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ABSTRACT: In the funneled landscape, proteins fold to their
native states through a stochastic process in which the free
energy decreases spontaneously and unfolded, transition,
native, and possible intermediate states correspond to local
minima or saddle points. Atomic description of the folding
pathway appears therefore to be essential for a deep
comprehension of the folding mechanism. In metallo-proteins,
characterization of the folding pathways becomes even more
complex, and therefore, despite their fundamental role in
critical biological processes, little is known about their folding and assembly. The study of the mechanisms through which a
cofactor influences the protein folding/unfolding reaction has been the rationale of the present study aimed at contributing to the
search for cofactors’ general roles in protein folding reactions. In particular, we have investigated the folding pathway of two
homologous proteins, Ros87, which contains a prokaryotic zinc finger domain, and Ml452−151, lacking the zinc ion. Using a
combination of CD, DSC and NMR techniques, we determined the thermodynamics and the structural features, at an atomic
level, of the thermal unfolding of Ros87 and compared them to the behavior of Ml452−151. Our results, also corroborated by NMR
1H/2H exchange measurements, show that the presence of the structural Zn(II) in Ros87 implies a switch from the Ml452−151
fully cooperative to a two-step unfolding process in which the intermediate converts to the native state through a downhill
barrierless transition. This observation, which has never been reported for any metal ion so far, may have a significant role in the
understanding of the protein misfolding associated with the presence of metal ions, as observed in neurodegenerative diseases.

■ INTRODUCTION

In the conventional paradigm, two-state processes are used to
describe the folding of single-domain proteins.1 The protein
molecule is assumed to interconvert between either of two
states, folded (or active) and unfolded (or inactive), by crossing
a high free-energy barrier. However, because of their thousands
of freedom degrees, proteins can in principle exist in many
different conformations or microstates. Such inherent complex-
ity is best described by the energy landscape approach,2which
uses low-dimensional free-energy surfaces obtained by projec-
ting the solvent averaged energy as a function of atomic
coordinates onto a few order parameters.3 In this funneled
landscape, proteins fold to their native states through a
stochastic process in which the free energy decreases
spontaneously and unfolded, transition, native, and possible
intermediate states correspond to local minima or a saddle
points.4−7 Atomic description of the folding pathway appears
therefore to be essential for a deep comprehension of the
folding mechanism. In metallo-proteins, characterization of the
folding pathways becomes even more complex. As a matter of

fact, metal ions can play an important role not only as local
structural stabilizing elements in the native state but also as
potential key nucleation points during folding.8,9 The interplay
of the metal cofactors with protein folding and their
contribution to the structural stability remains still poorly
understood. In some cases, protein folding is totally metal-
dependent and involves the coordination of one or more metal
ions to drive the folding into the fully functional native
conformation, while in other cases metal ions are also capable
of binding proteins in a later stage of the folding reaction.10

Protein folding mechanisms can be properly characterized
using a number of advanced experimental spectroscopic and
calorimetric techniques.4,11,12 In particular, differential scanning
calorimetry (DSC)13−15 combined with nuclear magnetic
resonance (NMR) can establish the existence and the height
of folding energy barriers and provide site-specific information
at atomic resolution on temperature-dependent changes in the

Received: January 30, 2013
Published: March 13, 2013

Article

pubs.acs.org/JACS

© 2013 American Chemical Society 5220 dx.doi.org/10.1021/ja4009562 | J. Am. Chem. Soc. 2013, 135, 5220−5228

pubs.acs.org/JACS


structure of exchanging states. Furthermore, NMR thermal
melts can give an “atom-by-atom” description of the folding
process.3,4

We have recently characterized the prokaryotic Cys2His2
zinc-finger motif, included in the DNA binding region (Ros87)
of Ros protein from A. tumefaciens, demonstrating that,
although possessing a similar zinc coordination sphere, this
domain is very different from its eukaryotic counterpart. In
particular, the prokaryotic Cys2His2 zinc-finger domain adopts a
globular fold, consisting of 58 amino acids, arranged in a βββαα
topology and stabilized by an extended hydrophobic core.16 A
large number of Ros homologues has been found in different
bacteria having high sequence identity with Ros protein. This
high identity surprisingly does not include the zinc coordina-
tion sphere: Ros homologues can either change the
coordination sphere or lose the metal while still preserving
the DNA binding activity.17

During the last few years, a considerable amount of research
has been aimed at elucidating the folding pathways of proteins
with similar structures but diverse sequences, because they
provide a critical test of the relationship between native
topology and folding pathways.18−20 In this study, using a
combination of CD, DSC and NMR techniques, we determined
the thermodynamics and the structural features, at an atomic
level, of the thermal unfolding of Ros87 and compared them to
the behavior of the DNA binding domain of Ml4 (Ml452−151),
one of its zinc lacking homologues. Our results, also
corroborated by NMR 1H/2H exchange measurements, show
that the presence of the structural Zn(II) in Ros87 implies a
switch from the Ml452−151 fully cooperative to a two-step
unfolding process in which the intermediate converts to the
native state through a downhill barrierless transition.

■ MATERIALS AND METHODS
Protein Expression and Purification. Unlabeled, single-labeled

(15N Ros87 and Ml452−151), and double-labeled (15N and 13C Ros87
and Ml452−151) proteins used for the ITC, DSC and NMR experiments
were overexpressed and purified as previously published.21

UV−Vis Spectroscopy. UV−vis spectra were recorded on a
Nanodrop2000c spectrophotometer from 200 to 800 nm at 295 K.
The apoRos87 concentration was calculated by absorbance at 280 nm.
Co-apoRos87 binding constant was determined in 20 mM

phosphate buffer and 4 mM TCEP at pH 6.8 by direct titration of
protein solution (81.0 μM) with CoCl2 solution (5.0 mM) up to 3.0
Co/apoRos87 ratio. The absorbance at 340 nm indicative of the S− →
Co(II) ligand-to-metal charge-transfer (LCMT) transition22 was
monitored and used to calculate the cobalt binding affinity constant.23

To estimate the apoRos87 zinc binding constant, the reverse titration
experiment was carried out adding ZnCl2 solution (1.0 mM) to Co-
apoRos87 complex up to a Zn/apoRos87 ratio of 1.5, and the collected
data were fitted as previously reported.23

Isothermal Titration Calorimetry (ITC). ITC studies performed
on a MicroCal iTC200 calorimeter were used to quantify the binding
constant and thermodynamics values of Zn(II) (411 μM) to apoRos87
(17.0 μM) in 20 mM phosphate buffer and 4 mM TCEP at 295 K.
Control experiments to determine the heats of titrant dilution were

carried out by making identical injections in the absence of apoRos87
or Zn(II). The net reaction heat was obtained by subtracting the heats
of dilution from the corresponding total heat of reaction. The titration
data were deconvoluted on the basis of a binding model containing
one binding site by a nonlinear least-squares algorithm and the
MicroCal Origin 7.0 software.
To estimate accurate enthalpy value ΔHM‑protein (ΔH), the

contributions of the metal buffer enthalpy (ΔHM‑buffer) and buffer
protonation enthalpy (ΔHH

+
‑buffer)

24,25 to the experimental binding
enthalpy (ΔHITC) were considered, assuming that the number of

protons released over the course of the reaction is 2.0. ΔHM‑buffer and
ΔHH

+
‑buffer calculated values are negligible.

Differential Scanning Calorimetry (DSC). DSC experiments
were carried out with a MicroCal VP-DSC calorimeter. Protein
solutions were prepared after extensive dialysis against the buffer. All
protein samples, after a degassing process, were heated at 1 K/min in
the temperature range 293−373 K. An extra external pressure of about
29 psi was applied to the solution to prevent the formation of air
bubbles during heating. In all measurements, the buffer from the last
dialysis step was used in the reference cell of the calorimeter. To
ensure a proper equilibration of the calorimeter, several buffer−buffer
heating scans were routinely performed prior to the measurement.
Only after obtaining invariant buffer−buffer baselines were protein
scans performed. Additional buffer−buffer baselines were obtained
immediately after the protein scans to rule out uncontrolled drifts in
instrumental baseline. For each protein, three independent DSC
experiments were carried out under the same buffer conditions but
with different protein concentrations within the 60−250 μM range. To
obtain the heat capacity Cp curves, buffer−buffer baselines were
recorded at the same scanning rate and then subtracted from sample
curves, as previously described.26−28 In most experiments, one or
several heating−cooling cycles were carried out to determine the
reversibility of the denaturation process. To obtain the excess heat
capacity profiles (Cpexc) of Ml452−151, DSC curves, after instrumental
baseline correction, were subtracted from a baseline obtained by a
third-order polynomial fit of the pre- (CpN) and post- (CpU) transition
Cp trends, as shown in Figure 2 and elsewhere recommended.29

Experimental values of the absolute heat capacity of Ros87 were
calculated at different protein concentrations from the experimental
thermograms using the software provided by MicroCal as previously
described.11 The partial specific volume of Ros87 was calculated
according to the equation proposed by Fischer.30 For Ros87, the
native baseline could not be easily extrapolated from the DSC
thermogram, as we have done for Ml452−151. Alternatively to an
extrapolation from experimental curves, we have employed a
previously proposed empirical equation in which the heat capacity
versus T function is directly calculated from the molecular mass of the
protein.

NMR Spectroscopy. NMR samples contained 1 mM 15N Ros87,
Ml452−151 or

15N−13C Ros87, Ml452−151, 20 mM phosphate buffer, 0.2
M NaCl, and only in the case of Ros87, also 4 mM TCEP, adjusted at
pH 6.8, and 90% H2O/10%

2H2O or 100% 2H2O only for the 1H/2H
exchange experiments. All of the NMR experiments were acquired on
a Varian Unity INOVA 500 MHz spectrometer. For the thermal
unfolding experiments, a series of 1H−15N and 1H−13C HSQC spectra
were acquired increasing temperatures at regular intervals of 5 K from
278 to 353 K with the following parameters: the number of complex
points was 256 for 15N (F1), 2048 for 1H (F2), 512 for 13C (F1), and
2048 1H (F2). Each chemical shift versus temperature data set
acquired was then fitted using a nonlinear least-squares method to
obtain all atomic sigmoidal unfolding curves reported and the related
Tm.

4 All of the unfolding curves were obtained using the program
GraphPad Prism5. 1HN and 15N chemical shift perturbations at 353 K
were estimated by using the following equation31 and reported onto
Ros87 structure:

Δδ = Δ + Δ[( H ( N/5) )/2]2 2 1/2

where ΔH and ΔN are the differences between the chemical shifts at
298 and 353 K, respectively.

To perform H/D exchange measurements, 15N Ros87 and
Ml452−151 proteins were dissolved in D2O, and a series of a
FAST-1H−15N-HSQC32 at 298 K were collected utilizing the number
of complex points 256 for 15N (F1) and 2048 for 1H (F2), at regular
intervals. The first experiments were started 8 and 13 min after initial
suspension of the Ros87 and Ml452−151 proteins, respectively. The
experiments were acquired on Ros87 at p2H 6.7, and for Ml452−151 the
p2H value was 6.89. Experiments were successively also performed at
p2H 7.1 and p2H 7.3 for the two proteins respectively to ascertain the
mechanism of exchange. The decays of volume integrals of the cross-

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja4009562 | J. Am. Chem. Soc. 2013, 135, 5220−52285221



peaks were fitted to a single exponential function (I(t) = I0*exp(−kex) +
A), using the program KaleidaGraph (AbelbeckSoftware), to obtain kex
that is experimental exchange rate. Exchange rates were expressed as
protection factors (PF), equal to the ratio kint/kex, where kex is the
observed rate constant and kint is the exchange rate constant for an
1HN, at the same p2H, in a small peptide of equivalent sequence
computed from empirical, nearest neighbor rules.33 The intrinsic rates
of exchange from the denatured state (kint) were calculated using the
SPHERE server.34 The hydrogen exchange process can be considered
as a two-state process, in which EX2 mechanism is defined as
reported.35−38 NMR experiments were processed by using Varian
(VNMR6.1B) software. 1H, 13C, and 15N chemical shifts were
calibrated indirectly by using external references. The program
XEASY39 was used to analyze and assign the spectra. The structures
were visualized by using the program MOLMOL.40

CD Spectroscopy. Protein samples were prepared in 10 mL of 20
mM phosphate buffer containing 0.2 M NaCl adjusted at pH 6.8 and
only in the case of Ros87 with 4 mM TCEP. The thermal denaturation
of the Ros87 and Ml452−151 proteins was evaluated using a JASCOJ-
815 CD spectropolarimeter equipped with Peltier temperature control.
CD spectra were measured at 4 K intervals in the 278−383 K range for
Ros87 and from 278 to 328 K at regular intervals of 3 K for Ml452−151.
After the final measurement at 373 K, the samples were cooled to 298
K, and a final set of spectra was collected. The experiments were
conducted on 28 and 21 μM of Ros87 and Ml452−151 proteins,
respectively, and data were collected using a quartz cuvette with a 1 cm
pathlength in the 200−260 nm wavelength range with a data pitch of 1
nm. All data were recorded with a bandwidth of 1 nm with a scanning
speed of 50 nm/min and normalized against reference spectra to
remove the background contribution of buffer. The data obtained were
fitted into two-state folding model.41

■ RESULTS

Unstructured apoRos87 Binds Zn(II) with High
Affinity. Ros87 structural features in the absence of zinc ion
at neutral pH have been investigated by 1H−15N HSQC
analysis to have a better description of the prokaryotic zinc
finger−Zn(II) interaction: the data obtained indicate that
apoRos87 is mostly unstructured (Figure S1). Successively, to
estimate the zinc binding constant, a procedure based on the
competition of cobalt and zinc ions has been used as an indirect
spectroscopic method for monitoring the zinc binding to the
apoRos87. Co- and Zn-apoRos87 binding constants have then
been determined by means of UV−vis spectrophotometry23,42
and turned out to be 8.3 (±2) × 10−6 M and 3.6 (±0.8) × 10−8

M, respectively (Figure S2). Furthermore, the thermodynamic
parameters of Zn-apoRos87 binding has been also evaluated by
isothermal titration calorimetry (ITC)43,44 at 295 K. Kd, ΔH,
and ΔS obtained values are 2.0 (±0.9) × 10−8 M, −23.8 kcal/
mol (±0.3), and −45.4 cal/mol/deg (±0.6), respectively
(Figure S3).

Ml452−151 and Ros87 Share a Similar Fold. The complete
1H, 15N, and 13C NMR chemical shift assignment of the
Ml452−151 DNA binding domain45 has been processed by the
CS23D server46 to obtain a Ml452−151 model structure (Figure
S4). Ml452−151 tertiary fold is nearly identical to that of the zinc
containing Ros87 (Figure S5). This is expected on the basis of
their high sequence identity (more than 60% within the folded
region, with the 15 residues constituting the hydrophobic core

Figure 1. Thermal unfolding of Ros87 and Ml452−151 followed by circular dichroism. (A) Thermal unfolding of Ros87 carried out in the range of
278−383 K at regular intervals of 4 K: the figure shows the isodichroic point at 233 nm observable in the range of 278−353 K, and the inset reports
the spectra recorded in the range of 353−383 K. (B) Melting curve of Ros87 monitored by CD at 222 nm. (C) Thermal unfolding of Ml452−151
carried out in the range of 278−328 K at regular intervals of 3 K. (D) Melting curve of Ml452−151 monitored by CD at 222 nm. The blue line is a fit
to a two-state model.
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wholly conserved), the similar chemical shifts of the conserved
residues, and their capability to bind the same DNA target
sequence with high affinity.17

Thermal Unfolding of Ml452−151 and Ros87. Initially,
thermal unfolding of Ros87 and Ml452−151 has been investigated
by CD spectroscopy (Figure 1A,C). The two proteins show
diverse curve shapes suggesting different unfolding behaviors.
In particular, the reversible thermal unfolding profile of
Ml452−151 encompasses the temperature range between 290
and 320 K and can be fitted to a classical two-state model with
melting temperature of 306 K41 (Figure 1D). Differently, the
unfolding pathway of Ros87 is considerably more complicated,
spanning a temperature range of 83 K, between 295 and 378 K,
and cannot be described using a simple two-state model
(Figure 1B). Interestingly, while Ml452−151 CD unfolding curves
present a clear isodichroic point at 231 nm, indicative of a
reversible transition, for Ros87 unfolding an isodichroic point,
at 233 nm, is observable only for CD spectra recorded in the
278−353 K range11 (Figure 1A,C).
According to these results, the DSC thermograms of the two

proteins are profoundly different (Figures 2 and 3).

In particular, DSC analysis showed that the thermally
induced unfolding of Ml452−151 is reversible and can be
described as a two-state cooperative transition because the van’t
Hoff ratio, ΔHVH/ΔHcal, where ΔHVH is the fitting derived
unfolding enthalpy and ΔHcal is the measured calorimetric
unfolding enthalpy, is rVH = 1.1 (Table 1).
Cp(N) and Cp(U) do not cross within the transition regions,

further supporting the cooperative thermal unfolding of
Ml452−151 (Figure 2). Moreover, the DSC-derived unfolding
parameters are in good agreement with the corresponding
values obtained via CD analysis41 (Table 1). Differently, the
thermal transition of Ros87 consists of a first broad, reversible
endotherm centered at about 333 K followed by a second
irreversible sharp endotherm centered at 365 K (Figure 3)
suggesting an unfolding process with two steps separated by a
folding intermediate. The native baseline of the first transition
could not be directly extrapolated from the DSC thermogram,
as done for Ml452−151. As an alternative to direct extrapolation,
we used a previously proposed equation,47 in which the native

heat capacity versus temperature is directly calculated from the
molecular weight of the protein. At first, we fitted the DSC
thermogram of Ros87 by the classic two-state formalism
(Figure S6). The obtained ΔHVH is significantly different from
ΔHcal, further indicating that the two-state model is inadequate
to describe Ros87 thermal unfolding. Hence, a more
quantitative analysis of the DSC thermogram has been
performed by estimating free-energy surface for folding and
the height of the barrier separating the native and unfolded
conformational ensembles. This has been done by fitting the
DSC thermogram to a variable-barrier energy model proposed
by Muñoz and Sanchez-Ruiz.48 The best fit to the DSC
thermogram with the variable-barrier model resulted in the
following parameters: Σα = 175 kJ mol−1, T0 = 332.8 K, and β
= 2.1 kJ mol−1. The inset of Figure 3 shows a fit with a β-value
that results in a marginal free-energy barrier (i.e., ≤2RT),
suggesting a downhill scenario. Furthermore, Figure 4 shows
the probability distribution as a function of H for Ros87 as
obtained from the best fit reported in Figure 3.
The shape of the free-energy functional is clearly downhill.

The probability distribution changes as expected for a one-state
transition. The distribution is unimodal at all temperatures,
with the maximum probability shifting from low-enthalpy
values at low temperature to high-enthalpy values at high
temperature. The second irreversible transition can be linked to
the final metal loss, which indeed requires a large ΔH as
indicated by ITC thermodynamics data, similar to that already
observed in SOD protein unfolding.49 For consistency with the
analysis of the DSC curve of Ros87, we also fitted the
calorimetric curve of Ml452−151 with the variable barrier model
(Figure S7). The value of β obtained is 5.2 kJ/mol and thus

Figure 2. Representative profile of thermally induced unfolding of
Ml452−151 monitored by DSC (solid line) and its baseline (dotted
line). The inset shows excess heat capacity (Cpexc) of Ml452−151
obtained after baseline subtraction from the DSC thermogram.

Figure 3. Representative profile of thermally induced unfolding of
Ros87 monitored by DSC (blue curve). In the inset the curve traced
with dashed lines is the fit to variable-barrier energy model. The native
baseline calculated is shown as a continuous line.

Table 1. Thermodynamic Parameters for Ml452−151 Derived
from CD and DSC Analysis

thermodynamic parameters for Ml452−151 CD DSC

Tm (K) 306 ± 1.5 309.23 ± 0.5
ΔHVH (kcal/mol) 37 ± 2.5 32.70 ± 3.1
ΔHcal (kcal/mol) 29.40 ± 3.0
ΔCp (kcal/mol·K) 1 ± 0.3 1.50 ± 0.1
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confirms the presence of a significant energy barrier for the
unfolding of Ml452−151.
In addition, the thermal unfolding of Ros87 and Ml452−151

was examined using NMR spectroscopy. Temperature-induced
chemical shift perturbations have been monitored in a series of
1H−15N and 1H−13C HSQC spectra acquired in a range from
278 to 353 K at regular intervals of 5 K. Interestingly, Ml452−151
signals disappeared at about 308 K and reappeared with typical
random coil chemical shift values at 313 K (Figure S8). This
behavior is in agreement with a two-state thermal unfolding,
consistent with a folding/unfolding conformational exchange in
the micro- to millisecond time scale.50,51 On the contrary,
Ros87 1H, 15N, and 13C resonances exhibited a continuous
chemical shift variation in the 278−353 K range, indicating a
faster protein folding process in microseconds,52,53 and some of
them still preserved a good spectral dispersion at 353 K (Figure
S9). The analysis of the NMR thermal unfolding curves
revealed that most of the residues show a single sigmoidal
behavior with only a small number of them sharing a more
complex behavior (Figure S10). Totally, we obtained 148
curves (68 N−HN, 80 Hα and Hβ) with different midpoint
temperatures (Tm) distributed in the range between 300 and
350 K, which corresponds to the first transition described by
the DSC analysis. Importantly, this broad range of atomic Tm is
approximately Gaussian, with a mean value of ∼326 K (Figure
5) with a standard deviation of 8 K. The sum of atomic
unfolding processes obtained by NMR therefore corresponds to
the first global process described by DSC and CD.
Moreover, it is important to note that groups of protons with

similar Tm values are not localized in specific structural regions
(Figure 6).
Ros87 does not show any clear hierarchical behavior in the

transition from the folded state to the intermediate state: the

continuous unfolding of Ros87 is therefore not characterized by
a sequence of local unfolding events. Overall, the NMR analysis
confirms that Ros87 thermal unfolding consists of a first
noncooperative reversible transition in the 300−350 K range
defining a downhill scenario. Interestingly, this unfolding
pathway leads to an intermediate with a residual tertiary
structure stabilized by the presence of the metal ion. As DSC
analysis indicates, a second irreversible transition of Ros87,
involving higher Cp, occurs between 370 and 390 K and is
likely due to final loss of the metal ion and of the residual
structure. Importantly, mapping of the 15N and 1HN chemical
shift variations occurring in the 298−353 K range onto the
Ros87 structure derived at 298 K (Figure 7) allows one to find
essential structural details of the Ros87 unfolding intermediate
state at 353 K.
In particular, the smallest chemical shift perturbations are

observed in the β-hairpin (Cys24-Phe31) containing the two
coordinating cysteines, in the last turn of the first helix,
comprising the second coordinating histidine, and in the entire
second helix (Glu47-Trp53), including the side-chain indolic
amide (Figure S9).

Hydrogen/Deuterium Exchange of Ml452−151 and
Ros87. 1H/2H exchange measurements at equilibrium at 298
K well support the previously shown data; in particular, slowly
exchanging amide protons in Ros87 occur following a EX2
mechanism, because no correlation is observed between the kex
measured at different pH values and protection factors range
from 6.6 to 8.02 (with an average value of 7.3). Distribution of
these values onto protein structure (Figure 8A) shows that
most of the Ros87 slowly exchanging protons are localized in
hydrogen-bonded secondary structures54,55 within the residual
structure defined by the thermal unfolding. On the contrary, in
Ml452−151 the slowly exchanging amide protons occurring with
a EX2 regime are well distributed along the entire structure
(Figure 8B) and have protection factors ranging from 5.8 to 6.9
(with an average value of 6.2).

■ DISCUSSION
Despite their fundamental role in critical biological processes,
little is known about the mechanisms of metallo-protein folding
and assembly.56 Even so, it is clear that cofactors such as metal
ions can have significant effects on protein stability, folding, or
unfolding pathways; there is an abundance of examples in
which engineering a zinc site results in important changes in
thermodynamic stability of the metallo-protein.57 The study of
the mechanisms through which a cofactor influences the

Figure 4. Probability distributions [P(H|T)] of Ros87 at different
temperatures calculated with the parameters from the fit described in
the text. The inset shows the plot of free-energy G0(H) versus
enthalpy.

Figure 5. Histogram of Tm values for all 148 protons of Ros87.
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protein folding/unfolding reaction has been the rationale of the
present study aimed at contributing to the search for cofactors
general roles in protein folding reactions. Here, we have
investigated the effect of the presence/absence of the zinc ion
on the folding pathway of Ros87 and Ml452−151, which have
similar three-dimensional structures but differ precisely in the
residues involved in the zinc coordination site, which tie
together the protein core. We first determined the binding
affinity and thermodynamic parameters characterizing Zn-
apoRos87 complex formation. Interestingly, this reaction
appears to be driven by a large enthalpic advantage, which

compensates the global entropic costs required for the metal-
induced folding of apoRos87 disordered structure. This
thermodynamic behavior of complex formation is different
from that usually observed in the eukaryotic counterparts: in
fact, in eukaryotic zinc fingers, due to the smaller domains a
neat entropic advantage comparable to the enthalpic con-
tribution is generally observed.43,44 Ml452−151 and Ros87
thermal-induced unfolding occurs through different pathways
as demonstrated by CD, DSC and NMR analyses. Ml452−151
experiences a two-state cooperative unfolding with rather low
melting temperature and ΔHm (Table 1). The absence of

Figure 6. “Atom-by-atom” unfolding behavior of Ros87 in 278−353 K range. Ribbon drawing of Ros87 structure showing the thermal stability of the
148 protons mapped on their corresponding atoms. The inset shows the Tm scale. The color displayed for each atom corresponds to the Tm for
sigmoidal transition.

Figure 7. Ros87 residual structure at 353 K. Mapping of native-like chemical shifts onto Ros87 structure highlighting the folding intermediate
forming at 353 K. In red is amino acid with Δδ (HN and N) < 0.3 ppm, and in orange is amino acid with 0.3 < Δδ < 0.5. Side chains involved in zinc
coordination and in hydrophobic core formation are displayed.
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chemical shift variations and the disappearing of the resonances
around the melting temperature during thermal unfolding are
in agreement with a two-state unfolding mechanism. The
presence of the structural zinc ion in Ros87 affects profoundly
its folding pathway. In the earliest stages of Ros87 folding, the
recruitment of zinc ion and the consequent intermediate
formation are allowed by a major enthalpy advantage,58 which
is comparable to the ΔHITC required for the native metal
binding, and likely compensates the reduction of the solvent−
protein system global entropy. The structural details of this
folding intermediate can be hypothesized on the basis of the
Ros87 resonances still visible at 353 K in the NMR spectra. The
residual structure can profitably be evaluated at the light of the
folding pathway recently described for the smaller eukaryotic
domain.59 In this computational study, the folding mechanism
in classical eukaryotic zinc finger is proposed to begin with the
metal coordination by two cysteines: successively the first
histidine is recruited inducing the formation of a small
hydrophobic core that stabilizes the ββα motif together with
the zinc coordination.57,60 The second histidine then binds the
metal so that the helix folds completing the folding pathway.
The collected NMR data describing the thermal unfolding
pathway of the prokaryotic zinc finger domain suggest the
presence of an intermediate state once the zinc ion is
coordinated by three of the four native ligands. At the same
time, a proto-hydrophobic core is formed. In detail, the two
cysteines appear to stabilize the β-turn when coordinating,
probably allowing Glu26 and Trp53 to form a native-like
interaction that anchors the second helix to the zinc
coordination site (Figure 7). Differently from what was
described for the folding pathway of the eukaryotic zinc finger,
in the prokaryotic zinc finger the second histidine is the third
zinc ligand that contributes to extend the hydrophobic core
allowing His41 and Met44 to assume a native-like con-
formation. Very likely, the forth zinc coordinating position is
not occupied by the native first histidine, which is included in
the region of the first helix that is not structured in the folding
intermediate (Figure 7).
The disappearance of the remainder of the (non metal-

binding) peaks in the high temperature Ros87 spectrum
suggests that the regions of the protein outside the metal-
binding site are not highly unfolded, and are rather involved in
conformational exchange processes likely reflecting a somewhat
compact ensemble, consistent with considerable remaining
secondary structure as shown by CD at this temperature.

Amide protection factors obtained from solvent exchange
rates support significant differences in the folding properties of
the two proteins. While it is clear that slow exchanging protons
in the native state at 298 K do not necessarily reflect regions of
stability in the intermediate state, in an on pathway three-state
system (U ↔ I ↔ N), the existence of folding intermediate has
a profound effect on the hydrogen/deuterium exchange
behavior.61,62 Slowly exchanging amides of Ros87, which are
entirely included within the residual intermediate structure
identified at high temperature, outline the presence of a similar
intermediate within Ros87 folding pathway at room temper-
ature. On the other hand, Ml452−151 amides, having lower
protection factor (see above), are homogenously distributed in
all of the secondary structure elements of the protein, indicating
that likely a single unfolding event breaks most parts of the
hydrogen-bond network and causes the overall unfolding. This
behavior is in agreement with the cooperative thermal
unfolding pathway identified for Ml452−151 protein.

63

Downhill folding has been characterized as a unique
thermodynamic state consisting of an ensemble of conforma-
tions that loses structure gradually as protein stability
decreases.2 Muñoz and co-workers have identified and
described the downhill folding pathway of the BBL
domain,4,11,48,64 using a number of techniques, including DSC
and high-resolution NMR approaches. Another example of a
downhill scenario has been identified in the folding of GpW.65

We have used CD, DSC and NMR to verify that in prokaryotic
zinc finger domains the transition of the intermediate state to
the native state occurs via downhill folding. DSC thermody-
namic parameters indicate that the free energy of the
intermediate is comparable to that of the native state,
suggesting that the transition from the intermediate to the
native state can occur via downhill folding: the fitting of the
DSC thermogram to a variable-barrier energy model48provided
a value of β = 2.1 kJ mol−1, typical of a downhill folding. The
NMR analysis corroborated this scenario; as for BBL protein,
all of the proton resonances reported as a function of the
temperature show sigmoidal curves. No hierarchical behavior is
observed in the localization of the unfolding temperatures of
the single atoms (Figure 6), and their distribution has a
Gaussian shape (Figure 5). Finally, an isodichroic point at 231
nm is present in the CD spectra in the 275−353 K range,
congruently with a reversible downhill folding,11 while it is not
visible during the irreversible transition occurring between 356
and 383 K (Figure 1A).

Figure 8. Hydrogen/deuterium exchange of Ros87 and Ml452−151. (A) Ribbon drawing of Ros87 structure showing the location of protection factors
with high (>7, in red), medium (between 6 and 7, in yellow), and low (<6, in white) values. (B) Ribbon drawing of Ml452−151 structure showing the
location of protection factors with medium (between 6 and 7, in yellow) and low (<6, in white) values.
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These considerations indicate that the rate-limiting step in
this folding process is represented by the zinc coordination,
which induces the formation of a partially folded intermediate.
Once the folding intermediate forms, the protein reaches its
native state with a noncooperative downhill mechanism.
Interestingly, in the homologous Ml452−151, the structural zinc
is dispensable, thus implying a totally different pathway and a
strongly reduced thermodynamic stability.

■ CONCLUSIONS
Indeed, our data point out that the metal ion coordination
stabilizes a folding intermediate having a small energetic
difference from the native state, therefore inducing a partly
downhill folding mechanism. Fully downhill folding proteins
have been predicted to be rather rare in nature, because they
miss a large folding barrier that can guard against aggregation
and proteolysis in keeping unfolded structures less populated.66

Conversely, partly downhill folding pathways driven by the
metal coordination and characterized by variable energy folding
barriers could be diffused among metallo-proteins. Additionally,
one can infer that a native protein folding pathway could be
modified in the presence of metal ions, switching it to a more
delicate downhill mechanism. This would enhance the
possibility of misfolding events, also through the stabilization
of intermediate states that have been proven to be relevant in
many pathological processes, such as the formation of the
amyloid fibers responsible for several neurodegenerative
diseases.
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Muñoz, V.; Martinez, A.; Sanchez-Ruiz, J. M. Proc. Natl. Acad. Sci.
U.S.A. 2008, 105, 8625.
(4) Sadqi, M.; Fushman, D.; Muñoz, V. Nature 2006, 442, 317.
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J. Am. Chem. Soc. 2008, 130, 7489.
(53) Godoy-Ruiz, R.; Henry, E. R.; Kubelka, J.; Hofrichter, J.; Muñoz,
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