic and extracellular sides, 
respectively. Step 1: Na binds on the cytoplas- 
mic side. Step 2: The pump is phosphorylated 
and cytoplasmic Na is occluded. Step 3: Binding 

1 @+y@ 
sites open to the extracellular side. Step 4: Na is 
released to the outside, generating an outward 

P @  P 

charge movement. Step 5: K binds on the extra- El P3N E2P3N bP2N 
cellular side, generating an inward charge 
movement. Step 6: The pump is dephosphorylated, and K is occluded. Step 7: The K binding site 
opens to the cytoplasmic side. Step 8: K is released to the cytoplasm. The dotted field encloses the 
reactions that can take place during charge movement measurements in the absence of K.  (B) 
Refined model of Na release from the Na,K pump [compare with (13)l. The ElP3N state contains 
three occluded Na ions. In a first opening reaction to the extracellular side, the E2P3N state is 
formed, from which one Na ion can rapidly dissociate (and rebind) in the major electrogenic step. 
Binding sites open further in a second reaction, thereby shifting membrane electrical field across 
the last two Na ions and their binding sites. For this process to be electroneutral, net binding-site 
charge must be close to -2 (9). The second and third Na ions can then dissociate (and rebind) from 
the E2P2N state across only a small electrical distance (8, 13), and K ions subsequently bind with 
similarly weak voltage dependence. 

Fig. 2. Charge movements of Na translocation by the 
Na,K pump in a giant cardiac-membrane patch. 
Charge transfer, the time integral of membrane cur- 
rent, is recorded directly from an integrating patch- 
clamp amplifier. Records presented are a subtraction 
of records in the absence of cytoplasmic ATP from 
records in the presence of 0.4 mM cytoplasmic ATP 
and 10 mM cytoplasmic Na. Extracellular Na is 120 
mM. The records are low pass-filtered at 5 kHz. (A) 
From top to bottom, Na,K pump charge movement for 
5-ms voltage pulses from 0 to +150, +loo, +50, 0, 
-50, -100, and -150 mV; and for 2.5-ms voltage ,- 
pulses from 0 to -200 and 250 mV. The calibration is 
made on the assumption of a specific membrane 3 
capacitance of 0.8 cLF/cm2. Dotted lines, barely visible 2 
outside of signal noise, plot the best fit of each record 
to a single exponential function starting 100 ks after 2 
the voltage step. (B) Open squares give rate constants O 

(k,,,,) of the fitted exponentials from (A). The value at 
0 mV (filled square) is the mean value for the eight 
relaxation curves at 0 mV; standard error was within the 
symbol size. The fitted Boltzmann function has a mid- 
point of -170 mV and a slope of 0.74. Filled circles 
give amplitudes of the fitted charge movements (Q,,,,) 
during the on voltage steps in (A), and open circles 
give values for the return, off, pulses to 0 mV. The fitted 
Boltzmann slope is 0.68. Voltage (mV) 
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extended voltage protocols are used (12 
observations). 

That these signals represent electrogenic 
binding of N a  by the Na,K pump i s  support- 
ed by four findings: First, the signals are 
completely absent when the same protocols 
are performed wi th 100 FM ouabain in the 
pipette. Second, the magnitudes of QfaSt for 

' any fixed voltage step show a steep depen- 
dence o n  holding potential (Qfm in Fig. 3D; 
Boltzmann slope, 1. I), similar to the over- 
al l  slow charge transfer process that deter- 

mines the availability of extracellular bind- 
ing sites (circles in Fig. 2B). Third, the 
ability to evoke fast charge movements i s  
entirely lost when N a  i s  omitted from the 
pipette (Fig. 3E). And fourth, the magni- 
tude of fast charge transfer for potential 
jumps from +50 to -50 m V  shows a 
bell-shaped dependence o n  extracellular 
Na, declining at high extracellular Na, as 
expected for saturation o f  the binding sites 
(Fig. 3E) (K,, 30 mM at +50 mV). 

These same characteristics provide the 

Fig. 3. Ultrafast charge movements of extracellular Na 
binding by the Na,K pump (A) After a 10-ms voltage gg 

O.O 

step to +I00 mV, 5 0 - ~ s  voltage pulses were applied in 0,1 
50-mV increments to -200 mV, followed by a 250-~s 6 5 
pause. during which the capacitance feedback of the 0.2 
patch clamp was reset (arrow). Thereafter, the same 0 500 1000 1500 
series of voltage steps was applied in reverse order. -rime (P) 
Five records were averaged in the absence of cytoplas- -- B 
mic Na and were subtracted from the average of five 
records in the presence of 5 mM cytoplasmic Na and .[:,r :::I$/. 0.4 mM ATP. (8) Unfiltered records, averaged 50 times, 
with the same pre-pulse and conditions as in (A). Step 0 . 0 , , , , ,  
hyperpolarization from +lo0 to - I00 mV for 50 ~ s ,  with 50 ~s -200 0 200 

subtraction of the records in the absence of cytoplas- Voltage (mV) 

mic Na. Calibration is in femtocoulomb (fC). (C) Voltage I3 E 
dependence of the fast charge movement (Q,,,). Open 
circles are the average values for the two protocols 
used in (A). Results were identical for the subtraction of 
records in the absence of ATP. Closed circles give 0.0 , , , , , b 0.0 
equivalent data from a data set extended to +200 mV. -200 o 200 0 100 200 
The fitted Boltzmann function has a slope of 0.26 and a Voltage (mV) [NaJ (mM) 
midpoint of -3.5 mV. The numbers 0 and 1 represent 
the minimum and maximum, respectively, of the fitted Boltzmann functions. (D) The maximum fast 
charge movement (+I00 to -200 mV) obtained within 75 ~s after the membrane potential was held 
for 10 ms at different potentials from -1 20 mV to + 120 mV (Q,,). The fitted Boltzmann function has 
a slope of 1.2 and a midpoint of -32 mV. (E) Extracellular Na dependence of the fast charge 
movement (Q,,,,) from +50 to -50 mV. No fast or slow charge movement could be recorded with 
0 extracellular Na. However, a small steady-state current developed, thought to be a proton current, 
which is similar to the results of others (19). The fitted cuye assumes that membrane depolarization 
reduces the effective Na concentration available to a binding site by a fixed fraction at all Na 
concentrations. The fitted K, for the binding site is 30 mM. 

Fig. 4. (A and 8) Na,K pump charge movements and A B 
(C and D) their simulated counterparts with (A and C) +,so m~ +I 50 mV 
18 mM and (B and D) 180 mM extracellular Na. Filter x -50 rnV 
frequency, 5 KHz. Results in (A) and (B) are from 
different patches. Very consistent results were ob- i v 
tained in 16 stable patches with seven different extra- 3 
cellular Na concentrations used from 2 to 180 mM. 2 
Holding potential is -50 mV, and voltage pulses are in 
increments and decrements of 50 mV. For clarity, the 6 1 -250 mV -200 mV 
-250-mV record is not included in (B); both the 5ms 

C 
P 

magnitudes and rates of Q,,,, are saturated already at D 
-150 mV. The voltage dependencies of both the Q,,,, . 

O -  +150rnV 

charge movements and their rates are shifted by about 5 
60 mV with the 10-fold change of extracellular Na used 
here. To simulate these results with the model of Fig. - 
lB,  most parameters could be based directly on the 8 - 

experimental results. The calibration (charge) gives if 1 - 
the average number of net elementary charges, which -250 mV -200 rnV 
have apparently moved across the entire membrane 
field in each pump molecule. The rate constants a, b, c, and d were 0.64, 24, 40, and 4 ms-l, 
respectively. The dissociation constant for Na binding in the E,PSN state was 2 M over an electrical 
distance of 80% of the membrane field; the affinity must be very low to explain the shifts of charge 
movements and their rates with changes of extracellular Na over the range of 180 to 18 mM. For the 
E,P2N state, the binding of two Na ions was lumped as a single reaction (dissociation constant, 20 
mM) over an electrical distance of 30% of the membrane field. 

evidence that Qf,,, reflects N a  binding and 
unbinding mostly from E2P2N, rather than 
from E2P3N. First, Qfast i s  maximized by 
depolarization (Fig. 3D), which moves the 
pump to the E2P2N state and out of the 
E2P3N state. Second, larger Boltzmann 
slopes must be expected for N a  binding to 
the EzP3N state to account for the steep- 
ness of Q,,,,. And third, the N a  affinity of 
Qfas, i s  higher than expected for N a  binding 
to E2P3N (Fig. 4). 

I s  the refined model of N a  release from 
the Na,K pump viable? As illustrated in 
Fig. 4, charge movements recorded wi th 
different voltage protocols and over a wide 
range of extracellular N a  concentrations 
can be reconstructed well by a single set of 
model oarameters. To  what extent. then. 
are the microscopic events of N a  transloca- 
t ion by the Na,K pump really analogous to 
channel function? Almost nothing i s  
known about the possible interactions of 
ions wi th (or within) i on  channels when 
they are closed in either "deactivated" or 
"inactivated states. One oossiblv analo- 
gous process in ion  channel function i s  the 
gating of some channels by impermeant 
ions (15). The immediate molecular events 
underlying Na,K pump electrogenicity may 
be either the movement o f  N a  through a 
static pore, as drawn for the E2P3N state in 
Fig. lB, or fast conformational changes 
associated wi th i on  binding and binding site 
dehydration. Further refinement of the gi- 
ant patch techniques should greatly facili- 
tate studies of these and related fast molec- 
ular events relevant to the microscopic 
function and structure o f  i on  transporters 
and channels (20). 
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Crystal Structures at 2.5 Angstrom Resolution TyrRS (7) and TrpRS (8). A catalytic 

of Seryl-tRNA Synthetase Complexed with pathway for the amino acid activation has 
been proposed for TyrRS (9) and GlnRS 

TWO Analogs of Seryi Adenylate (10). For class 2 synthetases, preliminary 
results have been eiven for the ATP bind- 
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Crystal structures of seryl-tRNA synthetase from Thermus thermophilus complexed with 
two different analogs of seryl adenylate have been determined at 2.5 A resolution. The first 
complex is between the enzyme and seryl-hydroxamate-AMP (adenosine monophos- 
phate), produced enzymatically in the crystal from adenosine triphosphate (ATP) and 
serine hydroxamate, and the second is with a synthetic analog of seryl adenylate (5 ' -0 
[N-(L-seryl)-sulfamoyI]adenosine), which is a strong inhibitor of the enzyme. Both mole- 
cules are bound in a similar fashion by a network of hydrogen bond interactions in a deep 
hydrophilic cleft formed by the antiparallel p sheet and surrounding loops of the synthetase 
catalytic domain. Four regions in the primary sequence are involved in the interactions, 
including the motif 2 and 3 regions of class 2 synthetases. Apart from the specific rec- 
ognition of the serine side chain, the interactions are likely to be similar in all class 2 
synthetases. 

Aminoacyl-~RNA synthetases specifically 
attach amino acids to the 3'-adenosine of 
their cognate tRNAs in a two-step reac- 
tion. In the presence of MgZ+ and ATP, 
the enzyme first activates the amino acid to 
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form the enzyme-bound aminoacyl-adenyl- 
ate intermediate. In the second step, the 
amino acid is ligated to the cognate tRNA. 
The 20 aminoacyl-tRNA synthetases are 
divided into two classes of ten (1, 2). The 
two classes are characterized by different 
short sequence motifs and have quite differ- 
ent catalytic domain topologies, the Ross- 
mann fold for class 1 and an antiparallel P 
fold for class 2 (3). For class 1 synthetases, 
crystal structures of complexes with ATP 
have been described for methionyl-tRNA 
synthetase (MetRS) (4) and GlnRS (5), 
with the amino acid alone for TyrRS (6) 
and with the aminoacyl-adenylate for 

- 
ing site (1 1-13), but no structural informa- 
tion is available for the amino acid binding 
site. 

The crystal structures of seryl-tRNA 
synthetase from T. themphilus complexed 
with two different seryl-adenylate analogs 
described here reveal the aminoacvl-ade- 
nylate binding site and the role of several of 
the conserved residues in class 2 aminoacyl- 
tRNA synthetases. The first complex was 
obtained by soaking native crystals of the 
enzyme with ATP and serine hydroxamate 
(SerHx, +H3N-HCR-CO-N (H) OH, where 
R is the serine side chain). SerHx inhibits 
growth in Escherichia coli and has been 
described as a competitive inhibitor of the 
enzyme toward the amino acid (14). The 
crystallographic data reveal strong differ- 
ence electron density for a serine hydroxa- 
mate-AMP (SerHx-AMP) molecule (Fig. 
1C). The e m a t i c  activation of serine 
hydroxamate has subsequently been con- 
firmed by biochemical studies (see below). 
Ueda et al. (15) have described a synthetic 
alanyl-adenylate analog (5 '-0- [N- (L-alanyl) - 
sulfamoyl]adenosine) and showed that it was 
an inhibitor of alanyl-tRNA synthetase activ- 
itv. Followine this idea. we have svnthesized - 
the corresponding seryl compound, 5'-0-[N- 
(L-sery1)-sulfamoyl]adenosine (Fig. 1B) and 
have co-crystallized it with T. thennophilus 
seryl-tRNA synthetase (1 6). This second 
structure confirms the location of the servl- 
adenylate binding site and comparisons with 
the first structure indicate that the two ana- 
logs do not have the same length linkage 
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