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Theory predicts the existence of barrierless protein folding. Without barriers, 
folding should be noncooperative and the degree of native structure should be 
coupled to overall protein stability. We investigated the thermal unfolding of 
the peripheral subunit binding domain from Escherichia coli's 2-oxoglutarate 
dehydrogenase multienzyme complex (termed BBL) with a combination of 
spectroscopic techniques and calorimetry. Each technique probed a different 
feature of protein structure. BBL has a defined three-dimensional structure at 
low temperatures. However, each technique showed a distinct unfolding tran- 
sition. Global analysis with a statistical mechanical model identified BBL as a 
downhill-folding protein. Because of BBL's biological function, we propose that 
downhill folders may be molecular rheostats, in which effects could be mod- 
ulated by altering the distribution of an ensemble of structures. 

The accepted view in molecular and structur- 
al biology is that to perform their biological 
function, proteins must fold into unique 
three-dimensional structures, either spontane- 
ously (1) or upon binding to their substrate 
(2). Accumulated experimental evidence in- 
dicates that folding proteins cross at least one 
free energy barrier (3). The existence of a 
barrier means that the mechanism of folding 
cannot be inferred directly from experiment 
and that folding kinetics must be interpreted 
by using, for example, linear free-energy re- 
lationships (4). On the other hand, the energy 
landscape theory predicts that under certain 
conditions, folding can proceed without 
crossing barriers (the downhill scenario) (5). 
In computer simulations, barrierless folding 
appears with very smooth stabilizing poten- 
tials (6). During downhill folding, all of the 
intermediate structures, and therefore the 
mechanism, are potentially observable (7). It 
has been argued that downhill folding can 
result in a nonexponential time course, espe- 
cially if the roughness of the landscape in- 
creases as folding proceeds (8). Nonexponen- 
tial kinetics have been recently observed 
when monitoring local relaxation dynamics 
on one side of the barrier for a-helix forma- 
tion (9) and for folding (10, 11). However, no 
examples have been identified of proteins 
that fold to a defined native structure without 
crossing any barriers. 

We have recently established theoretically 
that the absence of barriers to folding is 
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associafed with a singular equilibrium behav- 
ior (12). For downhill folders, there is a 
unique thermodynamic state consisting of an 
ensemble of conformations that loses struc- 
ture gradually as protein stability decreases. 
Therefore, a particularly useful strategy to 
identify downhill folding is to investigate 
protein unfolding at equilibrium with several 
techniques, each probing a different structur- 
al feature of the protein as it unfolds (12). In 
particular, we have investigated the unfolding 
of the peripheral subunit binding domain 
(PSBD) of the dihydrolipoamide succinyl- 
transferase (the E2 subunit) from the 2-oxo- 
glutarate dehydrogenase multienzyme com- 
plex of Escherichia coli (13). This domain is 
flanked by flexible linkers and connects the 
NH2-terminal lipoyl and the COOH-terminal 
acyltransferase domains in the E2 subunit. It 
is -40 residues long, comprising two parallel 
a helices connected by a long partially struc- 
tured loop (14) (Fig. 1). PSBD is involved in 
regulating and coordinating the interplay be- 
tween E2 and subunits El (2-oxoglutarate 

decarboxylase) and E3 (dihydrolipoamide de- 
hydrogenase) (15). We produced the isolated 
PSBD (termed BBL) by chemical synthesis 
(16) and studied its thermal unfolding transi- 
tion with three main techniques: differential 
scanning calorimetry (DSC) to directly mea- 
sure the energetics of unfolding, far-ultravio- 
let (UV) circular dichroism (CD) to monitor 
the two a helices, and fluorescence resonance 
energy transfer (FRET) to investigate the 
end-to-end distance. BBL lacks natural flu- 
orophores, so we introduced a naphthyl-ala- 
nine in the NH2-terminus and a dansylated 
lysine in the COOH-terminus of the protein 
(Fig. 1). Because the fluorescence quantum 
yield of dansyl is very sensitive to the 
chemical environment, it provided a fourth 
probe of the structural integrity of BBL. 

DSC experiments (16) done at pH 7.0 
revealed a broad unfolding transition that 
spanned temperatures from below 280 K to 
345 K (Fig. 2A). The absence of an initial 
baseline indicated that the distribution of 
populations was already changing even at the 
lowest temperatures explored. The DSC trace 
showed a clear maximum, which typically 
signals the transition midpoint temperature 
(Tm), at -322 K. After crossing the Tm, the 
unfolding transition resumed more abruptly, 
resulting in an asymmetric DSC trace. Figure 
2B shows the changes in FRET efficiency as 
temperature increased. Here, transfer effi- 
ciency was determined from the changes in 
the fluorescence quantum yield of both donor 
and acceptor (16). In experiments done at pH 
7.0, the measured transfer efficiency was 
-0.50 at the lowest temperatures. With an 
experimentally determined Ro for the donor- 
acceptor pair and assuming an orientation 
factor (K2) of two-thirds (16), the observed 
transfer efficiency translated into an end-to- 
end distance of -2.4 nm. This is in agree- 
ment with the distance calculated from the 
nuclear magnetic resonance (NMR) structure. 
The FRET efficiency sharply increased with 
temperature up to a value of -0.73 at 320 K, 

Fig. 1. The minimized average NMR 
structure of the BBL domain (Protein 
Data Bank accession number lbbv.pdb). 
For clarity, the a helices are shown in a 
ribbon representation and in orange. 
Tryptophan residues were used in the 
model to signal the locations of the 
NH2-terminal naphthyl-alanine (green) 
and COOH-terminal dansyl-lysine (red). 
Mutations of Alal and Lys4 to Trp were 
carried out with the protein modeling 
program Whatif (35). The side chain of 
Lys36 is shown in orange to illustrate 
the interaction with the dansyl moiety, 
and the two histidines are shown in 
cyan. 
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and then stabilized (Fig. 2B). The calculated 
end-to-end distance of BBL at the highest 
temperatures was -1.9 nm: much shorter 
than the expected distance for a random walk 
chain of 40 residues, and even shorter than 
that for the native state. Therefore, thermally 
denatured BBL occurs in a somewhat col- 
lapsed form. This does not imply that BBL is 
more compact when denatured. In the native 
structure of BBL, the ends are placed at a 
distance of more than twice the radius of 
gyration (Fig. 1). However, unstructured het- 
eropolymers can have large radii of gyration 
and short average end-to-end distances in the 
presence of attractive interactions (17). In 
BBL, these possibly are long-range electro- 
static interactions between the charged NH2- 
and COOH-terminal a helices. It appears that 
the thermal unfolding transitions uncovered 
by FRET and DSC are very different (18). 
The changes in end-to-end distance resumed 
even before the midpoint of the DSC transi- 
tion was reached. 

The fluorescence quantum yield of the 
COOH-terminal dansyl group as a function of 
temperature is shown in Fig. 2C. Dansyl flu- 
orescence is mostly temperature-indepen- 
dent, so the changes observed at pH 7.0 for 
dansyl attached to BBL are due to perturba- 
tions in the local chemical environment in- 
duced by changes in protein structure (19). 
The fluorescence data showed no unfolding 
below 305 K. Above this temperature, the 
quantum yield started to decrease monotoni- 
cally, but it did not reach a defined plateau 
even at the highest temperature explored (363 
K). The far-UV CD spectrum of BBL at pH 
7.0 and low temperature indicated a mixture 
of random coil and a-helix structure (Fig. 
3A). The a-helix content estimated from the 
molar ellipticity at 222 nm is -30%, in 
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agreement with the average NMR structure. 
At high temperatures, the CD spectrum was 
characteristic of a denatured protein with 
some residual structure. The transition dis- 
played an isodichroic point at -203 nm but 
was wavelength-dependent (Fig. 3B). Singu- 
lar-value decomposition (SVD) of the CD 
spectra at different temperatures rendered 
two main components (Fig. 3C). The first one 
corresponded to a CD spectrum of disordered 
structure and was mostly invariant with tem- 
perature. The second component had the fea- 
tures of an a helix. At pH 7.0, the amplitude 
of this component (Fig. 3C, inset) showed an 
unfolding transition with two phases. In the 
range from 280 to 315 K, a gradual decrease 
in a helix content was observed. A more 
pronounced unfolding process started at 315 
K and was completed at 355 K. The low- 
temperature phase roughly coincided with the 
changes in FRET. However, the Tm for the 
second phase was -8 K higher than the 
calorimetric T,, but still lower than the Tm 
monitored by dansyl fluorescence. Compari- 
son between the second SVD component 
and the basis CD spectra of a helices of 
varying length indicated that the average 
a-helix length was only about 5 residues 
(16). This result suggests that the a-helix 
signal of BBL decreases because of pro- 
gressive shortening of the helices and not 
because of global unfolding. 

BBL showed a very high sensitivity to 
acidic pH. Figures 2 (all panels) and 3A 
(inset) indicate that at pH 3.0, the protein was 
totally denatured. The DSC profile lacks any 
transition, and the heat capacity was substan- 
tially larger than at pH 7.0 and high temper- 
ature. The CD spectrum corresponds to a 
disordered structure at all temperatures, and 
the quantum yield of dansyl fluorescence was 
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Fig. 2. (A) DSC of BBL. Absolute heat capacity is shown as a function 
of temperature for BBL at pH 7.0 (open blue circles) and pH 3.0 (solid 
green circles). The calculation of the absolute heat capacity for BBL at 
pH 7.0 with the statistical mechanical model and final parameters is 
shown as a solid red line. (B) FRET experiments in doubly labeled 
BBL. FRET efficiency is shown as a function of temperature for BBL at 
pH 7.0 (open blue circles) and pH 3.0 (solid green circles). Calcula- 
tion of the FRET efficiency for BBL at pH 7.0 with the statistical 
mechanical model and final parameters is shown as a solid red line. 
The FRET efficiency of BBL at pH 3.0 was below the detection limit 

mostly invariant. Furthermore, the end-to-end 
distance determined by FRET was much larg- 
er at pH 3.0 than at pH 7.0. A pH titration of 
the thermal stability of BBL indicated that the 
midpoint for its pH-induced denaturation is 
-5.0 (20). This can be explained by the 
protonation of two histidine residues that are 
placed at the hinges of the structure and are 
involved in many hydrophobic interactions 
(Fig. 1). 

Thus, the equilibrium unfolding of BBL 
cannot be described as a simple two-state 
process. Global fits to a three-state model are 
not able to reproduce the experimental data 
either. The wavelength dependence and SVD 
analysis of the CD data indicate that BBL's a 
helices unraveled gradually. Together with 
the large spread of Tms observed for different 
structural probes (from 295 to 335 K), this 
points to an unfolding process in which pro- 
tein structure melts gradually. Similar behav- 
ior has been reported in the urea-induced 
unfolding of some molten globule states (21, 
22). However, high-resolution 2D NMR 
shows unambiguously that BBL has a defined 
3D structure with specific tertiary contacts 
(fig. S1) (23). Nonconcerted unfolding start- 
ing from defined 3D structures is exactly 
what we expect for downhill folding (12). 

To study the mechanism of nonconcerted 
unfolding, we have used a simple statistical 
mechanical model (24). Such models suc- 
cessfully describe the thermodynamics and 
kinetics of secondary structure formation and 
of important aspects of protein folding (25). 
For BBL, the model defined 821 species that 
correspond to all possible single stretches of 
native structure, from 0 to 40 nativelike res- 
idues. The thermodynamic properties of each 
species were calculated from the structure of 
the native fragment with a simple procedure 
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(<5%) in the range between 270 and 290 K. (C) Intrinsic fluorescence 
quantum yield of the COOH-terminal dansyl in doubly labeled BBL. 
The dansyl quantum yield is shown as a function of temperature for 
BBL at pH 7.0 (open blue circles) and pH 3.0 (solid green circles). 
Calculation of the dansyl quantum yield for BBL at pH 7.0 with the 
statistical mechanical model and final parameters is shown as a solid 
red line. The experiments in (B) and (C) were carried out (16) with 
sample concentrations of -5 p.M prepared in 20 mM buffer phos- 
phate at pH 7.0 or 20 mM buffer glycine with hydrocloric acid at pH 
3.0. 
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(16). With this scheme, four parameters were 
sufficient to describe the thermodynamics of 
the 821 species. This is only one more pa- 
rameter than in the simplest two-state model. 
We fitted the model globally to all of the data 
by using a unique set of thermodynamic pa- 
rameters and a series of basic rules to calcu- 
late spectroscopic properties from protein 
structure (16). The model reproduced all of 
the data very well [Figs. 2 (all panels) and 
3D], and with reasonable parameters (16). 
Inspection of the changes in the distribution 
of probabilities for the 821 species as tem- 
perature increased revealed the landmark 
characteristic of downhill folding. At low 
temperatures, an ensemble of highly struc- 
tured species dominated. As temperature in- 
creased, the ensemble broadened and shifted 
toward species with decreasing degrees of 
structure. However, even at high tempera- 
tures, a substantial amount of residual struc- 
ture, localized primarily in the two a helices, 

was still present (Fig. 4). Calculation of the 
free energy as a function of the number of 
native residues produced barrierless profiles 
in which the position of the only minimum 
was correlated with overall stability (Fig. 4, 
insets). This behavior is intrinsic to the data, 
because the model produced free-energy bar- 
riers and definite intermediates when applied 
to two- and three-state proteins, respectively 
(26). Fits to a phenomenological 22-parame- 
ter three-state model in which the degree of 
structure for each state was allowed to vary 
with temperature reproduced the data well, 
but the final parameters resulted in a struc- 
turally continuous unfolding process. 

BBL appears to be an example of down- 
hill folding, confirming one of the most in- 
triguing predictions of the energy landscape 
theory of protein folding (5). Our results sug- 
gest that all of the different stages in the 
folding reaction of BBL could be visited in 
equilibrium by simply modulating protein 

stability. Therefore, the application of high- 
resolution steady-state techniques, such as 
multidimensional NMR, should produce a 
description of BBL's unfolding process with 
high structural detail. Preliminary results 
from NMR experiments support this idea 
(27). The unfolding of a close relative of 
BBL, the PSBD from the pyruvate dehydro- 
genase complex of Bacillus stearothermophi- 
lus, has been described by Spector et al. as a 
two-state process with an apparent Tm of 
-328 K (28). This conclusion was based on 
the spectroscopic investigation of the local 
environment of one tyrosine residue and sin- 
gle-wavelength far-UV CD experiments, 
which were analyzed with phenomenological 
baselines for the folded and unfolded states. 
However, from the line broadening of specif- 
ic NMR signals, the same authors obtained a 
folding relaxation time of only -45 (Ls (29), 
perhaps suggestive of barrierless folding 
(30). This highlights the importance of com- 
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BBL at pH 7.0, calculated at the same temperatures as the experiment (Fig. 3A). 
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theoretical CD spectra and the 32 experimental CD spectra. In this map, dark red 
represents 1500 deg cm2 dmol-1 and dark blue represents 500 deg ac2 dmol-1. 
Bright green corresponds to a value of 0 on this scale. The spectral region with the 
largest residuals corresponds to the deeper UV, in agreement with the fact that 
this is the region with higher experimental error. The experimental error estimated 
from all of the noise components (3rd to 32nd) obtained in the SVD procedure is 
?1300 deg cm2 dmol-1 at 190 nm, compared to +420 deg cm2 dmol-1 at 220 
nm. 
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Fig. 4. The thermal un- 
folding process of BBL 
(A to D) The main pan- 
els show the probability 
distribution for the 820 
structured species of 
BBL at various tempera- 
tures. The probabilities 
have been calculated 
with the statistical 
mechanical model and 
the parameters ob- 
tained from the global 
fitting to the DSC, 
FRET, dansyl fluores- 
cence, and CD data. 
Each of the species is 
defined by two param- 
eters: the position in 
the sequence of the 
first native residue and 
the length of the na- 
tive stretch [such as 
(1, 40) for the fully fold- 
ed state]. The popula- 
tion of the unfolded 
species (0,0) was below 
0.1% at all tempera- 
tures. The insets show 
the free energy as a 
function of the number 
of native residues 
at the corresponding 
temperatures. 
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bining techniques that probe different struc- 
tural features with a detailed analysis of the 
data to expose the complex equilibrium be- 
havior inherent to downhill folding. 

The rich conformational behavior of BBL 
could be exploited in protein regulation. In 
classical mechanisms, a two-state conforma- 
tional change switches protein function on and 
off (31) or transmits a signal through quaternary 
interactions (32). For these phenomena to oc- 
cur, the protein region involved in the confor- 
mational change must be flexible (33, 34). In 
contrast to the binary character of switches, 
downhill-folding proteins can act as conforma- 
tional rheostats. Downhill folders have global 
conformational fluctuations that, unlike those of 
natively unfolded proteins (2), are organized in 
hierarchical levels of structure. Therefore, a 
gradation in signal can be obtained by tuning 
the distribution of ensemble structures through 
binding to effectors or by modifying the envi- 
ronment with changes in pH or temperature. 
Additionally, the absence of barriers to folding 
could allow BBL to function as a molecular 
spring of adjustable length and stiffness. 
On the basis of these ideas, we can make 
experimentally testable predictions about 
how lypoic acid-dependent multifunctional 
enzymes coordinate the three subunits and 
channel the substrate (15). E2 subunits are 
modular, with three structurally independent 

domains. The PSBD in E2 may display con- 
formational behavior similar to that of the 
isolated domain (BBL), because it is connect- 
ed to the NH2- and COOH-terminal domains 
by flexible linkers (15). The PSBD binds to 
El and E3 subunits and is postulated to be an 
important piece in the swinging arm mecha- 
nism. Synchronization of the three chemical 
reactions- decarboxylation, transacylation, 
and dehydrogenation-could be achieved by 
El and E3 subunits binding to different con- 
formational subensembles of the PSBD. This 
requires that the PSBD conformational en- 
semble be poised to intermediate degrees of 
structure. In fact, BBL is partly unstructured 
at E. coli's optimal growing temperature (310 
K), whereas the isolated PSBD domain from 
B. stearothermophilus pyruvate dehydroge- 
nase is near its unfolding midpoint at the 
optimal growing temperature of the thermo- 
phile B. stearothermophilus (323 to 333 K). 
Furthermore, the changes in end-to-end dis- 
tance that occur in BBL in response to per- 
turbations in its stability could dispense the 
mechanical force required to guide the swing- 
ing arm toward the active site of the COOH- 
terminal transacylase domain. 
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Recently, we showed that antibodies catalyze the generation of hydrogen 
peroxide (H202) from singlet molecular oxygen (102*) and water. Here, we 
show that this process can lead to efficient killing of bacteria, regardless of the 
antigen specificity of the antibody. H202 production by antibodies alone was 
found to be not sufficient for bacterial killing. Our studies suggested that the 
antibody-catalyzed water-oxidation pathway produced an additional molecular 
species with a chemical signature similar to that of ozone. This species is also 
generated during the oxidative burst of activated human neutrophils and during 
inflammation. These observations suggest that alternative pathways may exist 
for biological killing of bacteria that are mediated by potent oxidants previously 
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antibody-catalyzed water-oxidation pathway produced an additional molecular 
species with a chemical signature similar to that of ozone. This species is also 
generated during the oxidative burst of activated human neutrophils and during 
inflammation. These observations suggest that alternative pathways may exist 
for biological killing of bacteria that are mediated by potent oxidants previously 
unknown to biology. 

A central concept of immunology is that anti- 
bodies perform the sole function of marking 
antigens for destruction by effector systems 
such as complement and phagocytic cells (1). 
Work on antibody catalysis has demonstrated 
that the antibody molecule is capable of carry- 
ing out highly sophisticated chemistry, al- 
though there has been no direct evidence that 
this catalytic potential is used in nature (2). This 
view is consistent with the known organization 
of the humoral immune system, in that simple 
antigen binding is sufficient to activate more 
sophisticated effector systems and, thus, killing 
of pathogens can be achieved without the need 
to invoke any chemistry within the antibody 
molecule itself. Recently however, we found 
that all antibodies, regardless of source or anti- 
genic specificity, can catalyze redox chemistry 
that is independent of antibody binding (3) and 
appears to be highly analogous to that carried 
out by the effector mechanism of phagocytic 
cells (4). When exposed to singlet molecular 
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oxygen (O02*), antibodies oxidize water to pro- 
duce H202 via the postulated intermediacy of 
H203 (5). In the present study, we examined 
whether this pathway might play any role in 
immune protective function of antibodies 
against bacteria and in inflammation. 

Initial bactericidal studies focused on the 
gram-negative bacteria Escherichia coli 
(XL -blue and 0-112a,c) (6). Given the 
known bactericidal action of O02* itself (7), 
these studies required a 102* generating sys- 
tem that would not, on its own, kill E. coli (8) 
but would activate the water-oxidation path- 
way of antibodies. Negligible bactericidal ac- 
tivity against the two E. coli serotypes (- 107 
cells/ml) was observed when hematoporphy- 
rin IX (HPIX, 40 FLM), an efficient sensitizer 
of 302 (9), was irradiated with white light 
(light flux 2.7 mW cm-2) for 1 hour in 
phosphate buffered saline (PBS, pH 7.4) at 4? 
+ 1 C. However, addition of antigen-specific 
or nonspecific monoclonal antibodies (20 
JM) to this system resulted in killing of 
>95% of the bacteria (Fig. 1A) (6). This bac- 
tericidal action seems to be a general property 
of antibodies, in that regardless of origin or 
antigen specificity, all antibodies display this 
activity. This bactericidal activity was a func- 
tion of antibody concentration (Fig. 1B), irradi- 
ation time (Fig. 1C), and HPIX concentration 
(at a given light flux) (Fig. ID). These obser- 
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