Constructs expressing fluorescent fusion proteins

The hABH2 and hABH3 cDNAs were cloned, respectively, into the HindIII/Accl and
EcoRI/Smal sites of pEYFP-N1 (Clontech) to produce hABH2-EYFP and hABH3-EYFP.
The pGFP-PCNAL?2 construct'® was used to prepare the expression construct pECFP—
PCNA by standard cloning techniques®'.

Confocal microscopy

Transfection of HeLa cells by the CaPO, method was done as described (Profection,
Promega). Cells were examined in a Zeiss LSM 510 laser scanning microscope using a 458-
nm laser line for excitation of enhanced cyan fluorescent protein (ECFP; detected at
480 nm < Ngcpp < 520 nm) and a 514-nm laser line for enhanced yellow fluorescent
protein (EYFP; detected at Ngypp > 560 nm). Cells were sectioned at a thickness of 1 pm
for the images.
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Combining experimental and simulation data to describe all of
the structures and the pathways involved in folding a protein is
problematical. Transition states can be mapped experimentally
by ¢ values"?, but the denatured state”® is very difficult to analyse
under conditions that favour folding. Also computer simulation
at atomic resolution is currently limited to about a microsecond
or less. Ultrafast-folding proteins fold and unfold on timescales
accessible by both approaches*’, so here we study the folding
pathway of the three-helix bundle protein Engrailed homeo-
domain®. Experimentally, the protein collapses in a microsecond
to give an intermediate with much native a-helical secondary
structure, which is the major component of the denatured state
under conditions that favour folding. A mutant protein shows
this state to be compact and contain dynamic, native-like helices
with unstructured side chains. In the transition state between
this and the native state, the structure of the helices is nearly fully
formed and their docking is in progress, approximating to a
classical diffusion—collision model. Molecular dynamics simu-
lations give rate constants and structural details highly consistent
with experiment, thereby completing the description of folding
at atomic resolution.

Engrailed homeodomain (En-HD) from Drosophila melanogaster
is a 61-residue a-helical protein®. Measurement of folding kinetics
by temperature jump through the thermal denaturation transition
region shows En-HD to be the fastest unfolding and one of the
fastest folding proteins so far recorded directly*, and its unfolding
and folding are compatible with the present time regime of
molecular dynamics simulation. Our previous simulations of the
unfolding of En-HD predict the correct order of magnitude of the
unfolding rate constant and also significant residual native «-helical
structuring in the denatured state ensemble®. We have now been
able to generate a denatured state, by means of mutation, that is
stable under physiological conditions, to analyse it in depth and to
show by NMR that the wild-type protein populates an equivalent
denatured state. We have measured rate constants for folding and
unfolding from some hundreds of nanoseconds to microseconds to
show that the protein folds by an intermediate that is, in fact, the
denatured state under physiological conditions, and we have simu-
lated the unfolding of the protein by molecular dynamics to
reconstruct the structures of the transition and denatured states.
We now describe each state along the folding pathway, first by
experiment and then by simulation.

We first generated a denatured state that was stable under
physiological conditions. The native state for most proteins is
favoured by only 5-15kcal mol~". This balance has been exploited
to analyse native and denatured states in equilibrium under

§ Present address: Biosciences Center, Kansas University, Lawrence, Kansas 66047, USA.
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folding conditions by NMR”. In principle, however, the equilibrium
position for any protein can be shifted by mutation so that the
denatured state largely predominates under physiological con-
ditions®. We lowered the stability of En-HD by mutating a leucine
residue to alanine at position 16 (L16A), which deleted stabilizing
tertiary interactions without introducing a side chain that was likely
to make new specific interactions. Mutation of leucine to alanine
tends to lower the stability of proteins by up to 4-5kcalmol ™"
(ref. 9). Wild-type En-HD had a free energy of folding of only
2.5kcal mol ', A change in free energy of 4-5 kcal mol " therefore
should, and did, radically tip the balance so that the protein was
predominantly denatured under physiological conditions.

There were no detectable native tertiary interactions in L16A
under physiological conditions; see for example, the aromatic
region of the '"H-NMR spectra (Fig. 1). The backbone was very
dynamic, but the protein had most of its native a-helical structure,
as monitored by circular dichroism (CD) and Ho chemical shifts
(Fig. 1). The denatured state revealed by L16A had the character-
istics of a folding intermediate with much of the correct native
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Figure 1 Characterization of wild-type En-HD (WT) and the L16A mutant. a, Aromatic
region of the "H-NMR spectra of WT and L16A. Dispersion of the aromatic chemical shifts
was lost in L16A (25 °C). b, Far-ultraviolet CD spectra of WT (25 and 95 °C) and L16A
(25°0). ¢, "°N-{"H} heteronuclear NOE data (/) of WT (grey bars) and L16A (black
circles) at 25°C. The low NOE values for L16A indicate its higher flexibility.

d, Deviations in chemical shift from reported random coil values (A8 "He) in p.p.m. of WT
(grey bars) and L16A (black circles) at 25 °C.
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secondary structure. Its radius of gyration increased by 33%
compared with the native state (17.0 and 12.8 A, respectively), as
monitored by solution X-ray scattering experiments. The CD and
NMR spectra of LI6A changed non-cooperatively with increasingly
denaturing conditions towards those of a random coil (data not
shown).

We then probed the denatured state of wild-type En-HD directly
under physiological conditions using native state 'H/*H-exchange
experiments'. The free energy of what is effectively the complete
unfolding of regions of the protein is measured by the rate of
exchange of buried backbone amide groups with solvent. The free
energy of denaturation of En-HD in *H,O measured by conven-
tional procedures for thermal melting was 2.8 = 0.2 kcal mol " at
5°C. However, the free energy of opening of most of the amide
groups in the helices was significantly higher; on average the helices
unfolded with a free energy of 3.4 + 0.1 kcalmol ™', with helix I
being the most protected (Fig. 2). There was little protection against
exchange for residues 50-55, residues that were highly flexible in
L16A (Fig. 1). Thus, the completely open denatured state of En-HD
was ~1kcalmol™" less stable than the dominant denatured
state, which had considerable native -helical structure and closely
resembled the denatured state of the LI6A mutant, namely a folding
intermediate. Folding intermediates are often the predominant
denatured state of a protein under physiological conditions''.

Folding intermediates generated in thermal denaturation simu-
lations, and then quenched to 25 °C, of both the wild-type and L16A
proteins had extensive secondary structure and few tertiary contacts
(Fig. 3). The overall helical content was 57% for the wild-type
intermediate ensemble and 64% for the crystal structure. Break-
down of the helix content along the sequence was consistent with
the hydrogen protection results: helix I was highly populated with a
helix content of 76%, helix I was less stable at 38%, and helix III had
a helix content of 51%. Interestingly, however, the intermediate
contained two helices much of the time, as the loop between helices
and II adopted helical structure and served to unite the two
segments (Fig. 3). Non-native helical structure in the loop between
these helices is supported by the NMR chemical shift deviations for
L16A (Fig. 1). The radius of gyration of this intermediate state was
30% greater than the native state (14.4 A for the wild type, 14.2 A for
L16A and 11 A for the native state), in agreement with experiments
on L16A. Further unfolding at high temperature produced a very
open unfolded state with little helical structure (21% on average)
(Fig. 3). This highly unfolded form had a radius of gyration of 20.0
and 18.8 A by simulation and experiment (as measured on the acid-
denatured state), respectively. Similarly, experiments on En-HD at
high temperature or in high concentrations of urea failed to detect
regular secondary structure (Fig. 1).

We also detected a folding intermediate from ultra-fast kinetic
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Figure 2 Protection factors for the amide groups of wild-type En-HD, calculated from the
"H/?H-exchange experiments at 5°C. A value of 1 is given to those residues for which
protection was not observed. The expected protection factor from a two-state fit of the
denaturation curves is the thick grey line.
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measurements. We showed previously that we could measure the
rate constants for folding and unfolding by changing the tempera-
ture of a solution of En-HD rapidly (temperature jump) and
monitoring the fluorescence of the single tryptophan residue*. We
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Figure 3 Representative structures from the molecular dynamics simulations.

a, Snapshots for the transition-state (TS) ensembles identified from wild-type (WT)
simulations at different temperatures (61 ns at 75°C, 1.985ns at 100 °C and 0.26 ns at
225°0), the intermediate ()) state (10-ns snapshots from the wild-type and L16A 225 °C
trajectories quenched to 25 °C) and the unfolded (U) state (represented by the 40-ns WT
225 °C structure). The native helical segments are coloured as follows: red, residues 10—
22; green, residues 28-38; blue, residues 42—55. Aromatic side chains are shown in
magenta. b, Structures from the wild-type 225 °C denaturation simulation shown in
reverse, to illustrate a probable folding pathway of the protein to reach the native (N) state.
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have now increased the resolution of our experiments with the use
of laser T-jump'* and improvements to the classical electrical
discharge apparatus®. In so doing, we detected two-step folding
kinetics (Fig. 4). At 25 °C, there was a fast phase of 1/, = 1.5 s, in
addition to the previously reported phase of 15 ps (ref. 4). We were
able to assign these phases by two means. First, T-jump kinetics on
L16A unfolding and refolding exhibited just the fast relaxation time
(Fig. 4), indicating that it corresponded to the transition between its
equilibrium denatured state (folding intermediate) and a more
unfolded denatured state. Indeed, with increasing temperature the
tryptophan fluorescence in both the mutant and the native proteins
approached that of an exposed tryptophan residue both in equili-
brium and T-jump experiments. Second, we measured the rate of
formation of the wild-type native structure by the change in line
shape'® of the leucine-16 side-chain resonances between 43 and
56 °C. The rate constants corresponded to those of the slower phase
in the T-jump kinetics (Fig. 4).

If the fast phase corresponds to the full unfolding of the protein
detected by the solvent exchange experiments, then combining the
values of the measured equilibrium constants for the overall unfold-
ing and the exchange experiments with the standard formulae for
relaxation times gives a minimal kinetic scheme at 25 °C of

4Xx105s7! 4x10%s7!

0.7%105s~! 0.2X10*s7!

where U is the unfolded denatured state, I is the folding intermedi-
ate with considerable a-helical secondary structure (or D, the
denatured state under physiological conditions) and N is the native
state. The results of the various kinetic experiments are compiled in
Fig. 4. The unfolding experiments were conducted at up to 65°C
and extrapolated to 100 °C. The times to reach the transition state in
the unfolding simulations at 75 and 100 °C fit well with experiment:
at 75°C, the simulated time was approximately 60ns and the
extrapolated t,, was 330 ns; at 100 °C the times were 2 and 5 ns,
respectively (Fig. 4).

We analysed the structure of the transition state between N and I
by means of ¢ values (a measure of the degree of native structure in
the transition state; 0 implies denatured, 1 implies fully native)
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Figure 4 Kinetics of folding and unfolding. a, Laser-heating 7-jump of En-HD to 25 °C;
data after 800 ns fitted to a double exponential. Details of output and errors are available
from the authors. b, Residuals from a (red line), randomly distributed around zero, unlike
those of a single-exponential fit (black line). ¢, The L16A mutant of En-HD, T-jumped to
25°C (Joule heating), showed only the fast phase. En-HD that had been T-jumped with
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the Joule-heating apparatus gave very similar rate constants to those from the laser
apparatus. Details of output and errors are available from the authors. d, Observed
relaxation rate constants (k) versus 7. Solid curves were derived from combining k with
equilibrium data from calorimetry. The filled red circles are results from NMR line-
broadening analysis. TS, transition state.
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Pr 0 0.4
Figure 5 The complete folding pathway of En-HD by experiment and simulation. U is the
quenched 40-ns snapshot from the simulation at 225 °C; | is the denatured state under
‘physiological conditions’. The 10-ns structure from the high-temperature molecular
dynamics simulation is enclosed in the grey molecular envelope obtained by X-ray
scattering. TS is the transition state between | and N, the native state. ¢ values are colour-

calculated from the unfolding kinetics'* for 16 mutations. The
transition-state ensembles were also identified from the unfolding
simulations at different temperatures, ranging from 75 to 225 °C,
and they were very similar (Fig. 3). The experimentally and
theoretically derived ¢ values are in good agreement: for example,
the correlation coefficient between the values calculated for the
100°C transition-state ensembles and experiment was 0.86. The
combined picture is that the main transition state for folding and
unfolding was very native-like, as reflected by both the ¢ values and
the molecular-dynamics-generated structures (Fig. 5), as expected
for a transition from a structured intermediate. Helix I, helix IIT and
the turn between helices II and III were largely formed (Fig. 3) (for
example, ¢ values: A14G in H1 = 0.79; G39A in the turn, 0.92;
A43G in H3, 1.05)™. The loop between helices I and II was less
structured (for example, ¢ for A25G was 0.17). The hydrophobic
core had fractional ¢ values indicative of partial structure (typically
more than 0.4). This structural pattern is just what is expected for a
framework!® or diffusion—collision mechanism'®, in which native-
like secondary structure forms and then docks in the rate-determin-
ing step (Fig. 3). The use of coarse-grained models has shown that
En-HD can fold by diffusion—collision'”. The results here show
that a diffusion—collision mechanism is approximated at atomic
resolution, both by experiment and simulation by comparing the
intermediate and transition states.

The helical contents of isolated synthetic peptides corresponding
to helices I, IT and IIT were roughly 30%, 15% and 25%, respectively,
as determined both by trifluoroethanol titration experiments'® and
directly from the CD ellipticity at 222 and 208 nm (ref. 19). These
abnormally high values, which are probably increased by tertiary
contacts in the intact protein, as indicated by our simulations,
precipitate a tendency towards the diffusion—collision model. We
have argued elsewhere® that there is a continuum of mechanisms
between the classical stepwise diffusion—collision mechanism and
nucleation—condensation, in which there is concurrent consolida-
tion of secondary and tertiary structure. It is probably correct to
describe En-HD as being close to the diffusion—collision limit,
because the pure mechanism of totally independent formation of
secondary and tertiary interactions is most unlikely.

En-HD is an informative protein for studying unfolding and
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coded, with residues used as probes of secondary structure coloured directly on the
backbone. The simulated structure is from the transition state ensemble for the wild-type
at 100 °C (1.985 ng). Structures are positioned according to their relative solvent
accessibilities (3 1), as obtained from the dependence of the rate constants on urea
concentration. Molecular dynamics simulation gave consistent results.

folding. Fast events can be observed directly at the upper limits
predicted for folding®** that enter the time range currently acces-
sible by molecular dynamics simulation. The agreement between
molecular dynamics simulation and experiment is very encouraging
and on the same timescale. Combining molecular dynamics and
experiment has now allowed us to characterize all of the necessary
structures along the folding pathway. One of the longest-running
controversies in mechanistic studies is whether intermediates are on
the pathway or are unwanted side products. Here, simulation shows
that the intermediate is on the pathway and that the protein does
not fold by an intermediate that must unfold to be productive.
Simulation could well be the answer in general for solving such
problems in mechanism. O

Methods

Materials

'*N-labelled and '*C~"°N-labelled wild-type En-HD were prepared* to >99%
homogeneity as determined by both mass spectrometry and SDS chromatography, as was
the L16A mutant. CD spectra of 30-uM samples in 50 mM sodium acetate, pH 5.7,

100 mM NaCl were recorded in an AVIV 202SF instrument. NMR experiments on
0.5-2-mM samples were performed with Bruker DRX 500 and DRX 600 spectrometers
equipped with inverse triple-resonance probes and single-axis gradients.

Peptides of sequence AcNH-SSEQLARLKREFNENR-NH,, AcNH-YLTERRRQQ
LSSELGL-NH, and AcNH-NEAQIKIWFQNKRAKI-NH,, corresponding to helices I, IT
and III of En-HD, were synthesized chemically by G. Bloomberg (University of Bristol).
Peptide purity and concentration were determined by mass spectroscopy and amino acid
analysis, respectively.

NMR Methods

NMR resonances of both wild-type and L16A mutant En-HD were assigned by using
standard triple-resonance techniques®. "H-NMR spectra in ?H,0, 50 mM sodium acetate-
d; and 100 mM NaCl were recorded from 1 to 90 °C, with weak presaturation of the
residual solvent peak. The spectra were internally referenced to 3-
(trimethylsilyl)propionate at 0 p.p.m. Series of "H,'*N heteronuclear single-quantum-
coherence spectra for solvent exchange experiments into *H,O were acquired with

1024 X 90 complex points, four scans per increment and a dead time of 4 min. Solvent
exchange data were analysed with standard equations for EX2 conditions**. The apparent
equilibrium constant for the formation of the open state was calculated as Kop = kex /kint,
where ke is the observed exchange rate and k. is the intrinsic exchange rate calculated
from model peptide studies”, with the SPHERE online software’®. Apparent free energies
of opening were calculated from this equilibrium constant. Enhancements of the *N-{'H}
nuclear Overhauser effect (NOE) were determined from spectra obtained with and
without presaturation of amide proton resonances. Presaturation was achieved by
applying 120° decoupling pulses in 5-ms intervals with a field strength of 25kHz for 3's.
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Reference spectra were obtained by replacing the presaturation sequence with a simple
delay of the same length. For both experiments, the overall recycle delay was set to 5 s. Two
sets of interleaved NOE and control experiments were added to obtain the intensities used
in the calculation.

The "H-NMR lineshapes of the L16 & protons from 43 to 56 °C were fitted to a two-site
exchange model'>?’. Relative populations of the native and the denatured protein were
determined independently from differential scanning calorimetry measurements; other
parameters were obtained from the spectra. The independent variables were a
normalization factor, the exchange rate and the frequency for L16 in the denatured state.

Solution X-ray scattering

Solution X-ray scattering data for wild-type En-HD and the L16A mutant were collected at
station 2.1 of the Daresbury Synchrotron Radiation Source, UK, and processed with
procedures described previously*®?. Several shape restorations for both protein states
have been undertaken to evaluate the similarity and reliability of the low-resolution
models. Indeed, the calculations resulted in similar shapes that were consistent with those
presented here as semitransparent surfaces.

Kinetics methods

A DIA-RT T-Jump (DiaLog) electrical-discharge temperature-jump instrument'” and a
laser T-jump instrument'? were used. Protein concentrations were in the range 15—

300 M, buffered with 50 mM HEPES buffer, pH 8.0, 100 mM NaCl. The rate constants
were independent of concentration.

Computer simulations

Previous molecular dynamics simulations of the wild-type protein were at 100 and 225 °C
for 76 and 42 ns, respectively*. New simulations presented here were of the wild type (15 ns
at25°C, 100 ns at 75 °C, 24 ns at 100 °C, and 21 ns at 225 °C) and the L16A mutant (42 ns at
25°C, 10 ns at 100 °C, and two independent simulations of 10 and 22 ns at 225 °C). There
were further simulations in which structures from these high-temperature simulations
were quenched to 25 °C and the water density was adjusted correspondingly (from
0.829 gml ™" at 225°C to 0.997 gml ™ "). We performed the following quenches: the 10-ns
snapshot from the wild-type simulation at 225 °C was simulated at 25 °C for 40 ns to
represent the folding intermediate; the 40-ns snapshot from the wild-type simulation at
225°C was run for 10 ns to represent the unfolded state; and the 10-ns snapshot from the
L16A simulation at 225 °C was simulated for 10 ns to model the equilibrium intermediate
state. Many of these simulations were performed as controls and to ensure the
reproducibility of the results. The various En-HD simulations amounted to 0.422 ps.

Received 18 October 2002; accepted 13 January 2003; doi:10.1038/nature01428.
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