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Locally Distributed Synaptic Potentiation 
in the ~ippocampus 

Erin M. Schuman*"fnd Daniel V. Madison 
The long-lasting increase in synaptic strength known as long-term potentiation has been 
advanced as a potential physiological mechanism for many forms of both developmental 
and adult neuronal plasticity. In many models of plasticity, intercellular communication has 
been proposed to account for observations in which simultaneously active neurons are 
strengthened together. The data presented here indicate that long-term potentiation can- 
be communicated between synapses on neighboring neurons by means of a diffusible 
messenger. This distributed potentiation provides a mechanism for the cooperative 
strengthening of proximal synapses and may underlie a variety of plastic processes in the 
nervous system. 

M o s t  models of neuronal development, 
learning, memory, and circuit reorganization 
include alterations of the strength of synap- 
tic connections between neurons. These 
models suggest that communication occurs 

uu 

between like synapses, such that synapses 
that are coactive tend to function as a group 
(1). Long-term potentiation (LTP) , the 
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long-lasting increase in synaptic transmis- 
sion that is induced by intense synaptic 
activity (Z), has been advanced as a poten- 
tial physiological mechanism for these forms 
of plasticity. Although LTP clearly results in 
enhanced synaptic transmission, it is less 
clear whether it possesses the properties nec- 
essary to mediate the intercellular commu- 
nication inherent in most models of coactive 
strengthening. When LTP is selectively in- 
duced in one synaptic pathway, other syn- 
aptic inputs to the same cell do not undergo 
LTP (3). This input specificity has usually 
been interpreted to mean that potentiation 
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from those observed (a < 0 025) 
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cannot be communicated from one synapse 
to another. 

During the induction of LTP, postsyn- 
aptic events such as N-methyl-D-aspartate 
(NMDA) receotor activation and Ca2+ in- 
flux have bee; suggested to lead to the 
generation of different diffusible signals (4), 
such as arachidonic acid (5), carbon mon- 
oxide (6), nitric oxide (NO) (7-9), and 
platelet-activating factor (1 0, 1 1). These 
signals have been proposed to mediate the 
svna~tic enhancement of LTP (5-1 3). In 

> A  

theory, a diffusible messenger codld ac; in a 
strictly retrograde manner, influencing only 
the synapses where it is generated, or it 
could diffuse to enhance the synapses of 
nearby neurons as well. Indeed, an LTP 
induction procedure, pairing postsynaptic 
depolarization of a single neuron with low- 
frequency stimulation of afferent fibers (14) 
decreases the action ~otential  latencv in 
both the depolarized cell as well as nearby 
cells (15. 16). ~. , 

To examine whether long-lasting synap- 
tic potentiation could spread to nearby 
synapses in hippocampal slices, we made 
simultaneous intracellular recordings from 
two nearby CAI pyramidal neurons and 
monitored the excitatory postsynaptic po- 
tentials (EPSPs) resulting from stimulation 
of Schaffer collaterals (1 7) (Fig. 1A). We 
detected no synaptic or electrical coupling 
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Fig. 1. Demonstration of 
distributed svnaotic ooten- 
t~atlon. (A) diagram 'of the Paired 
position of st~mulat~ng and 
recording electrodes in the 
hippocampal slice prepa- 
ration. Two nearby CAI py- 
ramidal cells were im- 

t~atlon. (A) diagram 'of the 
position of st~mulat~ng and 
recording electrodes in the 

C . -.-. ,:. paled, and the excitatory 
responses were recorded B 
to test shocks delivered to - 
the Schaffer collaterals bv I 

~ 3 

a bipolar stimulating elec- 
trode. (6) Electrophysio- 
logical traces testing for 
electrical or synaptic con- 
nectivity between the cells 
shown in (C). Shown are Minutes 

action potentials elicited 
by depolarizing current in- D 
jection into the paired cell 400 r 
(top) and neighboring cell Qnn L Pair 
(bottom) befire (left) and 
after (right) LTP induction; 1 F-+~~:~i&=-+~--~~E:~4+-+~ 

-&I?- above each action poten- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
tial is the corresponding 
trace of the other cell. :? 
Scale bar: 15 mV, 50 ms. $ 
(C) EPSP slope from a sin- w 
gle paired (top) and neigh- 
boring (bottom) neuron 
[same pair as in (B)]. Low- 
frequency stimulation (1 
Hz) and low-frequency 
stimulation paired with de- Minutes 
polarization (Pair) are indicated with arrows. The first two traces over each plot are representative 
EPSPs before and after LTP induct~on of the paired neuron, and the third trace is the superimpo- 
sition of the two, Scale bar: 10 mV, 10 ms. (D) Ensemble average for EPSP slope measurements 
from paired (top) and close neighbor (bottom) neurons before and after LTP induction in the paired 
neuron (n = 20). 

Fig. 2. (A) Ensemble aver- A 
ages of EPSP amplitudes 
for nearby pyramidal neu- 
rons (n = 20). Average 
data for the paired neurons 

(top) and neighboring neu- $5 
rons (bottom) in response 

,. $ 
to LTP induction in the =a 

paired neuron. The mean $ Close 
pre-LTP EPSP amplitudes g g neighbor 

for paired and neighboring I5O :a**.-+* 
cells were 9.4 2 0.9 mV 100 .&&.L .-..--..--.--...- 

and 8.0 2 0.6 rnV, respec- .io L , , , ,  -5 10 25 40 55 70 
tively. (8) Camera lucida Minutes 
tracing of a palr of b~ocytin- 
filled neurons from (A). (C) 
Ensemble averages for 
dual intracellular record- 
ings from distant (-500 
pM) CAI pyramidal neu- rons (" = 17), Average 

EPSP amplitude data for 
the paired neurons (top) 
and distant neighbor neu- Distant 

rons (bottom) before and neighbor 

after LTP induction in the 
paired neuron. The mean j0 -5 10 25 40 55 70 

pre-LTP EPSP amplitudes Minutes 

for paired and neighboring 
cells were 8.5 2 0.6 mV and 7.3 2 0.7 mV, respectively. (D) Camera lucida tracing of biocytin-filled 
neurons from (C). 

SCIENCE VOL. 263 28 JANUARY 1994 

between any pairs of C A l  neurons before or 
after LTP induction (Fig. 1B). After estab- 
lishing a base line of synaptic transmission, 
we stimulated the presynaptic axons at a 
low frequency (1 Hz, 30 to 45 s). As 
previously documented (1 5, 1 7), this brief 
low-frequency stimulation had no long-last- 
ing effect on synaptic transmission (Fig. 
lC) ,  although in many experiments we 
observed a transient (-5 to 10 min) depres- 
sion of synaptic responses. We then in- 
duced LTP in one cell (the "paired" cell) by 
pairing postsynaptic depolarization (to 0 
mV) with the low-frequency stimulation (1 
Hz, 30 to 45 s) (Fig. 1C). 

If the induction of LTP in the paired cell 
results in the production of a diffusible 
signal, then this signal might also influence 
synaptic transmission at nearby cell syn- 
apses. Indeed, the synapses onto the neigh- 
boring cell also developed potentiated re- 
sponses after LTP induction in the paired 
cell (Fig. 1C). Because no change in syn- 
aptic transmission occurred after 1-Hz stim- 
ulation alone, but only when the paired cell 
was also depolarized, the enhancement of 
synaptic strength observed in neighboring 
cell synapses must be a result of LTP induc- 
tion in the paired cell. The ensemble aver- 
ages (18) of the EPSP slope and amplitude 
for all 20 experiments are shown in Figs. 1D 
and 2A. The paired neurons exhibited in- 
creases in synaptic strength that were on 
average 183.8 + 15.0% and 187.1 
18.3% of base line values for EPSP slope 
and amplitude measurements, respectively 
(mean percent of base line 1 hour after LTP 
induction + SEM, n = 20). Of the 20 
paired neurons tested, 17 exhibited poten- 
tiation that was at least 130% of base line 
levels, with individual values for all 20 cells 
ranging from no potentiation to 330%. The 
neighboring neurons exhibited an average 
enhancement of 137.5 r 11.0% (slope) 
and 129.3 r 9.1% (amplitude) of base line 
transmission levels (Figs. 1D and 2A). Six- 
teen of the neighboring neurons exhibited 
potentiation that was at least 115% of base 
line levels, with individual values for all 20 
cells ranging from no potentiation to 253%. 
These results demonstrate that LTP induc- 
tion in a single CAI pyramidal cell can 
augment synaptic strength at connections 
onto neighboring neurons. 

To ascertain the distance between the 
neurons, in several experiments we includ- 
ed biocytin (1%) in the recording elec- 
trodes and filled each pyramidal neuron 
during the experiment (1 9). The cell bodies 
of the example in Fig. 2B were -38.0 pm 
apart, and the dendritic arbors of the two 
neurons overlapped extensively. The mean 
distance between CAI cell somata for the 
experiments in which we included biocytin 
in our electrodes was 142.1 r 36.1 pm 
(range: 20.0 to 285.0 pm, n = 9). In all 



cases, it appeared that the dendritic fields of 
the two stained neurons were intertwined. 

We directlv assessed the suatial limits of 
the synaptic enhancement Ly conducting 
similar electrophysiological experiments 
from pairs of CAI pyramidal neurons that 
were spatially remote from one another 
(-500 pm). As above, induction of LTP in 
the paired neuron significantly increased 
synaptic strength (173.6 '- 10.7%, n = 17) 
(Fig. 2C). In contrast, the synapses onto the 
"distant" neighbor did not exhibit any po- 
tentiation (97.8 * 8.6%) (Fig. 2C). A 
camera lucida reconstruction of a represen- 
tative pair of distant pyramidal neurons that 
are -585 pm apart is shown in Fig. 2D. On  
average, the cell bodies of the distant pyra- 
midal cells were 595.0 * 58.8 pm apart 
(range: 340 to 800 pm, n = 7). None of 
these neuron pairs had regions of detectable 
dendritic over la^. There was a significant - 
negative correlation between the distance 
between the pyramidal cell bodies and the 
magnitude of the potentiation exhibited at 
the neighboring cell synapses (n = 16) 
(Spearman's rank correlation = -0.58, P < 
0.05). Thus, the distributed synaptic en- 
hancement is spatially restricted, occurring 
only when neurons are close to one another. 

400 I L-Me-Arg injected 

300 1 pair 

Close 
neighbor 

100 p**Zg+Hi9-27w:ut+.* 
0 f 
-20 -5 10 25 40 55 70 

Minutes 

Fig. 3. (A) Ensemble 
averages for dual intra- 
cellular recordings from 
two nearby pyramidal 
neurons; the paired cell 
(top) was filled with the 
NOS inhibitor L-Me-Arg 
(n = 18). Average 
EPSP amplitude data 
for the LTP produced in 
the L-Me-Arg-injected 
paired neurons (top) 
and close neighboring 
neurons (bottom) be- 
fore and after pairing 
(Pair) of the injected 
cell. The mean pre-LTP 
EPSP amplitudes for paired and neighboring cells 
were 8.6 ? 0 8 mV and 8.0 + 0.6 mV, respective- 
ly. (B) Camera lucida tracing of two biocytin-f~lled 
neurons (A). In the example shown, cell bodies 
are within 10 k m  of each other. 

To examine the contribution of putative 
diffusible signals, we introduced the NO 
synthase inhibitor N-methyl-L-arginine (L- 
Me-Arg) into the paired neuron to block 
the postsynaptic generation of NO. As 
reported [(7, 8) but see (9)], postsynaptic 
injection of L-Me-Arg into the paired cell 
prevented long-lasting synaptic potentia- 
tion at its own synapses (99.8 ? 6.9%) 
(Fig. 3A). The injection of L-Me-Arg into 
the paired cell also prevented the enhance- 
ment of synaptic strength at neighboring 
cell synapses (102.2 t 10.1%) (Fig. 3A). 
Camera lucida reconstructions (Fig. 3B) 
revealed that the mean distance between 
pairs of pyramidal neurons in these experi- 
ments was statistically indistinguishable 
from the distance between the pairs of 
neurons that compose the near group (x = 

143.3 '- 43.6 pm, n = 7). This finding 
suggests that NO production in the paired 
cell is required for the enhancement of 
synaptic transmission at the neighboring 
cell synapses. While these results are con- 
sistent with the idea that NO itself may be 
responsible for the neighboring synapse po- 
tentiation, at present we cannot rule out 
the possibility that a process downstream 
from the production of NO is responsible. 

In a few experiments, we held both in- 
tracellular recordings long enough to subse- 
quently assess whether inducing LTP in the 
neighboring cell could produce any en- 

Fig. 4. Representative ex- 
periment to examine the 
potential contribution of 
neighboring synapses to 
LTP induced at synapses 
onto an NOS-inhibited py- 
ramidal neuron (A) EPSP 
amplitude from a single 
CAI pyramidal neuron 
filled with the NOS inhibitor 
L-Me-Arg. (B) Diagram de- 
picting how neighboring 
neurons may provide NO 
to induce LTP onto an 
NOS-inhibited neuron dur- 
ing LTP induction. Tetanic 
stimulation delivered to af- 
ferent fibers should induce 
LTP in many neurons. Dur- 
ing tetanic stimulation, the 
NO produced in the neigh- 
boring neurons may diffuse 
to potentiate synapses 
onto the NOS-inhibited 

hancement at synapses onto the NO syn- 
thase (NOS)-inhibited neuron. In three of 
five cases, pairing depolarization of the 
neighboring cell with low-frequency stimu- 
lation enhanced synaptic strength at syn- 
apses onto the NOS-inhibited neuron. Con- 
sistent with this finding, we found that 
although postsynaptic injections of NOS 
inhibitors prevented LTP induced by pairing 
depolarization with low-frequency stimula- 
tion (109.5 t 4.5%, n = 15) (Fig. 4A), 
high-frequency stimulation of the same af- 
ferent pathway enhanced synaptic transmis- 
sion at the synapses onto the NOS-inhibited 
cell (159.3 * 19.7%, n = 15) (Fig. 4A). 
This suggests that neighboring cells that 
become depolarized and undergo LTP induc- 
tion during tetanic stimulation may produce 
NO that diffuses to influence the synapses 
onto the inhibited neuron (Fig. 4B). This . -  . 
interpretation is reinforced by the demon- 
stration that high-frequency stimulation in 
the presence of an extracellularly applied 
NOS inhibitor (which presumably acts on 
all pyramidal neurons) does not potentiate 
either the extracellular field (7, 8) or intra- 
cellular EPSP (90.5 ? 5.9, n = 4). 

The simplest interpretation of the above 
result is that LTP induction in neighboring - - 
neurons can compensate for a disruption of 
LTP induction mechanisms in a nearby 
pyramidal cell. However, individual post- 
synaptic injections of CaZ+ chelators (20) 

35 [ Tetanus 
28 I :. 

0 1  
0 50 100 150 200 

Minutes 

- 

Pairing 

Pair 

P 

Close 
neighbor 

Inhibitor 
present 

h$\ced 

neuron. (C) Ensemble av- 
I 

Minutes 
erages for dual recordings 
from two nearby pyramidal neurons (n = 14). A standard intracellular micropipette was used to 
record from the paired cell, and the neighboring cell (bottom) was recorded from in whole-cell 
voltage-clamp mode and filled with the Ca2+ chelator BAPTA. During the induction of LTP in the 
paired cell, the neighboring neuron was hyperpolarized to -95 mV. Top plot shows average data 
for the LTP produced by pairing (Pair). Bottom plot shows average data for the enhancement 
observed in the neighboring neuron in response to LTP induction in the paired neuron. The mean 
pre-LTP EPSP and EPSC amplitudes were 8.4 ? 1 .O mV and 93.5 5 13.5 PA, respectively. (D) 
Camera lucida tracing of biocytin-filled neurons. In the example shown, cell bodies are within 65 km 
of each other. 
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or membrane hyperpolarization (2 1 ) can pre- 
vent LTP induced by tetanic stimulation, 
indicating that this simple interpretation can- 
not be correct. Therefore. we assessed the 
possibility that postsynaptic Ca2+ or alter- 
ations in the membrane potential of the 
neighboring postsynaptic cell may be required 
for the distributed synaptic enhancement by 
recording from neighboring neurons in the 
whole-cell voltage-clamp mode with pipettes 
containine the CaZ+ chelator BAPTA (10 

u 

mM) . To further compromise the neighboring 
neuron. we whole-cell dialvzed it for at least 
40 min before the experiment. Also, during 
LTP induction of the paired neuron, the 
neighboring cell was voltage-clamped at -95 
mV. As above, paired neurons exhibited sig- 
nificant potentiation (193.8 + 26.3%, n = 
14) (Fig. 4C). However, the combination of 
postsynaptic dialysis, CaZ+ chelation, and 
hyperpolarization abolished the neighboring 
cell enhancement (97.6 f 14.4%) (Fig. 4C). 
The pairs of neurons used in these experi- 
ments were anatomically close (x = 79.4 + 
21.6 p,m) (Fig. 4D), indicating that the 
neighboring neurons should have exhibited 
svnautic enhancement. The inabilitv of the , 

neighboring neuron to exhibit synaptic poten- 
tiation under these conditions suggests that 
the postsynaptic neighboring neuron may ac- 
tivelv uarticiuate in the enhancement. , . 

These results are consistent with the syn- 
apse specificity that has been reported for LTP 
in which no spreading of potentiation is ob- 
served between two independent afferent 
pathways that converge on the same postsyn- 
aptic neuron (3). The distributed potentia- 
tion we have described mav be limited bv two 
factors: (i) the presence or gbsence of skaptic 
activity and (ii) the proximity of the paired 
and neighbor synapses. In all of the experi- 
ments we have described, both the neighbor- 
ing and the paired neurons received synaptic 
input from a common set of afferent fibers; 
thus, both sets of synapses were active during 
LTP induction. However, it is clear that low- 
frequency synaptic activity is not sufficient to 
produce enhancement, because I-Hz stimula- 
tion did not increase synaptic strength at 
neighboring cell synapses. Thus, the presence 
of svnautic activitv mav work in concert with , , , 
other factors generated in paired neurons. Our 
results do indicate spatial constraints on the 
spreading of synaptic enhancement: synapses 
onto distant neighbor cells were not potenti- 
ated, despite receiving the same synaptic in- 
put as paired cells. 

The demonstration that LTP induction in 
a single CA1 pyramidal neuron can potenti- 
ate synaptic transmission at neighboring cell 
synapses implies the existence of a diffusible 
signal generated in paired neurons during LTP 
induction. Our results suggest that NO pro- 
duction is important for this phenomenon. In 
addition. we observed that the blockade of 
LTP prdduced by postsynaptic injections of 

NOS inhibitors can be overcome by LTP 
induction in neighboring cells. Taken togeth- 
er, these two results suggest that during LTP 
induction NO may diffuse to increase synaptic 
strength at nearby synapses. 

Our data do not indicate whether the 
enhancement of synaptic transmission at 
neighboring synapses is mediated by pre- or 
postsynaptic mechanisms. However, the com- 
bination of postsynaptic dialysis, Ca2+ chela- 
tors, and hyperpolarization of the neighboring 
cell prevented the enhancement, suggesting 
that the postsynaptic neighboring cell plays 
an active role. There are two general possibil- 
ities to account for a distributed LTP that 
requires involvement of the postsynaptic cell 
for its induction. First, the distributed poten- 
tiation could be both induced and exmessed 
by postsynaptic mechanisms in the receiving 
cell: A single messenger produced in the 
paired cell could diffuse to the neighboring 
neuron and interact with a Caz+- or voltaee- - 
dependent postsynaptic target to bring about 
the enhancement. Second, the distributed 
potentiation could be expressed by changes in 
the presynaptic side of the receiving synapse, 
but require a postsynaptic contribution depen- 
dent on Ca2+ or voltage or both. This con- 
tribution could be either a constitutive or 
stimulated process. As one example of a con- 
stitutive urocess. intracellular CaZ+ activitv. , , 
resulting from the tonic stimulation of 
postsynaptic NMDA channels (22) or win- 
dow currents through voltage-dependent 
Ca2+ channels, might support the release of a 
local retrograde messenger that is permissive 
for distributed potentiation. Alternatively, 
the local messeneer mav be stimulated bv " 
depolarization arising from either the 1-Hz 
stimulation or increases in extracellular K+ 
produced during depolarization of the paired 
cell (23). According to both of these ideas, 
both the signal generated in the paired neuron 
during LTP induction and the Ca2+ or volt- 
age-dependent signal produced in the neigh- 
boring cell would be required for the expres- 
sion of enhancement in the neighboring cell. 

Thus, the formation of synaptic chang- 
es previously thought to be restricted to 
synapses onto a single cell can also result 
in synaptic changes at nearby synapses. As 
such, diffusible signals proposed to act as 
retrograde synaptic signals may serve an 
alternate function of amplifying synaptic 
transmission at active synapses close to the 
site of messenger generation. During de- 
velopment, this locally distributed poten- 
tiation may participate in the formation of 
functionally segregated anatomical struc- 
tures such as cortical columns (1 5, 24) and 
could also induce temporary functional 
domains in regions where no such anatom- 
ical specialization exists. This type of en- 
hancement may also serve to locally am- 
plify synaptic signals that underlie com- 
mon neuronal functions. 
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17. Hippocampal sl~ces were prepared as descr~bed 
[D. V. Madison and R. A Nicoll, J. Physiol (London) 
398, 123 (1986)l. Hippocampal slices were sub- 
merged In a stream of solution containing 119 mM 
NaCI, 2.5 mM KCI, 1.3 mM MgSO,, 2.5 mM CaCI,, 
1 .O mM NaH,PO,, 26.2 mM NaHCO,, and 11 .O mM 
glucose Artificial cerebrospinal fluid was main- 
tained at 22°C and was gassed with 95% 0, and 5% 
CO,. lntracellular recording electrodes were filled 
with 2 M cesium acetate. In intracellular-injection 
experiments, L-Me-Arg (100 mM) was dissolved In 
cesium acetate. Whole-cell recordings were made 
in the single-electrode voltage-clamp mode (Axo- 
clamp 2C) with 75 to 90% series resistance com- 
pensation. Whole-cell patch clamp internal solutions 
cons~sted of 100 mM cesium gluconate, 10 mM 
BAPTA, 5 mM MgCI,, 2 mM adenosine triphos- 
phate, 0.3 mM guanosine triphosphate, and 40 mM 
Hepes, lntracellular EPSP or whole-cell excitatory 
postsynaptic currents (EPSCs), measured in CAI 
pyramidal cells, were evoked by stimulation of the 
Schaffer collateral~ommissural afferents (4 min-'). 
In dual recording experiments, we tested for the 
presence of synaptic or electrical connectivity by 
eliciting action potentials in one neuron and observ- 
ing the response of the second neuron. We tested 
each palr for coupl~ng at the beginning of each 
experiment and also tested at the conclusion of 
experiments where we were able to maintain the 
recordings for a sufficient period of time. LTP induc- 
tion by pairing ~nvolved sustained depolarization of 
the pyramidal neuron by dc current injection in 
conjunction with low-frequency (1 Hz) stimulat~on of 
the test pathway for 30 to 45 s. LTP induction by 
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tetanus ihobed four high-frequency trains of stim- 
ulation (100 Hz for 1 s at 30-s intervals) delivered at 
the test intensity. Data were collected and anabed 
with software written by us for this purpose under the 
hobasii programming environment (Axon Instru- 
ments Incorporated. Foster City, CA). This software 
measured the amplitude or slope of the EPSP or 
EPSC. Statistical comparisons were made with the 
Student's t test, done on non-normalied data. 

18. Ensemble average plots represent group means 
of each EPSP (or EPSC), across experiments, 
aligned with respect to the time of acquisition 
relative to the time of LTP induction by pairing. 
For each group of experiments, we included all 
the data that met the following criteria: (i) resting 
membrane potential of both neurons more neg- 
ative than -60 mV and (ii) recordings of both 
cells held for at least 50 min after the induction of 

LTP. The group data in the ensemble averages 
and described In the text reflect all the data that 
fit these criteria. We did not exclude experiments 
where the paired neurons failed to exhibit LTP. 
For three experiments in which we had intended 
to impale neurons that were far apart, the biocy- 
tin data revealed that these neurons were in fact 
close ( ~ 3 0 0  pM). We thus switched these data 
to the nearby group. 

19. We processed the slices for biocytin reaction 
with minor modifications of methods previously 
described [G. F. Tseng, I. Parada. D. A. Prince, 
J. Neurosci. Methods 37, 121 (1991)l. To obtain 
a rough estimate of the distance between the 
synapses onto the paired and neighboring neu- 
rons, we measured the center to center interso- 
matic distance. 

20. G. Lynch, J. Larson, S. Kelso, G. Banimum, F. 

M TECHNICAL COMMENTS 

Experimental Support for the 
"Hydrophobic Zipper" Hypothesis 

a recent report ( I ) ,  we described the spectroscopy. The deuteriumhydrogen 
kinetics of folding of the all-f! sheet pro- exchange quench flow experiments dem- 
tein interleukin-1 f! (IL-1 f!) with the use onstrated that intermediates with a stable, 
of nuclear magnetic resonance (NMR), hydrogen-bonded, secondary structure 
far-ultraviolet dichroism, and fluorescence were only formed on the second time 

Rg. 1. Schematic picture of the 
early folding unit in IL-18. Strands 
5,6, 7, and 8 represent the second 
of the three pseudosymmetric units 
of the "trefoil" fold, with strands 6 
and 7 constituting the hairpin unit 
and strands 5 and 7 forming part of 
the $ barrel. Early stable hydrogen 
bonds are indicated by arrows, 
and the identity of the important 
hydrophobic side chains is given 
by the one letter code. 

Rg. 2. Depiction of the "hydro- 
phobic zipper" part of the 11-1 $ 
structure. The backbone (of N, 
Ca, and C atoms) is traced in 
red, and the side chains are 
shown in green. Also indicated 
is the residue number for the 
selected side chains and the 
numbering of the $ strands (ro- 
man numerals). The structure of 
IL-I$ is taken from (4) (PDB 
accession code 61 1 81. 
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scale. Subsequent closer inspection of 
those parts of the IL-If! structure that are 
involved in these folding intermediates 
revealed clustering of hydrophobic resi- 
dues, in particular, leucines. The five 
strands (Fig. 1) of the 12-stranded struc- 
ture. which were detected in the NMR 
experiment ( I ) ,  constitute the major site 
of early-forming hydrogen bonds. Within 
the symmetrical "trefoil" structure (2) ,  
they comprise hairpin 2 (strands 6 and 7) 
and parts of the adjacent barrel strands 5, 
8, and 9. The locations of the major 
hydrophobic residues are also revealed 
(Fig. 1). 

Our ex~erimental data are similar to a 
recent theLretica1 model proposed by Dill 
et al. (3) that has been termed the "hy- 
drophobic zipper" model of protein fold- 
ing. In the initiation of folding, hydropho- 
bic side chain pairs that are closely posi- 
tioned in the sequence are brought togeth- 
er bv a limited conformational search. 
with subsequent pairing of other pairs, one 
after another, like the zipping of a zipper. 
In IL- 1 f!, the initial zipper would be made 
up from strands 6 and 7, with the other 
strands arranging around these. The loca- 
tion and distribution of hydrophobic side 
chains in this region of the protein struc- 
ture add support to this notion (Fig. 2). 
The zipper-like arrangement of Leu67, 
Leu8', Led9, Leus0, and Cys7', running 
from right to left (Fig. 2), is most striking. 
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