assumed to depend on force but not time. k_,(f) = 2k_;(f /2) because the force on a
dimeric bond is shared equally by the two subunits, each of which behaves as a monomeric
bond and is equally likely to dissociate. ki, is assumed to be a constant. The monomeric
model predicts that lifetimes are distributed exponentially. Performing a log-linear plot
renders the exponential distribution linear; thus —k _; equals the slope of the In(number
of events with a lifetime of t or more) against ¢ plot. Also, {t); = 01(t) =1/k_;. By
comparison, the dimeric model predicts that

(=1 +kia/k-2)/k-1 +1/k—>

and
02(t) = {[(1 + ko /k=2) [koy +1/k_y P = 2/ (k- 1k_o)}'?

The k _(f) values that allow the monomeric model to fit the data in Fig. 3a also allow
the dimeric model to fit the data in Fig. 3b.

Lifetimes measured in a flow chamber

Lifetimes of transient tethers of neutrophils and microspheres were measured in flow-
chamber experiments as described in refs 12 and 19. Neutrophils were isolated from
healthy donors. Polystyrene microspheres (6 pm diameter; Polysciences, Warrington,
Pennsylvania) either precoated or not with streptavidin were incubated with biotinylated
sPSGL-1 or mAb G1. Neutrophils or microspheres were perfused at various wall shear
stresses over dimeric P-selectin or monomeric sP-selectin adsorbed at low densities on the
chamber floor. The tethers were eliminated by coating the floor with human serum
albumin instead of (s)P-selectin or by the inclusion of the anti-P-selectin mAb GI, the
anti-PSGL-1 mAb PL1 or EDTA in the medium, confirming their specificity. The force fon
the tether of a neutrophil or a microsphere was calculated on the basis of the tether angle,
which was derived after directly measuring the lever arm of the tether by a flow reversal
method". The conversion factors between wall shear stress and tether force for neutrophils
and microspheres are 112 and 131 pNdyn™ ' cm ™2, respectively. Five sets of lifetimes
(~100 tether events in each set) were measured for each interaction at each wall shear
stress. Each set was analysed by the plot of In(number of events with a lifetime of f or more)
against ¢, which was fitted by a straight line. The correlation coefficients, R?, were more
than 0.9 for all 200 fits. The —1/slope values of the fits were plotted against the wall shear
stress (points in Fig. 4b). The difference in mean — 1/slope values at any two neighbouring
wall shear stresses was statistically significant (P < 0.05, Student’s ¢-test), except
occasionally at the beginning of the slip bond regime after transition from the catch bond
regime.
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Folding at the speed limit

Wei Yuan Yang* & Martin Gruebele*
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Many small proteins seem to fold by a simple process explicable
by conventional chemical kinetics and transition-state theory.
This assumes an instant equilibrium between reactants and a
high-energy activated state'. In reality, equilibration occurs on
timescales dependent on the molecules involved, below which
such analyses break down'. The molecular timescale, normally
too short to be seen in experiments, can be of a significant length
for proteins. To probe it directly, we studied very rapidly folding
mutants of the five-helix bundle protein A¢_gs, whose activated
state is significantly populated during folding. A time-dependent
rate coefficient below 2 ps signals the onset of the molecular
timescale, and hence the ultimate speed limit for folding®. A
simple model shows that the molecular timescale represents the
natural pre-factor for transition state models of folding.

The pre-factor »", together with the activation energy AG,
determines the rate coefficient k = »" exp(—AG' /kT) of transition
state theory. For small molecules, » =~ kT/h = (0.2ps) ™' is a
reasonable value. Proteins are simply too large to move about and
fold in a fraction of a picosecond. Protein folding pre-factors have
been estimated on the basis of random intramolecular collision
within small peptide loops, yielding »* = 10-100 ns (refs 3-6). This
number might be too small for the molecular timescale of larger
proteins. Their backbone and side chains can collide in more ways
and with more non-additive interactions, introducing additional
roughness into the free-energy landscape. A calculation for the
five-helix bundle protein A¢_gs has yielded numbers closer to 0.5 p.s
(refs 7, 8), and evidence from unfolded cytochrome ¢ in denaturant
indicates values in the 1-40-p.s range’. Single-molecule experiments
have put an upper limit of 200 p.s on the pre-factor'.

This range of pre-factors leaves us with an ambiguity that has so
far precluded the determination of protein folding barriers from
experiment: many combinations of »" and AG" yield the same
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observable rate coefficient k. Without sufficient knowledge of the
critical reaction coordinates for describing the motions represented
by »", it is impossible to relate experimentally determined folding
rates rigorously to computed free-energy barriers.

We provide direct evidence that the molecular timescale of A¢_gs
is 2 ps, by observing relaxation towards equilibrium induced by a
fast temperature jump induced by a laser''. Rigorous kinetic theory
has shown that the rate coefficient increases from its phenom-
enological value once the molecular timescale is reached'. Below
about 4 ps, such a speed-up beyond exponential kinetics occurs for
our fastest-folding mutants. Slower-folding proteins have barriers
that are too high to reveal the depletion of activated populations,
and show perfect single-exponential kinetics. We analyse our results
in terms of numerical diffusion calculations with a simple one-
dimensional two-well model, whose renormalized diffusion coeffi-
cient accounts for traps and reduced dimensionality. (Models with
explicit traps also fit the data; see Supplementary Information and
ref. 12.)

The wild type and many mutants of the 80-residue amino-
terminal A repressor fragment A4 g5 (including sites Asp 14,
Gln 33, Ala 37, Gly 46 and Gly 48 (refs 13-15), and T. Oas, personal
communication) have been studied by Oas and co-workers. They
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Figure 1 Spectroscopy of mutant proteins. a, Circular dichroism (CD) signatures of the
three Ng_gs mutants (20 °C, 5 M, 1-cm cuvette): NQ33Y (red), AD14A (black) and
MNA37G (blue). Inset: sigmoidal temperature titration curves. b, Unfolded population fits on
guanidinium chloride (GuHCI) titration data (assuming that the free energy is linearly
dependent on guanidinium chloride concentrations) taken by circular dichroism at 222 nm
(red) and fluorescence at 280 nm (blue). Inset: raw data. Baseline-corrected population
fits show at most small deviations of the transition midpoint by different measurement
techniques.
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introduced the Tyr22Trp mutation as a fluorescence probe that
shifts spectrally from 334 to 355 nm after the unfolding and solvent
exposure of the protein core. An NMR line shape analysis'’> and
stopped-flow measurements'* in denaturant solutions both
revealed rates that extrapolated to less than 20 us for the fastest
mutants in the absence of any denaturant.

Such fast folding makes A¢_g5 an ideal starting point for creating
even faster mutants to reach the speed limit. Unlike NMR studies,
our temperature-jump experiments can be performed with nano-
second resolution under very favourable folding conditions without
denaturant. All our proteins contained the mutations Tyr22Trp and
GIn33Tyr. The Tyr33/Trp22 pair introduces an aromatic inter-
action that speeds up folding and provides a large Trp fluorescence-
lifetime change after unfolding. The three distinguishing sets of
mutations were: Gly46Ala/Gly48Ala, which speeds up folding by
stabilizing helix 4; Aspl4Ala/Gly46Ala/Gly48Ala, an additional
mutation that removes a hydrogen bond between positions 14
and 77; and Ala37Gly, a model for slower folding because helix 4
is not stabilized and helix 3 is destabilized instead. We abbreviate
these mutants below as AQ33Y, AD14A and NA37G (see Methods).

The three variants had helical contents very similar to the wild
type, judging from their circular dichroism spectra (Fig. la).
Thermal denaturation occurs by means of sigmoidal transitions
of the circular dichroism and fluorescence spectra between 1 and
95°C, confirming apparent two-state thermodynamic behaviour
(Fig. 1a inset). The unfolded states are exposed to solvent and have
largely lost helical structure. Denaturant titration (Fig. 1b) reveals at
most a small displacement between different spectroscopic probes.

In the kinetics experiments, laser temperature jumps from 9—
20°C to a series of final temperatures were applied to initiate
relaxation (see Methods). Relaxation to the new equilibrium con-
stant was monitored by tryptophan fluorescence lifetimes. The
excellent signal-to-noise ratio allowed us to measure relaxation
rates even under folding conditions, with final equilibrium con-
stants K > 20. The kinetics of AA37G was the slowest (k, = 50 ps),
and fitted well to a single exponential under all experimental
conditions (Fig. 2¢). The faster-folding AQ33Y and AD14A are
single-exponential only at r > 4ps. Their relaxation transients
speed up beyond the main relaxation phase below 4 ps. This very
fast phase grows to more than 20% of the total signal under the most
favourable folding conditions (lowest temperatures, Fig. 2a, b).
AQ33Y relaxation is fairly well fitted by a double exponential (Figs 2a
and 3a), indicating that there is still some separation of timescales in
the underlying dynamics. The even faster AD14A data are better
fitted by a stretched exponential exp(—kt)®, with § = 0.72 + 0.02
(Fig. 2b), indicating a merger of the two timescales as folding
becomes faster. For easy comparison, Fig. 3a reports double-
exponential fits of k,,, (molecular rate coefficient) and k, (activated
rate coefficient) for all proteins, and Fig. 3b shows activated folding
rate coefficients ky.

The origin of the swift initial decay is of particular interest
because the transient lies in the bracket between 10 ns and 40 ps
set for the molecular timescale by peptide-diffusion®*, unfolded-
protein”'® and single-molecule experiments'®. The initial decay
speeds up the kinetics when optimal folding conditions are
approached, as predicted by rigorous rate theory'. It is an ‘anti-
rollover’ of the folding rate, not a slow-down caused by a rate-
limiting folding intermediate. The data cannot be globally fitted to a
model involving a conventional early intermediate (see Supplemen-
tary section 2). The ratio of the fast to the main phase does not
increase when the temperature-jump size is increased from 9 to
20°C. NA37G has no fast phase, so equilibration in the folded and
unfolded well, which should occur in slow proteins also, is ruled out
as the sole source of the signal. The fast mutants have no fast phase
when jumped from one native condition to another, ruling out
equilibration within the folded well as the only cause. For the fastest
mutants, the main folding phase is slowed down at high concen-
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trations by aggregation'” (Fig. 2d). We therefore operate in the low-
concentration limit ([AA37G] < 300 uM, [AQ33Y] < 100 pM and
[AD14A] < 40 pM), where the main folding phase has converged to
its fastest value, in accord with a previous model'”. The lower
concentration thresholds of the fastest mutants indicate partly
unfolded populations. This could be because partly folded preacti-
vated conformations are already populated in the lowest barrier
mutants, and interact in quantity upon collision.

Having excluded other reasonable explanations, we assign the
fast phase to the increase in speed beyond phenomenological
kinetics predicted by theory below the molecular timescale'. A
one-dimensional two-well model can account for all the observed
kinetic and thermodynamic trends of all three mutants as a function
of temperature (Fig. 4; see Methods and Supplementary Infor-
mation). In this model, a low barrier supports both a preactivated
subpopulation that reacts on the very fast molecular timescale, as
well as a main population that reacts on the activated timescale.
Higher barriers (slower-folding proteins) yield only the activated
single-exponential relaxation signal of conventional two-state
models.
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Figure 2 Relaxation after temperature jumps. a, Relaxation of NQ33Y at 63 °C (black
curve). Blue curve, double exponent; green curve, long time exponent. Inset: detailed view
near t= 0. A stretched exponential (red; 8 = 0.74 = 0.02) performs comparably to a
double-exponential fit (black). The best overall exponential fit (blue) and long-time
exponential fit (green, slow component of double exponential fit) are also shown, and
deviate markedly from experiment. b, As in a, for AD14A at 61 °C. Here the stretched-
exponential fit (3 = 0.72 = 0.02) performs slightly better than the double-exponential
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Simulations were performed by equilibrating populations with
the use of Langevin dynamics in the high friction limit, then
applying a jump to the potential and monitoring population re-
equilibration (see Methods and Supplementary Information). To
reproduce the molecular and activated phases and their relative
amplitudes, the effective diffusion constant must be decreased to
1.6 X 10" *nm”ns~ ', and the barrier is very low for the fast mutants
(Fig. 4).

Because we can observe both the molecular-timescale k,' and
activated kinetics in one measurement, we can devise a useful
equation for the activation energy. The molecular rate constant
k. in Fig. 3 reflects the average time that proteins spend in the
activated region and can therefore be related to the slower activated
rate constant k, by

ka/km = exp(_Gact/kT) (1)

This equation is an operational definition of barrier size in terms
of the energetically accessible phase space in the activated as
opposed to the well regions of the free energy. Thus, a very broad
higher barrier can have the same population as a lower narrower
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fit. ¢, The slower NA37G mutant at 56 °C (black curve) fits to a single exponential (blue
curve), even when the stretching factor 3 is allowed to vary (8 = 0.96 + 0.04). The fast
mutants both require 8 < 0.8. d, Transient aggregation slows the relaxation at high
concentrations of AD14A, at 61 °C. Below 40 uM (for AD14A) and 100 pM (for AQ33Y;
see Supplementary Information), the relaxation converges to a maximum rate reflecting
the collision-free folding reaction. Red curve, 15 uM; green curve, 31 pM; blue curve,
95 uM; purple curve, 173 pM.
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Figure 3 Rate coefficient determination. a, Single-exponential and double-exponential
fits to the experimental relaxation data. Two rate coefficients (k.,, molecular; ka,
activated) are shown for the fast mutants, and one (k,) for the slow mutant. The
separation of timescales ranges from only 4 to 8 for AD14A and AQ33Y. b, Activated
folding rates computed from k, and the known equilibrium constants K (Fig. 1) from

ki = knK/(K + 1). Quadratic activation energy fits are shown. The fast mutants behave
very differently from one another, with the slow mutant showing intermediate turnover
behaviour (see Supplementary Information).

barrier. Our definition, based on the separation of experimental
timescales, yields G, = In(8.3)kT = 2.1kT for N\Q33Yat 60 °C, and
Gact = In(4.5)kT = 1.5kT for AND14A at 65 °C. The value 1.5kT lies
outside the range of validity of activated rate models. Previously,
only partial downhill folding and thermodynamic signs for barrier-
free folding were observed'®'.

Why is the k' = 2 pus molecular timescale slower than the
measured 50-ns loop closure time for unfolded peptides? When
an 80-residue protein folds, it undergoes multiple 50-ns contact
formations and rearrangements along the reaction coordinate: it has
a broad, rough activated region. Broad-barrier models, and also
dimpled-barrier models—which lump all the roughness into one
state (see Supplementary Information)—have been proposed*>*'. A
more realistic picture is that the barrier region contains a distri-
bution of local minima, the deepest of which can be classified as
intermediates. Such a picture has been found”?, with multiple mini-
transition states from an analytical folding model for Ng_gs. A pre-
factor for backbone dynamics of about 0.5 ps has been calculated
for the wild-type protein under favourable folding conditions, in
good agreement with our measured molecular timescale”®. Our
renormalized diffusion constant of about 1.6 X 10 *nm’ns ™'
(compared with about 0.05nm”?ns™" in inter-chain diffusion
measurements’) mimics an even distribution of traps and landscape
roughness, and corrects for the reduced dimensionality of the
model. A 4.7kT trap and 0.007 nm*ns~ "' diffusion constant must
be invoked to account for the roughness in a dimpled-barrier model
(see Supplementary Information).

The speed limit for Ag_gs is 2 us. Whether this is ascribed to a
renormalized diffusion constant, a single trap or multiple local
minima along an explicitly computed reaction coordinate depends
on the level of theory chosen. A barrier size given by the ratio of the
molecular to the activated timescale (equation (1)) is a more robust
descriptor for protein folding than the barrier height and curvature
usually chosen for small molecules. Fortunately, analytical theory’,
and now a direct comparison of experimental folding kinetics and
molecular dynamics simulations®, avoid over-reliance on phenom-
enological rate models. However, simulations must exceed the
molecular timescale to determine rate coefficients reliably. For
very small proteins, a nanosecond timescale is probably sufficient™,
but larger proteins evidently require about 1 ps or longer before
phenomenological rate equations can be applied. Finally, fast
folding phases of some smaller proteins, interpreted more conven-
tionally in terms of unfolded states under native conditions or
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Figure 4 One-dimensional free-energy model used to reproduce the NQ33Y and AD14A
data as a function of temperature. a, Double-well surface before (red) and after (blue)
temperature jump to 63 °C; vertical bins mark where the fluorescence signal switches
from unfolded to native in the model. b, Binned equilibrated protein populations before
and after the jump, showing sizeable activated populations. ¢, Population (green line) and
double-exponential fit (black curve) for the bin in a, and NQ33Y experimental kinetics (red
line), simulated fluorescence signal (blue line) and double-exponential fit (black curve).
The relative rates and amplitudes fit AD14A at 63 °C (and at all other temperatures (not
shown); see Supplementary Information); the absolute rates are matched by adjusting the
diffusion constant in the Langevin equation (see the text).

folding intermediates®, need careful further investigation in view of
the results and models outlined here. O

Methods

Experimental

The gene encoding Ng_gs was a gift from T. Oas. It was inserted into the PET-15b vector,
tagging the protein with six histidine residues followed by a thrombin cleavage site at the
N terminus. Mutations were carried out using the Quickchange site-directed mutagenesis
kit (Stratagene). Proteins were expressed in BL21(DE3) and purified through a
Ni**-nitrilotriacetate and a Sephacryl S-200 HR column (Pharmacia). Thrombin was
used to remove the hexahistidine tag. The final N-repressor used in the measurements
contained three extra residues (Gly-Ala-Met) at the N terminus of the wild-type sequence.
All measurements were done in 50 mM potassium phosphate buffer, pH 7. Concentrations
were determined assuming an extinction coefficient of 8,200 cm M ™! at 280 nm.
Circular dichroism spectra were taken at 5 .M protein concentration, fluorescence spectra
at 1 pM. The melting points of the mutants were 60 °C for NA37G, 71 °C for NQ33Y and
74°C for AD14A. Kinetics were monitored by exciting tryptophan at 288 nm every 14 ns
with a mode-locked, frequency-tripled Ti:S laser. The total fluorescence was filtered
through a 320-380-nm bandpass filter, imaged onto a 500-ps rise-time photomultiplier
tube, and digitized every 0.5 ns. Scaled fluorescence was calculated by fitting the
fluorescence decay shape as f(t) = x1f1 + (1 — x2)f2, where f is the initial fluorescence
profile just after the temperature jump and f, is the fluorescence profile after equilibration.
This yields a single exponential only when a two-state model applies; otherwise it deviates
from single-exponential behaviour*. Magnitudes of phases can be compared
quantitatively as a function of temperature, but not between mutants because of innate
differences in the fluorescence profiles. We have engineered a low-stability variant
containing mutations Ala37Gly/Ala49Gly in addition to Tyr22Trp that can be denatured
by cold. It can be both refolded (from the cold-denatured state at subzero temperatures)
and unfolded (from the folded state at high temperatures) with folding rates differing only
by the ratio of the water viscosity at the two temperatures. Because water viscosity has a
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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) = x* — 2x”. Temperature effects were treated as a
linear bias along the reaction coordinate, t(x,T) = 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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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. O

©0000000000000000000000000000000000000000000000000000000000000

corrigenda

Synaptic depression in the
localization of sound

Daniel L. Cook, Peter C. Schwindt, Lucinda A. Grande & William J. Spain
Nature 421, 66—70 (2003).

It has come to our attention that we failed to cite a relevant study'
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. O

1. Kuba, H., Konomi, K. & Ohmori, H. Eur. J. Neurosci. 15, 984-990 (2002).

Short interfering RNA confers
intracellular antiviral
immunity in human cells

Leonid Gitlin, Sveta Karelsky & Raul Andino

Nature 418, 430-434 (2002).

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. U
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