
diploid deletion of 1 of 4,706 ORFs in the yeast genome. We calculated the fitness values
for each media condition as the extent of survival and reproduction (fitness) of the
deletion strain relative to the pool of all strains grown and measured collectively. Fitness
values (f) of 1.0 indicate no difference between a single strain and the pool average for that
condition; f , 1.0 indicates that the strain is less fit, and f . 1.0 indicates that the strain is
more fit than the pool average. In addition, we added to our analysis 1,060 ORFs that each
had a lethal effect when deleted and assayed in YPD; we used only lethal deletions that
could be inferred as lethal from both of the two studies conducted11,19. We divided all genes
into four groups according to the f value as follows: (1) if f . 0.95 for all five media
conditions11, the deletion has a weak or no fitness effect in all conditions; (2) if
0.8 # fmin , 0.95, where fmin is the smallest f value for all five growth conditions, the
deletion has a moderate effect; (3) if 0 , f min , 0.8, the deletion has a strong effect; and
(4) if the deletion is lethal, we set f ¼ 0.

Identification of duplicate and singleton genes
An all-against-all FASTA17 search was conducted for the whole set of S. cerevisiae protein
sequences (downloaded from SGD, http://genome-www.stanford.edu/Saccharomyces/).
A single-copy gene (that is, a singleton) was defined as a protein that did not hit any
other proteins in the FASTA search with E ¼ 0.1; this loose similarity search criterion
was used to make sure that a singleton is indeed a singleton. (An even looser criterion
E ¼ 1 was also used in the definition of singleton genes but the results were essentially
the same.) Duplicate genes were identified as described20 except that the criterion of 80%
alignable regions between protein sequences was reduced to 50%, because the 80%
requirement can miss some duplicate genes. This relaxed criterion is still conservative for
identifying duplicate genes; but because we wanted to detect the differences in fitness
effects between real duplicate genes and singletons, we used stringent criteria to define
duplicate genes and single genes. For each protein pair that met the homology criteria,
the FASTA alignable regions were realigned using ClustalW21 and the corresponding
coding sequences were aligned on the basis of the protein alignments. The number of
substitutions per synonymous site (KS) and the number of substitutions per
nonsynonymous site (KA) between duplicate genes were estimated by the PAML
package22 using default parameters.

Estimation of gene expression
The Affymetrix microarray gene expression data were downloaded from a study
investigating gene expression in response to environmental changes across the genome16.
As controls, gene expression was measured at time zero in YPD before each environmental
change was conducted. We averaged seven independent time-zero measurements to
obtain an estimate of the absolute abundance of each messenger RNA transcript in YPD.
Our data showed a very high correlation (r ¼ 0.95, P ¼ 0) to previous estimates of the
absolute abundance of all transcripts in the yeast genome during YPD growth23.
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Short-term synaptic plasticity, which is common in the central
nervous system, may contribute to the signal processing func-
tions of both temporal integration and coincidence detection1–3.
For temporal integrators, whose output firng rate depends on a
running average of recent synaptic inputs, plasticity modulates
input synaptic strength and thus may directly control signalling
gain2 and the function of neural networks1–4. But the firing
probability of an ideal coincidence detector would depend on
the temporal coincidence of events rather than on the average
frequency of synaptic events. Here we have examined a specific
case of how synaptic plasticity can affect temporal coincidence
detection, by experimentally characterizing synaptic depression
at the synapse between neurons in the nucleus magnocellularis
and coincidence detection neurons in the nucleus laminaris in
the chick auditory brainstem5. We combine an empirical descrip-
tion of this depression with a biophysical model of signalling in
the nucleus laminaris. The resulting model predicts that synaptic
depression provides an adaptive mechanism for preserving
interaural time-delay information (a proxy for the location of
sound in space) despite the confounding effects of sound-inten-
sity-related information. This mechanism may help nucleus
laminaris neurons to pass specific sound localization infor-
mation to higher processing centres.

In the avian auditory brainstem, each neuron of the nucleus
laminaris (NL), like the medial superior olive in mammals6,7,
constitutes an azimuthal ‘place code’8 that is tuned to detect the
coincidental arrival of excitatory postsynaptic potentials (EPSPs)
generated by ipsi- and contralateral nucleus magnocellularis (NM)
neuron action potential firing9, which is phase-locked to sound
waves arriving at each ear. The intensity of the sound, however,
changes the likelihood that an NM cell will fire on a given sound
wave cycle, such that increasing sound intensity increases the
average NM firing rate and thus the average frequency of NM–NL
EPSPs10. This increase of NM cell firing rate with sound intensity
would be expected to increase the postsynaptic NL cell firing rate,
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perhaps even to the saturation limit of its spike-generating mech-
anism. Because NL cell firing rate encodes sound localization8, the
saturation of its firing rate will degrade sound localization.

The NL cell firing rate in the owl is remarkably insensitive to
sound intensity11, however, suggesting that there are mechanisms
that minimize the effect of intensity-related inputs to higher centres
processing the localization of sound. Three such mechanisms have
been postulated: first, the intrinsic membrane properties of chick
NL coincidence detectors may limit their firing rate12; second,
parallel, intensity-related inhibitory afferents to chick and owl NL
cells may attenuate the NL responses to high-intensity sound11,13–15;
and third, nonlinear, saturating summation of EPSPs in NL neuron
dendrites may limit excessive input16. Here we suggest that the
observed synaptic depression at NM–NL synapses may be an
additional, independent mechanism for enhancing coincidence
detection (and thus sound localization) in the auditory system.

We studied synaptic depression at NM–NL synapses in brainstem
slices taken from chicks at embryonic day E18–21 (hearing in chick
embryos is established at about E15–17; ref. 17). Figure 1a shows
how we used minimally suprathreshold extracellular stimulation of
identified NM neurons to elicit EPSPs that were recorded intra-
cellularly from ipsilateral NL neurons. Figure 1b shows an example
recording of a 50-Hz stimulus train to an NM neuron in which the
EPSP amplitude depressed quickly to a steady-state value much

smaller than the first EPSP. Figure 1c (left) shows the time course of
depression at each of four stimulus frequencies for one set of NL cell
recordings. Successive EPSPs declined to a steady-state amplitude
after five or six EPSPs. The steady-state amplitude was reduced to
roughly a third as the stimulus frequency increased from 2 to 100 Hz.

To test the idea that the observed synaptic depression at NM–NL
synapses may preserve coincidence detection in NL neurons during
increased NM neuron firing, we used NEURON software18 to model
the neuronal circuit shown in Fig. 1a. The model consisted of three
key elements: first, synaptic inputs from several ipsi- and contra-
lateral NM neurons converged on a single NL cell; second, an
empirically derived model simulated NM–NL synaptic depression
(Methods and Fig. 1c, d); and third, a biophysical, compartmental
model simulated the unusual EPSP summation and spiking proper-
ties of NL cells12.

To provide realistic synaptic inputs to NL neurons, we used a
stimulus model10,11,19 that mimics NM neuron firing patterns
(Fig. 2). When the sound stimulus is a pure tone (a sinusoidal
variation in air pressure), action potentials in a given NM neuron
tend to fire at a specific time delay (or phase delay) after the peak of
each cycle of the tone stimulus. Such ‘phase-locking’ to the audio
signal is not precise, however, because there is a small phase error,
called ‘jitter’, in spike timing, which is evident as scatter around the
mean in the histograms shown in Fig. 2c. In addition, NM cells fire
on only a fraction of sound cycles so that their average firing
frequency is always less than the tone frequency (Fig. 2b). But
increased sound intensity increases the probability of NM firing, so
that the average firing frequency amounts to a proxy variable for
sound intensity10.

In the computational model, the phase-locked, jittery and prob-

Figure 2 Simulating phase-locked NM synaptic input to NL neurons. a, A pure tone (upper

sound waves) arriving at the ipsilateral ear elicits phase-locked NM–NL EPSPs (red traces

represent 3 of 72 NM inputs) that converge on one set of dendrites on an NL neuron. The

same tone arriving with some phase delay (lower sound wave) at the contralateral ear

triggers phase-delayed trains (blue trace represents 1 of 72 inputs) of EPSPs that

converge on a second set of dendrites on the NL neuron. The number of EPSPs arriving at

the NL cell varies from cycle to cycle, because each NM cell fires once on only a fraction of

the sound cycles according to a probability distribution. Included in the model but not

shown is the ‘jitter’ of NM firing. b, Increasing sound intensity increased the probability per

cycle of NM cell firing10,11. c, An increase in average NM firing rate from 150 to 400 s21

(that is, a change from low to high sound intensity) causes a shortening of the average

inter-EPSP interval.

Figure 1 Synaptic depression at NM–NL synapses. a, EPSPs were recorded from NL

neuron somata in chick brainstem slices in response to minimal stimulation (stim) of

ipsilateral NM cells (duration 0.2–0.6 ms, amplitude 20–50 mA). b, EPSP amplitudes

rapidly decrease on successive stimuli. c, Plots of average EPSP amplitude versus EPSP

number (15–20 stimulus trains at 2–100 Hz with intertrain intervals of 5–10 s) Left,

measured; right, simulated from equation (4). Each EPSP amplitude was normalized to the

first EPSP in its train. d, Steady-state EPSP amplitude decreases with increasing stimulus

rate in a manner closely predicted by the empirical model of synaptic depression

(unbroken line). Circles represent data from the cell in c; squares represent data from four

other cells. The broken line shows that the product of EPSP amplitude times stimulus rate

(right axis) reaches a maximum at about 250 Hz and thus defines a ‘limiting frequency’2,21.

letters to nature

NATURE | VOL 421 | 2 JANUARY 2003 | www.nature.com/nature 67© 2003        Nature  Publishing Group



abilistic firing of two sets of 72 independent synapses (one set from
ipsi- and one set from contralateral NM cells) converge on opposite
sets of NL dendrites. On successive sound cycles, the NL neuron
receives a random number of EPSPs because of the probabilistic
nature of the NM cell firing. We introduced a phase offset (from 0 to
1808; Fig. 2a) between ipsi- and contralateral NM cell spike trains to
represent the interaural time difference (ITD; up to 83 ms for a
600-Hz virtual sound) occasioned by an off-centre sound source. At
a phase offset of 08 (corresponding to an on-centre sound source),
ipsi- and contralateral inputs from the NM neurons arrive coinci-
dentally on the NL neuron and thus maximize the likelihood of
depolarizing the NL neuron to its spike threshold to evoke its
maximal firing rate. Increasing the phase delay towards 1808
decreases the likelihood of ipsi- and contralateral EPSPs from NM
neurons arriving coincidentally, so that the average NL firing rate
decreases to a minimum8,11.

A synaptic depletion model20,21 fit well to the observed NM–NL
synaptic depression (Fig. 1c, right, and Fig. 1d, unbroken line).
Because we did not study the mechanisms underlying NM–NL
synaptic depression, we do not claim that depletion accounts for
depression at the NM–NL synapse, but use this model simply as a
convenient and accurate empirical description of the time course of
the observed synaptic depression.

The time course of the postsynaptic conductance increase in the
NL dendrites caused by each NM synapse was modelled as an alpha
function (see equations (1) and (2) in Methods) with a time
constant of 0.26 ms (ref. 12). In runs without synaptic depression,
the maximal conductance amplitude (G max) was fixed and inde-
pendent of NM firing rate. In runs using synaptic depression, G max

was applied only to the first NM action potential after the onset of a
tone, after which synaptic conductance on successive EPSPs was
computed by the depletion model (refs 20, 21, and see below).

To simulate the NL cell response to NM–NL EPSPs, we modelled
the biophysics of NL cells (Methods) according to our previous
findings12 that, first, unlike classical integrating neurons, NL cells
fire only a single initial action potential in response to sustained
depolarization (Fig. 3, bottom); and second, NL cells fire reliably
during suprathreshold low-frequency input events (Fig. 3, top) but
miss events at higher frequencies (Fig. 3, middle).

Our model coincidence detector circuit showed the expected
property of a smooth reduction of NL firing rate as phase delay
increased from 0 to 1808 (Fig. 4a, left). This behaviour was apparent
over a range of synaptic conductance values and in the absence of
synaptic depression, as long as the average NM cell firing rate (the
proxy for sound intensity) was low. But we found that no single
value of Gmax could provide coincidence detection at both high and
low sound intensities. For example, a G max of 1.5 or 2.0 nS worked
well at low intensities but offered virtually no discrimination of
phase delay (sound location) for the first 908 at high sound intensity
(Fig. 4a, right, upper curves). Conversely, a Gmax of 0.5 nS provided
coincidence detection at high intensity but no discrimination at low
intensity (Fig. 4a, lowest curves).

The above results indicate that Gmax needs to be varied to provide
coincidence detection at both low and high NM firing rates (sound
intensity). Synaptic depression can provide an automatic mecha-
nism for adjusting Gmax inversely to the NM firing rate to provide
roughly the same NL neuron coincidence detection irrespective of
sound intensity. This fact is illustrated by Fig. 4b, which shows that
the NL phase-delay curves with synaptic depression are tightly
clustered for a broad range of sound intensities represented by
average NM firing rates from 150 to 450 spikes s21. With synaptic
depression included in the model, the NL firing rate becomes
relatively insensitive to changes in sound intensity, as is observed
in vivo11. Thus, there is a comparable degree of coincidence detection
at all sound intensity levels by automatically adjusting the average
synaptic conductance inversely to the average input frequency.
When the average firing rate of the inputs is greater than the

limiting frequency, the NL neuron behaves like an ideal coincidence
detector (that is, sound intensity has almost no effect on firing rate).

Developmental studies have revealed that some synapses show
less depression with maturation (for example, see ref. 22). We
therefore recalculated the NL firing rate versus phase-delay curves
with U ¼ 0.2 and G max ¼ 3.3 nS (see equation (4) in Methods) to
reduce the amount of steady-state depressed synaptic conductance
to about 50% of the value that we measured experimentally. The
results were similar to those shown in Fig. 4b, in that we obtained
non-saturating phase tuning curves over a wide range of sound
intensities (data not shown).

The underlying depression of synaptic conductance going from
low- to high-intensity sounds is evident in Fig. 4c, where the average
synaptic conductance decreased from 1.4 to 0.7 nS as the input
average NM firing rate increased from 150 to 400 spikes s21. The
synaptic conductance decrease during depression, and not some
other consequence of the depression kinetics, accounts for the
changes in NL cell firing rate, because the coincidence detection
curves with depression for 150 and 400 spikes s21 can be overlaid
almost exactly by the curves without synaptic depression in which
Gmax was adjusted to 1.4 nS and 0.7 nS (Fig. 4d). These values
correspond to the average steady-state conductances attained
during depression (Fig. 4c).

Our data show that synaptic depression exists at the NM–NL
synapse in auditory signal processing neurons of the avian brain-
stem. The fast component of the depression kinetics (tens of
milliseconds) is significantly faster than those found in most
other areas of the brain (hundreds of milliseconds)2,21, which
perhaps reflects the rapidly firing cells present in the hippo-
campus23,24 and the auditory signal processing system22,25.

We neither sought nor can we offer a mechanism for the
depression that we have described. Instead, we were interested in
understanding what role, if any, synaptic depression may have in
signal processing according to the model of auditory coincidence
detection and sound localization26. Towards this goal, we built a
computational model to examine whether the measured features of
synaptic depression can offer improved sound localization. Our
premise is that sound localization by higher centres (beyond NM
and NL cells) would benefit from nearly pure coincidence detection
by the NL cell, as would be the case if NL cell firing depended
primarily on the degree of coincidence of the synaptic events and

Figure 3 Distinctive firing properties of chick and model NL neurons. Chick neuron is shown

on the left (reproduced, with permission, from ref. 12); model neuron is shown on the right.

Top, repetitive suprathreshold stimulation at a low frequency (100 Hz) consistently evokes

action potentials. Middle, high-frequency (500 Hz) stimulation fails to trigger action

potentials on alternate cycles. Bottom, very high-frequency (1,000 Hz) or direct current (DC)

stimulation evokes only a single initial action potential. The ability of these neurons to filter

out temporally summated inputs is well suited to their function as coincidence detectors12,

in contrast to integrating neurons, which fire repetitively to DC inputs.
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less so on the frequency of coincidences. Our model shows that
synaptic depression can indeed provide an adaptive mechanism that
may contribute to the remarkable resistance of NL phase-related
spiking (sound localization) to changes of NM cell input spike
frequency (sound intensity).

Experimental and theoretical studies have emphasized that
synaptic depression allows cortical neurons to function as signal
differentiators where the transient response to changes of input
firing rate are of paramount importance2,21. Here we have empha-
sized the homeostatic aspect of differentiation, whereby steady-state
changes are minimized after the transient response. Thus, the fact
that synaptic depression requires the first six (or so) cycles of a tone
stimulus to settle to a steady-state (Fig. 4c) correlates well with
human psychophysical observations that sound localization
improves markedly in the first ,60 ms of a sound stimulus27 or
during the first few milliseconds of binaurally time-shifted
sound stimuli that follow a brief masking stimulus in the owl28.
Any preceding activity of the NM inputs would depress the
synaptic conductance to an extent that would prevent saturation
of ITD tuning curves at a given intensity. This reasoning
suggests that the high spontaneous firing rates observed in NM
cells (,90 spikes s21; ref. 10) shorten the time needed for accurate
sound localization; in other words, the inputs to NL will always be
partially depressed. In the steady-state, if the stimulus frequencies
approach or surpass the ‘limiting frequency’2,21 of a synapse (about
250 Hz for the NM–NL synapse according to Fig. 1d), a depressing
synapse delivers a nearly constant net synaptic current (that is, the
product of frequency and event amplitude and current amplitude) to

the postsynaptic cell. This property of a depressing synapse accounts
for the relative insensitivity of the NL cell to input that codes sound
intensity (NM cell firing rate) and thus ensures that the degree of
input synchronization (coincidence detection) is the variable
encoded by the NL cell. For this situation to occur, the kinetics of
synaptic depression, which determine the limiting frequency, must
be tuned to the range of natural firing frequencies occurring at the
synapse. A

Methods
Characterization of NM–NL synaptic depression in vitro
Chicks at E18–21 were decapitated and a section of the brainstem was removed as
described12. Brain slices (200 mm thick) were cut and perfused in a submerged recording
chamber with Ringer’s solution that contained (in mM): 130 NaCl, 3 KCl, 2 CaCl2, 2
MgCl2, 1.2 NaH2PO4, 26 NaHCO3 and 10 dextrose, bubbled with 95% O2 and 5% CO2

(pH 7.4) at 33–35 8C. The recording chamber was mounted on a fixed stage, upright
microscope.

We identified neurons by visualization on a video monitor using infrared-DIC
(differential interference contrast) optics. NL neurons were recorded in current clamp
using patch pipettes in the whole-cell mode that contained (in mM): 130 KCH3SO4, 2
MgCl2, 5 KCl, 10 HEPES, 2 Na-ATP, 0.2 Na-GTP and 0.1 EGTA (pH 7.2). A monopolar
stimulating electrode (a patch pipette filled with Ringer’s solution) was placed near the
soma of an ipsilateral NM neuron. We varied stimulus intensity to establish the threshold
for a mono-amplitude EPSP. The stimulating electrode position was varied to ensure that
the EPSP was evoked only by stimulation in a 25-mm diameter window. To ensure that the
observed EPSP depression reflected changes of synaptic function rather than a systematic
change of postsynaptic input conductance, we injected trains of depolarizing currents into
the soma. Depression of the current-evoked voltage responses was not seen (data not
shown).

Biophysical model
Our model was implemented in the neurophysiological simulation environment

Figure 4 Synaptic depression buffers coincidence detection against changing sound

intensity. a, Without synaptic depression, at low sound intensity (average NM input firing

rate 150 s21, left) with G max , 1.0 nS, NL output firing depends only weakly on phase

delay; but at high sound intensity (400 s21, right) with G max . 1.0 nS, firing rates

saturate for phase delays ,908 and decline to near zero for phase delays near 1808.

Curves for low and high intensity are, however, nearly identical for G max ¼ 1.5 and

G max ¼ 0.5 nS, respectively. b, With synaptic depression, coincidence detection curves

converge and, above the limiting frequency (250 s21, Fig. 1d), have little dependence on

input firing rate. Note that synaptic depression also minimizes the reduction in firing rate at

long phase delays as sound intensity increases. c, Variation of peak event conductance in

a single depressing NM-to-NL synapse during a low-intensity (left) and a high-intensity

(right) tonal stimulus. Depression reduced average peak synaptic conductance from 1.4 to

0.7 nS as input firing rate increased from 150 to 400 s21. d, Preventing event-to-event

depression kinetics (apparent in c) by fixing G max at 1.4 and 0.7 nS to correspond to

firing rates of 150 and 400 s21, respectively, has no effect on coincidence detection. The

sound frequency is 600 Hz in a–d.
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NEURON18 using ‘hoc’ interpreter codes, which are available from W.J.S. on request. Each
presynaptic action potential triggered a postsynaptic depolarizing conductance increase
that had peak conductance, G, and a time course described by

gðtÞ ¼ Gxeð12xÞ ð1Þ

where x¼ ðt 2 tonsetÞ=td ð2Þ

td is the time constant governing the conductance increase, and tonset is the arrival time of
a presynaptic spike. The value of td was set to 0.26 ms (ref. 12). If there is no synaptic
depression then G ¼ Gmax, otherwise G varies with the interval since the last transmitter
release according to equation (4). The resulting synaptic current, I, is given by

I ¼ gðtÞ£ ðV 2 EÞ ð3Þ

where V is membrane potential and E is current reversal potential (set as 0 mV).
In simulations with synaptic depression, we calculated peak synaptic conductance,

Gnþ1, for the (n þ 1)th synaptic event during a pure tone sound stimulus using a modified
form of equation (2) from ref. 21:

Gnþ1 ¼ k½Gnð1 2 UÞe2Dt=tF þGmaxð1 2 e2Dt=tF Þ� þ ð1 2 kÞ½Gnð1 2 UÞe2Dt=tS

þGmaxð1 2 e2Dt=tS Þ� ð4Þ

where G max (9.0 nS) is the peak synaptic conductance after the synapse has experienced an
‘infinite’ rest; U (0.6) is the fraction of available transmitter released; tF (15 ms) and tS

(1.1 s) are time constants of the fast and slow recovery processes, respectively; Dt is time
elapsed since the last transmitter release, and k (0.3) is the fast fraction of the combined
(fast þ slow) recovery processes.

The firing pattern for each NM cell is characterized by two independent variables:
average firing frequency and the jitter in time of spike initiation. This independence
allowed spike frequency and jitter to be computed and varied separately using previously
developed algorithms12. Spike probability during each sound cycle was given by the ratio of
average NM firing rate divided by tone frequency. At cycle onset, a random number
between 0 and 1 was drawn from a uniform probability distribution. If this number was
less than the spike probability ratio, a spike occurred during that cycle. NM spike jitter was
specified as the standard deviation of the dispersion of NM spikes around the phase of the
tone where NM cell firing occurred on average. The amount of jitter affects vector strength,
an established measure of phase-locking6. In these simulations, jitter at each tone
frequency was varied as required to produce a vector strength of 0.76, a value measured
in vivo at a sound frequency of about 600 Hz (ref. 10). Vector strength remains constant for
sound intensities .20 dB above threshold19 and was kept so for all stimulus intensities.

Equations describing the membrane conductances of our NL cell model and its
detailed geometry are given in Supplementary Information. Briefly, our model NL cell
had a 20-mm diameter soma with nine ventral and nine dorsal dendrites29, each of which
had a uniform distribution of NM synapses around their midpoint. The model behaved
like a point neuron because there was minimal attenuation or prolongation of EPSPs
transmitted from dendrite to soma. A myelinated axon was connected to the soma by an
initial segment to enable unambiguous counting of propagated action potentials. A
‘leakage’ conductance distributed over the membrane resulted in a hyperpolarizing input
conductance of 72 MQ, as measured at 37 8C (ref. 12). The reversal potential of the leakage
current maintained resting potential at 260 mV (ref. 12). The cell contained a Hodgkin–
Huxley-like Naþ and Kþ conductance. The Kþ conductance was based on voltage-clamp
measurements made at 37 8C in NM neurons30, with slight adjustments to match outward
rectification in NL cells12. The NL cell somatic Naþ conductance was formulated to
replicate several NL spiking properties measured in current clamp12.
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extinction training—a form of inhibitory learning that progress-
ively reduces cocaine-seeking behaviour in the absence of cocaine
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large inherent dependence on temperature, we concluded that the folding reaction is at
least near the Kramers high friction limit.

Computational
The double-well potential used was g(x) ¼ x 4 2 2x 2. Temperature effects were treated as a
linear bias along the reaction coordinate, t(x,T) ¼ A(T)x, where A(T) is an adjustable
parameter for matching the equilibrium data. The folded and unfolded states are
separated by 2 distance units along the reaction coordinate, corresponding to a typical
helix diffusion length when taken to be nanometres. The population at x , 0.83 was
assumed to have the same fluorescence signature as the unfolded state, and at x . 0.83 as
the folded state (for compatibility with the three-well model in the Supplementary
Information, any value x . 0 yields the same qualitative result). Fluorescence was
simulated by convolving populations (for example Fig. 4b) with this response. The one-
dimensional Langevin equation with gaussian white noise was integrated by using a
fourth-order Runge–Kutta method. A time-step size of 0.01 was used in the integration,
and time steps were scaled to match the experimentally observed absolute kinetics. Similar
calculations for a three-well model that also matches the data are described in the
Supplementary Information.
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identification of downhill protein folding. Science 298, 2191–2195 (2002).

20. Silow, M. & Oliveberg, M. High-energy channeling in protein folding. Biochemistry 36, 7633–7637

(1997).

21. Pappenberger, G., Saudan, C., Becker, M., Merbach, A. E. & Kiefhaber, T. Denaturant-induced

movement of the transition state of protein folding revealed by high-pressure stopped-flow

measurements. Proc. Natl Acad. Sci. USA 97, 17–22 (2002).

22. Snow, C. D., Nguyen, H., Pande, V. S. & Gruebele, M. Absolute comparison of simulated and

experimental protein-folding dynamics. Nature 420, 102–106 (2002).

23. Mayor, U. et al. The complete folding pathway of a protein from nanoseconds to microseconds.

Nature 421, 863–867 (2003).

24. Ervin, J., Sabelko, J. & Gruebele, M. Submicrosecond real-time fluorescence detection: application to

protein folding. J. Photochem. Photobiol. B 54, 1–15 (2000).

Supplementary Information accompanies the paper on www.nature.com/nature.

Acknowledgements We thank T. Oas for suggesting many helpful lambda repressor mutations.

This work was supported by an Alumni Scholarship and a Camille Dreyfus Teacher–Scholar

Award to M.G.

Competing interests statement The authors declare that they have no competing financial

interests.

Correspondence and requests for materials should be addressed to M.G. (gruebele@scs.uiuc.edu).

..............................................................

erratum

Antibody neutralization and
escape by HIV-1
Xiping Wei, Julie M. Decker, Shuyi Wang, Huxiong Hui, John C. Kappes,
Xiaoyun Wu, Jesus F. Salazar-Gonzalez, Maria G. Salazar,
J. Michael Kilby, Michael S. Saag, Natalia L. Komarova, Martin A. Nowak,
Beatrice H. Hahn, Peter D. Kwong & George M. Shaw

Nature 422, 307–312 (2003).
.............................................................................................................................................................................

In the seventh panel of Fig. 2 of this Letter, the V5 sequence of clone
391-3 appeared incorrectly as: SEKDQTEIFRP. It should read:
SKDNQTEIFRP. In addition, there should be no yellow shading
(indicating a change in glycosylation) for this sequence. A
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It has come to our attention that we failed to cite a relevant study1

in our Letter. These authors identified the mechanism of synaptic
depression measured at the embryonic chick nucleus magno-
cellularis to nucleus laminaris synapse as primarily presynaptic,
which justifies the synaptic depletion model we used. Furthermore,
the narrowing of coincidence detection time windows with EPSP
depression as they observed may contribute to the adaptive mecha-
nisms that we described. A

1. Kuba, H., Konomi, K. & Ohmori, H. Eur. J. Neurosci. 15, 984–990 (2002).
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In Fig. 5a of this Letter, the first and third panels (untreated and
siL-treated cells, respectively) should not be identical: the correct
figure is shown here. A
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